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Abstract

Fishery inspector logbooks were used to estimate fishing
gear interaction rates for humpback (Megaptera novaeangliae)
and killer (Orcinus orca) whales in Norwegian purse seine
fisheries for herring from 2011 to 2020. Estimated rates
were applied to fisheries data to estimate fleet-wide totals.
Estimates showed that in a 10-year period, a total of
78 humpback whales, 95% Cl [41, 145] and 100 killer whales,
95% Cl [63, 176] were entrapped in purse seines. Most
whales were disentangled alive, with an estimated mortality of
5%, CV 0.69, 95% Cl [0.0, 11.8] and 6%, CV 0.48, 95% CI [0.3,
11.9], respectively. The average yearly mortality over the
study period was thus approximately 0.60 killer whales and
0.39 humpback whales corresponding to 0.008% and 0.007%
of the respective abundance estimates for these whale species
in Norwegian waters. Given the Potential Biological Removal
sustainability limits of 98 humpbacks and 161 killer whales per
year, it may be concluded that, by itself, the average yearly
mortality incurred by these whale populations by Norwegian
fisheries does not constitute a significant risk to either of
these species, but bycatch in Norwegian purse seine fisheries

may not be the only source of anthropogenic mortality.
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1 | INTRODUCTION

Fisheries bycatch, defined as the unintentional catch of nontargeted species, is currently the most severe threat to
marine mammals globally (Read et al., 2006) and threatens several populations of cetaceans with immediate extinc-
tion (Collins et al., 2010; Jaramillo-Legorreta et al., 2019; Knowlton et al, 2012; Roberts et al., 2019; Weir
et al, 2011). Most of the global marine mammal bycatches are caused by different forms of gill nets (Brownell
et al,, 2019; Read et al., 2006; Reeves et al., 2013), but the use of purse seines on mixed schools of small cetaceans
and yellowfin tuna (Thunnus albacares) in the eastern tropical Pacific has demonstrated that this type of fishing gear
also has the potential to kill large numbers of cetaceans (Perrin 1968, 1969). However, in other areas, and globally,
purse seines are regarded as having a lower risk of catching marine mammals compared with static gear such as gill
nets (Lewison et al., 2004; Wise et al., 2007).

In Norway, purse seines constitute the main fishing gear used for harvesting Norwegian Spring Spawning (NSS)
herring (Clupea harengus) on the spawning and wintering grounds. The spawning grounds are off the Norwegian
coast between 62° and 69°N. The wintering grounds are typically further north, between 69° and 71°N. When purse
seine fisheries occur in these offshore waters, close interactions with cetaceans are rare, although feeding aggrega-
tions of humpback (Megaptera novaeangliae) and killer whales (Orcinus orca) at herring schools in Northern Norway
have been observed (Jourdain & Vongraven 2017). However, in the period 2012-2018, the NSS herring changed
wintering grounds and congregated in several sheltered fjords in northern Norway. Shifts in herring wintering gro-
unds typically occur in years when the first time/repeat spawner ratio peaks (Huse et al., 2010). This enormous bio-
mass of herring (the spawning stock is about four million metric tons, (Salthaug et al., 2020), concentrated in a
restricted area, attracted large numbers of humpback and killer whales. During that time, and in these narrow fjords,
interactions between large cetaceans and purse seine fisheries were frequent. In 2019, the NSS herring again shifted
wintering grounds to more open waters, and the frequent interactions between cetaceans and purse seine fisheries
became less frequent. Recently, it was discovered that a small proportion of humpback whales do not undertake
their seasonal southward migration to lower latitudes, and instead spend the entire year in North Atlantic waters
(Ramm, 2020). It is possible that a prolonged presence in Norwegian coastal waters throughout the year may expose
them to risk of entanglements in fisheries that they previously avoided by leaving the area.

In this article, we address the incidental entrapment and entanglement or bycatch of cetaceans in Norwegian
pelagic purse seine fisheries by large vessels (length overall 215 m) with an emphasis on humpback and killer whales
bycaught in seine nets targeting herring. Following an abrupt increase in entrapments in 2016 and 2018, when the
herring shifted wintering grounds, the Norwegian Directorate of Fisheries issued a new rule stating that the well-
being of any entrapped or entangled cetaceans is to be prioritized over the catch. The rule required that a purse
seine full of herring would have to be opened up again if there were cetaceans inside that could not otherwise be
removed in a timely fashion, even if that meant that the catch would be lost. The postincidence response of the fish-
ers, coast guard, and fishery inspectors, to release humpback and killer whales bycaught in seine nets is described.
Bycatch rates and associated mortality rates are estimated and scaled up to total bycatch and mortality estimates
using fishery data. Finally, estimates are compared against the Potential Biological Removal, PBR, (Wade, 1998) for
the two bycaught species.

The abundance estimates for humpback and killer whales in the North-East Atlantic are 10,708 animals (CV
0.38, 95% Cl [4,906, 23,370]), and 15,056 animals (CV 0.29, 95% CI [8,423, 26,914]), respectively (Leonard &

@ien, 2020). These estimates are based on multiyear Norwegian shipboard surveys from 2014 to 2018. Killer whales
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are resident in Norwegian waters throughout the year and follow the migration of herring (Simil3 et al., 1996;
Vogel, 2020). Humpback whales are present on their feeding grounds in Norwegian waters from late spring to early
winter, when the majority depart to start their long journeys to breeding grounds in lower latitudes. Some hump-
backs, on their southward migrations from the Barents Sea to lower latitudes, may stop on their way to feed on win-
tering herring before they resume their southward migration. The objective of this study was to address the

entrapments of humpback and killer whales in purse seines set for herring and the associated mortality.

2 | METHODS
2.1 | Data collection and preparation

Data on all pelagic fishing activities conducted by large vessels (vessels with an overall length >15 m) were obtained
from the Norwegian Directorate of Fisheries. Since the beginning of 2011, large fishing vessels operating in Norway
have been required to electronically log all fishing activities. These electronic logbooks are highly detailed and
include positional data as well as information on the type and number of fishing gear used, and the duration and
depths at which they were used. Data on landed catch are available from before 2011 from fish tickets, but these do
not include GPS coordinates or details on gear use other than a rough specification of the general type of gear used.

Bycatch data were obtained from two, partially overlapping sources:

(1) Inspector logbooks from the Sea Surveillance Unit (SSU) and the Coast Guard (CG) from 2011 to 2020. The
SSU is a subdivision of the Norwegian Directorate of Fisheries. SSU inspectors stay on fishing vessels for the entire
duration of a fishing trip, from disembarkation to landing the catch. The duties of the inspectors include making sure
that the vessel operates in a legal manner and documenting bycatches, discards, and potential code violations.
Inspectors also record sightings of marine mammals and marine mammal entanglements in fishing gear. In addition to
on-board inspectors, the SSU also operates three roaming vessels that patrol the Norwegian coastline, performing
unscheduled and opportunistic inspections. Together, SSU roaming vessels and CG vessels monitor nearly all purse
seine operations targeting herring that are conducted within the fjords (where whale and gear interactions are most
likely). This is possible because of the clumped distribution and synchronized movements of the herring biomass. For
herring (and other) fisheries conducted in open waters, the coverage is substantially smaller. SSU and CG inspections
are not random. The process of selecting which vessels and thereby, which fishing operations, to inspect are based
on an internal risk assessment, where fisheries and vessels that are likely to have large bycatch or discard rates, a
large proportion of undersized fish, or any other code violation typically are inspected more frequently. Tips and
knowledge of previous offenses may factor into these risk assessments. Roaming SSU and CG vessels also respond
to reports on whale activity near fishing vessels. The CG and the SSU cooperate closely, and both regularly send cop-
ies of their logbooks to the Institute of Marine Research (IMR). The selection process is likely to cause an upward
bias in bycatch rates estimated using CG and SSU observer data.

(2) The central registry of whale entrapment records. In 2016 (following the aforementioned large and unex-
pected increase in the number of humpback and killer whale entrapments in purse seine fisheries in the northern
parts of Norway), the Directorate of Fisheries established a central registry of whale entrapments and required that
all Norwegian fishing vessels report marine mammal entrapments to them. These reports are collected in an infor-
mal/unstandardized manner and may make their way to the Directorate through various means. Fishers may contact
the Directorate either directly or through the SSU or the CG to make their reports. Entrapments recorded in SSU
and CG reports may therefore appear in this central registry, but not always. More importantly, the central registry
may also include records of entanglements that do not appear in SSU/CG logbooks, e.g., if a fisherman contacted the
Directorate directly. Furthermore, news of whale entrapments in the media may prompt the Directorate to reach out
to the offending fishing vessel(s) to verify that an entrapment took place and to collect data related to that

incidence.
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Data from both sources were cross-referenced to identify and merge any duplicate entries by comparing date of
incidence, vessel(s) involved, gear types, etc. This method was used to collate a sample of all documented interac-
tions between cetaceans and purse seines in Norwegian fisheries. The final data set contained dates, GPS coordi-
nates, gear types, a short description of how the animals were entrapped and later released, the species and number
of animals involved, as well as the outcome for those animals. Outcome was classified as either unharmed, wounded,
or lethal, and assessed by visual inspection by observers on the fishing vessel or on a nearby SSU/CG vessel. In sev-

eral cases, bycatches were also documented with pictures and/or videos.

2.2 | Estimating bycatch rates and totals

All bycatch locations were initially classified either as “coastal” or “offshore.” Coastal locations were defined as all
locations that were <10 km from the coast (by geodesic distance). The threshold of 10 km was chosen because all
locations within fjords and straits were then classified as coastal. Correspondingly, locations farther from the coast
were defined as offshore locations. This classification resulted in a low number of offshore locations, so all offshore
locations were grouped together in a single offshore group. Coastal bycatch locations were further divided into
groups using complete linkage hierarchical clustering based on geodesic distances. Coastal bycatch hot spots were
then defined by finding the smallest convex polygons that covered all points within each coastal cluster, and then
expanding those polygons slightly by adding a 5 km buffer around them.

We assumed that SSU and CG coverage was 100% in coastal bycatch hot spots in years when the herring over-
wintered in the fjords, and that all bycatches in those areas were registered. Bycatch rates in other/offshore areas
however, were estimated for each species using a traditional ratio estimator (Cochran, 1977), and scaled up to
bycatch totals in the fleet-wide purse seine fisheries using data from the electronic logbooks (Table S1).

The estimated bycatch rate ﬁh in area h, is given by

R, =2". 1
h=r 1)
The estimated total bycatch Vh is similarly given as
Y =RnXn, (2)

where y,, = the average number of bycaught whales in area h, x;, = average fishing effort among inspected vessels in
area h, X,, = fishing effort in area h among all vessels. Fishing effort was defined as the number of purse seine fishing
operations.

All analyses were done in R (R Core Team, 2020). We used the sf R package (Pebesma, 2018) for spatial analyses
and hclust from the stats package (R Core Team, 2020) for clustering. Estimates of entrapment rates were calculated
with the survey R package (Lumley 2004, 2020). Coefficients of variation (CVs) and 95% confidence intervals (Cls)
and were obtained through bootstrapping using the boot R package (Canty & Ripley, 2020; Davison &
Hinkley, 1997). In the bootstrapping procedure, we resampled with replacement from entanglement and inspection/
fishing effort data, and recalculated all total estimates from the bootstrap samples in the manner described above.

CVs and bias-corrected (BCa) Cls were obtained from the resulting distribution of 10,000 bootstrap estimates.

2.3 | Evaluating the sustainability of estimated bycatch totals

The PBR for a given marine mammal population is given by the equation
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PBR = Numin X 0.5 % Rmax X Fi, ©)

where N, is the minimum population estimate, Ry, is the maximum growth rate, and F, is a recovery factor
that allows one to take into account further information on the conservation status of the species in question. For
cetaceans, R.x = 0.04 is a feasible default, suggested in Wade (1998). For PBR calculations in this paper, we used
Rmax = 0.04, F, = 1, and N, = 4,906 (humpbacks) and 8,423 (killer whales). F, = 1 was used for all species because
the abundance of humpback has shown an increasing trend in recent surveys, and there is no indication of depletion
in killer whale abundance (Leonard & @ien, 2020; Solvang et al., 2020).

The PBR for humpback whales in Norwegian waters, based on the most recent data, is therefore 98 animals
and the corresponding value for killer whales is 168 animals. Humpback whales from the large breeding assem-
bly in the West Indies and the smaller Cape Verde breeding assembly are mixing on the Northeast Atlantic feed-
ing grounds (Berrow et al., 2021; Stevick et al., 2006). Because they are mixing on the feeding grounds, we
anticipate that they have similar probability of entanglement, and the ratio between bycatch and PBR should be
the same between the two breeding stocks. NAMMCO recognizes that killer whales in the Northeast Atlantic
are grouped into three stocks after association with their main prey, and killer whales in the northern North Sea,
Norwegian Sea, and Icelandic waters are all associated with herring as main prey (Foote et al., 2010), and can be

regarded as one stock.

3 | RESULTS

The electronic logbooks for large fishing vessels contained 114,514 reports for purse seine fishing operations from
2011 to 2020, with an average of 11,451 + 1,934 (yearly mean + standard deviation) purse seine fishing operations
conducted per year. The yearly number of purse seine fishing operations in the two bycatch hot spots (Figure 1a, b)
coincided with the known presence of herring in each of the corresponding fjord systems. Fishing effort was shifted
northwards (i.e., from hot spot 1 to hot spot 2), as the herring shifted their overwintering grounds from 2016 to
2018, seeing activity in both fjord systems in 2017.

The overall proportion of purse seine fishing operations that were observed either by the SSU or CG inspectors
(total observer coverage) was on average 6.4% per year. Purse seine fishing effort and separate coverage numbers
for SSU and CG inspectors per year inside and outside bycatch hot spots are shown in Figure 1. The average SSU
and CG inspector coverage of purse seine fisheries in bycatch hot spots was substantially higher during the years
when the herring entered the fjords (Figure 1), compared to the average for offshore and other areas. Fishing effort
was concentrated in two large regions; the northern North Sea, around 60°N and 5°E and the Norwegian Sea, going
into the Barents Sea along the Norwegian coast (Figure 2a). The geographical distribution of observer effort was sim-
ilarly distributed.

There were 65 episodes of cetacean entrapments in purse seines from 2011 to 2020, involving a total
of 40 humpback and 65 killer whales. There were no reports of entanglements in Danish seines or
trawling bags, but there were three cases of entanglements of humpbacks in buoy ropes from bottom-set
gill nets or fish traps. For purse seine fisheries, there were few observed entrapments in offshore locations,
with several years between them (Figure 2c). Most bycatches of humpback and killer whales occurred in
northern Troms County, from 65.9°-70.0°N and 18.0°-21.5°E, between 2016 and 2018, and most of them
in two fjords systems, called Kaldfjord and Kvenangen (Figure 2d). Applying the clustering algorithm on the
coastal bycatch locations roughly identified these two fjords, and some adjacent areas, as high bycatch
regions. The encircling buffered convex hull polygon for each bycatch hot spot is shown in Figure 2d.
Figure 2c also shows the coarse locations of these hot spots and other (offshore) entrapments in a larger
geographical context.
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FIGURE 1 Top: Total number of purse seine fishing operations conducted per year by all large fishing vessels, in
the bycatch hot spots (panels a and b) and outside those hot spots (panel c). Bottom: Stacked line chart indicating
the proportions of seine fishing trips conducted by all large fishing vessels that were inspected by the CG (red
columns) or the SSU (dark gray columns) per year in bycatch hot spots (panels d and e) and outside those hot spots
(panel f).

Overall estimates of total bycatch (i.e., Equation 2) of cetaceans in Norwegian purse seine fisheries in offshore/
other locations (i.e., not including bycatch hot spots) was 37 humpback and 37 killer whales (Table 1). Total bycatch
in all areas, including bycatch hot spots was 78 humpback and 100 killer whales. The reported bycatches in the
bycatch two hot spots (Figure 2d) contribute to more than 50% of the total bycatches in both species (Table 1).
Bycatches of humpback and killer whales in these hot spots in the three years from 2016 to 2018 make up approxi-
mately 93% of the total bycatch for all areas in the ten years from 2011 to 2020.

The average yearly bycatch in purse seines was approximately 8 humpback and 10 killer whales, with an esti-
mated mortality associated with purse seine bycatches of 0.05 for humpback and 0.06 for killer whales (Table 2).
SSU/CG observer data indicated that most bycaught animals were successfully removed from the nets. However,
reports indicate that two humpback whales and four killer wha did not survive. The estimated mortalities from
bycatches in purse seine nets across all areas (i.e., including Kaldfjord and Kvenangen) were 6%, CV 0.48, 95% ClI
[0.3,11.9] and 5%, CV 0.69, 95% CI [0, 11.75] for killer and humpback whales, respectively. Based on the estimated
yearly average bycatch given in Table 2, the average yearly mortality rates in the study period would then be approx-
imately 0.39 humpback whales and 0.60 killer whales, or about one humpback and one killer whale killed in purse

seines every 31 and 20 months, respectively.
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Here, blue dots represent one fishing station, using all data from 2011 to 2020. Bottom: Map showing bycatch
sites, indicted by red crosses (c). Bycatch locations and buffered convex hull polygons designating the two

bycatch hot spots.

TABLE 1 Reported hot spot bycatches and bycatch estimates for other areas (with CVs and 95% Cls) in
Norwegian pelagic fisheries. Total bycatch refers to years 2010-2020.

Species Gear type Region(s)
Humpback Seine Hot spots
Humpback Seine All, except hot spots
Killer whale Seine Hot spots
Killer whale Seine All, except hot spots

Total bycatch
41
37
63
37

cv

0.93

0.97

95% Cl

0, 104

0, 113
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TABLE 2 Total bycatch across all gear types as a sum of reported and estimated bycatch and bycatch associated
mortality estimates for each species. The results are presented as point estimates with 95% confidence intervals in
brackets.

Species Total bycatch Average yearly bycatch Estimated bycatch mortality
Humpback 78 [41, 145] 7.8[4.1, 14.5] 0.05 [0.00, 0.12]
Killer whale 100 [63, 176] 10[6.3, 17.6] 0.06 [0.03,0.12]

4 | DISCUSSION
4.1 | Choice of stratification, and bias and reliability of estimates

Unstratified, overall ratio and total estimates do not take into account that entanglement rates may differ between
different fisheries, regions, seasons, or other relevant variables. Generally, single or multivariable stratifications allow
more refined estimates that are more truly representative of the real world. Unfortunately, the low number of ceta-
cean entanglement observations reported in our bycatch did not allow for fine stratifications since most strata in any
stratification would have a rate of zero entanglements.

The ratio estimator that was used to produce our entanglement estimates assumes that data originate from a
random sample. To satisfy this assumption, every single fishing operation undertaken in each of the Norwegian
pelagic fisheries examined must have an equal probability of being inspected within its gear group. For the SSU and
CG observer data, this was not the case. As explained in Section 2.1, SSU and CG inspections were not random. This
means that the ratio estimator would produce biased estimates when applied to SSU and CG inspector data. How-
ever, given the mode of operation of the SSU and CG, it can be expected, by design, that the discovery rate of
marine mammal entanglements is much higher than what the relatively low yearly inspection coverage of approxi-
mately 1%-8% (Figure 1f) might suggest. The geography of the two bycatch hot spots, for the most part featuring
narrow fjords and straits (Figure 2d), would also make it easier for a roaming SSU/CG vessel stationed in the area to
simultaneously monitor cetacean bycatches for most, if not all, purse seine vessels operating in that area.

For these reasons, bycatch estimates derived from opportunistic inspector data using a ratio estimator must be
positively biased, and it is likely that this bias is very large, i.e., that a large proportion of bycatches are discovered
and logged. Thus, bycatch estimates for humpback and killer whales reported here should be considered maximum
estimates, and with this important caveat of a potentially large upward bias in mind. The actual numbers of hump-
back and killer whale entanglements are most likely considerably lower than what our estimates may indicate. It
should also be noted that all point estimates given in this paper have a very high CV due to the extremely low
observed bycatch rates. Caution must be exercised in the use and interpretation of these estimates. However, the
results indicate that the total bycatch risk to large cetaceans in Norwegian pelagic fisheries is very low, even when

taking estimation uncertainty into account.

4.2 | Causes of entanglements

The entanglement rates of humpbacks and killer whales in purse seines must be seen in the context of the seasonal
movements of the very dynamic NSS herring stock. When the herring stock moved into the narrow fjords, a substan-
tial spatial and temporal overlap occurred between whales feeding on herring and fishermen operating fishing gear
at the same time. This was particularly evident between 2016 and 2018. In this period, there were frequently several
vessels operating purse seines in close proximity to each other, with groups of whales interspersed around the area.
Killer whales may have even learned to associate the sound of active purse seiners with the idea of increased prey

availability. Mul et al. (2020) recently demonstrated through simulations that killer whale movements were biased

85UB017 SUOWIWOD dA R8I0 3ol jdde auy Aq pausenob a8 sajole O '8N Jo sa|n1 10y A%eiqiT 8ul|UO A3]IM UO (SUORIPLIOD-PUR-SLLBI LD A8 | ImAeIq 1 [BuU0//:StNY) SUONIPUOD pUe SWiB | 84} 89S *[2202/TT//T] uo Ariqiauliuo A8|IM ‘yoeasay auLe W JO 8INHsU| A G862T SWIW/TTTT 0T/I0p/w00 A3 Im Areiqpuljuo//Sdiy Woiy papeojumoq ‘0 ‘269.8v2T



NORWEGIAN WHALE FISHING GEAR INTERACTIONS 9

towards fishing activities, especially if they were within 20 km of a fishing vessel (which would be very likely in a
fjord, especially a narrow one like Kaldfjord). Additionally, the geography and the small area of the fjords may have
limited the effective ability of the whales to disperse away from fishing vessels, e.g., after they were done feeding.
All these factors may have contributed to the large peak in entanglements that occurred between 2016 and 2018,
particularly in 2017. The strong relationship between cetacean entanglement rates and herring amassing in fjords is
further supported by the abrupt absence of any such entanglements after the herring moved further north along the
coast. It is difficult if not impossible to predict the erratic seasonal migrations of the herring stock from year to year,
but if the herring stock were to return to fjords such as Kaldfjord, it is likely that cetaceans would follow suit, poten-
tially causing an increase in entanglements.

4.3 | Mortality and sustainability of entanglements

Before 2016, there were not many reported cases of cetacean entanglements in purse seines, and such incidents
most likely only occurred very rarely. At that time, there were still no government directives or official rules in place
governing how to handle cetacean entrapments or entanglements, and it was up to the fishermen to deal with such
situations themselves. It is possible, but not documented, that this would lead to securing the catch being prioritized
over releasing the cetaceans from the seine net. It is therefore possible that the mortality associated with entangle-
ments before 2016 was higher than our estimates of 5% and 6%. However, in the few purse seine entrapment cases
that have been reported before 2016, the entangled whales were successfully released in all cases. We do not know
the health status or long-term survival of released whales. This new regulation to prioritize disentanglement of ceta-
ceans over harvesting the fish, fell under the purview of the SSU and the CG. SSU inspectors and CG personnel were
then given training in response to large whale entanglement. This training was tutored by David Mattila, IWC, and in
line with IWC's best practice guidelines for entanglement responders. However, with the limited data set presented
here, it was not possible to evaluate whether there was any change in the mortality resulting from an entanglement
before and after this training.

Average mortality estimates of 0.39 humpback and 0.60 killer whales per year correspond to 0.008% and
0.007% of the respective abundance estimates for these whale species. Both mortality estimates are well within the
PBR limits of 98 humpback and 161 killer whales per year. Even in the peak year of 2017, the yearly total mortality
for both species would be within the PBR.

Based on these results, we conclude that the mortality incurred by these whale populations by Norwegian
pelagic fisheries does not alone constitute a significant risk to either of these populations, but they must be con-
sidered in context of other anthropogenic threats such as ship collisions and bycatch in other areas. It is possible
that entrapments in purse seines may have welfare implications/other adverse effects on individual whales,
e.g., from stress induced or physical wounds incurred by being entrapped and subsequently released from a

purse seine.
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