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Abstract

Identifying the overlap of commercial fishing grounds and seabird habitat can
suggest areas of high bycatch risk and inform management and mitigation
measures. We used Bayesian state space modeling to describe the movements
of 10 satellite-tagged Great Shearwaters and a bivariate kernel density tech-
nique to investigate spatial overlap with commercial fishing effort to predict
areas of high bycatch in the Gulf of Maine. We then used contemporaneous
fishery observer data to test the validity of our predictions, highlighting an
area constituting 1% of the Gulf of Maine as having the highest bycatch risk
that accounted for 50% of observed takes. Fishery observer data also provided
insights into characteristics of the seabird-fishery interactions. Our results indi-
cate that a relatively small number of satellite-tagged seabirds, when combined
with fishery-dependent data, can lead to identifying high-bycatch areas, par-
ticular fishing practices that might increase risk, and fishing communities that
could be targeted for education/mitigation.

Introduction

Fisheries-related bycatch mortality has been linked to
population declines of numerous long-lived seabird
species and is of global concern (Tuck et al. 2011; Croxall
et al. 2012; Regular et al. 2013). Adverse population ef-
fects from incidental takes are compounded by uncer-
tainties imposed by climate change and other chronic,
human-induced pressures that can be difficult to evalu-
ate (Genovart et al. 2013; Moreno et al. 2013), making by-
catch mitigation of even greater conservation importance.
For seabird species that are known or suspected of being
vulnerable to bycatch, quantifying overlap between habi-
tat use and commercial fishing grounds can suggest areas
where it would be prudent to test and implement mitiga-
tion measures or increase monitoring efforts. However,
the scale at which overlap between commercial fishing
grounds and seabird habitat is assessed can be contentious
(Croxall et al. 2013, Torres et al. 2013a, b). For instance,

broad-scale assessments often fail to discriminate be-
tween the key issues of overlap (i.e., ecological associa-
tion) versus interaction (i.e., bycatch) (Croxall et al. 2013,
Torres et al. 2013a, b; Votier et al. 2013).

One way to differentiate between overlap and in-
teraction is by integrating bycatch data from onboard
observers monitoring commercial fishing vessels with
tracks from satellite-tagged seabirds to assess concurrence
and subsequent interaction with culpable fisheries. Ar-
eas where vessels and seabirds co-occur could reflect spa-
tial and temporal overlap rather than interaction (Torres
et al. 2013a). Sampling these fisheries for seabird bycatch
could validate whether times and areas of overlap result
in seabird-fishery interactions, and investigating the char-
acteristics of these events might further identify priority
areas and/or practices for mitigation.

Great Shearwaters (Puffinus gravis) are subject to one of
the highest levels of bycatch in the Atlantic Ocean (ICES
2013), and in our Gulf of Maine study area (US National
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Marine Fisheries Service, unpublished data). Here we
provide an integrated assessment of the spatial intersec-
tion between foraging Great Shearwaters and commercial
gillnetters fishing in the Gulf of Maine from June to De-
cember of 2013. We then validated areas of overlap using
fishery observer data, collected in times and areas where
tagged seabirds and commercial fishers co-occurred. The
fishery observer data were also used to identify character-
istics of the fishing fleet that might contribute to shearwa-
ter bycatch and the fishing ports that might be the focus
of education and outreach programs. While our assess-
ment of broad-scale interactions is a partial description of
the total incidental mortality sustained by Great Shear-
waters, it is an essential first step in characterizing bycatch
and how it might be selectively mitigated.

Materials and methods

All analyses were conducted in the R programming lan-
guage and software environment (R Development Core
Team 2013). Additionally, maps were generated using
the shoreline and bathymetry data sets provided by Wes-
sel & Smith (1996) and GEBCO One Minute Grid (n.d.),
respectively.

Seabird tracking

To identify Great Shearwater habitat use in the Gulf of
Maine (Figure 1a), we placed 12-gram platform trans-
mitter terminals (PTTs; Microwave Technology, Fremont,
CA, USA) on 10 Great Shearwaters captured in the Great
South Channel off the coast of Cape Cod, Massachusetts,
USA (Figure 1a). Movement of tagged shearwaters was
tracked using the Argos satellite system for approximately
4 months, from July to October of 2013, a partial time-
frame when shearwaters overwinter in the region. Great
Shearwaters primarily utilize U.S. Northwest Atlantic wa-
ters as a migratory staging ground, arriving in early May
and subsequently departing in December en route to
breeding grounds in the South Atlantic (Powers 1983).

Seabird paths were recorded at irregular time inter-
vals and some tracks were abbreviated, possibly a con-
sequence of battery failure, mortality, or tag detachment.
As such, Argos data were filtered, interpolated, and reg-
ularized at 3-hour intervals using Bayesian state-space
models (SSMs) (Plummer 2003; Jonsen et al. 2005). SSMs
work by simultaneously estimating the “true,” unob-
served locations of seabirds’ paths and the measurement
errors imposed on observations through satellite trans-
missions. Argos assigns each calculated position to a lo-
cation class (i.e., 3, 2, 1, 0, B, A, Z) based on theoretical
estimates of location error and the number of messages
received by satellites from the PTTs (Boyd & Brightsmith

2013). We used all location classes, except for Z (repre-
senting an “invalid location”), to estimate Great Shear-
water tracks and removed locations that plotted on land.

Commercial fishing records

Commercial fishing grounds were identified through ves-
sel trip reports (VTRs), which are logbook records of fish-
ers participating in federally managed fisheries. All feder-
ally permitted vessels in the U.S. Northeast region, with
the exception of vessels solely permitted to catch Amer-
ican lobster, must submit a VTR on a trip-by-trip basis.
Commercial fishers are instructed to record the fishing
location “where most of your fishing effort occurred”, as
well as catch and gear particulars. Fishing permit appli-
cations were also used to obtain vessel home ports, and
were linked back to VTRs by means of unique identifiers.
In order to validate self-reported locations, comparison
was made between the average latitude and longitude of
all gear deployments (i.e., sets) recorded by fishery ob-
servers and the spatial coordinates documented by the
VTR for the same fishing trip. VTRs from fishers par-
ticipating in the New England sink gillnet (NESG) fish-
ery were used to assess seabird bycatch risk, as this fish-
ery accounts for the majority of observed shearwater by-
catch in the U.S. Northwest Atlantic (US National Marine
Fisheries Service, unpublished data). Additionally, only
VTRs from June to December of 2013 were used, as these
months are when Great Shearwaters occupy the Gulf of
Maine (Powers 1983).

Spatial intersection

In order to identify areas of use by Great Shearwaters
and commercial gillnetters, we computed bivariate kernel
densities for each using the estimated locations of tagged
seabirds (i.e., posterior average) and the self-reported po-
sitions of commercial fishers from submitted VTRs, re-
spectively (Venables & Ripley 2002). We then separately
calculated the contour levels that included 50%, 75%,
and 95% of the shearwater and fishing activities. Esti-
mated bivariate kernel densities were then spatially in-
tersected to obtain areas of overlap (Bivand & Rundel
2013), which may predict seabird bycatch. High-risk ar-
eas included the intersection of 50% contours, medium-
risk areas included the intersection of 75% contours
and included the high-risk areas, and low-risk areas in-
cluded the intersection of 95% contours and included the
high- and medium-risk areas. Intersected areas of over-
lap were then superimposed with observed locations of
Great Shearwater bycatch from the NESG fishery operat-
ing from June to December of 2013. Areas (km2) of risk
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Figure 1 The study region (a) along with associated bathymetry (GEBCO One Minute Grid n.d.). Great Shearwater habitat use (b) and commercial fishing

grounds for gillnetters (c) obtained from bivariate kernel densities of estimated locations and self-reported positions, respectively, for June to December

of 2013. The intersection of (b) and (c) is depicted in (d), which is overlaid with observed incidental takes from fishery observers. Gold denotes 50%

contours, white denotes 75% contours, and white with hatching denotes 95% contours. Dashed lines in (b) indicate changes to contours when using a

time-weighted estimation scheme for bivariate kernel densities.

contours were calculated assuming a North American Al-
bers Equal Area Conic projection (Bivand et al. 2014).

The influence of truncated seabird tracks on estimating
foraging grounds was assessed by comparing bivariate
kernel density estimates using weighted versus non-
weighted estimation schemes (Maxwell et al. 2013).
A basic time-weighted estimation scheme was used,
whereby weights were calculated as the inverse of the
total number of seabirds that had location estimates
at each 3-hour interval (Maxwell et al. 2013). In this
way, positions with more seabird locations contribute
less to area demarcation, allowing tagged individuals

with longer tracks to contribute more to the estimation
process, in the hopes of reflecting a more representative
spatial range (Maxwell et al. 2013).

Fisheries observer data

In 2013, two fisheries observer programs were tasked
with monitoring fishing vessels that participated in fed-
erally managed fisheries within U.S. Northwest Atlantic
waters: the Northeast Fisheries Observer Program and
the Northeast Fisheries At-sea Monitoring Program. Both
fisheries observer programs were responsible for the
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collection of biological information from commercial fish-
ing trips, including characteristics pertaining to the ves-
sel and individual gear deployments/retrievals (e.g., time,
area, catch, discard, and protected species bycatch—
marine mammals, sea turtles, and seabirds).

In order to investigate potential differences in fishing
practices across risk areas, we calculated seabird-bycatch
rates for each targeted fish species (i.e., spiny dogfish,
groundfish, and skate). Uncertainty around estimated
seabird-bycatch rates were then obtained through stan-
dard nonparametric bootstrapping techniques (Canty &
Ripley 2012), and statistically significant differences were
assessed through overlapping 95% confidence intervals.
For this study, bycatch rates were defined as the total
number of seabirds bycaught per metric ton of landed
kept catch, as other measures of effort were sparsely
recorded or contained inaccuracies (Murray 2009).

Results

Seabird tracking

A total of 4,259 3-hour positions were estimated for the
10 satellite-tagged seabirds. Using the posterior average
of estimated locations, the tagged shearwaters traveled a
mean distance of 4,866 km over an average duration of
53 days, transiting roughly 92 km/day. Several areas of
use were identified in the Gulf of Maine, and represented
high- (50% contours), medium- (75% contours), and
low-density (95% contours) regions (Figure 1b). Negligi-
ble differences were detected between the weighted and
nonweighted estimation schemes (Figure 1b). As such,
we used nonweighted bivariate kernel densities to as-
certain overlap between seabirds and commercial fishing
vessels.

Commercial fishing records

Self-reported fishing locations were shown to be an ade-
quate proxy for the average fishing location over an en-
tire fishing trip (linear regression; longitude R2 = 0.99,
latitude R2 = 0.98). As such, commercial fishing grounds
in the Gulf of Maine were identified, and represented
high- (50% contours), medium- (75% contours), and
low-density (95% contours) regions (Figure 1c). A to-
tal of 5,598 VTRs were used to demarcate commercial
fishing grounds for the NESG fishery (Table 1), of which
737 were observed with an estimated observer coverage
>12% (Table 1).

Spatial intersection

Overlap between seabirds and commercial fishing vessels
was determined by spatially intersecting high-, medium-,

and low-use areas for each (Figure 1d), and reflected
varying levels of bycatch risk. High-risk areas were repre-
sented by intersections of 50% contours, and included an
area that constituted 1% (2,186 km2/179,008 km2) of the
Gulf of Maine (Figure 1d). Medium-risk areas were repre-
sented by intersections of 75% contours, and included ar-
eas that constituted 3% (6,169 km2/179,008 km2) of the
Gulf of Maine (Figure 1d). Finally, low-risk areas were
represented by intersections of 95% contours, and in-
cluded areas that constituted 20% (35,008 km2/179,008
km2) of the Gulf of Maine (Figure 1d).

Vessels fishing within the high-, medium-, and low-
risk areas emanated from 4, 11, and 24 ports, respec-
tively (Table 1). The 4 home ports of vessels fishing in
the high-risk area were located within southeastern Mas-
sachusetts, while the 11 and 24 ports of vessels fish-
ing in the medium- and low-risk areas were housed
within the states of Massachusetts, New Hampshire, and
Maine (Table 1). For comparison, vessels within the en-
tire NESG fishery have home ports located within the
states of North Carolina, New Jersey, New York, Con-
necticut, Rhode Island, Massachusetts, New Hampshire,
and Maine.

Fisheries observer data

Bycatch

A total of 88 shearwaters were observed taken in the
NESG fishery on 46 commercial fishing trips that set 51
gillnet strings. A majority of takes on gillnets were of
one or two individuals (42/51 or 82%), with a maximum
of 6 individuals being taken on a single gillnet string in
July. Most successive takes occurred within an average of
4 days and within an average of 70 km, suggesting that
rafting or large feeding aggregations were not solely re-
sponsible for observed bycatch patterns. The majority of
takes occurred in summer months from June to August
(72/88 or 82%), although takes were also observed from
September to December.

Validation of spatial intersections

Exactly 50% (44/88) of observed shearwater takes oc-
curred within the predicted high-risk area (intersections
of 50% contours), 52% (46/88) of observed shearwa-
ter takes occurred within the predicted medium-risk ar-
eas (intersections of 75% contours), and 93% (82/88) of
observed shearwater takes occurred within the predicted
low-risk areas (intersections of 95% contours). Only 7%
(6/88) of observed shearwater takes occurred outside of
the high-, medium-, and low-risk areas. Sampling of ves-
sels participating in the NESG fishery was also shown to
be representative, with the proportion of kept landings
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Table 1 Cumulative numbers of observed sets, observed trips, commercial fishing trips, home ports, home states, bycaught Great Shearwaters, and

observed sets targeting spiny dogfish for the New England sink gillnet fishery from June to December of 2013 by risk area.

Risk Observed Observed VTR Home Home Observed Observed

Area Sets Trips Trips Ports States Bycatch Dogfish sets

High 646 196 956 4 1 44 89

Medium 930 281 1,539 11 3 46 145

Low 2,790 671 3,685 24 3 82 260

Total 3,216 737 5,598 45 8 88 271
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Figure 2 Proportion of kept landings for spiny dogfish, skate, groundfish, and other targeted fish species observed and self-reported on VTRs for the (a)

high-, (b) medium-, and (c) low-risk areas.

observed in each risk area closely matching that reported
on VTRs across targeted fish species (Figure 2).

Fishery characteristics

Great Shearwater bycatch disproportionately occurred
on vessels targeting spiny dogfish (Squalus acanthias),

relative to other targeted fish species. Percentages of
observed shearwater takes that occurred on gillnets
targeting spiny dogfish within the high-, medium-, and
low-risk areas were 86% (38/44), 83% (38/46), and 48%
(39/82), respectively. However, only 14% of observed
nets within the high-risk area, 16% of observed nets
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Figure 3 Bootstrapped distributions of bycatch

rates defined as the number of seabirds bycaught

per metric ton of landed kept catch for the high-,

medium-, and low-risk areas across targeted fish

species. Numbers above boxplots denote the

total number of observed sets targeting a

particular fish species within a specific risk area

(i.e., sample size). Red lines denote 95%
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mean.

within the medium-risk area, and 9% of observed nets
within the low-risk area actually targeted spiny dogfish
(Table 1). This incommensurate effect is also reflected in
the bootstrapped distributions of seabird-bycatch rates,
with rates for sets targeting spiny dogfish being signifi-
cantly higher than those targeting groundfish or skate
(α = 0.05; Figure 3). For the low-risk area, 95% con-
fidence intervals around seabird-bycatch rates for sets
targeting spiny dogfish versus groundfish overlapped
slightly (Figure 3).

One reason that could help explain the dispropor-
tionate contribution of fishers targeting spiny dogfish
to shearwater bycatch may be in the baiting of gillnets
during gear deployments. Beginning in 2012, observers
started to comment on the practice of baiting nets with
fish carcasses during sets, most of which were target-
ing spiny dogfish. Among the variety of information ob-
servers were required to collect, the baiting of nets was
recorded opportunistically and does not have a dedicated
field on observer logs. The opportunistic nature of data
collection around the use of baiting prohibits the rigorous
testing of differences between baited and nonbaited nets
for seabird bycatch. Still, there does appear to be a strik-
ing difference in seabird-bycatch rates between sets tar-
geting spiny dogfish versus other fishes (Figure 3), with

79% (19/24) of observed gillnets targeting spiny dogfish
having baited their nets, relative to the subset of observed
sets where observers noted baiting practices.

Discussion

While previous studies have investigated the fine-scale
(tens of kilometers over several days) spatiotemporal
overlap between commercial fishing vessels and seabird
habitat (Torres et al. 2013a; Bodey et al. 2014), our anal-
ysis represents one of the first to show that broad-scale
(thousands of kilometers over several months) patterns
in co-occurrence can be used to inform bycatch manage-
ment. We identified a strong association between over-
lap and subsequent observed seabird-fishery interactions,
suggesting that broad-scale knowledge can be informa-
tive to bycatch mitigation when fine-scale information is
lacking. For U.S. Northwest Atlantic waters, fishery ob-
server data showed that a small area (1%) of the Gulf of
Maine accounted for the majority of shearwater bycatch
and that a subset of the gillnet fleet (sink gillnets target-
ing spiny dogfish originating from four ports) constituted
the primary interaction. Such highly resolved identifica-
tion of problematic areas and fishing practices allows for
tailored education and mitigation measures that can be
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effective at reducing seabird bycatch while minimizing
cost across the fishing industry.

Care should be taken in generalizing our findings to
other systems or seabirds, as the response of seabirds to
fishing vessels has been shown to differ across fisheries
and species (Torres et al. 2013a; Bodey et al. 2014). Recent
research demonstrates the ability of seabirds to differen-
tiate vessel type (e.g., trawlers vs. gillnets), as well as ves-
sel activity (e.g., steaming vs. fishing) (Bodey et al. 2014).
Bodey et al. (2014) found that seabirds adapted their be-
havior to match the discarding practices of nearby ves-
sels, indicating broad-scale patterns in co-occurrence may
be more than coincident. Still, attraction of seabirds to
fishing vessels does not necessarily imply interaction, as
many factors determine bycatch (Croxall et al. 2013). Not
to mention, there may be uncertainty surrounding the
response of individuals to fishing vessels in close proxim-
ity (e.g., age, sex; Torres et al. 2013a), information that is
often lost when analyses are conducted over broad spa-
tiotemporal extents (Torres et al. 2013a, b). Integrating
data from tagging and fisheries observers can provide a
means to focus broad-scale efforts on times and areas
where the likelihood of interaction is high. Our results
further corroborate the conclusion drawn by Torres et al.
(2013b), in that tagging data and direct observations can
be used in conjunction to better understand the nature
of seabird-fishery interactions and better inform manage-
ment at a finer scale.

Effective mitigation measures to reduce seabird bycatch
rely heavily on buy-in from the commercial fishing in-
dustry, and require strategies that are achievable and
easily implemented. Furthermore, alterations to fishing
practices and/or use of deterrent devices should be based
on sound scientific advice and not place an undue bur-
den on commercial fishers (Torres et al. 2013b). Given
the opportunistic nature of data collection for the bait-
ing of nets, it is difficult to tease out a causal relationship
with seabird bycach. Cooperative research efforts with
the fishing industry could provide an opportunity to rig-
orously examine the impacts of baited nets on seabird
bycatch through experimental trials. Such involvement
with commercial fishers would improve credibility and
understanding of bycatch reduction research, and provide
greater appreciation and awareness for seabird bycatch
issues.

An interesting aspect of our analysis lies in the fact that
medium-risk contours only accounted for an additional
2% of observed takes in 2013 (52% total), and yet rep-
resent joint areas utilized by commercial gillnetters and
tagged shearwaters 75% of the time. This incongruence
may suggest tagged seabirds were unrepresentative of the
overall foraging population, thereby underestimating by-
catch risk areas. It may also suggest that overlap does not

imply interaction for all risk areas, and merely represents
an ecological association between fishers and seabirds. In-
teraction may further depend on fishing activities and/or
practices during times and areas of co-occurrence and
possibly other factors like the reduction in local forage
fish populations making baited nets increasingly attrac-
tive to seabirds (Kai et al. 2013). While these hypotheses
are purely speculative, it further demonstrates the need
for more research into the spatial and temporal dynamics
of seabird-fishery interactions, as well as the life history
characteristics of the bycaught specimens.

While our work demonstrates where the majority of
interactions currently take place, our ability to extrap-
olate these findings to the future is uncertain. More
work will be needed to assess the spatiotemporal stability
of high-risk areas, particularly as quota allocations for
groundfish stocks in the study area are being reduced
(Murphy et al. 2012), with a potential redistribution of
fishing effort and subsequent areas of seabird-fishery
interaction. In addition, environmental variability and/or
climate-induced alternations to the ecosystem could
modify current habitat use by fishers and Great Shear-
waters (Genovart et al. 2013; ICES 2013). Our approach
of combining multiple data sources, collected over broad
spatial and temporal extents, represents a cost-effective
method to identify priority areas and/or fishing practices
for bycatch mitigation in this and probably other species
of seabirds.
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