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Nursery Origin of Yellowfin Tuna in the Hawaiian Islands

R.J. David Wells, Jay R. Rooker, and David G. Itano

Introduction

The existence of “resident” (locally produced) versus “tran-
sient” (arriving from distant areas) populations of yellowfin tuna
(‘ahi) has been a contentious subject for Pacific Island nations
since the beginning of industrialized fishing in the region. Conflict
and management uncertainty result with distant-water or larger-
scale fisheries claiming to target broadly mixed stocks while local
fisheries are left to contemplate the possibility of reduced recruit-
ment or local depletion of yellowfin tuna resources that may be
more efficiently managed at sub-regional scales.

This is true in Hawai‘i where catch rates for nearshore troll and
handline fisheries for yellowfin tuna have declined while offshore
handline and longline fisheries and distant-water purse-seine
fleets have developed and expanded. Data from large-scale tag-
ging experiments have been incorporated into a complex, multi-
fishery, length-based, spatial model that is used to manage the
tuna resources of the western and central Pacific Ocean (WCPO).
The model inputs assume that a significant proportion of the yel-
lowfin tuna harvested by Hawai‘i-based fisheries originates from
neighboring regions (Hampton and Fournier 2001). However
the current model being used for stock assessment of the species
primarily applies to the area in the core of the WCPO equatorial
purse-seine fishery where the bulk of the biomass is harvested and
where most of the tag-and-release data has been generated. The
relative degree of local recruitment, residency, and movement of
yellowfin tuna in Hawaiian waters remains unknown.

Resolving the issues of local recruitment and evaluating
exchange rates of yellowfin tuna in Hawaiian waters and within
the areas of the broader WCPO requires corroborative data from a
variety of approaches including genetics, tagging, and other natural
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Figure 1. (left to right) Pepe Conley (boat captain) and authors Jay Rooker
and David Itano with yellowfin tuna captured on the east coast of Kaua'i and
sampled for the study. (Photo: R.J. David Wells)

markers such as chemical signatures in the hard parts (e.g., oto-
liths, or “ear stones”) of the fish. Recent studies using the chemical
signatures in otoliths have shown that these natural markers can be
of significant use in evaluating the origin and movement of tunas
within the Pacific Ocean (Rooker et al. 2001, Wang et al. 2009,
Shiao et al. 2010; Figure 1).

Principal assumptions underlying this approach are that oto-
liths continuously accrete material as a fish grows and that the
chemical composition of these otoliths is related to the chemistry
of the water mass inhabited. Therefore material deposited in an
otolith during the first weeks-to-months of life can serve as a
natural tag of an individual’s place of origin. Previous studies have
demonstrated that stable isotope ratios of carbon (13C/12C) and
oxygen (180/10; hereafter carbon and oxygen) in otolith cores
can be used to determine the origin of tropical and temperate
tunas (Gunn and Ward 1994, Rooker et al. 2008). Such data may
prove useful for determining contribution rates of yellowfin tuna

(continued on page 2)
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recruits from different nursery areas throughout the WCPO.

The goal of this Pelagic Fisheries Research Program-funded
project was to determine, using stable isotopes of carbon and oxy-
gen in the otoliths, the nursery origin of sub-adult (1-2 year-old)
yellowfin tuna collected in nearshore and offshore waters of the
Hawaiian Islands. Of specific interest was determining whether
the sub-adult yellowfin tuna that are targeted by domestic fisher-
ies were derived locally or from distant nurseries in the equatorial
Pacific.

Initially, spatial and temporal variability in stable carbon and
oxygen isotopes in the otoliths of young-of-the-year (YOY; <1 year
old) yellowfin tuna from Hawai‘i and different nurseries through-
out the WCPO were assessed to develop baseline signatures for
determining the nursery origin of larger yellowfin tuna. In the
following year sub-adult (1-2 year-old) yellowfin tuna from the
nearshore nursery and an offshore nursery within the Hawai‘i
exclusive economic zone (EEZ) were targeted. Nursery origins of
sub-adults were determined by examining stable isotope values
in the otolith cores of these individuals. These cores represented
material deposited during the first few months of their lives.
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Methods

Using previous Pacific Ocean otolith-based ageing studies,
yellowfin tuna ranging in size from 21-59 cm fork length (FL; the
measured length from the tip of the snout to the fork of the tail)
and 60-100 cm FL were classified as YOY and sub-adults, respec-
tively.

YOY yellowfin tuna were collected from six nurseries in the
WCPO: 1) the nearshore nursery (ca. < 30 km from land) of
the main Hawaiian Islands (i.e., coastal waters of Kaua‘i, Maui,
O‘ahu, and the island of Hawai‘i), 2) an offshore nursery in the
Hawaii EEZ (i.e., Cross Seamount, 300 km southwest of the
main Hawaiian Islands), 3) the Line Islands of Kiribati, 4) the
Marshall Islands, 5) the Solomon Islands, and 6) the southern
Philippines (Figure 2). YOY yellowfin tuna were collected over a
two-year period (late 2007 to early 2008 and late 2008 to early 2009;
hereafter 2008 and 2009, respectively) using either hook-and-line
or purse-seine gear.

Within each nursery, sub-samples from multiple collection
locations and times were analyzed to ensure that otolith chemical
signatures were representative of each. Sub-adult yellowfin tuna
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Figure 2. Locations of the six nurseries sampled in the western and central Pacific Ocean (WCPO). Nurseries include: 1) the nearshore nursery (ca. <30 km
from land) of the main Hawaiian Islands (i.e., coastal waters of Kaua‘i, Maui, 0‘ahu, and the island of Hawai‘i), 2) an offshore nursery in the Hawai‘i EEZ (i.e.,
Cross Seamount, 300 km southwest of the main Hawaiian Islands), 3) the Line Islands of Kiribati, 4) the Marshall Islands, 5) the Solomon Islands, and 6)

the southern Philippines.



corresponding to the same year-class and cohort sampled in 2008
were collected in 2009 at nearshore sampling locations and in 2010
at the Cross Seamount nursery in the Hawai‘i EEZ to investigate
nursery-specific contribution rates. Similar to YOY fish, sub-adults
were collected over a range of dates from the coastal areas of
Kaua‘i, Maui, O‘ahu, and the island of Hawai‘i.

Otoliths were embedded in Struers epoxy resin (Epofix™) and
cut transversely to obtain 1.5 mm thin sections that included the
core. The portion of the otolith core corresponding to approxi-
mately two months of age was milled with the resulting powdered
material analyzed for stable carbon and oxygen isotopes.

Results and Conclusions

Stable carbon and oxygen isotope values from otolith cores of
YOY yellowfin tuna differed significantly among nurseries while
showing consistent trends during both years of sampling (Figure
3). Stable carbon isotope values in the otoliths of YOY fish were
enriched for individuals collected from the Marshall Islands with
mean values significantly enriched relative to other nurseries. The
most enriched stable oxygen isotope values were observed for YOY
yellowfin tuna from the nearshore main Hawaiian Island nurs-
ery with values decreasing from east to west across the locations
sampled.

Stable carbon and oxygen isotopes in the otoliths of YOY yel-
lowfin tuna proved useful in discriminating individuals from the
six nurseries throughout the WCPO. Classification of individuals
to specific nurseries was derived from differences in stable oxygen
isotopes, which were linked to regional differences in seawater
oxygen values. Patterns of stable isotope oxygen values in otoliths

-8 I T

13C

-10

11k

-12 | |

180

found in this study matched the decreasing seawater oxygen values
from central to western study areas (Schmidt et al. 1999). Moreover,
decreasing seawater and otolith oxygen were also observed north
to south with surface seawater from the main Hawaiian Island
nursery enriched relative to the central equatorial sampling sites at
similar longitudes (Schmidt et al. 1999).

Otolith carbon and oxygen values of sub-adult yellowfin tuna
(n=100) collected from the nearshore areas of the main Hawaiian
Islands were compared to the YOY baseline samples collected
during the previous year (age-class matching) to estimate their
nursery origin. Results indicated that 91% of sub-adults in samples
from the nearshore main Hawaiian Islands originated from the
same nearshore nursery (Figure 4a), suggestive of local produc-
tion and retention. Minor contributions were observed from the
two closest nurseries south of the main Hawaiian Islands: the Line
Islands (7%) and the Cross Seamount (2%), with no contribution
from other investigated nurseries.

Nursery origin of sub-adult yellowfin tuna was also estimated
for samples (n=25) collected from the Cross Seamount using
otolith carbon and oxygen. Little-to-no contribution (<1%) from
the Cross Seamount nursery was observed. Sub-adult recruits
to the Cross Seamount nursery were primarily derived from the
nearshore main Hawaiian Islands (90%) with the remaining con-
tribution from the Line Islands (9%; Figure 4b).

Estimates of nursery origin using stable isotopes of carbon
and oxygen in otoliths indicated that sub-adult yellowfin tuna
collected in the areas close to the main Hawaiian Islands appear

(continued on page 4)
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Figure 3. Otolith core carbon and oxygen of YOY (<1 year old) yellowfin tuna collected among nursery areas in 2008 (A) and 2009 (B). Confidence ellipses
represent 1 standard deviation (SD) around the mean. Nurseries include 1) the nearshore nursery (ca. <30 km from land) of the main Hawaiian Islands (i.e.,
coastal waters of Kaua‘i, Maui, 0‘ahu, and the island of Hawai‘i; circles), 2) an offshore nursery in the Hawai‘i EEZ (i.e., Cross Seamount, 300 km southwest
of the main Hawaiian Islands; crosses), 3) the Line Islands of Kiribati (pluses), 4) the Marshall Islands (upright triangles), 5) the Solomon Islands (sideways

triangles), and 6) the southern Philippines (upside-down triangles).
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Figure 4. Nursery-specific contribution estimates (percent composition) of
sub-adult yellowfin tuna collected from A) the nearshore nursery (ca. <30 km
from land) of the main Hawaiian Islands (i.e., coastal waters of Kaua‘i, Maui,
0‘ahu, and the island of Hawai‘i) and B) an offshore nursery in the Hawai‘i
EEZ (i.e., Cross Seamount, 300 km southwest of the main Hawaiian Islands).
Results were derived from mixed-stock analysis using baseline samples col-
lected in 2008.

to be a product of local production with the majority of recruits
originating from the nearshore waters of Hawai‘i with minor con-
tributions from nurseries directly south of Hawai'i.

These findings are in accord with earlier tagging studies that
have demonstrated retention of yellowfin tuna tagged within the
main Hawaiian Islands inclusive of the Cross Seamount (Holland
et al. 1990, Itano and Holland 2000, Dagorn et al. 2007). Several
studies have suggested that limited movement of tropical tunas
is linked to the aggregative influence of natural bathymetric fea-
tures (e.g., reef ledges or seamounts), nearshore fish aggregation
devices (FADs), high biological productivity, and prey availability
found around oceanic archipelagos such as the Hawaiian Islands
(Holland et al. 1990, Kleiber and Hampton 1994, Brill et al. 1999,
Itano and Holland 2000, Dagorn et al. 2007). Although otolith
chemistry and tagging results support the importance of local
production and retention of yellowfin tuna to the nearshore fish-
eries of Hawai‘i, both also indicate the potential for lower levels of
contribution from adjacent nurseries to the south.

Sub-adult yellowfin tuna collected in the areas close to the
main Hawaiian Islands had minor contribution estimates from the
Cross Seamount (2%) and the Line Islands (7%), approximately
300 and 1,000 km south, respectively. Sub-adult yellowfin tuna
sampled from the Cross Seamount nursery appear to have origi-
nated primarily from the nearshore Hawaiian Islands. Nearshore
to offshore movement of yellowfin tuna in the Hawaiian Islands
has been documented with fish tagged nearshore to the main
Hawaiian Islands later recaptured south at the Cross Seamount
(Adam et al. 2003). Sibert et al. (2000) estimated that emigra-
tion accounted for 86% of yellowfin tuna losses from the Cross
Seamount and postulated that yellowfin tuna recruit to this area
from unknown sources, remain several days-to-weeks, and then
leave. Findings from this study suggest the unknown source is
primarily the main Hawaiian Islands, albeit such recruits may
represent a transient population that visits the Cross Seamount
area for short periods of time before moving to other locations
(Holland et al. 1999).

In summary, these findings highlight the importance of local
production and retention of yellowfin tuna to the nearshore and
offshore areas and fisheries of the Hawai‘i EEZ.
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TUMAS: A Tool to Allow Analysis
of Management Options using
WCPFC Stock Assessments

Simon D. Hoyle, Fabrice Bouyé, and Shelton J. Harley

Introduction—Background to the Western and
Central Pacific Tuna Fisheries

The tuna stocks in the western and central Pacific Ocean
(WCPO) are the largest in the world, supporting annual catches
of over two million metric tons since 2004 and providing around
sixty percent of total world tuna catches (Williams and Terawasi
2010). These fisheries are managed under the Western and Central
Pacific Fisheries Commission (WCPFC) with twenty-six mem-
bers, seven participating territories, and nine cooperating non-
members.! The membership comprises some of the world’s largest
countries but also some of the world’s poorest countries. A unique
feature of the tuna fisheries in the WCPO (compared to tuna fish-
eries in other ocean regions) is that a large proportion of catch is
taken from within the two hundred mile exclusive economic zone
(EEZ) boundaries surrounding various Pacific Island countries.
Revenues gained from fees and taxes on activities related to tuna
fishing can be a large proportion of total government revenues for
some of these countries (Anon. 2011).

The four main tuna stocks considered by the WCPFC (South
Pacific albacore—Thunnus alalunga, bigeye—T. obesus, skipjack—
Katsuwonus pelamis, and yellowfin—T. albacares) are all estimated
to be above the biomass level required to support the currently
agreed-upon maximum allowable catch (Harley et al. 2011).
Nevertheless, increasing catches and high level of fishing mortal-
ity on bigeye tuna and yellowfin tuna (in the western equatorial
region) have led the WCPFC to introduce conservation and man-
agement measures (CMM:s) with aims of reducing bigeye and not
increasing yellowfin fishing mortality levels.

Theassessments for these stocks are undertaken by the Secretariat
of the Pacific Community—Oceanic Fisheries Programme (SPC-
OFP) under a service agreement with the WCPFC. These assess-
ments are some of the largest and most complex undertaken for

any fishery stocks in the world—with the stock-assessment model
incorporating large-scale movements within the waters of the
WCPO, the characteristics of the many different fleets and fishing
methods that are in operation, and the history of regional fishing
dating back to the early 1950s. These assessments are undertaken
using the stock-assessment package MULTIFAN-CL (Hampton
and Fournier 2001), a package specifically developed in the context
of Pacific tuna fisheries to incorporate the key dynamics of the
stocks and the fisheries that operate in these waters.

In addition to the stock assessments, SPC-OFP has been
increasingly called upon to undertake other analyses to help
inform the WCPFC’s development of CMMs, in particular under-
taking “projections” whereby the abundance of stocks in the future
is predicted for different management options (typically levels of
catch or effort for fleets; OFP 2011). The results from these analyses
are also provided in electronic form to all WCPFC participants.

Increased Transparency and Information for
Fishery Managers

The software used to undertake these assessments—including
the input data and output files—is publicly available to ensure
transparency in the stock assessment process.2 Theoretically, any
person can use these files to replicate both the SPC-OFP assess-
ments and the projection analyses that are conducted. In practice,
however, MULTIFAN-CL presents a very steep learning curve and
is used regularly by only a small handful of stock-assessment sci-
entists worldwide.

So, although there is an institutional emphasis on transparency,
it is also fair to ask whether decision makers from small, develop-
ing, island states are being provided appropriate information to
confidently select management measures that will significantly
affect the revenue available for their countries. On the same basis,
can decision makers from those countries with economically sig-
nificant distant-water fleets confidently estimate the likely impact
of proposed measures on their industries?

Our experience working both within national fisheries admin-
istrations and within regional fisheries-management organizations

I www.wepfe.int
2 http://www.spc.int/oceanfish/en/ofpsection/sam/sam
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such as the WCPFC, Inter-American Tropical Tuna Commission,
and the Commission for the Conservation of Southern Bluefin
Tuna, is that informed managers are more able to negotiate (with
either industry representatives or other countries) when they have
a more complete understanding of the science and potential impli-
cations of future management measures.

These concerns motivated a funding proposal to the Pelagic
Fisheries Research Program (PFRP)3 to develop a simple, user-
friendly, interface allowing individuals to examine the results of
fishery-stock assessments and analyze potential management
options of particular interest to them. The new interface would
not require knowledge or understanding of MULTIFAN-CL or
any of the related programming packages. PFRP was able to pro-
vide partial funding supporting two years of development of the
interface that became identified as TUMAS—the TUna
MAnagement Simulator.*

The remainder of this paper first briefly describes the popula-
tion/fisheries dynamics underlying MULTIFAN-CL, in particular
the assumptions made in the projection analyses, before address-
ing the current features of TUMAS. A description of TUMAS, how
it was developed, the software tools used, and other information
of interest mostly to software developers follows. The approaches
taken to testing TUMAS and the survey-based approach proposed
to evaluate the success of TUMAS in leading to better-informed
decision makers are detailed. Finally there is a discussion of pro-
posed additional development to be undertaken with the existing

3 http://www.soest.hawaii.edu/PFRP/
4 http://www.tumas-project.org/

PFRP funding, closing with a consideration of additional possibili-
ties for the interface if further funding can be obtained.

All of this activity is taking place during a year when the
WCPEC is seeking to renegotiate a revised CMM which will cover
the three tropical tunas (bigeye, skipjack, and yellowfin)—a time
when broad access to improved information will be critical.

TUMAS—the TUna MAnagement Simulator

Stock Assessment and Projection Methodology

The underlying foundation of TUMAS is the stock assessment
software MULTIFAN-CL, an age-structured statistical catch-at-
length model capable of modeling movement between regions,
characterizing the practices of various fishing fleets, and inte-
grating mark-recapture data from large-scale tagging programs
(Hampton and Fournier 2001). Recent and future proposed devel-
opments of the MULTIFAN-CL software can be found in papers
produced annually for the WCPFC Scientific Committee (e.g.,
Hoyle et al. 2009, Davies et al. 2010). In recent years there has been
a particular focus on MULTIFAN-CL development to increase the
flexibility to examine the often-complex management measures
most of interest to WCPFC members.

In the simplest terms, all that is really needed for a projection
in MULTIFAN-CL is the stock assessment used to determine cur-
rent stock status and a time series of either catch or effort for each
fishery for some specified time into the future. As some fisheries
are currently managed on output controls (e.g., catch limits) and
others on input controls (e.g., effort limits and time/area closures),

(continued on page 8)



TUMAS (continued from page 7)

it is important to allow a fishery to be projected on either catch or
effort. However it is not possible to have a mix of catch and effort
measurements for a single future projection of a fishery.

There are two projection types currently implemented in
MULTIFAN-CL: 1) deterministic projections and 2) stochastic
projections. Only deterministic projections are implemented in
TUMAS as stochastic projections are too computationally inten-
sive to incorporate at present.

Under deterministic projections the population is projected
forward from the state (i.e., numbers at age and, if appropriate,
by region) at the end of the estimation model. It is assumed that
fishery parameters such as selectivity and catchability (efficiency)
remain constant into the future as do the key biological parameters
of growth and natural mortality.

Possibly the most important assumption in any fisheries pro-
jection analysis is the likely level of recruitment of young fish into
the fishery. Within MULTIFAN-CL there are two options: 1) that
future recruitment will follow the prediction from the spawner-
recruitment curve; or 2) that recruitment will remain at the aver-
age level previously estimated for some defined period within the
estimation model.

To run projections in MULTIFAN-CL one needs to manipu-
late both the data input file to incorporate future catch or effort
levels and the parameter file instructing MULTIFAN-CL when
to start, how many years to project forward, and whether fisher-
ies are projected in catch or effort. This second manipulation is
more difficult than it may initially appear given the difficulty of
manipulating complex file structures containing estimates for
thousands of parameters. When the file parameters are established
the MULTIFAN-CL program is run from either a DOS command
line or from within LINUX and the results are viewed by running
a set of purpose-built functions in R, the statistical software.

The TUMAS interface now incorporates all of the steps noted
above. This saves the user from the need to access huge files and
eliminates any requirement for the user to be able to manipulate
complex software.

TUMAS Options and Functionality

The basic options and structure of TUMAS are briefly described
below and Figures 1-3 provide a range of screenshots. The TUMAS
user manual provides more detailed descriptions.?

TUMAS is designed to work by simply defining the param-
eters for a deterministic projection of a WCPFC stock-assessment
model and then reviewing the results of that projection as a series
of graphics.

Step 1: Setting up the projection

* Identify the species and the model (typically the base or a refer-
ence-case model)

¢ Select a future recruitment level:

5 http://www.tumas-project.org/documents/ TUMAS%20user%:20
Manual.pdf

o the long-term average from the spawner-recruitment rela-
tionship; or
o the recent average [default setting is “the past ten years”]
¢ Define the length of the projection [default setting is ten years]
+ Choose whether or not to project forward the biomass estimated
to occur in the absence of fishing. Choosing to project the bio-
mass increases computation time by around thirty percent but
does provide important information about the non-equilibrium
conditions that exist if one projects with recent average recruit-
ment rather than the long-term spawner-recruitment relation-
ship levels.
Step 2: Setting up the fisheries-management scenario
¢ In MULTIFAN-CL fisheries are defined by characterizing a
specific method of fishing in a particular region. When different
fleets use similar fishing methods they can either be combined
or, if they have different effects on the stock (e.g., they catch
different-sized fish), split into separate fisheries. There are cur-
rently three parameters identified to define a fishery projection:
o Catch or effort: it is possible to project forward a fishery
based on either catch or effort. Typically catch is projected for
longline fisheries and effort is projected for other fisheries.

o Baseline levels: baseline levels of catch or effort are defined by
the first year and the number of years over which the average
is calculated. E.g., settings of 2004 and 3 would generate a
baseline as the average for the period 2004-2006.

o Scalar: this is the multiplier of the baseline level of effort. A
value of 1 projects catch or effort at the baseline level.

* After the scenario has been defined it is then run using TUMAS
to implement MULTIFAN-CL. TUMAS scripts convert the
options entered using the TUMAS graphical interface into
MULTIFAN-CL input files and command-line options and
then execute MULTIFAN-CL. Projections take less than one
minute to run on a relatively sophisticated computer with 4GB
of random-access memory.

Step 3: Viewing the results

+ Upon completion of the projection TUMAS displays results as
series of graphics including the projected catches, catch rates,
biomass, and fishing mortality (including comparing these indi-
cators to the “Maximum Sustainable Yield” levels).

¢ Graphics may be exported as “png” or “pdf” formats or the data
generating the graphics may be exported as an MS Excel file.

TUMAS, it should be noted, is designed only to provide
management-option projection analyses for existing stock assess-
ments. Users who want to run new stock assessments must use

MULTIFAN-CL directly—TUMAS is not intended to be used for

this purpose.

TUMAS Software Development

TUMAS uses a combination of Java and JavaFX Script code.
As a more modern, “Rich Internet Application” type, web-enabled,
software was originally desired, various other solutions (including
“C# and Silverlight” and “Flash and ActionScript”) were initially
investigated.
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After review, however, Java was selected to capitalize on exist-  current version of TUMAS the I/O operations and task-scheduling
ing Java input/output (I/O) code for reading and for writing  layers are written in Java while the graphical-user interface (GUI),
MULTIFAN-CL output files developed for MULTIFAN-CL Viewer ~ charting, and launch scripts are written in JavaFX Script. The
and other projects. Java allows the flexibility, without requiring =~ MULTIFAN-CL version provided is a native-executable (from
extensive code rewriting, to provide TUMAS for the various plat-
forms to which MULTIFAN-CL has previously been ported. In the (continued on page 10)



TUMAS (continued from page 9)

C++ code) program that is the same program currently used for
stock assessments.

Preplanning and prototyping lasted from the winter of 2009 to
March 2010 and involved discussions concerning the feasibility of
the projection algorithm, data packaging, and distribution as well
as early discussions about the graphical interface. TUMAS compris-
es such independent entities as the GUI, a setup manager (which
runs on the initial launch and then only during software updates),
a CD-ROM installer, a scenario editor, a launch script (which runs
multiple checks on the operating system), and other utilities.

Several programming challenges arose during the primary
development, largely from the fact that the JavaFX API code and
the JavaFX Script language were both then still in development at
Sun (now Oracle). E.g., the release of JavaFX 1.3 led, in late August
2010, to substantial changes and simplifications in development of
the TUMAS GUL

Porting the projection algorithm from R to Java was, by and
large, straightforward. Most of the existing MUTIFAN-CL-related
code was ported from Java 4 to Java 6 (and 7) without difficulty.
However significant care was required in the management of the
various MULTIFAN-CL child processes needing to be spawned as
external processes as well as in the “.frq” and “par” file-reconstruc-
tion tasks required for a single simulation. Particular attention was
also given to the file-decompression and packaging routines as
well as the backup of the temporary-execution directory so as to
be able to analyze and correct program crashes. Efforts continue
toward optimizing the parameters and memory configuration fed
to MULTIFAN-CL to try to minimize the memory requirements
of the model (particularly to improve program performance on
memory-limited computers).

Online installation and updates were elements of the original
design of TUMAS. Unfortunately Java Web Start, the current
distribution method, has proven to not be consistently reliable.
The project has recently acquired a “digital certificate” that is
expected to improve communications management between the
software developers and the users.

Direct web-download of the program is now possible from the
project website (http://www.tumas-project.org/). Updates will ini-
tially be distributed in new versions of TUMAS but later software
versions will permit automatic web-based updates of the assess-
ments from within TUMAS. Future plans include web-based sup-
port, a more detailed and comprehensive user manual, additional
news feeds, release notes, and other communications. Further
changes, optimizations, and bug repairs will be accomplished by
upgrading to JavaFX 2.0 API and rewriting part of the existing
JavaFX Script code into Java or another programming language
supported by the Java Virtual Machine, if the project continues.

Testing of TUMAS

Software testing is an important aspect of all software devel-
opment and, in the case of TUMAS testing, has been critical for
addressing several issues:
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1) Does the software actually work as intended—i.e., are their
bugs?
2) Does the software provide the features required by the target
audience?
3) Can the software functionally run on the computing resources
available to the target audience?
4) Can the software be downloaded and updated with the levels of
bandwidth available to the target audience?
TUMAS developers have addressed these concerns using mul-
tiple approaches. As an initial test of the project concept, early ver-
sions of TUMAS were demonstrated to fishery managers at several
meetings including:
 Forum Fisheries Committee Management Options Consultation
(November 2010)

* 315t Special Meeting of the Parties to the Nauru Agreement
(November 2010)

* SPC Heads of Fisheries meeting (February 2011)

 SPC Pre-assessment workshop (April 2011)

* Forum Fisheries Committee Management Options Workshop
(May 2011)

Substantive testing began when TUMAS was first supplied
to users during the PRFP Principal Investigators meeting in
December 2010.

In July 2011 TUMAS was the focus of a Stock Assessment
Workshop (SAW) run by SPC. Over a period of three days eigh-
teen fisheries officials, representing the governments of seventeen
WCPFC member countries and territories, used TUMAS to
evaluate management options formulated to achieve pre-specified
objectives while, at the same time, examining the potential impact
of these management options on their own fisheries. None of
these officials had previous hands-on computing experience with
MULTIFAN-CL. While they identified program bugs and sug-
gested additional features, the officials were unanimously excited
by the access to information provided by TUMAS.

Following the SAW testing the primary issue became reducing
the computer-memory demand of TUMAS so that it would func-
tion on memory-limited computers. To address problems identified
in the testing, a range of approaches to reduce the computational
demands has been examined. The TUMAS version released after
SAW now requires fifty percent less memory and has moderately
reduced processing time. More significant improvements may be
expected in the future to improve computing speeds when using
the program on memory-limited computers.

The largest annual gathering of WCPFC member scientists is
the Scientific Committee meeting which runs for ten days each
August. The August 2011 meeting included a special session intro-
ducing TUMAS to the broader WCPFC membership.® At that time
WCPFC membership was provided the most-current TUMAS

6 http://www.wcpfc.int/doc/wepfc-sc7-2011-13/provisional-agenda-
tutorial-session-tumas



version and the templates to use the 2011 stock assessments (com-
pleted only days earlier).

This meeting not only generated further testing of TUMAS,
it represented a significant step in assessing the true utility of
TUMAS software in the WCPFC decision-making process. Follow
up will be after the December 2011 WCPF Commission annual
session. All participants from the SAW and the WCPFC Scientific
Committee special TUMAS session will be contacted to see how
useful TUMAS was in their preparation for, and negotiations at,
the annual meeting. Of greatest interest will be responses from
the participants who used TUMAS in one of the introductory ses-
sions, particularly those who then later used TUMAS simulations
to examine the results of differing management options to inform
their country’s negotiating positions.

The post-annual-session follow up will provide the final
opportunity within the PFRP-funded project implementation to
secure feedback and, potentially, implement minor improvements
in the software.

TUMAS—Continuing Improvements

Continuing TUMAS development is currently funded by
PERP through early 2012. Working with this funding and the gen-
eral support of the SPC membership, the following three program
improvements are planned:

* Time/area closures for purse-seine fishing effort: In recent years
time/area closures have been an important element of conser-
vation and management measures used within the WCPO. A
planned program improvement to TUMAS will provide an abil-
ity to examine the impact of seasonal closures of general areas
within the equatorial region. Users will be able to input and then
study the results of potential closures for designated regions and
seasons. This feature will be effective for studying the manage-
ment of the three tropical tuna species.

 South Pacific albacore: This species is of critical importance to
many countries and territories in the South Pacific. Stock assess-
ments of this species address both a large number of defined
fisheries, to account for seasonal selectivity differences, and the
modeling of the troll fishery in different time increments than
those used by the longline fishery. Another planned program
improvement, requiring modification to the algorithms cur-
rently used by TUMAS and MULTIFAN-CL, will address these
parameters; and

o Summaries of the size composition of projected catches: For many
species the value of the catch differs significantly depending on
the size of the individual fish within the catch. MULTTIFAN-CL
currently predicts catch-at-age for each fishery in the projection
period. The final currently planned improvement will seek to
summarize this into broader categories to reduce the size of the
prediction results.

In addition to these new features, general software issues
including minimizing memory use, reducing run time for projec-
tions, and improving online updating capacity will continue to be
addressed.

Beyond currently funded efforts there is clearly scope for fur-
ther future development of TUMAS. MULTIFAN-CL is also used
to assess tuna stocks in other oceans—with additional develop-
ment TUMAS could support assessments in other locations.

Ideally projection outputs should enable detailed bioeconomic
analysis. Additional work with fisheries economists would allow
still further program improvements to better provide the infor-
mation needed to evaluate the costs and benefits of alternative
management options.

References

Anon. 2011. Kiribati: Annual report to the commission Part 1:
Information on fisheries, research, and statistics. WCPEC-SC7-AR/
CCM-10, Pohnpei, Federated States of Micronesia, 9-17 August
2011.

Davies, N., S. Hoyle, D. Fournier, P. Kleiber, ]. Hampton, E
Bouyé, and S. Harley. 2010. Update of recent developments in
MULTIFAN-CL and related software for stock assessment. WCPFC-
SC6-2010/ME-WP-1, Nuku‘alofa, Tonga, 10-19 August 2010.

Hampton, ., and D.A. Fournier. 2001. A spatially-disaggregat-
ed, length-based, age-structured population model of yellowfin
tuna (Thunnus albacares) in the western and central Pacific Ocean.
Mar. Freshw. Res. 52:937-63.

Harley, S.J., P. Williams, S. Nicol, and J. Hampton. 2011. The
western and central Pacific tuna fishery: 2009 overview and status
of stocks. Tuna Fisheries Assessment Report 10. Noumea, New
Caledonia: Secretariat of the Pacific Community.

Hoyle, S.D., D. Fournier, P. Kleiber, ]. Hampton, E. Bouyé,
N. Davies, and S. Harley. 2009. Update of recent developments in
MULTIFAN-CL and related software for stock assessment. WCPFC-
SC5-2009/SA-IP-06, Port Vila, Vanuatu, 10-21 August 2009.

OFP. 2011. Projections based on 2011 stock assessments. Pohnpei,
Federated States of Micronesia, 9—17 August 2011.

Williams P., and P. Terawasi. 2010. Overview of the tuna fisheries
in the western and central Pacific Ocean, including economic condi-
tions—2009. WCPFC-SC6-2010/GN-WP-1, Nuku‘alofa, Tonga,
10-19 August 2010.

PFRP

Simon D. Hoyle is a Senior Fisheries Scientist, Fabrice Bouyé is a
Fisheries IT Officer, and Shelton ]. Harley is a Principal Fisheries
Scientist, all at the Secretariat of the Pacific Community, 95
Promenade Roger Laroque, Anse Vata, Noumea CEDEX 98848,
New-Caledonia; tel +687 262 000; emails are SimonH@spc.int,
FabriceB@spc.int, and SheltonH@spc.int, respectively.

11



PFRP Publications of Note 2010-2011

Arita, Shawn, Minling Pan, Justin Hospital, and PingSun
Leung. 2011. Contribution, Linkages and Impacts of the Fisheries
Sector to Hawaii’s Economy: A Social Accounting Matrix Analysis.
SOEST Publication 11-01, JIMAR Contribution 11-373.

Banobi, J.A., T.A. Branch, and R. Hilborn. 2011. “Do rebuttals
affect future science?” Ecosphere. http://www.esajournals.org/doi/
pdf/10.1890/ES10-00142.1.

Branch, T.A., O.P. Jensen, D. Ricard, Y. Ye, and R. Hilborn. 2011.
“Contrasting Global Trends in Marine Fishery Status Obtained
from Catches and from Stock Assessments.” Conservation Biology
25 (4): 777-86. http://onlinelibrary.wiley.com/doi/10.1111/.1523-
1739.2011.01687.x/pdf.

Chiang, Wei-Chuan, Michael K. Musyl, Chi-Lu Sun, Shu-Ying
Chen, Wen-Yie Chen, Don-Chung Liu, Wei-Cheng Su, Su-Zan Yeh,
Shin-Chin Fu, and Tzu-Lun Huang. 2011. “Vertical and Horizontal
Movements of Sailfish (Istiophorus Platypterus) Near Taiwan
Determined using Pop-Up Satellite Tags.” Journal of Experimental
Marine Biology and Ecology 397 (2011): 129-35.

Dambacher, ].M., ].W. Young, R.J. Olson, V. Allain, F. Galvan-
Magana, M.J. Lansdell, N. Bocanegra-Castillo, V. Alatorre-Ramirez,
S.P. Cooper, and L.M. Duffy. 2010. “Analyzing Pelagic Food Webs
Leading to Top Predators in the Pacific Ocean: A Graph-Theoretic
Approach.” Progress in Oceanography 86 (1-2): 152-65.

Dewar, Heidj, Eric D. Prince, Michael K. Musyl, Richard W. Brill,
Chugey Supelveda, Jiangang Luo, David Foley, Eric S. Orbesen,
Michael L. Domeier, Nicole Nasby-Lucas, Derke Snodgrass, R.
Michael Laurs, John P. Hoolihan, Barbara A. Block, and Lianne M.
McNaughton. 2011. “Movements and Behaviors of Swordfish in
the Atlantic and Pacific Oceans Examined using Pop-Up Satellite
Archival Tags.” Fisheries Oceanography 20 (3): 219-41.

Drazen, J., L. De Forest, and R. Domokos. 2011. “Micronekton
Abundance and Biomass in Hawaiian Waters as Influenced by
Seamounts, Eddies, and the Moon.” Deep-Sea Research I 58:557—
66.

Fournier, David A., Hans J. Skaug, Johnoel Ancheta, Jim Ianelli,
Arni Magnusson, Mark Maunder, Anders Nielsen, and John Sibert.
2011. “AD Model Builder: Using Automatic Differentiation for
Statistical Inference of Highly Parameterized Complex Nonlinear
Models.” Optimization Methods & Software. doi:10.1080/10556788
.2011.597854.

Hoolihan, John P, Jiangang Luo, Francisco J. Abascal, Steven E.
Campana, Gregorio De Metrio, Heidi Dewar, Michael L. Domeier,
Lucy A. Howey, Molly E. Lutcavage, Michael K. Musyl, John D.
Neilson, Eric S.Orbesen, Eric D. Prince, and Jay R. Rooker. 2011.
“Evaluating Post-Release Behaviour Modification In Large Pelagic
Fish Deployed With Pop-Up Satellite Archival Tags.” ICES Journal
of Marine Science 68 (5): 880—-89. doi:10.1093/icesjms/fsr024.

Howell, Evan A., Donald R. Hawn, and Jeffrey J. Polovina. 2010.
“Spatiotemporal Variability in Bigeye Tuna (Thunnus Obesus)
Dive Behavior in the Central North Pacific Ocean.” Progress in
Oceanography 86 (1-2): 81-93. Special issue of the CLIOTOP

12

International Symposium, 3—7 December 2007, La Paz, Mexico.

Humphries, Nicolos E., Nuno Queiroz, Jennifer R.M. Dyer,
Nicolas G. Pade, Michael K. Musyl, Kurt M. Schaefer, Daniel W.
Fuller, Juerg M. Brunnschweiler, Thomas K. Doyle, Jonathan
D.R. Houghton, Graeme C. Hays, Catherine S. Jones, Leslie
R. Noble, Victoria J. Wearmouth, and Emily J. Southall. 2010.
“Environmental Context Explains Levy and Brownian Movement
Patterns of Marine Predators.” Nature 465 (7301): 1066-9.

Hutchings, J.A., C. Minto, D. Ricard, J.K. Baum, and O.P. Jensen.
2010. “Trends in the Abundance of Marine Fishes.” Canadian
Journal of Fisheries and Aquatic Sciences. http://www.nrcresearch-
press.com/doi/pdf/10.1139/F10-081.

Lam, Chi H., Anders Nielsen, and John R. Sibert. 2010.
“Incorporating Sea-Surface Temperature to the Light-Based
Geolocation Model TracklIt.” Marine Ecology Progress Series
419:71-84.

Lehodey, P. 2010. Towards Operational Management of Pelagic
Ecosystems, ICES CM Documents. ISBN 978-87-7482-085-7.

Lehodey P, R. Murtugudde, and L. Senina. 2010. “Bridging the
Gap from Ocean Models to Population Dynamics of Large Marine
Predators: A Model of Mid-Trophic Functional Groups.” Progress
in Oceanography 84:69-84. Special issue of the EUR-OCEANS
conference “Parameterisation of Trophic Interactions in Ecosystem
Modelling,” 20-23 March 2007, Cadiz, Spain.

Lehodey, P, I. Senina, J. Sibert, L. Bopp, B. Calmettes, J.
Hampton, and R. Murtugudde. 2010. “Preliminary Forecasts of
Population Trends for Pacific Bigeye Tuna under the A2 IPCC
Scenario.” Progress in Oceanography 86:302—15.

Maury, O. 2010. “An Overview of APECOSM, a Spatialized
Mass Balanced ‘Apex Predators ECOSystem Model’ to Study
Physiologically Structured Tuna Population Dynamics in their
Ecosystem.” Progress in Oceanography 84:113—-17.

Musyl, Michael K., Richard W. Brill, Daniel S. Curran, Nuno M.
Fragoso, Lianne M. McNaughton, Anders Nielsen, Bert S. Kikkawa,
and Christopher D. Moyes. 2011. “Postrelease Survival, Vertical
and Horizontal Movements, and Thermal Habitats of Five Species
of Pelagic Sharks in the Central Pacific Ocean.” Fishery Bulletin 109
(4): 341-68.

Musyl, M.K., M.L. Domeier, N. Nasby-Lucas, R.W. Brill,
L.M. McNaughton, J.Y. Swimmer, M.S. Lutcavage, S.G. Wilson,
B. Galuardi, and J.B. Liddle. 2011. “Performance of Pop-Up
Satellite Archival Tags.” Marine Ecology Progress Series 433:1-28.
doi:10.3354/meps09202.

Olson, R.J., B.N. Popp, B.S. Graham, G.A. Lépez-Ibarra, E
Galvan-Magania, C.E. Lennert-Cody, N. Bocanegra-Castillo, N.J.
Wallsgrove, E. Gier, V. Alatorre-Ramirez, L.T. Ballance, and B. Fry.
2010. “Food Web Inferences of Stable Isotope Spatial Patterns
in Copepods and Yellowfin Tuna in the Pelagic Eastern Pacific
Ocean.” Progress in Oceanography 86 (1-2): 124-38. Special issue
of the CLIOTOP International Symposium, 3—7 December 2007,
La Paz, Mexico.



Sippel, T., J. Holdsworth, T. Dennis, and J. Montgomery. 2011.
“Investigating Behaviour and Population Dynamics of Striped
Marlin (Kajikia audax) from the Southwest Pacific Ocean with
Satellite Tags.” PLoS ONE 6 (6): €21087. doi:10.1371/journal.
pone.0021087.

Swimmer, Y., R. Arauz, J. Wang, J. Suter, M. Musyl, A. Bolanos,
and A. Lopez. 2010. “Comparing the Effects of Offset and Non-

Offset Circle Hooks on Catch Rates of Fish and Sea Turtles in
a Shallow Longline Fishery” Aquatic Conservation: Marine and
Freshwater Ecosystems. doi:10.1002/aqc.1108.

PFRP

Socioeconomic Linkages of
Hawai‘i’s Fishery Sector

Shawn Arita, Minling Pan, Justin Hospital, and
PingSun Leung

Introduction

Quantitative assessment of Hawai‘T’s fishery sector’s economic
and social contribution is crucial for policymakers to properly
assess the sector’s importance and the potential impacts of policy
changes. This article summarizes findings from a recently devel-
oped Social Accounting Matrix (SAM) model for the fishery.

Economic-impact models of commercial fisheries are typically
based on Input-Output tables focusing exclusively on economic
linkages among production sectors. Fishery managers, however,
concern themselves not only with how much economic activity

Fishing Sectors

Interindustry

Non-Fishing Sectors Transactions

Labor
Low Skilled Payments to
Medium Skilled Factors of
High Skilled Production

Capital

Taxes

Fishing  Non-Fishing| Labor Capital Taxes | Low Med High Go

can be generated but also with which socioeconomic groups ben-

efit from the fishery. A SAM identifies the distributional charac-

teristics of the economic impact generated by the fishery industry
and provides a useful tool to study the implications of existing and
potential new fishery policies.

The Hawai'i Fishery SAM model was designed to:

1. Provide necessary information on the forward and backward
linkages of the fishery sectors to other sectors of the economy
and the household sector, and

2. Examine the distributional linkages of Hawai‘i’s production
sectors to household income.

What is a SAM Model?

A SAM model is a detailed accounting of purchases of goods
and services, mapping the flow of funds through the economy. It is
both a data system and a conceptual tool for policy analysis. Beyond

(continued on page 14)
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Figure 1. Layout of a Hawai'i Fishery SAM.
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Socioeconomic (continued from page 13)

just delineating the traditional inter-industry linkages, by using
household income and consumption patterns the SAM model
provides information detailing the linkages between sectors. The
explicit representation by SAM models of these linkages provide
a more thorough picture of the circular flow of goods and money
in the economy. Households, governments, and investments can
be treated as endogenous variables in SAM models, expanding the
analytical details to reflect the income-distribution process of the
economy and increasing the precision of impact analysis.

If a number of conditions are met—in particular, the exis-
tence of excess production capacity and underemployed labor
resources—the SAM framework may be used to estimate the
effects of exogenous changes and injections on the entire aggregate
economy.

Supply-side effects increase as endogenous accounts are
estimated through the multiplier process. E.g., reductions in
total-allowable-catch would result in decreased purchases of bait,
ice, and other inputs. This would then decrease the amount of
labor required by these sectors. In turn, a significant decrease in
incomes earned by the groups providing this work will lead to
declines of expenditures on items such as food. The subsequent
decrease in food production to address this lost demand leads
to further losses of employment and income for these groups,
continuing the multiplier process until feedback effects dampen
this decrease.

Construction of the Hawai‘i Fishery SAM with

Income-Distribution Linkages

The Hawai‘i Fishery SAM model (developed for 2005 informa-
tion) is based on multiple data sources. The Hawai‘i State Input-
Output table, generated by the Hawai‘i Department of Business,
Economic Development, and Tourism (DBEDT), served as the
primary foundation of the SAM. It includes production activ-
ity information for sixty-eight accounts. Data for the additional
SAM accounts—factors of production and institution accounts—
were drawn from Hawaii State IMPLAN (IMpact analysis for
PLANning) data generated by MIG, Inc. Data to complete the
income-distribution mapping from the industry sector to the house-
hold sector was identified in the Hawai'i State Industry Occupational
Matrix generated by the Hawai‘i Department of Labor and
Industrial Relations.

Figure 1 shows the layout of the Hawai‘i Fishery SAM model.
SAM accounts are an extension of traditional input-output
accounts whose basic structure follows from the System of National
Accounts. Row entries represent receipts (income) to agents where
total receipts must equal total expenditures. The main compo-
nents of the SAM include production, factors, institutions, and
exogenous accounts. These main accounts are broken into subac-
counts and are disaggregated on the basis of availability of data
and desired reporting categories.

SAM construction varies with the intended purpose of a given
model. In developing the Hawai‘i Fishery SAM special attention
was given to disaggregating factor payments so that production

14

Production
1 rt Government
PU,C,:';Z;(— Inter-Industry Purchases Demand
6—Investmenl
Export Demand
——
Occupational Matrix
(436 occupation types)
([ value Added |
Taxes Capital Rents Labor Income
| | |
Governmen! ¢} Skill Low
Prop. Other
1 liEsme Capital Skill Medium
Costs
Skill High =
I
Consumption of fixed capital
Government Interest Paid
Reinvested Interest
Households
1 Household Low (<$35K) I—
Household Medium ($35-$100K)
Household High (>$100K)

Figure 2. Income Distribution from Production Sectors to Households

activities could reasonably be linked to households. The state’s
Industry Occupational Matrix was used to disaggregate the indus-
try-household linkage according to the composition of skill levels
employed by each industry.

The mechanism of income flows can be seen more clearly in
Figure 2. Here the production sector’s labor payments are identi-
fied by individual occupations. Using the Industry Occupational
Matrix, inputs are then mapped into appropriately defined skill
levels based on the average salary of the occupation. The labor
income is then mapped into the household sector where the
distribution of skill levels is mapped to follow the distribution of
household socioeconomic groups. Total labor compensation is
then combined with capital income to generate total household
income.

This mapping provides a high level of precision in identifying
skill-intensive industries versus unskilled-intensive industries. It
also provides explicit linkages between the distribution of income
from the production sector to households.

SAM Multipliers and Distributional Analysis

The Hawai‘i Fishery SAM output multipliers and distribution-
al linkages are summarized in the figures below. Demand-driven
multipliers reflect the impact effects of increasing a sector’s final
demand by one unit. The multipliers are broken down by total-
industry impact and household income.
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Figure 3. SAM Multipliers and Income-Distributional Linkages

The total-industry output multiplier for the longline tuna-
fishing sector is approximately 2.6, suggesting that a $1.00 increase
in final demand of longline tuna product may be expected to gen-
erate an additional $1.60 of economic activity in other production
sectors of the economy. Comparing the industry-output multipli-
ers shows that, on average, commercial-fishery sectors generate
higher multipliers than non-fishery sectors. However the impacts
on household income are generally much lower.

Compared to the non-fishery sector, the commercial-fishery
sector has a smaller overall impact on household income, gain-
ing only $0.70 for every additional $1.00 increase in demand (for
both tuna and tuna/swordfish sectors). Most small boats incurred
income losses generating a negative household-income multiplier
on the economy because of the heavy additional use of such boats
for recreational activities.

The SAM allows the tracking of income flows across different
socioeconomic groups. The figure on the right presents the distri-
butional impacts on high- (above $100,000), medium- ($35,000—
$100,000), and low- (below $35,000) income households. These
impacts reflect production linkages to household income stem-
ming from increased production in the sector as well as from feed-

back effects between households and inter-industry transactions.
Comparing the linkages across sectors indicates which sectors have
higher linkages across different socioeconomic groups.

Examining the fishery sectors, the multipliers suggest that a
demand increase in the longline-fishing sectors would primarily
benefit middle-income groups—with lower- and higher-income
groups receiving only modest levels of increased income. For the
lower- and middle-income groups, the longline fishery sectors
have a household income multiplier that is comparable-to-but-
slightly-less-than the non-fishery sectors. Overall the fishery sector
in general has a small household-income multiplier relative to the
non-fishery sectors. Income from the fishery sector is largely dis-
tributed within the middle-income group while the lower-income
group receives only a relatively small amount.

Conclusions

The present study, the first attempt to construct a Hawai'i
Fishery SAM, demonstrates the applicability of SAM models in
assessing the socioeconomic impacts of the fishery sector. Policy

(continued on page 16)
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Socioeconomic (continued from page 15)

applications of the model include generating socioeconomic-
impact estimates for possible reductions in total allowable catch
for the bigeye tuna sector and for fishery closures resulting from
the fishery reaching the maximum allowed incidental sea-turtle
take. Future studies of income distribution in Hawai‘i may also
apply this modeling approach to study other industry sectors of
economic interest, e.g., tourism and/or energy. Additional details
regarding this research may be found in the JIMAR Contribution
Report 11-373.
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