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1.  INTRODUCTION

As some protected wildlife populations recover or
expand throughout their range, conflicts with com-
mercial and recreational fisheries have increased
(Larson et al. 2013, Cook et al. 2015, Cosgrove et
al. 2016, Olsen et al. 2018). Animals may prey upon
target catch (Rafferty et al. 2012, Peterson & Ca -
rothers 2013, Cosgrove et al. 2015), and damage or
become entangled in fishing gear (Kauppinen et al.
2005, Moore et al. 2009). These direct interactions can
incur significant economic costs to fishermen (Gil -

man et al. 2008, Gandini & Frere 2012), and are detri-
mental to the animals’ welfare. Furthermore, fisheries
interactions may impact population growth depend-
ing on life history characteristics of the species (Lewi-
son et al. 2004), the age classes affected by bycatch
(Wallace et al. 2008), and the spatial scale of bycatch
(Anderson et al. 2018). To help reduce de predation or
bycatch and avoid costly interactions, fishermen have
used deterrents, adjusted fishing locations, and modi-
fied gear (see Tixier et al. 2021 for a review).

In the Northwest Atlantic, gray seals Halichoerus
grypus have been recolonizing parts of their former
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range in US waters following passage of the Marine
Mammal Protection Act (MMPA) of 1972 (Wood et al.
2020). Concurrent with recolonization, interactions
between gray seals and commercial fishing effort
have increased (Johnston et al. 2015, Orphanides &
Hatch 2017, Orphan ides 2019, 2020). Seals drown in
gillnets, or break free and live with life-threatening
entanglements (Martins et al. 2019), while fishermen
experience catch loss, damage to fishing gear, and
additional direct/indirect costs (Gruber 2014). The
current level of annual incidental bycatch of gray
seals in the New England sink gillnet fishery is the
highest of all marine mammal species/stocks in the
USA (Hayes et al. 2019, Muto et al. 2020, Carretta et
al. 2020). In 2017, an estimated total of 930 gray seals
were lethally bycaught in the New England sink gill-
net fishery (Orphanides 2020), which is roughly 14%
of total US pup production (den Heyer et al. 2021).
Many animals are also seen living with serious en -
tanglements that will likely result in a mortality, so
actual bycatch may be higher than previously esti-
mated (Martins et al. 2019). Solutions are needed to
reduce bycatch to spare fishermen from unnecessary
gear damage and potential economic losses. This
would also confer animal welfare benefits and help
minimize resources spent on responding to stranded
and entangled animals.

The gray seal population in the western North
Atlantic ranges from the northern Gulf of St Lawrence
to New Jersey, USA, and is considered a single pop-
ulation based on genetic evidence (Wood et al. 2011).
In 2016 at pupping colonies in the Gulf of Maine,
Scotian Shelf, and Gulf of St. Lawrence, fe male gray
seals produced roughly 109 000 pups, 6% of which
were born in the USA compared to the 80% of pro-
duced at Sable Island, Canada (den Heyer et al.
2021). Increased rates of pupping at US sites be -
tween 1988 and 2019, combined with the presence of
branded females from Sable Island, suggest that
seals are recruiting to US colonies from larger pup-
ping colonies in Canada (Wood et al. 2020). These
apparent increases in immigration of animals to the
area may mask the effect of bycatch on the US por-
tion of the gray seal population.

Studying an animal’s habitat use relative to com-
mercial fishing spatiotemporal activity can be an
important predictor of bycatch risk (Goldsworthy &
Page 2007, Grech et al. 2008, Murray & Orphanides
2013, Hatch et al. 2016, Cronin et al. 2016, Stepanuk
et al. 2018, Baird et al. 2021). Though spatiotemporal
overlap may not necessarily lead to bycatch events, it
could be a good indicator of encounter risk. Other
factors influencing bycatch occurrence include the

animals’ diving and surfacing behavior, as well as
their behavior around fishing gear (Königson et al.
2013, Cronin et al. 2016). Data collected by fisheries
observers are also used to evaluate the magnitude
and distribution of bycatch rates (Murray 2009, Ross-
man 2010, Warden 2011, Hatch 2018). However, as -
sessing risk via observer monitoring requires a suffi-
cient level of observer effort, deployed randomly
such that it is a representative sample of commer-
cial effort (Cahalan & Faunce 2020, Curtis & Carretta
2020). Often, observer coverage may be constrained
in scale or distribution due to practical reasons (lim-
ited funds, observers, etc.), and so may not fully rep-
resent potential interactions between animals and
fishing gear.

Understanding the habitat use and behavior of
young-of-the-year gray seals may help reduce inter-
actions with fishing gear. Gray seals give birth to
their pups from December to February. After a 3 wk
lactation period, females mate and then disperse
with other adults from the colonies. Weanlings re -
main on the colonies for a land-based post-weaning
fast of 10 to 40 d before departing to sea (Fedak &
Anderson 1982). Pups need to forage successfully
before endogenous fuel reserves are depleted (Ben-
nett et al. 2010), so spending time in profitable forag-
ing areas likely increases their chance of survival.
After dispersing from the colonies, many young gray
seals die or become entangled in fishing nets. Almost
all of the documented bycatch is young-of-the-year
animals, perhaps reflecting more naiveté around
nets and/or lack of strength to break through the net
monofilament compared to adults.

In this paper, we use pup telemetry to quantify
quarterly estimates of spatial distribution once pups
depart natal colonies and begin foraging inde-
pendently. We targeted pups on natal colonies for
tagging during the January to February birthing
months, and followed young-of-the-year individuals
throughout the weaning transition and their first
season of independent foraging in the marine envi-
ronment. Given the significant mortality levels as -
sociated with this demographic in gillnet fisheries,
we designed analyses to identify areas of high,
medium, and low overlap between seal habitat use
and spatially explicit fishing activity. We validated
levels of expected risk through actual observations
of bycatch collected via fishery observer programs.
Results of this analysis identify hotspots where inter-
actions are common and could justify altered fish-
ing practices for purposes of avoidance, as well as
times and areas for focused monitoring of gray seal
bycatch.
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2.  MATERIALS AND METHODS

2.1.  Seal movements

During the last 2 wk of January 2019 and 2020, we
attached satellite tags (Wildlife Computers, SPLASH
and SPOT models) to 30 gray seal pups (16 fe males,
14 males) at 3 different pupping colonies (see Fig. 1,
Table 1). We randomly selected weaned pups that
had molted most if not all of their newborn (lanugo)
fur, and inferred these pups to be at least 3 to 4 wk
old (Bowen et al. 2003). Following capture, we
weighed pups and then restrained them without
se dation to collect measurements and affix tags. We
secured each satellite tag to the fur on the back of
the neck with 5 min quick-set Devcon epoxy, and
we also tagged each hind flipper with an Allflex tag.
We programmed the satellite tags to begin transmit-
ting once the animal entered the water. Transmis-
sions paused when the seal was hauled-out, de -
fined as being 50% dry for 5 consecutive minutes.
Tags did not transmit between 04:00 and 07:00 h,
or 17:00 and 18:00 h, because satellites were not
over the study area at those times.

2.2.  Seal marine habitat use

We fit a Continuous Time Correlated Random
Walk (CTCRW) movement model (Johnson et al.
2008) to telemetered geolocations of seal pups using
only location classes B and above (Vincent et al.
2002) filtered by a maximum speed assumption of
5 km h−1 (McConnell et al. 1992, Johnson et al.
2008). We then interpolated hourly locations from
the fitted CTCRW model for each individual, ex -
cept when time gaps between fitted locations were
greater than 3 d.

To normalize for varying tag durations, we
weighted each hourly interpolated position by the
inverse of the number of individuals that had po -
sition estimates for the same relative track day
(Roe et al. 2014):

wti = 1/nt (1)

where wti is the weight for the tth location estimate
on the ith individual’s track, and nt is the number of
individuals with a tth location estimate. We then
intersected these weighted positions with 30 min
grid cells (approximately 2420 km2) and summed
positions in each cell for each calendar quarter. Next
we computed the relative probability (Prel) that a seal
occupied a grid cell i in quarter t relative to all other

cells across all quarters (Roe et al. 2014) based on the
density of positions within a cell:

(2)

with values that can range between 0 (low) and 1
(high).

We conducted all analyses in R (v 3.6.0, R Core
Development Team).

2.3.  Commercial gillnet effort

Mandatory Vessel Trip Reports (VTRs) completed
by commercial gillnet fishermen in US waters during
2015−2019 provided a measure of total fishing effort
(see Table S1 in the Supplement at www. int-res. com/
articles/ suppl/ m671p235 _ supp .pdf). We did not have
data on gillnet effort in Canadian waters to evalu-
ate encounter risk with fishing gear when seals left
US waters. Only those trips fishing with meshes
>20 cm were examined because gray seal bycatch
occurs primarily in this mesh size (Orphanides 2020).
Fishermen are instructed to report the location of the
start of haul back for the string with the most panels;
we used this location to represent the entire trip,
which typically lasts 1 d. The length of a gillnet string
on a trip fishing with large mesh ranged from <0.5 to
2.2 km, well within the size of the grid cells used in
this analysis.

We intersected each reported fishing location with
the same 30 min grid cells used to define the relative
probability of seal occupancy, and then summed the
number of trips in each grid cell for each calendar
quarter. Next we computed the relative probability
that fishing effort (expressed as number of trips)
occupied a grid cell i in quarter t relative to all other
cells across all quarters (Roe et al. 2014):

(3)

with values that can range between 0 (low) and 1
(high).

2.4.  Seal use and fishing effort overlap

We computed 2 different indices to measure the
degree to which seals and fishing effort overlap. We
used the Morisita Horn Index (CMH) to estimate the
spatial overlap of seals and fisheries, because this
index has been used to measure overlap with tagged
gray seals and similar set net fisheries in Irish waters
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(Cronin et al. 2016). We also computed an Encounter
Risk (ER) index (Roe et al. 2014), to be able to map
estimated risk both spatially and temporally.

The Morisita Horn Index is defined as:
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Fig. 1. Interpolated telemetry tracks from (a) 14 male gray seal pups and (b) 16 female gray seal pups, 2019−2020
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where Pf is the proportion of fishing effort and Ps

is the proportion of seal use in each grid cell. Low
values of CMH suggest low overlap. To account for
spatial autocorrelation, we used a local Moran’s I
to group grid cells into 4 regions of similar PfPs

values based on proximity to adjacent cells. We
then permuted the grid cells within each region
10 000 times and computed the CMH for each per-
mutation, in order to test the hypothesis that the
observed value of CMH was significantly different
(p ≤ 0.05) from the CMH index calculated assum-
ing complete spatial randomness with regional
partitions.

We also computed a relative ER measure in each
grid cell to map overlap in time and space. To do
this, we combined the relative probabilities of fish-
ing ef fort Prel (effort) and seal use Prel (seal) in each
grid cell i in quarter t relative to all other cells across
all quarters and computed the Encounter Risk (ER)
as:

(5)

The encounter risk indices were grouped into 3
risk categories, based on the quartiles of Prel (ER), as
follows: ‘Low’ (Prel ≤ 0.00004) (1st quartile); ‘Medium’
(0.00004 > Prel ≤ 0.003) (2nd and 3rd quartiles); and
‘High’ (Prel > 0.003) (4th quartile).

To investigate whether a seal’s susceptibility to by -
catch risk may be related to an individual’s dispro-
portional use of space, we investigated the proportion
of time each individual seal spent in high/ medium/
low risk areas.

2.5.  Encounter risk validation

We used data from observers on
board commercial gillnet vessels from
2015 to 2019 to validate our metrics
of encounter risk in comparison to
actual bycatch events. First, we
used a non-parametric Kendall’s tau
correlation test to evaluate whether
there was a significant relationship
(p ≤ 0.05) between bycatch rates and
risk level. A significant relationship
would indicate that the estimated
risk level was associated with the
observed bycatch rates, which ac -
counts for varying amounts of ob -
server coverage levels. We used a

bootstrap resampling procedure to calculate a tau
correlation statistic with 95% confidence intervals.
We generated 1000 bootstrap replicates of the cor-
relation between the observed bycatch rates and
en counter risk by resampling the grid cells for each
quarter. The 95% CI for the correlation statistic was
computed from the upper 97.5% and lower 2.5%
quartiles of the bootstrap replicates.

For each quarter, we also mapped the observed
bycatch in each grid cell, and tallied the number
of observed bycatch events in each risk category.

3.  RESULTS

3.1.  Animal movement data and habitat use

The satellite tags transmitted from 4 to 287 d,
with seals travelling total distances of 54 to 11 719 km
(Table 1, Fig. 1, see Table S2 in the Supplement).
The seals ranged as far south as Delaware Bay and
as far north as Sable Island, Canada. Not account-
ing for varying tag durations, on average seals
spent 8% of their time in Canadian waters, with 1
seal spending almost 50% of its time in Canadian
waters.

From January to June, seals utilized large por-
tions of the Gulf of Maine and Mid-Atlantic, with
areas of high use to the south and east of Cape
Cod (Fig. 2). From July to December, seals spent
relatively less time in the Mid-Atlantic and more
time around eastern Nova Scotia and Sable Island.
However, in the last quarter, only 2 tags continued
to transmit up to mid-November, so data for this
quarter were relatively scarce.
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Deployment location
Massachusetts Maine All 
(Muskeget & (Seal Island) animals
Great Point)

Sex (n) F (13) M (10) F (3) M (4) 30
Mean weight (kg) 36.5 42.3 35.4 40.7 39.1
SD 5.4 7.6 11.8 8.2 7.3

Mean length (cm) 105.0 112.0 101.3 107.6 107.6
SD 6.9 11.0 9.1 5.9 8.9

Mean tag duration (d) 121.0 151.0 161.0 144.5 138.1
SD 70.7 65.0 66.3 101.9 70.7

Mean distance travelled (km) 3683.8 4581.8 5148.7 5308.0 4346.2
SD 2133.4 1743.5 1453.2 4542.6 2348.8

Table 1. Gray seal satellite tag deployment summary, 2019 and 2020
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3.2.  Commercial gillnet effort

The intensity of large-mesh sink gillnet effort var-
ied spatially and temporally throughout the Gulf of
Maine and Mid-Atlantic (Fig. 3). Areas of high effort
occurred off Cape Cod from April to December, and
in southern New England from April to June. There
was relatively little effort in coastal regions of Maine
for most months.

3.3.  Seals and fishing effort overlap

The observed overlap between tagged seals and
sink gillnet fishing effort (CMH = 0.1919) was moder-
ate and statistically significant (p < 0.01). The relative
risk of seals encountering gillnet fishing gear was
highest to the east and south of Cape Cod from April
to June (Fig. 4). Risk was generally lower in the Mid-
Atlantic region, and north of Cape Cod from January
to March.

From 2015 to 2019, observers sampled roughly
14% of large-mesh commercial gillnet effort each
quarter, averaged over all grid cells. There was a

significant relationship between bycatch rates and
encounter risk level (τ = 0.35, 95% CI: 0.19−0.50,
p < 0.01). Levels of encounter risk aligned fairly well
with observed bycatch events, particularly from Jan-
uary to June (Fig. 4). In times and areas of high ex -
pected encounter risk based on the overlap of seal
use and fishing effort, 405 observed bycatch events
occurred, compared to 10 observed bycatch events in
times and areas of low expected encounter risk
(Table 2). With the exception of 1 seal that spent
100% of its time in a low risk area, the proportion of
time that seals spent in high, medium, and low areas
did not vary widely across individuals (see Fig. S1 in
the Supplement).

4.  DISCUSSION

This study showed a significant pattern of spatial
overlap between young-of-the-year gray seals and
sink gillnet fishing effort in the northeast and Mid-
Atlantic regions of the USA. Compared to other stud-
ies (CMH = 0.0391, Cronin et al. 2016), we found a
much higher degree of overlap between gray seals

240

Fig. 2. Seal presence (Ps) by calendar quarter summarized by 30 min grid cells. (a) January to March; (b) April to June; (c) July
to September; (d) October to December. Ps is the relative probability that a seal occupies a grid cell in each quarter relative to 

all other cells and quarters. The number of satellite tags still transmitting each quarter is also shown
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and a set net fishery; however, that may have been
due to the considerably larger grid size examined
here. Times and areas of high overlap aligned well
with patterns of observed bycatch, indicating spa-
tiotemporal overlap of seal use and fishery effort was
a good indicator of bycatch risk. With the exception
of 1 seal, most seals spent similar proportions of time

in high, medium, and low risk areas, suggesting that
the significant overlap was not due to a few seals
using the same area (Fig. S1). The highest areas of
risk are adjacent to major pupping colonies (Wood et
al. 2020) and areas where a high number of gray
seals congregate to molt in the spring (Pace et al.
2019).
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Fig. 3. Large-mesh sink gillnet vessel trip report (VTR) effort (Pf) by calendar quarter summarized by 30 min grid cells. (a) Jan-
uary to March; (b) April to June; (c) July to September; (d) October to December. Pf is the relative probability that fishing effort 

(expressed as number of trips) occupies a grid cell in each quarter relative to all other cells and quarters
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Results of this study can help guide further re search
about bycatch reduction of gray seals in sink gillnet
gear. We focused on the large-mesh gillnet fishery
because this fishing fleet had the most documented
interactions with gray seals, and this helped to re -
duce variation in potentially influential gear charac-
teristics when comparing across all commercial gillnet
trips. Operational characteristics of those trips, such
as net length, net height, fishing depth, and soak
time, may also influence the likelihood that gray
seals encounter gillnets. The large-mesh sink gillnet
fishery typically targets just a few species (93% of
trips were catching monkfish Lophius americanus and

skates Rajidae spp.), and there may be particular
techniques used to target those species that influ-
ence bycatch of young gray seals. For in stance, a dis-
proportional amount of bycatch of great shearwater
Puffinus gravis occurs in the New England sink gill-
net fishery targeting spiny dogfish Squalus acan-
thias, due to the practice of baiting nets with fish car-
casses during sets (Hatch et al. 2016). In Ireland, gray
seal bycatch was found to be significantly higher in
large-mesh tangle net fisheries for monkfish and
could be mitigated with improved net visibility and
use of smaller mesh size (Cosgrove et al. 2016). Fur-
ther research on the operational aspects of trips that

242

Fig. 4. Risk of seal−fisheries encounter (Pint) by calendar quarter summarized by 30 min grid cells, color coded to reflect high
(Pint > 0.003), medium (0.00004 > Pint ≤ 0.003), and low (Pint ≤ 0.00004) encounter risk. (a) January to March; (b) April to June;
(c) July to September; (d) October to December. Pint is the relative probability that fishing effort and seals overlap in a grid cell
in each quarter relative to all other cells and quarters. Observed bycatch events (fe) are overlaid on predicted encounter risk 

and summarized within each risk category each quarter
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influence gray seal bycatch in New England’s large-
mesh sink gillnet fishery may provide ideas for test-
ing gear or fishing practice modifications to reduce
bycatch. Fishermen who operate in high-risk areas
could offer insight on the dynamics of seal bycatch
and suggest techniques to test for bycatch avoidance,
as well as their incentives for using any bycatch
reduction technology (Campbell & Cornwell 2008).

Further research is also needed on the behavior of
animals around fishing gear and how this may play a
role in the probability of encounter. For instance,
many trips targeting monkfish use tie-downs, where
the head rope is partially tied down to create a
pocket in the net. Cameras on the gear might illumi-
nate whether young seals use this pocket to forage
and if it contributes to entanglement. More research
is also needed on diving and foraging behavior of
pups to understand vertical habitat use of gray seals
and how that relates to susceptibility to bycatch.

Identifying times and areas of high encounter risk
can help prioritize efforts for monitoring protected
species bycatch. For instance, high or medium en-
counter risk was predicted in 1 particular grid cell
south of Nantucket in all quarters, yet this area only
had observer coverage in quarter 1. Using encounter
risk as a proxy for bycatch may also help supplement
existing fisheries monitoring platforms where observer
coverage is low or perhaps insufficient to measure
protected species bycatch. In some US fisheries, elec-
tronic video monitoring will replace human observers
as a means to monitor fish catch (www.nefmc.org/
library/amendment-23). Protected species bycatch,

however, occurs infrequently and may be unobserved
unless video footage is reviewed completely. To avoid
unobserved bycatch of protected species, monitoring
footage collected from vessels fishing in high risk ar-
eas could be fully reviewed to ensure bycatch events
are not missed.

Our ability to evaluate encounter risk was slightly
reduced because of data limitations, both from an
observer coverage perspective and also from the
small sample size of satellite-tagged gray seals. Gaps
in observer coverage precluded our ability to vali-
date all cells containing predicted encounter risk,
with around 20% of the grids averaged over all quar-
ters lacking validation data. Conversely, bycatch
occurred in areas without predicted encounter risk
because of a lack of use observed in telemetry data.
In particular, the 4th calendar quarter would improve
with changes to telemetry deployments, either in
time of year deployed, adjustments to tag program-
ming/transmission settings, and/or additional tag-
ging of more individuals. Species distribution models
based on increased tag distribution data should im -
prove understanding of habitat use in a changing
environment, which could then be used to improve
assessments of bycatch risk (Stock et al. 2020).

Increasing rates of pupping at US colonies (Wood
et al. 2020) suggest gray seal population growth is
not dampened by observed levels of bycatch in the
sink gillnet fishery. However, these high rates of
increase — which are as high as 26% at one colony —
are likely a result of immigration. A similar situation
exists in Irish waters, where levels of bycatch in tan-
gle net fisheries are not negatively impacting gray
seals at a population level, due to immigration from
adjacent colonies (Cosgrove et al. 2016). If rates of
immigration slow, the effect of sustained high levels
of bycatch on the US gray seal population may be -
come more pronounced. However, if gray seals con-
tinue to expand and fishing effort remains focused on
areas near major haul-out sites, bycatch is expected
to increase and pose further economic costs to the
fishery. Incentives for reducing these costs can prompt
the development and testing of mitigation measures.
Anticipating continued seal−fishery conflicts, such
mitigation strategies will need to be monitored and
updated continuously to incorporate new information
(Guerra 2019).

5.  CONCLUSION

Telemetry data is a useful tool to characterize the
spatial overlap between a species’ habitat use and
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High Medium Low 
encounter encounter encounter

risk risk risk
(Prel > 0.003) (0.00004 > (Prel ≤ 0.0004)

Prel ≤ 0.003)

Number of 405 91 10
observed
bycatch events

Number of 1366 687 37
observed trips

% observer
coverage (trips) 11 21 15

Table 2. Validation of estimated encounter risk. For each level
of encounter risk predicted from the overlap of fishing effort
and seal presence, the amount of documented gray seal by-
catch in large-mesh sink gillnets from 2015−2019 is shown,
as well as the number of observed trips and level of ob server
coverage (expressed as the proportion of commercial trips 

that were observed)
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anthropogenic threats like fishing bycatch. Here we
intersected movement data from tagged gray seals
with seasonal distributions of commercial fishing
effort to predict seal−fishery encounters. Resulting
probabilities of encounter risk were then validated
with fishery-dependent observations of bycatch
events. Results of this work will help monitor and
possibly mitigate future interactions between gray
seals and the New England sink gillnet fishery,
which have become increasingly detrimental to both
seals and fishery operations. Future work on bycatch
risk assessment could focus on operational and
behavioral factors affecting bycatch rates. Further
modeling efforts with existing and additional teleme-
try data can build species distribution models that
assess risk more dynamically.
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