
77(3) 31

Minling Pan is with the Pacifi c Islands Fisheries 
Science Center, National Marine Fisheries Ser-
vice, NOAA, 1845 Wasp Blvd., Building #176, 
Honolulu, Hawaii 96818 and Shichao Li was 
previously with Joint Institute for Marine and 
Atmospheric Research, University of Hawaii at 
Ma \noa, 1000 Pope Road, Marine Science Build-
ing 312, Honolulu, HI 96822

doi: dx.doi.org/10.7755/MFR.77.3.3

Evaluation of Fishing Opportunities under Sea Turtle Interaction Limits
—A Decision Support Model for Hawaii-based

Longline Swordfi sh, Xiphias gladius, Fishery Management

MINLING PAN and SHICHAO LI

ABSTRACT—Conservation measures of 
setting annual caps on sea turtle, Chelo-
niidae, interactions and other regulations 
have resulted in a signifi cant reduction in 
sea turtle interactions in the Hawaii-based 
longline fi shery. On the other hand, the 
conservation measures created a limitation 
on swordfi sh, Xiphias gladius, production 
and created uncertainty for participants 
in the fi shery because the fi shery would be 
closed whenever the cap is reached. This 
study explores the trade-offs between the 
risks of sea turtle interactions and eco-
nomic returns from swordfi sh fi shing, and 
identifi es examples of alternative manage-
ment options that could allow the swordfi sh 
fi shery to operate throughout the year with 

Introduction

The Hawaii shallow-set longline 
fi shery primarily targets swordfi sh, Xi-
phias gladius, in waters north of the 
Hawaiian Archipelago. These fi shing 
grounds are also key pelagic habitat 
for protected species of sea turtles, 
particularly loggerhead sea turtles, 
Caretta caretta, and occasionally long-
line vessels will incidentally catch 
them. In 2004, under provisions of 
the Endangered Species Act, NOAA’s 
National Marine Fisheries Service 
(NMFS) issued a series of regulations 
for the fi shery including caps on inci-
dental captures of sea turtles (called 
sea turtle “interactions”) allowed each 
year (NOAA, 2009). These regula-

tions included an annual fi shing effort 
limit which is the total number of fi sh-
ing days (sets) that the fl eet could uti-
lize throughout the year. If and when 
the fl eet-wide fi shing effort limit is 
reached, or the incidental sea turtle 
catch limit is reached, NMFS will 
close the swordfi sh fi shery for the re-
mainder of the year. Subject to these 
constraints, and other regulations, 
swordfi sh vessels are free to set their 
gear in any month and anywhere in the 
swordfi sh grounds.

The location and timing of sword-
fi sh fi shing operations has conse-
quences for sea turtles as well as for 
the economic returns of the vessels. 
Decisions on where and when to fi sh 
take into account expected swordfi sh 
catch rates and may take into account 
the likelihood of interactions with sea 
turtles, both of which vary spatially 
and temporally, as well as the costs in-
curred in fi shing, which are largely a 
function of trip length (days) and dis-
tance of fi shing locations from port. 

Two natural questions that arise are 
“can sea turtle hot spots be identifi ed 

and avoided without reduced or nega-
tive impact on the economic returns of 
the fi shery?” And, if so, “what time-
area fi shing strategy should be pursued 
to maximize net economic returns 
subject to the fl eet-wide constraint on 
turtle interactions and fi shing effort?” 
To study these questions from a fl eet-
wide perspective, a bioeconomic mod-
el was developed and used to examine 
trade-offs between the risk of interact-
ing with sea turtles and economic re-
turns to the fl eet (Li and Pan, 2007). 

This paper describes the bioeco-
nomic model and demonstrates how 
it can be applied to evaluate potential 
policy choices. The model was used to 
search for possible policy alternatives 
in order to maximize swordfi sh fi shing 
opportunities subject to the constraints 
on fi shing effort and the annual cap on 
interactions with loggerhead sea tur-
tles. If the swordfi sh fi shery is closed, 
Hawaii longline fi shermen who are 
engaged in the shallow-set fi shery for 
swordfi sh can redirect their effort to 
target bigeye tuna, Thunnus obesus, 
using deep-set longline gear. Thus, the 
foregone swordfi sh fi shing opportunity 
may not have a negative impact on the 
Hawaii longline fi shery if fi shermen 
could continue their fi shing operation 
by targeting bigeye tuna for the re-
mainder of the year (at some fi xed and 
operational costs).

However, the fi shery also faces re-
strictions on bigeye tuna due to over-
fi shing of the stocks in the Pacifi c 
Ocean.1 Reduced fi shing opportuni-

1Bigeye catch limits imposed on the Hawaii 
longline fi shery are determined by two Regional 
Fisheries Management Organizations (RFMO’s): 
the Western and Central Pacifi c Fisheries Com-
mission (WCPFC) and the Inter-American Trop-
ical Tuna Commission (IATTC). Each RFMO 
allocates a region-specifi c bigeye quota for the 
U.S. pelagic longline fi shery operating in its  

a reduced risk of exceeding the cap on log-
gerhead sea turtle, Caretta caretta, interac-
tions. In addition, the study compares the 
trade-offs in terms of foregone swordfi sh 
production based on one interaction reduc-
tion before and after the implementation of 
the conservation measures. A spatial bio-
economic model is developed to conduct 
simulation analyses. A Generalized Addi-
tive Model (GAM) is applied to Hawaii 
longline logbook data to examine and pre-
dict sea turtle interactions in response to 
changes in spatial and temporal distribu-
tions of fi shing effort and oceanographic 
conditions. A cost function is built into the 
model for making economic analyses to es-
timate net revenue returns. 
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ties in the tuna sector caused by big-
eye tuna quotas imply an increased 
importance of fi shing opportunities in 
the swordfi sh sector. Therefore, devel-
oping an analytical tool that facilitates 
the formulation of an ecologically sus-
tainable and responsible fi shery for 
swordfi sh is of vital importance for 
Hawaii’s longline fi shery as a whole. 

A Generalized Additive Model 
(GAM) was developed by Kobayashi 
and Polovina (2005) to predict sea tur-
tle interaction rates by month and loca-
tion. The model was used to estimate 
the impacts on the fi shery landings 
and sea turtle interactions for certain 
area closures. However, the model 
has several limitations, such as omit-
ting fi shing costs, and the spatial and 
temporal variations of fi sh catch rates. 
Modifi cations were made to improve 
the model for this policy analysis

For example, the NMFS Turtle-
Watch Program (Howell et al., 2008) 
generates maps of sea surface temper-
ature in the Hawaii longline swordfi sh 
fi shing grounds and delineates areas 
where interactions with sea turtles 
are considered most likely to occur. If 
these areas with high interaction rates 
are closed to the fi shery, what would 
be the economic impact to the fi shery, 
and would the sea turtle interactions 
be at risk to exceed the caps or not?

This study aims to develop a model 
to enhance quantitative analyses for 
the decision-making process. We pro-
ceed by updating and modifying the 
GAM model, illustrating the trade-
offs between sea turtle interactions and 
economic returns under different fi sh-
ing operations, and then search for op-
timal policy options with different area 
closure and/or seasonal closures. 

Model Development

Loggerhead sea turtle interactions 
were the main concern to the Hawaii 
longline swordfi sh fi shery due to the 
high interaction rate, even though 
the fi shery also interacted with other 

area of jurisdiction. The Eastern Pacifi c Ocean 
quota was 150 t during 2004–06, and 500 t after 
2007 (applied to vessels that were longer than 
24 m). The annual bigeye tuna quota had been 
3,763 t since 2009 and further declined in 2015.

sea turtles. Because areas with high 
catch rates of swordfi sh often over-
lap with loggerhead sea turtle habitat, 
the optimization of a time-area fi shing 
strategy involves a trade-off between 
potential economic returns and im-
pacts on the turtles.

To help understand the trade-off, 
we developed a spatial and temporal 
model of longline–turtle interactions 
that would enable prediction of sea 
turtle interaction rates associated with 
each unit of swordfi sh fi shing effort 
and the economic returns of the fi sh-
ing effort by area and time. The mod-
el was developed to predict sea turtle 
interaction rates because sea turtle 
interactions were a rare event and no 
complete record of longline–turtle in-
teractions existed for all fi shing trips, 
only those monitored through the ob-
server program administered by the 
NMFS Pacifi c Islands Regional Offi ce.

We used the GAM approach de-
veloped by Kobayashi and Polovina 
(2005) to build a spatial and tempo-
ral bio-economic model to predict sea 
turtle interaction rates by month and 
location of fi shing, and to evaluate the 
policy options of time-area closures to 
reduce the overall level of interactions. 
There are several limitations in the Ko-
bayashi and Polovina (2005) model, so 
modifi cations were made to improve 
the model for the policy analysis. 

First, this study developed the GAM 
to predict fi sh catch per unit of effort 
(CPUE) (measured per 1,000 hooks 
in this study) by month and loca-
tion of fi shing, for the targeted spe-
cies (swordfi sh) and other fi sh species 
caught during the fi shing trip. Thus, 
the revenue associated with the fi shing 
effort in different times and areas can 
be calculated with fi sh catch and fi sh 
price data, refl ecting the spatial and 
temporal variation of fi sh catch rates. 
Economic returns are represented by 
ex-vessel net revenue2 per 1,000 hooks 

2The ex-vessel revenue of each set was calcu-
lated by using the monthly piece value for each 
species of fi sh sold ($/fi sh using fi sh auction 
data) multiplied by the number of fi sh caught 
and kept for a particular set as recorded in Ha-
waii longline logbook datasets (unpubl. confi -
dential data by PIFSC). Monthly ex-vessel piece 
values of all the species caught and sold (28 spe-

deployed. Kobayashi and Polovina 
(2005) used GAM fi tted to the data to 
predict turtle interactions given speci-
fi ed levels of fi shing effort over the en-
tire longline fl eet, assuming no spatial 
and temporal variations for fi shing ef-
fort and CPUE.

In the analysis of Kobayashi and 
Polovina (2005), economic returns 
in the longline fl eet were based only 
on revenue. A better measure of eco-
nomic returns would take into account 
fi shing costs, in particular the costs of 
travel to and from the fi shing grounds, 
which can be greatly affected by time-
area regulations, fi sh distribution, fuel 
costs, and other factors. Even a 1-day 
increase in travel time per trip can re-
sult in a signifi cant loss in net annual 
revenue (Hamilton et al., 1996). 

To incorporate such economic fac-
tors, we used trip cost data for the 
period of 2005–06 gathered with an 
economics data collection program 
established through a collaboration 
between the NMFS Pacifi c Islands 
Fisheries Science Center (PIFSC) 
Economics Program and the Pacifi c 
Islands Regional Offi ce (PIRO) (Pan 
et al.3) and developed a cost function 
associated with each production unit 
(fi shing trip). The summary of the cost 
data was posted on the PIFSC website 
(PIFSC4) although the details of indi-
vidual trips and the associated revenue 

cies in total) from Hawaii longline logbook data 
were calculated based upon 2005 Honolulu auc-
tion data (source: Pac. Isl. Fish. Sci. Cent. un-
publ. confi dential data). The cost of each fi shing 
trip was estimated from the regression model 
based on its set type, fi shing days, vessel length, 
and average distance from set location to the 
port of landing recorded in the fi shermen’s log-
books. Economic returns in net revenue for each 
effort unit (set) was then calculated from ex-ves-
sel revenue by subtracting the estimated variable 
costs, and then adjusted for the number of hooks 
deployed in the set.
3Pan M., H. L. Chan, and K. Kalberg. 2012. 
Tracking the changes of economic performance 
indicators for the main U.S. commercial fi sher-
ies in the Pacifi c Islands Region. Pac. Isl. Fish. 
Sci. Cent. Inter. Rep. IR-12-039, Issued 15 Oct. 
2012, 18 p. 
4PIFSC. 2011. Data summary of the unpublished 
confi dential data was presented in the economic 
performance of Hawaii longline fi shery. Pac. Isl. 
Fish. Sci. Cent. rep. online at: http://www.pifsc.
noaa.gov/economics/economic_performance_
of_the_hawaii_longline_fi shery.php, accessed 1 
Apr. 2014. 
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were not published since they were 
confi dential data.

Table 1 shows the results of a linear 
regression analysis on the cost func-
tion for the fi shery based on 181 ob-
served trips, including both shallow-set 
swordfi sh trips and deep-set tuna trips, 
which revealed that trip costs were sig-
nifi cantly affected by set type (target-
ing tuna or swordfi sh), days of fi shing 
per trip, vessel size (length), and the 
average distance to port from the fi sh-
ing location. The predictor variables 
are available from the mandatory log-
books of daily fi shing activity submit-
ted to NMFS by vessel captains or in 
NMFS permit databases, or can be cal-
culated from such information. 

Therefore, using the cost function 
resulting from the regression analysis 
(Table 1), the cost of each fi shing trip 
of the fl eet can be estimated based on 
its set type, trip days, vessel size, and 
the distance from port. Using this as 
the cost function incorporated into the 
spatial and temporal GAM model, the 
economic return of fi shing effort was 
measured by net revenues2, ($/1,000 
hooks deployed). Because monthly 
prices and fi sh catch rate were used in 
the revenue calculation, the variation 
of revenue across months was consid-
ered in the model.

Lastly, data for the period of 2000–
06 were included in the model. Ko-
bayashi and Polovina (2005), using 
1994–99 observer data, examined 
sea turtle interactions in relation to 
oceanographic conditions and spatial 
and temporal distributions of fi shing 
effort. The Hawaii longline fi shery 
experienced many changes, includ-
ing the closure of the swordfi sh fi sh-
ery in 2000 and its reopening in 2004, 
resulting in much lower sea turtle in-

teraction rates than prior to 2000. In 
addition, the focus of this study was 
on the swordfi sh fl eet using shallow-
set gear, while the Kobayashi and 
Polovina (2005) model used all the 
observed Hawaii longline fi shing op-
erations, including those by vessels 
using deep-set gear to target bigeye 
tuna along with those using shallow-
set gear to target swordfi sh. 

Based on our modifi ed GAM model 
with updated data in this study, logger-
head turtle interactions were found to 
be signifi cantly associated with many 
factors including: season (month) and 
year, latitude and longitude of fi shing, 
type of longline set (either a deep-set 
operation for tuna or shallow-set oper-
ation for swordfi sh), sea surface tem-
perature, and even moon phase. The 
variables signifi cantly associated with 
loggerhead interaction rates were con-
sistent with those found by Kobayashi 
and Polovina (2005).

The updated GAM is used to es-

timate turtle interactions per unit of 
fi shing effort (longline set) in differ-
ent locations (using one degree by one 
degree latitude/longitude squares) and 
in different months. Hence, model pre-
dictions can be generated for the total 
number of sea turtle interactions that 
might be expected for any given effort 
level (total number of swordfi sh sets) 
and any given effort distribution across 
months and locations. Thus, the model 
can be used to investigate the trade-
offs between sea turtle interactions and 
economic returns to the fi shery for dif-
ferent policy simulations and search 
for the possible optimal solutions un-
der the two confl ict management goals 
of maximum fi shery economic return 
and minimum sea turtle interactions. 

Simulations and Results 

The Trade-offs Among
Seasons and Areas

Because of the spatial and tempo-
ral variations in sea turtle interaction 
rates and economic returns, the model 
predicted different economic returns 
and turtle interaction levels between 
seasons and areas. The model results 
show that sea turtle interactions and 
economic returns showed similar pat-
terns (increasing or decreasing to-
gether) in some months, but showed 
different patterns in other months 
(Fig. 1).

Table 1.—Regression coeffi cients of the log-transformed trip-cost function.1 

Variables Coeffi cients Standard error P-value Adjusted R2

Intercept 3.50558 0.0504 0.000 0.803
Fishing days (#sets) 0.02126 0.0021 0.000 
Average-distance 
(Miles from port) 0.00012 3.4E-05 0.001 
Vessel length (feet) 0.00529 0.0008 0.000 
Set type 0.19984 0.0195 0.000 

1Cost per (fi shing) trip as a function of predictor variables. Number of observed trips = 181. Set type is a dummy vari-
able (deep set = 0; shallow set = 1) in the model. P-values indicate all variables are signifi cant at least 99% confi dence 
level.  Data source:  Data of trip cost, fi shing days, and travel distance were from PIFSC unpublished confi dential data.   

 Figure 1.—Economic returns and loggerhead turtle interactions across a 12-month 
period.
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For example, the highest net revenue 
per unit of effort occurs in February, 
while the highest loggerhead turtle in-
teraction rate occurs in January. Thus, 
the trade-off (i.e., the number of sea 
turtle interactions for a given level of 
economic returns) varies by months. 

In the fi rst quarter (Jan.–Mar.), eco-
nomic returns are high and loggerhead 
turtle interaction rates in those months 
are also high. In the second quarter 
(April–June), turtle interaction rates 
are at their lowest level, but economic 
returns are relatively high. Therefore, 
the trade-offs would be relatively low 
in the second quarter, compared to 
the fi rst quarter. Prior to 2000 when 
the fi shery was closed, the swordfi sh 
fi shing efforts allocated were usually 
highest in the second and fi rst quar-
ters, 36% and 27%, respectively, com-
pared to the third and fourth quarters 
(Fig. 2). However, after the fi sheries 
reopened in 2005 with the cap in ef-
forts allowed, most of the swordfi sh 
fi shing efforts occurred in the fi rst 
quarter. As shown, fi shing in the fi rst 
quarter results in higher net economic 
returns to the fi shery, but the risk of 
exceeding sea turtle caps is also high-
er, compared to the other seasons. 

Economic return and sea turtle in-
teractions also varied by fi shing lo-
cation. Figure 3 shows the spatial 
variations in sea turtle interaction rates 
and economic returns. For example, in 
lower latitude areas (< lat. 28°N), the 
loggerhead sea turtle interaction rate is 
relatively low compared to economic 
returns. Thus, the expected trade-off 
(the number of sea turtle interactions 

for a given level of economic return) 
would be relatively small. 

Both loggerhead sea turtle interac-
tion rates and economic returns in-
crease north of lat. 20°N up to lat. 
32°N, with loggerhead sea turtle in-
teraction rates increasing more steeply 
than economic returns. The peak of the 
loggerhead turtle interaction rate oc-
curs in the area between lat. 33°N and 
lat. 34°N (Howell et al., 2008), while 
the economic return per unit of effort 
is highest in the area near lat. 32°N. As 
a result, the trade-off value would be 
relatively high in the area around lat. 
33°N. 

Trade-offs Before
and After Regulations

The swordfi sh fi shery reopened in 
2004 with a set of regulations rep-

resenting several years of effort by 
NMFS, the Western Pacifi c Fishery 
Management Council, the fi shing in-
dustry, and conservation groups, to 
reduce the level of sea turtle interac-
tions. The regulations, including man-
datory use of circle hooks (replacing 
J hooks), use of fi sh bait (replacing 
squid as bait), and other conservation 
measures led to a dramatic reduction 
in rates of fi shery interaction with log-
gerhead and other turtle species. How-
ever, the monthly patterns (peak and 
nadir) of the loggerhead turtle inter-
action rates were similar between the 
earlier period of the fi shery (1994–
2001) and the 2004–06 regulatory re-
gimes, shown in our GAM analysis. 
This implies that the seasonality of sea 
turtle interactions with the fi shery was 
unchanged although the overall inter-

Figure 2.—Monthly distribution of swordfi sh fi shing effort (shallow sets) across years (1994–2001).

Figure 3.—Economic returns and loggerhead turtle interactions across latitudes.
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action rate declined due to the new 
regulations. 

Figure 4 illustrates the loggerhead 
interactions across months. For both 
before and after the new regulations, 
the loggerhead catch rate was the high-
est in the fi rst quarter and lowest in the 
middle of the year (May, June, and 
July). However, the average monthly 
interaction rates of loggerhead turtles 
during 2004–06, 0.0111 per 1,000 
hooks, were approximately eight times 
lower than the average monthly inter-
action rates from 1994 to 2001, 0.0804 
per 1,000 hooks. Note that the scales 
of the two y-axes in Figure 4 are of 
much different magnitudes before and 
after the new policy regulations. 

While sea turtle interactions de-
clined, the catch rates of targeted fi sh 
species showed no signifi cant changes 
under the new regulations. As a re-
sult, the magnitude of the trade-offs 
between loggerhead interactions and 
economic returns changed. During 
the 1994–2003 period, the sword-
fi sh fi shery interacted with one log-
gerhead turtle for every 23,000 lb of 
swordfi sh caught, valued at $49,000 
(nominal ex-vessel swordfi sh revenue). 
After the adoption of the new regula-
tions on gear and bait (2004–06), the 
fi shery interacted with one loggerhead 
turtle for every 238,000 lb of sword-

fi sh caught ($505,000 nominal ex-
vessel swordfi sh revenue). Thus, under 
the lower interaction rate after the 
2004 regulations, harvesting the same 
amount of swordfi sh may only interact 
with one-tenth of the sea turtle interac-
tions that occurred in the period prior 
to the regulations.

On the other hand, to save one ad-
ditional turtle (such as by imposing a 
more restricted sea turtle cap), it may 
cause ten times more foregone revenue 
of the swordfi sh fi shery, since the mar-
ginal cost to the fi shery for saving an 
additional sea turtle was much higher 
after the policy, when the sea turtle in-
teraction rate was low.

Trade-offs and
Fishermen’s Behaviors

Fishing behavior in the swordfi sh 
fl eet, such as fi shing locations and 
fi shing effort distribution among sea-
sons, changes from year to year. Such 
changes can lead to substantial differ-
ences in the total number of sea turtle 
interactions, even at a fi xed level of 
annual fi shing effort. In the Hawaii 
swordfi sh longline fi shery, if fi shing 
effort is more concentrated in the fi rst 
quarter, the risk of reaching the log-
gerhead sea turtle interaction cap is 
much higher than if fi shing effort is 
more evenly distributed over the year. 

For example, in 2006, the Hawaii-
based longline swordfi sh fi shery 
reached the cap of 17 loggerhead tur-
tle captures within the fi rst 3 months 
of the fi shing season, with only 850 
shallow sets. This led to a sudden clo-
sure of the fi shery for the rest of that 
year. However in the prior year, 2005, 
the fi shery caught only 12 loggerheads 
with 1,639 shallow sets, and the fi sh-
ery remained open for the entire year. 
The number of fi shing sets in the fi rst 
quarter of 2006 was 55% higher than 
in 2005, which might directly contrib-
ute to more turtle interactions in 2006 
since there was no signifi cant differ-
ence in loggerhead turtle interaction 
rates between the fi rst quarters of 2005 
and 2006 (Gilman et al., 2006). 

We predicted sea turtle interac-
tions under several scenarios given a 
fi xed fi shing effort level but with dif-
ferent seasonal patterns. Historically, 
the seasonal patterns of the swordfi sh 
fi shery have been rather variable. Dif-
ferent patterns of fi shing effort can be 
assumed to refl ect possible fi shing be-
haviors of the fl eet, and under each ef-
fort pattern the model can be used to 
predict the upper and lower bounds 
of sea turtle interaction with a specif-
ic fi xed level of effort. Results of the 
model analysis could allow decision 
makers to evaluate the effectiveness of 
the fi shing effort limits when no direct 
control is placed on the behavior of 
the fi shermen (e.g., their seasonal fi sh-
ing effort distribution). 

Assuming an annual fi shing effort 
limit of 2,120 shallow fi shing sets and 
the loggerhead interaction cap of 17 
turtles, this study evaluated various 
effort allocations across months (fi sh-
ing behaviors) to estimate the impact 
on sea turtle takes and economic re-
turns. The effort distributions studied 
included: 1) monthly allocation based 
on the historical (1994–2006) average 
pattern, and 2) the actual fi shing effort 
pattern by month based on a particular 
year (e.g., 1994 or 2000). Results of 
the analysis are presented in Table 2.  

The results indicate that fi shing ef-
fort distributions across months lead 
to substantial differences in the trade-
offs between sea turtle interactions 

Figure 4.—Loggerhead interaction rates in the shallow-set swordfi sh longline fi sh-
ery by month before (left y-axis) and after (right y-axis) new regulations were im-
plemented in 2004 (note that left y-axis scale is 10× right y-axis scale).
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and economic returns even though 
total fi shing effort is constant. For ex-
ample, if fi shermen fi shed the same 
seasonal pattern as the historical aver-
age, their fi shing effort would be fairly 
evenly distributed across the months 
with a slightly higher level in the sec-
ond quarter and lower level in the 
fi rst quarter. Under this scenario with 
an effort limit of 2,120 sets, the esti-
mated number of loggerhead sea turtle 
interactions would be near 17 and the 
fl eet-wide net revenue would be ap-
proximately $4.5 million. Applying 
the fi shing effort distribution pattern 
observed in 2005, the model predicted 
the number of loggerhead sea turtle in-
teractions as approximately 17 with an 
effort of 2,120 sets.5 

In contrast, if fi shermen behaved 
according to the 1994 monthly fi sh-
ing effort pattern (with substantially 
more effort in the early months), the 
2,120 effort limit would be exceeded in 
April. Given the concentration of fi sh-

5The actual number of sea turtle interactions in 
2005 was 12, while total fi shing effort was ap-
proximately 76% of its limit.

ing effort in these months, particularly 
in January, more interactions would be 
expected to occur, and the fi shery prob-
ably would close early with sea turtle 
interactions reaching their limit (17 
interactions) in February. Similarly, if 
fi shermen followed the fi shing effort 
pattern observed in 2000, the cap of 
sea turtle interactions would likely be 
reached by March. Therefore, if fi sh-
ing effort is intensively applied during 
the fi rst quarter, the risk of loggerhead 
sea turtle interactions reaching the cap 
would be high, with the result that shal-
low-set operations would be halted. For 
the remainder of the year, further long-
line fi shing would be restricted to tar-
geting tuna using deep-set gear. This 
situation actually occurred in 2006. 
During the fi rst quarter of the year, fi sh-
ing effort was highly concentrated and 
the accumulated number of loggerhead 
sea turtle interactions reached to 17 on 
17 March 2006. As a result, the sword-
fi sh fi shery was closed for the remain-
der of the year. 

The model simulations and results 
discussed above illustrated the various 

trade-off relationships involved in fi sh-
ery operations. Based on the informa-
tion, we may design different policy 
options to search for an optimal solu-
tion for the two confl icting manage-
ment goals.  

Policy Design and Implication

Previously, the lack of seasonal and 
area specifi c information on the trade-
offs between sea turtle interactions and 
economic returns made it diffi cult to 
determine optimal time and area clo-
sures (WPRFMC, 2009). The model 
we developed in this study can be used 
to analyze the impacts of management 
policy options, including seasonal and 
spatial closures. In particular, the model 
can be used to examine swordfi sh fi sh-
ing opportunities under various time-
area closures, given the constraint of 
the sea turtle interaction cap. For exam-
ple, we evaluated a trio of hypothetical 
area closures in which fi shing was pro-
hibited northward of lat. 32°N, 31°N, 
or 30°N. Figure 5 shows the results of 
these three hypothetical area closures 
and the baseline scenario (no area clo-
sure). In the analysis, we assumed that 
fi shermen allocated their swordfi sh 
fi shing effort in the fi rst 4 months of 
the year, as in 1994 (Table 3 shows the 
monthly effort distribution) when the 
unit economic returns are high. Without 
any area closure, application of the en-
tire 2,120 monthly cumulative sets was 
predicted to result in 31 interactions 
with loggerhead turtles and net revenue 
of $7.212 million. 

However, given the interaction cap of 
17 turtles, this alternative is not feasi-
ble; the swordfi sh fi shery would be ter-
minated in February after achieving a 
net return of less than $3.0 million, and 
the vessels would have to turn to tuna 
fi shing using deep-set gear. Similarly, 
closure of the area north of lat. 32°N 
might reduce the number of turtle inter-
actions by 3, but the risk of exceeding 
the cap would still be high; the expect-
ed number of interactions would be 28 
loggerhead turtles and, given the cap, 
the fi shery would likely be closed early 
in the year. 

In contrast to these two scenari-
os, the closure of waters north of lat. 

Table 2.—Predicted sea turtle interactions and economic returns under different fi shing behaviors. 

    Cumulative loggerhead
Fishing effort    Monthly loggerhead net revenue2

allocations1 Month Monthly sets cumulative sets interactions  ($1,000)

Historical pattern 1 157 157 4 $595 
(1994–2006 avg) 2 161 318 7 $1,290 
 3 251 569 10 $2,102 
 4 267 836 11 $2,733 
 5 259 1,095 11 $3,056 
 6 243 1,338 11 $3,614 
 7 212 1,550 12 $3,970 
 8 137 1,687 13 $4,072 
 9 94 1,781 13 $4,184 
 10 119 1,900 15 $4,254 
 11 100 2,000 16 $4,384 
 12 120 2,120 17 $4,548 
     
1994 1 563 563 15 $2,132 
 2 429 992 23 $3,985 
 3 644 1,636 30 $6,070 
 4 484 2,120 31 $7,212 
     
2000 1 215 215 6 $814 
 2 299 514 11 $2,106 
 3 518 1,032 17 $3,782 
 4 623 1,655 19 $5,253 
 5 465 2,120 19 $5,833 
     
2006 (actual) 1 284 284 5 $1,076
 2 327 611 8 $2,488
 3 328 939 173 $3,550
 4 0 939 17 $3,550
 5 0 939 17 $3,550 

1Allocations of monthly swordfi sh fi shing effort follow the monthly pattern of shallow sets each year.
2Calculation of net revenue is based on monthly fi shing effort (sets), and spatial and monthly net revenue (2005 values) 
per shallow fi shing set from 1994 to 2006. 
3The total loggerhead turtle catch reported here includes two unknown hardshell turtles. Data source: National Marine 
Fisheries Service (NMFS) Pacifi c Islands Region Observer Program.
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Figure 5.—Results of the hypothetical area closures and no area closure.

Table 3.—Predicted loggerhead sea turtle interactions and economic returns under a seasonal closure alternative.  

    Cumulative Cumulative
Fishing effort    Monthly loggerhead net revenue1

allocation pattern Month Monthly sets cumulative sets interactions  ($1,000)

1994 1 0 0 0 $0
 2 429 429 8 $1,853
 3 644 1,073 15 $3,937
 4 743 1,816 17 $5,691
 5 304 2,120 18 $6,071

1Calculations of net revenue are based on monthly fi shing effort (sets) and spatial and monthly revenues (2005 value) 
from swordfi sh fi shing (effort unit measured by sets) from 1994 to 2006. 

31°N would lead to many fewer turtle 
interactions. In this scenario, the pre-
dicted loggerhead interactions would 
not exceed the cap (17 loggerheads), 
and a net economic return of $6.104 
million would be predicted, the high-
est net revenue the swordfi sh fl eet 
could achieve, based on shallow-set 
operations, among the scenarios of 
area closure analysis presented in the 
graph (Fig. 5). From this area-closure-
scenarios analyses, the average cost of 
reducing interactions of the swordfi sh 
fi shery with sea turtles from 31 to 17 
is $79,000 in net revenue ($101,000 in 
gross revenue) per sea turtle. 

A previous study by Curtis and 
Hicks (2000) estimated the average 
cost of reducing interactions of the 
swordfi sh fi shery with sea turtles be-
fore the new regulations was $41,262 
per turtle. The fi gure estimated in this 
study was 2.5 times higher than the 
Curtis and Hicks (2000) report. Again, 
it shows that when the sea turtle inter-
action rate was lower, the average cost 

of further reducing interactions with 
sea turtles through partial area closure 
would be higher. 

The limitation of swordfi sh fi shing 
to waters south of lat. 31°N in this sce-
nario corresponds roughly to similar 
advice given to fi shermen to reduce in-
teractions with loggerhead sea turtles 
by the NMFS TurtleWatch Program 
(Howell et al., 2008), which generates 
maps of sea surface temperature in 
the Hawaii longline swordfi sh fi shing 
grounds and delineates areas where 
interactions with sea turtles are con-
sidered most likely to occur. The ex-
perimental maps are regularly posted 
online.6 

Based on accumulated knowledge 
that loggerhead turtles prefer to stay 
in water colder than 65.5°F (about 
18.5°C), the TurtleWatch maps delin-
eate this boundary and advise longline 
fi shermen to avoid fi shing in waters 
colder than 65.5°F. During the fi rst 

6http://www.pifsc.noaa.gov/eod/turtlewatch.php.

quarter of the year, the 65.5°F iso-
therm lies approximately along lat. 
31°N. Thus if swordfi sh fi shermen ad-
hered to the TurtleWatch advice (ef-
fectively a voluntary area closure), 
the model predicts they would achieve 
$6.104 million net revenue while not 
exceeding the cap of 17 loggerhead 
sea turtle interactions. 

In addition, results from the area-
closure-scenarios shown in Figure 5 
show that the cost of reducing inter-
actions with sea turtles varied by the 
number of sea turtles that policy mak-
ers aim for as a limit. For example, if 
policy makers want to reduce the in-
teraction with sea turtles from 31 to 
15 (instead of the cap of 17 sea turtles 
in effect), the average cost would rise 
to $139,000 per turtle in net revenue 
($156,000 in gross revenue), a 76% in-
crease in cost to the fi shery compared 
to the limit of 17 sea turtles. The unit 
cost increases dramatically if the poli-
cy makers aim for less than 15 sea tur-
tle interactions. 

Besides examining hypothetical area 
closures, the study evaluated the policy 
option of closing the swordfi sh fi shery 
during months when high sea turtle 
interaction rates are expected. For ex-
ample, a seasonal closure for the fi rst 
3 months could signifi cantly reduce the 
risk of exceeding the sea turtle cap for 
the remainder of the year. Such a sea-
sonal closure would limit fi shing to 
months of lower sea turtle interaction 
rates and lower economic returns; how-
ever, it would extend the swordfi sh fi sh-
ing season and allow the opportunity to 
fully use the fi shing effort limit. Table 
3 shows the results of a hypothetical 
seasonal closure in January. The single-
month January closure may lead to a 
signifi cant reduction in sea turtle inter-
actions. Compared to the baseline sce-
nario of no closure, the model predicted 
the number of loggerhead interactions 
could be reduced from 31 to 18, just 
slightly exceeding the cap. 

The model demonstrated that there 
may be policy alternatives, either sea-
sonal closures or area closures, that 
could have achieved higher economic 
returns than the actual industry per-
formances in 2005 and 2006. Table 4 
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presents a summary of the estimated 
economic returns that might be real-
ized from four hypothetical policy 
alternatives and the actual industry per-
formances in 2005 and 2006. All four 
of the scenarios (three have been dis-
cussed above) result in a predicted net 
revenue (and gross revenue) higher 
than the estimated net revenue obtained 
by the industry in 2005 and 2006, while 
not exceeding the loggerhead sea turtle 
interaction cap (17 turtles). 

As noted above, under an area clo-
sure north of lat. 31°N, the third sce-
nario in Table 4, the industry might 
harvest $11 million worth of sword-
fi sh and earn approximately $6.104 
million net revenue. If the closed area 
was reduced by closing only the area 
east of long. 166°W and north of lat. 
31°N, as in the fourth scenario, the in-
dustry would be expected to achieve 
about $11.32 million revenue or $6.40 
million net revenue. The predicted net 
revenue under this scenario is approxi-
mately $3 million higher than the net 
revenue in 2006 (although this calcula-
tion does not account for the revenue 
gained by these vessels as they fi sh 
for tuna with deep-set gear during the 
swordfi sh fi shery closure for the rest 
of the year). 

Conclusions

Conservation measures have result-
ed in a dramatic reduction of sea tur-

tle interactions in the Hawaii-based 
longline fi shery for swordfi sh. How-
ever, annual caps on loggerhead turtle 
interactions resulted in foregone fi sh-
ing opportunity and created uncer-
tainty for participants in the fi shery 
owing to possible fi shery closures. 

This study explored the trade-offs 
between the risk of sea turtle interac-
tions and the economic returns from 
swordfi sh fi shing, and identifi ed ex-
amples of alternative management 
options that could allow the swordfi sh 
fi shery to operate throughout the year 
with a reduced risk of exceeding the 
cap on loggerhead sea turtle interac-
tions. The study suggests that careful-
ly designed area closures or seasonal 
closures confi ning fi shing effort to 
areas and/or months with lower like-
lihood of interactions, would be one 
way to reduce the risk of the fi sh-
ery reaching the sea turtle cap early 
in the fi shing season and thus enable 
the industry to achieve higher annu-
al economic returns. The study dem-
onstrated that a bioeconomic model 
integrating information on fi shery 
dynamics and net revenue can be a 
useful tool for fi shery management 
decision making.

Acknowledgments

We thank Donald Kobayashi and 
Jeffrey Polovina for sharing their 
GAM model. We also thank David 

Hamm, Justin Hospital, and Marcia 
Hamilton for their valuable comments 
and inputs and the colleagues in the 
Fisheries Research and Monitor-
ing Division of PIFSC who provided 
the Hawaii-based longline logbook 
data, fi sh auction data, and Hawaii-
based longline trip expenditure data. 
The project was funded by coop-
erative agreement NA17RJ1230 be-
tween JIMAR, University of Hawaii 
at Manoa, and NOAA. The views ex-
pressed here are those of the authors 
and do not represent the views of 
PIFSC or JIMAR. 

Literature Cited
Curtis, R., and R. L. Hicks. 2000. The cost of 

sea turtle preservation: the case of Hawaii’s 
pelagic longliners. Am. J. Agric. Econ. 
82(5):1191–1197.

Gilman, E., E. Zollett, S. Beverly, H. Nakano, 
K. Davis, D. Shiode, P. Dalzell, and I. Kinan. 
2006. Reducing sea turtle by-catch in pelagic 
longline fi sheries. Fish Fish. 2006(7):2–23. 
(DOI: 10.1111/j.1467-2979.2006.00196.x).

Hamilton, M. S., R. E. Curtis, and M. D. Tra-
vis. 1996. Hawaii longline vessel economics. 
Mar. Resour. Econ. 11(2):137–140.

Howell, E. A., D. R. Kobayashi, D. M. Parker, 
G. H. Balazs, and J. J. Polovina. 2008. Turtle-
Watch: a tool to aid in the bycatch reduction 
of loggerhead turtles Caretta caretta in the 
Hawaii-based pelagic longline fi shery. En-
dang. Species Res. 5(2–3):267–278. (DOI: 
10.3354/esr00096).

Kobayashi, D., and J. J. Polovina. 2005. Evalua-
tion of time-area closures to reduce incidental 
sea turtle take in the Hawaii-based longline 
fi shery: Generalized Additive Model (GAM) 
development and retrospective examination. 
U.S. Dep. Commer., NOAA Tech. Memo. 
NMFS-TM-PIFSC-4, 39 p. 

Li, S., and M. Pan. 2007. Fishing opportunities 
under the sea turtle bycatch caps—a spatial 
bio-economic model for Hawaii-based long-
line swordfi sh fi shery. SOEST 11-02 JIMAR 
Contrib. 11, Joint Inst. Mar. Atmospheric 
Res. (JIMAR), Univ. Hawaii at Manoa, Ho-
nolulu, 40 p.

NOAA. 2009. International fi sheries regulations; 
fi sheries in the western Pacifi c; pelagic fi sh-
eries; Hawaii-based shallow-set longline fi sh-
ery. 74 Fed. Regist. 65460 (10 Dec 2009), p. 
65460–65480 (avail. online at: https://federal-
register.gov/a/E9-29444).

WPRFMC. 2009. Amendment 18 to the Fish-
ery Management Plan for Pelagic Fisheries of 
the Western Pacifi c Region. West. Pac. Reg. 
Fish. Manage. Counc., 1164 Bishop St., Suite 
1400, Honolulu, HI 96813 (avail. online at: 
http://wpcouncil.org/pelagic/Amendment%20
18.pdf).

Table 4.—Predicted economic returns and number of loggerhead interactions under various scenarios and the 
actual economic returns of the industry in 2005 and 2006.

  Loggerhead
 Fishing effort turtle Revenue Net revenue
Scenarios or actual events  (sets)1 interactions  ($ million)  ($ million)

Actual industry performance    
 2005 1,604 12 7.80 3.97
 2006 939 17 5.86 3.55
Analysis alternatives    
 1. Historical average (Table 2) 2,120 17 9.56 4.55
 2. Seasonal closure (Table 3) 1,816 17 9.96 5.69
 3. Area closure2 (Fig. 5) 2,120 17 11.00 6.10
 4. Area closure3  2,120 17 11.32 6.40

1The offi cial PIFSC fi gure for shallow sets actually made in 2005 was 1,645 sets and in 2006 was 850 sets based on the 
landing data. The 1,604 and 939 fi gures in the table are PIRO’s number of shallow sets made by vessels based on de-
parture in 2005 and 2006, respectively. The study used the PIRO defi nition to count sets. 
2North of lat. 31°N.
3East of long.166°W and north of lat. 31°N.


