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Abstract

Sea turtle interactions with the longline fishery in Hawaii have become a serious concern in recent years. Various measures, including
a swordfish harvest ban, have been adopted to protect sea turtles. This study explores the factors and degree of sea turtle interactions with
Hawaii’s pelagic longline fishery, i.e. the production of undesirable outputs in the pursuit of an economic activity, in an analytical framework
of rare events using the count data models for the period 1994–2003. The analysis was based on the type of trip, such as those targeting
tuna or swordfish. The fishing technologies associated with the choice of trip or target species, season, and turtle population explained turtle
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nteractions with the longline fishery. The impact of a fishing vessel’s previous history of turtle interactions had a negligible impact on
ubsequent interactions. In the absence of new longline fishing technologies to dramatically avert sea turtle interactions, there are about 6%
nd 55% chance that at least one turtle per trip may be encountered in tuna- and swordfish-targeted fishing trips, respectively. This study
onfirms that more turtle interactions are associated with the swordfish-targeted trips. Several of the factors that contributed substantially to
urtle interactions can be feasibly regulated. Furthermore, the conservation and management of sea turtles require increased policy dialogues
nd cooperation among the coastal nations vis-à-vis the adaptation to “turtle-friendly” fishing technologies.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The increased concerns for environmental impacts of fish-
ng activities continue to pose a serious challenge to fish-
ry managers when devising fishery management policies
hat are economically efficient, environmentally sound, and
cceptable to resource users with different interests. Fishery
anagers are considering more pragmatic regulatory mea-

ures to resolve these issues primarily on the ecological
ront. Addressing these issues is particularly important in
he context of the recently preferred ecosystem-based fishery

anagement.
A symbol of longevity, fertility, strength, and protection

rom harm, sea turtles are revered in cultures and customs
round the globe. Coastal populations have exploited sea tur-

∗ Corresponding author. Tel.: +1 808 956 8562; fax: +1 808 956 9269.
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tles for their meat, eggs, shell, leather, and oil for centuries.
Little is known about the principal economic and cultural
factors driving egg and turtle harvests in the Pacific region.
The latter half of the 20th century has been marked by a
catastrophic decline in the sea turtle population through-
out the region. Having endured for millions of years, sea
turtles are now categorized as critically endangered by the
2000 IUCN (The International Union for the Conservation of
Nature and Natural Resources) RedList of threatened species
(WPRFMC, 2002).

Recently, the longline fishery, a major component of
Hawaii’s commercial fishery, has been faced with the chal-
lenge of protecting endangered or threatened marine turtle
species. There has been a growing concern about increased
turtle interactions with the longline fishery. Accounting
for their interactions with fishery activities has received
much attention in fishery management decisions recently.
An increased incidence of sea turtle interactions was noticed

165-7836/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.fishres.2005.12.013

mailto:psleung@hawaii.edu
dx.doi.org/10.1016/j.fishres.2005.12.013


310 N.C. Pradhan, P. Leung / Fisheries Research 78 (2006) 309–322

after an influx of a large number of technologically advanced
longline fishing vessels to the state from the continental USA
during the late 1980s.

Several species of sea turtles are found near the North-
western Hawaiian Islands. The most common turtle species
so far observed to interact with the longline fishery are log-
gerhead (Caretta caretta), leatherback (Dermochelys cori-
acea), olive ridely (Lepidochelys olivacea), and green turtles
(Chelonia mydas) (Kleiber, 1998). Other species, such as
hawksbill (Eretmochelys imbricate) and some other uniden-
tified hardshell turtles, also interact with the longline fishery.
These species migrate vast distances across ocean basins, liv-
ing successively through various life stages in the high seas
and coastal habitats of numerous Pacific nations (WPRFMC,
2002). On their route in search of food they are often snagged
on baited hooks and entangled in lines and other fishing gear.

All sea turtles are protected under the Endangered Species
Act (ESA) and State of Hawaii regulations. Because of tur-
tle interactions with the longline fishery, policies designed to
protect these species may halt the whole fishing operation.
Several conservation groups have launched a campaign to
abolish longline fishing in an effort to prevent turtle fatalities.
A recent lawsuit charging that swordfish-targeted longline
fishing is a threat to the survival of turtle populations led
to an injunction barring longline fishing targeting swordfish
(Xiphias gladius) in certain waters off the Hawaiian Islands.
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research and development expenditures on the number of
patents received by U.S. firms. Jensen (1987) analyzed the
relationships between research expenditures and drug discov-
eries. Cincera (1997) examined the determinants of patent
application. Michener and Tighe (1992) analyzed highway
fatalities in the U.S. Sarker and Surry (1998) studied recre-
ational moose hunting in Ontario. Grogger (1990) studied the
deterrent effects of capital punishment on daily homicides.
McConnell et al. (1995) and O’Neill and Faddy (2003) have
used the count data model in their analyses of recreational
fisheries in the U.S.

Although endangered turtle interactions with a fishery can
be analyzed with models for event count data, they are not
found in the literature. The quest for such models in sea tur-
tle interaction analysis has been in situ for quite some time.
Hoey (1996) suggests that although distributional character-
istics of turtles undoubtedly differ by season, region, and
fishery, their distributions will, however, be skewed with a
predominance of zero observations. In addition, the positive
observations are clustered and contiguous in time and space.
The use of mean and median observed catch rates may lead to
overestimates of total interactions. Alternative distributional
assumptions (Poisson, negative binomial, delta lognormal) or
additive models that independently model zero frequencies
and positive observations were, therefore, suggested.

There have also been recent attempts to estimate the takes
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eginning in the summer of 2000, some tough policies gov-
rning Hawaii’s longline fishery have been put into effect,
ncluding a total ban on swordfish-targeted longline fishery.
hese regulations have forced some of the vessels primar-

ly targeting swordfish either to leave Hawaii or to switch to
una fishing. A large number of longline vessels have indeed
eft Hawaii’s waters seeking opportunities elsewhere. How-
ver, in early 2004, the restriction on swordfish longlining
as conditionally relaxed.
Protected-species interactions with longline fishing can be

haracterized as rare events analogous to industrial injuries,
ransport accidents, product innovations, etc. The law of rare
vents states that the total number of events will follow,
pproximately, the Poisson distribution if an event may occur
n any of a large number of trials, but the probability of occur-
ence in any given trial is small (Cameron and Trivedi, 1998).
he count of such observed interactions is a non-negative

nteger. A statistical model of counts would be, thus, rele-
ant to analyze the factors and degree of protected-species
nteractions, such as sea turtles interactions with longline
shing activities. The Poisson distribution is often a reason-
ble description for events that occur both “randomly and
ndependently” in time, and it is also attractive because it is
onsistent with the integer nature of the data on turtle inter-
ctions. Even though there are situations in which the linear
egression model provides reasonable results, it is much safer
o use models specifically designed for count outcomes (Long
nd Freese, 2001).

There are few studies on rare events in the economic
iterature. Hausman et al. (1984) examined the effect of
nd kills of different sea turtles in Hawaii’s longline fishery
sing non-parametric regression procedures, such as gener-
lized additive model and regression tree analysis (Kleiber,
998; Skillman and Kleiber, 1998; McCracken, 2000). The
agnitude of turtle takes and kills were estimated, but the

xplanatory variables in these models varied by turtle species.
he variables considered were three categories of months
shed, latitude as a polynomial, and two categories of tem-
erature for loggerhead; temperature in two categories for
live ridley; latitude in four categories for leatherback; no
xplanatory variables for green turtles (McCracken, 2000).
he data in these studies, however, suffer from severe trun-
ation, e.g. areas where a turtle species were not recorded
ere excluded from the analysis. This may result in some
ias or overestimation in turtle takes and kills rates and pos-
ibly a violation of the underlying Poisson assumption used
n these studies.

The basic relationship under examination in this article
s between the surrounding attributes with the incidence of
ea turtle interactions in the longline fishery. Possible fac-
ors responsible for the interactions, including vessel-specific
haracteristics and fishing technologies, spatial, temporal,
nd physical environment, etc., were investigated. To the
est of our knowledge, there are no analytical studies in the
iterature on sea turtle interactions with a fishery employ-
ng the count data models. Furthermore, the present analysis
ould have added significant information during the deliber-

tions over the recent swordfish ban in that it explains possi-
le factors affecting sea turtle interactions with the longline
shery.
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The next section describes the longline fishery in Hawaii
and the issues related to sea turtle interactions with this fish-
ery, followed by an exposition of the empirical models and
a description of the data used in the analysis. It is then fol-
lowed by a presentation of the results and discussion with
policy implications.

2. The longline fishery and sea turtle interactions
issues in Hawaii

2.1. The longline fishery

Hawaii-based longline fishery is a year-round, limited-
entry, high-seas fishery targeting various billfishes and tunas
in the Central Pacific Ocean. Most fishing activity takes place
in the region bounded by 0◦–45◦N latitude and 180◦–140◦W
longitude. Vessels targeting swordfish tend to fish to the north
of Hawaii along the oceanic frontal or convergence zone
of warm tropical water and cooler water from the north-
ern Pacific, while vessels fishing for tuna are predominantly
found in the warmer waters to the south of Hawaii (Pooley,
1993). The longline technology was introduced to Hawaii
by the Japanese in 1917. Pelagic species dominate the fish-
ery. Fishing depth and timing affects the efficiency with
which different fish species are captured—shallower depths
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about 43–70 feet and are capable of taking 2-week trips,
while the more modern vessels average 70–100 feet and can
travel for 2–3 months (WPRFMC, 1995). The revitalized
fleet adopted modern longline gear and a multitude of effi-
cient technologies, such as acoustic doppler, current profilers,
chromoscope fish finders, satellite navigation systems, and
color video echo sounders (Dollar, 1992; Dalzell, 2000). The
longline fishery has also grown to be the largest and most
prominent commercial fishery in Hawaii in a short span of
time. The commercial pelagic catch totaled about 36 mil-
lion pounds (16,363 metric tons) with ex-vessel revenue of
$59 million in 1999 (WPRFMC, 2001). The longline fish-
ery contributed 28.3 million pounds (12,863 metric tons) with
ex-vessel revenue of $47.4 million in 1999; however, the
longline landings and sales declined to 17.2 million pounds
(7818 metric tons) and $37.5 million, respectively, in 2002
after the swordfish harvest ban (WPRFMC, 2004a). Cur-
rently, Hawaii’s longline fishery represents about 2.7% of
the longline hooks deployed in the entire Pacific. The fish-
ery is considered to be well managed without any serious
stock problems (Dalzell, 2000). Until recently, swordfish
harvest was banned due to the concern over sea turtle inter-
actions with the shallow-hooked longline used in swordfish
fishing, and only deep-hooked longline tuna fishing was
permitted.
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30–90 m) to target swordfish during nights, but deeper ones
or tuna during days (Boggs and Ito, 1993). Bigeye tuna
Thunnus obesus) are targeted by deploying 12–25 hooks
etween floats with enough sag to reach depths of about
00 m, but only three to six hooks are deployed when tar-
eting swordfish. Night-time fishing employs luminescent
ightsticks to attract swordfish and their prey to the baited
ooks. Longlines deployed for swordfish are conventionally
aited with large squid (Illex spp.), but tuna-targeted long-
ines are usually set during the day and use saury (Cololabis
aira) as bait (Dalzell, 2000). By the 1930s, the longline
shery was second only to pole-and-line fishery in landed
olume of fish and accounted for most of the yellowfin
una (Thunnus albacares), bigeye tuna, and albacore (Thun-
us alalunga) landed in Hawaii. The fishery peaked in the
id 1950s, and then declined steadily until the late 1980s

ue to lack of investment in boats and gear. The revitaliza-
ion of the fishery was due to the development of local and
xport markets for fresh tuna to the continental USA and
apan, and the discovery of swordfish stocks around Hawaii.
igeye tuna has been a major target species of the long-

ine fishery since the 1950s, while swordfish was only a
inor species until the 1990s (Dollar, 1992; Curran et al.,

996).
Participation in Hawaii longline fishery almost quadru-

led from 37 vessels in 1987 to as many as 141 vessels in
991. This number then leveled off to about 120 vessels
etween 1992 and 1994, declined slightly to 103 vessels
n 1996, and then increased to 125 vessels in 2000 (Ito
nd Machado, 2001). The older longline vessels measure
.2. Sea turtle interactions issue

Several species of sea turtles are found near the North-
estern Hawaiian Islands. Early on in the re-expansion of
awaii’s longline fishery, it became apparent that the ves-

els fishing close to the Northwestern Hawaiian Islands
ould on occasion catch animals protected under the ESA,
amely the Hawaiian monk seal and the green sea tur-
le. The relocation of the longline fishery offshore solved
he problem of interactions between monk seals, green tur-
les, and small boat fishermen. However, the longline ves-
els continued to interact with other marine turtles (Dalzell,
000). This issue received much attention from policy-
akers, fishers, and other stakeholders after the recent

apid expansion of the longline fleet in Hawaii. Higher
nteractions were reportedly with fishing activities targeting
wordfish.

A turtle take is defined as an interaction between a tur-
le and a fishing vessel or gear and usually implies that the
urtle became entangled in the line or was caught on a hook
McCracken, 2000). There is poor understanding about the
asic sea turtle population, their distribution, habitat, migra-
ory behavior, and magnitude of threats. Nest counts and
urtle census are difficult to quantify, total number of breed-
ng adults are still unknown for many breeding beaches, and
he age class structure, or composition, of the population is
oorly understood. While one can theorize a trend, there are
till many unknowns (Cousins, 2002). The National Marine
isheries Service (NMFS) conducted a review of the fish-
ry which resulted in the issuance of the Biological Opinion



312 N.C. Pradhan, P. Leung / Fisheries Research 78 (2006) 309–322

Table 1
Estimates of turtle takes and kills in Hawaii’s longline fishery

Turtles species 1994 1995 1996 1997 1998 1999 2000 2001 2002

Loggerhead Takes 501 412 445 371 407 369 246 18 19
Kills 88 72 78 65 71 64 106 8 8

Olive ridley Takes 107 143 153 154 157 164 113 36 31
Kills 36 47 51 51 52 55 65 27 29

Leatherback Takes 109 99 106 88 139 132 132 10 6
Kills 9 8 9 7 12 11 45 3 2

Greenback Takes 37 38 40 38 42 45 65 11 3
Kills 5 5 5 5 5 6 35 8 3

Total Takes 754 692 744 651 745 710 556 75 59
Kills 138 132 143 128 140 136 251 46 42

Source: WPRFMC (2004b).

and Incidental Take Statement (Opinion) in 15 May 1991.1

Based on hearsay information about the takes and opinions
on the status of turtle stocks, an allowable take of up to
25 turtles/year was set. Beginning in November 1990, NMFS
had also set up to collect detailed information about longline
fishing activities from each fisher at the end of the fishing
trip. In June 1992, NMFS found that the incidental takes
of turtles reported in the 1991 logbooks exceeded the level
set in the Opinion. Therefore, based on the recent assess-
ments, NMFS conducted a second investigation to review
the reported takes and the status of the turtle stocks. In a
10 June 1993 Opinion, NMFS: (1) determined that Hawaii-
based longline fishery did adversely impact the turtle species
which were taken in the fishery, but was not likely to jeopar-
dize their continued existence; (2) required the establishment
of an observer program and an annual review of turtle take
using observer data; (3) revised the allowable take to 752 and
mortality to 299 with no more than 150 leatherback turtles
mortalities or serious injuries (Skillman and Kleiber, 1998).
A federally mandated observer program was put into effect
in February 1994 to closely monitor Hawaii-based longline
fishing activities. The number of turtle takes by species, their
conditions and circumstances, other species of concern, etc.
are recorded by the observer for each longline set. Table 1
presents an estimate of the magnitude of turtle interaction
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extrapolated from observers’ records that comprised approx-
imately 4% of the fishing trips. The detailed account of turtle
interactions by season and trip types and the number of tur-
tle incidences reported by fishers in the logbook records are
presented in Table 2.

In February 1999, in an attempt to conserve sea turtles,
Earthjustice, representing the Center for Marine Conserva-
tion and Turtle Island Restoration Network, filed a lawsuit
against NMFS accusing them of negligence in their duty to
protect endangered sea turtles. The plaintiffs were concerned
about all sea turtles, but focused on the leatherback turtle,
as its population in the Pacific had declined considerably
over the past two decades. During the hearing in November
1999, the federal court judge found in favor of the defen-
dants (NMFS) with respect to their Biological Opinion on
the sea turtles and their interactions with Hawaii-based long-
line fishery. This meant that while interactions and some
fatalities occurred, the judge agreed with the defendants that
this had little influence on turtle population. However, the
judge agreed with the plaintiffs that NMFS was delinquent
under another government statute, the National Environmen-
tal Policy Act (NEPA), under which federal policies, laws,
and regulations must be assessed with respect to their impact
on the environment (Dalzell, 2000).

Based on the data provided by NMFS the majority of turtle
interactions, particularly with loggerheads and leatherbacks,
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ith Hawaii’s longline fishery from 1994 to 2002. The esti-
ates of turtle interactions in the entire longline fishery were

1 Under the Biological Opinion, the fishery agency must determine the
evel of interactions and mortalities and compare these with population
ynamics of the affected populations. The opinion can then set limits on
he volume of interactions and fatalities, which, if exceeded, require a fresh
iological Opinion (Dalzell, 2000).
2 Data collected by the Secretariat of the Pacific Community suggested

elatively low interaction rates in Hawaii’s fisheries relative to other fish-
ries. High-end estimates of about 0.1000 turtles/1000 hooks for Asian fleets
Japanese, Taiwanese, Korean, and other Pacific nations) would indicate
nteractions of about 12,000–20,000 turtles/year (WPRFMC, 2002). The tur-
le catch per 1000 hooks in Atlantic longline fishery during 1998–2000 were
.3270, 0.3370–0.7020, and 0.1600–0.3240 for loggerhead, leatherback,
nd olive ridely, respectively (Hsia, 2002). However, the turtle CPUE
n Hawaii’s longline fishery during 1994–2002 has remained at about
.0071 turtles/1000 hooks in tuna-targeted longline trips, and 0.1302 in
ccurring to the north of Hawaii were possibly associated
ith the oceanic convergence zone. Consequently, the judge

losed off ocean north of 28◦N latitude and between 150◦
nd 168◦W longitudes; ordered all vessels to carry clippers
nd dip nets to untangle any hooked turtles; requested NMFS
o conduct an analysis of the best combination of time-area
losures; for the parties in the case to review the results
nd make their own recommendations. On 23 June 2000,
he judge announced his order for the fishery; it included
closure of all waters between 30◦ and 44◦N latitudes and
37◦W–173◦E longitudes. With fishing between 6◦ and 30◦N

wordfish-targeted longline trips. Over 90% of the turtle interactions in
awaii are associated with swordfish-targeted longline fishing.
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Table 2
Turtle interactions by season and trip type as reported in the observer and logbook datasets, Hawaii longline fishery

Year Season Observer dataset Logbook
dataset

Tuna-targeted trips Swordfish-targeted trips All trips

No. of
trips

No. of sets with
turtle encounters

No. of
turtles

No. of
trips

No. of sets with
turtle encounters

No. of
turtles

No. of
trips

No. of sets with
turtle encounters

No. of
turtles

No. of
turtles

1994 Spring 8 0 0 14 5 11 22 5 11 31
Summer 1 0 0 9 1 1 10 1 1 8
Fall 5 0 0 6 4 7 11 4 7 11
Winter 4 0 0 2 1 9 6 1 9 15

Total 18 0 0 31 11 28 49 11 28 65

1995 Spring 5 0 0 7 10 5 12 10 5 29
Summer 3 0 0 8 2 1 11 2 1 11
Fall 9 2 2 3 0 0 12 2 2 4
Winter 14 2 2 1 1 1 15 3 3 19

Total 31 4 4 19 13 7 50 17 11 63

1996 Spring 7 0 0 9 4 8 16 4 8 24
Summer 7 0 0 7 5 12 14 5 12 18
Fall 7 0 0 4 3 6 11 3 6 3
Winter 8 0 0 3 2 11 11 2 11 42

Total 29 0 0 23 14 37 52 14 37 87

1997 Spring 5 0 0 8 6 9 13 6 9 30
Summer 3 0 0 1 1 1 4 1 1 9
Fall 7 2 2 4 1 2 11 3 4 2
Winter 7 0 0 9 7 22 16 7 22 5

Total 22 2 2 22 15 34 44 17 36 46

1998 Spring 4 2 2 2 2 4 6 4 6 54
Summer 5 0 0 5 2 2 10 2 2 8
Fall 12 1 11 4 2 7 16 3 18 15
Winter 6 1 1 8 7 26 14 8 27 21

Total 27 4 14 19 13 39 46 17 53 98

1999 Spring 10 2 2 2 2 4 12 4 6 21
Summer 2 0 0 3 1 1 5 1 1 11
Fall 2 0 0 1 1 3 3 1 3 29
Winter 10 2 2 5 5 14 15 7 16 32

Total 24 4 4 11 9 22 35 13 26 93

2000 Spring 6 0 0 7 6 12 13 6 12 21
Summer 6 1 2 3 1 1 9 2 3 12
Fall 28 3 4 2 1 1 30 4 5 2
Winter 55 4 6 9 6 12 64 10 18 14

Total 95 8 12 21 14 26 116 22 38 49

2001 Spring 49 2 2 2 1 1 51 3 3 12
Summer 44 2 2 0 0 0 44 2 2 2
Fall 59 1 1 0 0 0 59 1 1 0
Winter 77 4 8 1 0 0 78 4 8 6

Total 229 9 13 3 1 1 232 10 14 20

2002 Spring 91 6 6 0 0 0 91 6 6 na
Summer 46 3 3 0 0 0 46 3 3 na
Fall 66 0 0 0 0 0 66 0 0 na
Winter 74 2 2 0 0 0 74 2 2 na

Total 277 11 11 0 0 0 277 11 11 na
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latitudes reduced average annual effort by about 95% for
swordfish-targeted longline fishing. The order also required
to board observers on swordfish-targeted fishing trips to mon-
itor fishing activities. It also required closing all sorts of
fishing in the restricted area in April and May. Following
an intense period of protests and media campaigns launched
by Hawaii Longline Association, a stay was placed on the
execution of the order, and the judge agreed to work with
the parties to seek a reasonable compromise. The negotiation
resulted in an acknowledgment that Hawaii’s longline fishery
is not homogenous and that vessels targeting swordfish are
responsible for the majority of turtle interactions. The new
order maintains more or less the same area coordinates, but
the southern boundary is now at the equator. Fishing to the
north of 30◦N latitude was banned except for a limited num-
ber of sets (i.e. 370 sets) for scientific observations; however,
all trips must be accompanied by observers. The ruling was
to remain in effect until the completion of an environmental
impact statement scheduled for 1 April 2001 (Dalzell, 2000).

The ban on swordfish longline activities forced some of the
vessels primarily targeting swordfish either to leave Hawaii
or to switch to tuna fishing. Later, in early 2004, the reg-
ulations governing the longline fishery targeting swordfish
were relaxed by the court conditionally as per the recommen-
dation of the Western Pacific Region Fishery Management
Council (Council). The final rule establishes a number of
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The fishers are required to notify the Regional Administra-
tor in advance of every trip whether the longline sets made
during the trip will involve shallow-setting or deep-setting.
It also requires that they follow the type of setting declared
throughout the fishing trip (Federal Register, 2004).

The above suggests the gravity of the sea turtle interac-
tions issue associated with the longline fishery in Hawaii. The
closure of the longline fishery may lead to a transferred mar-
ket effect and a degradation of marine environment. Since
the longline fishery of Hawaii represents about half of the
total domestic swordfish production, restricting swordfish
harvest in Hawaii may result in the substitution of supply
for swordfish from other geographic regions or may lead to
the identification of other transshipment points. More tur-
tle interactions may occur in the unregulated regimes due to
such transferred market effects. The demise of U.S. sword-
fish landings from the Hawaii fishery may be balanced by
increased landings from less regulated foreign fisheries that
have a much higher take of turtles, which indeed appears to
have been the case. A concerted international effort would
certainly be necessary to reduce turtle interactions and mor-
talities.

3. Model and data
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onservation and management measures necessary for the
shery to achieve an optimum yield while avoiding the like-

ihood of jeopardizing the continued existence of any species
isted under ESA. The rule eliminates a seasonal closure for
ongline fishing in an area south of the Hawaiian Islands
nd reopens the swordfish-targeted longline fishery based in
awaii. This final rule implements both a regulatory amend-
ent recommended by the Council under the Fishery Man-

gement Plan for the Pelagic Fisheries of the Western Pacific
egion and court rulings containing protective measures for

ea turtles (effective 1 April 2004) made in the Hawaii Long-
ine Association v. NMFS suit that vacated a 12 June 2002
ule (Federal Register, 2004).

In order to minimize adverse impacts on sea turtles, the
wordfish-targeted longline fishery has been subjected to
ome restrictions. The final rule establishes an annual effort
imit in the amount of 2120 shallow-sets to the north of the
quator which may be collectively exerted by Hawaii-based
ongline vessels. It requires the exclusive use of mackerel-
ype bait and circle hooks measuring 18/0 or larger with a 10◦
ffset when making shallow sets north of the equator. Fishers
re also required to carry NMFS-approved turtle de-hooking
evices. The rule also sets the annual limit on the number of
eatherback and loggerhead turtle interactions at 16 and 17,
espectively, while engaged in shallow-setting. The shallow-
etting component of Hawaii-based longline fishery will be
losed for the remainder of the calendar year when either of
he two limits is reached. The number of interactions will be

onitored with respect to the limits using year-to-date esti-
ates derived from data recorded by NMFS vessel observers.
.1. Conceptual framework

Count variables are often treated as though they are con-
inuous and the linear regression model is applied, which
an result in inefficient, inconsistent, and biased estimates.
ortunately, there are a variety of models that deal explic-

tly with the characteristics of count outcomes (Long, 1997).
ount data models are relevant when the variables of interest
re non-negative integer-valued random variables. They have
een used in analyzing fatal accidents, patenting behavior,
roduct innovation and discoveries, research publications,
emand for health care, recreational trips, and marketing,
tc. (Trivedi, 1997). These events are count variable and the
oisson model, which makes use of the integer nature of the
ata, is more appropriate.

The Poisson distribution is a discrete representation of
ount data. The Poisson process describes the frequency of
n event per period of time. Also, when the Poisson model
s correct, the implied mean-variance restriction makes it an
fficient technique. The Poisson regression model assumes
hat the parameter, λ, for each case i is given by

i = exp(X′
iβ), (1)

here, λ is a function of a vector of regressors, and is also
he expected value of any Poisson random variable of the
th entity at time t; Xi a vector of ith entity’s characteristics
nd other explanatory variables; β is a conformable matrix
f unknown parameters to be estimated. Rare events, such as
iscoveries or accidents, etc. are assumed to occur according
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to a Poisson process. The parameter λ is known as the rate
of occurrences since it is the expected number of times that
an event has occurred per unit of time, and λ can also be
thought of as the mean or expected count (Long and Freese,
2001). The exponential functional form in (1) ensures a non-
negative λ for all values of X and β. This specification is
attractive because it is consistent with the integer nature of
rare events data and, in particular, one may often observe
non-occurrences of events at any given time. Thus, the basic
Poisson model captures the discrete and non-negative nature
of the dependent variable and allows one to draw inference
on the probability of the occurrences of an event.

The Poisson model is derived from two assumptions: (i)
the probability that an event occurs within a small interval
of time, �t, is given by λ�t; (ii) occurrences in disjoint time
intervals are independent events (Michener and Tighe, 1992).
The basic Poisson probability specification is given as (Long
and Freese, 2001):

Pr(y|λ) = e−λλy

y!
, for y = 1, 2, 3, . . . ,∞ (2)

where, y is a random variable indicating the number of times
an event has occurred. The following assumptions are made
about the Poisson distribution (Long and Freese, 2001): (i) λ

is the mean of the distribution and as λ increases, the mass
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ditional mean. If this property does not hold, the situation
is analogous to heteroscedasticity in ordinary least squares
models. In such case, the coefficient estimates are consis-
tent, but inefficient. The mean-variance restriction will fail to
hold when the expression for λ contains an error, for example
λi = exp(X′

iβ + εi). Even if λ is a deterministic function of
the true X’s, a measurement error in the X’s would introduce
an error term into the relationship between λ and measured
X’s. The over-dispersion that one may find is yet another
manifestation of an errors-in-variables problem (Michener
and Tighe, 1992). In real data, many count variables have
a variance greater than the mean, which is called over-
dispersion. The null hypothesis of equi-dispersion should
be tested and the presence of over-dispersion may suggest
that the use of the negative binomial distribution is more
appropriate than the Poisson (Long, 1997). The negative
binomial regression model is an extension or modification of
the Poisson regression model that allows the variance of the
process to differ from the mean. The mean λi, is re-specified
as

λi = exp(Xiβ) exp(εi) = λi exp(εi) = λiδi, (4)

where, exp(εi) has a gamma distribution with mean 1.0 and
variance α. ε is a random error that is assumed to be uncorre-
lated with X, and it can be considered either as the combined
f the distribution shifts to the right; (ii) λ is also the vari-
nce, and thus, var(y) = λ, which is known as equi-dispersion;
iii) as λ increases, the probability of a zero count decreases,
nd for many count variables, there are more observed
eros than predicted by the Poisson distribution; (iv) as λ

ncreases, the Poisson distribution approximates a normal
istribution.

The most important variable in cross-sectional studies of
ccidents is some measure of scale. For example, the scale
ariable in highway fatalities studies can be the vehicle miles
raveled, and the number of registered vehicles or drivers.
n the case of sea turtles interactions in the longline fishery,
he scale or exposure variable may be the trip length or the
umber of sets used during a fishing trip. It is sensible to
ssume that expected accidents are proportional to the scale
ariable, ceteris paribus. Expected accidents will have this
roperty if the log of the scale variable is included among the
xplanatory variables and its coefficients equals 1 (Michener
nd Tighe, 1992). Different exposure times can be incorpo-
ated into the count models. Let ti be the amount of time that
bservation i is at risk. If the rate (i.e. the expected number
f observations for a single unit of time) for that case is λi,
hen we would expect tiλi to be the expected count over a
eriod of length ti. Then, the count equation becomes (Long
nd Freese, 2001):

iti = exp(Xiβ)ti = exp(Xiβ + ln ti) (3)

The Poisson model can be estimated by the maximum
ikelihood method. One property of the Poisson regression

odel is that the variance of the data is equal to the con-
effects of unobserved variables that have been omitted from
the model or as another source of pure randomness. The neg-
ative binomial probability distribution is given as

P(yi|Xi) = Γ (yi + νi)

yi!Γ (νi)

(
νi

νi + λi

)νi
(

λi

νi + λ i

)yi

, (5)

where, νi = α−1. Compared with the Poisson model, the nega-
tive binomial probability distribution model has an additional
estimable parameter α, such that Var(yi) = E(yi){1 + αE(yi)}.
This is a natural form of over-dispersion and the over-
dispersion rate, i.e. Var(yi)/E(yi) = 1 + αE(yi). The α is known
as the dispersion parameter since an increasing α increases
the conditional variance of y. The model can be estimated by
the standard maximum likelihood method. If α is not statis-
tically different from zero, then the simple Poisson model is
more appropriate.

A marginal effect for a unit change in factor was also
carried out in the present study. The marginal with respect
to the kth variable Xk depends on both βk and E(y|X), ceteris
paribus.3 It is possible to compute the discrete change in the
expected count for a change in Xk from the beginning state
XS to the ending state XE. Thus, the value of the marginal
depends on the levels of all variables in the model, with all
variables held at their mean levels (Long and Freese, 2001).4

3 For a continuous variable, marginal change in E(y|X) is given by
∂E(y|X)

∂XK
= E(y|X)βK .

4 For a discrete change, marginal change is given as �E(y|X)
�E(XK ) =

E(y|X, XK = XE) − E(y|X, XK = XS).
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3.2. Empirical model

We propose a simple production model of undesirable out-
puts in the pursuit of an economic activity, i.e. the bycatch
of sea turtles during a fishing trip. The turtles considered
are believed to be threatened or endangered species which
may interact with a fishing vessel, i.e. some of these species
may be entangled in fishing hooks or they may ingest baits
leading to death. Because of the rarity and sparse distribu-
tion of these species, their encounter with a fishing vessel
is assumed to be a rare event or accident. The event or the
number of turtles caught (entangled, injured, or killed) is a
random variable whose distribution depends on policy vari-
ables, individual attributes, and environmental factors. The
number of turtle interactions for each fishing trip may vary
from zero to several. The degree of turtle interactions with a
fishing vessel depends on their abundance and the technolo-
gies used in tuna or swordfish targets, such as type of bait,
depth and density of hooks, lightstick color, the amount of
time a gear is soaked in water, fishing location, season, etc.
Hoey (1996) also suggests that it is important to recognize
the differences between gear and operating styles, especially
for those factors which will influence encounter rates with
turtles, such as season, region, target species, set and haul
time, bait, hook, lightstick use, etc.

In the production process of undesirable outputs, we
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Table 3
Variable definitions

Variable Definition

yi Number of sea turtles interacted with a longline vessel
in a trip

ln TIME Log of trip length in days
LOCN Latitude in degree averaged for all sets of a trip
HKPF Number of hooks per float is averaged for all sets in a

trip
POPN Shark catch per unit effort (CPUE) as the proxy of turtle

population is averaged for all sets in a trip
SOAK Set soak time in hours is averaged for all sets in a trip
SESN Seasonal dummies (s): equal 1 for Fall if months

August–October, 0 otherwise; equal 1 for Winter if
months November–January, 0 otherwise; equal 1 for
Spring if months February–April, 0 otherwise

LSTK Dummy for lightstick color: equal 1 for Green, 0
otherwise

BAIT Bait types dummy: equal 1 for Large Squids, 0
otherwise

HIST Any past record of sea turtles interaction for the vessel:
equal 1 for yes, 0 otherwise

previous history of sea turtle interaction with the vessel. The
empirical model is specified in Eq. (7) and the variables
included in the model are defined in Table 3:

yi = exp(β0+β1LOCN + β2HKPF + β3POPN + β4SOAK

+ δ1sSESN + δ2LSTK + δ3BAIT

+ δ4HIST + θ ln TIME) (7)

The above model is estimated first by employing the Pois-
son regression technique. If an over-dispersion is found,
negative binomial procedure will be applied. For better pre-
cision, the model is estimated by trip types, i.e. swordfish-
or tuna-targeted trips, as the longline technologies employed
for these trip types varies to some extent resulting in a dif-
ferent degree of interactions. The analysis here is not carried
out by turtle species, as there are not enough observations
to conduct separate analysis by turtle species and trip types
together. Instead all turtle species as a group are considered
rare, threatened, or endangered. The dependent variable, yi,
includes both dead and entangled or injured turtles in the ith
fishing trip of a vessel or fisher. The subscript s, is an index of
dummy variables for particular seasons. The exogenous vari-
ables included in the model are primarily bio-physical ones
to which turtles were assumed to respond. The observer’s
d
h
p
v
f
i
o
e
t
s

odel the total number of sea turtle interactions per fish-
ng trip, which is an integer. The total time spent on fishing
s assumed to be exogenous. Since catch rate is not an inte-
er and cannot be modeled via a count process, the number
f sea turtle interactions per fishing trip will depend on trip
ength along with other exogenous variables. The production
rocess of sea turtles is specified with the following general
unctional form:

i = tθi exp(Xiβ) (6)

The distribution of sea turtle catch per trip (yi) naturally
aries with the number of days (t) per trip. When a fisher
pends more time fishing, the incidence of the sea turtle inter-
ctions is assumed to be higher. In other words, there is a
igher utility of catching more fish, but also an increased
isutility with more time spent in fishing due to the catch-
ng of turtles. If the coefficient θ = 1, then the incidence of
ea turtle interactions is proportional to the number of days
pent per fishing trip. The sea turtle catch rate increases with
he trip days when θ > 1 and the sea turtle interactions rate
ecreases with the trip days when θ < 1. The result would be
ounter-intuitive if the sign of the coefficient θ in Eqs. (6) or
7) is negative. When the sign of the coefficient θ is positive,
he interaction rate increases with the time at sea. However,
he interaction rate increases at a diminishing rate with the
ime at sea if the coefficient θ < 1 but positive.

The other covariates of importance in the production pro-
ess of turtle bycatch are hooks per float, turtle population,
oak time, season, bait type, location, lightstick color, and
ata set contains many other bio-physical variables such as
ook type, hook size, number of hooks, number of sets, tem-
erature, float length, target depth, dropper length, beaufort,
essel/shooter speed, etc. These variables were investigated
or their suitability in the empirical model and were not
ncluded because of their high degree of correlation with
ther variables, incomplete information or irrelevance. The
mpirical model specified in Eq. (7) is parsimonious, albeit
he choice of the variables in the final formulation as pre-
ented above is rather subjective. We believe this formulation



N.C. Pradhan, P. Leung / Fisheries Research 78 (2006) 309–322 317

is efficient as well as biologically plausible and statistically
sound.

The geographic location where fishers go for longline
fishing can also be a factor in turtle interactions. The sum-
mer 2000 court ruling had set a demarcation line of 28◦N
above which all the longline activities were halted based
on the belief that most turtle interactions occur towards the
northern area. Thus, it is also important to examine whether
fishing location contributed to turtle interactions with the
longline fishery, as it is believed that more turtle encoun-
ters had occurred in the northern frontier. Therefore, latitude
was included in the model as a location variable (LOCN).

Similarly, it is also believed that shallow set longline tar-
geting swordfish may result in more sea turtle interactions.
Density of hooks per float (HKPF) determines the depth of
hooks from the sea surface, as it also sags the longline gear
deep into the sea. Fishers targeting tuna place the longline
gear deeper compared to those targeting swordfish. The vari-
able (HKPF) captures both the effects of the density of hooks
and their depths on turtle interaction. However, the amount of
time a set is soaked in water may also affect turtle interaction.
A variable (SOAK) representing the amount of soak time in
hours is, therefore, included in the model.

The magnitude of turtle interactions also depends on the
size of their population and their relative abundance in the
fishing area. Unfortunately, there is no data available regard-
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Three seasonal dummies, namely Fall, Winter, and Spring
seasons, were included in the model with the reference season
being summer. Seasonal dummies also capture the environ-
mental and climatic conditions as well.

It is believed that sea turtles are attracted to natural bio-
luminescence. They may be attracted to chemical lightsticks
used by the longline fishers. Longliners use lightsticks of
varied colors primarily to attract swordfish. It will be use-
ful to identify the color to which the turtles are significantly
attracted to. Since about half of the users of lightsticks were
using green-colored lightsticks, a dummy variable (LSTK)
was included for the use of green-colored lightsticks. Simi-
larly, type of baits may be an important determinant in turtle
interactions. Squid (large and small), sauri, and mackerel are
common baits used by the longline fishers. Fishers target-
ing swordfish mainly use large squid. The dummy variable
(BAIT) takes a value of 1 if fishers used large squid as bait.7

There are also experiments on bait colors and turtle interac-
tions, but they are not included in the observer dataset.

It is presumed that vessels that have a history of incidence
of turtle interactions may be prone to similar interactions in
future. Therefore, a dummy variable (HIST) for the vessel’s
previous history of interactions was included in the model.

The data used in the empirical estimation were obtained
from the NMFS observer records located at Honolulu Labo-
ratory. The longline logbook data as submitted by fishers after
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ng the population of sea turtles for the study period. One way
o estimate this data would be to proxy sea turtle population
y using the data on the abundance of its natural predator
n the sea, i.e. sharks.5 In a general predator–prey relation-
hip one could postulate that the abundance of one leads to
he abundance of the others. Catch per unit of effort of sharks
uring the fishing trip (POPN), therefore, is used as a proxy of
ea turtles population.6 It is presumed that higher turtle pop-
lation would in turn lead to their higher interactions with the
shery. Shark CPUE was computed as the number of sharks
aught per thousand hooks in each fishing trip.

Seasonality was also examined to see whether there were
easonal differences in the incidence of sea turtle interactions.

5 Most of sea turtles are preyed on when they are small, either hatchling
r juvenile size. As the turtle grows in size, sharks remain the main predator.
arge sharks can consume a full-size sea turtle. Predation on hatchlings

s believed to be relatively high and the species most often implicated are
oastal and pelagic sharks (NMFS/USFWS, 1998a; NMFS/USFWS, 1998b).
harks are keystone predators with diverse prey items including sea turtles.
lthough there may be some variation on the predation and feeding habits
y shark species, they are noxious to sea turtles in general.
6 We included a proxy variable representing turtle population in our model
ecause of its theoretical importance to explain turtle interaction with the
ongline fishery. The seasonal abundance of sharks in general as measured
n terms of their CPUE is considered a good proxy of sea turtles population
ssuming that the latter’s abundance would lead to the abundance of their
redators. In a recent research study by NMFS in Hawaii that focused on
he role of sharks as predators of turtles indicated that non-removal of apex
redators (like sharks) from the pelagic system by longliners might actually
ave a deleterious effect on turtle populations via increased predation from
arge individuals that were previously removed by longline fishers (Boggs,
002).
ach trip were also available, but observer data was believed
o be of higher quality for the present analysis. The longline
bserver dataset for the period 1994–2003 was used for the
nalysis in the present study.8 Information such as the con-
ition of turtles (dead, live, injured), method of their capture
hooked, entangled), and hooked location (ingested, flipper)
ere recorded for every encountered turtle. Also recorded
ere the interactions with other protected species (birds and
ammals), the fish species to be targeted on the trip, fish

atches, and operational characteristics of each set and haul
date and time, number of floats, hooks, lightstick, location,
ait types, etc.) (Skillman and Kleiber, 1998). The observer
atasets were at the set level. We have aggregated set level
nformation into trip level as the information for most of the
ovariates in the model, such as season, lightstick color, bait,
istory of previous interactions, etc., do not differ from one
et to another during a trip. Moreover, trip level observa-
ions enable us to examine the effect of time at sea. Thus,
here were 924 trip level observations during 1994–2003,
f which 923 were used in the analysis. There were 771

7 In the swordfish-targeted trips, 65% of the fishers used large squid and
0% used small squid. In the tuna-targeted trips, fishers used varieties of
aits: large squid (7%), small squid (3%), saury (46%), mackerel (1%),
ixed baits (18%) and other baits (25%).
8 The Longline Observer Program instituted by NMFS began its operation

n 24 February 1994 to collect data on the interaction between longline
shery and protected marine species. It used stratified random sampling
here samples were drawn proportionately from each type of fishing trip
amely swordfish trip, tuna trip, mixed trip, and switcher category (Skillman
nd Kleiber, 1998).
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Table 4
Poisson regression outcome of sea turtle interaction in bigeye tuna-targeted longline fishery in Hawaii during 1994–2003

Dependent variable: number of sea turtles per trip (n = 771)

Coefficient (β) S.E. p > Z exp(β)a ∂y/∂x X̄ σX Minimum–maximum

ln TIME 1.3816 0.4750 0.00 3.98 0.0441 2.90 0.30 1.38–4.11
LOCN −0.0507 0.0285 0.08 0.95 −0.0016 18.16 5.65 0.00–30.73
HKPF −0.1194 0.0242 0.00 0.89 −0.0038 26.33 5.67 4.00–38.00
POPN 0.0920 0.0469 0.05 1.10 0.0029 3.48 2.44 0.05–17.16
SOAK −0.0377 0.0719 0.60 0.96 −0.0012 18.77 2.19 7.68–44.12

Seasonb

Winter 0.4184 0.4312 0.33 1.52 0.0143 0.36 0.48 0–1
Spring 0.7665 0.4604 0.10 2.15 0.0306 0.24 0.43 0–1
Fall −0.5773 0.4758 0.23 0.56 −0.0161 0.25 0.43 0–1

HISTb 0.2172 0.3052 0.48 1.24 0.0071 0.34 0.47 0–1
BAITb 0.8346 0.4983 0.09 2.30 0.0401 0.04 0.20 0–1
Constant −3.3006 2.1690 0.13

Goodness-of-fit χ2 = 206.02 p > �2 (760) = 1.00

Measures of fit for Poisson
Log-likelihood intercept only −203.92 Log-likelihood full model −151.23
D(760) 302.46 LR (10) 105.39

Prob > LR 0.00
McFadden’s R2 0.25 McFadden’s adj R2 0.20
Maximum likelihood R2 0.128 Cragg and Uhler’s R2 0.31
AIC 0.42 AIC*n 324.46
BIC −4749.78 BIC’ −38.91

a exp(β) = factor change in expected count for a unit increase in X. Factor change implies the expected count changes by a factor of exp(βk) for a unit change
in Xk, holding all other variables constant.

b The marginal effect ∂y/∂x is for discrete change of dummy variable from 0 to 1.

observations associated with tuna-targeted trips, and 152 with
swordfish-targeted trips. The dataset represented about 4% of
the entire longline trips during 1994–1999, but 18% during
2000–2002.9

4. Results and discussions

The empirical specification in Eq. (7) was initially esti-
mated by using the Poisson regression procedure.10 The
selection of the Poisson model for the tuna-targeted trips
was found to be appropriate as the deviance statistic was
negligible implying the absence of over-dispersion in the
model; however, the negative binomial regression procedure
was adopted for the swordfish-targeted trips because of over-
dispersion. The Poisson and negative binomial regression
coefficient estimates along with the goodness-of-fit statis-
tics for the tuna- and swordfish-targeted trips, respectively,
are presented in Tables 4 and 5. The following discussion for
each parameter is given on the basis that all other parameters
are unchanged.

A scale or exposure variable ln TIME was introduced in
the model to see if sea turtle interactions rate is proportionate

9 There are very few trip level observations for year 2003; however, the
o

e

to the time spent at sea (trip days). The significance of the
coefficient (θ) of this variable supports modeling turtle inter-
actions on a per trip basis rather than on interactions rate. A
coefficient of greater, equal to, or <1 implies increasing, pro-
portionate, or decreasing amount of turtle interactions rate
with the amount of time spent at sea by the fishing vessel,
respectively. The result can also be interpreted analogous to
elasticity measures. The coefficient less than 1 for the vari-
able ln TIME suggests the magnitude of turtle interactions
to be <1% for each percent increase in trip days, and vice
versa for a coefficient >1. The estimated coefficient of the
scale variable in our analysis is positive and substantial but
<1, indicating that the sea turtle interaction rate decreased
with increased time spent at sea in swordfish-targeted trips.
However, the turtle interactions rate increased with increas-
ing time spent at sea in tuna-targeted trips.

Higher turtle interactions occurred toward the equator for
tuna-targeted trips. However, the latitude had no effect on tur-
tle interactions in swordfish-targeted trips. This may appear to
be counter intuitive to the widely perceived view that latitude
has an effect on sea turtle interactions in Hawaii’s longline
fishery. The effect of the latitude variable on turtle interac-
tions in the swordfish-targeted trips might have been diluted
because of the time-series data, as the most frequently caught
loggerhead turtles during swordfish trips tend to be associ-
ated with the ocean frontal system. The drift of the oceanic
f
m

nes available were also included in the analysis.
10 Stata version 8.0 econometric/statistical software was used in the model
stimation and further analysis.
rontal system across time, i.e. the oceanic frontal system
oves on a north-south oscillation on a decadal scale, could
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Table 5
Negative binomial regression outcome of sea turtle interaction in swordfish-targeted longline fishery in Hawaii during 1994–2003

Dependent variable: number of sea turtles per trip (n = 152)

Coefficient (β) S.E. p > Z exp(β)a ∂y/∂x X̄ σX Minimum–maximum

ln TIME 0.6035 0.3672 0.10 1.83 0.6342 3.15 0.41 1.94–4.06
LOCN −0.0068 0.0351 0.85 0.99 −0.0071 28.64 4.71 18.50–38.44
HKPF −0.0731 0.0854 0.39 0.93 −0.0767 4.81 3.04 3.00–29.66
POPN 0.0109 0.0054 0.05 1.01 0.0114 19.13 20.34 0.51–172.72
SOAK 0.1743 0.0755 0.02 1.19 0.1831 19.91 1.76 12.50–25.50

Seasonb

Winter 0.7405 0.3910 0.06 2.10 0.9441 0.27 0.45 0–1
Spring 0.4721 0.3548 0.18 1.60 0.5412 0.34 0.47 0–1
Fall 0.4505 0.4378 0.30 1.57 0.5554 0.16 0.37 0–1

LSTK greenb 0.7433 0.2199 0.00 2.10 0.8643 0.39 0.49 0–1
HISTb 0.0999 0.2197 0.65 1.11 0.1058 0.42 0.50 0–1
BAITb −0.1343 0.2200 0.54 0.87 −0.1441 0.65 0.48 0–1
Constant −5.6613 1.7477 0.00

ln α −0.3793 0.2641
α 0.6842 0.1807

Likelihood-ratio test of α = 0: χ2(01) = 48.43 p > χ2 = 0.000

Measures of fit for negative binomial regression
Log-likelihood intercept only −248.15 Log-likelihood full model −224.18
D(139) 448.36 LR (11) 47.94

Prob > LR 0.00
McFadden’s R2 0.097 McFadden’s Adj R2 0.044
Maximum likelihood R2 0.27 Cragg and Uhler’s R2 0.28
AIC 3.12 AIC*n 474.36
BIC −249.95 BIC’ 7.31

a exp(β) = factor change in expected count for a unit increase in X. Factor change implies the expected count changes by a factor of exp(βk) for a unit change
in Xk, holding all other variables constant.

b The marginal effect ∂y/∂x is for discrete change of dummy variable from 0 to 1.

be a plausible reason for a negligible latitudinal effect on tur-
tle interactions. By contrast, tuna vessels tend to encounter
more leatherback and olive ridley turtles, which both use
the more latitudinally stable equatorial currents as migration
pathways, closer to the equator.

Turtle interactions tend to be lower for a higher number of
hooks per float in both tuna and swordfish trips, however, the
effect is substantial in tuna-targeted trips only. In tuna trips,
for every additional hook per float, incidence of sea turtle
interactions decreased by a factor of 0.89. However, the gear
soak time did not have an effect on turtle interactions in tuna-
targeted trips, but has a substantial positive interactions in
swordfish-targeted trips. For each hour increase in soak time,
turtle interactions increase by a factor of 1.19 in swordfish-
targeted trips.

An increase in shark CPUE, the proxy for turtle popula-
tion level, had a substantial effect on turtle interactions in
both the tuna- and swordfish-targeted fishing trips. For each
unit increase in shark CPUE, the expected number of turtle
interactions increase by a factor of 1.10 in tuna-targeted trips,
and 1.01 in swordfish-targeted trips.

Seasonal differences in sea turtle interactions with the
longline fishery were also investigated. The incidence of sea
turtle interactions was found to be higher during winter and
spring in swordfish- and tuna-targeted trips, respectively. A

similar observation was found in Taiwanese coastal setnet
fisheries for the period 1991–1995 where most turtle interac-
tions of same turtle species occurred between November and
March (Cheng and Chen, 1997).

Green-colored lightsticks had a substantial positive impact
on turtle interactions compared to other colors in swordfish-
targeted trips, with the expected number of turtle interactions
increasing by a factor of 2.10. This result reinforces the pre-
liminary finding by Kleiber and Boggs (2000) that turtles are
more attracted to green light sticks than yellow ones. The
use of large squid as baits had a substantial effect on turtle
interactions in tuna trips, but not in swordfish-targeted trips.

Analogous to the auto insurance industry, in which a risky
driver would have to pay a higher premium for any history
of auto accident or traffic violation, it was examined how a
vessel which had a previous history of sea turtle interactions
would pose a similar risk in future. However, HIST dummy
did not reveal any substantial turtle interactions in either trip
types suggesting the interactions are random events.

The marginal effects (∂y/∂y) on the counts of turtle inter-
actions for a change in the variables under consideration were
also analyzed (Tables 4 and 5). The marginal effect of a unit
increase in hooks per float decreased the incidence of tur-
tle interactions by 0.0038 counts in tuna trips. Similarly, the
incidence of sea turtle interactions in relation to a discrete
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Table 6
Number of sea turtles encounter prevented by some fishery regulation

Year Longline revenue
($ million)

Number of trips Estimated turtle takes Number of turtles
avoided by prohibiting

Tuna-targeted
trips

Swordfish-targeted
trips

Study 1 Study 2 Green lightsticks Swordfish
harvest in winter

1991 38.70 556 1115 694 n.a. 432 252
1992 40.19 458 808 823 n.a. 313 182
1993 45.44 542 650 911 n.a. 252 147
1994 36.37 568 538 766 737 208 121
1995 36.64 682 443 691 605 171 100
1996 34.25 657 443 739 665 171 100
1997 38.72 745 380 602 536 147 86
1998 38.75 760 380 n.a. 666 147 86
1999 39.69 795 369 n.a. 655 143 83
2000 43.24 840 294 n.a. n.a. 114 66
2001 26.93 1031 46 n.a. n.a. 18 10

Mean (1991–2001) 747 644 192 112

Note: Studies 1 and 2 are by Kleiber (1998) and McCracken (2000), respectively.

change in fishing activities—the use of green-colored light-
sticks against other colors—increased by 0.8643 counts, and
a unit increase in sharks CPUE increased the incidence of tur-
tle interactions by 0.0114 counts in swordfish-targeted trips.
The marginal effect estimates derived from the model can
also be used to predict the number of turtle casualties, which
can also be interpreted as the number of turtle interactions
that could have been prevented if the related policy were fea-
sible. For example, it can be inferred that approximately 192
and 112 turtles could have been prevented from interacting
with the swordfish-targeted longline trips by prohibiting the
use of green lightsticks and by avoiding longline fishing in
the winter season, respectively (Table 6). The estimates, how-
ever, are to be cautiously interpreted because the confidence
intervals of these estimates are wide.

Table 7 presents the observed and predicted probabilities
for different numbers of turtle incidences with the swordfish-
and tuna-targeted longline trips. The predicted number of
zero sea turtle interactions is overwhelming, as the probabil-
ity of zero catch is about 94% and 45% in tuna and swordfish

Table 7
Observed and predicted probabilities for each sea turtle count

Counts Tuna-targeted trips
Poisson probabilities

Swordfish-targeted trips
negative binomial probabilities

1
1

trips, respectively. In any given trip, the predicted probabili-
ties of sea turtle interactions with at least one turtle is about
6% and 55% in the tuna- and swordfish-targeted trips, respec-
tively. The probabilities with counts of two or more turtles
drastically decline in tuna-targeted trips, but it is higher in
swordfish-targeted trips. The counts follow the Poisson dis-
tributional form. Probability declines as the count increases.
There is a close match between the observed and predicted
probabilities.

The above results were collected from a natural setting,
however, there has been some advanced research and experi-
mentation in Hawaii’s longline fishery recently to investigate
sea turtle’s visual, taste, and odor receptive behaviors, inter-
actions with various hook types, etc. (NMFS, 2001). When
adequate observations become available, the results of these
experiments may also provide a basis of comparison for some
of the results in the present study.

5. Concluding remarks

The present study analyzed the production of undesirable
outputs, i.e. the bycatch of sea turtles during a fishing trip, in
the pursuit of an economic activity in Hawaii’s longline fish-
ery. The analysis used data for the period 1994–2003. The
commercial fishing industry in Hawaii nearly halted due to
e
t
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a
e
d
m
o
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r
i
d

Observed Predicted Observed Predicted

0 0.9403 0.9414 0.4379 0.4530
1 0.0519 0.0499 0.2549 0.2341
2 0.0052 0.0066 0.1242 0.1229
3 0.0026 0.0016 0.0654 0.0686
4 0.0000 0.0004 0.0261 0.0406
5 0.0000 0.0001 0.0261 0.0251
6 0.0000 1.69E−05 0.0392 0.0161
7 0.0000 2.97E−06 0.0065 0.0107
8 0.0000 4.73E−07 0.0000 0.0073
9 0.0000 6.89E−08 0.0065 0.0051
0 0.0000 9.24E−09 0.0065 0.0036
1 0.0000 1.15E−09 0.0065 0.0026
nvironmental concerns associated with its sea turtle interac-
ions. Because of the different interests of the stakeholders
n the issue, this article has attempted to explore the factors
nd degree of sea turtle interactions with the longline fish-
ry in an analytical framework of rare events by using count
ata models, or specifically the Poisson and negative bino-
ial regression models. The analysis was based on the type

f trip, tuna-target versus swordfish-target, as the technolo-
ies employed in targeting these species varied substantially
esulting in different degrees of turtle interactions. Some pol-
cy options for management of the longline fishery have been
rawn based on the model results.
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Factors including location, seasonality, turtle population,
technologies such as bait type and hooks per float, collectively
explain much of the variations in turtle interactions in tuna-
targeted longline fishery. However, only seasonality, a proxy
of turtle population, and technologies including the color of
lightstick and the amount of time longline gears are soaked,
were important factors of turtle interactions in swordfish-
targeted trips. Previous history of turtle interactions had a
positive impact on turtle interactions, but its effect was sta-
tistically negligible in both the swordfish- and tuna-targeted
trips. Some of the factors that had a substantial effect on tur-
tle interactions can be regulated by appropriate policies. For
example, restricting swordfish fishing during winter, regulat-
ing the use of green-colored lightsticks, or prohibiting the
use of squid baits are a few suggestive and feasible measures
resulting from the model that may help to alleviate sea turtle
interactions to some degree. However, it is also important to
examine how these policies would affect the total industry
catch in comparison to total catch without such policies. For
example, a ban on winter (November–January) fishing for
swordfish would only reduce the total swordfish harvest by
about 22%.11 As more turtle interactions appear to be during
winter, limiting swordfish-targeted longline activities during
this season would be an effective policy without substantially
reducing total swordfish catches in the fishery.

The magnitude of turtle interactions was higher in
s
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s
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l
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m
fi
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a
w
a
m
f
t
a
fi

m
o
a

scientific and management groups to evaluate the extent of the
problem and consider effective mitigation options, it seems
inevitable that international cooperation will be required to
effectively address sea turtle mortality resulting from inter-
actions with the pelagic longline gear (Hoey, 1996). In any
event, there is an urgent need of a concerted international
effort to save turtles by establishing the threshold level of
danger to these turtles through various mitigating measures
and strategies aimed at reducing sea turtle interactions and
fatalities among coastal and high-seas fisheries. In addition
to scientific research on averting turtle interactions with the
fishery, involving fishers in developing practical and success-
ful mitigation measures should be encouraged. A thorough
understanding of the biology, population dynamics, habitat
and migratory pattern of sea turtles, along with the associated
oceanographic conditions will also be useful in explaining sea
turtle interactions. Exchange of ideas about turtles among
fishery biologists has been occurring for quite a while, but
more policy dialogue between nations will be necessary for
effective management of sea turtles. Because of high surveil-
lance cost and low enforceability in managing and regulating
turtles, the best approach for now would be self-regulation
by nations, fishers, and other stakeholders with the goal of an
eventual cooperative solution.
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wordfish-targeted trips compared to tuna-targeted trips.
owever, a total ban on swordfish fishing is one possible

olution, but may not be in the best interest of Hawaii’s long-
ine fishers when there are ineffective or non-existence turtle
egulations in the international arena. Moreover, transferred
arket effect may amplify the turtle problem.
At the time of this writing, a federal judge’s ruling has

ifted restrictions on Hawaii’s beleaguered longline fishing
eet, but leaves the door wide open for prosecution if even
single sea turtle is documented (in the observers’ record)

s hooked in excess of either of the allowable 16 leatherback
r 17 loggerhead turtles. Unless there is a dramatic develop-
ent of a technology to avert turtle interactions with longline
shing, there is about a 55% chance that at least one sea tur-

le will be encountered in a swordfish-targeted longline trip
nder the conventional technological configuration.

The United States continues to dedicate an increasing
mount of resources to the preservation of endangered species
ithin its borders and provide leadership in the conservation

nd management of these species. However, conservation and
anagement of turtle population requires more than strongly

ocused domestic programs, as turtles are a shared interna-
ional resource and their management requires cooperation
cross the Pacific Region (WPRFMC, 2002). While U.S.
shermen are committed to working cooperatively with U.S.

11 The remainder of the swordfish catches occurs during spring (34%), sum-
er (29%), and fall (15%). During 1991–1999 the annual average number

f swordfish catches was about 51,200. About 97% of the swordfish harvests
re from swordfish targeted trips.
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