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ABSTRACT: Entanglement in fishing gear is a significant threat to many cetaceans. For the 2
largest species, the blue whale Balaenoptera musculus and the fin whale B. physalus, reports of
entangled individuals are rare, leading to the assumption that entanglements are not common.
Studies of interaction with fisheries in other species often rely on the presence of scars from pre-
vious entanglements. Here, scar detection rates were first examined in humpback Megaptera
novaeangliae, fin and blue whales using standard vessel-based photo-identification photographs
collected between 2009 and 2016 in the Gulf of St. Lawrence, Canada. We then examined aerial
images of fin whales collected with a drone in 2018 and 2019 and compared both methods. Entan-
glement rates were 6.5% for fin and 13.1 % for blue whales using photo-identification images of
individuals. Prominent scarring was observed around the tail and caudal peduncle, visible only
when animals lifted those body sections above water when diving. For the small subset of pictures
which captured the entire caudal peduncle, entanglement rates ranged between 60 % for blue
and 80 % for fin whales. This result was similar to the 85 % entanglement rate estimated in hump-
back whales. The assessment of aerial-based photography yielded an entanglement rate of 44.1 to
54.7 % in fin whales. Scars were always around the peduncle, often the tail, rarely the dorsal fin
and never around the pectoral fins, while the mouth cannot be examined from above. Thus, in
species that do not regularly expose their tail or peduncle, aerial imagery is the preferred method

to quantify entanglement rates by assessment of scars.
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1. INTRODUCTION

Entanglement in fishing gear is one of the main
anthropogenic threats for large cetaceans, causing
injuries and death (Read et al. 2006, Cassoff et al.
2011, Knowlton et al. 2012, Robbins et al. 2015,
Corkeron et al. 2018, Sharp et al. 2019). Highly pro-
ductive marine areas, particularly on the continental
shelf and in coastal waters, attract both fisheries and
marine species, increasing the risk of overlap and
associated negative impacts (Pauly 2009). While
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many cetacean species sustain non-lethal and lethal
impacts from fishing gear entanglement (Read et al.
2006), certain vulnerable species such as the North
Atlantic right whale Eubalaena glacialis and the
vaquita Phocoena sinus are now facing extinction
due to this continuing threat (Rojas-Bracho & Taylor
1999, Kraus et al. 2005, 2016).

Entanglement in fishing gear can be fatal within a
relatively short time frame for small cetaceans (Lien
1994, Cassoff et al. 2011), as their small size may re-
duce chances of freeing themselves or merely sur-
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facing to breathe (Benjamins et al. 2012). For larger
cetaceans, such as the North Atlantic right whale, en-
tanglement can last for extended periods (weeks to
months) (Moore et al. 2006). Long-term entanglements
restrain mobility, reduce feeding ability, increase risk
of infections and may result in mortality (Cassoff et al.
2011). Even entanglement events not leading to direct
mortality can have significant impacts on marine spe-
cies, e.g. increased drag of gear can destabilize energy
balance and result in decreased survival and repro-
ductive rates over the life-span of the animal (Moore
et al. 2006, Knowlton et al. 2012, van der Hoop et al.
2013, 2016, 2017, Robbins et al. 2015, Pettis et al. 2017).

The risks and effects of entanglement are well stud-
ied in some baleen whale populations, particularly
the Gulf of Maine humpback whale Megaptera no-
vaeangliae population (Robbins 2009, 2012) and the
North Atlantic right whale (Kraus 1990, Knowlton et
al. 2012). These population-wide entanglement stud-
ies are mainly based on survivors, i.e. the number of
animals bearing scars from previous entanglement
events. Only a small proportion of entanglement
events are witnessed and reported —an estimated
5.7% in Gulf of Maine humpback whales (Robbins
2009); this number is unknown in right whales. The
actual number of whales becoming entangled is diffi-
cult to estimate given our inability to document all en-
tanglement cases. For instance, entangled whales
may never be seen due to reduced human presence in
certain areas. If they drown at depth, carcasses may
sink before being discovered, and even if found, en-
tangled whales may not be reported for various rea-
sons (Read et al. 2006, Cassoff et al. 2011). Overall,
82.9% of the North Atlantic right whale population
were estimated to have been entangled at least once,
and an average of 15.5% of individuals become en-
tangled every year (Knowlton et al. 2012). Similarly,
64.9 % of the Gulf of Maine humpback whale popula-
tion shows scars from previous entanglement events,
with 12.1 % acquiring new entanglement scars annu-
ally (Robbins 2009).

For most populations of baleen whales, entangle-
ment rates are unknown. At the species level it is
estimated that very few entangled minke whales
Balaenoptera acutorostrata survive entanglement
events due to their size (Kot et al. 2009); 60.0% of
entangled minke whales around Newfoundland died
(DFO 2010, Benjamins et al. 2012), but we do not
know the affected proportion of any minke whale
populations. Species with a more coastal distribution,
such as right, humpback and minke whales, are
more affected due to the higher density of fishing
effort along the coast (Pauly 2009).

Large rorqual whales, including blue B. musculus
and fin whales B. physalus, are thought to be less at
risk of entanglement due to their more pelagic distri-
bution during part of the year and their greater size
and strength, which allows them to shed and/or
break free of gear more easily (National Marine Fish-
eries Service 1998, 2010, Gregr et al. 2006, Beau-
champ et al. 2009). These assumptions have led to
the perception that entanglement in fishing gear is a
low risk to the recovery of these species in North
American Recovery and Action Plans (National Mar-
ine Fisheries Service 2010, DFO 2016, 2018).

Fishing gear, such as ropes and nets, can become
attached to various body parts, most notably in the
mouth, around the pectoral fins, the dorsal fin and
around the caudal peduncle and tail (Kraus 1990,
Knowlton & Kraus 2001, Robbins & Mattila 2004,
Johnson et al. 2005). When cetaceans surface to
breath, the mouth and pectoral fins usually remain
under water in all species, making scarring difficult
to detect in those areas. Humpback and right whales
often lift their tail during the terminal dives, making
this area consistently visible above the water surface.
Scars on the caudal peduncle are therefore more
likely to be observed in these 2 latter species com-
pared to other species that rarely reveal the peduncle
or fluke as they dive, such as blue, fin and minke
whales. For example, the estimate that 10% of the
North Atlantic blue whales carry scars from previous
entanglements results from an earlier version of the
same photo-ID data set used in the present study, but
without correction for documented body part (Beau-
champ et al. 2009). All other management documents
for fin and blue whales assume entanglements as
rare or judge the risk of interaction with fishing gear
as low (National Marine Fisheries Service 1998,
2010, Gregr et al. 2006, DFO 2016, 2018).

Here, we investigated this potential bias in species-
specific entanglement rate estimates by comparing
the scarring rates of 3 species of rorqual whales —the
humpback, the fin and the blue whale, all co-occur-
ring in the Gulf of St. Lawrence (GSL) during the
summer feeding season. We assume these species are
exposed to a comparable degree of fishing effort, at
least during part of the summer feeding season.
Firstly, we estimated entanglement scarring rates
using standard vessel-based photo-identification
(photo-ID) images for all 3 rorqual species between
2009 and 2016. The estimated entanglement rates
were compared between a species which regularly
exposes its caudal peduncle and tail, i.e. the hump-
back whale, and species which rarely expose this
body region, i.e. blue and fin whales. Secondly, for
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the first time, we used aerial photo-ID images of fin
whales taken from small remotely piloted aerial sys-
tems (RPAS), commonly referred to as drones, in 2018
and 2019 to estimate entanglement scarring rates
when the entire dorsal area of the body, including the
fluke and caudal peduncle, is visible for this species.
We hypothesized that the true entanglement rate in
fin whales is currently underestimated using stan-
dard vessel-based photo-ID images because the body
parts most prone to scarring from entanglements re-
main underwater and out of sight.

2. MATERIALS AND METHODS
2.1. Study area

Mingan Island Cetacean Study (MICS) researchers
have conducted field studies on rorqual whales in the
GSL since 1979 and maintain photo-ID catalogues for
blue, fin and humpback whales for that area. The GSL
is a semi-enclosed sea with seasonal ice coverage and
a highly productive ecosystem that attracts many
marine predators as well as human fishing activities
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(Koutitonsky & Bugden 1991, Simard & Lavoie 1999).
The principal study areas within the Gulf are the St.
Lawrence Estuary, around the tip of the Gaspe Penin-
sula, the Sept-Iles region and the Jacques Cartier Pas-
sage (JCP); the latter being the area with the most
consistent effort since 1979 (Fig. 1).

2.2. Data collection
2.2.1. Vessel-based photo-data

The primary study period in the JCP spanned
annually from the beginning of June to the end of
September, although in some years effort started in
May and ended in December. Blue, fin and hump-
back whales were approached using rigid-hulled
inflatable vessels and photographed by MICS re-
searchers and their collaborators using standard ves-
sel-based photo-ID techniques (Katona & Whitehead
1981, Agler et al. 1990, Sears et al. 1990). Vessel-
based photo-ID focuses on the body parts with con-
trasting natural pigmentation patterns displayed by
all rorquals during regular surfacing sequences, such
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Fig. 1. Gulf of St. Lawrence area, showing the 4 primary data collection locations: the St. Lawrence Estuary, the waters off
Gaspe and Sept Iles and the Jacques-Cartier-Passage (JCP). Most data were collected in the JCP
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as the flanks of blue and fin whales and the tail
(fluke) of humpback whales (Fig. 2). The vessel-
based photo-ID methods and data processing for
these 3 species have been described in previous
work (Sears et al. 1990, Ramp et al. 2006, 2010, 2014,
Schleimer et al. 2019). MICS began taking additional
vessel-based images in 2009 to capture the peduncle
area of the 3 species and investigate the proportion
of individuals with scars from previous entanglement
events. While taking the last respiration in a diving
sequence, these rorqual species arch their back and

expose more of their body above water (Fig. 2b). In
fluking species like the humpback whale, the entire
side, including the fluke insertion point and the lead-
ing edge of the tail, is visible (Robbins & Mattila
2004). For humpback whales, we selected photos of
all individuals which displayed the entire tail during
a dive. For fin and blue whales, we distinguished
between 3 categories of individuals, depending on
how much of the caudal peduncle was visible above
the surface (Fig. 3). Category I showed approxi-
mately half the caudal peduncle from the dorsal fin

Fig. 2. Photo data used in this study: (a) ventral side of a tail (or fluke) of a humpback whale at terminal dive used for individual
identification; (b) tailstock (or caudal peduncle), insertion point and leading edge of fluke of a humpback whale; (c) right side
view of a right whale tail and tailstock showing prominent scars; (d) typical photo-identification pictures of a fin whale show-
ing the right-side front with pigmentation and (e) dorsal fin; (f) right side caudal peduncle and fluke of a fin whale; (g) typical
photo-identification pictures of a blue whale's left side dorsal and (h) left side front showing mottled pigmentation pattern; (i)

right side caudal peduncle and fluke with insertion point of a blue whale

RSF

RSD

RSP-III

RSF: Right side front
RSD: Right side dorsal

RSP-1: Right side peduncle (half)
RSP-II: Right side peduncle until insertion

point & leading edge of fluke

RSP-III: Right side peduncle including insertion

Fig. 3. Body parts of blue whale and fin whale (not shown)

used for photo-identification and category scarring analysis.

The same distinction was applied to the left side for blue
whales. Original drawing by Daniel Grenier
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backwards. Category II showed the caudal peduncle
almost entirely, but without the insertion point, and
Category III included the insertion point and leading
edge of the tail (Figs. 3, 4e,f, & 5).

2.2.2. Aerial-based photo data

Aerial photo data were collected using an RPAS
operated by a Transport Canada certified pilot from a
vessel. For this analysis, we focused on fin whales
due to their predictable spatiotemporal occurrence.
The objective was to photo-identify individuals from
above and obtain high definition pictures/videos of

the peduncle, insertion point and tail to determine if
an individual showed scars. Between July and Sep-
tember 2018, we conducted vessel-based RPAS
flights to collect fin whale footage in the JCP using a
DJI Phantom 4 Pro, while in July and August 2019 we
used a DJI Inspire 2 with an X5S camera.

In 2018, the RPAS camera had a 20 megapixel sen-
sor for still photos, and ultra high definition (UHD)
video resolution of 3840 x 2160 (approximately 8
megapixel), commonly referred to as 4K. While the
still photographs produced higher resolution images,
the trigger of the camera on the RPAS suffered from a
considerable delay, and the multi-photo-burst option
kept crashing the DJI application. Therefore, we col-
lected UHD quality video footage.
Video settings were as follows: 5.6
to 9.1 aperture, 1/200 to 1/400 s
shutter speed, 60 frames s™!, and
the D-LOG colour setting, which
maintained the ISO at 500 (D-LOG
produces a ‘flat’ image, but it offers
more possibilities for post-process-
ing). Due to the restrictions men-
tioned above, in 2019 we upgraded
to a DJI Inspire 2 with an X5S cam-
era and filmed in 5.2K (5280 x 2972
pixels), resulting in 24 frames s,
and using the same video settings
asin 2018.

In 2018, we operated under a
Special Flight Operation Certifi-
cate (SFOC) by Transport Canada
with 2 certified pilots, a spotter to
keep the RPAS in visual line of
sight at all times, and a vessel oper-

Fig. 4. Caudal peduncle pictures with scar categories for the 3 study species: (a)

humpback whale with some marks on the leading edge (Score 1; unknown origin);

(b) humpback whale with clear entanglement scars on leading edge and insertion

point (Score 3); (c) fin whale with no marks (Score 0); (d) fin whale with typical

wrapping marks (Score 2); (e) blue whale without marks (Score 0); and (f) blue
whale with clear laceration scar (Score 3). Arrows show scars

Fluke/Tail Aerial View Front

Insertion Point ;
Dorsal fin

Aerial View Peduncle

4\

Leading Edge

Chevron

Fig. 5. Aerial view of a fin whale with 3 highlighted body parts used for this study:
aerial view front, aerial view peduncle and fluke/tail, along with some other key
features used in the text

ator. The spotter also served as
‘catcher’ for manual retrieval of the
RPAS during landing. In 2019, new
regulations required new certifica-
tions for the pilots but no SFOC.
We hired 2 certified pilots (one
operating the RPAS, and one oper-
ating the RPAS camera). In 2019,
we also had the RPAS pilots, a
spotter and the vessel operator.
When we located a fin whale ag-
gregation, we positioned the vessel
within 200 to 500 m of the whales.
We observed the general behav-
iour a priori to establish whether
the group was travelling or staying
within the area. The vessel crew
launched the RPAS to fly above the
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whales, and the research vessel followed the whales
at a distance of 100 to 300 m to remain in visual line
of sight of the RPAS. Footage was obtained systemat-
ically from each individual within a group at an alti-
tude of 5 to 10 m to obtain high-resolution images for
analysis. The camera on the RPAS filmed the area
between the head/chevron and then peduncle/tail
several times during a surfacing before switching to
the next animal. Following preliminary flight trials,
we restricted the filming to excellent weather condi-
tions. Although the pilots were technically able to
launch, fly and recover the RPAS in higher winds (in
excess of 20 knots), the resulting images were not
useful. The aim was to film the body parts remaining
under the surface, and any slight ripple of the water
distorted the images making scar detection unreli-
able. We therefore only filmed in Beaufort Sea state 1
or less (less than 4 knots of wind speed) and clear to
partly cloudy conditions. Overcast skies (cloud cover
>5, with 0 indicating clear sky and 10 complete over-
cast) hindered aerial image analysis due to cloud
reflection and reduced sunlight penetrating the
water to illuminate the whale's body (see Figs. S1, S2
& S3 in the Supplement at www.int-res.com/articles/
suppl/n044p033_supp.pdf for examples with differ-
ent light and surface conditions).

2.3. Photo and video data selection

For vessel-based scarring assessment, we used
only high or very high quality pictures from the exist-
ing photo-ID catalogues (Ramp et al. 2006, 2010,
2014, Schleimer et al. 2019). We limited the analysis
from 2009 to 2016, the years for which we had high-
resolution digital images.

For aerial-based scarring assess-
ments, imagery of each individual was
viewed frame by frame in Adobe Pre-
miere. We then extracted 3 pictures
per individual (Fig. 5): (1) the dorsal
aspect of the chevron (referred to as
aerial view front [AVF]), which in-
cludes the pigmentation pattern unique
to each individual; (2) the dorsal
aspect of the tailstock (referred to as
aerial view peduncle [AVP]), covering
the area of the dorsal fin to the caudal
peduncle; and (3) the dorsal aspect of
the tail/fluke.

Three researchers compared AVF
pictures to identify individual fin
whales. Photos from individual whales

Left chevror R, FPRETEX

# Right chevron

that were sampled on separate occasions were com-
bined to determine the overall sample size of individ-
uals. Aerial imagery has been used to successfully
identify individual bowhead whales Balaena mys-
ticetus and right whales (Kraus et al. 1986, Rugh et
al. 1992). We applied published methods (Agler et al.
1990) for vessel-based photo-ID pictures of fin
whales, with some additions. The lower parts of the
pigmentation pattern, particularly the eye stripe, the
ear stripe and interstripe wash (nomenclature after
Agler et al. 1990), were barely visible from above;
only the upper part of the pigmentation pattern (the
blaze and chevrons) was photographable. However,
the chevron of both sides was visible from the air
(Fig. 6) within a single frame. There was consider-
able variation in the way the 2 chevrons ended, from
being closed to being wide apart. We observed addi-
tional pigmentation patterns, such as the 'appendix’
just before the chevrons came together behind the
blowholes (Fig. 6). There was usually 1 ‘appendix’ in
light pigmentation against a dark background, and it
could either be connected to the chevrons or dis-
tinctly apart. In a few instances, there were 2 or none
at all. We also detected additional pigmentation lines
starting at the blowholes, with 2 such lines present in
all observed animals (Fig. 6). The ‘right blow line'
was light in colouration and followed the shape of the
upper blaze, leaving a thin but very distinct curvilin-
eal dark space between the blaze and the right blow
line before fading out towards the chevron. The left
blow line was light in colour and meandered down
the left side of the body or ended in the back of the
head. We often extracted 2 pictures of the AVF,
above and below the water. Focusing on the pigmen-
tation of the dorsal aspect of the chevrons allowed us

left blow line ®
e

rlghi blow Iihe
donlh &5

Fig. 6. Fin whale pigmentation pattern used to identify individuals from re-
motely piloted aerial systems imagery. Left/right chevron, blaze, and eye
stripe following the description by Agler et al. (1990). We added some nomen-
clature such as the appendix and blow lines. All features were visible when

below or above the water
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to identify a fin whale even underwater, but only
under ideal weather conditions.

All pictures were classified from 1 (excellent) to 5
(very poor) for each of the following characteristics:
angle, light, focus, resolution (pixel) and proportion
of body in the frame. We then summed the classifica-
tion values for each picture. Pictures with a total
value of 5 to 7 were of excellent quality (Grade A), 8
to 10 were good quality (Grade B), 11 to 13 were
medium quality (Grade C) and values greater than
14 were poor quality (Grade D). If any one of the key
characteristics such as light, focus or resolution was
assigned a value of 3, the picture was automatically
assigned as medium quality (Grade C), or poor qual-
ity (Grade D) if assigned a value of 4. The AVP and
fluke pictures were underwater images, so light dis-
tortion due to ripples/wavelets or the animal's wake
blurred the feature. If the photo was in focus, but the
outline of the features (e.g. fluke) and potential scars
were not clear and sharp, the picture was rated of
medium quality (Grade C).

2.4. Photo and video grading process

For vessel-based photo data, 2 researchers inde-
pendently graded the pictures of photo-identified
individuals for signs of entanglement scars, using 4
scores—0: no scars; 1: some marks or scars but
unlikely or uncertain to be from entanglement; 2:
very likely entanglement scars; and 3: definite entan-
glement scars (Fig. 4). The marks or scars that we
considered as very likely to be from entanglements
included deep lacerations and wrapping marks
around the caudal peduncle and dorsal fin following
previous scarring classifications (Kraus 1990, Rob-
bins & Mattila 2004, Knowlton et al. 2012). For fin
whales, we only took pictures of the right side of the
body, while in blue and humpback whales, we ana-
lyzed the left and right side separately, because we
did not have photos of both sides from all sampled
individuals. Since we did not find any difference in
the number of scars on the right versus left side in
humpback and blue whales, we pooled left and right
photos of each individual to increase sample size. In
the case where an individual had an uncertain mark
on one side (Score 1), but a clear entanglement mark
on the other (Score 3), we considered the individual
as being previously entangled.

For aerial-based photo data, once the full sample
size of unique animals was selected, 3 researchers in-
dependently graded pictures for signs of entanglement
scars using the same 4 categories as for the vessel-

based pictures (Fig. 2). The third researcher was from
an outside institution and had not been involved in
aerial photo collection or processing. When light or
water distortion made detection of scars on aerial pho-
tos difficult, the aerial video sequence of the surfacing
and dive was reviewed. The video helped confirm
whether an ambiguous mark seen on the aerial photo
was indeed a scar. Video footage was also consulted
when the researchers graded photos from the same
individual differently, which solved all but 2 cases. The
remaining 2 cases were graded as not entanglement-
related scarring due to the doubts of 1 researcher.

We then sorted the batches of pictures by their
quality and calculated the proportion of scarred indi-
viduals for each quality grade and for all animals
combined.

3. RESULTS
3.1. Vessel-based images

Of the vessel-based photo-ID data, we had a total
sample size of 191 unique individual blue whales,
322 fin whales and 112 humpback whales, all sighted
since 2009. Standard photo-ID pictures (front and
dorsal) were obtained from all 322 fin whales, but the
number of whales for which we had data for the cau-
dal peduncle was considerably lower. For fin whales,
we had 210 individuals with Score 1 pictures, 101
Score 2 and only 5 animals with Score 3 photos show-
ing the entire caudal peduncle (Figs. 2f & 3). This
pattern was similar for blue whales, with 70 individ-
uals in Score 1, 49 in Score 2 and 22 in Score 3. Using
the standard photo-ID pictures, we found entangle-
ment rates varied from 1.0 % using the front pictures
of fin whales to 10.9 % using the dorsal/flank pictures
of the blue whales (Fig. 7). When we combined the
pictures of the 2 body parts we found 6.5% of fin
whales and 13.1 % of blue whales showed scars from
previous entanglements. We found that as the pro-
portion of the caudal peduncle visible in the frame
increased, the number of detected entanglement
scars also increased (up to 59.9 % for blue and 80.0 %
for fin whales; Fig. 7). We obtained full peduncle pic-
tures (Score 3) of all 112 humpback whales, and 96
(85.7 %) showed scars from previous entanglements.

3.2. Aerial-based images

We obtained our aerial imagery in 13 d in 2018,
conducting a total of 106 flights with a combined
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Fig. 7. Entanglement rates for different body parts of blue, fin and humpback
whales in the Gulf of St. Lawrence using vessel-based and remotely piloted
aerial systems (RPAS)-based pictures. Front and dorsal body sections are stan-
dard photo-ID pictures for fin and blues. Categories I, II and III describe the
proportion of the visible caudal peduncle. Aerial view peduncle (AVP) and
fluke are taken with a remotely piloted aerial systems. Sample size (number of

individuals) listed above bars

flight time of 17.9 h. Altogether, we captured 264
video clips from which we extracted 363 frames from
91 fin whales. Of the 91 animals, 82 were success-
fully photo-identified using their unique dorsal pig-
mentation patters, resulting in a total of 59 unique
individuals. For 35 of these individuals, we had pic-
tures of either the fluke, the caudal peduncle or both
(see Figs. S1, S2 & S3 for examples of identification,
caudal peduncle and tail pictures).

In 2019, we filmed on 12 d, totalling 13 h of flight
time with 276 video clips from which we extracted
576 frames. We approached 107 fin whales, or 47
unique individuals. For 43 of them, we had peduncle
(AVP) and/or fluke pictures.

Combining both years gave us a sample size of 78 fin
whale individuals; however, since 3 individuals were
sampled in both years, our final sample size was 75. Of
these 75 fin whales, 31 (or 41.3 %) had scars from pre-
vious entanglements (Table 1). For different subsets of
the data, the proportion of individuals with entangle-
ment scars ranged between 36.5 and 54.7 %. Examining
only high quality (Grade A or B) pictures, 23 out of 42
(54.7 %) fin whales showed signs of previous entangle-
ments. The caudal peduncle was much more likely to
show entanglement scars than the fluke. Only 2 ani-
mals had scars visible on the fluke but not on the pe-

33
| 38

AVP Fluke

duncle. Three animals had scars visible
forward of the dorsal fin. In 2019, 3 fin
whales showed wrapping injuries that
appeared to be recent, with injuries
that were likely acquired over the sum-
mer. Based on the 43 total animals in
2019, this represents an annual entan-
glement rate of 6.9 %. Two individuals
documented in 2018 were suspected of

Species having fresh injuries, but the lower res-
= Eil:]'e olution images made it impossible to be
[ Humpback  certain and therefore we did not calcu-

late the annual entanglement rate for
2018. None of the 3 whales seen in both
years gained an additional scar be-
tween 2018 and 2019.

In both 2018 and 2019 we only
encountered 1 blue whale yr7!, and
aerial images of both individuals
showed scars from previous entangle-
ment events. These 2 individuals were
already in the GSL photo-ID cata-
logue, and scars were not apparent on
their standard vessel-based photo-ID
pictures (see Fig. S4).

4. DISCUSSION

In this study, we used vessel-based photography to
estimate the entanglement rates of humpback, fin
and blue whales in the GSL collected between 2009
and 2016 and compared the fin whale estimate with
that derived from an analysis based on aerial

Table 1. Percentage of unique, aerially sampled fin whales

with scars from previous entanglements in 2018 and 2019

combined, with respect to photo quality (Grade A, B, C, or

D; see Section 2.3 and Fig. 3) and body part (aerial view
peduncle [AVP], fluke)

Total No. Percentage
with scars with scars

All fin whales' 75 31 41.3
Quality A, B and C
AVP or fluke 68 30 441
AVP 65 28 43.1
Fluke 63 23 36.5
Quality A and B
AVP or fluke 42 23 54.7
AVP 33 15 48.5
Fluke 38 15 39.5

!Grade A, B, C and D combined
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imagery collected in 2018 and 2019. Our results con-
firmed the hypothesis that current entanglement
estimates of non-fluking rorqual whales are biased
low due to inadequate photo documentation of the
body areas prone to entanglement-related scarring.

Humpback whales, which commonly expose their
tail when diving, showed the highest entanglement
occurrence, with over 85% of individuals photo-
graphed from vessels exhibiting scars from prior en-
tanglement(s). Using standard vessel-based photo-
ID pictures of fin and blue whales, the proportion of
individuals with entanglement scarring varied be-
tween 1 and 11 % depending on the body area exam-
ined and resulted in overall entanglement-related
proportions of 6.5% for fin whales and 13.1% for
blue whales, which are in line with previous esti-
mates and show the same bias (Beauchamp et al.
2009). However, in the present study, focusing the
analyses on vessel-based photographs of the caudal
peduncle revealed a substantially higher proportion
of animals exhibiting scars. We found that as more of
the caudal peduncle was exposed, the higher the
proportion, affirming the caudal peduncle as the
body area most prone to visible scarring and an
important target for documentation from all plat-
forms. The entanglement rate reached up to 80 % for
fin whales in Category III, but was based on very few
animals (n = 5). This elevated estimate should be
interpreted with caution, because some animals might
have been impaired due to the sustained injuries and
were forced to lift the tail to get enough thrust to
dive, thus more likely to expose this body part.

The most robust entanglement estimate based on
an adequate sample size was achieved using aerial
photo and video data from the RPAS. It showed that
between 41.3 and 54.7 % of the fin whales in the GSL
exhibit scars from previous entanglement events.
The estimate for the annual entanglement rate, and
thus quantifying the current scale of fisheries inter-
action in fin whales, is 6.9 %. Successive years with
increased sample sizes are required to confirm that
estimate and could be used to monitor changes in
light of management efforts. For blue whales, we
would need a substantially larger sample size of aeri-
ally photographed individuals to estimate the overall
prevalence of entanglement in this endangered pop-
ulation. It is, however, reasonable to speculate that it
is comparable to fin whales, based on similar results
using caudal peduncle pictures. At this time, we sug-
gest the entanglement rate for blue whales lies
between the results of Category II and III, between
40.8 and 59.9%. Although more precise estimates
using aerial imagery are required, it is clear that the

occurrence of entanglements has so far been under-
estimated. Mitigation measures in recovery and action
plans for fin and blue whales need to be revised.

Our entanglement estimates from aerial imagery
were likely still biased low for several reasons. For
one, this study was only based on live individuals
that had survived entanglements and did not include
mortality data, although there are multiple reports
over the years of carcasses found with attached gear
(COSEWIC 2019). Secondly, we were conservative in
attributing scars to entanglement events; we suspect
that some of the obscure marks we observed were
indeed entanglement related. However, we classi-
fied them of uncertain origin in this analysis. Thirdly,
minor entanglement scars may also have healed,
making them more difficult to detect. Furthermore,
fin whales are paler in colour than right and hump-
back whales, and scar tissue will have less contrast
against the natural pigmentation of the body. Lastly,
in one case we observed a lunge-feeding fin whale
with entanglement injuries at the gape of the mouth,
a body area not consistently seen and therefore not
assessed in this study. The mouth is a commonly en-
tangled body area in other species (Johnson et al.
2005), and this may also be true with fin whales. Pre-
vious assessments of gear configurations and attach-
ment points on entangled whales found that gear be-
comes frequently stuck in the mouth, particularly the
baleen, while the animal is feeding (Johnson et al.
2005, Cassoff et al. 2011). For most fin whale entan-
glements, the attachment point remains unknown;
however, a study along the east coast of Canada and
the USA found the majority of entanglement cases
with known gear configurations affected the mouth
area (Henry et al. 2012, 2015).

There are considerably fewer reports of entangled
fin whales compared to humpback or right whales
(Henry et al. 2012, 2015). Fin whales may carry gear
farther offshore, where they would go largely unde-
tected, or break the gear due to their greater strength
(Arthur et al. 2015). Alternatively, the more fusiform
body shape of fin whales, compared to humpback and
right whales, may aid in shedding gear more readily.
There could also be a different kind of reaction to en-
tanglement, because they are a flight species (Ford &
Reeves 2008). Entanglement might result in an instinc-
tive flight reaction compared to right or humpback
whales, which tend to react by thrashing and rolling
(Weinrich 1999, Knowlton et al. 2016). The flight re-
sponse might exhaust the animal, resulting in shock
and rapid death/mortality. While it might be possible
that fin whales are less impacted by entanglement
than right or humpback whales, the high rates deter-
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mined in this study are of concern, and the impact of
fishery interaction should be included in any future
stock assessment, recovery strategy and action plan.

Humpback whales in the GSL had a higher entan-
glement rate (85.7 %) than fin and blue whales and
the results were based on a substantially larger sam-
ple size over several years. The estimate is on the up-
per range of other humpback whale studies, such as
from the Gulf of Maine with 65 % (Robbins 2012) and
Southeast Alaska with up to 71 % (Neilson et al. 2009).
One explanation for the higher entanglement rates in
humpback whales versus fins and blues could be their
particularly long pectoral fins which may become eas-
ily entangled (Lien 1994). In this study, we did not ob-
serve any scarring on flippers in sampled fin whales.
Humpback whales in the GSL also occur partly in
shallower, more coastal waters and may come into
contact with whelk Buccinum undatum and lobster
Homarus americanus fisheries. The whelk fishery op-
erates from May to October in the GSL, overlapping
with the peak occurrence of rorqual species. Fin and
blue whales are most often pelagic and are likely af-
fected by the deep-water snow crab Chionoecetes
opilio fishery, which ends in the Gulf of St. Lawrence
with a season from April to usually mid-July. Some
humpback whales which frequent the GSL winter off
the east coast of the USA (Barco et al. 2002) and might
be exposed to more fisheries for a greater part of the
year compared to the more pelagic blue and fin
whales which might spend the winter months further
offshore (Lesage et al. 2017).

Monitoring individuals from these rorqual popula-
tions in the GSL over several successive years will be
required to obtain better estimates of annual entan-
glement rates. From data presented here, we cannot
distinguish between longer-lasting entanglements
and minor short-term incidents, nor in what year they
occurred. Some of the scars we detected may have
been acquired decades ago, while others could have
been from more recent years. The 3 fin whales with
fresh injuries in 2019 indicate that interaction with
fishing gear persists. Short-lived or longer-lasting,
any entanglement event is presumed to induce stress
with a negative impact on health due to increased
drag, increased risk of infection and impaired feed-
ing capacities (van der Hoop et al. 2013, 2016, 2017,
Robbins et al. 2015).

5. CONCLUSIONS

Despite its limited sample size, this study provides
clear indication that the occurrence of entanglement

in fin whales is higher than previously estimated. We
suggest that this likely applies to blue whales as well.
Approximately half of the fin whales investigated had
scars from previous entanglements. While we do not
know the outcome of most entanglements, we know
that some result in fatality. Because of this, recovery
plans and strategies should include the potential
effect of fishing activities on the recovery of these spe-
cies. Previous studies have shown a decreasing fin
whale survival rate since 2004 (Ramp et al. 2014,
Schleimer et al. 2019) and a decline in abundance of
the same population in the GSL (Schleimer et al. 2019).
There is no evidence that the decline was caused
mainly, or even at all, by entanglement, but this seems
highly plausible given the impact of entanglement on
other populations (Moore et al. 2006, Knowlton et al.
2012, Robbins et al. 2015). The next step is to increase
the sample size to obtain a more precise entanglement
estimate, particularly for the endangered blue whale.
With several consecutive years of data, annual entan-
glement rates could be calculated to investigate what
proportion of these populations gain new scars be-
tween years. Continuing the aerial data collection, or
at least collecting images of the caudal peduncle from
vessel-based platforms whenever possible, will also
enable monitoring of the efficacy of potential mitiga-
tion measures. Aerial and vessel-based photographs
of the same animals at the same time should be com-
pared to determine what methods are better suited to
detect scars on different body parts. More data could
also facilitate estimation of entanglement survival
rates, similar to studies on humpback and right whales
(Robbins et al. 2015) and how entanglement affects
reproductive rates.

While the general methodology used here applies
to many areas and populations, we caution the com-
parison of our results to other regions, as these are
site-specific estimates. The proportion of rorqual whales
affected by fishing gear is highly dependent on the
extent of the spatial and temporal overlap between
fishing effort and whale distribution (Pauly 2009).
However, in some areas, the associated increased
mortality and reduced fecundity could offset any pop-
ulation growth and tip a population into decline.
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