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The harbor porpoise (Phocoena phocoena) is common in temperate waters of the
eastern North Pacific Ocean, including Southeast Alaska inland waters, a complex
environment comprised of open waterways, narrow channels, and inlets. Two
demographically independent populations are currently recognized in this region.
Bycatch of porpoises in the salmon drift gillnet fisheries is suspected to occur
regularly. In this study, we apply distance sampling to estimate abundance of
harbor porpoise during ship surveys carried out in the summer of 2019. A stratified
survey design was implemented to sample different harbor porpoise habitats.
Survey tracklines were allocated following a randomized survey design with
uniform coverage probability. Density and abundance for the northern and
southern Southeast Alaska inland water populations were computed using a
combination of design-based line- and strip-transect methods. A total of 2,893
km was surveyed in sea state conditions ranging from Beaufort O to 3 and 194
harbor porpoise groups (301 individuals) were detected. An independent sighting
dataset from surveys conducted between 1991 and 2012 were used to calculate
the probability of missing porpoise groups on the survey trackline (g[0]=0.53,
CV=0.11). Abundance of the northern and southern populations were estimated at
1,619 (CV=0.26) and 890 (CV=0.37) porpoises, respectively. Bycatch estimates,
which were only obtained for a portion of the drift gillnet fishery, suggest that
mortality within the range of the southern population may be unsustainable.
Harbor porpoises are highly vulnerable to mortality in gillnets, therefore
monitoring abundance and bycatch is important for evaluating the potential
impact of fisheries on this species in Southeast Alaska.
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Introduction

Marine mammals are susceptible to anthropogenic threats,
including incidental mortality in fisheries operations and habitat
degradation (Reeves et al., 2013; Avila et al., 2018). Monitoring
abundance and trends is critical to understanding the effect of
these threats to their populations. The harbor porpoise
(Phocoena phocoena) is one of the smallest cetaceans and is
considered to be a sentinel species due to its sensitivity to many
anthropogenic threats, including noise, fishery interactions, and
habitat degradation (Read et al, 1997; Braulik et al., 2020;
Carlén et al., 2021). This species is widely distributed in
temperate waters of the Northern Hemisphere; typically in
coastal environments (Read, 1999), but some individuals may
occur in oceanic habitats (Nielsen et al., 2018). At a global level,
the harbor porpoise is listed as “Least Concern” on the
International Union for the Conservation of Nature (IUCN)
Red List (Braulik et al., 2020), but some regional populations are
believed to be at greater risk (Birkun and Frantzis, 2008;
Hammond et al., 2008; Carlén et al., 2021).

Along the western coast of North America, from the waters off
California to the Beaufort Sea in Alaska, multiple stocks of harbor
porpoise are recognized (Carretta et al., 2019; Muto et al,, 2020).
Until recently, harbor porpoise in Southeast Alaska (SEAK) were
considered part of a single stock that included porpoise in Yakutat
Bay, open ocean areas of the Gulf of Alaska between
approximately 55 and 60°N, and inland waters of SEAK
(Muto et al., 2020). Analysis of sighting data from ship surveys
conducted by the Marine Mammal Laboratory of NOAA’s Alaska
Fisheries Science Center (MML/AFSC) between 1991 and 2012
suggested that numbers of harbor porpoise in the northern
portion of the inland waters were stable. However, in the
southern portion, numbers declined significantly in the mid-
2000s and increased again in early 2010 (Dahlheim et al., 2015).
The decline was observed in a region where the salmon drift
gillnet fisheries operate (Manly, 2015). Such contrasting trends in
abundance between the northern and southern portions of SEAK
inland waters suggested that substructure exists within the SEAK
harbor porpoise stock. Subsequently, genetic analysis, based on
tissue and environmental DNA (e-DNA), provided evidence of at
least two areas where harbor porpoise are genetically differentiated
within the inland waters of SEAK (Parsons et al., 2018; Parsons
et al, 2021). Information on distribution patterns, trends in
abundance, and genetics led to the recognition of two
demographically independent populations (DIPs) in inland
waters of SEAK, the northern (N-SEAK) and southern (S-
SEAK) Southeast Alaska inland water DIPs (Zerbini et al,
2022). It is likely that multiple DIPs exist within the remaining
SEAK harbor porpoise stock, including porpoise in Yakutat Bay,
and along the SEAK outer coast and offshore waters. However, as
there is insufficient data to delineate units within that area, harbor
porpoise were grouped into a single unit called the Yakutat/
Southeast Alaska Offshore Waters unit (Zerbini et al.,, 2022).
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Currently, the US government is in the process of recognizing
the N-SEAK and the S-SEAK DIPs and the Yakutat/SEAK
Offshore unit as three separate stocks.

There is evidence that incidental mortality of harbor porpoise
in the salmon drift gillnet fishery in SEAK inland waters may
exceed the maximum allowable level under the United States
Marine Mammal Protection Act (MMPA) (Muto et al., 2018). The
most recent estimates of harbor porpoise abundance for the whole
of SEAK (Hobbs and Waite, 2010) and for SEAK inland waters
(Dahlheim et al., 2015) are more than eight years old and
considered outdated for use in management under the MMPA
(Angliss and Wade, 1997). Therefore, a new estimate is needed to
update estimates of the potential impact of bycatch on SEAK
harbor porpoise.

Developing statistically robust abundance surveys in inland
waters of SEAK is challenging because of the region’s complex
geography, consisting of a network of open waterways
interspersed by hundreds of islands, narrow fjords, and inlets.
The inland waters of SEAK correspond to the northern terminus
of the Inside Passage, which also includes the northern coastal
waters of Washington State in the US and the coast of British
Columbia in Canada. This relatively protected and complex
region provides important habitats for many cetacean species
(Dahlheim et al., 2009), but it is difficult and expensive to design
surveys that sample all possible habitats.

Here, we describe the results of a ship survey developed
using a combination of line- and strip-transect methods to
sample different habitats in SEAK inland waters in the
summer 2019. The main goal of the survey was to assess
distribution and to compute new density and abundance
estimates for N-SEAK and S-SEAK harbor porpoise DIPs in
inland waters. These estimates are discussed in the context of
the estimated human-induced mortality in the region and the
potential conservation consequences for a cetacean species
widely known to be vulnerable to entanglements in
fishing gear.

Methods
Study area and survey design

The study area encompassed inland waters of SEAK from
Cross Sound in the north to Dixon Entrance in the south
(Figure 1), a region of 23,821 km? The survey only covered
the range of the two SEAK harbor porpoise DIPs within inland
waters. None of the habitats in the Yakutat/Southeast Alaska
Offshore waters unit was sampled during this cruise. Allocation
of sampling transects followed concepts presented in Thomas
et al. (2007) who provided a framework to design a line-transect
survey along the coast of BC, an area with complex features
similar to SEAK. We designed the present survey to meet the
following objectives:
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SEAK in 2019.

* Obtain an approximately uniform sampling coverage of
the study area;

» Sample all areas previously surveyed by MML cruises to
allow for spatial comparability across surveys and for
future estimation of trends in abundance;

* Account for loss of survey effort due to unfavorable
weather (previous surveys indicated that ~25-35% of the
survey days were lost due to inclement weather in the
region) and for transiting between tracklines and survey
regions;

 Survey all areas in SEAK inland waters where the salmon
driftnet fishery operates;

* Sample areas within SEAK inland where harbor
porpoises are believed to occur but were not surveyed
in previous years;

* Optimize survey effort given the allocated survey period;

* Exclude regions where navigation is restricted given the
size of the ship and water depth.
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The survey area was divided into two main strata of varying
geometry (Figure 1): The stratum labeled “Main Water Bodies”
(hereafter referred to as “MWB”) spanned an area of 18,632 km®
(78.2% of the study area) and encompassed the main waterways of
SEAK, including Cross Sound, Glacier Bay, Icy Strait, Chatham Strait,
Frederick Sound, Stephens Passage, Summer Strait and Clarence
Strait. The MWB largely coincided with areas sampled by previous
harbor porpoise surveys in the region (Hobbs and Waite, 2010;
Dahlheim et al, 2015). The stratum labeled “Inlets” (hereafter
referred to as “I”) corresponded to an area of 5,189 km? (21.8% of
the study area) and included small fjords, inlets and narrow straits
and passages, the majority of which were not consistently surveyed in
previous surveys.

Approximately 90% of the proposed effort (~2,700 km) was
allocated to the MWB because it included the majority of the high
concentration areas of harbor porpoise in the region (Dahlheim
et al,, 2015). To improve efficiency (e.g., minimize transit time
between transects) and facilitate trackline allocation, the MWB
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stratum was divided into 26 sub-strata (Supplemental Material).
The Inlet stratum was divided into 166 sub-strata (Figure 1), but it
was not practical to sample all sub-strata because of their wide
geographic distribution and complex geometric configuration.
Therefore, the algorithm implemented by Thomas et al. (2007)
for cluster sampling was used to select a sample of sub-strata to
allocate the remaining 10% of effort. This algorithm had the
following properties: (1) the probability of selecting sub-strata was
proportional to its area size (e.g., larger areas had greater
probability of selection), (2) the sample would have a wide
geographic spread, and (3) and sub-strata would be sampled
without replacement. Implementation of this algorithm resulted
in a sub-sample of 13 sub-strata, corresponding to a total of 2,035
km? (or 39% of the area of the Inlets).

Survey lines were allocated proportional to the sub-stratum area
using the design tool in the software Distance (version 7.2, Thomas
et al, 2010). An equal spacing zig-zag design (Strindberg and
Buckland, 2004) was adopted for the MWB whereas a parallel
transect design was chosen for the Inlets given the narrowness of
most areas (Strindberg and Buckland, 2004; Thomas et al., 2007). In
extremely narrow sub-regions (e.g, 1-2 km wide) within Inlets,
hereafter referred to as “narrow inlets”, it was more practical to
search the whole area by surveying a line along the center of the inlet.

Field methods

The survey was carried out in passing mode (i.e., the ship did not
divert from the trackline to close into detected cetacean groups, Hiby
and Hammond, 1989; Hammond et al,, 2021) using the R/V Zephyr,
a 24m research vessel. Two types of survey lines were sampled:
“Tracklines” and “Transit lines”. The former corresponded to survey
lines laid out according to the design described above and the latter
corresponded to lines connecting tracklines or transiting between
different survey regions. The sampling protocol described below was
used to collect sighting information on both types of lines.

Four observers rotated through two observation platforms (port
and starboard) located 4m above the water level (mean eye height of
5.7m) every 40 minutes (each observer alternating between 80
minutes on-effort and 80 minutes resting). Observations started
approximately 30 minutes after sunrise, ended 30 minutes before
sunset, and were suspended in poor visibility conditions and/or sea
state above 4 on the Beaufort scale. Port and starboard observers
searched for cetaceans from the beam (90°) of their respective side
to approximately 10° on the opposite side of the survey line using
Fujinon 7x50 reticle binoculars (~80% of the time) or naked eye
(~20% of the time). Two additional scientists rotated (every 2
hours) as data recorders. Recorders were not involved in active
searching, but assisted observers with species identification and/or
group size estimates when necessary. Occasionally, porpoise groups
were first detected by the data recorder or a crew member, but these
were not logged until reported by the observers or after the sighting
passed abeam and had clearly been missed by the observer.
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Data were entered into a laptop computer connected to a
portable GPS using the program WinCruz (R. Holland, NOAA
Southwest Fisheries Science Center). Position information was
automatically logged every two minutes; navigational and
environmental information was entered at the start of the day, at
every observer rotation, and when conditions changed; and sighting
information was recorded whenever marine mammals were
detected. Weather and visibility conditions change frequently in
SEAK with the potential to influence the observer search pattern.
To maximize data collection, observers maintained search effort
under light rain and also under foggy conditions when the visibility
was greater than ~2km. However, the search protocol changed
slightly under these two conditions: when light rain was present, less
time was spent looking through binoculars due to wet lenses; and
when fog was present, distance had to be visually estimated because
a reference point (horizon or land) was no longer available as a
baseline for binocular reticles. Search effort ceased in moderate to
severe rain or if visibility in foggy conditions was less than ~2 km.

Analytical methods

Radial and perpendicular distance calculation

Radial distances were computed as described in Dahlheim
etal. (2015). The distance from the vessel to each porpoise group
was computed from reticle readings in the binoculars, assuming
the reticles were placed at the horizon. However, in inland
waters of SEAK, groups are often seen against land (as
opposed to the “true horizon”). In these cases, the shoreline
was used as the “horizon”, requiring distances to be re-
computed. All group detections were plotted in GIS software
and a line representing the distance to the real horizon, at the
correct radial angle, was drawn. The horizon line was truncated
wherever it crossed land. The length of this new line,
representing the distance from the observer to the shore at the
angle of the sighting, was then converted to “reticles to land”
using the formulas described in Lerczak and Hobbs (1998), to
account for the corresponding observer height and radians per
reticle for 7x50 binoculars. Final distance from the observer to
the group was calculated from this new reticle value with the
DistRet function in the Excel add-in geofunc. Perpendicular
distances were computed by multiplying the radial distance by
the sine of the radial angle.

Density and abundance

Density and abundance were computed using a combination
of line- and strip-transect methods. Estimates were obtained
separately for N-SEAK and S-SEAK DIPs, which are separated
by a boundary located east of Chatham Strait and south of
Frederik Sound (Figure 1). Initially, density that was uncorrected
for animals missed on the trackline was estimated in each
stratum and each DIP separately, assuming a common
detection function. Only tracklines sampled in relatively low
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sea-state conditions (Beaufort 0-3) were considered in density
estimation. Data collected on transit lines were only used to
estimate detection probability.

For the MWB stratum, density in the area covered by the
tracklines was estimated using the Horvitz-Thompson (HT)
estimator as described in Marques and Buckland (2003) and
implemented in package mrds (Laake et al., 2021) in the open-
source software R 4.2.1 (R Core Team, 2021). Abundance was
computed by multiplying density by the total area of the MWB
stratum assumed to correspond to each stock.

For the Inlet stratum, a combination of line- and strip-
transect methods was used in the estimation of density. In the
“wider” inlets the same line transect procedures described for the
MWRB above were applied. In contrast, no detection probability
was estimated for the narrow inlets and density was simply
computed as the number of individuals seen within the sampling
strip divided by the area of the inlet (e.g., a strip transect
approach). Overall density in the Inlet stratum was calculated
as the average of the estimated density in the wide and narrow
inlets weighted by the area surveyed in each inlet type. Overall
density was then extrapolated to the area of the I stratum in each
DIP (166 identified inlets) to estimate abundance.

Overall abundance of the northern and southern DIPs was
computed by summing the abundance from the MWB and I strata
in each region, respectively. The mathematical formulation of the
analytical methods used to estimate density and abundance in this
study is described in the Supplemental Material.

Effective strip width (ESW)

Conventional (CDS) and Multiple Covariate Distance
Sampling (MCDS) methods (Buckland et al., 2001; Marques
and Buckland, 2003) were used to estimate detection probability
(P) by modeling unbinned perpendicular distance data truncated
at 1.5 km, using porpoise groups detected by the observer team on
tracklines and transit lines. A half-normal model without
adjustments, but with covariates, was proposed because it
exhibits greater stability in fitting cetacean sighting data when
compared to other commonly used models (e.g., the hazard rate)
(Gerrodette and Forcada, 2005; Bradford et al., 2020). Covariates
used to model P included group size (as a discrete covariate), sea
state (a categorical variable with two states, “low” [Beaufort 0-2]
and “high” [Beaufort 3], Dahlheim et al., 2015) and observer (also
categorical with 5 levels). A categorical “visibility” covariate, with
three levels, was also included to accommodate potential
differences in search patterns when search mode changed to

«

wet” or “foggy” conditions. A total of 16 models were
proposed and covariates were tested both individually and
additively. A single harbor porpoise sighting detected by the
crew, but not seen by the observers was excluded from the
analysis before fitting the perpendicular distance data. The
effective strip half width (ESW) was computed by multiplying P

by the truncation distance (1.5km). In the narrow inlets, it was
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assumed that all animals at the surface were detected (P=1)
because shore was within 500-1000m form the ship and
therefore visible on both sides of the survey line.

Group size estimation

If larger groups are easier to detect further away from the
trackline than smaller groups, using average group size can bias
estimates of density and abundance (Buckland et al, 2001).
Therefore, exploratory analysis were conducted to evaluate this
potential source of bias. Detections as a function of distance were
determined to be independent of group size, so mean group size
was used in estimating density and abundance for CDS models.
For MCDS models, estimates of expected group size were
obtained by dividing the estimated density of individuals by
density of groups (Marques and Buckland, 2003) (see also
Supplemental Material).

Estimation of trackline detection
probability (g[0])

Line transect surveys typically assume perfect detection
probability on the trackline (i.e. g(0) = 1) (Buckland et al., 2001),
but this assumption is rarely true for cetacean surveys, particularly
for harbor porpoise (Palka, 1995; Laake et al., 1997; Laake and
Borchers, 2004). Animals are often missed because they are
submerged (availability bias) or because they are not seen by
observers even when they are available due to factors such as
weather and sea conditions (perception bias) (Marsh and Sinclair,
1989). In shipboard surveys, g(0) is often estimated using double
platform methods (Palka, 1995; Hammond et al., 2013), but it was
not possible to implement this method in this survey due to
logistical constraints. Instead, we used an approach analogous to
the method presented by Barlow (2015) that computes g(0) from
apparent density in different sea states. This approach assumes that
true density does not change with sighting conditions, but rather
that detectability on the trackline decreases as survey
conditions deteriorate.

Survey data from line-transect cruises conducted in 1991-93,
2006-7 and 2010-2012 (Dahlheim et al., 2015) were used to
compute estimates of g(0). Those surveys were conducted using
methods analogous to those implemented in the present study.
Only data from Glacier Bay and Icy Strait (Region 1 in Dahlheim
et al,, 2015) were used because estimated abundance was
believed to be stable in these locations across survey periods
(Dahlheim et al., 2015). A total of 1,066 porpoise groups (275,
512,210 and 69 groups observed in, respectively, Beaufort 0, 1, 2
and 3) recorded in Glacier Bay and Icy Strait were available to
compute estimates of g(0). Following the methods stated above,
sea-state category (“low” and “high”) and year were used as
covariates to fit perpendicular distance data. These two variables
were chosen because they were determined to influence
detection probability during the SEAK line-transect surveys
reported in Dahlheim et al. (2015). Group density was
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estimated for Beaufort states 0 to 3 separately and a Beaufort-
specific (relative) g(0) was computed as the ratio between density
in a given state and density in Beaufort 0, for which g(0) was
assumed perfect (Barlow, 2015; Supplemental Material). Overall
g(0) was computed as the average of the Beaufort category-
specific relative g(0) weighted by the effort in that category in the
2019 survey (Bradford et al., 2020) and applied to uncorrected
estimates of density and abundance for the present survey.

Estimation of uncertainty

Uncertainty of model parameters and other variables was
estimated using a non-parametric bootstrap approach. For each
of 1,000 bootstrap replicates, survey tracklines within each
stratum were re-sampled with replacement. Detection
probability was estimated from porpoise groups detected on
these lines. Model uncertainty in detection probability
estimation was incorporated by fitting all proposed detection
probability models to perpendicular distance in each bootstrap
replicate. Models were then ranked by their Akaike Information
Criterion (AIC) and the model with most support (lowest AIC)
was selected to compute abundance for that replicate.
Constraints were imposed to avoid the use of erroneous
models in fitting the detection function. For example, models
that did not conform to their expectation (e.g., a model that
suggested a positive correlation between P and Beaufort state, or
a negative correlation between P and group size) were removed
from the set of candidate models prior to ranking. Encounter
rate, group size, density, and abundance were computed for each
stratum in each region as specified above. Standard errors were
computed as the standard deviation of the distribution of
bootstrap replicates and 95% confidence intervals were
estimated as the 2.5 and the 97.5" quantile of this
same distribution.

Bootstrap methods were also used to compute variance in
estimates of g(0). For each bootstrap replicate, survey lines from
the 1991-93, 2006-7 and 2010-12 data in Dahlheim et al. (2015)
were re-sampled with replacement, detection probability was
estimated as described above and relative g(0) values were
computed from Beaufort-specific density estimates. An average
g(0) for that replicate was calculated from these relative g(0)
values, weighted by effort in each Beaufort sea state surveyed
in 2019.

Npin and PBR level calculation

The Potential Biological Removal (PBR, Wade, 1998) level is
defined under the MMPA as the maximum number of animals that
may be removed from a marine mammal stock (excluding natural
mortality) while allowing the stock to maintain its optimum
sustainable population (defined to be a range between maximum
productivity and carrying capacity, Wade, 1998). The derivation of
PBR is defined within the MMPA, and the specific details of how to
calculate PBR were defined in subsequent publications and U.S.

Frontiers in Marine Science

06

10.3389/fmars.2022.966489

federal regulations (e.g., Barlow et al,, 1995; Federal Register 81 FR
1083, 2 March 2016), based on simulations to that determined the
thresholds that would allow 95% of populations to be at or above
their Optimum Sustainable Population (OSP) level after 100 years
(Wade (1998). For each marine mammal stock, PBR is thus
computed as a single value: PBR = N,,,;,, * 0.5R,0x * Fr, where
N corresponds to the 20th percentile of the abundance estimate,
Rinax is @ measured or estimated maximum net population growth
rate (or a taxon-specific conservative default value), and the
recovery factor (Fg) is a single value, set based on the level of
uncertainty in human-caused mortality estimates and the
population’s status.

The N-SEAK DIP and S-SEAK DIP are under consideration
for being designated separate stocks under the MMPA. Therefore,
we have calculated tentative PBR levels for each of these DIPs
using the abundance estimates derived in this study. The growth
rate Ry, is unknown for harbor porpoise in Southeast Alaska, so
the default value for cetaceans (R,,,, = 0.04) was applied. Fr was
0.5, as specified for stocks of unknown status. We included these
tentative PBR calculations to assess whether the known impacts of
some anthropogenic activities should be highlighted as a possible
conservation concern. However, as part of the process under the
MMPA, the boundaries of the DIPs, and the calculations of N,,,;,,
and PBR levels are subject to public review and comment and may
be revised as a result of that input.

Results

A total of 2,893 km (312 survey lines) was surveyed in sea-
state conditions ranging from Beaufort 0 to 3 during the 2019
survey. Trackline effort corresponded to 1,120 km (102 sampling
lines) and 482 km (62 sampling lines) within the range of the N-
SEAK and S-SEAK DIPs, respectively, whereas transit effort
consisted of 1,291 km (148 sampling lines) across both regions
(Table 1). A total of 194 on-effort harbor porpoise groups
comprising 301 individuals was documented (Table 1).
Completed effort in each region is illustrated in Figure 1.

Harbor porpoise distribution

The distribution of harbor porpoise in SEAK inland waters
during the summer 2019 cruise is illustrated in Figure 2. High
concentrations of animals were seen near Glacier Bay, Icy Strait,
Cross Sound, Frederick Sound, and in Sumner Strait and around
Wrangell and Zarembo Islands. Occasional porpoise groups
were recorded in other regions including Lynn Canal,
Stephens Passage, Chatham Strait, and Clarence Strait. Harbor
porpoises were also occasionally seen in the sampled inlets, but
only within the range of the N-SEAK DIP.
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TABLE 1 Sampled area, survey effort and number of groups and individuals seen during the 2019 harbor porpoise survey in Southeast Alaska
inland waters. Rows in bold represent totals across the N-SEAK DIP, the S_SEAK DIP and the whole of SEAK Inland Waters.

Number of individuals

Stratum/Region Area (km?) Effort (km)
Inlet N-SEAK DIP 3,100

“wide” inlets 73.8

“narrow” inlets 128.7
MWB N-SEAK DIP 12,234 918.1
Total N-SEAK DIP 15,334 1,120.6
Inlet S-SEAK DIP 2,089

“wide” inlets 485

“narrow” inlets 69.6
MWB S-SEAK DIP 6,298 363.9
Total S-SEAK DIP 8,387 482.0
Transit 1,291.0
SEAK Inland Waters 23,721 2,893.6

Effective strip width and g(0)

Detection probability (P) and ESW were estimated as 0.48 (CV
=0.09, 95% CI = 0.40-0.58) and 726 m (CV = 0.09, 95% CI = 603-
856 m), respectively. The proposed covariates were important in
fitting the detection probability models. Models with none, one,
two, three and all four covariates represented, respectively, 4.2%,
23.5%, 40.1%, 29.6% and 2.6% of the most supported models in the
1,000 bootstrap replicates. The “observer” covariate was present in
87.7% of the models, indicating that detection probability was
significantly different across observers. The “visibility” and
“Beaufort Category” covariates were present in 69% and 50% of
the models, respectively, showing that lower visibility (e.g., fog and
wet effort) and poorer sea conditions (“high” Beaufort) negatively
affected detection probability. Finally, the group size covariate was
present in only 4.2% of the most supported models, indicating that
group size did not influence the probability of detecting harbor
porpoise as much as the other covariates within SEAK inland
waters. An example of a detection probability model fit to
perpendicular distance data from one of the bootstrap replicates
is provided in the Supplemental Material.

Detection probability on the trackline, g(0), was estimated as
0.53 (CV = 0.11, 95% CI = 0.43-0.65). A summary of the
Beaufort-specific, relative g(0) values, and the proportions of
effort in each Beaufort state used in the computation of g(0) is
provided in the Supplemental Material.

Density and abundance
Harbor porpoise abundance was estimated as 1,619 (CV =

0.26, 95% CI = 944-2,592) for the N-SEAK DIP, and 890 (CV =
0.37, 95% CI = 385-1,708) for the S-SEAK DIP. Estimates of
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Survey lines

Number of groups

18 2 2
10 5 6
74 54 84
102 61 92
9 0 0
6 0 0
47 28 42
62 28 42
148 105 167
312 194 301

encounter rate, expected group size, density (corrected for g[0]),
and abundance (corrected for g[0]) are provided in Table 2.
Summaries of the bootstrap estimates for region/stratum-
specific parameters and other quantities of interest are
provided in the Supplemental Material.

For the N-SEAK DIP, density of harbor porpoise was lower
in the Inlets than in the MWB stratum. Slightly less than 10% of
the population estimated for the N-SEAK DIP occurred in the
Inlets. No harbor porpoise were observed in the Inlets in the
southern region and, therefore, no abundance was computed for
that stratum. Region-specific density (0.106 ind/km?) was
identical for the N-SEAK and S-SEAK DIPs, but abundance in
the former was nearly twice that of the southern DIP because of
its larger area.

N..» and PBR calculation

Estimates of N,,;, and PBR for N- and S-SEAK DIPs are
provided in Table 2. PBR was estimated at 12.0 and 6.1 animals
for these populations, respectively.

Discussion
Survey design

SEAK is a difficult region to survey due to its complex
geography, which includes a network of open but relatively
convoluted channels and narrow straits and inlets. Previous
surveys to estimate cetacean abundance in this region
(Hobbs and Waite, 2010; Dahlheim et al., 2015) did not fully
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FIGURE 2
Harbor porpoise distribution during the 2019 SEAK survey. Porpoise groups detected on- and off-effort are indicated by darker and lighter green
circles and realized effort is shown as red lines.

consider geographical heterogeneity in their sampling design did, sampling was not performed in a systematic fashion. In
and the resulting estimates may have been biased. For example, addition, even in areas where sampling was performed more
sampling of small inlets, where the harbor porpoise is known to regularly, tracklines were not allocated to achieve near uniform
occur (J. Straley, pers. comm.), has seldom occurred and, when it coverage probability.

TABLE 2 Estimates (CV in parenthesis) of encounter rate (ER, groups/km), expected groups size (E[S], individuals), uncorrected and corrected
density (D, and D, individuals/km2), uncorrected and corrected abundance (N, and N, individuals), minimum population size (N,;,) and the
Potential of Biological Removal (PBR) for harbor porpoise in SEAK inland waters. Rows in bold represent total estimates for the N-SEAK DIP and
the S-SEAK DIP.

Stratum/Region ER E(S) D, N, D, N Nimin PBR
Inlet N-SEAK DIP 0.036 (0.51) 1.13 (0.14) 0.024 (0.45) 74 (0.45) 0.045 (0.47) 140 (0.47)

MWB N-SEAK DIP 0.057 (0.23) 1.51 (0.09) 0.064 (0.27) 781 (0.27) 0.121 (0.28) 1,479 (0.28)

N-SEAK DIP 0.056 (0.25) 855 (0.25) 0.106 (0.26) 1,619 (0.26) 1,250 12.0
Inlet S-SEAK DIP 0 0 0 0

MWB S-SEAK DIP 0.073 (0.30) 1.52 (0.09) 0.074 (0.36) 469 (0.36) 0.141 (0.37) 890 (0.37)

S-SEAK DIP 0.056 (0.36) 469 (0.36) 0.106 (0.37) 890 (0.37) 610 6.1
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In the present study, we applied more rigorous methods for
conducting cetacean line-transect surveys to compute
abundance in complex regions (Thomas et al., 2007).
Additionally, the survey design implemented in this study
allowed the sampling of all possible harbor porpoise habitats
within SEAK, including narrow channels and inlets, which were
previously unsurveyed. In this design, tracklines were allocated
to achieve near uniform coverage probability across the different
strata. Unusually good visibility conditions (Beaufort 3 or less for
92% of the survey) allowed for completion of the planned
tracklines in most regions, particularly those where harbor
porpoises are known to occur (see Figure 2). Exceptions
include areas closer to open ocean (e.g., the southern end of
Clarence Strait, near Dixon Entrance) and middle Lynn Canal.
But even in these regions, loss of trackline effort was limited and
broad sampling was achieved. The relatively extensive and
uniform coverage of porpoise habitats within SEAK inland
waters during the 2019 survey resulted in more comprehensive
sampling and potentially more accurate estimates of abundance
than those obtained from previous harbor porpoise surveys
in SEAK.

Harbor porpoise distribution

In some areas of SEAK, harbor porpoise have been
consistently found in relatively high numbers across years. For
example, harbor porpoise concentrations observed during our
survey are consistent with those found between the early 1990s
and early 2010s near Cross Sound, Glacier Bay, Icy Strait and
around Zarembo and Wrangell Islands in the spring, summer
and fall (Dahlheim et al., 2009; Dahlheim et al., 2015). On the
other hand, in Frederick Sound the concentration of harbor
porpoise is variable across years. During the 2019 cruise,
porpoises were seen in Frederick Sound in relatively large
numbers, especially close to shore (Figure 2). However, in
some previous years, concentration was low despite high
survey effort (e.g.,, Dahlheim et al,, 2015).

Another region of interest is Lynn Canal, where harbor
porpoise were regularly documented in the 1990s (Hobbs and
Waite, 2010; Dahlheim et al., 2015). Surveys did not sample this
region in the mid-2000s and early 2010s; a relatively small
number of groups were observed in 2019 (Figure 2). This area
is of particular interest because the salmon drift net fishery, in
which harbor porpoise bycatch has been documented in other
regions, operates there (Manly, 2015). However, no recent
monitoring of the fishery to assess potential bycatch levels has
been conducted.

Results from this study found that harbor porpoise do not
regularly occur in certain habitats within SEAK. For example, in
Lower Chatham Strait, only one harbor porpoise sighting was
recorded despite the relatively consistent survey effort in this
region (and in good survey conditions) (Figure 2). Despite
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significant survey effort across many years, Dahlheim et al
(2009); Dahlheim et al., 2015) and Hobbs and Waite (2010),
also reported few harbor porpoise in Lower Chatham Strait
although observation effort in Dahlheim et al. (2015) was
typically associated with poorer survey conditions (e.g.,
relatively high sea state conditions).

In this survey, SEAK inlets were sampled consistently for the
first time and abundance was computed using a proven method
(e.g., Thomas et al., 2007). Estimation of density in narrow
(<2km width) inlets assumed that observers detected all harbor
porpoise because they were able to see both shores while
surveying these inlets. If this assumption is not valid, then
estimates in the inlet stratum would be underestimated.
Nevertheless, bias of the overall abundance estimation is
believed to be nearly negligible, if it occurred, because of the
low number of harbor porpoise observed and the relatively small
area of the narrow inlets compared to the other survey strata.

Previous surveys of harbor porpoise in inland waters of
SEAK only sampled inlets occasionally and no estimates of
abundance were computed. The results provided here suggest
that while harbor porpoises regularly occur in the inlets, they
represent a small fraction of the overall population (e.g.,
approximately 10% of the northern DIP). No porpoise groups
were recorded in inlets in the southern DIP during the 2019
survey. However, this finding does not imply harbor porpoises
do not visit inlets it that region. This species has been
occasionally observed in southern DIP inlets during previous
surveys (Hobbs and Waite, 2010; Dahlheim et al., 2015).

Density, abundance estimation, and PBR

This study provides new density and abundance estimates for
harbor porpoise in inland waters of SEAK, including areas where
harbor porpoise are genetically differentiated (N-and S-SEAK
DIPs) (Parsons et al., 2018; Parsons et al., 2021). These
estimates incorporate detection probability on the trackline
(g/0]) an important aspect of calculating abundance for SEAK
harbor porpoise. Apart from the aerial survey by Hobbs and
Waite (2010) in the late 1990s, previous estimates of abundance
were not corrected for animals missed on the trackline (Dahlheim
etal, 2000; Dahlheim et al., 2015). For inconspicuous species such
as harbor porpoise, deterioration of optimal visibility conditions
result in observers missing groups (Barlow, 2015). Therefore,
correction for g(0) is required to minimize negative bias in
estimates of abundance of this species (Barlow, 1988; Palka,
1995; Polacheck, 1995; Hammond et al., 2013). Estimation of
£(0) in harbor porpoise studies has typically been based on surveys
where observers scan for porpoise groups from two independent
platforms. Analytical methods combining distance-sampling and
mark-recapture approaches are used to estimate the proportion of
animals missed by these observers on the trackline (Laake and
Borchers, 2004). In this study, logistical constraints precluded the
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implementation of independent platforms and required an
alternate method to estimate g(0). The approach used here was
analogous to that developed by Barlow (2015) to compute
trackline detection probability from densities in different survey
conditions. This method assumes that true density does not
change with sighting conditions and that estimated density
under optimal conditions will be less biased than density
estimates in poorer conditions. In this study, harbor porpoise
groups detected in previous surveys in SEAK (from the 1990s to
the early 2010s) were used to estimate density for different
visibility conditions (denoted by the Beaufort scale) because this
provided an independent data set with substantially larger sample
sizes. Data from only one region in SEAK (the area around Glacier
Bay and Icy Strait, region 1 in Dahlheim et al,, 2015) were used
because that is an important harbor porpoise habitat and because
density estimates in that region have remained stable during the
study period (Dahlheim et al., 2015). While data from a broader
area (e.g., the whole of SEAK) could be used, Barlow (2015)
suggested that differences in densities due to habitat preference or
due to temporal trends in abundance could bias estimates of g(0).
Therefore, the use of the Glacier Bay and Icy Strait data minimized
these potential undesired effects.

The estimated g(0) value computed here, based on a
weighted-average over sea-state conditions, (g/0] = 0.53, CV =
0.11, 95% CI = 0.43-0.65) implies that overall, approximately
47% of the harbor porpoise groups on the trackline are missed.
This estimate falls within the range of estimates obtained across
several other harbor porpoise ship-board surveys. For example,
Barlow (1988) estimate of g(0) for the coast of California harbor
porpoise (g[0] = 0.78, CV = 0.15, 95% CI = 0.45-0.95) and
Palka (1995) area-weighted average of g(0) for harbor porpoise
in the Gulf of Maine (g[0] = 0.72, CV = 0.08, 95% CI = 0.60-
0.84") are higher than the one computed for SEAK, but they
were both estimated for larger survey platforms and are likely
not statistically different. In contrast, the estimated g(0) for
harbor porpoise in continental shelf waters of the European
Atlantic Ocean (Hammond et al., 2013; g[0] = 0.22, CV = 0.16,
95% CI = 0.15-0.28") is significantly lower than for SEAK. The
direct comparison of g(0) estimates across surveys is difficult
because of differences in vessel size, number of observers, search
methods, and survey conditions.

The use of a g(0) estimated with data from previous SEAK
harbor porpoise surveys to correct density estimates from the
2019 cruise is only valid if the sampling methods across the
surveys are comparable. The vessels used by Dahlheim et al.
(2015) were slightly larger than the one used in this study and
observers were different. However, the number of observers on
effort, search patterns, and survey conditions were largely
similar. Differences in observers are particularly relevant
because, as shown in this study, detection probability can be

1 95% Cl computed assuming a normal distribution.
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significantly influenced by observer experience and their
individual ability to detect porpoise. If the g(0) computed from
data in Dahlheim et al. (2015) is not applicable to the 2019 SEAK
harbor porpoise survey, the estimates of density and abundance
corrected for g(0) provided here will be biased to an unknown
extent. The approach to compute g(0) used in this study was
applied to address an important source of bias in harbor
porpoise surveys. However, as stated in Barlow (2015), this
method is “intended to complement rather than replace more
traditional methods of estimating g(0), and every effort should be
made to incorporate g(0) estimation into the design of any
cetacean survey’. Because survey logistics, protocols and
conditions vary, future studies in SEAK should consider the
use of methods (e.g., double observer platform surveys) that
would allow estimation of g(0) for each new survey.

The estimated average ESW in this study (726 m) was
comparable to those from previous surveys in Southeast
Alaska, which ranged from 705 to 915 m (Dahlheim et al,
2015). This is to be expected because similar field methods were
used across these surveys. However, these values are
substantially greater than ESW computed for harbor porpoise
in other regions. Harbor porpoise surveys in the Gulf of Maine/
Bay of Fundy (Palka, 1995; Palka, 2000), the west coast of North
America (Barlow, 1988; Williams and Thomas, 2007), and in
European waters (Bjorge and Donovan, 1995; Hammond et al.,
2013) estimated ESW values ranging from approximately 130
and 375 m. While various factors influence estimation of
detection probability (e.g., height of the vessel, number of
observers, porpoise searching methods), most of these open
ocean surveys were conducted using similar searching
methods (e.g., 7x50 binoculars and/or naked eye), from higher
platforms and with an equal or larger number of observers when
compared to surveys in SEAK inland waters. Therefore, it would
be expected that ESW estimated in these surveys to be
comparable or potentially even greater than those computed
for SEAK inland waters. Greater ESW for harbor porpoise in
SEAK likely occurs because survey conditions in inland waters
improve visibility of this species. For example, the presence of
land in most of the region allows observers to focus on a smaller
search area ahead of the vessel, possibly increasing their
detectability. Perhaps more importantly, sea conditions are
typically more favorable in inland waters and large swells,
which greatly affect detection of cetaceans at sea (Barlow et al.,
2001), were uncommon within most of SEAK inland waters
where harbor porpoise were documented in the 2019 survey.

Abundance estimates provided here do not include animals
found outside of SEAK inland waters. Aerial surveys have shown
that harbor porpoise occur on the continental shelf west of the
SEAK inland waters (Dahlheim et al., 2000; Hobbs and Waite,
2010), but no recent estimate for offshore habitats are available.
In addition, it is unclear what the phylogenetic relationship is
between harbor porpoise found offshore and those in the N-
SEAK and S-SEAK DIPs. It is possible that these DIPs extend
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into open ocean waters of the Gulf of Alaska, west of SEAK
inland waters but further research is needed to assess the
population structure of harbor porpoise in this region. The
abundance and density estimates computed in this study
correspond to the currently defined DIPs in inland waters.

A potentially important conservation problem for harbor
porpoises is bycatch in the salmon drift gillnet fishery, which
operates in parts of the SEAK inland waters, notably Lynn Canal,
Taku/Snettisham and Stephens Passage, near Petersburg,
Wrangell, Zarembo, Ketchikan, and in portions of Clarence
Strait (Manly, 2015). There is no current estimate of bycatch for
all regions where the fishery operates. In 2012 and 2013, the
Alaska Marine Mammal Observer Program (AMMOP)
established a monitoring program to observe the gillnet fishery
in the Alaska Department of Fish and Game’s (ADF&G) fisheries
districts 6, 7 and 8 in order to estimate bycatch and serious injuries
of marine mammals and birds. Areas 6, 7 and a portion of area 8
correspond to a relatively large portion of the S-SEAK DIP range,
near Wrangell and Zarembo, where harbor porpoise density is
relatively high (Dahlheim et al., 2015; this study). A smaller
portion of Area 8, the eastern end of Frederik Sound,
corresponds to the southern range of the N-SEAK DIP.
AMMOP observed 6.4% and 6.6% of the fishing days in each in
2012 and 2013, respectively, and recorded the capture of four
harbor porpoise in 2013, with two being released alive and two
being classified as dead or seriously injured (M/SI) (Manly, 2015).
Manly (2015) estimated 23 harbor porpoise M/SI from observer
data in ADF&G Districts 6, 7 and 8 for the period 2012-2013 (an
average of 12 individuals per year). An error was identified in the
way the injury determinations were assigned to two of the
bycaught animals in Manly (2015) (Zerbini et al, 2022). Two
individuals caught in sub-area 8A were reported to be serious
injuries (Manly, 2015), but upon review of the data, it was
confirmed that one of these individuals should have been
classified as having a non-serious injury, as documented in
Helker et al. (2015). On the other hand, the porpoise captured
in sub-area 6A and classified as a non-serious injury in
Manly (2015) was in fact a seriously injured animal
(Helker et al,, 2015). A revised estimate suggests that bycatch
mortality in the range of the N-SEAK and S-SEAK DIPs
correspond to, respectively, 5.6 and 7.4 harbor porpoises per
year (Young et al, 2022). These estimates suggest a potential
conservation problem for the S-SEAK DIP as mortality is above
the tentative estimated PBR level (6.1 individuals) for this
population. The status of harbor porpoise in the N-SEAK DIP
is unknown because existing estimates of mortality only apply to a
portion of the fishery operating in the range of this population.
However, the tentative estimated PBR level (12 individuals) would
suggest that harbor porpoise in the northern region may not
sustain a much higher mortality/serious injury rate than that
estimated for the portion of the fishery that has already been
observed. Changes to the boundaries of the DIPs and the
calculation of the Ny,,;, and PBR level may occur as a result of
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the public review and comment period and could affect our
interpretation of the impact of the bycatch on harbor porpoise
in SEAK.

Several studies have shown that harbor porpoise are highly
vulnerable to mortality in gillnet fisheries across the range of the
species (Read et al., 1993; Trippel et al., 1996; Tregenza et al.,
1997; Reeves et al., 2013) and declines in abundance have been
documented for some populations (Forney et al., 2021;
Nachtsheim et al., 2021). Therefore, monitoring abundance
and bycatch of harbor porpoise is critical to evaluate the
potential impact of the gillnet fishery to this species in SEAK
and to assess the need to implement mitigation measures to
reduce mortality.
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