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Abstract—The fishing grounds of
the Hawaii-based longline fleet span
over 13 million km?2 in the central
North Pacific Ocean. We investi-
gated over 20 years of commercial
fishery logbook data and indepen-
dent observer data to gain an under-
standing of the variation in magni-
tude and composition of the fleet’s
catch on both intra- and interan-
nual scales. We found that the fish-
ery follows a quarterly geographic
migration and that the fishery has
expanded over time with a 5-fold in-
crease in effort and a spatial expan-
sion primarily to the northeast of
Hawaii during the third quarter of
the year. The World Ocean Atlas and
ocean reanalysis data indicate that
waters to the northeast of Hawaii
are a particularly effective fishing
ground because of the vertical over-
lap of preferred thermal habitat and
fishing gear. Furthermore, we found
that the Hawaii-based fleet faced lit-
tle international competition in this
region. The expansion of the fishery
has also affected catch composition,
resulting in discard rates that ex-
ceed target catch rates. Understand-
ing how catch varies as a result of
oceanographic variability and fleet
movement can lead to a more ef-
ficient, resilient, and cost-effective
fishery.
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The Hawaii-based longline fishery is
among the most economically valu-
able fisheries in the United States,
ranked 6*% in 2015 (NMFS!). Its
footprint spans over 13 million km?2
in the central North Pacific Ocean,
ranging from the dateline to 120°W
and from equatorial waters to rough-
ly 40°N. The Hawaii-based longline
fleet includes 2 fisheries: a shallow-
set fishery targeting swordfish (Xi-
phias gladius) and a deep-set fishery
targeting bigeye tuna (Thunnus obe-
sus). The deep-set fishery is the dom-
inant fishery; both effort and catch
(magnitude and value) are an order
of magnitude greater than that of
the shallow-set fishery (NMFS2). For

I NMFS (National Marine Fisheries Ser-
vice). 2016. Total commercial fish-
ery landings at major U.S. ports sum-
marized by year and ranked by dollar
value. Fisheries Statistics Division,
NMFS. [Data available at website, ac-
cessed October 2016.]

2 NMFS (National Marine Fisheries Ser-
vice). 2016. Annual commercial land-
ing statistics. Fisheries Statistics Divi-

this reason, we focused on the deep-
set fishery in our study.

The deep-set fishery operates
largely during the day (Bigelow et
al., 2006). Hooks are primarily set
between 100 and 400 m below the
surface, and the median hook depth
is 250 m (Boggs, 1992; Bigelow et
al., 2006). This depth range coincides
with the daytime vertical habitat of
bigeye tuna; tagging data indicate
that fish of this species spend much
of the day 200-400 m below the sur-
face (Boggs, 1992; Ward and Myers,
2005a; Howell et al., 2010) in waters
with a temperature range of 8-14°C
(Howell et al., 2010) and oxygen con-
centrations over 1.0 mL/L (Boggs,
1992; Lehodey et al., 2010).

Although bigeye tuna are the tar-
get of the deep-set fishery, the catch
also includes a number of other spe-
cies, some of which are also of com-
mercial value. These commercially
valuable, nontarget species include

sion, NMFS. [Data available from web-
site, accessed October 2016.]
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dolphinfish (Coryphaena hippurus), also known as mahi
mabhi; yellowfin tuna (Thunnus albacares); striped mar-
lin (Kajikia audax); sickle pomfret (Taractichthys stein-
dachneri); and opah (Lampris guttatus). This fishery
also catches but discards several noncommercial spe-
cies, such as the longnose lancetfish (Alepisaurus ferox)
and snake mackerel (Gempylus serpens). Recent stud-
ies have noted increased catch rates of these noncom-
mercial species concurrent with declines in the catch
rate for target species. These changes have been at-
tributed to increasing fishing effort (Ward and Myers,
2005b; Polovina et al., 2009) and prey release of the
often smaller, noncommercial fish as larger target spe-
cies are removed (Polovina and Woodworth-Jefcoats,
2013). These studies support the previous finding that
longline fisheries function as a keystone predator in
the central North Pacific Ocean (Kitchell et al., 2002).

Despite spanning millions of square kilometers, pe-
lagic fisheries have often been examined as a spatial
aggregate (e.g., Cox et al., 2002; Kitchell et al., 2002;
Sibert et al., 2006). Previous studies of the Hawaii-
based longline fishery, for example, have used spatially
averaged trends focused on the core region of the fish-
ery’s operating area (12-27°N; Polovina et al., 2009;
Polovina and Woodworth-Jefcoats, 2013). Shifting spa-
tial patterns in fishing effort and the influence these
changes may have on catch in the central North Pacific
Ocean are under-explored in the primary literature (al-
though see Gilman et al., 2012; Walsh and Brodziak,
2015). Additionally, the effect that international com-
petition has had on the movement of the Hawaii-based
fleet has not been explored. In this study, we aimed
to determine how both the changing spatial footprint
of the fishery and oceanographic variability have in-
fluenced catch magnitude and composition, the under-
standing of which is essential for ensuring a sustain-
able and cost-effective fishery.

Materials and method
Materials

We used both logbook and observer records in this
study. Logbook data are reported by fishing vessel mas-
ters and contain records of all hooks set (time, date,
and location), as well as all commercially valuable
catch. Observer data cover an average of roughly 17%
of the fishing effort in the study period and contain
records of all hooks set (time, date, and location), as
well as all catch, regardless of commercial value. The
distribution of observer data correlates well with that
of the logbook data (Suppl. Fig. 1), and taken together
the 2 data sets provide a robust measure of both fish-
ing effort and catch from 1995 through 2015. Logbook
data are complete through 2015 and observer data
through 2014. We used all deep-set fishery data, which
span the area of 16°S-42°N and 179-120°W. We de-
fined deep sets as those with >10 hooks/float (Polovina
et al., 2009; Polovina and Woodworth-Jefcoats, 2013).

Logbook data are collected by the Pacific Islands Fish-
eries Science Center. Observer data are collected by the
Pacific Islands Regional Office.

We used publicly available data for longline effort
from the Western and Central Pacific Fisheries Com-
mission (WCPFC, data available at website) and the
Inter-American Tropical Tuna Commission (IATTC,
data available at website) to place Hawaii-based effort
in an international context. These data are available
at a 5°x5° horizontal and a monthly temporal resolu-
tion through 2014. The WCPFC provides data for areas
west of 150°W, and the IATTC provides data for areas
east of 150°W. This 150°W boundary divides the 2 fish-
ing convention areas of the Hawaii-based fishery.

Global Ocean Data Assimilation System (GODAS)
reanalysis data (Saha et al., 2006) provided mod-
eled monthly temperature at depth across the fishing
grounds for the entire period studied. The GODAS
data used in this study were provided by the Physical
Sciences Division of the NOAA Earth System Research
Laboratory in Boulder, Colorado, and were downloaded
from the Asia Pacific Data Research Center’s OPeNDAP
server (website). World Ocean Atlas 2013 (WOA13) data
(Garcia et al., 2013) provided a 3-dimensional climato-
logical reference of oxygen concentration. The WOA13
oxygen data were downloaded from the National Cen-
ters for Environmental Information’s OPeNDAP server
(website). Both the GODAS and WOA13 data sets are
based on in situ observations such as those from Argo
floats (Saha et al., 2006) and discrete water samples
(Garcia et al., 2013).

Methods

All data (fishery and environmental), except those
from the WCPFC and IATTC, were transformed into
a common 1°x1° grid matching that of the WOA13
data. The GODAS data were changed from their na-
tive 0.33°x1.00° resolution by using nearest coordinate
regridding. In this study, we examined data at regional
and quarterly resolutions (e.g., quarter 1 represents
January, February, and March). The Ferret program
(NOAA’s Pacific Marine Environmental Laboratory, Se-
attle, WA, website) was used for regridding data.

We assessed several measures of catch magnitude
and composition, all in terms of numbers of fish caught
as opposed to weight of fish. Catch rates were mea-
sured as catch per unit of effort (CPUE), which we de-
fined as the number of fish caught per 1000 hooks set.
We focused primarily on catch rates of the target spe-
cies, bigeye tuna, and on the primary bycatch species,
longnose lancetfish. For our assessment of catch com-
position, we used the 21 most commonly caught species
identified by Polovina and Woodworth-Jefcoats (2013).
We also followed their method for measuring discard
rate (measured as the ratio of catch of longnose lancet-
fish, snake mackerel, pelagic stingray (Pteroplatytrygon
violacea), and 95% of sharks to total catch).

We defined preferred thermal habitat for bigeye
tuna as waters with temperatures of 8-14°C. Tag-
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Figure 1

(A) The meridional (top) and zonal (bottom) distributions of quarterly ef-
fort of the Hawaii-based longline fishery, averaged across the full time
series (1995-2015). Dashed black vertical lines are drawn at 20°N and
26°N (top) and at 150°W (bottom) and delineate the divides between
the SE and NE regions and the SW, CW, and NW regions, and dashed
gray lines are drawn at +1° for comparison of alternate options (top). (B)
Map depicting the 5 regions by which the Hawaii-based longline fishery
was examined overlaid on the climatological (1995-2015) median depth
of preferred thermal habitat of bigeye tuna (Thunnus obesus) (8-14°C)
obtained from Global Ocean Data Assimilation System (shaded) and the
depth of the 1.0 mL/L oxygen-concentration threshold from World Ocean
Atlas 2013 data (contoured every 100 m from 100 to 500 m, with stippling
where the depth is less than 100 m). The white line in panel B encom-
passes grid cells with fishing effort from at least 3 vessels over the full
time series. Effort in panel A is from logbook data.

ging data from Howell et al. (2010)
indicate that when bigeye tuna are
at depth during the daytime, which
is when the fishery for bigeye tuna
operates, they are primarily in wa-
ters within this thermal range. The
GODAS data were used to determine
the minimum, maximum, and median
depths of preferred thermal habitat
of bigeye tuna in 2 ways: 1) these
depths were determined for all grid
cells (each 1°x1°) with fishing effort
at any point in the time series; 2)
quarterly GODAS data were weighted
by the number of hooks set in each
grid cell during each quarter. We
then used standard linear regression
to evaluate whether there were sig-
nificant (P<0.05) linear trends in both
unweighted and weighted median
depths of preferred thermal habitat.
Where significant trends were found,
we used linear regression to deter-
mine how the depth of preferred ther-
mal habitat changed over the years
studied.

Results
Fishing effort

Seasonal variability The Hawaii-based
longline fishery exhibited strong sea-
sonal movement during the period
studied, 1995-2015. Figure 1A shows
the temporally averaged meridional
and zonal distribution of effort (num-
ber of hooks set) each quarter. On
the basis of this distribution, as well
as the 150°W boundary between the
2 fishing convention areas of the Ha-
waii-based fishing grounds, we divided
the fishery into the 5 regions shown in
Figure 1B: northeast (NE); northwest
(NW); central west (CW); southwest
(SW); and southeast (SE). Together,
Figures 1A and 2 show the movement
of the fishery by quarter throughout
the year. In the first quarter of the
year, most of the effort took place in
the SW region north of 10°N and in
the CW region. During the second
quarter, effort was concentrated in the
SW and NW regions. The fishery then
underwent a large geographic shift in
the third quarter, and most of its effort
was directed within the NE region. Ef-
fort occurred closest to Hawaii in the
CW region during the fourth quarter.
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(NW); and northeast (NE).

Figure 2

The mean percentages of total annual effort that occurred in each quarter and region at
the (A) beginning (1995-1997) and (B) end (2013-2015) of the time series from logbook
data examined in this study of the Hawaii-based longline fishery. (C) The change in the
percentage of total annual effort that occurred in each quarter and region is shaded in
color and overlaid with the total annual effort set in each region and quarter in black.
Four regions were used in these analyses: southwest (SW); central west (CW); northwest

There was virtually no fishing effort in the SE region,;
therefore, it was not included in our analysis.

Interannual variability In 1995, nearly all (97.1%) of the
Hawaii-based longline effort occurred west of 150°W
and south of 26°N in the CW and SW regions. Over
time, the fishery expanded, and in 2015, 41.3% of the
longline fishing effort occurred either north of 26°N or
east of 150°W in the NW and NE regions. Total effort
also increased; the total number of hooks set increased
steadily from nearly 8.4 million in 1995 to over 47 mil-
lion in 2015. This increase in fishing effort was great-
est in the NE region (Fig. 2). Time series of total effort
in each region and quarter (Fig. 2) show that effort
increased in the CW and SW regions until about 2004.
After this time, and with the exception of the CW re-
gion in the first quarter, effort in these regions has
remained roughly stable, whereas effort in the NW and
NE regions increased steadily.

Fishery expansion is detailed in Figure 2. It shows
that, over the past 21 years, the geographic focus of
the fishery changed substantially. Across all quarters,
the proportion of total annual effort in the SW and CW
regions declined by about 1-8%. At the same time, the
proportion of total annual effort in both northern re-
gions increased by 2-13%, with a strong maximum in
the NE region during the third quarter (13% versus
7%, the next closest value).

International competition The ratio of Hawaii-based
effort to international effort varied by region (Suppl.
Fig. 2). Hawaii-based effort accounted for nearly all ef-
fort recorded in the CW region; there was little to no

competition from international fisheries. For the grid
cells in the SW region with Hawaii-based fishing ef-
fort, international fisheries’ effort was roughly equal
to the effort of the Hawaii-based fishery. However, the
ratio of Hawaii-based effort to international effort has
increased steadily in the first quarter of each year over
the years studied. For grid cells in the NW region with
Hawaii-based fishing effort, there was little competi-
tion from international fisheries during the second and
third quarters. In the first and fourth quarters, the ra-
tio of Hawaii-based fishing effort to international effort
has increased over the past decade, and the efforts of
the 2 groups are now roughly equal. With the exception
of the first and fourth quarters during the first 5 years
of the time series, there was virtually no international
fishing effort in the NE region.

Oceanographic variability

Spatial variability A great deal of spatial variability
across the fishing grounds was observed in the median
depth and vertical extent of the preferred thermal hab-
itat of bigeye tuna (8-14°C) (Fig. 1B). Median thermal
habitat depth was at its maximum in the CW region,
about 350—-400 m below the surface, and it was shal-
lowest in the NE region where it occurred within about
300 m of the surface. In the SW and NW regions, me-
dian thermal habitat depth ranged from 400 m to the
surface at the northernmost latitudes. The full vertical
extent of preferred thermal habitat of bigeye tuna also
varied by region (Suppl. Fig. 3). The extent of this hab-
itat was greatest in the SW and NW regions (depth:
200-450 m), least in the CW region (depth: 300-425
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Figure 3

(A) Annual catch per unit of effort (CPUE) for bigeye tuna (Thunnus obesus; black lines) and long-
nose lancetfish (Alepisaurus ferox; gray line) for the Hawaii-based longline fishery from 1995 through
2015. The CPUE for bigeye tuna was calculated from both logbook records (solid black line), which
are complete through 2015, and observer records (dashed black line), which are complete through
2014. The CPUE of longnose lancetfish was calculated from observer records. (B) Quarterly and re-
gional CPUE, based on observer data, of bigeye tuna; longnose lancetfish; dolphinfish (Coryphaena
hippurus), also known as mahi mahi; skipjack tuna (Katsuwonus pelamis); yellowfin tuna (Thunnus
albacares); and striped marlin (Kajikia audax). Note that the scales of the y-axes vary by species.

Year

Year

m), and shallowest in the NE region (depth: 200-350
m).

Across the CW and NW regions, as well as much of
the NE region, the depth of the oxygen-concentration
threshold (1.0 mL/L) for bigeye tuna was below 500 m.
In the SW region, this threshold was shallowest along
10°N (depth: 100—200 m) and progressed to depths be-
low 500 m at the meridional extremes of the region.

The oxygen-concentration threshold for bigeye tuna
was shallowest in the SE region, generally above 500
m and above 100 m along 10°N (Fig. 1B).

Temporal variability Across all grid cells where fishing
occurred at some point during the time series, the me-
dian depth of preferred thermal habitat for bigeye tuna
shoaled at a rate of 0.55-0.71 m/year, or by 12-15 m
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Table 1
Significant linear trends (P<0.05) in the median depth of the preferred thermal habitat of
bigeye tuna (Thunnus obesus) (8—14 °C) based on logbook records of the Hawaii-based longline
fishery and ocean temperatures obtained from the Global Ocean Data Assimilation System
for 1995 through 2015. These records were transformed into a grid, and the values in this
table were determined by using all grid cells with fishing effort at any time (any effort) and
by weighting grid cells by total quarterly effort (effort-weighted). A dash denotes the lack of a
significant trend. Each trend value is followed by the depth for 2005 from the linear regression
or, in the absence of a significant trend, by the mean depth of the time series. Results are pre-
sented for the full fishing ground, as well as for the northeast (NE), northwest (NW), central
west (CW), and southwest (SW) regions individually.
Any effort Effort-weighted

Region Quarter Trend (m/y) Depth (m) Trend (m/y) Depth (m)
NE Q1 -1.36 255.46 - 302.59

Q2 -1.38 256.66 - 301.29

Q3 -1.17 254.00 -2.64 291.71

Q4 -0.96 251.55 - 292.45
NW Q1 - 264.21 - 346.42

Q2 - 263.20 -3.49 328.70

Q3 - 262.85 -3.69 290.24

Q4 - 262.92 -1.71 336.40
CW Q1 -1.52 367.35 -0.85 358.42

Q2 -1.64 369.48 -1.15 357.56

Q3 -1.76 365.06 -1.63 352.98

Q4 -1.75 361.89 -2.07 348.46
SW Q1 - 265.83 - 292.62

Q2 - 265.43 -1.47 292.82

Q3 -0.48 266.78 - 302.72

Q4 -0.69 264.76 -2.14 320.98
Full fishing ground Q1 -0.55 272.21 - 319.58

Q2 -0.71 272.67 -1.78 303.25

Q3 -0.63 271.92 -3.11 300.54

Q4 -0.70 269.91 -2.23 336.08

overall, shoaling from roughly 280 to 265 m between
1995 and 2015 (Table 1). Shoaling was significant and
greater when the depths of these temperatures were
weighted by total quarterly effort (1.78-3.11 m/year or
37-65 m overall in the second—fourth quarters, shoal-
ing from depths of 320-340 m to depths of 270-315 m
over the course of the study period; Table 1). Signifi-
cant shoaling within each region is presented in Table
1.

We lack sufficient data to examine variability in
oxygen concentration over time. However, given that
the oxygen-concentration threshold of bigeye tuna was
found below 500 m across much of the area where the
fishery operates, it is unlikely that low oxygen concen-
trations affected bigeye tuna in the study area.

Catch variability
Catch rates The annual catch rates of bigeye tuna de-

clined until 2009, but have increased in subsequent
years (Fig. 3A). Catch rates of longnose lancetfish, on

the other hand, have increased over the past 2 decades,
especially after 2004. For the past decade, catch rates
of longnose lancetfish have exceeded those of bigeye
tuna (Fig. 3A).

Quarterly catch rates of bigeye tuna and longnose
lancetfish were considerably variable across the 4 re-
gions of the fishery included in our analysis (Fig. 3B).
The variability in catch rates of bigeye tuna was most
striking in the third quarter, when the rates were no-
tably higher in the NW and NE regions than in the
SW and CW regions. Catch rates of longnose lancetfish
were highest in the NW region and lowest in the SW
region throughout the year. The quarterly and regional
catch rates of mahi mahi, skipjack tuna (Katsuwonus
pelamis), yellowfin tuna, and striped marlin are also
presented in Figure 3B. The highest catch rates for
these species, with the exception of mahi mahi, gener-
ally occurred in the SW and CW regions.

Catch composition The contribution of bigeye tuna to
total catch varied by both quarter and region as did
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Figure 4

The mean percentages of total annual catch of the Hawaii-based longline fishery to
which 11 species contributed each quarter, shaded for (A) the beginning (1995-1997)
and (B) the end (2012-2014) of the time series of observer data, and (C) the differ-
ences between these percentages. The species were the following: bigeye tuna (Thun-
nus obesus); albacore (Thunnus alalunga); longnose lancetfish (Alepisaurus ferox);
blue shark (Prionace glauca); dolphinfish (Coryphaena hippurus), also known as
mahi mahi; skipjack tuna (Katsuwonus pelamis); yellowfin tuna (Thunnus albacares);
striped marlin (Kajikia audax); sickle pomfret (Taractichthys steindachneri); snake
mackerel (Gempylus serpens); and escolar (Lepidocybium flavobrunneum). In graphs A
and B, the total annual contribution of each species is listed below each column, and
the total annual contribution from each quarter is listed along the right-hand side of
each row. In graph C, the difference in total annual contribution is listed below each
column and along each row.




Woodworth-Jefcoats et al.:  Oceanographic variability, fishery expansion, and longline catches in the North Pacific 235

the proportion of catch that was discarded (Suppl. Fig.
4). In general, bigeye tuna composed nearly 20% of the
total catch, although their contribution ranged from as
low as 8% (CW region, second and third quarter aver-
ages) to over 21% (CW and SW regions, fourth quarter
averages). Discard rates had more variability; the low-
est rates occurred in the SW region in the first and
second quarters (<30% on average), and the highest
rates in the third and fourth quarters across all re-
gions (40-55% on average).

In looking at catch composition, we found that each
of the 11 species in Figure 4 accounted for at least 5%
of the total annual catch at some point in the time se-
ries. Their contribution to total catch is broken down in
that figure by quarter for the beginning (Fig. 4A) and
end (Fig. 4B) of the time series. These distributions in-
dicate that the seasonal timing of catch of bigeye tuna
shifted from the first and fourth quarters to the third
and fourth quarters, but that the overall contribution
of this species to the annual catch changed little. Con-
versely, the contribution of longnose lancetfish to total
annual catch increased by about 14%, primarily in the
third quarter. The proportion of blue shark (Prionace
glauca), yellowfin tuna, and striped marlin in total an-
nual catch declined by 4-6%, whereas the proportion of
sickle pomfret, snake mackerel, and escolar (Lepidocy-
bium flavobrunneum) rose by 4—6% over the time series.

Discussion

Over the 21-year period examined in this study, the
fishing effort of the Hawaii-based longline fishery in-
creased more than 5-fold. A growing proportion of this
effort occurred in the NE region of the fishing grounds,
particularly during the third quarter of the year. The
GODAS reanalysis and WOA13 data indicate that
oceanographic conditions are favorable for bigeye tuna
across much of the fishery’s footprint. Although increas-
ing effort should correlate with the desire of fishermen
to catch more fish, the shift in the seasonal and spatial
deployment of effort raises several biologically perti-
nent questions. Why did the fishery expand its spatial
footprint, as opposed to it simply setting more hooks
across the CW and SW regions? Why did it expand,
primarily, into the NE region and only during the third
quarter of the year?

The expansion of the fishery into the NE region dur-
ing the third quarter is likely the result of several fac-
tors. One possibility is that the CW and SW regions
were already supporting maximum effort. Effort was
rather stable in these regions after about 2004 (Fig. 2),
and previous work has documented that the catch rates
of large, high-trophic-level, commercially valuable fish
were declining in these waters as a result of increased
fishing effort (Polovina et al., 2009; Polovina and Wood-
worth-Jefcoats, 2013). Furthermore, competition from
international fisheries may have precluded additional
Hawaii-based effort in the SW region. In the NW and
NE regions, on the other hand, there was comparably

little Hawaii-based effort and little to no competition
from international fisheries.

Less than 10% of the total annual catch was caught
during the third quarter of the year at the beginning
of the time series (Fig. 4). Furthermore, in the CW and
SW regions, target catch rates were lowest (9% and
14% on average, respectively) and discard rates highest
(56% and 44% on average, respectively; Suppl. Fig. 4)
during the third quarter, possibly explaining why fish-
ermen have been willing to change fishing locations.
These low target catch rates may also explain why ef-
fort was lowest in the third quarter at the beginning
of the time series, and why, unlike in other quarters,
effort was not concentrated in a specific region (before
the focus of the fishery on the NE region).

Considering the distribution of fishing effort to-
gether with catch rates, we found that trends in catch
rates are strongly correlated with the shift in the loca-
tion of effort. Comparison of quarterly CPUE of big-
eye tuna with the proportion of annual effort in each
region and quarter indicates that the third-quarter
CPUE of bigeye tuna was strongly correlated with the
proportion of effort in the NE region (coefficient of cor-
relation [r]=0.66) and negatively correlated with third
quarter effort in the CW and SW regions (r=-0.56 and
-0.46, respectively). No other significant correlations
were found (P<0.5). Given the above correlations and
the trends in catch composition, we conclude that the
fishery reaction was a response to low catch rates for
the target species in the CW and SW regions during
the third quarter. The NE region proved to be a par-
ticularly effective fishing ground with high catch rates
of target species, relatively low discard rates, and with
little competition from international fishing fleets. As
a result, a large portion of annual catch of bigeye tuna
occurred in the third quarter by the end of the time
series (Fig. 4).

Although the movement of the fishery toward the
NE region was greatest in the third quarter, the fishery
does occur in this region throughout the year, although
to a lesser degree (Fig. 2). As discussed above, catch
rates of target species in the SW and CW regions were
generally higher during the rest of the year, possibly
explaining why there was less fleet movement outside
the third quarter.

The role of oceanographic variability in fishery expansion

The enhanced fishery yield in the NE region can be
explained by the oceanographic conditions of the re-
gion. It has the largest area in which preferred thermal
habitat of bigeye tuna closely overlaps vertically with
both deep-set hooks (100—400 m) and with waters that
have suitable oxygen concentrations (>1.0 mL/L; Fig.
1B). The time series of the depths of preferred ther-
mal habitat shows that in the NE region, the preferred
daytime habitat of bigeye tuna was consistently and
completely within the depth range of deep-set hooks
(Suppl. Fig. 3). Oceanographic variability also explains
why the fishery did not expand into the SE region.
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This region encompasses the oxygen minimum zone
of the eastern tropical Pacific Ocean. Across much of
the SE region, the oxygen-concentration threshold of
1.0 mL/L occurred at depths shallower than the depths
of both the preferred thermal habitat of bigeye tuna
and the depths of deep-set gear (Fig. 1B), rendering it
poor habitat for bigeye tuna and poor longline fishing
grounds.

Effort-weighted trends in the depth of preferred hab-
itat of bigeye tuna indicate that the fishery has moved
into the more favorable oceanographic conditions of the
NE region. At the beginning of the time series, the fish-
ery was operating largely in waters where the median
depth of preferred thermal habitat for bigeye tuna was
roughly 320-340 m below the surface. However, by the
end of the time series, the fishery was operating in wa-
ters where the median depth of preferred thermal habi-
tat was 270-315 m below the surface and more closely
aligned with the median depth of deep-set gear (250
m; Boggs, 1992; Bigelow et al., 2006). These trends in
depth weighted by total quarterly effort indicate that
fishermen were targeting regions where either pre-
ferred thermal habitat was more closely aligned with
their gear or thermal habitat shoaling was greatest or
possibly employing a combination of these 2 tactics.
Across the entire fishing ground, the preferred thermal
habitat of bigeye tuna shoaled by only about 12—15 m.
Yet, when weighted by quarterly effort, the shoaling
increased to roughly 37-65 m. Without information on
depth of capture, it is difficult to determine the degree
to which this shoaling actually influenced the fishery
yield. However, given the vertical distributions of both
deep-set gear and preferred daytime thermal habitat
of bigeye tuna, shoaling could increase the degree to
which these distributions overlap and could compress
the total vertical habitat that bigeye tuna occupy. Both
scenarios should increase the catchability of bigeye
tuna, and in turn, fishery yield.

Effects of fishery expansion on catch composition

During the period studied, the spatial expansion and
seasonal shift of the fishery influenced the seasonal
timing of both the catch and catch composition. Al-
though the primary target species, bigeye tuna, con-
sistently was about 20% of the total annual catch, the
bulk of the annual catch shifted from the first and
fourth quarters to the third and fourth quarters. A
combination of factors could have contributed to this
shift. The foremost factor was the increase during the
third quarter in effort deployed in the NE region (Fig.
2), where catch rates of bigeye tuna were consistently
high over time (Fig. 3B). Additionally, by the end of
the period examined, less effort was deployed in the
SW region in the first quarter than in the CW region
during the fourth quarter (Fig. 2). First quarter catch
rates of bigeye tuna in the SW region declined over
the past 2 decades (Fig. 3B), whereas fourth quarter
catch rates of bigeye tuna in the CW region remained
consistently high. In summary, by 2015, the fishery

deployed most of its effort in the regions and during
the quarters when catch rates of bigeye tuna were
highest. It is interesting to note that these regions
are also those where preferred thermal habitat for
bigeye tuna completely overlaps with deep-set gear
(NE region) and where preferred thermal habitat for
bigeye tuna is most compressed (CW region) (Suppl.
Fig. 3).

It is possible that the shift in time and place of the
bulk of bigeye tuna catch each year can be attributed
to changes in fishing gear, although we found no evi-
dence that this shift was the cause. Using the number
of hooks per float as a proxy for hook depth, we found
no significant differences between gear set in the SW
region during the first quarter, in the NE region dur-
ing the third quarter, and in the CW region during the
fourth quarter (5% significance level, Wilcoxon—-Mann—
Whitney rank-sum tests).

The shift in the annual timing of catch of bigeye tuna
could also be attributed to fish movement or changes
in population dynamics. Stock assessments from both
fishing convention areas (west of 150°W, WCPFC, Har-
ley et al., 2014; east of 150°W, IATTC, Aires-da-Silva
and Maunder, 2015), along with tagging data (Schae-
fer et al., 2015), indicate that there is extensive zonal
movement by bigeye tuna. At low latitudes (e.g., 15°S—
15°N), there is more eastward movement than west-
ward movement (Aires-da-Silva and Maunder, 2015;
Schaefer et al., 2015). However, a lack of tagging data
for areas farther north makes it difficult to determine
whether bigeye tuna make the same directional move-
ment in our study area. If they do, the high catch rates
in the NE region noted in our study may have been
fueled in part by fish moving into the region. The role
of population dynamics is also unclear. Although it is
likely that large-scale population dynamics affect inter-
annual changes in CPUE of bigeye tuna (Harley et al.,
2014; Aires-da-Silva and Maunder, 2015), size struc-
ture (and presumably age structure) of bigeye tuna was
fairly consistent across the fishing ground (Suppl. Fig.
5), echoing earlier work (Kume, 1969).

For other commercially valuable species, such as
yellowfin tuna and striped marlin, the spatial shift
in effort exacerbated declining catch rates. Although
CPUEs for both species declined across the fishing
grounds, catch rates for these species were greatest
in the SW and CW regions despite the movement of
the fishery away from these regions (Fig. 3B). Catch
rates for skipjack tuna, although not declining, were
generally highest in the SW and CW regions (Fig. 3B).
Therefore, the fishery’s changing footprint likely con-
tributed to an overall decline in the contribution of
skipjack tuna to total annual catch (Fig. 4).

Discard rates also were influenced by the spa-
tiotemporal shift in effort. In the core region of the
fishery (12—27°N), rising discard rates were linked to
increased fishing effort (Polovina and Woodworth-Jef-
coats, 2013). At the same time, catch rates of longnose
lancetfish in particular rose as a result of the fishery’s
northward expansion and increased focus on the third
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quarter. Catch rates of longnose lancetfish were not
only highest in the NW region but were also highest
within-region in the third quarter (Fig. 3B). There-
fore, the fishery deployed more effort in a region where
longnose lancetfish were more commonly caught and
during the season when catch rates were highest. As
a result, catch of longnose lancetfish, all of which was
discarded, exceeded the catch of target species for the
last decade of the study period (Fig. 3A). The same
spatiotemporal shift in effort also explains the change
in the contribution of mahi mahi to annual catch (Figs.
3B and 4), although mahi mahi are retained by the
fishery and sold.

As with bigeye tuna, it is possible that both fish move-
ment and population dynamics could have influenced
changes in total composition of the catch. Tagging data
and stock assessments are lacking for many of the spe-
cies caught by the Hawaii-based longline fishery, espe-
cially the noncommercial species. Future research on
the seasonal timing, location, and size structure of this
catch may provide insight into such changes.

When using observer data to determine catch com-
position, as we did, there is a possibility that observer
error could influence results. Such errors in the report-
ing of rare or cryptic species have been noted for indi-
vidual longline sets and can influence results at fine
spatiotemporal resolutions (e.g., months and single
geographic degrees) and when observer coverage is low
(Walsh et al., 2002; Walsh et al., 2005). However, it
is not clear that such errors would be distinguishable
when observer data are aggregated more broadly, such
as on a quarterly and regional basis. Additionally, our
results indicate strong agreement between data col-
lected from independent scientific observers and data
reported in commercial vessel logbooks for catch rates
of bigeye tuna (Fig. 3A) and, therefore, consistent spe-
cies identification of target species. The observed in-
crease in catch of longnose lancetfish is corroborated
by the regional expansion of the fishery: catch rates of
longnose lancetfish were much higher in the NW re-
gion than elsewhere (Fig. 3B), and, in the early years
of our study, the fishery was not operating in the NW
region (Fig. 2A). Therefore, we conclude that the im-
pacts of fishery expansion on catch composition are
robust.

A look ahead

We have detailed how both fishery expansion and
oceanographic variability have influenced catch of the
Hawaii-based longline fishery. In particular, we found
that the fishery has expanded into a region that has
proven to be an efficient fishing ground by virtue of its
local oceanography. With this perspective on past catch,
can CPUEs continue to rise into the future? The re-
sults of previous work indicate that sustained increas-
es in fishing effort drive down the abundance of large,
high-trophic-level fish, such as those targeted by the
Hawaii-based longline fishery (Ward and Myers, 2005b;
Polovina et al., 2009; Polovina and Woodworth-Jefcoats,

2013). We also note that, although bigeye tuna are not
considered to be subject to overfishing in the NE region
(Aires-da-Silva and Maunder, 2015), overfishing of big-
eye tuna has been documented to be occurring in the
3 western regions (Harley et al., 2014). This disparity
creates the potential for further eastward displacement
of fishing effort (both Hawaii-based and international)
and for hastening removals of bigeye tuna. Therefore,
it is possible that catch rates in the NE region eventu-
ally will diminish as have the catch rates in the SW
and CW regions over the past 20 years.

Another change that will affect the fishery in coming
years is the recent expansion of the Papahanaumokua-
kea Marine National Monument. In August 2016, the
monument boundaries were expanded to encompass
the full U. S. Exclusive Economic Zone west of 163°W,
moving the boundaries an additional 150 nm from land
(Federal Register, 2016). This expansion bars commer-
cial fishing over a portion of the fishing grounds and
has the greatest effect on the CW region. On average,
21% of the effort in the CW region in the fourth quarter
(when fishing effort in this region is the greatest) and
25% of the bigeye tuna caught in the CW region dur-
ing the fourth quarter are from waters that will now
be off limits to the fishery. It is uncertain how the fish-
ery will adjust, possibly by simply relocating fourth
quarter effort outside the monument area or by shift-
ing the allocation of that effort to another quarter or
region.

Finally, climate change can be expected to affect the
Hawaii-based longline fishery in a number of ways, po-
tentially driving productive fishing grounds even far-
ther from Hawaii. As ocean temperatures continue to
rise, the preferred thermal habitat of bigeye tuna will
be displaced northward (Lehodey et al., 2010; Bopp et
al., 2013; Woodworth-Jefcoats et al., 2017). Addition-
ally, the oxygen minimum zone that covers much of
the SE region (Fig. 1B) has expanded over the past 50
years (Stramma et al., 2008). Although climate projec-
tions of further expansion are mixed (Stramma et al.,
2008; Bopp et al., 2013; Cabré et al., 2015), continued
expansion potentially would encroach on the NE region
and render a larger portion of the SW region inhospi-
table to bigeye tuna.

We have shown how movement of the Hawaii-based
longline fishery, particularly its seasonally focused ex-
pansion to the NE region, has helped shape the com-
position, magnitude, and seasonal timing of its catch.
This information, together with previous studies of the
effect of the Hawaii-based fishery on the ecosystem, as
well as future climate projections and socioeconomic
data (such as trip cost and catch value), has the poten-
tial to help guide future fishery management actions.
For example, recent increases in CPUE of bigeye tuna
can be placed in the context of the high catch rates
the fishery saw in the late 1990s. Climate models could
be used to project future changes in habitat of bigeye
tuna. Additionally, the effect of the continued expan-
sion of the fishery away from Hawaii can be assessed
in relation to other factors, such as future fuel prices
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for fishing vessels. Such context and analyses can help
fishery managers ensure that the Hawaii-based long-
line fishery remains both ecologically and financially
sustainable.
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