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ABSTRACT

Despite the global scale of gillnet bycatch, universal measures that effectively reduce bycatch
of seabirds in gillnets have not been found. Bycatch in coastal gillnet fisheries is an ongoing
threat for several seabird species. Strategies to reduce seabird bycatch in gillnet fisheries
were evaluated, focusing on the effectiveness of time-area fishing restrictions and
gear-switching to meet seabird conservation objectives, ensure fisher acceptance, and avoid
unintended consequences. A review of case studies showed that variations in the spatial
and temporal distributions of target and non-target species may cause a mismatch between
time-area regulations and high bycatch, but consideration of bycatch species behavior can
help define effective fine-scale spatial and temporal measures. The potential for meeting
conservation objectives through gear-switching is promising, with some further development
needed for successful application. Combining measures (e.g., time-area fishing restrictions,
gear-switching, visual and acoustic deterrents) may be feasible in some regions, if fine-scale
spatial and temporal information about the overlap of seabirds and gillnet gear is available.
A holistic approach to reduce seabird bycatch in gillnets, including understanding of seabird
biology, habitat preference, and feeding ecology combined with information about fishing
activity, target species, and socioeconomic impacts provides a framework to develop
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mitigation measures.

Introduction

Bycatch of seabirds in gillnet fisheries has been rec-
ognized as a conservation concern since the 1970s
(Tull et al. 1972; King et al. 1979) with increased
attention focused on estimating bycatch-induced mor-
tality and bycatch mitigation measures over the last
two decades (Bull 2007; Zydelis et al. 2013; Northridge
et al. 2017). Despite the global scale of gillnet bycatch,
management procedures that are generally effective
for reducing bycatch of seabirds in gillnets have not
been found (Zydelis et al. 2013; Wiedenfeld 2016;
Field et al. 2019). Challenges to mitigating seabird
bycatch in gillnets include the variety of birds sus-
ceptible to gillnet gear (Sonntag et al. 2012; Zydelis
et al. 2013), the broad range of fishes targeted by
gillnets (Almeida et al. 2017; Carneiro et al. 2020),
and the diversity of gillnet fisheries (Northridge
et al. 2017).

Seabirds serve an important role in marine ecosys-
tems (Croxall et al. 2012) and have potential to serve
as bioindicators of ecosystem health (Parsons et al.
2008; Durant et al. 2009). Nearly one third of all
seabird species are globally threatened, and fisheries
bycatch has substantially contributed to the decline
in seabird populations (Dias et al. 2019). Bycatch of
pelagic seabird species in longline and trawl fishing
gears has been extensively studied (Lewison et al.
2005; Bull 2007; Croxall 2008; Anderson et al. 2011;
Clay et al. 2019), assisted by data from large-scale,
multinational industrial fisheries (Lewison et al. 2014).
More recently, bycatch in small-scale, coastal gillnet
fisheries has been identified as a threat to several
seabird populations (Zydelis et al. 2009, 2013; Lewison
et al. 2014; Almeida et al. 2017; Christensen-Dalsgaard
et al. 2019; Marchowski et al. 2020).

At least 400,000 seabirds are killed in gillnets annu-
ally, including species that are critically endangered,
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threatened, or vulnerable, and seabirds that forage
underwater (e.g., cormorants, auks, shearwaters, pen-
guins and seaducks) are most susceptible to gillnet
bycatch (Zydelis et al. 2013). Recent studies suggest
that gillnet bycatch is an important factor in population
declines for several seabirds (Christensen-Dalsgaard
et al. 2019; Dias et al. 2019), including the greater
scaup (Aythya marila; Marchowski et al. 2020), the
northern fulmar (Fulmarus glacialis; Baerum et al.
2019), several loon species (Bentzen and Robards
2014), the long-tailed duck (Clangula hyemalis;
Bellebaum et al. 2013), the common eider (Somateria
mollissima), the king eider (Somateria spectabilis;
Merkel 2011), the common guillemot (Uria aalge;
Osterblom et al. 2002; Regular et al. 2013), and sev-
eral penguin species (Crawford et al. 2017). Seabirds
are susceptible to bycatch in gillnets in nearly all
parts of the world, with known hotspots in the Baltic,
Northeast Atlantic, and Northwest, Northeast, and
Southwest Pacific (Zydelis et al. 2013; Lewison et al.
2014). In comparison to these global and regional
evaluations, much less information is available from
coastal gillnet fisheries that operate from small boats
but have high social, economic, and cultural impor-
tance for coastal communities (Allison and Ellis 2001;
Villasante et al. 2015). The limited information from
small-scale gillnet fisheries impairs understanding of
the magnitude and severity of total bycatch mortality
for coastal bird species (Lewison et al. 2014; Pott and
Wiedenfeld 2017; Dias et al. 2019).

Increased awareness of the impacts of coastal gill-
net fisheries on seabird populations has prompted
research on potential bycatch mitigation measures
(e.g., Zydelis et al. 2009; Sonntag et al. 2012;
Bellebaum et al. 2013; Baerum et al. 2019; Glemarec
et al. 2020). Designing effective bycatch mitigation
programs requires an understanding of the life his-
tories of target and bycatch species, interactions of
species with fishing gears, effects of spatial and tem-
poral shifts in fishing effort, socioeconomic impacts
to the fishery, and incentives of fishery participants
(O’Keefe et al. 2014). Specific mitigation measures,
such as gear modifications, fleet communications,
and bycatch quotas, are better-suited to some fisheries
and gears than others and can result in unintended
biological and socioeconomic consequences when
applied inappropriately (Hamilton and Baker 2019;
Food and Agriculture Organization (FAO) 2021;
Orphanides and Palka 2013; Pace et al. 2014). Gear
modifications and gear handling practices have been
effective at reducing seabird bycatch for active fishing
gears, such as longlines and trawls, based on the
ability to observe interactions between birds and gear

components during fishing activities (Croxall 2008;
Bull 2009; Anderson et al. 2011; Lokkeborg 2011).
Such technical measures have not generally been suc-
cessful when applied to passive gears, including gill-
nets, because bycatch events typically occur when the
gear is untended or underwater where interactions
cannot be directly observed (Almeida et al. 2017;
Hanamseth et al. 2017; Field et al. 2019; Cantlay
et al. 2020). Similarly, fleet communication programs
designed to reduce bycatch rely on real-time, or near
real-time, observations and information sharing to
avoid bycatch hotspots (Gilman et al. 2006; O’Keefe
and DeCelles 2013; Bethoney et al. 2013a) and are
not feasible for untended passive gears. Bycatch quo-
tas are frequently applied to manage finfish bycatch
(e.g., Abbott and Wilen 2009; Pascoe et al. 2010;
Holland and Martin 2019) but are not considered an
appropriate mitigation tool for protected and prohib-
ited species, such as seabirds, marine mammals, and
turtles, with some exceptions (Hall 1998; Bisack and
Sutinen 2006). Quota management systems are most
effective when combined with accurate fishery mon-
itoring and strict enforcement, which are less com-
mon in small-scale, coastal fisheries (Lewison et al.
2014; Exeter et al. 2021).

Understanding the causes of seabird bycatch in
gillnet fisheries can inform the types of mitigation
measures that can effectively reduce bycatch.
Northridge et al. (2017) reviewed case studies of gill-
net bycatch of marine mammals, turtles and seabirds
and identified four main influences of bycatch rates,
categorized as environmental, operational, technical,
and behavioral factors. For example, environmental
factors such as water depth and temperature may be
useful predictors of seabird bycatch that could inform
spatial and temporal mitigation measures. The com-
bined use of fishery and environmental data has been
effective in reducing bycatch in several fisheries
(Hobday and Hartman 2006; Bethoney et al. 2013b;
Turner et al. 2016; Hazen et al. 2018; Lowman et al.
2021). Operational and technical factors, such as soak
duration, diurnal gear setting, net height, and mesh
size, may also affect seabird bycatch rates (Melvin
et al. 1999; Almeida et al. 2017), and additional
research on how to control these factors or explore
alternative gear types is needed (Northridge
et al. 2017).

Visual deterrents, including lights, contrast panels,
oxidized nets, colored nets, and mesh thickness, have
been evaluated for effectiveness in reducing seabird
bycatch in gillnets (Almeida et al. 2017). Alcids (e.g.,
murres, guillemots, auklets, puffins, and murrelets)
are often caught in the upper sections of gillnets after



diving in response to being startled by the float line,
and bycatch of alcids in the Puget Sound salmon
gillnet fishery was reduced when high-visibility white
monofilament meshes were incorporated in the top
portion of the nets (Melvin et al. 1999). The white
mesh was effective as a visual deterrent, but seabirds
had varying reactions, and the target species catch
was reduced (Melvin et al. 1999). Like alcids, cor-
morants are visual pursuit predators, which poten-
tially can detect visual deterrents underwater (Martin
and Crawford 2015). Bycatch of Guanay cormorants
(Leucocarbo bougainvillii) in the eastern Pacific gillnet
fishery was reduced with the use of green
light-emitting diodes (Mangel et al. 2018). Field et al.
(2019) tested the effectiveness of high contrast net
panels and lights to reduce gillnet bycatch of diving
seabirds in the Baltic Sea but found no significant
reduction in bycatch of long-tailed ducks or velvet
scoters (Melanitta fusca) from any of the visual deter-
rent configurations and observed an increase in
bycatch of long-tailed ducks in nets equipped with
white flashing lights. The diving seabirds of the Baltic
region feed in low-light environments where visual
cues are not easily detected (Martin and Crawford
2015). The mixed results from visual deterrents sug-
gest that there is not a universal gear modification
that will mitigate seabird bycatch in all gillnet fish-
eries. Therefore, species and region-specific mitigation
measures that account for seabird behavior and
marine environment conditions need to be considered.

Recognizing and incorporating perspectives and
incentives of fishers toward bycatch reduction are key
elements of successful mitigation strategies.
Socioeconomic impacts that can result from bycatch
reduction measures have been well-documented for
data rich fisheries (Alverson et al. 1994; Crowder and
Murawski 1998; O’Keefe et al. 2014; Komoroske and
Lewison 2015), but less information on the impacts
on coastal gillnet fisheries is available due to the
small-scale, data-poor nature of these fisheries.
Eliminating seabird bycatch may be an important
societal objective or a governance directive (European
Commission (EC) 2017; Lewison et al. 2004; Senko
et al. 2014), but management strategies that recognize
local constraints and opportunities, such as seasonal
fishing effort and target species, may garner more
support from fishers than broad regulatory mandates
(Kirby and Ward 2014). The cumulative impacts of
bycatch on bird populations are often not recognized
by fishers because seabird bycatch events are relatively
rare at the individual fisher level (Barz et al. 2020).
Perceptions of seabird bycatch depend on fishing
behavior, and operational aspects (e.g., fishing
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grounds, seasonality, costs, and profits) can influence
acceptance of mitigation techniques (Lewison et al.
2011; Barz et al. 2020).

This review evaluated strategies to reduce seabird
bycatch in gillnet fisheries, focusing on the effective-
ness of certain tools to meet seabird conservation
objectives, ensure fisher acceptance, and avoid unin-
tended consequences. Examples of time-area fishing
restrictions and gear-switching strategies that have
been applied to reduce bycatch of seabirds and other
taxa were reviewed with respect to a set of evaluation
criteria including: 1) measurable reduction of bycatch;
2) minimal effect on the catch of target species; 3)
minimal effect on the catch of other non-target spe-
cies; and 4) effective implementation. The reviewed
case studies include bycatch mitigation in small-scale
gillnet fisheries from regions where information was
available, supplemented by relevant examples from
other fisheries. Most of the case studies have been
peer-reviewed with respect to the evaluation criteria,
and others were reported through gray literature and
technical reports. The general findings from the
review are intended to guide future research and
applications but results of the evaluation may not
characterize all potential outcomes for small-scale
gillnet fisheries as the reviewed case studies do not
include the entire range of gillnet fisheries that inter-
act with seabirds or all examples of time-area restric-
tions and gear-switching.

Methods

The evaluation was based on in-depth reviews of case
studies that included analyses of applied bycatch mit-
igation tools. Results from each case study were exam-
ined to determine if the mitigation strategy met the
evaluation criteria. To meet the first criterion, mea-
surable reduction of bycatch, the implemented miti-
gation tool resulted in a reduction in bycatch rates
or numbers. The second criterion, minimal effect on
the catch of target species, was met when the imple-
mented tool did not result in substantial changes in
catch rates of target species, positively or negatively,
and did not substantially change target species catch
composition. To meet the third criterion, minimal
effect on the catch of other non-target species, there
were minimal changes in bycatch or discard ratios for
species other than the intended bycatch species after
the mitigation tool was implemented compared to
before. The fourth criterion, effective implementation,
was met if the mitigation tool a) was applied to a
fishery beyond experimental phases, b) was monitored
for long-term efficacy in meeting the first three
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criteria, and c) was considered acceptable by fishers
as demonstrated through uptake and enforceability.
Information related to each criterion varied across the
case studies. No attempt was made to evaluate criteria
that were not explicitly addressed in the reviewed
literature, instead general conclusions from studies
that met one or more of the performance criteria are
described.

Few examples of experimental trials to assess
time-area fishing restrictions and gear-switching to
reduce seabird bycatch in gillnet fisheries exist
because these are relatively new research topics. In
addition to case studies, the review included exam-
ples of bycatch reduction tools, highlighting infor-
mation to support time-area restrictions and
gear-switching, such as visualization tools, predictive
bycatch modeling, and incentive-based approaches.
The analyses are grouped according to mitigation
tool (time-area fishing restrictions and gear-switching)
and case study type (applied measures and support-
ive tools).

Time-area fishing restrictions

Spatial and temporal restrictions on fishing may
reduce bycatch, effectively removing the fishing gear
from interactions with non-target species. Time-area
restrictions can be implemented with relatively sim-
ple regulations but determining the appropriate
scale to meet bycatch reduction objectives and min-
imize economic impacts can be difficult (O’Keefe
et al. 2014). Large-scale and long-term closures
protect ecosystem components inside the closure
but can lead to shifts in fishing effort that may
increase bycatch issues or create new impacts
(Walters 2000; Keith et al. 2020). Fine-scale restric-
tions may minimize negative economic impacts to
fishers but are highly data-dependent and rely on
strong monitoring and enforcement systems to be
effective (Dunn et al. 2011; Hazen et al. 2018).
Examples of time-area fishing restrictions were eval-
uated to examine strengths and weaknesses in pro-
gram design for meeting conservation objectives
and ensuring effective implementation. Three case
studies of time-area restrictions directly applied for
seabird bycatch mitigation in coastal gillnet fisheries
(Puget Sound salmon gillnet fishery, Canadian cod
and salmon gillnet fishery, and California set net
halibut and croaker fisheries) were reviewed.
Additionally, recent efforts that map and model
seabird bycatch, which could be applied to develop
fine-scale spatial and temporal measures, were
considered.

Puget sound salmon gillnet fishery

Mitigation tools to reduce bycatch of alcids (common
murre, Uria aalge, and rhinoceros auklet, Cerorhinca
monocerata) were tested in the drift gillnet fishery
targeting Pacific salmon species in Puget Sound.
Melvin et al. (1999) documented seabird and salmon
abundance-entanglement relationships over two fishing
seasons in 1995 and 1996. Examination of bycatch
rates throughout the fishing seasons and during daily
operations suggested a temporal relationship between
salmon catch and seabird bycatch rates. Murre bycatch
was high at the end of the fishing season when salmon
catch was lowest and auklet bycatch was moderate in
the middle of the season as salmon catch rates began
to decline after the initial fishery opening. Local abun-
dance of the common murre varied greatly during the
study period (~5,000 in 1995 and ~30,000 in 1996)
related to factors that affected breeding timing, whereas
local abundance of rhinoceros auklet was relatively
constant. The authors suggested that fishery openings
could be scheduled based on peak salmon abundance
to reduce potential interactions with seabirds.

Diel variation in bycatch was also observed, with
higher seabird entanglement during dawn operations.
Results showed that 60% of auklet and 30% of murre
entanglements could be eliminated with only 5% reduc-
tion in salmon catch by prohibiting fishing during dawn
hours (Melvin et al. 1999). Seabird bycatch could be
reduced by up to 75% while achieving salmon catch
allocations with a combination of bycatch mitigation
tools, including highly visible mesh panels in the upper
portion of the net, time of day restrictions, and
abundance-based fishery openings, and the greatest sin-
gle reduction in bycatch (43%) could result from lim-
iting the fishing season to periods of high salmon
abundance (Melvin et al. 1999). The case study demon-
strates that temporal fishing restrictions, both seasonally
and daily, could reduce seabird bycatch in the salmon
gillnet fishery, and fisher collaboration to develop mit-
igation approaches can reduce economic impacts. Since
1997, management of Puget Sound commercial salmon
fisheries has included some of the recommended seabird
bycatch reduction tools tested by Melvin et al. (1999).
Currently, regulations include gillnet gear specifications
and time of day fishing restrictions to provide protec-
tion to seabirds (Washington Department of Fish and
wildlife (WA DWE) 2020).

Canadian cod and salmon gillnet fishery

In 1992, the gillnet fisheries targeting northern cod
(Gadus morhua) and Atlantic salmon (Salmo salar)



off eastern Canada were closed to rebuild populations
of both species (Myers et al. 1997). Regular et al.
(2013) examined the effects of gillnet removal on
seabird populations by comparing population trends
of diving and surface-feeding birds before and after
the fishing moratoria were implemented. Gillnet fish-
ing substantially decreased in inshore seabird foraging
areas after the moratoria, with only limited seasonal
gillnet fishing effort remaining. Coinciding with
diminished gillnet effort, populations of diving sea-
birds increased, and abundance of surface-feeding
birds decreased. The common murre population
increased at a greater rate following the closure,
whereas the herring gull (Larus argentatus) population
decreased. The observed trends were attributed to
substantial reductions in bycatch mortality for com-
mon murres, and reduced breeding success of herring
gulls resulting from the elimination of discards and
offal from fishing activities (Regular et al. 2013). A
consequence of shifting gillnet effort from inshore to
offshore areas was incidental takes of shearwater spe-
cies in the offshore fishery (Benjamins et al. 2008).
Regular et al. (2013) concluded that the large-scale
reduction in gillnet fishing effort resulting from the
closures had widespread effects on seabird popula-
tions, including reduced gillnet bycatch mortality that
allowed for population growth of diving seabirds,
reduced food availability from discarded fish that
reduced abundance of surface-feeding seabirds, and
shifts in fishing effort that created a new bycatch issue
for pelagic seabirds.

California set net halibut and croaker fisheries

Bycatch in set nets used to target California halibut
(Paralichthys californicus) and white croaker
(Genyonemus lineatus) in coastal California contrib-
uted to a substantial decline of the common murre
population in the early 1980s (Wild 1990). As set net
fishing effort increased in 1980, there were large num-
bers of dead seabirds washing ashore. An estimated
20,000 seabirds drowned in set nets during a 14-month
period from June 1980 to August 1981, prompting
the first in a series of inshore closures to set net
fishing. State regulations and legislative actions pro-
hibited the seasonal use of gillnets and trammel nets
in depth-specific fishing zones between 1981 and
1987. At-sea monitoring indicated that seabird bycatch
was reduced in some areas, but set net effort remained
high and continued to shift to areas around the clo-
sures. In 1987, legislation prohibited the use of set
nets in some inshore areas, which further reduced
local bycatch, but continued effort shifts and
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weakened regulations over the next two years resulted
in increased bycatch rates.

The emergency and permanent inshore zonal clo-
sures reduced seabird bycatch and total mortality, but
these measures were not as effective as desired (Wild
1990). The distribution of forage fishes that several
diving seabirds rely on varied seasonally and interan-
nually, and the areas of elevated seabird bycatch risk
shifted accordingly. In turn, the spatial management
efforts were impeded, and total seabird mortalities
continued at unacceptable levels over the 1980s (Wild
1990). Considering the continued high seabird mor-
tality from set net bycatch from the previous decade,
more stringent permanent closures of inshore waters
to a depth of 55m were implemented in 1991.
Estimated average gillnet mortality of common murres
was reduced from ~10,000 murres per year in the
1980s to the low thousands of birds per year between
1990 and 1998 (Forney et al. 2001). Therefore, it
appears that the permanent inshore set net closures
were effective in reducing seabird bycatch mortality.
The lack of recovery of two breeding colonies, how-
ever, suggests that bycatch mortality may still have
been affecting species recovery in coastal California
a decade after the permanent closures were imple-
mented (Forney et al. 2001).

Mapping and modeling of spatial and temporal
seabird-fisheries interactions

Successful application of spatial and temporal fishing
restrictions is primarily dependent on understanding
the overlap of target and non-target species.
Unfortunately, information about total fishing effort,
seasonal catch composition, and bycatch rates is lim-
ited for many coastal gillnet fisheries (Zydelis et al.
2013; Lewison et al. 2014; Glemarec et al. 2020).
Recent studies that provide fine-scale spatial and tem-
poral seabird distribution and abundance estimates in
areas where gillnets are fished could be useful to
design time-area fishing restrictions (Sonntag et al.
2012; Bellebaum et al. 2013; Baerum et al. 2019;
Glemarec et al. 2020). The development of tools to
predict outcomes of potential time-area restrictions
also provides a framework for understanding data
requirements, effectiveness of measures in meeting
objectives, and potential acceptance from fishers (van
Beest et al. 2017; Sherley et al. 2018; Barz et al. 2020).

Sonntag et al. (2012) developed a tool to visualize
spatial and temporal overlap between seabirds and
gillnets in a portion of the German Baltic coast. They
found patterns of overlap related to water depth and
season and suggested that time-area fishing
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restrictions may be useful to reduce seabird bycatch.
Bellebaum et al. (2013) estimated bycatch of seabirds
along the German Baltic coast and found that fishing
effort and numbers of bycaught seabirds varied con-
siderably between months and fishing fleets, with
bycatch probability decreasing in deeper waters during
summer months. The number of seabirds caught was
related to fishing effort and possibly affected by net
length, with greater bycatch in longer nets used for
pikeperch (Sander lucioperca) compared to shorter
nets used to target herring (Clupea harengus;
Bellebaum et al. 2013). A 20-year time series of sea-
bird abundance data showed that bycatch rates were
dependent on bird densities and followed seasonal
and spatial patterns. The authors concluded that
bycatch rates for diving seabirds were greatest during
winter and spring in shallow water and lowest in
summer in deeper waters, and that bycatch in lagoons
with large densities of seaducks was relatively high
compared to other areas (Bellebaum et al. 2013). They
noted a decline in seabird bycatch in recent years
associated with the decline in numbers of overwin-
tering birds and a decrease in the number of fisher-
men that had been displaced by cod regulations. They
recommended targeted effort reductions and possible
gear-switching to reduce seabird bycatch along the
German coast but noted that the ability to avoid
bycatch may be constrained by fishing patterns that
have evolved to maximize catch of highly regulated
target species. Furthermore, the authors suggested that
temporary spatial closures may reduce bycatch of div-
ing seabirds in specific bird staging areas, but more
extensive closures that could negatively impact fishers
would be needed in lagoons and shallow coastal areas
throughout the winter season to meet conservation
objectives (Bellebaum et al. 2013). Although these
studies did not include recommendations for specific
time-area fishing restrictions, they provided fine-scale
spatial and temporal information about seabirds and
fishing activity that could be valuable for predicting
potential outcomes from such a mitigation program.

An in-depth analysis of spatial and temporal vari-
ation in seabird bycatch was conducted in the
Norwegian coastal gillnet fishery. Baerum et al.
(2019) applied a modeling approach to determine
what factors affect bycatch rates, including seabird
feeding behavior, season, area, depth, and distance
to shore. Data from the coastal gillnet fleet between
2006 and 2015 indicated that 2% of all fishing trips
reported seabird bycatch and 85% of the bycatch
events consisted of five birds or less. Due to the high
variability in the distribution of fishing effort over a
large area, extrapolations of observed bycatch rates

to the entire fleet resulted in relatively large and
widespread annual seabird bycatch estimates, ranging
from 1,580 to 11,500 birds (Baerum et al. 2019).
Results showed an even proportion of diving and
surface-feeding seabirds in net catches but with dis-
tinct spatial and temporal bycatch patterns. Bycatch
rates of diving seabirds were highest in northeast
Norway, in shallow depths, close to shore, and during
winter (November to January). Bycatch rates of
surface-feeding seabirds were also higher in northeast
Norway and in May and June (Baerum et al. 2019).
The authors suggested that time-area fishing restric-
tions may be an effective bycatch mitigation tool for
diving seabirds in the Norway coastal gillnet fishery
due to the relationship between bycatch, fishing
depth, and distance from shore in winter months.
They indicated that gear modifications and alternative
gear handling techniques may be more effective than
fishing restrictions for surface-feeding seabirds despite
the distinct spatiotemporal distribution because mor-
tality is related to net setting and offal discharge
(Baerum et al. 2019). This information about seabird
behavior and fine-scale spatial and temporal distri-
bution patterns of birds and fishing activity is critical
for designing effective mitigation strategies that com-
bine multiple tools across fisheries.

Predictive models that examine potential outcomes
of time-area fishing restrictions can be useful for
data-limited scenarios and consideration of tradeoffs
when designing measures that impact fishing activi-
ties. For example, Sherley et al. (2018) modeled
long-term productivity of African penguins (Spheniscus
demersus) by examining short-term changes in seabird
survival, condition, and population growth rate to
assess the effectiveness of fishery closures designed
to increase populations of seabirds that rely on forage
fish. They found no significant change in chick con-
dition in three of four study sites, but chick survival
increased by ~11% throughout the range of the fishery
closures. Long-term population growth increased by
>1% and met biological objectives in a portion of the
closure areas, but the forecasts projected a continued
reduction of the penguin population under all man-
agement scenarios (Sherley et al. 2018). The authors
also noted that the closures resulted in economic
impacts to fishers with a reduction in total catches
up to 9%, and they suggested that small-scale fishery
closures should be used in combination with a suite
of management tools to increase the chances of con-
servation success.

Van Beest et al. (2017) developed spatially explicit
individual-based simulation models to evaluate effec-
tiveness of acoustic deterrents (pingers) and time-area



fishing restrictions to reduce bycatch of harbor por-
poises (Phocoena phocoena) in gillnet fisheries. Pingers
have effectively reduced cetacean bycatch (Dawson
et al. 2013), but they have potential to impact foraging
behavior (van Beest et al. 2017). Time-area restrictions
may be a useful tool to reduce harbor porpoise
bycatch, but experiences in the Gulf of Maine showed
that the required closure to meet conservation objec-
tives resulted in major impacts on fishing practices
with negative economic consequences (Murray et al.
2000; O’Keefe et al. 2014). Van Beest et al. (2017)
modeled harbor porpoise population size in Danish
waters under several scenarios, including no bycatch
mitigation measures, use of pingers only, use of
time-area restrictions only, and combined use of ping-
ers and time-area restrictions. They found that pingers
alone were not sufficient to reduce the harbor por-
poise population long-term decline and that time-area
restrictions without the use of pingers could result in
increased bycatch outside of closed regions. Modeling
results suggested that the combined use of pingers
and time-area restrictions could meet conservation
objectives for harbor porpoise populations while
maintaining fishing activities (van Beest et al. 2017).
The authors concluded that spatially explicit,
behavior-based models can assist managers in evalu-
ating potential long-term impacts of different mitiga-
tion strategies.

Although predictive models can be useful to exam-
ine potential outcomes from time-area fishing restric-
tions, consequences associated with single species
management objectives need to be considered. Copello
et al. (2016) examined the distribution, bycatch rates,
and foraging behavior of seabirds inside and outside
of the Argentine hake closure to determine the
impacts of a ‘boundary effect’ from concentrated fish-
ing effort. The Argentine hake fishery closure, a
~120,000km? fishery exclusion area on the Patagonia
shelf, was implemented in the mid-1990s to protect
Argentine hake (Merluccius hubssi). Since the 1997
ban on trawl gear, hake and other fish stocks sub-
stantially increased in the closure area (Copello et al.
2016). Fishing effort that was concentrated on the
closure boundary, however, resulted in increased
bycatch of several albatross and petrel species. They
analyzed the relationship between seabird bycatch
and distance of vessels from the closure boundary
and found that most seabird interactions with trawl-
ers occurred in clustered aggregations along the
boundary line. They also found more intense foraging
of black-browed albatross (Thalassarche melanophris)
and southern giant petrel (Macronectes giganteus)
near the closure boundary than away from it or
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inside the closure area (Copello et al. 2016). The
authors noted that there are no oceanographic fronts
(i.e., areas with high productivity that typically attract
seabird foraging) along the closure boundary and that
the increased foraging was not associated with natural
prey items. Albatross and petrel species are attracted
to feed on discards and net spillage from fishing
vessels (Gonzalez-Zevallos and Yorio 2006; Pierre
et al. 2012; Orben et al. 2021), so the fishery closure
created a boundary effect of increased seabird bycatch
associated with concentrated fishing effort. The
authors highlighted potentially disproportionate
impacts on juvenile seabirds resulting from compe-
tition for fishery discards with larger more aggressive
adults, as well as female seabirds that are restricted
to foraging in the Continental Shelf during the breed-
ing period. Therefore, Copello et al. (2016) recom-
mended that non-target species behavior and
boundary effects should be considered when design-
ing spatial conservation measures. The case study
highlights problems with time-area closures that are
designed to meet single species objectives and demon-
strates how spatial shifts in fishing effort can impact
ecosystem functions.

Gear-switching

Certain fishing gears have demonstrated detrimental
effects on ecosystems through selective fishing, deg-
radation of benthic habitats, and incidental bycatch
of non-target species (Bastardie et al. 2021). In some
situations, changing gear type may increase average
income for fishers while reducing ecosystem impacts
(Chuenpagdee et al. 2003; Rouxel and Montevecchi
2018). Gear substitutions, collectively referred to here
as ‘gear-switching, can be short-term or permanent
(Jenkins and Garrison 2013). Although gear-switching
has the potential to reduce bycatch of some species,
economic and ecological tradeoffs should be evaluated
before and after implementation. Gear-switching that
reduces bycatch rates can save time and costs on the
water if target catch is not affected, and certain gears
can increase product quality resulting in higher sales
prices (Broeg 2007). Constraining factors for
gear-switching include the inability to maintain target
catch rates, resistance to change from the fishing com-
munity, a lack of incentives for fishers to change their
gear, and potential safety concerns (Food and
Agriculture Organization (FAO) 2010). Examples of
gear-switching were evaluated to demonstrate aspects
that may be effective for reducing seabird bycatch in
gillnets and to consider potential pathways and chal-
lenges to implementation. Two case studies of
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gear-switching to reduce seabird bycatch in coastal
gillnet fisheries (California halibut fishery and Baltic
cod fishery) were reviewed. Additionally, summarized
knowledge gleaned from prior reviews on the general
concept of gear-switching was considered.

California halibut fishery

Options for gear-switching for the gillnet fishery tar-
geting halibut in coastal California were driven by
severe economic impacts resulting from time-area
closures enacted to reduce seabird and mammal
bycatch (Haseltine and Thornton 1990; see above sec-
tion on Time-Area Fishing Restrictions - California
Set Net Halibut and Croaker Fisheries). As an alter-
native and supplement to time-area restrictions, the
state of California explored substitute gears, including
trawls, seines, traps, and lines, for efficiency and eco-
nomic feasibility in catching halibut with minimal
bycatch of non-target species. Trials showed that hal-
ibut catch was maintained by switching to otter trawl
gear without any observed seabird bycatch in over
1,100 tows during the two-year study period (Haseltine
and Thornton 1990). Bycatch of other non-target spe-
cies consisted mainly of other flatfishes and elasmo-
branchs, most of which were returned to the ocean
unharmed. The authors concluded that all the tested
gear types reduced bycatch of seabirds and mammals,
but only otter trawl gear caught halibut at rates similar
to or exceeding set net gear (Haseltine and
Thornton 1990).

Otter trawls had higher catch efficiency than gill-
nets, with the potential to land nearly three times as
much halibut annually. Because of their high effi-
ciency, regulators required the gears to be “scaled
down”, consisting of smaller trawl doors and shorter
footropes. These regulations rendered the gear-switch
infeasible for a portion of gillnet fishers with large
vessels who were displaced from the closed areas. The
greater efficiency of trawl gear also provoked oppo-
sition from recreational fishing groups based on con-
cerns that nearshore trawling could deplete inshore
resources (Haseltine and Thornton 1990). In 1992,
legislative actions significantly reduced the use of gill-
nets in California state waters, and trawl gear has
been the primary producer of halibut catch since then.
To account for the high catch efficiency in trawl fish-
eries, several technical measures have been developed
that limit the time and area of fishing operations,
restrict the number of permitted participants, and
regulate gear configurations (Frimodig et al. 2008).
Since the enaction of the new set of rules, the
California otter trawl halibut fishery has maintained

low levels of seabird and marine mammal bycatch
(California Ocean Science Trust (CA OST) 2013).

Baltic cod fishery

In the eastern Baltic Sea, along the coasts of Lithuania
and southwest Latvia, seabird bycatch in the cod gill-
net fishery was among the highest reported in the
region in the late 2000s (Vetemaa and Lozys 2009).
Approximately 10% of all wintering birds in Lithuanian
coastal waters became entangled and died in gillnets
each year, including long-tailed ducks, velvet scoters,
and Steller’s eiders (Polysticta stelleri; Zydelis et al.
2009). Over four winters, experimental longlines were
set in proximity to gillnets in three locations to eval-
uate the effectiveness of gear-switching to reduce sea-
bird bycatch without impacting target catch (Vetemaa
and LoZys 2009). Researchers partnered with local
fishers to design and build experimental longlines,
which were tested by the research team for two con-
secutive seasons before being used by fishers for the
next two seasons. Sea trials consisted of setting long-
lines parallel with gillnets in the same locations and
depths, with the same set and haul times. Time
needed to prepare and set both gear types was
recorded, and total catch of the gears was compared
(Vetemaa and Lozys 2009). Results showed increased
catch of cod in longlines of comparable size and han-
dling time to gillnets, with similar catches of sublegal
sized cod and other non-target fish species. The
experimental longlines did not catch seabirds during
the study, but the paired gillnet sets caught only two
birds over the course of the trials, barring conclusions
about bycatch reduction. Fishers noted that setting
and hauling longlines was no more difficult than set-
ting gillnets, taking an average of ~20 minutes to set
100 hooks or 100m of nets. The authors concluded
that longlines may be an effective gear for small-scale
fishers in the study area, but mechanical haulers
would be needed for the larger scale operations to
reduce handling time.

Although results were generally positive, the
increased catch efficiency of longlines compared to
gillnets (i.e., nearly three times higher catch rates)
could impact the cod resource, and gear-switching
would need to be limited according to the availability
of cod in the region (Vetemaa and Lozys 2009). Gear
costs and handling times were considered, but the
additional costs involved in switching from gillnets
to longlines, including bait (e.g., cost of bait, baiting
hooks, and cleaning hooks; Berninsone et al. 2020)
and training (Leathers and Leslie 2017) were not eval-
uated. After this case study was completed,



commercial fishing for cod in most of the Baltic Sea
was banned due to the decline in the eastern Baltic
cod stock (Eero et al. 2015; ICES 2020). Vetemaa and
Lozys (2009) also examined the potential to switch
from gillnets to traps for the herring fishery that
operates in the northern Baltic Sea. They did not
include comparative seabird bycatch rates between the
gear types but suggested that traps may be an effective
alternative gear warranting further investigation based
on the level of cooperation and acceptance of traps
from the fishing community (Vetemaa and LoZys 2009).

Other research on gear-switching

The general concept of gear-switching as a strategy
to meet fishery and conservation objectives has been
previously considered. Konigson et al. (2015) and
Hedgirde et al. (2016) evaluated the use of pots to
replace gillnets and longlines for the Baltic Sea cod
fishery to reduce seal-inflicted damage to gear. Both
studies demonstrated that pots were a viable alterna-
tive to the traditional gears for part of the fishing
season. Information from these studies on how catches
are affected by environmental and fisheries-related
variables can be used to optimize gear-switching
options (ICES 1997; Konigson et al. 2015; Hedgdrde
et al. 2016).

In response to concerns about Maui dolphin
(Cephalorhynchus hectori maui) bycatch in New
Zealand gillnet and trawl fisheries, Leathers and Leslie
(2017) reviewed longlines as alternative dolphin-safe
gear. They noted that fishing industry leaders sup-
ported gear-switching proposals with some companies
voluntarily phasing out gillnet and trawl gears and
trialing alternative fishing methods in dolphin habitat.
They also reported that many fishers emphasized the
importance of government financial assistance for
costs associated with gear-switching and fisher dis-
placement. Estimates of costs to transition to longline
gear, including changes in catch and revenue, retrain-
ing fishers, and upstream effects on businesses reliant
on fisheries, were significant and posed a key chal-
lenge of minimizing short-term impacts to incentivize
long-term sustainable bycatch mitigation (Leathers and
Leslie 2017).

Another example of gear-switching to reduce
bycatch of marine megafauna in gillnets was applied
in Argentina. The franciscana dolphin (Pontoporia
blainvillei) lives in coastal waters of southeastern
South America and is considered threatened in
Argentina due to removal of 3-5% of its population
annually in artisanal gillnet fisheries (Berninsone et al.
2020). Several approaches to reduce gillnet bycatch
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focused on gear modifications were attempted.
Acoustic deterrents (pingers) showed promise for
reducing bycatch, but adoption of these devices was
hampered by the costs of equipment and maintenance
in the small-scale, multi-fleet coastal fishery. Time-area
fishing restrictions were not considered to be a viable
option to reduce dolphin bycatch because there was
little support for monitoring and enforcement.

To address the conservation concerns, Berninsone
et al. (2020) investigated the potential for gear-switching
from gillnets to longlines. They compared bycatch
and target catch rates between the gears with an eco-
nomic analysis to determine potential fisher accep-
tance. They collaborated with fishers using both gear
types over two years to monitor catch and bycatch in
the same locations. Results indicated that target catch
composition was similar for gillnets and longlines
with reduced dolphin bycatch and less catch of juve-
nile fish in longlines. The authors concluded that
switching from gillnets to longlines would effectively
reduce bycatch of franciscana dolphins without
increasing bycatch of other non-target species or
reducing catch of target species. Seabird bycatch was
also monitored, but no birds were reported in either
gear over the course of the study. Economic analyses
suggested that a complete switch from gillnets to long-
lines would reduce overall profitability and return on
investment for the fishery. The increased costs asso-
ciated with bait and additional labor for hooking and
cleaning longlines compared to gillnets resulted in
lower revenue for the fishers. The authors reported
that 50% replacement of gillnets with longlines would
be economically feasible over a five-year period, and
dolphin bycatch could be significantly reduced with
less than 100% gillnet replacement. Berninsone et al.
(2020) suggested that a combination of gear-switching
and gillnet gear modifications would minimize eco-
nomic impacts and be more acceptable to traditional
fishers.

In 2016, the ICES-FAO Working Group on Fish
Technology and Fish Behavior convened a review of
available information related to gear-switching to elim-
inate vaquita (Phocoena sinus) bycatch from gillnet
fisheries in the Upper Gulf of California (ICES 2016).
The vaquita, a small porpoise endemic to the Gulf of
California, is a critically endangered species
(Rojas-Bracho and Taylor 2017) that is threatened by
gillnet bycatch (Jaramillo-Legorreta et al. 2007).
Several gear alternatives that reduced bycatch were
not effective in maintaining catch rates of target spe-
cies, leading to rejection from fishers. A bottom-up
social process that involved fishers was initiated to
find alternative fishing gears, including small trawls
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that appear to maintain target catch while reducing
bycatch (ICES 2016).

Gascoigne and Willsteed (2009) reviewed case stud-
ies of gear-switching in European fisheries and noted
challenges related to the policy and regulatory envi-
ronment, including inflexibility in the management
system, gear conflicts, and target catch reduction.
They highlighted the need to involve the fishing
industry in decision-making, noting that small-scale
fleets are often excluded from the process. They sug-
gested that it may be appropriate to provide financial
support for gear-switching options to reduce bycatch
and habitat impacts but avoid subsidies that can lead
to overcapacity. Reviews of gear-switching generally
highlight the importance of including fishers in the
decision-making processes to identify and optimize
alternative gear selection, as well as the need for man-
agement and regulatory flexibility to ensure effective
implementation.

Synthesis

The review of case studies evaluated performance of
time-area restrictions and gear-switching for mitigat-
ing bycatch of seabirds in gillnet fisheries. None of
the reviewed case studies reported information for all
the performance criteria. The studies collectively offer
general lessons on strengths and weaknesses of
time-area fishing restrictions and gear-switching that
can help guide future implementation (Table 1).
The review of time-area fishing restrictions suggests
that this mitigation strategy can be effective to reduce
seabird bycatch in gillnet fisheries. Time-area restric-
tions have been applied to a variety of fisheries issues
globally (Alverson et al. 1994; Hall et al. 2000; Hall
and Mainprize 2005) but remain controversial due to
the potential to shift or increase bycatch in surround-
ing areas and to cause negative socioeconomic impacts
on fishers (Gjertsen et al. 2010; Pascoe et al. 2010;
Komoroske and Lewison 2015; Hazen et al. 2018). A
large body of literature on potential use of time-area
restrictions exists, but few studies have evaluated the
success of closures to meet intended objectives. The
reviewed case studies showed that time-area fishing
restrictions have reduced gillnet bycatch of seabirds
without impacting target and non-target catch and
demonstrate strengths and weaknesses of the strategy
(Table 1). Variations in spatial and temporal distri-
butions of target and non-target species can cause a
mismatch between management areas and high
bycatch, as observed in the California coastal halibut
fishery, where closure areas did not meet seabird
bycatch reduction goals (Wild 1990). Alternatively,

consideration of bycatch species behavior can help
define fine-scale spatial and temporal measures that
are effective, such as the seasonal and time-of-day
restrictions applied in the Puget Sound salmon fishery
(Melvin et al. 1999). Closures that are narrowly
focused on reducing bycatch of a single species in
one area have the potential to create new bycatch
issues for multiple species by displaced fishing effort
(Diamond et al. 2010; Northridge et al. 2017; Keith
et al. 2020). For example, the Argentine hake closure
resulted in increased bycatch of multiple seabird spe-
cies and disrupted feeding ecology of pelagic seabirds
(Copello et al. 2016). By contrast, the Canadian
inshore cod and salmon moratoria resulted in popu-
lation growth for diving seabirds (Regular et al. 2013).
Large-scale fishery closures can lead to negative eco-
nomic impacts, especially for artisanal coastal fishers
that target local species by season and area and cannot
access grounds far from their homeports (Batista et al.
2014; Garcia-Florez et al. 2014; Almeida et al. 2017).
Alternatively, fine-scale fishing restrictions that focus
on specific seasons and regions can be effective to
reduce bycatch and provide benefits to coastal fish-
eries, including increased target catch rates, cost sav-
ings from cleaner fishing, and opportunities to
participate in decision-making if bycatch patterns are
predictable (Gell and Roberts 2002; Bellebaum et al.
2013; Benbow et al. 2014; Baerum et al. 2019; Barz
et al. 2020).

Despite few direct comparisons of seabird bycatch
reduction between gillnets and alternative gears, the
potential for meeting conservation objectives through
gear-switching is promising, with some further devel-
opment needed for successful application (Table 1).
Case studies of gear-switching to reduce seabird
bycatch in gillnet fisheries on the US west coast and
in the Baltic Sea showed encouraging performance
of the alternative gears in maintaining target catch
levels without increasing bycatch of non-target spe-
cies. The switch to otter trawls in the California hal-
ibut fishery effectively reduced seabird bycatch to
meet conservation objectives (Haseltine and Thornton
1990), and the experimental longline switch in the
Baltic cod fishery did not reduce target species catch
(Vetemaa and Lozys 2009). In both cases, however,
the alternative fishing gears were more efficient at
capturing target species, creating unanticipated chal-
lenges for implementation. Increased catch efficiency
can result in economic benefits for some fishers, but
possibly at the expense of others that are limited by
vessel characteristics, geographic scope, or competing
operations (Haseltine and Thornton 1990; Hall et al.
2000). Furthermore, increased fishing efficiency can
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Table 1. Strengths and weaknesses of time-area fishing restrictions and gear-switching to reduce seabird bycatch in gillnet

fisheries.

Evaluation Criterion

Time-Area Restrictions

Gear-Switching

Strengths

Weaknesses

Strengths

Weaknesses

Bycatch Reduction

Target Catch

Non-Target Catch

Implementation

Effective when overlap
of fishing and bycatch
occurs

Potential to monitor
long-term effects

Can match bycatch
targets with spatial
and temporal
restrictions

Prediction tools can
evaluate effectiveness
prior to
implementation
Fine-scale and dynamic
approaches can be
tailored to maintain
catch

Potential to shift target
species to increase
profit

Allows fulfillment of
target quota seasonally
or spatially

Can be designed to
minimize impacts
Potential to increase
landings of managed
species outside
closures

Adaptable to meet
multiple objectives
Enforceable with
adequate monitoring
and administrative
capacity

Ability to incentivize
innovative or holistic
approaches

Potential to shift
bycatch spatially or
temporally

Few
post-implementation
evaluations

Requires understanding
of variations in bycatch
species distribution
and behaviors
Uncertainty in
predictions associated
with data gaps

May restrict ability to
target some species
Possible reduction in
catch rates or impacts
on other fisheries in
areas of displacement
Potential impacts to
quota fulfillment

New bycatch impacts
in times or areas with
displaced fishing effort

Defining scale is
data-dependent
Adequate monitoring
and enforcement
needed

Potential to reduce
fishery economic
viability and displace
participants

Effective if alternative
gears have lower
bycatch

Ability to set bycatch
reduction targets
based on observed
bycatch rates by gear
type

Alternative gears can
have similar catch rates
Can maintain target
species catch
composition

Can be regulated to
minimize impacts

Alternative gears can
expand targeting of
underutilized species

Fisher input to identify
appropriate alternatives
May reduce economic
impacts compared to
other strategies

Ability to incentivize
innovative or holistic
approaches

Requires extensive
experimental testing
Rare bycatch events
can impair
effectiveness and
testing

Potential to increase
bycatch in specific
times or areas

Possible reduction in
target catch levels
New limits on catch or
effort may be needed
May change catch
composition to
different sizes of target
catch or different
target species

New bycatch impacts
from different gear
types

Requires extensive
experimental testing

Lack of incentive to
change fishing
practices

Increased costs of gear
replacement, training,
and handling time
Potential to reduce
fishery economic
viability and displace
participants

result in depletion of target species and increased
administrative demands for regulation, monitoring,
and enforcement (Vetemaa and LozZys 2009; Murawski
2010). It may be possible to overcome such challenges
with broad acceptance from fishers about the benefits
of gear-switching, as noted in the herring pot fishery
example (Vetemaa and Lozys 2009).

In addition to evaluating bycatch reduction and
target catch criteria, the potential for effective imple-
mentation of time-area restrictions and gear-switching
was examined. Some of the experimental time-area
measures tested in both the Puget Sound salmon
fishery and California halibut fishery were applied
as regulations on the entire fleet and successfully
reduced seabird bycatch in the long-term (e.g., WA
DFW 2020 and Forney et al. 2001, respectively). Cost
analyses of gear-switching to reduce bycatch of dol-
phins in Argentinian artisanal fisheries suggest fisher
acceptance over the long-term (Berninsone et al.
2020), and several fishing companies in New Zealand

have been willing to voluntarily switch gears to
reduce dolphin bycatch (Leathers and Leslie 2017).

Monitoring and enforcement are key elements to
ensure time-area fishing restrictions are successful, and
incentives and costs are critical components to con-
sider when developing gear-switching strategies
(Grafton et al. 2006; Eayrs et al. 2015). Barz et al.
(2020) studied fisher characteristics to predict potential
acceptance of seabird bycatch mitigation measures for
gillnet fisheries. Through a series of interviews and
expert workshops, fishers were categorized in three
main types, including those who anticipate future
developments and innovate solutions, those who are
focused on present conditions and operate opportu-
nistically, and those who are past-oriented with reluc-
tance to adapt to changing situations (Barz et al. 2020).
The authors correlated these fisher characteristics with
bycatch mitigation options, including time-area fishing
restrictions and gear-switching, and suggested that
acceptance of bycatch reduction tools may be
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dependent on the level of participation of each fisher
type in a region. They noted that fishers who are likely
to innovate could collaborate with scientists and man-
agers to develop novel bycatch mitigation approaches,
whereas fishers that are reluctant to change may need
additional incentives to accept bycatch reduction mea-
sures. The authors suggested that education programs
aimed at changing the discourse about impacts of sea-
bird bycatch can raise awareness of conservation con-
cerns, and that cooperative agreements between
government agencies and fishing organizations would
facilitate acceptance of mitigation measures. Quantifying
the relative proportions of each fisher type can be
useful to prioritize management options. For example,
if a high percentage of a fleet is comprised of inno-
vative fishers that will implement effective bycatch
reduction measures, it may not be necessary to man-
date measures across the entire fleet to meet conser-
vation objectives (Barz et al. 2020). Understanding the
motivations, local ecological knowledge, individual
skills, and cultural background of fishers can help to
develop effective bycatch mitigation strategies (Grafton
et al. 2006; Barz et al. 2020).

Discussion

Seabird bycatch in gillnet fisheries remains a consid-
erable source of mortality that impacts several threat-
ened species. A holistic approach to reduce seabird
bycatch in gillnets, including understanding of seabird
biology, habitat preference, and feeding ecology com-
bined with information about fishing activity, target
species, and socioeconomic impacts, may provide a
framework to develop mitigation measures. Combining
measures (e.g., time-area fishing restrictions and
gear-switching) may be feasible in certain regions, if
fine-scale spatial and temporal information about the
overlap of seabirds and gillnet gear is available.
Although time-area restrictions and gear-switching
may impact the ability of fishers to operate in tradi-
tional ways, these management procedures may incen-
tivize innovative solutions that can be applied to
minimize impacts on fishing activities while meeting
seabird conservation objectives.

An iterative approach that refines specific tools and
builds upon lessons learned from success and failure
of various methods is needed to meet conservation
and fishery objectives for coastal gillnet activities.
Considering a variety of predictive tools to project
potential outcomes may be a necessary first step for
development of seabird bycatch reduction programs.
The emerging concept of dynamic ocean management,
which applies information to manage on discrete

spatial and temporal scales (Lewison et al. 2015;
Maxwell et al. 2015; Hazen et al. 2018; Zhou et al.
2019), may provide useful examples to apply to coastal
gillnet fisheries. Fine-scale time-area fishing restrictions
have not been extensively evaluated for effectiveness
in reducing seabird bycatch in gillnet fisheries, but this
approach may be effective in regions where seasonal
and spatial distribution patterns of seabirds and gillnet
activity have been documented (Sonntag et al. 2012;
Bellebaum et al. 2013; Almeida et al. 2017; Baerum
et al. 2019; Glemarec et al. 2020). The effects of climate
change on fish and seabird distribution also need to
be considered when designing time-area restrictions,
and flexibility to adapt closure areas could be consid-
ered in the implementation phase. Additionally,
fine-scale time-area restrictions may allow for more
rapid implementation of bycatch reduction measures
than large closures to meet conservation directives.
Restricting gillnet use in areas and seasons of high
seabird abundance may reduce bycatch while allowing
continued fishing activity, but input from fishers is
required to develop acceptable time-area measures.
Developing metrics based on specific goals for
bycatch and target species to assess whether
gear-switching is suitable for a fishery could be useful
in identifying alternative gears, areas, and seasons for
implementation (Willison and Céte 2009). Such met-
rics (e.g., maximum cost to fishers, bycatch thresholds,
and administrative capacity) are essential to consider
for small-scale coastal gillnet fisheries where fishing
operations are limited by season, geography, vessel
characteristics, target species, and economic factors.
The impacts of a gillnet ban in Florida offer lessons
in unintended consequences. Gear-switching resulted
in overfishing of an alternative target species, dis-
placement of fishers that suffered from reduced
income and mental health issues, and negative impacts
on food security (Shivlani et al. 1998; Smith et al.
2003; Loring 2017). These types of negative conse-
quences can be avoided when gear-switching options
are developed collaboratively with fishers and a bal-
ance of costs and benefits are considered. Incentives
for gear-switching include subsidies and buyback pro-
grams for gear replacement, training and education
for alternative gears, recognition of adoption of alter-
native gears, and flexibility in management to facilitate
long-term sustainable benefits (Fulton and Smith 2007;
McClanahan et al. 2009; Jenkins and Garrison 2013;
Eayrs et al. 2015; Loring 2017; Barz et al. 2020).
Defining bycatch reduction goals can be challenging
because they depend on societal objectives, regulatory
mandates, population status, economic tradeoffs, and
data availability. Consideration of bycatch impacts at



the population scale is necessary to identify reduction
targets that weigh conservation goals against fishery
costs (Northridge et al. 2017; ICES 2018). Applying
consistent criteria across multiple taxa (e.g., marine
mammals, turtles, and seabirds) can ensure that mit-
igation strategies do not simply shift bycatch from one
species to another (Moore et al. 2009). Seabird bycatch
may be viewed as a component of accepted daily fish-
ing activity by fishers (Barz et al. 2020), which requires
a change in attitude through discourse as a needed
initial step to develop successful mitigation strategies.
Characterizing patterns in fisher motivations and
incentives may also allow management actions to focus
on the most realistic approaches to reduce bycatch,
such as cooperative agreements and adaptive manage-
ment for fine-scale fishing restrictions or gear-switching
(Barz et al. 2020). Additionally, an evaluation of mon-
itoring and enforcement requirements to determine
availability of existing infrastructure and identify gaps
in administrative systems would help to define realistic
objectives and ensure effective implementation.

Successful mitigation strategies typically result from
tailoring solutions to specific bycatch problems and
addressing challenges holistically. Modifying fishing
gear can be an acceptable bycatch mitigation approach
for fishers because it does not prohibit or substantially
change fishing activities. By contrast, time-area restric-
tions and gear-switching have greater impacts on fish-
ing behavior. Additional research is needed to develop
gear modifications that meet seabird bycatch reduction
goals, which could be combined with time-area fishing
restrictions and gear-switching to reach conservation
objectives. Although these measures may be successful
for reducing bycatch in some areas, they may also
cause economic difficulties for fishers, which pose
challenges to implementation, enforcement, and com-
pliance. Consideration of fisher perspectives and
incentives is critical for establishing realistic and mea-
surable bycatch reduction targets, incentivizing uptake
of mitigation measures, maintaining long-term sus-
tainability, and achieving conservation goals. Integrated
regionally specific information on seasonal seabird
habitat use, fishing effort, target species, and fisher
incentives, combined with established and measurable
bycatch reduction goals will allow for development of
effective management strategies to reduce seabird
bycatch in gillnet fisheries.
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