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Abstract

Cap-based time-area closures can reduce the incidental capture of specific non-target species in fisheries by temporarily closing fishing
areas when bycatch exceeds a threshold. The displacement of fishing effort can result in bycatch tradeoffs by increasing interactions
with other species or even negate the intended effect of the closure. Here, we assessed the change in bycatch risk for a suite of species
of concern resulting from the Southern Exclusion Zone (SEZ), a 343796 km? bycatch cap-based time-area closure designed to protect
false killer whales from mortality and serious injury in the Hawai‘i deep-set longline fishery. The SEZ was enacted twice between 2018
and 2020. We found that during the SEZ closures, fishing effort increased along the eastern and southern SEZ border, where species like
oceanic whitetip sharks, giant manta rays, and olive ridley sea turtles showed the most concentrated risk, indicating high susceptibility
to overlap with displaced effort. Scalloped hammerhead sharks and green and leatherback sea turtles faced moderate risk near heavy
fishing, while loggerhead turtles and false killer whales showed diffuse risk. These results highlight that while cap-based closures aim to
protect a single species, effective Ecosystem-Based Fisheries Management should consider the entire species portfolio in conservation

strategies.
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Introduction

A common method to reduce bycatch of long-lived species in
commercial fisheries is to temporarily, partially, or completely
halt fishing operations (Murray et al. 2000). Static marine pro-
tected areas (MPAs) are typically long-term, e.g. permanent or
over multiple years, no-take or limited-take zones established
in specific locations. In coastal, shallow-water zones static
MPAs are a common strategy to protect critical habitats and
species (Friedlander et al. 2019, Gilman et al. 2019a). Large-
scale static MPAs are increasingly being adopted as manage-
ment solutions in pelagic environments, yet their effective-
ness in achieving management goals appears to be context-
dependent and variable (White et al. 2010). Static MPAs can
be less effective for managing highly mobile species that re-
spond to dynamic ocean conditions, as these species often
move in and out of protected areas, reducing the effective-
ness of spatial protection (Hyrenbach et al. 2000). Dynamic
ocean management (DOM) is a more tailored approach for
spatially managing highly mobile species by using near-real-
time or real-time data (e.g. oceanography, biology, and socio-
economics) to develop management strategies that optimize
both ocean conservation and fishery productivity (Hobday et
al. 2014, Maxwell et al. 2015). Nascent DOM tools are being
incorporated into current ocean management, as a response
to legislative or management actions that threaten to dimin-
ish or hinder ocean use (Lewison et al. 2015) and demonstrate
potential in curtailing bycatch or overharvesting (Maxwell et
al. 2015, Pons et al. 2022).

While static MPAs and DOM differ fundamentally in their
execution, cap-based closures are an example of a hybrid ap-
proach. These strategies, triggered by real-time fishing interac-
tions exceeding a pre-set cap, enact either temporary complete
fishery closures or partial closures in the form of static no-
take area(s). These bycatch caps have been a common man-
agement tool for decades (O’Keefe et al. 2014), particularly
for protected species. For example, in California, three con-
firmed humpback whale, Megaptera novaeangliae, entangle-
ments in commercial Dungeness crab, Metacarcinus magister,
fishing gear leads to a statewide closure of the fishery (CDFW
2020, Free et al. 2023). Prior to 2019, loggerhead sea turtle
interactions surpassing the cap set for the Hawai‘i shallow-
set fishery would trigger a complete closure until the start of
the next calendar year (WPRFMC 2024). However, cap-based
closures are often structured to minimize interactions for a sin-
gle species, and unlike the dynamic closures, are not designed
to respond to changing ocean conditions. Further, cap-based
closures can either curtail fishing effort through cessation of
fishing activity or require fishers to redistribute to other fishing
grounds. This redistribution may benefit species that co-occur
in the closure area or timeframe but also increase the risk of
interacting with species outside the closure zone (O’Keefe et
al. 2014).

An example of implemented cap-based partial area closures
is the Southern Exclusion Zone (SEZ) for the Hawai‘i deep-
set longline (DSLL) fishery. Part of the exclusive economic
zone (EEZ) fishing grounds, closes to DSLL fishing if a certain
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number of false killer whales, Pseudorca crassidens, experi-
ence mortality or serious injury (MSI) within a year, within
the EEZ. The SEZ reopens the following year, or later if more
false killer whale MSI occur in the EEZ that year, once the
reopening criteria defined in the Take Reduction Plan imple-
menting regulations are met (50 CFR 229.37). The SEZ was
designed to mitigate bycatch of both the pelagic and Hawai-
ian insular false killer whale stocks (75 FR 2853, 19 January
2010; 50 CFR 229.37). It was initially established because
the MSI exceeded the Potential Biological Removal level for
the pelagic false killer whale stock in 2009 (Carretta et al.
2009). This concern was exacerbated by the recognition that
the Hawai‘i (HI) insular stock, which has overlapping geo-
graphic ranges with the pelagic stock and is generally indis-
tinguishable without genetic testing, had fewer than 200 indi-
viduals (Oleson et al. 2010) and was listed soon after as en-
dangered under the Endangered Species Act (77 FR 70915).
Under the Marine Mammal Protection Act (MMPA), a Take
Reduction Team was established to reduce such interactions
(75 FR 2853, 19 January 2010). The team developed a Take
Reduction Plan that was drafted in November 2012 (77 FR
71260, 29 November 2012) and effective 31 December 2012.
Take reduction measures included a permanent 282 796 km?
LL prohibited area around the Main Hawaiian Islands aimed
at minimizing interactions with the HI insular stock, gear re-
quirements, handling and release procedure compliance, and a
fleet-wide bycatch cap that would enforce the SEZ. The SEZ
was closed twice since its enactment: 24 July—31 December
2018, and 22 February 2019-25 August 2020.

The SEZ is significantly sized at 343 796 km? and makes
up 48% of the fishable EEZ around Hawai’i and is a fo-
cal area of DSLL fishing effort. Though intended for a single
species, the closure of such a large and economically signifi-
cant area temporarily displaces fishers from the region when
the false killer whale cap is triggered. Redistribution of fish-
ing pressure following the SEZ closure, should, at minimum,
concentrate fishing effort in the remaining fishing grounds
and could increase the bycatch of other species not targeted
by the closure if their density in those spaces is higher than
in the closed area (Lewison et al. 2004, 2014, Gilman et al.
2019Db). At least seven other protected species that are com-
monly caught as bycatch co-occur with false killer whales in
this region. Take of protected species in the Hawai‘i DSLL
fishery are managed by a variety of cap-based closures and
incidental take statements under the Endangered Species Act
(ESA). It is possible that triggering a temporary static closure,
such as the SEZ, could inadvertently increase or decrease the
risk of meeting or exceeding the allowed take set by other
regulations.

The broader impacts of static closures on the bycatch rates
of multiple species remain sparsely understood (Lewison et
al. 2015) but limited examples indicate there are likely con-
siderable multispecies tradeoffs. In the North Atlantic sword-
fish, Xiphias gladius, longline fishery, a three-year area closure
aimed at reducing sea turtle bycatch incidentally increased by-
catch rates for ten shark species due to fishing effort displace-
ment (Baum et al. 2003). Similar outcomes have been observed
or simulated in various fisheries across ocean basins (Abbott
and Haynie 2012, Gilman et al. 2019b, Pons et al. 2022).
As fisheries management transitions to Ecosystem-Based Fish-
ery Management, decision tradeoffs and their consequences
for multiple species should be evaluated. These multi-species
tradeoffs complicate both protected species management and
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fisheries management and are necessary to assess for informed
regulatory decision making (Dunn et al. 2011, Griss et al.
2014, Townsend et al. 2019).

The potential to displace effort and increase bycatch risk for
other species is particularly pertinent for rarely encountered,
highly threatened protected species. For these species, rela-
tively few additional fisheries interactions can trigger a suite of
management and conservation actions as well as further jeop-
ardize the population (Brownell et al. 2019, Dulvy et al. 2021).
When such fishery interactions do occur, stakes can be higher
and more effective, rapid management responses may be war-
ranted. Displacement of fishing effort resulting from area clo-
sures could negate their effectiveness and long-term utility of
these responsive cap-based static area management strategies.
Recent global initiatives aim to protect 30% of the world’s
land and oceans by 2030, in part through the establishment
of oceanic MPAs (Hilborn et al. 2022, Blanluet et al. 2024). As
part of this effort, large-scale static MPAs are increasingly im-
plemented as management solutions in pelagic environments.
A comprehensive multi-taxa approach is needed to evaluate
the effectiveness of this management strategy, and current cap-
based closures provide a window into how oceanic MPAs may
operate. Here, we used an Ensemble Random Forest (ERF)
modeling approach to evaluate the consequences of the SEZ
on the bycatch rates of eight protected megafauna species, in-
cluding three elasmobranch species, four sea turtle species and
a marine mammal. The ERF framework is well-established
and is particularly valuable for predicting the presence of rare
species (Siders et al. 2020). Our models use 17 years of ob-
server data from the DSLL to (i) predict where species inter-
actions are the most probable, (ii) assess the impact of the SEZ
closures in 2018 and 2019-2020 on the redistribution of fish-
ing pressure in the Hawai‘i DSLL fishery, and (iii) examine the
consequences of the SEZ closure on the risk for fishery inter-
actions with a suite of protected species.

Methods

Fishery

The Hawai‘i DSLL fishery (~150 participating vessels) oper-
ates year-round and primarily targets tuna (Thunnus spp.).
The fishery operates inside and outside the US EEZ around
the Hawaiian Islands. The National Oceanic and Atmospheric
Administration (NOAA), until recently, maintained observer
coverage around 20% since 2001 to monitor encounters with
marine megafauna including the false killer whale. Three
stocks of false killer whale occur in this region, including
the endangered HI insular stock around the Main Hawai-
ian Islands, an insular stock associated with the northwest-
ern Hawaiian Islands, and a pelagic stock that moves across a
broader area, both within and outside the EEZ (Bradford et al.
2020, Oleson et al. 2023). The Take Reduction Plan aims to
further reduce longline interactions with the HI insular stock
and pelagic stock (77 FR 71260). One major challenge for
fishing vessels lies in the overlap and therefore differentiation
between these stocks. The HI insular stock occurs nearshore
and within 140 km from the shoreline of the Main Hawaiian
Islands, whereas the pelagic stock inhabits waters 40 km and
further out from the shore and beyond the EEZ (McCracken
2010). An existing permanent longline prohibited area that
borders the Main Hawaiian Islands seeks to substantially re-
duce the impact of longline fisheries on the HI insular stock
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(77 FR 71260). We therefore assumed that most of the false
killer whale interactions observed involve the pelagic stock,
and any subsequent references to false killer whales are likely
referring to the pelagic stock.

Observed false killer whale MSI in the US EEZ on DSLL
trips that meet the established trigger number for a given fish-
ing year results in the closure of the SEZ to DSLL fishing (77
FR 71260). The first closure of the SEZ occurred on 24 July
2018 when two false killer whale interactions resulting in MSI
occurred within the EEZ (83 FR 33848) and was closed for the
remainder of the year. On 22 February 2019, the SEZ reached
the trigger of two false killer whale MSI and was closed (84
FR 5356) until 25 August 2020 when a reopening criterion
defined in the Take Reduction Plan regulations was met (85
FR 50959; 50 CFR 229.37).

Protected species

The species we included in our analyses are protected at vary-
ing levels under the MMPA and/or ESA and are rarely encoun-
tered in the DSLL. These species include: pelagic false killer
whale, oceanic whitetip shark (Carcharbinus longimanus),
scalloped hammerhead shark (Sphyrna lewini), giant manta
ray (Mobula birostris), olive ridley sea turtle (Lepidochelys
olivacea), green sea turtle (Chelonia mydas), leatherback
sea turtle (Dermochelys coriacea), and loggerhead sea turtle
(Caretta caretta).

Fishing data

We used set-level data from the 2005-2022 NOAA Pacific Is-
lands Region Observer Program (PIROP; Pacific Islands Re-
gional Office) to develop interaction distribution models for
the protected species mentioned above. Until recently, the
DSLL fishery targeted ~20% observer coverage, by which an
observer is assigned to a vessel using a two-stage sampling
process (McCracken 2019). The observers record variables re-
lated to fishing operations including the coordinates for each
set, catch, and bycatch (McCracken 2019).

To evaluate fleet-wide fishing effort and bycatch risk, we
used data from the Hawai‘i logbook program from 2016-
2022 (Pacific Islands Fisheries Science Center). The logbook
data was restricted to 26 August 2016 to 31 December 2022
to assess SEZ closure impacts after the expansion of the Pa-
pahanaumokuakea Marine National Monument (PMNM) on
26 August 2016. The total fishing effort was estimated from
the logbook data by summing the number of commercial sets
that fished within each grid during the open and closed SEZ
periods. The difference in fishing effort between periods of
the open and closed SEZ was determined by estimating the
relative fishing effort within each year/status for each set, av-
eraging across the open or closed timeframes within 100 km?
hexagonal grid cells, and subsequently calculating the differ-
ence between the two. To ensure the confidentiality of fishing
locations, hexagonal grids with <3 vessels were not presented
in the plots, but these data were included in the analyses. Risk
was assessed using the ERF modeling framework described
below.

For analysis and prediction, we extracted 25 environmental
variables associated with each fishing set for both the observer
and logbook data according to Siders et al. (2020) and Long et
al. (2024) (Table S1). These variables occur over different tem-
poral and spatial scales including static (e.g. bathymetry and
distance to nearest seamount), temporally dynamic (e.g. lunar

phase), or spatiotemporally dynamic (e.g. sea surface tempera-
ture, ocean currents, wind speed, and chlorophyll-a). In cases
of highly correlated covariates (r > 0.7), one environmental
covariate was selected. Spatial proxies (e.g. coordinates, Eu-
clidian distance fields) were not included as predictors in the
ERF models. All analyses were conducted in R (version 4.2.1).

ERF bycatch estimation

The ERF modeling framework has been thoroughly docu-
mented (see Siders et al. 2020, Text S1 for further details).
The full dataset implemented in the ERF here consisted of the
bycatch data and the environmental variables for 65108 ob-
served DSLL sets from 2005 to 2022. Presence and absence
data sets for each species of interest (false killer whale, oceanic
whitetip shark, scalloped hammerhead shark, giant manta ray,
loggerhead sea turtle, leatherback sea turtle, olive ridley sea
turtle, and green sea turtle) were constructed. The ERF models
identify species-specific factors influencing bycatch and could
be used to predict bycatch and its distribution in the DSLL
logbook data. In the ERF method, each species dataset was
repeatedly sampled with an equal number of presences and
absences and partitioned into multiple 90% training and 10%
testing subsets. The training sets separately trained 200 ran-
dom forests with 1000 trees per forest and 5 covariates at
each node. The resulting random forest predictions were then
assembled into an ensemble model. Model performance met-
rics [i.e. area under the curve (AUC), root mean squared error
(RMSE), and true skill statistic (TSS)] were evaluated for the
training and internal test datasets for each species. The proba-
bility of presence maps were created for each species averaging
the ERF model output across a hexagonal grid (100 km? cell
size). To ensure the confidentiality of fishing locations, hexag-
onal grids with <3 vessels were removed from these maps.

Interaction risk

The trained ERF models were used to predict which unob-
served sets (logbook data) had interactions with each species.
To ensure that unobserved sets maintain a similar spatial
structure to observed sets, we assessed the nearest-neighbor
distances using the k-fold nearest neighbor distance matching-
based spatial cross-validation (k-fold NNDM LOOCV) (Mila
et al. 2022, Linnenbrink et al. 2024) (Fig. S1). To account
for variability in the ERF predictions, bootstrapping was per-
formed (N = 10), generating resampled predictions for the test
dataset. The mean prediction from these bootstraps was used
to ensure robust estimates, which were then aggregated to the
hexagonal grid by SEZ status and year. To reduce the predic-
tion grid for the models and to facilitate the preservation of
confidential information, effort (in sets) was assigned to a grid
of 100 km? hexagonal cells based on the centroid of the four
coordinates associated with the beginning and end of each
longline set and haul. These aggregated ERF-predicted prob-
abilities in each cell, p;, do not account for prevalence (Manel
et al. 2001, Elith et al. 2011, Fukuda and Da Baets 2016),
and thus were rescaled to approximate the true probability
of interaction. For each year, we accounted for prevalence by
multiplying the aggregated probabilities by the ratio of the to-
tal estimated interactions reported in the 2023 Pelagic SAFE
Report during the analysis period of 26 August 2016 to 31
December 2022 (B,) (WPRFMC 2024, Table S2) to the sum
total of the probabilities in that year. We then effort-weighted
these re-scaled probabilities to account for the relative effort
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Figure 1. Deep-set longline fishing effort in the central north Pacific Ocean. (a) Fishing effort (by number of sets) when the SEZ is open from 2016 to
2022, (b) fishing effort (by number of sets) when the SEZ is closed in 2018, 2019, and 2020, (c) normalized change in fishing effort between open and
closed SEZ. Warm colors indicate (a—b) more fishing effort and (c) a relative increase in effort. (d) Number of Hawai‘i-based longline sets by quarter
between 1 October 2016-1 October 2022. The gray rectangles indicate the closure of the SEZ (24 July-31 December 2018 and 22 February 2019-25
August 2020). For (a)—(c), the Hawaiian EEZ is outlined in black, SEZ is outlined in white, and longline prohibited area is the solid white filled polygon.
Data is from the Hawai'i logbook program (Pacific Islands Fisheries Science Center).

with a given SEZ status block:
B, E;,
N X

Eizl pi

wt o,
Piz = Pix X max (E;)’

where E;; is the total number of sets per cell and scaled rel-
ative to the maximum effort in a given SEZ status and year
time block. To assess the correlation of bycatch risk between
species, the correlation of weekly effort-weighted ERF (by
sets) was calculated between each species. The distance of each
cell from the SEZ boundary was calculated by taking the Eu-
clidean distance from the centroid of each hexagonal grid cell
to the SEZ boundary.

Results

Fishing effort in the Hawai’i longline fishery
Between 26 August 2016 and 12 December 2022, the SEZ was
open for 1557 days and a total of 91 086 sets were logged by
the Hawai’i DSLL fishery, with the primary fishing effort (no.
sets) focused in the SEZ or directly southwest of the SEZ (Fig.
1a). When the SEZ was open, up to 856 sets within a 100
km? hexagonal grid were deployed in the SEZ. The SEZ was
closed for a total of 743 days and during that time 41 346 sets
were logged. Up to 626 sets within one 100 km? hexagonal
grid were deployed outside the SEZ (Fig. 1b). Fishing effort
increased on the eastern and southern edges of the SEZ border
and slightly north of the Main Hawaiian Islands and remained
mostly neutral around the remaining open areas (Fig. 1c).
The total fishing effort (no. sets) in the Hawai’i DSLL fleet
increased from 2016 to 2022 (Fig. 1d). Effort tends to peak
in the EEZ in the fourth quarter (1 October-31 December),
while effort tends to increase outside the EEZ during the sec-
ond (1 April-30 June) and third (1 July-30 September) quar-
ters. Throughout the SEZ closure, total effort remained rela-
tively high outside the EEZ for 10 consecutive quarters and

deviated from the typical quarterly trend (Fig. 1d). Following
the reopening of the SEZ in late 2020, effort increased par-
ticularly within the SEZ. During the first quarter of 2021, the
SEZ experienced 1761 sets compared to only 484 sets outside
the SEZ but within the EEZ (Fig. 1d). At this point, nearly half
of the total sets (2245 out of 4894) occurred within the EEZ
(Fig. 1d).

Bycatch summary

Interactions with all protected species were rare (interaction
rate per set = 0.08-0.0002; Table 1). During observed DSLL
sets, oceanic whitetip sharks are most frequently encountered
at over an order of magnitude higher than other species, with
a total of 5224 interactions over the 18 years in the 65108
observed sets (Table 1). The available presence data for olive
ridley sea turtles (199 interactions) and false killer whales
(114 interactions) were relatively similar (Table 1). Mean-
while, there were <50 interactions with giant manta rays or
leatherback sea turtles, and fewer than 25 with scalloped ham-
merhead sharks, green sea turtles, or loggerhead sea turtles out
of the 65108 observed longline sets (Table 1).

ERF model

The models performed with varying success. Threshold-free
performance metrics for the various protected species’ ERF
models demonstrate good model performance. The ensemble
AUC was high across all species (0.99-1) (Table 1; Fig. S2).
Test performance AUC was greatest for oceanic whitetip
sharks (0.84) and giant manta rays (0.80) and lowest for false
killer whales (0.53). The test RMSE performed best for the
giant manta rays (0.34) and worst for false killer whales and
green sea turtles (0.40) (Table 1). Similarly, the test TSS per-
formed best for giant manta rays (0.60) and worst for false
killer whales (0.21) (Table 1).
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Table 1. Ensemble random forest performance metrics for each protected species.

Ensemble Test Interactions
Interaction Total
Species AUC RMSE TSS AUC RMSE TSS rate interactions
Oceanic whitetip shark 1.00 0.33 0.95 0.84 0.37 0.50 .0802 5224
Olive ridley sea turtle 0.99 0.38 0.95 0.70 0.38 0.38 .0031 199
False killer whale 1.00 0.40 1.00 0.53 0.40 0.21 .0018 114
Giant manta ray 1.00 0.34 0.97 0.80 0.34 0.60 .0007 46
Leatherback sea turtle 1.00 0.39 0.98 0.68 0.39 0.47 .0006 39
Scalloped 1.00 0.39 0.99 0.67 0.39 0.49 .0004 24
Hammerhead shark
Green sea turtle 1.00 0.40 1.00 0.59 0.40 0.40 .0004 23
Loggerhead sea turtle 1.00 0.39 1.00 0.66 0.39 0.53 .0002 16

Model performance metrics (“Ensemble”) measured on the training (observer) dataset and internal performance (“Test”) for threshold-free test sets. Metrics
include AUC, RMSE, and TSS. The interaction rate indicates how often encounters occurred with each species over the 17 years across the observer data, and
the total interactions is the total number of interactions with each species across the 65 108 observed sets.

The most important environmental covariates in predicting
species presence often overlapped among species. These co-
variates included chlorophyll a concentration, current condi-
tions (i.e. vorticity or direction), sea surface temperature, and
eddy kinetic energy (Fig. S3). The influence of these covari-
ates on the probability of presence for each species varied in
both rank and effect (Figs S3-S11). Environmental covariates
played a major role in predicting oceanic whitetip shark pres-
ence, with all environmental covariates with a mean decrease
accuracy >5% (Fig. S3). The other species were also often as-
sociated with approximately 5 environmental covariates with
a mean decrease accuracy >3 %, except for loggerhead sea tur-
tles, which had no important environmental covariates >5%
(Fig. S3).

Spatial predictions for protected species

In part, based on differences of importance in environmen-
tal covariates and their associations, the ERF predictions re-
sulted in different areas of high probability of presence for
each species. Oceanic whitetip sharks, giant manta rays, and
olive ridley turtles showed high presence probabilities concen-
trated south of the Main Hawaiian Islands, with peak concen-
trations southwest near 5°N 165°W (Fig. 2a, c—d). Similarly,
presence probabilities for scalloped hammerhead sharks, and
green, and leatherback sea turtles were elevated southwest of
the Main Hawaiian Islands, though dispersed across a wider
latitudinal band from 5 to 15°N (Fig. 2b, e~f). Loggerhead sea
turtles and false killer whale presence probabilities were spa-
tially diffuse, showing no distinct hotspots around the islands
(Fig. 2g-h).

Fishery interaction risk during SEZ closures

For all eight species, interaction risk was more widespread
when the SEZ was open but became concentrated inside and
along the SEZ border when it was closed (Figs 3, 4). Dur-
ing SEZ closures, risk clustered south (16°N 158°W) and
east (17°N 153°W) of the SEZ (Fig. 3b, d, f, h, j, I, n, and
p). Most species experienced their highest weekly interac-
tion rates during the SEZ closures, ranging from 0.13 (13
per 100 sets) for oceanic whitetip sharks (Figs 3b and 4a)
to 0.00004 (4 per 100000 sets) for scalloped hammerhead
sharks (Figs 3d and 4b). The weekly interaction rates for
other species during the SEZ closures included 0.00046 for
giant manta rays (Figs 3f and 4c), 0.0061 for olive ridley

sea turtles (Figs 3h and 4d), 0.00059 for green sea turtles
(Figs 3j and 4e), 0.00089 for leatherback sea turtles (Figs 31
and 4f), and 0.0015 for false killer whales (Figs 3p and 4h).
In contrast, loggerhead sea turtle risk was slightly higher
when the SEZ was open (0.00037) than closed (0.00032),
with hotspots within the SEZ (19°N 159°W) and north of
the Main Hawaiian Islands (23°N 158°W) (Fig. 3m-n and
4g).

Interaction risk was higher in both relative magnitude and
spatial distribution when the SEZ was open compared to
closed for scalloped hammerhead sharks, loggerhead sea tur-
tles, and false killer whales (Fig. 4b, g-h), but lower for oceanic
whitetip sharks, giant manta rays, and olive ridley sea tur-
tles (Fig. 4a, c—d). Species correlations may indicate shared
risk (Table S3). Oceanic whitetip sharks, hammerhead sharks,
manta rays, olive ridley sea turtles, and leatherback sea tur-
tles demonstrate similar spatial risk (correlations ranging from
0.71 to 0.86), likely experiencing concentrated effort near the
SEZ (Table S3). False killer whales show a moderately high
correlation with most species (strongest correlation with green
sea turtles, 0.85). Loggerhead sea turtles show distinct, low
correlations with most species (0.1-0.47 with all but green
sea turtles, 0.75) (Table S3).

The block assessment for oceanic whitetip sharks demon-
strates the interannual variability in interaction risk during the
open and closed SEZ (Fig. 5a), with similar patterns in other
time blocks and for other protected species (Figs S14-S21).
In 24 July-31 December 2017, weekly interaction rate with
oceanic whitetip sharks was 0.164 (16.4 per 100 sets) within
the SEZ (20°N 163°W) (Fig. 5a). During the 2018 SEZ clo-
sure, this risk increased to 0.169 north of the Main Hawai-
ian Islands (21°N 154°W) and during the 2019 closure, in-
creased to 0.202 in a concentrated area south of the Main
Hawaiian Islands (15°N 162°W). Interaction risk remained
high but moved within and around the SEZ, to 0.207 in 2020,
0.198 in 2021, and 0.192 in 2022 (Fig. 5a). The eight-month
block assessed for interaction risk with olive ridley sea tur-
tles similarly demonstrates the interannual variability in in-
teraction risk when the SEZ was open and closed (Fig. 5b).
In the latter part of the second SEZ closure (1 January-25
August 2020), weekly interaction rates were greatest directly
east and southwest of the SEZ border, reaching 0.0085 (8.5
per 1000 sets) at 15°N 158°W (Fig. 5b). When the SEZ re-
opened, weekly interaction rates were reduced to a maximum
of 0.0065 (2021) and more diffused in 2022, with a maxi-
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Figure 3. Weighted interaction rates for (a—b) oceanic whitetip sharks, (c—d) scalloped hammerhead sharks, (e-f) giant manta rays, (g—h) olive ridley sea
turtles, (i—j) green sea turtles, (k-I) leatherback sea turtles, (m-n) loggerhead sea turtles, and (o—p) false killer whales when the SEZ is open (dates
outside of closure between 26 August 2016 and 12 December 2022; columns 1, 3) and closed (24 July-31 December 2018 and 22 February 2019-25
August 2020; columns 2, 4). The Hawaiian EEZ is outlined in black, SEZ is outlined in white, and longline prohibited area is the solid white filled polygon.

mum risk of 0.0086 further outside the SEZ at 14°N 163°W
(Fig. Sb).

Discussion

Effort redistribution

Protected species management mandated through the ESA
and MMPA are inherently focused on single species but can
have broad effects that extend to other protected species. We
show the cap-based static area closure (i.e. SEZ) for reducing
the risk of false killer whale bycatch within the EEZ around
Hawai'‘i, redistributed pelagic longline deep-set fishing effort
to areas on the eastern edges of the closure—similar to “fish-
ing the line” behavior seen around much smaller MPAs (Mu-
rawski et al. 2005, Ohayon et al. 2021). This effort redistri-
bution concentrates interaction risk with multiple protected
species, including pelagic false killer whales. We conclude
that single-species bycatch reduction strategies can inadver-
tently generate negative outcomes for the target species, other
protected species, and the affected fisheries. With many co-
occurring single-species bycatch mitigation measures in place,

it may be difficult to untangle which measures act synergisti-
cally or antagonistically on the suite of protected species.
Although the SEZ resembles a temporary MPA, its de-
sign and implementation highlight a mismatch between tra-
ditional MPA strategies- often optimized for benthic habi-
tat and sedentary species- and the conservation needs of mo-
bile pelagic species (Hyrenbach et al. 2000). As global mo-
mentum builds toward achieving “30 by 30” ocean protec-
tion goals (Hilborn et al. 2022, Blanluet et al. 2024), it is
important to recognize that area-based approaches like the
SEZ may not provide immediate or long-term benefits for pro-
tected species in dynamic, open-ocean systems. The implemen-
tation of MPAs can redistribute fishing effort and alter the spa-
tial risk field for interacting with both target and non-target
species in the system (Hyrenbach et al. 2000, Hoos et al. 2019,
Hilborn et al. 2022). When closures restrict fishing access, ef-
fort often shifts to adjacent areas, concentrating fishing activ-
ity along closure boundaries (i.e. “fishing the line”) (Cabral
et al. 2017). Here, the SEZ closures functioned similarly to a
large static MPA (Balmford et al. 2004), restricting access to
48% of the fishable areas within the Hawai‘i EEZ for pelagic
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longline fishing. However, rather than reducing interactions,
these closures primarily displaced effort beyond the EEZ, par-
ticularly north of the Main Hawaiian Islands and south and
east of the SEZ boundary. Our findings suggest that the SEZ
does not, nor was it designed to, reduce fisheries interaction
risk for a full suite of protected species, and the fishery’s spatial
displacement may further exacerbate bycatch risk for these
protected species.

Impact on false killer whale bycatch

In the Hawai’i DSLL, interaction risk for false killer whales
is spatially diffuse and primarily a function of effort. Over
the last two decades, the fishery has expanded five-fold in ef-
fort and space outside the EEZ (Woodworth-Jefcoats et al.
2018). Spatial shifts in fishing effort have coincided with in-

creased MSI in high-sea areas, possibly because pelagic false
killer whales occur in greater densities outside the EEZ (Brad-
ford et al. 2020, Oleson et al. 2023). The mean estimated an-
nual take outside the EEZ increased from an average of 10.0
(2008-2012) to 28.8 takes per year (2015-2019) (Oleson et
al. 2020, Fader et al. 2021). Our study showed that the SEZ
closures pushed fishing effort outside the EEZ, away from the
HI insular stock range (McCracken 2010), but into new areas
where the pelagic false killer whales are abundant (Oleson et
al. 2023). The risk of false killer whale interactions was par-
ticularly high near the SEZ boundary, suggesting that exclud-
ing fishing from the SEZ may increase interactions with the
pelagic false killer whales.

Assessing the effectiveness of the SEZ in reducing false killer
whale bycatch is challenged by the inability of existing mod-
els to detect clear ecological drivers of fishery interactions
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with false killer whales. Pelagic false killer whales are highly
mobile and cue on bait and catch rather than environmental
features (Gilman et al. 2006a, Hamer et al. 2012). As a re-
sult, interaction patterns are spatially diffuse and not strongly
linked to oceanographic conditions. This weakens the predic-
tive pattern of random forest models, which require strong
spatial clustering of presence data to extract meaningful pat-
terns (Siders et al. 2020, Long et al. 2024, Mila et al. 2024).
Additionally, the dynamic oceanic and atmospheric conditions
around the Main Hawaiian Islands (Friedrich et al. 2024) fur-
ther hinder the model’s ability to detect clear ecological pat-
terns (Forney et al. 2011), particularly for species with incon-
sistent environmental associations. These challenges limit the
feasibility of DOM, which is more effective when species dis-
tribution responds predictably to shifting environmental fea-
tures (Pons et al. 2022, Siders et al. 2024).

Impact on non-target protected species

Management strategies for bycatch mitigation introduce
tradeoffs that can inadvertently increase or decrease bycatch
risk for non-target species (Pons et al. 2022, Crespo et al.
2024). Strictly speaking, the False Killer Whale Take Reduc-
tion Plan was not mandated to require consideration of reg-
ulatory impacts on other species (50 CFR 229.37). Yet, as
demonstrated here, effort redistribution from the SEZ clo-
sures altered interaction risks for the protected species. When
the SEZ was closed, relative interaction risk increased for all
species- except loggerhead sea turtles—in concentrated fishing
areas outside the SEZ. Oceanic whitetip sharks, giant manta
rays, and olive ridley sea turtles showed the most concentrated
risk near the SEZ boundary when the SEZ was closed, indicat-
ing high susceptibility to overlap with the displaced fishing ef-
fort. Scalloped hammerhead sharks and green and leatherback
sea turtles experienced moderate increases in risk near con-
centrated fishing efforts. In contrast, loggerhead sea turtles
and false killer whales exhibited more diffuse risk patterns,
suggesting broader spatial ranges or less overlap with fishing
activity. These varied responses underscore the trade-offs of
spatial closures and the differing vulnerabilities across species.
This tradeoff is not exclusive to the Hawai‘i longline fishery.
In the US North Pacific demersal trawl fishery, an area closure
reduced the bycatch rate of the red king crab, Paralithodes
camtschaticus, but increased the bycatch rate of Pacific hal-
ibut, Hippoglossus stenolepis, due to displaced fishing effort
(Abbott and Haynie 2012). Likewise, model results from the
North Atlantic swordfish longline fishery showed that closing
one area might reduce bycatch rates of sea turtles and two
shark species, but would increase bycatch rates for 11 other
shark species as effort shifted (Baum et al. 2003). The SEZ clo-
sures follow this pattern, illustrating that regulatory actions
aimed at a single species inherently alter the risk profile for
the suite of species in the system.

Fragmented bycatch management hinders effective mitiga-
tion. Taxon-specific legislation often results in piecemeal man-
agement strategies that fail to address bycatch risks compre-
hensively (Moore et al. 2009). In the Hawai‘i longline fish-
ery, separate regulations exist for seabirds, sea turtles, odon-
tocetes, and sharks in the regional and domestic fisheries man-
agement systems (NMFS 2005, 2012, 2015, 2016, Gilman
et al. 2014, 2019b). This approach can create unintended
tradeoffs (Gilman et al. 2019b, Yan et al. 2024). For exam-
ple, switching between fishing depths changes the bycatch risk
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for different shark and sea turtle species (Gilman et al. 2016,
O’Farrell et al. 2024). Additionally, replacing J-style hooks
with circle hooks in the swordfish and tuna longline fish-
ery (Yokota et al. 2006, Boggs and Swimmer 2007) reduces
sea turtle bycatch risk but increases catch rates for six shark
species (Reinhardt et al. 2018). Night setting decreases long-
line interaction rates with many seabirds including the pro-
tected albatross species, Thalassarche spp., but increases inter-
action rates with the nocturnal white-chinned petrel, Procel-
laria aequinoctialis (Melvin et al. 2013). The 2005 expansion
of the Bornholm MPA in the Baltic Sea, intended to conserve
Baltic cod populations (Gadus morhua callarias) led to effort
displacement that increased the exploitation and discarding
of juvenile cod and counteracted the goal of the expansion
(Suuronen et al. 2010). Although these examples illustrate the
opposing consequences of legislative action on some species,
such measures can also yield mutual benefits for other species
(Melvin et al. 2013, Ochi et al. 2024, Yan et al. 2024). There-
fore, it is essential to evaluate these tradeoffs through a holistic
approach.

Closure effectiveness and broader implications

While we are not advocating for the removal of the SEZ
as a mitigation measure, its broader impacts on the fishery
warrant careful consideration. Some time-area closures have
successfully protected marine megafauna (Beets and Fried-
lander 1999, Moore et al. 2009, Goldsworthy et al. 2022),
but their effectiveness depends heavily on spatial scale, du-
ration, and how well they align with the movement of the
species they aim to protect. For example, a North Atlantic
longline closure failed to reduce leatherback sea turtle by-
catch because the closed area was much smaller than the tur-
tles” range (James et al. 2005). Similarly, closures in the Gulf
of Maine were ineffective at reducing harbor porpoise, Pho-
coena phocoena, bycatch in the sink gillnet fishery due to
their limited spatial and temporal coverage (Murray et al.
2000). In these instances, moving to longer and larger clo-
sures could better meet single-species management objectives,
provided the cascading impacts of such a change were ac-
ceptable. However, in some cases, if a species requires a large
spatial area for protection, enforcement may not be plausi-
ble. The vaquita, Phocoena sinus, in the Gulf of California
is on the brink of extinction (ESA Listing Rule 50 FR 1056,
1985) due to bycatch from artisanal gillnets (D’agrosa et al.
2000). Despite the implementation of time-area closures in
2005 aimed at protecting vaquitas, these measures proved in-
effective because of inadequate enforcement and insufficient
coverage of their habitat range (Gerrodette and Rojas-Bracho
2011).

In the Hawai‘i Pacific region, many protected areas are lo-
cated within or around high seas fishing grounds, where do-
mestic longline fleets compete with foreign vessels. In these
spaces, unilateral conservation efforts by a single nation may
be insufficient. Protecting wide-ranging or migratory species
under these conditions often requires coordinated interna-
tional agreements through Regional Fishery Management Or-
ganizations. One major consequence of expanding closures
without this coordination is the displacement of fishing ef-
fort into regions with fewer bycatch regulations. This could
involve shifting activity within the same fleet, as was seen
with the SEZ closure, or a broader restructuring of the global
seafood supply chains. For instance, a four-year closure of

9202 UdJeN 9Z U0 1sanB Aq Z/2681.8/1 | LIESY///Z8/2101HE/SWIS801/W09"dNO"01WapED.//:SA)Y WO papeojumod



Hawai'i’s pelagic longline fishery demonstrates the need to consider multispecies impacts in bluewater time-area closures n

the HI longline swordfish fishery redirected the US sword-
fish supply to foreign longline fleets with higher bycatch
rates and fewer regulations to mitigate sea turtle interactions
(Sarmiento 2006, Gilman et al. 2006b, Chan and Pan 2016).
This market-driven shift resulted in an estimated 2882 addi-
tional sea turtle interactions, ultimately negating the intended
conservation benefits of the closure (Rausser et al. 2009).
The potential consequences of mitigation measures aimed at
a single stock should be evaluated so that potential trade-
offs across the species and protected species are understood
even when the legal framework is focused on stock-specific
outcomes.

Even if the cap-based closure successfully protects the target
species and has neutral or positive impacts on other pelagic
species, it still raises the question of how the closure affects
the fishery itself. In 2016, the Papahanaumokuakea Marine
National Monument expansion permanently closed 68% of
the fishable EEZ to fishing. When the SEZ is closed, only
17% of the entire EEZ is open to fishing, inevitably in-
fluencing fleet behavioral response and affecting the socio-
economics of the fishery. In response to the SEZ closures, the
Hawai‘i DSLL fishing fleet shifted its efforts further south,
and “fished the line” in areas immediately outside the closed
area. The effort was extended significantly beyond the EEZ
and into the high seas, where less than 30% of the fleet
fished within the EEZ for 10 consecutive quarters (Fig. 1d).
Although catch of target species was reported as unaffected
for vessels that historically fished in the SEZ (Ovando and
Hilborn 2020), this change in effort can result in financial
losses for fishing vessels by also increasing competition with
foreign fleets, travel time, and fuel costs (O’Keefe et al. 2014,
Seary et al. 2022). While our analyses did not directly exam-
ine economic outcomes or operational impacts beyond effort,
these shifts in behavior are expected (O’Keefe et al. 2014,
Cabral et al. 2017) and highlight potential downstream ef-
fects of the closure. Thus, the consequences of the SEZ clo-
sure extend beyond the scope of false killer whale bycatch
reduction.

Current legislative frameworks for bycatch mitigation are
not structured to assess the impact of mitigation measures on
other species. Under the MMPA, the SEZ was designed to min-
imize false killer whale bycatch but was not mandated to con-
sider its effect on other species (50 CFR 229.37). We showed
that SEZ provided limited benefits to false killer whales and
inadvertently concentrated bycatch risk for other protected
species. While a cap-based area closure is among the many by-
catch mitigation strategies that exist (Gray and Kennelly 2018,
Swimmer et al. 2020), effective bycatch mitigation strategies
inherently introduce tradeoffs for the range of species in the
system and for the fishery itself (Huang et al. 2024). Grow-
ing evidence, including our findings here, suggests that single
protected species management could create unintended con-
sequences and reduce management efficiency (Gilman et al.
2019b, Ochi et al. 2024). It is essential we evaluate the mul-
tispecies impact—positive or negative—of current and future
bycatch mitigation measures and frequently reevaluate their
associated tradeoffs.
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