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Abstract
In the U.S. western Atlantic Ocean, North Atlantic right whales Eubalaena glacialis are subject to gear entangle-

ment in fixed-gear vertical line fisheries, with mortality risk increasing with line strength and spatial density. U.S. fed-
eral management agencies have mandated vertical line strength limits (235.033-kg-m [1,700-ft-lb] breaking strength)
to curtail the injury and mortality risk that entanglement poses to right whales. Limiting the strength of vertical lines
used in the trap fishery for American lobster Homarus americanus, however, could negatively impact the economic
resilience of New England fishing communities if it forces the purchase of new equipment or increases the incidence of
break-offs and lost gear. We provide a novel look at the spatially distinct vertical line strength requirements for the
Maine American lobster trap fishery. The hauling load requirements of the fishery were modeled using measurements
of strain put on vertical lines used in typical lobster trap operations to determine the minimum strength necessary to
fish safely and avoid dangerous line breaks. New regulations on minimum trawl lengths (number of traps fished per
vertical line) taking effect in 2022 will cause increases in lobster fishery vertical line loads across all fishing grounds,
considerably increasing with depth and distance from shore. Our models indicated that inshore areas can be safely
fished with vertical lines within the recommended whale-safe 235.033-kg-m (1,700-ft-lb) breaking strength specifica-
tion, whereas the offshore lobster fishery will need a suite of measures beyond line strength reductions to reduce entan-
glement risk and mortality of right whales. We provide guidelines for the minimum line strength necessary for fishery
operations, which can be used to inform management goals that balance the need for a sustainable lobster fishery and
the conservation of right whales.

Fixed-gear fisheries support some of the most valuable
crustacean landings in North America, occurring across
the northeastern USA and Atlantic Canada (NMFS

2020). These fisheries also represent the greatest cause of
human-induced injury and mortality to the critically
endangered North Atlantic right whale (NARW)
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Eubalaena glacialis, with ship strikes being the second
most frequent cause (Knowlton et al. 2012; Kraus et al.
2016; Pettis et al. 2021). Right whale entanglement has
been linked with several novel, unusual mortality events in
Canada resulting from a shifting right whale population
distribution; these events killed between 7% and 17% of
the total NARW population over a span of 3 years
(Meyer-Gutbrod et al. 2021; Pace et al. 2021; Pettis et al.
2021). Right whale entanglement not resulting in mortality
is expected to be a major contributor to reduced fitness,
reduced size at age, and historically low calving rates (Pet-
tis et al. 2021; Stewart et al. 2021). In 1990–2010, the
NARW population experienced a window of recovery
from historic lows, but since 2010 it has been in decline,
with an estimated current population of 366 individuals
(Pace et al. 2014, 2017; Pettis et al. 2021). Considering the
current NARW population size and the potential for

entanglement events to cause continued injury and mortal-
ity, entanglement mitigation efforts are a necessity.

Within the Gulf of Maine (GoM; Figure 1), vertical
lines that pose entanglement risk are overwhelmingly
represented by the trap fishery for American lobster
Homarus americanus. The exact risk to NARWs from the
variable vertical lines used by the American lobster fishery
is understudied. Risk assessments generally try to capture
the likelihood of spatial overlap between whales and traps
as well as the effects of entanglement severity when they
occur (NOAA 2020). Calculated risk assessments using
vertical line strength, density, and spatial distribution
along with spatial co-occurrence of vertical lines used in
trap/pot fisheries and NARWs show a need to reduce
entanglement risk by 60% to bring injury and mortality to
acceptable levels (Johnson et al. 2005; Knowlton et al.
2016; NOAA 2020). Within the GoM, reductions in

FIGURE 1. Study area in the Gulf of Maine on the East Coast of the USA.
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vertical line density and strength constitute a powerful
method to reduce risk, as NARW densities are low and
their transit paths through the GoM are unpredictable
(Davis et al. 2017; Meyer-Gutbrod et al. 2021). The final
federal rule to reduce the severity of NARW injuries and
the frequency of mortalities that result from entanglement
targets the breaking strength and spatial density of vertical
lines used by the American lobster fishery (NMFS 2021);
however, the line strength requirements for the fishery
have not been comprehensively evaluated.

The entanglement problem remains unsolved, partially
due to the lack of information on the spatial distribution
of entanglement events. The distribution of NARWs is
extremely variable, with high variance in seasonal occu-
pancy across the GoM over time (Davis et al. 2017). The
frequency of right whale migration is dependent on sex,
age, and food availability (Gowan et al. 2019). Right
whale distribution is shifting from historic ranges further
north in pursuit of ideal prey—calanoid copepods—result-
ing in shorter residence times within the GoM (Meyer-
Gutbrod et al. 2021). Sublethal entanglement events are
common, with 82.9% of adult NARWs bearing entangle-
ment scars, while gear is rarely retrieved from whales that
are killed by entanglement (Johnson et al. 2005; Knowlton
et al. 2012). This shortage of recovered gear makes it diffi-
cult to attribute entanglement events to a specific fishery
area; attribution may be enhanced by the new gear mark-
ing rules, but it is unlikely that NARW mortalities will be
discretely attributable in time for any immediate manage-
ment action. The difficulty in attributing entanglement to
a distinct fishery or spatial source has forced risk reduc-
tion proposals to take broad action across the range of
this animal to reduce entanglement risk. It is difficult to
propose effective risk reduction measures across the range
of the NARW while fishing practices and gear require-
ments are not spatially uniform, especially within the
diverse American lobster fishery found in the GoM
(McCarron and Tetreault 2012).

The American lobster fishery represents the most valu-
able single-species fishery in the United States (NMFS
2020). Within the GoM, this fishery is uniquely composed
of thousands of owner–operator vessels fishing diverse
gear configurations (McCarron and Tetreault 2012). Man-
agement measures regulating the allowed vertical line
strength within this fishery could cost licensed fishers
heavily, as new lines or weak links must be purchased to
bring gear within specification. The proposed regulations
have been the focus of a cost–benefit analysis, with the
cost of compliance and lost fishing revenue of US$9.8–
19.2 million across affected fisheries (NMFS 2021). Fisher
preferences regarding trawl lengths and total trap limits
are highly variable, with the fisher response to these man-
agement measures being difficult to predict (Acheson
2001). Without spatially explicit knowledge of the gear

requirements for fishing in the GoM, proposed regulations
may (1) increase the risk of line breaks and make fishing
more unsafe, (2) have unforeseen effects on fisher behav-
ior, and (3) result in expensive gear loss in parts of the
GoM. Gear lost to parted vertical lines can occasionally
be recovered but often result in an expense to fishers and
a risk to benthic organisms as “ghost” gear (Goodman et
al. 2021). Knowledge about the gear configuration prefer-
ences of fishers across the GoM could influence manage-
ment to consider alternative NARW risk reduction
measures that minimize safety risks to fishers, as well as
minimizing the economic impact of changes to gear
configuration.

The modern fishery for American lobster has low social
resilience to cope with extreme changes in landings or
potentially strict management changes; extreme or unfeasi-
ble requests from management agencies may have outsize
effects on this fishery (Henry and Johnson 2015). Model-
ing the relationship between lobster gear requirements and
the oceanographic parameters of the local environment
will provide a novel description of the fishing gear land-
scape in the GoM. This landscape can be used to validate
currently untested assumptions about fishing gear and
effort, guiding regulations that balance the needs of a sus-
tainable lobster industry with risk reduction for the endan-
gered NARW.

The American lobster fishery operates across large spa-
tial scales, pursuing a shifting lobster distribution that
changes seasonally—and, more broadly, with climate
change (Chen et al. 2005; Tanaka and Chen 2015). Like-
wise, the fishery operates at variable densities and with a
variety of trawl lengths spatially and seasonally to pursue
shifting lobster distributions (Kelly 1993; McCarron and
Tetreault 2012). We propose that the most effective way
to categorize the needs of the fishery is to account for the
oceanographic and gear configuration variables that influ-
ence the vertical line strength needs of GoM fishers by
modeling the load and line requirements for the fishery
across the GoM.

Gear specifications are variable across fishers and areas
and must be accounted for to accurately forecast industry
needs and regulatory impacts. Federal right whale risk
reduction rules use a 235.03-kg-m (1,700-ft-lb) breaking
strength maximum for all or part of the vertical lines used
in these fisheries to limit the potential for serious injury
and mortality of NARWs in cases of entanglement
(Knowlton et al. 2016; NOAA 2020). The feasibility of
implementing these weak links across management zones
is untested, and the current breaking strengths of lines
used in the fishery are an unknown point of assumption,
as identified by the Atlantic Large Whale Take Reduction
Team (ALWTRT 2017).

In this study, we assess the typical loads to which mod-
ern lobster gear is subjected across the GoM as the gear is
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hauled. Using load cells, we captured the actual load as
different gear configurations were fished across multiple
fishing and geographic conditions. This method of quanti-
fying local fishing practices can support regional gear
modification regulations rather than blanket regulation.
Using generalized additive models (GAMs), we predicted
the minimum vertical line strength requirements spatially
across the GoM. We also generated recommendations for
(1) areas that can safely fish with vertical lines that are
within the recommended breaking strength specifications
and (2) areas that need a suite of measures beyond line
strength reductions to reduce entanglement risk and
mortality.

METHODS
This study used data collected by volunteer fishers

across Maine, New Hampshire, Massachusetts, and
Rhode Island (Figure 1). Volunteers were solicited by the
University of Maine, FB Environmental, the Maine
Department of Marine Resources (DMR), and local
stakeholder organizations from 2018 to 2020. Volunteers
were solicited by a mixture of local management meetings,
cold calls, event outreach, and stakeholder group involve-
ment, relying on local industry knowledge to direct our
efforts. Outreach was directed to best represent the gear
variety seen within the American lobster fishery in the
GoM, fishing at variable depths with a variety of gear
configurations. Volunteers were chosen opportunistically
based on (1) availability to adapt their fishing methods to
the use of a load cell and (2) willingness to participate.
The final data set included 635 hauls worth of data from
16 different lobster fisher volunteers. This selection of fish-
ers and representative hauls covered a wide range of trawl
lengths, depths, and spatial areas (Supplementary Table 1
available separately online). Since the relationship between
load and gear parameters is a physical correlation, encom-
passing the full variety of trap configurations across spa-
tial scales is an important data consideration.

For effective model outputs, we required quantitative
data on the actual load to which fixed gear is subjected
while being fished in the GoM. This load data must be col-
lated with appropriate environmental variables to quantify
their effects on load. Volunteer fishermen were asked to
complete a load cell characterization sheet and to provide
data on vessel size, hauler size, sea state, the management
zone in which they were operating, distance from shore,
depth fished, average number of traps fished per trawl,
groundline spacing between traps, weight of traps, anchor
weight (if used), vertical line rope (diameter, type, and
brand), and scope (the additional length of line beyond
depth, used to account for tidal pull), as well as the presence
of knots and splices in the vertical line. Distance from shore
was binned into commonly used state-recognized

management zone bins of 0−5.556 km (0–3 nautical miles
[nm]), 5.556−22.22 km (3–12 nm), and 22.22 or more kilo-
meters (12+ nm) from shore. These generalized bins were
chosen rather than specific latitude–longitude coordinates to
reduce the burden of data recording on fishers and encour-
age participation in a fishery where fishing spots are well
guarded (Acheson 2001). The line 11.11 km (6 nm) from
shore was developed with the new federal regulations to pro-
vide additional specificity to trawl minimum areas. The
11.11-km (6-nm) line was not commonly used as a manage-
ment tool during the period of data collection and was not
used to bin data until the incorporation of the new trawl
rules.

Load cells were fixed to the vessel at the point where
the davit joins the hauling block. The davit acts as an arm
and supports the hauling block over the water, where the
load cell can accurately represent the downward pull of
the line over the hauling block (pulley). The load cell con-
tinuously recorded the actual load as gear was hauled over
the block, giving an output of the total force load on the
line in foot-pounds at time intervals of approximately 3
readings/s over the course of the haul. Data were transmit-
ted through a receiver onto an onboard laptop via soft-
ware provided by the load cell manufacturer (Load Cell
Central, Milan, Pennsylvania). Fishers were encouraged to
run as many hauls as possible with the load cell; however,
the increase in hauling block length resulting from the
load cell restricted the efficiency of some hauling opera-
tions and reduced the volume of hauls possible for many
fishers. When use of the load cell was completed, data
were pulled from the computer and forwarded to the Uni-
versity of Maine for quality control and analysis.

Load cell data arrived as CSV (comma-separated
values) files with time stamps. Individual CSV files were
analyzed to ensure that no partial hauls or corrupted data
were included. Load cell run time was then edited into dis-
crete individual haul sessions. R programming language
code developed by the Maine DMR was used to build
plots of load across haul length. The position of the verti-
cal line was identified as all lines between the surface buoy
and the first trap to come aboard the fishing vessel. Trap
positioning was identified on load plots as dips following
spikes in the smoothed load rating. To ground-truth our
data analysis process, observers from our research partner,
FB Environmental, accompanied the load cell users and
took notes on hauling methodology, trap timing, hang-up
events, and snarl events, with precise spatial coordinates.
These observer ground-truthing data were used to validate
our methods. Time stamps indicating when the first trap
came aboard found the dip-and-peak trap identification
method to be effective for identifying the approximate end
of the vertical line.

The point of maximum load on the vertical line varies
with hauling factors like depth and the occurrence of
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hang-ups and snags on the seafloor. Load on the line was
calculated by applying a conversion factor to the load cell
output, allowing us to account for the multiplication of
force as the line is hauled over the hauling block.
Although the angle of the line over the block is variable
depending on gear and vessel positioning and is influenced
by wave and tidal action, we assumed an average of 90°
when applying the conversion to these data. This angle
conversion choice was validated by onboard observers as
representative of typical hauling behavior. The conversion
represented the physical formula (hauling stress/angle fac-
tor= true load). Conversion was performed with a multi-
plication factor of 0.7092, representing an angle factor of
1.41 that was taken from published block load multiplier
engineering tables (Crosby Group 2013). Data were con-
verted to metric units postanalysis.

Once identified, the maximum load experienced on the
vertical line per haul was collated with other hauling
information provided by the fishermen. These variables
represent spatial identifiers (state, management area, and
distance from shore), oceanographic parameters (weather,
sea state, and depth), and fisher gear configuration data
(vessel size, hauler size, traps per trawl, groundline spac-
ing, scope, use of anchors, trap weight, rope diameter,
presence of knots and splices, percent floating line, and
additional room for individual comments). Due to the
independent deployment of load cells with fishers, accu-
racy and fulfillment of these gear configuration data var-
ied between fishers and between hauls. Additional quality
control and follow-up with fisher volunteers to ensure the
accuracy of these data were required, and some fields did
not receive sufficient responses for meaningful analysis.

To supplement the spatial coverage of our load cell
data and to account for variable fisher trawl length config-
urations across the GoM, observer data from the Maine
DMR lobster survey program were sourced. These data
represent the effort of Maine DMR observers sampling
biological data across the fishery. For our modeling pur-
poses, depth, trawl length, and latitude–longitude position-
ing were taken from this data set. Incorporating this data
set gave us the typical trawl lengths in Maine waters
fished at a higher spatial resolution than the distance-
from-shore bins used for the load cell data. We used a
data subset that included the time frame of 2009–2019 to
best represent modern fishing trends. Additional quality
control was performed after data reception; trawl lengths
over 40 traps, or long trawl lengths in atypically shallow
water (e.g., 40 traps in 9.14 m [5 fathoms]), were assumed
to be sampling error and removed as they did not match
the known behavior of the fishery.

This study assumed that the relationship between gear
and oceanographic parameters remains relatively constant
over time and space. This is reasonable due to the rela-
tively static nature of fixed-gear lobster fishery methods

(Chen et al. 2005), as lobster traps have not functionally
changed within the past two decades, and fishers set vari-
able amounts of the same gear—not different gear—across
spatial scales (McCarron and Tetreault 2012). For discus-
sion purposes, this study also uses the Maine state and
federally designated lobster management zones and
distance-from-shore bins to make results more easily com-
parable to state and federal proposed rules.

Although data were collected with industry partners
from coastal states across New England, we have limited
the scale of this article to the Maine coastline. This decision
was made to ensure that our assumptions would reflect the
behavior of the fishing fleet. Data and products were rou-
tinely presented to lobster zone council meetings to solicit
fisher feedback, which was incorporated into model deci-
sion making as much as possible. Zone council meetings
are composed of fishers, management staff, nonfisher lob-
ster industry members, and the public. These meetings exist
to advise state management and settle issues within the fish-
ery. Zone council members and meeting attendees were
asked to describe whether they felt that the samples were
representative of their fishing effort. Although we were
restricted to the fishers that attended these meetings, those
in attendance felt comfortable with the representation of
our sampling distribution. This scientist–fisher relationship
was not as available for states other than Maine.

Due to differences in state fisheries, some of the assump-
tions made about gear configuration in trawl length model-
ing were inappropriate for areas outside of Maine waters.
The relationship between inshore and offshore fishing effort
for states like Massachusetts is influenced by productive but
distant offshore grounds like Georges Bank (NOAA 2020).
Although all states have inshore fisheries, the variability in
total number of fishers, as well as the ratio of inshore to
offshore fishers, varies widely across states and may have
unique impacts on territoriality and fishing methodology
that we were unable to quantify. Other New England states
have large-scale seasonal closures driven by variable rates
of NARW residency (NOAA 2021), and these closures
influence fisher behavior. Results may be applied across the
scale of the American lobster fishery if spatial fishery
behavior changes are later proven to be inconsequential.

Maps of management zones were sourced from the
Maine DMR. Bathymetric data for the GoM were
sourced from the National Oceanic and Atmospheric
Administration (NOAA) ETOPO1 Global Relief Model
(NOAA National Geophysical Data Center 2009) to pro-
vide high-resolution depth data. Whale safety regulations
were taken from the NOAA amendment to the take
reduction plan published in 2021 (NMFS 2021).

Data were analyzed within R version 4.0.2. Multicolli-
nearity tests were used to identify collinear variables. Vari-
ables were plotted into correlation matrices to show the
level of collinearity between variables (Picard and Cook

REDUCTION OF WHALE ENTANGLEMENT RISK 5 of 14



1984). In this study, collinearity was found across a large
proportion of variables (Supplementary Figure 1 available
separately online). This is expected, as fishers tailor their
gear type to the environment in which they fish. Fishers
seemed to naturally settle into binned groups across vari-
ables, fishing unified tiers of trap weights, anchor weights,
hauler sizes, traps per trawl, and groundline spacings
depending on the spatial area they fished. Variance infla-
tion factors show a corollary effect, and the vessel size,
anchor size, anchor use, and groundline spacing variables
were shown to have high collinearity with other variables.
Anchor use and groundline spacing were excluded from
the final model due to collinearity with other chosen vari-
ables as well as difficulty in modeling these data spatially
at a meaningful scale.

Vessel and hauler sizes were highly correlated with
depth. Larger vessels are better suited to fish offshore
waters and long trawl lengths due to increased deck
space and fuel capacity. It is intuitive that these vessels
fishing long trawls would be subject to higher load
requirements; due to the collinear nature of these vari-
ables, vessel size and hauler size were not used in the
model so as to preserve depth as a highly explanatory
variable. If there are significant changes to fishing
methods, this assumption should be re-evaluated.
Groundline spacing (i.e., the distance between traps on a
trawl) and the use of anchors were so closely tied to
depth and trawl length that these variables were also
excluded from model training. The remaining variables
were tested for outliers via histogram comparison and
were groomed appropriately. Variables were tested for
the reaction of residuals and fitted values to judge their

contribution to model fit and model-specific Akaike’s
information criterion (AIC) and were eliminated by a
backward approach (Figure 2; Supplementary Figure 2).

The mgcv package in R was used to run a series of
models based on explanatory variables described by fisher-
men, with load being the response (Wood 2011). The
mgcv package’s default parameters were selected, and
thin-plate splines were used for automatic smoothing of
model terms (Wood 2011). Generalized additive models
were applied due to their ability to incorporate nonlinear
relationships (Guisan et al. 2002). Likewise, GAMs exhibit
robustness to random effects (Guisan et al. 2002), which
we may consider as differences between hauling speed and
fishing methodology occurring on a small scale between
individual fishers. Generalized additive mixed models were
used to capture this difference, but the result was nonsig-
nificant when tested with the study data.

Although lobster fishing effort is known to vary spa-
tially with year and season, trawl length is poorly repre-
sented in many historical effort surveys. To best represent
the modern distribution of gear configurations within the
GoM, or the “as-is” case, sampling data from the annual
Maine DMR observer lobster survey for the years 2009–
2019 were used in a GAM to predict a continuous spatial
grid of trawl length. Since the American lobster fishery is
considered a pursuit fishery (Chen et al. 2005), the fishing
behavior of the fleet is variable with lobster distribution
and season. This 10-year period was chosen to best repre-
sent the recent actions of the fleet averaged annually. A
GAM,

Trawl length ∼ S Depthð Þ þ S Latitudeð Þ þ S Longitudeð Þ,

FIGURE 2. Residual distribution plots for smoother terms of the most explanatory covariates. The residuals for mean depth (fathoms), traps per
trawl, average wave height (ft), and average trap weight (lb) are displayed.
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was used to predict the number of trawls fished at a given
location based on depth and spatial association using the
Maine DMR survey data, applying a predicted trawl
length for every depth point within the GoM study area
based on smoothed input data. The predicted trawl
lengths were capped at a 40-trap trawl maximum to give
reasonable bounds to the predictions, which included some
deep areas off the continental shelf that are poorly
exploited by the fishery and may not hold to the previous
assumptions of the fishery if heavy exploitation begins
there.

A Tweedie family GAM was chosen to best describe
the distribution of the response between the variables cho-
sen and load when compared to Gaussian and Poisson
distribution families. Shapiro–Wilk and AIC testing were
used to determine the normality and compare alternative
variable GAM combinations. Model fitness was validated
against the data by using root mean-square error (RMSE)
to gauge the fit of the model to resampled test data. The
spatial traps per trawl modeled output from the previous
model was used as an input to describe fisher trawl length
behavior in this overall predictive model using the follow-
ing GAM:

Vertical line load ∼ S Depthð Þ þ S Traps per trawlð Þ

þS Wave heightð Þ þ S Trap weightð Þ,

and vertical line load according to these trawl length dis-
tribution data was predicted over space. Different outputs
were produced for the baseline trawl length model output
as well as the new NOAA rule-making trawl length
minima.

To explore the results of implementing the new trawl
length minima across the GoM management areas, we
overlapped management area delineation spatial polygons
on bathymetry maps, applying the NOAA trawl rules to
their prescribed regions. The new rule differs from the pro-
posed rule by having greater variation in trap minima
across management areas. These rules enact a trawl length
limit of 2–3 traps/trawl from the exemption line to within
5.556 km (3 nm) of shore, 5–10 traps/trawl from 5.556 to
11.11 km (3 to 6 nm) offshore, and 10–20 traps/trawl from
11.11 to 22.22 km (6 to 12 nm) offshore (NOAA 2020;
NMFS 2021). The remainder of Lobster Management Area
1 (LMA1) occurring outside of Maine state waters (≥22.22
km [≥12 nm]) had the proposed 25-trap trawl minimum
applied (Supplementary Figure 3). This analysis was con-
tained to LMA1 to restrict our analysis to the location of
most industry activity and likewise our highest fidelity data.
These maps were created using the sp, tidyverse, and rgdal
packages within the R programming language. Using the
proposed trawl length rules, vertical line load was predicted
with the best model. The predicted loads under the new

trawl length scenario were compared to the “as-is” loads to
demonstrate potential changes in fishing gear configuration
and experienced loads within state management areas
resulting from rule implementation.

Some of the variables could not be predicted as a con-
tinuous spatial grid. We were unable to effectively map
the distribution of trap weights across the GoM with the
data available; therefore, we used a fixed standard 31.75-
kg (70-lb) trap weight across space. This represented the
trap weight most commonly fished by our volunteers.

Industry volunteers reported hauling in sea heights from
0.3 to 2.13 m (1 to 7 ft), with 0.91−1.22 m (3–4 ft) being
the most common. Given the difficulty in preparing models
that were inclusive of all possible weather outcomes, we
applied a standard 0.91-m (3-ft) wave height across space.
Model testing showed an increase in load of approximately
5.5% across all load predictions with a wave height of 2.13
m (7 ft) relative to the 0.91-m (3-ft) average. We did not
have any volunteers recording haul data in extreme weather
conditions, thus restricting us from making assumptions
about hauling loads in extreme weather.

RESULTS
Although lobster fishing effort varies spatially with year

and season, trawl length is poorly represented in many his-
torical effort surveys. The model responsible for predicting
trawl lengths represents our best knowledge of current trap
distribution trends as typically fished by the lobster indus-
try over the past 12 years based on observer data (Figure
3). The relationship between trawl length, distance from
shore, and depth is intuitive and was representative of
industry behavior based on fisher feedback. The trawl
length model predictions were useful for projecting the cur-
rent load landscape across the GoM; when this informa-
tion is combined with a high-resolution spatial image of
trawl length from observer data (Figure 4), we can perform
analysis on spatial gear requirements. There were no sig-
nificant differences between loads across management
areas outstanding from differences in oceanographic
parameters. Depth fished, traps per trawl, wave height,
and trap weight were determined as the most important
variables for explaining the response variable (load on the
vertical line). This subset of variables was confirmed by
AIC comparison. This combination of variables produced
a predictive model with the lowest comparative AIC while
maintaining a variance inflation factor below 3 for all cho-
sen variables. The RMSE for all models ranged from 800
to 900. Testing the models with training resampled data
showed a minor change in RMSE, indicating that the
model was neither underfit nor overfit but was constrained
by the data. Shapiro–Wilk normality testing of the resid-
uals revealed a P-value of 1.168 × 10−5, which is extremely
low and suggests a nonnormal distribution. The vertical
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line load GAM explained 95.2% of the variation in line
load using trap count, depth fished, wave height, and trap
weight (Table 1). This high level of deviance explained is
reasonable given the physics-based nature of the model.
This combination of variables presents the best relation-
ship that offers precision while also making the model
robust for predicting across different gear configurations
and depth range.

We used generalized additive mixed models to test the
variation between fishing styles/fishers as a meaningful con-
tributor to load; however, these models failed to capture any
individual variation across fishers. This suggests that the
homogeneity of fisher hauling behavior is sufficient to avoid
contributing significantly to load differences across fishers.

We used a model to predict vertical line load spatially by
using the spatially explicit trawl lengths from Maine DMR

FIGURE 3. Distribution of trawl lengths (number of traps per vertical line) fished across the Gulf of Maine, predicted by a generalized additive
model based on Maine Division of Marine Resources observer data. Lines represent management zones (lettered in black text) and distance from
shore at the exemption line to 5.556 km (3 nm), 5.556−11.11 km (3–6 nm), and 11.11−22.22 km (6–12 nm) offshore (as labeled). The modeled result
shows a highly variable trawl length distribution, with an increasing trend moving offshore.

FIGURE 4. Predicted vertical line load (kg-m and ft-lb) for the base case trawl length scenario. Black lines represent the management zones depicted
in Figure 3. The predicted loads follow the prescribed trawl lengths at depth. The color scale is based on the proposed 235.033-kg-m (1,700-ft-lb) line
strength limit for reducing whale entanglement risk, with areas in shades of red exceeding 235.033 kg-m (1,700 ft-lb) during typical hauling behavior,
increasing with color intensity.
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observer data (Figure 3). Overall, we observed an increase in
load with increasing trawl length (weight) across depths.
Trawl lengths were highly variable by depth as well as man-
agement area, reflecting fisher conformity to oceanographic
variables as well as fisher choice. Using the modeled trawl
lengths from Figure 3, we predicted the vertical line load
maxima spatially to produce the map in Figure 4. The color
gradient accentuates the difference between areas fishing
within the 235.03-kg-m (1,700-ft-lb) safety margin and areas
where that load allowance is exceeded. Far below the 235.03-
kg-m (1,700-ft-lb) threshold, the low loads inshore pose no
serious problem from a shift to weaker lines. The shift from
white to red area in Figure 4 occurred where hauling loads
exceeded the widely accepted 235.03-kg-m (1,700-ft-lb) safety
margin for whales. From the 11.11-km (6-nm) line to the
extent of the LMA1 zone, loads commonly remained around
the 235.03-kg-m (1,700-ft-lb) mark or went well over that
weight threshold, and those areas will have trouble conform-
ing to 235.03-kg-m (1,700-ft-lb) line regulations without com-
promises in trawl length from the base case.

Vertical line reduction plan trawl minima were applied to
the modeled trawl lengths to present areas of load increase
under the new management scheme (Supplementary Figure
3). A direct comparison of current and post-proposed rule
implementation showed significant areas of load increase
(Figure 5). To highlight the variation between rule implemen-
tation and the “as-is” case, the difference between these sce-
narios was isolated as well. The consistent increase in load
from the 5.556-km (3-nm) line and further offshore suggested
that these new trawl minima will require stronger lines. The
management tactic of reducing the total volume of lines in the
water will have the trade-off of fewer, albeit stronger, lines.

DISCUSSION
Given the high fit of this model, predictions about the

load requirements for fishery operation in a variety of

trawl length configurations across depth strata can be con-
sidered accurate to fishery behavior. This load study has
been used to ground-truth some assumptions within the
different NARW risk reduction plans of what loads are
feasible for different areas.

Increasing the number of traps per trawl allows fishers
to utilize the same number of traps with fewer vertical
lines. While hauling the gear, the increasing load with
increased trap count would suggest that there is an
anchoring or drag effect from having more traps on a
string. Previous dialogue with fishers had suggested that
while hauling gear at the same depth, no matter the trawl
length, there should be a relatively fixed number of traps
suspended in the water column, supplying most of the
resistance and driving the variation in line load. Although
the number of traps suspended is fixed by depth and trawl
length, traps on the ground provide resistance when
dragged toward the hauling vessel. The presence of
dragged gear was much more pronounced than anticipated
and increased load significantly on longer trawls at any
depth.

The presence of a substantial drag factor when hauling
longer trawls creates the need for stronger vertical lines
when considering “trawling up” to reduce the total
amount of rope in the water. This presents some risk to
NARWs, as regions with increased trawl minima will have
fewer but stronger vertical lines. The subsequent increase
in load and need for stronger lines must be considered
when calculating the total risk reduction. Some alternative
gear configurations have been proposed during Atlantic
Large Whale Take Reduction Team meetings, such as
increased lengths of groundline between the first and sub-
sequent traps to reduce the dependency on strong vertical
lines for increased trawl lengths (NOAA 2021). These
increased groundline length proposals could become a crit-
ical component of reducing vertical line strength in off-
shore, high-trawl-length areas.

TABLE 1. Comparison of P-values, CIs, R2 values, and Akaike’s information criterion (AIC) for the three tested predictive models of vertical line
load. Model complexity beyond model A did not meaningfully improve AIC or R2. Model A was chosen to best represent the contributors to load.

Predictor or statistic

Model A Model B Model C

Estimate P Estimate P Estimate P

Intercept 512.01 <0.001 530.34 <0.001 486.49 <0.001
Depth <0.001 <0.001 <0.001
Trawl length <0.001 <0.001 <0.001
Wave height <0.001 <0.001
Trap weight <0.001
CI 503.4–520.77 521.32–539.51 478.270–494.86
Observations 441 462 557
R2 0.952 0.944 0.916
AIC 5,259.744 5,571.917 6,713.81

REDUCTION OF WHALE ENTANGLEMENT RISK 9 of 14



The area closest to shore in Maine is exempt from
Atlantic Large Whale Take Reduction Plan regulations.
When this exemption area was created, the National
Marine Fisheries Service determined that NARWs were

unlikely to utilize this rocky habitat close to the coastline.
The Maine exemption area exists almost entirely inside of
the state’s statutory 5.556-km (3-nm) line and encom-
passes about 70% of those state waters. The areas outside

FIGURE 5. Predicted vertical line load (ft-lb) under (A) an “as-is” (base case) scenario and (B) proposed trawl length rule implementation of whale-
safe rules. The color scale is based on the proposed 235.033-kg-m (1,700-ft-lb) line strength limit for reducing whale entanglement risk, with areas in
shades of red exceeding 235.033 kg-m (1,700 ft-lb) during typical hauling behavior. (C) The increase in load from the base case scenario is isolated to
the new trawl minima; only the increase in load resulting from the new rule implementation is shown, increasing with color intensity. The black lines
represent the lobster management delineations presented in Figure 3.
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of the exemption zone but within the 5.556-km (3-nm) line
have new trawl minima; however, the minima do not
exceed the trawl lengths already fished there. We do not
expect any significant change in hauling loads for those
areas. Hauling load largely stays below 138.26 kg-m
(1,000 ft-lb) within the Maine exemption line and in the
area between the exemption line and the 5.556-km (3-nm)
demarcation.

Within the areas 5.556−11.11 km (3–6 nm) from shore
(the 11.11-km [6-nm] line is defined within the Atlantic
Large Whale Take Reduction Plan), loads started to
approach the 235.033-kg-m (1,700-ft-lb) limit in deeper
waters. These are the first areas that show pronounced
increases in load under the new trawl minimum rule, with
loads increasing by 13.83−41.48 kg-m (100–300 ft-lb) con-
sistently from the base case. Hauling strain could
approach or exceed the 235.033-kg-m (1,700-ft-lb) limit
when the loads under new trawl minima combine with
unusual circumstances, such as gear hang-ups, setovers
with other fishing gear, or extreme weather conditions.
This is most pronounced in the 5.556−11.11-km (3–6-nm)
section of zone A (Figure 3)—a direct result of the special-
ized higher trawl minimum in that area.

The 11.11−22.22-km (6–12-nm) fishery routinely experi-
ences hauling loads over 235.033 kg-m (1,700 ft-lb) and
likely would be unable to come within that specification
given current fishing gear configurations and practices.
Zone C (Figure 3) is likely to experience increased loads
across the board, as the specialized rule for this area
would involve a 20-trap minimum—much higher than our
modeled trawl length base case for this zone. Other than
zone C and some areas of zones A and G, there will be
little change from the base case to fishers operating in the
11.11−22.22-km (6–12-nm) area.

Offshore fishers (≥22.22 km [≥12 nm] offshore) within
LMA1 would likely have to use a suite of measures to
come within desired NOAA suggestions for risk reduction
rather than just a switch to weaker rope. This offshore
area will have the most pronounced increases in load
unders the implementation of a blanket 25-trap minimum,
with massively increased vertical line loads everywhere
except the Wilkinson Basin. Although this may reduce risk
to NARWs by reducing the total number of vertical lines
in areas where the use of a weak, 235.033-kg-m (1,700-ft-
lb) line is impossible, the increases in load there may
exceed the breaking strength of the lines and gear cur-
rently in use by fishers in this area.

To reduce the break-off risk to fishers, the NOAA rule
allows approximately half the trawl minimum per area to
be fished if only using a singular vertical line. This provi-
sion may help fishers who cannot fish the new trawl mini-
mums due to vessel size or gear strength constraints. The
decreased trawl length should decrease loads and help
reduce vertical line break-offs; however, without a

secondary vertical line, break-offs will then have to be
recovered by dragging for gear.

Recommendations must be considered in light of our
model’s gear homogeneity assumptions. Given the fixed
values for wave height and trap weight, these load values
should be considered a best-case scenario, as loads exceed-
ing these values are likely in inclement weather. We noted
an approximately 5.5% increase in predicted load force on
the vertical line when fishing in 2.13-m (7-ft) seas from the
original 0.91-m (3-ft) predictions. Dialogue with fishers
suggested that weather-forced vessel rolling caused this
increase. Vessel rolling, combined with additional diffi-
culty in maintaining best-hauling practices (e.g., maintain-
ing an even angle of approach to minimize dragging gear
in heavy seas), was difficult to fully capture with fair-
weather volunteer data. We recommend extra caution for
safety when making line strength recommendations for
zones that are close to the 235.033-kg-m (1,700-ft-lb) load
limit, such as between the 11.11−22.22-km (6–12-nm) line
and further offshore. An increase in load during an
extreme weather event may cause line parting and mid-
haul gear failure, carrying the potential for fisher injury.
Fishers or management personnel examining these results
must assume that larger loads will result from the use of
heavier traps, foul weather, or changes in the relationship
between anchor use and depth beyond the typical opera-
tional parameters used in the lobster fishery outlined
above.

Hauling methodology was consistent across fishers,
with vessels striving to maintain an even rate of haul while
positioned vertically above the trawl. There was typically
an even increase in load as the vertical line was brought
aboard, although this was highly variable depending on
gear hang-ups, fishing conditions, and trawl length. The
NOAA rule includes provisions for either weak-link inserts
or a 50% vertical line “topper” that increases in strength
from surface to seafloor, which may capitalize on this rela-
tionship to provide some reduced risk to whales. This
could be of particular benefit to risk reduction in inshore
areas, where we have shown a low total load and little
increase in load as a result of new trawl minimum
implementation.

The more drastic changes resulting from longer trawl
lengths at great depth may pose a challenge to fishers
implementing these rules. Implementation of weak rope or
weak links in these deep offshore areas is likely to pose a
high break-off risk, as we predicted loads commonly
exceeding 235.033 kg-m (1,700 ft-lb) in these areas. Imple-
mentation of these trawl minima may pose a break-off
risk even to current gear since the increase is large when
considered both as a flat rate and as a percentage of total
previous load (Supplementary Figure 4).

Changes in the load landscape due to implemented
trawl length minima were expected, and we saw variable
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changes across depth within management areas (Figure 5).
The previous, somewhat smooth gradient of load change
from areas of low load in shallow inshore waters to areas
of higher load in deeper offshore waters was replaced with
more abrupt cutoffs of increased loads along the distance-
from-shore delineations as the new trawl minima were
implemented. In practice, load decreases are unlikely to
occur, as whale protective plans currently only implement
changes to trawl length minima, while fishers may con-
tinue to fish trawl lengths greater than the minimum in
areas where they already do so. To reflect this, trawl
lengths were only changed where they were below the new
minima, while areas where fishers currently fish above the
minimum were unchanged (Supplemental Figure 3).

Results indicated that under the new rules, many fishers
would experience increases in load across the GoM. These
changes were particularly pronounced in areas of greater
depth. Implementation of these trawl minima in offshore
areas will increase the risk of breakaway fishing gear due
to higher loads or will force adaptation costs for fishers
buying stronger lines. If gear loss is common when fishing
the new trawl minima in deep waters, these areas may no
longer be cost effective for fishers to target, thereby effec-
tively closing the area to fixed-gear lobster fishing. Fishers
shift their effort distribution to seek the highest CPUE
outside of closed areas (Hilborn 2018). It is possible that
fishers will redistribute their fishing effort to avoid the
costs of fishing new trawl minima attributed to historic
fishing areas. Displaced effort may change the overall
NARW entanglement risk depending on the likelihood of
whale occurrence in the preferred fishing area. The poten-
tial for a shifting effort distribution ought to be considered
as a point of further study when testing the outcomes of
the new trawl minima.

Further research in this field should more acutely
describe the overlap of fishing effort and NARW distribu-
tion in the GoM. The high variability in NARW seasonal
and spatial residency and transit pathways through the
GoM suggests that management will have to review risk
reduction proposals on an annual basis until NARW
migration patterns are consistently and accurately described
(Wikgren et al. 2014; Meyer-Gutbrod et al. 2021). The
American lobster fishery exhibits strong seasonal variation
in effort scale and distribution, posing variable risk to
NARWs as their temporal residency patterns change. We
expect that a comparison of shifting NARW distributions
with the load landscape described here could yield informa-
tion on areas of high entanglement severity as well as areas
where lobster fishing and NARWs fail to overlap.

Efforts to describe the overlap of fishing effort and
NARWs could utilize the impending mandate for fishing
vessel monitoring systems in federal waters to improve the
spatial resolution of trawl areas fished. This potential data
stream or a modern comprehensive study of gear

distribution within the GoM may better inform manage-
ment decision making on spatial risk for NARWs. With
regard to Figure 4, it is important to note that fishing effort
is not uniform across the GoM. The majority of the Ameri-
can lobster fishing fleet operates within 5.556 km (3 nm) of
shore (McCarron and Tetreault 2012). When quantifying
risk to NARWs, it is important to consider the relative
high density of low-load lines inshore as well as the lower
density but relatively high-load lines in the 5.556−22.22-km
(3–12-nm) and offshore areas. The ability of the inshore
fishery to comply with the new trawl minima generates a
marked reduction in risk to NARWs and, thus, a potential
benefit to fishers by avoiding an NARW mortality-induced
fishery closure. Areas beyond the 22.22-km (12-nm) bound-
ary overwhelmingly exceed 235.033 kg-m (1,700 ft-lb) under
rule implementation, and break-off risk is high if fishers are
forced to implement the weak, 235.033-kg-m (1,700-ft-lb)
rope under the new trawl minima. Changes in fisher behav-
ior, such as targeting more shallow, low-load-inducing envi-
ronments, may be required if fishers want to avoid gear
loss and maintain entanglement risk reduction goals.

Management decisions that are intended to reduce risk
to NARWs by increasing minimum trawl lengths and
reducing the overall number of vertical lines in the water
must also consider the capacity of the fleet to operate
within these new rules. Changes to trawl length minima
may cause fishing effort displacement or shifts in fishing
methodology, with unforeseen effects on overlap between
whales and fishing gear. Inshore vessels fishing historically
low-load environments are typically smaller vessels
(McCarron and Tetreault 2012) and may not have the deck
size to fish the newly mandated trawl length minima safely.
Although some flexibility for small vessels is included in the
provision allowing half trawl length for a single vertical
line, the possibility of lost gear without a secondary vertical
line may drive fishers to conform to the higher trawl min-
ima. This study has occurred simultaneously with manage-
ment proposals calling for sweeping changes to trawl
lengths and fishery behavior in the GoM. As management
continues to develop and refine risk reduction proposals,
the outlined mechanisms between trawl length, depth, and
drag force on load should be considered, with the entangle-
ment severity implications of stronger lines balancing the
benefit of reduced numbers of lines. Applying these lessons
to other fixed-gear or high-bycatch fisheries, it appears pru-
dent to maintain modern fishery gear distribution data so
that management can react swiftly and with minimal detri-
ment to fishing communities when crises like endangered
species mortality occur.
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