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Abstract

Large scale tag release�recapture programs initiated with a view to providing in�
formation for �sheries management are both lengthy and expensive� The objective of
this project is to use computer simulations to establish whether such a program might
be useful in answering questions about yellow�n tuna in the Hawaiian Islands EEZ�

Computer simulations were carried out using a seasonal hypothesis for bulk behav�
ioral movement of tagged yellow�n �tags� to determine if the mortality and movement
parameters could be faithfully reproduced by the available estimation software� Two
numerical schemes were compared� each under open and closed boundary conditions�
Three values for monthly natural mortality were used and results for a ���	month
natural mortality rate are given in detail� The e
ects of adjusting reporting rates and
numbers of tag releases are also examined�

Assuming that tag recapture percentages indicate catch percentages� �eet interac�
tions can be estimated by manipulating �eet participation� These experiments� using
������
 e
ort data� suggest that the interaction between longline and nearshore �eets
is only a few percent� Interaction between the three nearshore �eets is similarly either
negligible or only a few percent� but this latter result may re�ect our restructuring
of the supplied data set for the nearshore �eets� Restructuring of the handline data
set� in particular� was necessitated following input from the National Marine Fisheries
Service �NMFS� concerning a group of handliners who work certain seamounts and
weatherbuoys� and was also prompted by inexplicably high ratios noted at these loca�
tions between actual catch and an estimate of catch based on global CPUE �catch per
unit e
ort��
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Parameter values were accurately recovered in model regions encompassing the
release sites� Con�dence in the values depends directly on the number of recaptures
made in a given region� the greater the number of recaptures� the more accurate the
mean of the estimates and the smaller the accompanying standard deviation�

Based on these results and others obtained using simple one�season hypotheses
for behavioral movement� we believe that reliable movement and mortality data is
recoverable from any sensibly posed tag release�recapture experiment for the Hawaiian
Islands EEZ� Release numbers should be of the order of ��� per month� This �gure
should be achievable using scienti�c personnel and a dedicated vessel� it is not likely
to be achieved using the services and the boats of local �shermen�

Major �ndings have been posted on the World Wide Web� along with severalmpeg

movies of tuna movement under hypothetical scenarios� To access these� enter the
address

http���www�soest�hawaii�edu�rbailey�pfrppi��html

on a web browser� Cross�links to related projects are given�

� Introduction

The objective of this project is to use computer simulation techniques to determine the
practicability of mounting a release�and�recapture program for tagged yellow�n tuna in the
Hawaiian Islands EEZ and adjacent central Paci�c waters� The study was to propose an ex�
perimental design whose analysis would reveal yellow�n tuna dynamics and �eet interactions
in the region�

The computer model used for the Hawaiian Islands and surrounding waters is given in Sec�
tion �� NMFS �Honolulu� supplied e�ort and catch data for the years �		��	�
 a discussion
of the data appears in Section �� Following both a suggestion from NMFS and a compre�
hensive comparison of observed catch and estimated catch �based on global CPUE�� the
data supplied for two nearshore �eets has been reallocated to three �eets to emphasize the
performance of a small but signi�cant group of handliners�

The mathematical model used is discussed in Section 
� The movement parameters obtain�
able from release�recapture experiments using dart tags are those of bulk movement since
the paths taken by individuals in the released cohorts are unknown� If such bulk movement
is assumed to have directed and random components� the well known advection�di�usion
model can be used to model the movement with the advection parameter interpreted as the
component of net directed movement and the di�usion parameter as the component of net
random movement�

Finite di�erence schemes for the solution of the partial di�erential equation are presented
in Section �� along with boundary formulations and conditions for non�negative solutions�
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The accuracy of the available movement model was examined and a more accurate scheme
for numerical approximation has been proposed� Its stability depends on the value of the
Peclet number� a dimensionless quantity measuring the relative importance of the directed
and random components of movement� An improved scheme for predicting tag recaptures
has also been implemented�

The natural mortality and seasonal movement hypotheses used are given in Section �� Data
from the chosen release sites is examined and it is argued that tagging should be performed
by scientists operating from a chartered or dedicated vessel� Regionalization of the model
area� carried out in order to reduce the number of estimable parameters� is discussed�

Results are given in Section �
 these include the e�ect on parameter estimates of altering
reporting rates and tag release numbers� and a discussion of �eet interactions� Recommen�
dations for improving the movement and parameter estimation software to achieve higher
accuracy and con�dence in the results are given in Section � and conclusions are presented
in Section 	�

An Appendix is included� It contains some raw �shing data� a discussion of the non�physical
component of random movement introduced by the use of the upwind scheme� the dis�
cretizations used by both the upwind and centered�space schemes and the scheme for more
accurately estimating tag recaptures� Seasonal oceanographic �ow patterns obtained from
a numerical model are included for reference� Finally� results derived from �� sets of simu�
lations spanning the use of three natural mortality values� two numerical schemes and two
methods of �xing boundary conditions are given�

� Model of Hawaiian waters

Fishing e�ort and catch data provided by NMFS �Honolulu� is available at a resolution of
�� � �� �latitude by longitude� for longline �eets and �

�

� � �
�

�
for handline and troll �eets�

Models at resolutions of �� � �� and �
�

� � �
�

�
have therefore been proposed� the �rst for use

in this report and the second for possible future research utilizing the detailed structure of
the troll and handline data� No more will be said here about the �

�

� � �
�

�
model�

The ��� �� model measures ���� ��� and is shown in Figure �� At this resolution� only the
island of Hawaii can be represented� The model is con�ned to the region �������N latitude
and �
�������W longitude because this covers the areas of major yellow�n e�ort and catch
for the years �		� and �		� �see also Curran et al�� �		�� Figure ���
 the model region could
be expanded with corresponding computational penalties�

Analysis of the Sword�sh Longline data shows that only ���� of its yellow�n catch ��
 of ���

�sh caught in the period �		��	�� was made outside this region
 on the other hand �����
of e�ort was expended outside the region� re�ecting the primary target of the Sword�sh
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Figure �� The ����� grid used for the Hawaiian Island region �Hawaii� black square��

�shery� Examination of the Tuna Longline data shows that ��	� �
�
 of ���� �sh� of its
yellow�n catch was taken outside the region
 only ����� of e�ort corresponded to extra�
regional excursions which were to lower latitudes ������ N�� Only ��
� ��	 of ����� �sh� of
the Mixed Longline yellow�n catch was taken outside the region� representing some lower and
some higher latitude excursions
 the e�ort corresponding to external catch was ����� The
activities of the troll and handline �eets are contained within this region� being restricted to
the island chain and its vicinity�

� Data analysis

NMFS �Honolulu� provided spatially and monthly indexed �		��	� e�ort and catch data for
Longline� Troll and Handline �sheries� To preserve the con�dentiality of �shing operations�
data was withheld from the spatially indexed data sets where fewer than � records occurred
in any �� square geographic bin in one year for the Longline data� and similarly in any






�
�

�
square in the case of the Troll and Handline data� The Troll and Handline data was

aggregated to �� square bins�

As stated above� the data is presented in two ways� A spatially indexed set is given by
location� with �gures in the same month for �		� and �		� summed
 for example� e�ort
and catch at location L during March �		� and March �		� for �eet f is summed and
presented as a line entry in this �le� A monthly indexed set consists of �
 line summaries of
e�ort and catch values for all locations at which reports are available
 since these entries are
location independent� all available data is incorporated without breaching con�dentiality�
Comparison of the two data sets shows how much has had been withheld for each �eet in
the case of the spatially indexed �les�

��� Initial subdivision into � �eets

NMFS indexed the Longline data according to target species groups �sword�shes� tunas or
mixed�� so on this basis it is subdivided into � �eets �Boggs� personal communication�� These
�eets are named the Sword�sh Longline �with �eet code SSLL�� Tuna Longline �TTLL� and
Mixed Longline �MMLL� �eets� Fleet codes for the Hawaii Troll and Handline �sheries are
HITR and HIHL� respectively�

The percentages of spatially indexed data withheld are �
� for SSLL� ��� for TTLL� ���
for MMLL and ��	� each for HITR and HIHL�

��� Annually cyclic data

Computer simulations of at least two years duration were proposed using the spatially in�
dexed data sets� Since this data is summed over �		��	�� we are obliged to average the e�ort
and catch values as for a single hypothetical year and assume that the annual activities of
the �eets were cyclic�

The assumption of annual cyclicity was checked for each �eet using the monthly indexed
data set� remembering that this data includes items outside the model region in the case
of the longline �eets� This was done by plotting Catch �in numbers for the longline �eets�
pounds for the Troll and Handline �eets� versus E�ort �in hooks for the longliners� trips for
the Troll and Handliners� for each �eet� These plots appear in Figure �� Inspection shows
that Troll and Handline operations were strongly cyclic for �		� and �		�
 annual longline
operations with respect to yellow�n were only weakly cyclic� The Troll and Handline �eets
accounted for approximately ��� �see next subsection� of yellow�n catch during �		��	�� so
to that extent the assumption of yearly cyclicity is valid�
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Hawaii TROLL fishery (1991-92)
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Tuna Longline fishery (1991-92)
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Hawaii HANDLINE fishery (1991-92)
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Mixed Longline fishery (1991-92)
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Figure �� Catch versus E�ort for the Longline� Troll and Handline �eets� Data points for
these plots come from the monthly indexed data �les released by NMFS	 for the longline �eets
they contain some entries for e�ort and catch outside the model region� January �

� E�ort
and Catch values are represented by the starting point of the �rst arrow	 successive monthly
values are represented by successive vector end points�
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��� Expressing Troll and Handline catch as numbers of �sh

While the longline catch data is expressed as numbers of �sh caught� the Troll and Handline
catch is given in pounds� Tuna are represented as numbers of �sh in the computer simulation
programs used� so the Troll and Handline catch data had to be converted� NMFS supplied a
simple conversion table� reproduced here as Table �� The conversion statistics are necessarily
approximate
 there is no yardstick to compare a yellow�n caught by a longline �eet in� say�
March with a yellow�n caught by the Troll or Handline �eets in the same month�

Quarter Troll Handline
�st� Jan� Feb� Mar ����� ���
�

�nd� Apr� May� Jun ����� �����
�rd� Jul� Aug� Sep �	��� ����



th� Oct� Nov� Dec ����� 
���	

Table �� Average quarterly weight �lb� for a yellow�n caught by Troll and Handline �eets�

Based on the conversion� Table � gives the numbers of yellow�n caught by the � �eets in the
�		��	� period� estimates for the HITR and HIHL �eets being given to the nearest integer�

Fleet Number YF caught �		��	� Percentage
within model region of total

SSLL ���� �����
TTLL 
��� �����

MMLL ����	 ���	��
HITR �	��� �est�� ������
HIHL 
���� �est�� 
	��	�

Table �� Numbers of yellow�n �YF� caught within the model region� For HITR and HIHL
�eets� integer estimates are given� Percentages do not sum to ���� due to rounding errors�

��� Initial estimates of catchability

The catchability coe�cient qf for �eet f is related to catch Cf and e�ort Ef by

Cf � qfEfP ���

where P represents the population of yellow�n
 qf is taken to be a constant throughout the
year� The parameters qf are needed because the available software estimates catch from
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the e�ort distribution
 the number of recaptures made by each �eet from a release of tags
is estimated in the same manner� While P is unknowable� it is possible to estimate the
parameters qf from tag�recapture data �e�g� see Sibert et al�� �		�� but in the present case
there is little data available and so estimates must be obtained by other means�

We estimate the �eet catchability constants using the Catch Per Unit E�ort �CPUE� ra�
tios as the starting point� �Section ��� recommends a more accurate estimate wherein the
catchabilities are allowed to vary monthly��

Table � reports the estimates for �eet catchability obtained� These estimates use CPUE�s
based only on e�ort and catch entries for �� bins within the model region and on yields
expressed in numbers for the Troll and Handline �sheries�

Fleet CPUE during �		��	� Divisor qf
within model region

SSLL ��������� ���� ��������	�	
TTLL ��������� ���� �����������

MMLL �������� ���� ����������	
HITR ����	� ������ �����������
HIHL ��
�� ������ �����������

Table �� Initial CPUE and catchability estimates for the 
 �eets within the model region�

The estimates were obtained by treating the data in two blocks� ��� the longline block and
��� the troll and handline block� Within each block� �eet catchability constants are assumed
to maintain a �xed relativity� Since catchability is related to gear e�ciency� this block
treatment is probably more accurate for the longline �eets than the troll and handline �eets�

Starting with q � CPUE for a given �eet� q was systematically reduced by coarse factors
of �� and �ne factors of � until the monthly percentages of �sh caught in each bin seemed
to be at sensible levels� Further adjustments were then made by imposing the restriction
that the recapture percentages predicted by simulations be within the ����� range� This
rather subjective approach lead to the choice of divisors and catchability estimates listed in
Table �� Note that the divisors for each �eet within a given �eet block are the same�

��� Establishing inshore and o�shore handline �eets

There are distinct di�erences in the way one group of handliners operates compared to the
rest �Boggs� personal communication�� During the period �		
�	� NMFS recorded the activ�
ities of these handliners� noting that they concentrated on certain o�shore �shing grounds�
The o�shore bins targeted are listed in Table 
 by HDAR �Hawaiian Division of Aquatic
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Resources� index which encodes the geographic coordinates of the south�east corner of a
given �� bin� Catches taken by the � �eets in the period �		��	� are given� Clearly the sites
are primarily targeted by handliners�

Fleet Cross Weatherbuoys Percentage
������� ������� ������� �����	� ������� of �eet

��N ���W ��N ���W ��N ���W �	N ���W ��N ���W catch
SSLL � � � � � �

TTLL 
�� �� 	 �	 � �����
MMLL 
�� � � �� � 
���
HITR ��
� �
� � � ��� ��
�
HIHL 	�	
 ���
 ���� ���� � 

���

Table 
� Catch at Cross seamount and four weatherbuoy sites during �

��
�� Catch is in
numbers of yellow�n	 for the troll and handliners� the numbers are estimated using Table ��
The HDAR code �see text� of each � ��� � bin is given in double quotes along with the
geographic coordinates of its south�east corner� �Note� it will be seen in Section ��� that
����
� of handline catch at Cross and the remaining sites is yellow�n� the remainder being
bigeye�this is due to a reporting anachronism��

The proximity of the listed o�shore sites to the island of Hawaii is shown in Figure �� Site
������� has been added because the weatherbuoy in site ������� is close to latitude ��� N
and there is a possibility of misidenti�cation with the southern site
 it will be seen below
that extraordinary catches in ������� con�rm it should be added to the o�shore handline
domain� No catch was attributed to site ������� in the period �		��	�� so only the other �
sites will comprise the o�shore handline domain in this work�

One can use the �eet data sets to verify that certain handliners are predominantly targeting
these � sites as follows� First note that the product CPUE�E�ort gives the recorded catch
over the model region for a year if applied to the year�s e�ort distribution� The spatial
�catch� distribution obtained is distributed according to the e�ort �eld� so while the two
catch totals are the same� the distribution of catch based on e�ort is not the actual catch
distribution
 however� it should be similar�

Taking the bin�wise ratio of actual catch to e�ort�distributed catch� one expects unity wher�
ever the e�ort�distributed catch is the same as the actual catch� The two distributions might
be expected to vary by perhaps a factor of �� either way
 in that case reasonable bounds to
the variation of the ratio values are ��� and ��� In order for e�ort�distributed catch to be
credited� there must have been positive e�ort expended in a given bin
 in isolated instances
there may have been e�ort with no catch� For present purposes� we assign the character
�� � �� to bins where e�ort is zero
 islands and land masses are represented in the same way�

Tables of bin�wise ratios of annual catch to annual e�ort�distributed catch are given in
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Figure �� The proximity of o�shore handline sites to Hawaii� Site ��
���� has been added to
the list supplied by NMFS �Honolulu�� No catch was reported at site ������� during �

��
�
so only the southern�most 
 sites will here comprise the o�shore handline �shing domain�

Figures 
�� for �eets SSLL� TTLL� MMLL� HITR and HIHL� The position of Hawaii is
represented by the small boxed region in each �gure� Since the ratios are given to only one
decimal place� ratios less than ���� appear as ������ Figure 	 shows the ratios obtained when
the data sets of all � �eets are combined�

Figure 	 shows several ratios greater than ��
 the sites corresponding to these values coincide
with Cross seamount and the three southern�most weatherbuoy sites originally suggested by
NMFS �see Table 
�� This suggests that CPUE for these sites is signi�cantly di�erent from
those listed in Table �� but does not identify the �eet�s� responsible�

Strong evidence that handliners are responsible for the high ratios is seen in Figure �� where
each ratio greater than �� corresponds to one of the � southern bins of Figure �� Note that
site ������� has a ratio value comparable to that at site �������� which is why it has been
added to the o�shore handline site list�

Figure � also shows several ratios greater than ��� two of which correspond to Cross and site
�������� It is possible that some trips that started out as troll excursions became handline
trips as gear was switched in order to take the unexpectedly high number of �sh available

thus some of the HITR �gures may represent miscoding� �Alternatively one may contemplate
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there being two �eets of trollers� one comprised of boats that venture further than others
and switch gear as the occasion demands��

The approach adopted to process these extraordinarily high ratios in both the HITR and
HIHL data was to group all catches made at Cross and the four southern weatherbuoy
sites labelled in Figure � into an o�shore handline �eet coded HIOH and to move catches
corresponding to other anomalously high ratios of the HITR data to what remains of the old
handline �eet� renamed the inshore handline �eet and coded HIIH� Ratio values for the HIIH
and HIOH data are given in Figures �� and ��� The remaining troll �eet data was allocated
to a reduced troll �eet coded HIRT �Hawaii Reduced Troll� and corresponding ratios appear
in Figure ���

Having restructured the data to exhibit consistency of CPUE value� we learned there was a
species reporting problem with the o�shore handline data� This is the subject of Section ����
to follow� �The ratios given in Figure �� re�ect the resolution of this species reporting
problem��

The ratios for the longline �eets are generally within the supposed bounds of ��� and ��

the only anomalous ratio is ���� for the SSLL data �Figure 
� at a site to the north�west of
Hawaii� Since this value is close to the upper bound and involves only �� yellow�n over the
period �		��	�� no reorganization of the longline data has been carried out�

Figure �� shows the e�ect on ratios when the reorganized data of the HIRT� HIIH and HIOH
�eets is combined with the longline data� Large ratios� betraying anomalous CPUE�s� no
longer appear� The same is observed in Figures ������

��	 Ahi 
yellow�n and bigeye� coded as �yellow�n


O�shore handliners report bigeye and yellow�n collectively as �ahi� and the Hawaiian Divi�
sion of Aquatic Resources codes them as �yellow�n�� Thus the o�shore handline �yellow�n�
component of the original data includes bigeye as well as yellow�n�

NMFS emphasizes that such species mixing is not a problem with the majority of handliners
whose catch is correctly classi�ed as yellow�n� The problem is not one of species misidenti�
�cation but simply a reporting anachronism� A new reporting form is being trialed�

The problem needs to be recti�ed for this study because without correction� CPUE for the
o�shore handliners will be overstated� �A side�e�ect of correction is that the o�shore data
component transferred from the HITR set to the HIOH set is adjusted even though it may
not have su�ered a reporting problem
 this possibility will not be explored here��

Since information on catch composition at Cross and the weatherbuoys for �		� and �		� is
not available� it has to be estimated� We require

�
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�� estimates of actual bigeye and yellow�n composition in o�shore handline catch at Cross
and the weatherbuoys�

�� estimates of total �ahi� �i�e� bigeye and yellow�n� and total bigeye catch reported to
HDAR for these sites� and

�� quarterly estimates of the average weight of yellow�n caught at these sites in order to
estimate the numbers of yellow�n caught�

The necessary information is only available for Cross and the adjacent weatherbuoy� Since
catch at the weatherbuoys is one seventh that at Cross� we suppose the species mix at all
o�shore handline weatherbuoy sites is the same�

Table �� in Appendix ���� gives the percentage mix of bigeye and yellow�n caught in �� o��
shore handline trips� Taking quarterly arithmetic means� Table � gives estimates of observed
quarterly species mix in o�shore handline catch� We assume these are valid for �		��	��

Quarter Observed � YF Observed � BE
� �	�� ����
� ���� ����
� ���� ����

 
��� �
�	

Table �� Quarterly observed species mix in o�shore handline trips� Percentage yellow�n and
bigeye are denoted �� YF� and �� BE�� respectively�

Tables �� and �� show the percentages of HDAR data for Cross and the adjacent weatherbuoy
coded as �yellow�n� and bigeye� Again taking quarterly arithmetic means� this reported
percentage of �yellow�n� catch is summarized in Table ��

Quarter Reported � �YF� Reported � �YF�
at Cross at �������

� ���� ���

� �
�� ���

� �	�
 ����

 ���� ����

Table �� Quarterly HDAR reported �yellow�n� catch at Cross and weatherbuoy ��
�����

The right�most column of Table � lists quarterly average weights of yellow�n caught during
the �� o�shore handline trips whose species mix is given in Table �� �data supplied by
NMFS�� This additional information is used to estimate the numbers of yellow�n in the
HIOH data set� We assume the average weights given in Table � for the HITR data apply

��



to the new HIRT data and those for HIHL apply to HIIH� and have included them for
completeness�

Handline
Quarter Troll Inshore O�shore

HIRT HIIH HIOH
� ����� ���
� �����
� ����� ����� �����
� �	��� ����

 �����

 ����� 
���	 ���		

Table �� Conversion table� average quarterly weight �lb� for yellow�n caught by the HIRT�
HIIH and HIOH �eets�

��� Six �eets and �nal catchability estimates

Reorganization of the troll and handline data into three �eets together with the resolution
of the species miscoding problem requires that Table � be recalculated �see Table ���

Fleet Number YF caught �		��	� Percentage
within model region of total

SSLL ���� �����
TTLL 
��� ���
�

MMLL ����	 ����
�
HIRT ����� �est�� ������
HIIH ����� �est�� ����	�

HIOH �
��� �est�� ������

Table �� Numbers of yellow�n �YF� caught within the model region� For HIRT� HIIH and
HIOH �eets� integer estimates are given� �Compare with Table ���

These new �gures establish the CPUE values and catchability estimates given in Table 	
and will be used in the modelling simulations�

� Mathematical Model

The mathematical model used in this analysis is based on that of Sibert and Fournier ��		
��
Let �N�x� y� t
 c� be the density of tags at point �x� y� in the ocean at time t comprising tag

��



Fleet CPUE during �		��	� Divisor qf
within model region

SSLL ��������� ���� ��������	�	
TTLL ��������� ���� �����������

MMLL �������� ���� ����������	
HIRT ��
��
 ������ �������	��
HIIH ��
�� ������ �������	��

HIOH ����� ������ ��������

Table 	� Final CPUE �gures and catchability estimates for the � �eets in the model region�

release cohort c� The aggregate density of tags from all cohorts released to time t is given
by

N�x� y� t� �
CtX
c��

�N�x� y� t
 c� �

N is assumed to satisfy the advection�di�usion�mortality equation

�N

�t
�
�uN

�x
�
�vN

�y
�

�

�x

�
Dx

�N

�x

�
�

�

�y

�
Dy

�N

�y

�
� ZN ���

where the advection parameters �u� v� are interpreted as the directed components of behav�
ioral movement and the di�usion parameters Dx� Dy as the random components of behavioral
movement
 Dx� Dy are positive quantities on physical and dimensional grounds� Here� how�
ever� Dx� Dy will be replaced by a single parameter D � D�x� y� t�� thereby halving the
number of random movement parameters to be estimated
 the use of two random movement
parameters is recommended for future research �see Section �����

Boundary and initial conditions are required to complete the speci�cation of ����

Either closed or open boundary conditions can be used� Closed conditions should be speci�ed
around islands and along continental coastlines� Closed conditions along external model
boundaries should also be speci�ed if the entire habitat is modelled or if there is strong
reason to believe the tags do not venture outside the model region �to a signi�cant extent�
during the simulation� In this case� a re�ection condition on N is used together with an
impermeability condition on the normal directed component of movement� Thus

�N

�x
� � and u � � on eastern and western closed boundaries� and

�N

�y
� � and v � � on northern and southern closed boundaries�

These conditions can be used to ensure that tag numbers are conserved in the numerical
model when both natural and �shing mortality are zero�

�	



Open boundary conditions should be speci�ed along external boundaries if a subset of the
known habitat is modelled and there is good reason to believe that once �sh leave the model
domain� they do not return� In this case the advective �ux of tags across a given boundary
is assumed to be that of tags nearby
 for example�

�uN

�x

�����
b

�
�uN

�x

�����
i

where b denotes a point on the external boundary and i denotes an interior point close to
the boundary� The di�usive �ux of tags near external boundaries is assumed to be zero
 for
example�

�

�x

�
D
�N

�x

������
i

� �

where i again denotes an interior point close to the external boundary�

The initial condition used for N is

N�x� y� �� �

�P
c

�N�xc� yc� �
 c� over all tag release sites�
� at other sites�

where �N�xc� yc� �
 c� is the number of tags released at point �xc� yc� in tag cohort c at time ��
In the case of a cohort release s at a subsequent time ts and position �xs� ys�� the density of
tags at that point is assigned to be the sum of its present value and the cohort contribution�
i�e�

N�xs� ys� ts� � N�xs� ys� ts� � �N�xs� ys� ts
 s� �

To highlight the importance of the relative strengths of the directed and random components
of behavioral movement� we non�dimensionalize ��� using

x� � x�L� y� � y�B and t� � t�T�

where L and B are characteristic length scales �such as the length and breadth of the model
domain� and T is a characteristic time scale �such as the duration of a model simulation or
the period of supposed migration�� We further substitute

u� � u�U� v� � v�V and D� � D�D�

where �U� V � is a characteristic vector of directed movement in the x and y directions� and
D� is a characteristic value of random movement� There is nothing to be gained by scaling N
since the relative tag distribution remains the same after such a scaling� Upon substitution�

�N

�t�
� U

T

L

�u�N

�x�
� V
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�v�N

�y�
� D�
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�
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from which global Peclet numbers may be de�ned in the x and y directions as the respective
ratios of the coe�cients of directed and random movement�

Pe�x� �
UL

D�

and Pe�y� �
V B

D�

�

If Pe is small the random component of movement dominates
 if Pe is large the directed
component dominates �Neuman� �	���� The values of the Peclet numbers are important
in the numerical approximation of Equation ��� �see next section�� Global Peclet numbers
are useful characterizations of uniform movement
 for the more usual case of non�uniform
movement� Pe may vary from point to point so we de�ne local Peclet numbers by replacing
the global values U� V� L�B and D� with local values
 for example� L and B could be replaced
by the grid element dimensions �x and �y in a numerical model�

� Finite di�erence solution

The Alternating Direction Implicit �ADI� scheme �Press� p����� �		�� is used to solve the
�nite di�erence form of ���� A regular grid of �� � �� squares is used �Figure �� and grid
points are located at the centers of the squares� Tag density N and the movement parameters
u� v�D are de�ned at each grid point�

The ADI approach uses two implicit sweeps of the model domain� the �rst in the x direction
over the �rst half time step and the second in the y direction over the second half time step�
The method is unconditionally stable� meaning that local instabilities are not ampli�ed by
the solution process� In the present application� ADI is also computationally e�cient because
the systems of equations solved are tridiagonal� Further details of the ADI method can be
found in Sibert and Fournier ��		
��

��� Finite di�erence approximations

If n denotes the entry time level and �n � �� the exit level� the time derivative in ��� at
position �i�x� j�y� is di�erenced as

�N

�t

�����
n��

i�j

� Nn��
i�j �Nn

i�j

�t
�

Subscripts i and j specify the spatial location of a grid point as being �i�x� j�y�
 superscript
n speci�es time n�t�

Two approaches for approximating the �rst derivatives in the directed movement terms
are considered� approximation by �rst�order backward di�erencing� known as �upwind� or
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�upstream� di�erencing �Roache� �	��
 Press et al�� �	��
 Sibert and Fournier� �		
� and
approximation by second�order centered�space di�erencing�

Upwind di�erencing is robust but contributes numerical �i�e� non�physical� di�usion to the
solution �eld �O�Brien� �	��
 see also Appendix ����� which may confound the estimation
of the actual �i�e� physical� random movement parameter values when applied to real data�
In spite of this feature� upwind di�erencing is often used since it has the advantage of
not introducing negative densities
 in practice one cannot justify negative tag densities� so
solutions generated by the �nite di�erence scheme should be positive� Upwind di�erencing
may also be used in the early stages of parameter estimation when parameter values are
either guessed or inferred from observation� �Finite di�erence equations at the �rst half time
step for the upwind scheme are given in Appendix ����� Equations for the full time step can
be stated by analogy�� Upwind di�erencing of the directed movement terms takes the form

�uN

�x

�����
n

i�j

�
�����

ui�j N
n
i�j�ui���j N

n
i���j

�x
� ui�j � �

ui���j N
n
i���j

�ui�j N
n
i�j

�x
� ui�j � �

�
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�����
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i�j
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�y
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vi�j�� Nn
i�j��

�vi�j Nn
i�j

�y
� vi�j � �

�

Centered�space di�erencing is more accurate than upwind di�erencing provided the dimen�
sionless Peclet numbers �see Section 
� are not greater than two �Price et al�� �	��
 Roache�
�	��
 Leonard� �	�	
 Neuman� �	��
 Noye� �	��
 Abbott and Basco� �	�	�
 if greater than
two� grid�scale oscillations are introduced to the solution �eld and may lead to the predic�
tion of negative densities� �The �nite di�erence equation at the �rst half time step level for
the centered�space scheme is given in Appendix ������ The requirement for non�oscillatory
numerical solutions at position �i� j� during a given season is

jPe�x�ji�j �
jui�jj�x

Di�j
� � and jPe�y�ji�j �

jvi�jj�y

Di�j
� � � ���

Huyakorn and Pinder ��	��� state� �In most cases involving non�uniform �ow� acceptable
numerical solutions with very mild oscillations are achieved even when the local Peclet
number is as high as ��� �ibid� p� ����� Centered�space di�erencing of the directed movement
terms takes the form

�uN

�x

�����
n

i�j

� ui���jN
n
i���j � ui���jN

n
i���j

��x
�

�vN

�y

�����
n

i�j

� vi�j��N
n
i�j�� � vi�j��N

n
i�j��

��y
�

Inspection of Table � from Sibert et al� ��		�� indicates that the Huyakorn and Pinder
��	��� criterion is met for most regions in a two season model of the western Paci�c used
to estimate skipjack movements from tag�recapture data
 the parameter values are deter�
mined using upwind di�erencing and instead of calculating Peclet numbers� they calculate
an ichthyokinematic ratio which takes the form of a Peclet number with u and v replaced by
r �

p
u� � v�� The criterion is not met only where the estimates for the random movement
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parameter are low� These low estimates are physically unrealistic and are due to the disper�
sive nature of the upwind method� If centered�space di�erencing is used� the estimates for
random movement in these regions are increased and the Huyakorn and Pinder criterion is
met everywhere� Table �� reproduces the relevant part of Table � from Sibert et al� and lists
the greater of the two Peclet values associated with each set of parameter estimates using
upwind and centered�space di�erencing�

Season � UPWIND estimates CENTERED�SPACE estimates
Region u v D jPej u v D jPej

� 
��� ����� ��	� ���� 
��� ���� ����� ���

� ���� �
��� �
��� ���� ���
 ����� ���� ���	
� ����� ����� �
��� ���� �
��� ����� 	���	 ���	

 ���
� ���
� ����� ���� ����� ���	� ����� ����
� ����� ���� ��� ���� ���	� ���� 
�� ����
� ����	 ���� �
�� ���� ���� ���� �
�� ����
� ����� ���	� � �� ���	 ����� 	�� ����
� ������ ���� ��

� ���� ������ ���	 
�
�	 ����
	 ����� ���	 ����� ���� ����� ���� 
	� ����
�� ��	� ���	 �� �� ���� ���� ��	� ����

Season � UPWIND estimates CENTERED�SPACE estimates
Region u v D jPej u v D jPej

� ���� ����� �	��� ���� ���� ����� �
	�� ����
� 
��� ��	� ���� ���� ���� ���� ���� ���	
� ���� ����� �
���� ���� ���� ����� �
�	�	 ���	

 ����� ����� ����� ���� ����� ���	� �
��� ����
� ����� ���
� ��	� ���� ���	� ����� ���� ����
� ��
� ���� ���� ���� ���� ���� ����� ���

� ���� ���� ���� ���� ���� ���
� 	��� ����
� ���� �
��� �
�� ���� ���� ���
� ��	 ����
	 ���	 ���� � �� ����� ���� ��� ����
�� ���
	 ����� ��� ��		 ����� ����� ���� ����

Table ��� Parameter estimates and corresponding Peclet numbers derived from the SSAP
�Skipjack Survey and Assessment Programme� �
����
��� skipjack data set using upwind
and centered�space di�erencing for the directed movement terms� Peclet number is calculated
using jPej � �� max fjuj�x�jvj�yg�D where �u�v� �nm�dy� are the parameters for directed
movement and D �nm��mo� is the parameter for random movement	 the �� factor is required
for unit scaling ��� dy � �mo��

The second derivatives in the random movement terms are approximated by three�point
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central di�erences and have the form
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Mortality Z is separated into two components according to

Zn
i�j � M �

X
f

F n
i�j�f

where F n
i�j�f is �shing mortality due to �eet f operating in grid element �i� j� at time level n

and M is mortality due to other causes or �natural� mortality� Natural mortality is assumed
to be constant throughout for all time� Fishing mortality is assumed to be a simple function
of observed �shing e�ort� viz�

F n
i�j�f � qfE

n
i�j�f �
�

where En
i�j�f is the observed �shing e�ort of �eet f operating in grid box �i� j� at time level n

and qf is a �eet speci�c proportionality constant or catchability coe�cient� This formulation
for �shing mortality allows �shing e�ort to be speci�ed for each �eet at the spatial and
temporal resolution of the model� For a given �eet� qf is spatially and temporally constant
but may� in principle� be varied by month �see Section �����

��� Boundary and initial conditions

Boundary and initial conditions must be speci�ed in order to solve the �nite di�erence
equations derived for Equation ����

The numerical implementation of closed boundary conditions for upwind and centered�space
schemes di�ers only for the directed movement parameters� Consider the one�dimensional
grid point lattice of Figure �
� In the x direction� the re�ection conditions on N at each
boundary have the numerical counterparts�

N� � N� and NI�� � NI �

If upwinding is used� the impermeability condition is di�erenced as�
u� � � and uI � � when u � � �
u� � � and uI�� � � when u � �

and guarantees tag conservation in the absence of mortality� If the centered�space scheme is
used� the impermeability condition at both ends is di�erenced as

u� � �u� and uI�� � �uI

�
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Figure �
� Grid set�up showing grid point labels and closed boundaries�

and is tag conservative from one time level to the next if there is no natural or �shing
mortality�

Consider now the application of open boundary conditions at the left hand boundary b in
Figure ��� A second order convergent approximation for the quantity uN at position i � �
is used�

u�N� � �u�N� � u�N�

and gives rise to a �rst order convergent approximation for advective �ux at the open bound�
ary� If di�usive �ux in the x direction is assumed to be zero at i � �� the implied boundary
condition is

N��D� � D�� � N��D� � �D� � D���N��D� � D�� �

Model elements are partitioned into regions �see Section ��
� in which the movement param�
eters u� v�D are constant throughout a season� Because the width of regions bordering open
boundaries is generally greater than two elements� the two expressions given above reduce
to the linear approximation

N� � �N� �N� �

0 1 2 3

∆ x

b RH bdy

I-2 I-1 I I+1N N N N N N N N

Figure ��� Grid set�up showing grid point labels and open boundaries�

The initial conditions used are� N�
i�j � � everywhere except where there is a release of tags�

when N is set accordingly� For tag releases that occur after time �� tag density at the
corresponding positions is reassigned as the sum of the current and release values�
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��� Conditions for non�negative values

When the time dependent advection�di�usion�mortality equation ��� has non�negative bound�
ary and initial conditions� its solution must be non�negative for all time� This property should
be re�ected in the numerical solutions of ����

By considering the coe�cients of the �nite di�erence equations used in the ADI solver�
su�cient conditions can be established to ensure that each �eld of non�negative tag values
is replaced with another �eld of non�negative values �see Appendix ���
��

Upwind form

Consider the �rst ADI equation in upwind form� represented by the set of Equations �����

The equations �rst have to be rearranged and expressed in standard form ����� If the
movement parameters are taken to be global constants u� v�D� the requirement for strict
diagonal dominance ���� becomes

�
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and is satis�ed everywhere� The non�negativity condition ��
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A similar set of conditions arises for the set of ADI equations used for the second half time
step� �If the recommendation of Section ��� were implemented� the generic variable D in the
above conditions would be replaced by Dx in association with u and by Dy in association
with v��

If these conditions are satis�ed in the case of globally constant parameters u� v�D� successive
predictions for N based on initially non�negative values remain non�negative�

Centered�space form

Consider the �rst ADI equation in centered�space form� Equation �����

The equation is �rst rewritten in the form ���� and again� if the movement parameters are
taken to be global constants u� v�D� the requirement for strict diagonal dominance ���� gives

�

�t
� �Fi�j � M� � �

and is met everywhere� Requirement ��
� then gives rise to the conditions

jPefxgj � �� jPefygj � � and D � �y�

�t
�

The same set of conditions arises by studying the coe�cients of the set of ADI equations for
the second half time step� �Again� if the recommendation of Section ��� were implemented�
D in these conditions would be replaced by Dy� and D in the conditions for the second
centered�space equation would be replaced by Dx��

Thus if the Peclet constraints for non�oscillatory solutions are satis�ed and the random
movement parameter is bounded as shown� successive non�negative solutions result if the
parameters u� v�D are global constants� These non�negativity constraints are more restrictive
than those for the upwind scheme�

Caution

For the Hawaiian Islands tag�recapture model� the movement parameters are not global
constants
 they vary regionally and seasonally� Thus the conditions derived for the upwind
and centered�space schemes cannot be applied literally except within speci�c regions and
seasons
 deviations from non�negative behavior may still occur across region boundaries and
from season to season in a model where u� v and D are spatially and temporally variable�

��



��� Regionalization and re�parameterization

The numerical solution of ��� requires the speci�cation of each model parameter at each
grid point� In the present case this implies specifying �� � �� � ��� values of u� v�D and
Z in Equation ��� at each time step for simulations of at least � years duration� Even if
a large number of tag recaptures are available� direct estimation of so many parameters is
impractical� Thus a means of reducing the number of parameters is required�

Tuna movement patterns are frequently represented by arrows on maps� often with months
or seasons speci�ed� to suggest general population movement at speci�c times and places
�see Hunter et al�� �	��� for examples�� Such presentations suggest subregional averaged
movement over the given period of time� We borrow from this description by de�ning regions
within the model as subdivisions of grid elements within which the movement parameters u� v
and D are constant
 a season is de�ned as the period of time during which these parameters
are constant�

Let �Ri�j� be a matrix containing the region number for each model element indexed by �i� j�
and let �Sn� be a vector containing the season for each time step indexed by n
 �Ri�j� maps
the model domain into speci�c regions and �Sn� maps calendar time to seasons� The model
parameters are speci�ed at each grid point by

�uni�j� � U
Ri�j �
Sn�� �vni�j� � V
Ri�j �
Sn� and �Dn
i�j� � D
Ri�j �
Sn� �

U �V and D are the matrices of parameters to be estimated� The Hawaiian model is region�
alized using � regions and 
 seasons �see Figure ���
 this reduces the number of movement
parameters in the parameter estimation phase to at most �� �� 
 � ���

��� Parameter estimation

The predicted number of tags returned during � month is given by

bCn
i�j�f � �fF

n
i�j�fN

n
i�j ���

where �f is the reporting rate� i�e� the proportion of tags returned by �eet f with usable
recapture information� F n

i�j�f is computed from Equation �
� and N satis�es Equation ��� at
time level n �for a derivation� see Appendix ������

Observed numbers of tag returns Cn
i�j�f are related to predicted numbers of returns bCn

i�j�f by
the Poisson likelihood function

L�U �V�D� q�M�Cn
i�j�f� �

Y
i�j�n�f

	 bCn
i�j�f
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i�j�f e�
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i�j�f

Cn
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This function assumes that the predicted number of tag returns in each grid cell during
one month is the expected value of a Poisson random variable� The Poisson distribution is
selected as it is appropriate for the observation of a rare event such as the radioactive decay
of an atom �Feller� �	��� or the recapture and return of a tagged tuna�

Maximum likelihood parameter estimates are obtained by �nding the values of the param�
eters that maximize Equation ���� The maximization is accomplished by minimizing the
negative logarithm of ��� using a quasi�Newton numerical function minimiser which in turn
depends on the gradient of partial derivative computed using adjoint functions �Griewank
and Corliss� �		���

min
U �V�D�q�M

�logL�U �V�D� q�M�Cn
i�j�f� �

To assist the minimiser� bounds are placed on the values of the parameters U �V�D� q and
M � Typical bounds used in the simulations are� j U �Vj � ���� � � D � ������� � � q � ���
and � � M � ���
 parameters D� q and M are positive and upper bounds are set high to
prevent the parameter estimates from being functions of the bounds�

Alternative tag release strategies were explored by conducting Monte Carlo experiments�
The predicted number of tag returns� bCn

i�j�f � is interpreted as the expected value of a Poisson
random variable� Simulated tag recapture observations were generated by sampling from a
Poisson distribution with expected value bCn

i�j�f � In this way observed distributions of �shing
e�ort were used to generate replicate tag recapture results� These results were analysed
by the estimation procedure to generate sets of parameter estimates for each simulated
recapture data set� The accuracy and variability of the parameter estimates were then
compared statistically with the known parameter values used in the simulation� For each
numerical experiment carried out� a set of �� or ���� simulations were run�

� Hypotheses

A regional and seasonal movement hypothesis� and several release and mortality hypotheses
have been developed for Hawaiian yellow�n tuna populations�

	�� Release sites

The work of Bertignac ��		�� and our own numerical experiments indicate it is preferable
to have more than one release site �see Section ����� Multiple release sites generally lead to
higher precision in parameter estimates�

Three model �release sites� were selected� Kauai� the �� square immediately south of Kauai

Hawaii� the �� square immediately north�west of Hawaii and Cross� the �� square in which
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Figure ��� Regionalization of the Hawaiian model using � regions� K denotes the Kauai
release site� H and C the Hawaii and Cross release sites� The three levels of shading used
convey the convention that Regions �� � and � share a common random movement parameter�
as do Regions � and 
	 Region � generally has a unique value �see Section ��
��

Cross seamount is located� These bins are respectively marked K� H and C in Figure ���
The three sites are readily accessible to the nearshore �shermen and each recorded signi�cant
catches during �		��	�� The Kauai and Hawaii bins are on the island chain
 the Hawaii
bin is not �shed by longliners� The Cross bin is o� the island chain and we assume it is
frequented only by the o�shore handline �eet �see Section �����

While in this work we assume that tags from Cross and the other sites are immediately
available to all �eets� it should be noted that Cross seamount may have restricted usefulness
as a tag release site� Yellow�n caught there are typically small and therefore not likely to be
caught by the remaining �eets which generally target large yellow�n� �Juveniles tagged at
Cross could be accommodated in a practical sense if age structure were built into the model
software!see Section �����
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	�� Regionalization

The physical domain of Figure � is divided into � regions �Figure ���� Two regions are
established along the island chain based on the Kauai and Hawaii release sites� immediate
proximity to the major islands and bathymetric similarity� Region 
 consists of the Kauai
release site and Region � the Hawaii release site
 region � encompasses the Cross release
site� The remaining regions are constructed in accordance with the predicted distribution
of tagged tuna produced by the movement model� For example� very few tags are caught in
the outer area of the model� so it is made into one region �Region ��� Regions 
 and � are
approximately of the same size on the north�eastern side of the island chain�

	�� Catch� e�ort and �redistributed catch
 at the release sites

Before considering a release strategy� the catch and e�ort records for �		��	� at the chosen
release sites will be examined�

A release strategy ought to be backed by the knowledge that the proposed number of releases
is achievable� It is preferable to catch� tag and release �sh at release sites than to transport
them from elsewhere� Transporting �sh takes time and induces stress� resulting in higher
costs and tagging mortalities� No account is taken of tagging mortality here� though it should
be included where transportation is necessary �see Section ��
��

The catch �pounds� of yellow�n taken in the Kauai� Hawaii and Cross bins by troll and
handline �eets is given in Figure ��� Catch by longliners at these sites is excluded because it
is expressed as numbers of �sh� Tonages taken in the Kauai and Hawaii bins peak during
the Spring and Summer months
 peak tonages in the Cross bin are taken during Fall�

The modelling programs operate in numbers of �sh� so for Figure �� the unit of catch has
been converted to numbers using Table �� Total longline catch is now included and is seen
to be generally small compared to total troll and handline catch�

The catch information used by the computer program is not� however� that of Figure ���
The program sees a catch distribution based on e�ort distribution which� for these three
sites� is given in Figure �	� E�ort peaks during spring and summer months in the Kauai
and Cross bins� and is fairly consistent throughout the year in the Hawaii bin� E�ort in the
Cross bin dips during summer because the o�shore handliners move inshore seeking larger
�more lucrative� yellow�n�

Catch �numbers� seen by the computer is shown in Figure �� and will be referred to as
the �redistributed catch�� The trends shown in the e�ort plots of Figure �	 are generally
reproduced in the redistributed catch plots and are quite di�erent from those of actual catch
in Figure ��� This is because redistributed catch is based on a catchability �xed for the year
for each �eet�

��
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Figure ��� Catch �pounds� by troll and handliners in the Kauai� Hawaii and Cross bins�
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Figure ��� Catch �numbers� due to all �eets at Kauai� Hawaii and Cross�
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Figure �	� E�ort �trips� expended in the Kauai� Hawaii and Cross bins�
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Figure ��� Redistributed catch �numbers� in the Kauai� Hawaii and Cross bins� �Redis�
tributed catch� at each site is the �eet�wise inner product of observed e�ort and CPUE�
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	�� Release strategy

For modelling purposes it is simplest to imagine quarterly releases of� say� ��� tags at each
site in the �rst month of each quarter� This implies a quarterly release of ���� yellow�n and
a yearly total of ���� releases�

On a practical note� it is likely that every �sh caught will be tagged and released� Since
bigeye are routinely caught in high percentages at Cross seamount in particular� the yellow�n
experiment will inevitably spawn a bigeye tag�recapture experiment� and many more than
���� �sh will have to be caught and tagged to meet the experiment�s operational parameters�

Numerical tests reported in Section ����
 show that the higher the number of tag releases� the
greater the accuracy of the mean of parameter estimates and the tighter the corresponding
con�dence limits on the mean� Thus it is important to release as many tags as possible to
optimize the success of the experiment�

	�� Movement hypothesis

The movement hypothesis employed is summarized in Table ���

During Summer �Season �� Jul�Aug�Sep� it is supposed that yellow�n feed and�or spawn
in the Hawaiian Islands with no particular tendency to move away� During Fall �Season
�� Oct�Nov�Dec� we suppose they move towards the equator� lingering along the island
chain itself and in the Cross region� During Winter �Season �� Jan�Feb�Mar� we suppose
they wander randomly� During Spring �Season 
� Apr�May�Jun� we suppose they move
northwards again� This movement pattern re�ects the annual north�south excursion of the
North Equatorial Current �NEC� to Hawaiian latitudes� Seasonal mean surface currents
showing the migration of the NEC are reproduced in Appendix ���� as Figures 
�"
� �Qui
et al�� �		���

The values used for directed and random movement were chosen as follows�
�� They are loosely based on the parameter estimates of Sibert et al� ��		�� for skipjack in

the western Paci�c� Sibert et al� used tag�recapture data from the Skipjack Survey and
Assessment Programme �SSAP� of �	����� and obtained regionally averaged directed
motions of about 
 nm�day and random movement values of about ����� nm��mo�
For yellow�n we use a larger maximum directed movement component of � nm�dy
and a smaller maximum random movement of 
��� nm��mo �corresponding to halving
the radius of random movement�� Adopting a higher directed component and lower
random component of movement is consistent with Alain Fonteneau�s view �personal
communication� that yellow�n are more directed and less random in their movement
than skipjack� The in�uence of the Hawaiian Island chain within the surrounding
expanse of the central Paci�c may also be such as to reduce the random component of
movement of yellow�n�

�




Season � �Jul�Aug�Sep� Season � �Jan�Feb�Mar�
Directed Random Directed Random

Region x �nm�dy� y �nm�dy� �nm��mo� x �nm�mo� y �nm�mo� �nm��mo�
� � � ���� � � 
���
� � � ���� � � 
���
� � � ���� � � 
���

 � � ��� � � 
���
� � � ��� � � 
���
� � � ��� � � 
���

Season � �Oct�Nov�Dec� Season 
 �Apr�May�Jun�
Directed Random Directed Random

Region x �nm�dy� y �nm�dy� �nm��mo� x �nm�mo� y �nm�mo� �nm��mo�
� � �� 
��� � � 
���
� � �� 
��� � � 
���
� � �� 
��� � � 
���

 � ���� 
�� � ��� 
��
� � ���� 
�� � ��� 
��
� � ���� ���� � ��� ����

Table ��� Seasonal movement hypothesis for yellow�n in the central Paci�c	 west�to�east �x�
and south�to�north �y� directed movement� and random movement values are listed for each
season by region�

�� The values used also conform with the numerical requirement that jPe�x� y�j � � if the
centered�space scheme is used
 the centered�space scheme should give more accurate
parameter estimates from real data than the upwind scheme if the Peclet condition is
adhered to� It may be true that yellow�n generally occupy a Peclet space jPe�x� y�j � ��
If the random component of yellow�n movement is actually higher than 
��� nm��mo in
Hawaiian waters and the directed component remains at � nm�dy� the Peclet criterion
will certainly be satis�ed� We arbitrarily scale the parameter values so that the Peclet
number is the same in all regions�

Flament et al� ��		�� analyzed drifter data and found that mean oceanic �ows are generally
of the order of � nm�dy in the Hawaiian Islands region
 eddy�di�usivities in the NEC south
of ��� N and windward of the Hawaiian islands are ����"���� nm��mo and increase to ����"
	��� nm��mo west of the island chain and west of ���� W� Thus if yellow�n were to exhibit no
behavioral movement they would be transported by ocean waters at least the distance that is
hypothesized as a typical directed movement and with a similar degree of random movement�
Section ��� contains a recommendation that mean oceanic movements be included in the
parameter estimation process as a background movement �eld�
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	�	 Natural Mortality hypotheses

Three natural mortality values were considered� a low value of ���� mo�� �i�e� a �� death
rate by natural causes each month�� a moderate value of ���� mo�� and a high value of
���� mo��� These values are based on estimated natural mortality rates for size�classed
yellow�n published by the South Paci�c Commission �Figure 	� p���� �		��� The ��� value
approximately corresponds to a � month old �sh and the �� value to �sh ����� months
old� The ��� value can be taken as an average of the natural mortality values applicable to
yellow�n�

� Results

��� Multiple release site strategy

Within the same time�frame it is preferable to release tags at many sites than at a single
site� the reason being that it generally increases recapture percentages in the vicinity of the
release sites�

This can be demonstrated using a single season random movement hypothesis with regional
values as for Seasons � or 
 �Fall or Spring� of Table ��� The centered�space scheme was
selected and closed rather than open boundary conditions were used because �rstly� in the
absence of directed movement� most of the tags move within the central part of the model
and few reach the external ocean boundary and secondly� a large number of simulations were
planned and experience with the parameter estimation program indicated that simulations
using closed boundary conditions achieved convergence signi�cantly faster than using open
boundary conditions� Natural Mortality was set to �����mo�

Four tests were conducted and in each a total of ���� tags were released� The �rst test was
a release of ���� tags per quarter at the Kauai release site� the second a similar release at
Hawaii and the third at Cross
 the fourth test involved releases at each site of ��� tags per
quarter� Figure �� summarizes the results of �� simulations conducted for each test� The
estimate for random movement �Nm��mo� is plotted on the vertical axis
 on the horizontal
axis is plotted the natural logarithm of the average number of tag recaptures� The legend
in the bottom right hand graph gives the �true� random movement value corresponding to
the six regions of the model� The labelled horizontal lines on the graphs mark the positions
of the true values� The mean of the estimates is plotted as a black diamond� Error bars
extending two standard deviations are plotted as vectors
 the lower error bar is truncated
at the x axis if calculated to extend below it!the parameter estimation is constrained to
positive values� Note that� for a particular �true� value� con�dence in the estimates generally
improves with a greater number of recaptures�
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[50] Combined releases
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Figure ��� Random movement estimates from four tests �see text� each of 
� simulations�
The legend in the bottom right plot lists �true� values of random movement for each region	
the labelled horizontal lines correspond to these values� The mean of the estimates is plotted
as a black diamond	 error bars extending two standard deviations appear as vectors� The
Kauai release site is in region �� Hawaii in region 
 and Cross in region ��
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[200] Combined releases
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Figure ��� Random movement estimates from four tests each comprised of ��� simulations�
See caption to Figure �� for further details�
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It can be veri�ed from Figure �� that the true values are accurately estimated for the regions
in which the single�site tests were initiated
 for Cross releases the error bars are noticeably
broader than those for Kauai and Hawaii releases� In the case of Kauai releases� the
true value for region � is not as accurately estimated and the reliability of the estimate is
poor
 in the case of Hawaii releases the true value for region 
 is poorly estimated and in
the case of Cross releases the true values for each of regions 
� � and � are well estimated
but the con�dence on regions 
 and � estimates is poorer than for the single�site Kauai

and Hawaii releases� Comparing these single�site releases with the results of the combined
release strategy shows that combined releases do consistently well for estimating the true
values for regions 
� � and � and the set of corresponding error bars shows high con�dence
except in the case of region �� That is� based on these results� the random movement
parameters are best estimated in the overall sense using a multiple�site release strategy�

The reliability of the results in Figure �� could be challenged on the grounds that they
summarize estimates from only �� simulations� To answer this possible criticism� a further
��� simulations of each test were carried out and the results presented in Figure ���

Comparison of Figures �� and �� suggests ��� simulations produces a similar set of results to
��� particularly for regions 
� � and �� and reinforces the �nding that a multiple�site release
strategy gives better overall parameter estimates� The spread in the parameter estimates�
however� is slightly greater for ��� simulations� probably because of the inclusion of more
outliers�

A further presentation� this time comparing likelihood function value �see Section ���� with
number of recaptures for each of ��� simulations made of the four release strategies� is given
in Figure ��� This �gure suggests that function value increases with number of recaptures
and that this relationship is most direct� i�e� shows less scatter� for the multiple release�site
strategy�

We now de�ne the standardized bias as

Standardized bias �
Estimate� True value

Standard deviation of the estimate
� ���

The standardized bias statistic has unit standard deviation enabling comparison of estimates
of di�erent parameters� A value greater than � �or less than ��� implies a statistically
signi�cant bias
 for example� if the distribution of the bias estimates is normal� approximately
	�� lie within two standard deviations of zero� If the mean of the estimates is used in place
of the true value� the standardised variable so de�ned has zero mean�

Figures �
 and �� are Splus boxplots corresponding to the sets of �� and ��� simulations�
The height of each black rectangle is the di�erence between the �rst and third quartiles
of data!the interquartile distance �IQD�!and indicates the spread of the data
 thus the
middle ��� of data values lies within the black rectangles� The median value is indicated by
the white horizontal bar within the rectangle and estimates the center of the distribution�

�	



•

•

•
•

•

•
•

•

•

•

•

•

•

•

••

•

•

•

•

•
•

••
•

•

•

•

•

•

•

•

•

•

•
•

•

•

•
•

•

•

•

•

•

•

•

• •

•

•

•

•

•

•

•

•

•

•
••

•
•

•

•

•

•

•

••
• •
•

•

••

•

•

•
••

•

•

•

• •
•

••
••

•

•

••

•

• •

•

•

•

••

•
•

•

•

•

•

•

•

•
•

• •

•

• ••

•

•

•

•

•

•

•

••

•

•

••

•
•

••
•

•

•
•

•

•

•

•

•
•

••
•

•

•

•

• •

• •

•

•

•

•
•

••

•

••

••

•

•

•
•

••

•

•
•

••

•

•

•
•

•

•

•

•

•

•

•

•

• ••
•

•

•

•

•

•

Kauai releases

Recaptures

F
u
n
ct

io
n
 v

a
lu

e

380 420 460

6
5
0

7
0
0

7
5
0

8
0
0

•

• •

•

•

•

•

•

•
•

•

•

•

• ••

•

•

•

•

•

••

•

•

•
•

•
•

• •

•

•

•

• •

•
•

•
•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

••

•

•
•

•

•

•

•

•

•

•

•
•

•

•

•

•

•
••

•

•

•
•

••

•
•

•

•

•

•

•

•

••
•

•

•

•

•

•

• ••

•

•

••

•

•

•

•

•
• •

••

•

•

•

•

•
•

•

•

•
•

•

•

•
•

•

•

•

•

•
•

•

•
•
•

•

•

• •

•

•

• •

•
•

•

•

•
•

•

•

•

•
•

• •

•

•

•
•

•
•

•

•
• ••

•
•

•• •

•

•

•

•
••

•

• •

•

••

•

• •
• •

•

•

•

•

•
•

•

Hawaii releases

Recaptures

F
u
n
ct

io
n
 v

a
lu

e

500 520 540 560 580 600
7
5
0

8
0
0

8
5
0

•

•

•

•

•

•

•

•

•
•

• •

•

•
•

•

•

•
•

••

•

•
•

•

••

•

•

••

•

•

•

•

•

•

•

•
•

•

•
•

•

•

•

•

•
•

• •

•

•

•

•

•
•

•

•
•

•

••

•

•
•

•
•

•

•
•

•

•

•

•

•
•

•
•

•

•

•

•
•

•

•

•

•
•

•

•
•

•

• •
•

•

•

•

•

•

••
•

•

•

•

•

•

•

••

• •

•

•

•

•

•
•

•
•

•

•

•

•

•

•

•

••

•

•

•

•

•

•

•

• ••

•

•

•
•

••
•

•
•

•

•

•
•

•
• •

•

•

•

•

•

•

•

•

• •

•

•

•
• •

••

•

•

•

•

• ••
•

•

•

• •
•

•

•
•

••
•

•

•

•

•
•

•
•

Cross releases

Recaptures

F
u
n
ct

io
n
 v

a
lu

e

480 520 560 600

5
5
0

6
0
0

6
5
0

7
0
0

7
5
0

•

•

•

•

•

•

•

•

•

•

•

• •

•
•

•
••

•

•

•
•

••

•

•

•

•

•

•

•

•

•

•

•

•

•

•

• •

•

•
•

•

• •

•
•

•

•

•

•
•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•
•

•

••
•

•

•

•

•

•
•

•

•

•

•

•

•

•

•

•

•

•

•
•

•

•

•
•

•

•

•

•

•

•

•
•

•

•

•
•
•

• •

•

•
•

•

•

•

•

•

•

•

• •

•

•

•

•

•

•

•

•

•

•

•••
•

• •

•

••

••

••

•
•

•

•

•

•

•
•

•

•

•

•
• •

•

•

•

•••

•

•

••

•

•
•

••

• •

•

•

•

•

•

•

•

•

•
•

•

•

•
••

•

•

•

•

•
• • •

Combined

Recaptures

F
u
n
ct

io
n
 v

a
lu

e

460 480 500 520 540 560

7
5
0

8
0
0

8
5
0

9
0
0

9
5
0

Figure ��� Scatter plots of function value versus recaptures for ��� simulations of four
di�erent release strategies�
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Figure �
� Distribution of standardized bias for natural mortality �M� and six catchabilities
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� simulations�
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�



••

•

•

•
•

•

•

•

•

•

•
•

•

•

•

•

•
•

•

•

•

•

•

• •

•
•

•

•

••

•
•

••
••

•
•

•

•

•

•

•

•

•

•

••

•

•

•

•

•• ••
•
•

•

• •

•

•
•

•

••

•
• •

•
•

•

•

•

•

•

•

•

•
•

•

•

•
•

•

•••

•

•
•

•
•

•

•
•

•

•

•

•
•

•
•

•

•

•

•

• •

•
•

•

•

•
•

•

•

•
••

•

•

•

•
•

••
•

•

•
•
•

•

•

•
•

•

•
•

•
•

•
••

•

•

•

•
•

•

•

•

•

•

•

•

•

•

••

•
•

•

••
•

•

•

•

•

•

•

•
•

•

•

•

•

•

•
•
• •

•
•

•

•

•
•

•

•

•

• ••
•

•

SSLL Catchability

SSLL Fleet Recaptures

B
ia

s

0 2 4 6 8 10 12

-4
-2

0
2

4

••
•

•

•

•

•
•

•

•

•

•

•

•

••

••
•

•

•

•

•

•

•
•

••

•

•

••

•

•

•

•

•

•
•

•

•
•

•

• •

•

•

•

•

•

•

••
•

•

•

•

•
•

•

•

•

•

•
•

•

•

•
•

•

•

•

•

•

•

•

•

•

•

•
•

•

•

•
••

•

•

•

•

•

•

• •

•

•

•

•

•

•

•

•

•

•
••

••

•

•

•

•

•

•

•

•

•

•

•

•

•

• •

•
•

•

•

•

•

•
•

•

•

•

•
• •

•
•

•
•
•

•
•

• •

•

•

• •
• •

•

•
•

••

•

•

•
•

•

• •

•

• •

•

•

•
•

••

•• •

•

•
•

• •
•

•

• •

•

• ••
•

•

•

•

•

•

•

•

•
•

•

TTLL Catchability

TTLL Fleet Recaptures

B
ia

s

70 80 90 100 110 120

-4
-2

0
2

4

•

•
•

•

•
•
•

•

•

•

•

•

•

•

•

•

•

•
•

•

•

•

•

•

•

•
•

•

•

•
•

•

•

• •

•

•

•

•

•

•
•

•

•

•

••

•

• •

•
•

•

•

•
•

•

•

••

•
•

•

• •

•

• •
•

•

• •

•

•
•

•

•

• •

••

•

• •

•

•
•

•

•

•••

•

•
••

•

•

•

•

•
•

•
•

•

•

•

•

•

•

•
•

•

•

•

•

• •

•

•

•

•

•

•

•
•

•
•

•

•

•

• •

•

•
•

•

• •

•

•

•

•

•

•

•
•

•

•

•

•
•

•

•

•

•

•

•

•

•

•

•

•
•

•

•

•

•
•

•

•

•
•
•

•
•

• •

•

•

•

•

•
•

•

•
•

•

•

•
•

•

•

•

•

•

•

•
•

•

MMLL Catchability

MMLL Fleet Recaptures

B
ia

s

110 120 130 140 150 160 170

-4
-2

0
2

4

•

•
•• •

• •

•
•

• •
•

•

•

•

•

• •

•

•

•

•

•

• •

•

•
•

•
•

•

•
•

•

•

•
•

•

•

•

•

•

•

•

•

•

•

•

•

•
•

•
•

•

•
•

•

•

•

•

••

•

•

•

•

•

•

•

••

•
•

•

•

•

•

•

•

•

•

•

•

•

•

•
•

•

•

•

• •

•

•

•

•

•

•

•

•
•

•

•

•

•
•

•

•

•
• •

•

•

•

•
•

•
•

••

•

•

•

•

•

•
•

•

•
•

•
••

•

•
• •

•

•••

•

•

•

•

•

•
•

•

•

• •
•

•

•

••

•
• •

•

•

•

•

•

• ••

•

•

•
•

•

•
•

•

•

•

•
•

•

•

•

••
•

•

•

•
•

•

•

•

•

•

•

•

•

•

•

Troll Catchability

Troll Fleet Recaptures

B
ia

s

70 80 90 100 110 120 130

-4
-2

0
2

4

• • •

•

•

•
•

•

•

•

••
•

•

••

•

•••

•

•

•
•

•

•

•

•

•
•

•

•

• •

•

•
• •

•

•

•

•

•

•

•

•
•

•

•

•
•

•

•
•

•

•

•

•

•

•
••

•

•
••
•

•

••

•

•

•

•

•

•
•

•

•
•

•
•

•

•

•

•

•

•

••
•

•

•

•

•

•

•

•

•

•

•

•

•

•

•
•

•
•

•

•

•

•
•

•

•

•

•

•

•
•

•

• ••
•

•

• •

•

•

•

•
•

•

•
•

•••

•

•

••

•

•
•

•

••

•

•

•

• •

•

•

•

••

••

•

• •

•••

•

•
•

••

•
•

•

•

•
•

•
•

•

•
•

•
•

•

••

•

•

•

•

•

•

•
•

•

•

•

•

Inshore HL Catchability

Inshore HL Fleet Recaptures

B
ia

s

80 90 100 110 120

-4
-2

0
2

4

•
•

•

•

•

•

•

•

•

•

•

•
•

••

•
••

•
•

•

•

•

••

•

•

•

••

•

•

•

•

•

••

•

•

•
•

•

••
•

•

•

•

•

•

••

•

•

•

•

•

•

•
•

•

•

•

•
•

•
•

•

•

•

•

•

•

•

•

•

•

•
••

•

• •
•

•

•

•
•

•

•
•

•

•

•
•

•

•

•

•
•

•
•

•

•

•

•

•

•

•

•

•
• •
• ••

•
•

•

•

•

•
•

•

•

•

•
•

•

••
•

•
•

•

• •

•
•

•

• ••
•

•

•

•

•

•

•

•
••

•

••

•

•

• •
•••

•

•

•

••

•

•

••

•

•

•

•

•

•

•

•

•

•

•

• •

•

•

••

•

•

•

•

•

•

•
•

•
••

Offshore HL Catchability

Offshore HL Fleet Recaptures

B
ia

s

50 60 70 80

-4
-2

0
2

4

  

  

•

•

•

•

•

•

•

• •

• •

•

•

•

•

•

•

•

•

•

•

•

•

•
•

•

•
•

•

•

•
•

•

•

•

•

• •

•

•

•

•

•

•

•
•

•

•

•

•
•

•

•

•

•

•

•

•

•

•

•
•

•

•

•
•

•

• •

• •

•

•

•
•

••
•

•

••

••

•

• •

•

•

•

•

•

•

•

•
•

•

•
•

•
•

•

•

• •

•
•

•
•

•
• ••

•

•
•

•

•
•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

••

•
•

•

•

••

•

•

•
•

•

•

•

•

•

•

•

•

•

•

•

•

•

•• •

•

•
•

•

•

•

•
• •

•

•

•

• •

•
•

•

•

•

•

•

•

•
•

•
•

•
•

•

•
•

•

• •
•

•

•

•

Natural mortality

Recaptures

B
ia

s

460 480 500 520 540 560

-4
-2

0
2

4

Figure ��� Scatter plots for catchability and natural mortality bias versus recaptures for the
��� simulations made for the multiple�site release strategy�
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Figure ��� Standardized bias distributions for random movement estimates based on 
� sim�
ulations of four release strategies �K�Region �� H�Region 
� C�Region ���
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Figure ��� Standardized bias distributions for random movement estimates based on ���
simulations of four release strategies �K�Region �� H�Region 
� C�Region ���
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Dotted lines leaving the top and bottom of each box extend to the extreme values of the
data �indicated by square brackets� or a distance ����IQD from the center� whichever is
less� If the data is Gaussian� 		��� of the values fall inside these brackets
 data outside
the brackets may be outliers and are indicated by horizontal bars� The boxplots for ���
simulations show less volatility than those for �� simulations but greater spread� as seen
above when comparing Figures �� and ��� For both sets of results� there are fewer outliers
and the biases seem generally closer to zero for the multiple�site strategy�

The extreme and outlier catchability bias estimates of Figures �
 and �� correspond to both
low and high numbers of recaptures� This is illustrated by the scatter diagrams of Figure ��
for the set of ��� simulations made for the multiple�site release strategy� These diagrams
suggest that the distribution of points is elliptical
 the mortality bias�recapture distribution
is nearly circular in comparison with that of the catchability bias estimates �the vertical
scales in each case are the same but the horizontal scales for the catchability estimates are
only half as expansive �for SSLL catchability it is one tenth��� The SSLL catchability plot
shows very low recapture numbers� Each elliptical distribution is centered approximately on
zero bias and the average recapture number for the �eet �in the case of the catchabilities� or
for a simulation �in the case of natural mortality�
 to the nearest integer� the average number
of recaptures for each �eet is 
 �SSLL�� 	
 �TTLL�� ��� �MMLL�� ��� �HIRT�� 		 �HIIH�
and �� �HIOH�� and the average number of recaptures per simulation is ���� If the total
number of releases is increased� one might expect the minor axis of the ellipses to increase
�see Section ����
��

Figures �� and �� are boxplots for random movement for �� and ��� simulations� respectively�
In all cases the median bias is close to zero and the interquartile group is also clustered close
to zero� suggesting that the parameters are being well estimated�

����� Simulated recaptures using M � ����� ���� and �����

For reasons outlined in the previous section� all subsequent simulations use multiple�site
releases� Also� for reasons of computational economy� only �� simulations will be carried out
for each test�

Three natural mortality values �M � ����� ���� and ����� were trialed� two �nite di�erence
schemes �upwind and centered�space� and two methods for de�ning boundary conditions
�open and closed�� Simulations of these �� combinations were conducted but only the results
of the four M � ���� cases will be discussed in detail �next section��

Summary results for all �� experiments� showing the distribution of standardised bias� are
given in Appendix ����� Table �� lists �eet recapture information for each experiment
 the
�eet recapture percentages may not sum to the total given because of round�o� errors� For
lower values of natural mortality a smaller time step is required to obtain similar accuracy







Scheme BC�s M SL TL ML TR iHL oHL
P

� �t F

UP Open ���� ���� ��	� ���	 ���� ���� ���� ����� ���� ���
��

���� ���� ���� ���� ���� ���� ���� ���	 ���� ����


���� ���� ���� ���
 ���� ���� ��	� 
��� ���� �����

Closed ���� ���
 ��	� ��	� ���� ���	 ���� ����
 ���� ������

���� ���� ��
� ���� ���	 ���� ���� ���
 ���� �����

���� ���� ���� ���
 ���� ���� ��	� 
��� ���� �����

CS Open ���� ���� ��	
 ���	 ���� ��	� ���
 ����� ���� ������

���� ���� ���� ���� ���
 ���� ���� ���� ���� �����

���� ���� ���� ���� ���� ���� ��	� 
��� ���� ��
�	

Closed ���� ���
 ���� ���	 ���� ��	� ���� ����� ���� ��
��	

���� ���� ��
� ���� ���� ���� ���	 ��	� ���� �����

���� ���� ���� ���� ���� ���� ��	� 
��� ���� �����

Table ��� Recapture percentages predicted by �� numerical experiments� UP�Upwind
scheme� CS�Centered�space scheme	 natural mortality �M�� time step ��t� in days� and
average function value �F� at minimum are also given�

from the simulations� The meaning of the function value is explained in Section ���
 function
value is higher for a greater proportion of recaptures�

The tabled results show that lower natural mortality rates lead to higher recapture percent�
ages and for a given scheme� recapture percentages are less sensitive to boundary conditions
as natural mortality increases� This is expected because higher natural mortality values per�
mit fewer tags to survive the journey to the outer boundaries of the model� Consequently�
the di�erences in program code in the boundary region have less in�uence�

Okamoto and Nishimoto ��	�	� report the results of a tag�recapture experiment involving
���	 small yellow�n ���� to � pounds� released at �
 FADs �Fish Aggregation Devices�
and four open ocean sites from Kauai to Hawaii between March �	�� and July �	��� By
December �	��� ��� ����
�� had been recaptured and of these ��� ����� were recovered at
their release sites�

It is interesting to note that by July ��� �		�� ��� bigeye and yellow�n tags had been released
through the Hawaii Tuna Tagging Project at Cross seamount and NOAA Weatherbuoy Buoy
�
 �� had been recaptured ���
��� Of the tags released� ��� were yellow�n and �� had been
recaptured ������� Tag releases commenced in early �		��

For comparison� of ����� yellow�n tags released during the Regional Tuna Tagging Program
of �	�	�	�� ����� were recovered by June ��th �		� �South Paci�c Commission� �		�� p�����
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����� Results using M � ����

The recapture percentage predicted by the four M � ���� experiments is about ��� which
seems realistic� Adjustments to this �gure could be made by altering the catchability
coe�cients!their true values can only be established by conducting a tag release�recapture
experiment�

Figure �	 shows the estimates of mortality bias for the four sets of simulations� The upwind
scheme with closed boundary conditions �CBC� and the centered�space scheme with open
boundary conditions �OBC� give the least skewed estimates for natural mortality �M� based
on �� simulations
 skewness in the catchability bias estimates is also generally less for these
schemes�

Figures ��"�� show biases in the random movement estimates obtained for Seasons �"
 in
each region� The outliers in these plots lie above the zero bias line because zero is the lower
bound on random movement estimates� Figures �
"�� show biases in the directed movement
estimates for Seasons � and 
�

For the tests using the upwind scheme with CBC and the centered�space scheme with OBC�
an alternative presentations of results is given� Figures �� and �� are composed of four
plots showing the mean of the estimates for random movement and associated error bars of
length two standard deviations� and two plots showing the estimate mean and error bars for
directed movement� The plots contain a legend giving the true values of directed or random
movement for each region� taken from Table ��� Results for random movement in Season �
are not as accurate as for the other seasons and the error bars show they are less certain

the reason for this is not known but our experience is that random movement estimates
are easier to predict correctly if both directed and random movement are included� The
movement parameters for Regions 
� � and � are generally reproduced with good accuracy�

����� E�ect of altering reporting rate

A reporting rate R of ���� has thus far been used for the simulations� Realistically� however�
reporting rate is less than perfect� To gauge the e�ect of altering R� the upwind CBC and
centered�space OBC experiments were rerun with R � ���� and R � ����� As one would
expect� the estimates obtained are generally less accurate and less reliable �i�e� the error bars
broader� for lower reporting rates� Partial results for movement estimates in Season 
 and
Regions 
� � and � are given in Figure ���

The e�ect on recapture percentages is essentially linear� as can be seen in Table ��� Both
schemes predict similar recapture percentages for the nearshore �eets� For the TTLL and
MMLL �eets� the centered�space scheme predicts fewer recaptures than does the upwind
scheme at higher values of reporting rate
 for the handline �eets� centered�space predicts
generally more recaptures�
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Figure ��� Mean estimates and error bars for random and directed movement using �top�
upwind CBC and �bottom� centered�space OBC schemes with di�erent reporting rates� Re�
sults are given for Season �� Regions �� 
 and �� using reporting rates of �L to R in each
plot� 
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� and ����� True values are marked�
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Scheme BC�s R SL TL ML TR iHL oHL
P

� F

UP Closed ���� ���� ��
� ���� ���	 ���� ���� ���
 �����

���� ���� ���	 ���	 ���� ���� ��	� ���� �����

���� ���
 ���� ���� ���� ���� ���� ���	 
���


CS Open ���� ���� ���� ���� ���� ���� ���� ���� ����


���� ���� ���
 ���� ���� ���� ��	� ��	� �
���

���� ���� ���	 ���� ���� ���� ���� ��	� 
����

Table ��� Recapture percentages predicted using reporting rates R of ����� �
� and 
���
Subtotals may not sum to the total percentage given because of rounding errors�

����� E�ect of altering tag release numbers

Now consider the e�ect on parameter estimates and recapture percentages as the tag release
rate at each site is increased from ����qtr ����� total� to ����qtr ����� total� and to �����qtr
������ total�� Once again� only partial results for movement parameter estimates in Season 

and Regions 
�� and � will be given �see Figure �	�� The results again illustrate the general
�nding that the true value is predicted with progressively greater accuracy and greater
certainty as release numbers are increased�

The e�ect on recapture percentages is again approximately linear� as seen in Table �
 and
again the centered�space scheme predicts generally fewer longline recaptures�

Scheme BC�s Releases SL TL ML TR iHL oHL
P

� F

UP Closed ����� ���� ���� 
��� ���� ���
 ���
 ����� ������

���� ���� ��
� ���� ���	 ���� ���� ���
 �����

���� ���
 ���� ���� ���� ���� ���� ���	 
���


CS Open ����� ���� ���� 
��
 ���� ���� ���� ����� ���	�


���� ���� ���� ���� ���� ���� ���� ���� ����


���� ���� ���	 ���� ���� ���� ���� ��	� 
����

Table �
� Recapture percentages predicted as release numbers are increased� Subtotals may
not sum to the total percentage given because of rounding errors�

In Section ��� it was suggested regarding the scatter diagrams of standardized bias estimates
of �eet catchability versus corresponding �eet recaptures that one might expect the minor
axis of the ellipse distributions to increase as the total number of releases is increased�
Figure 
� shows that this seems to be so� The e�ect is more evident with the centered�space

�
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Figure �	� Mean estimates and error bars for random and directed movement using �top�
upwind CBC and �bottom� centered�space OBC schemes with di�erent release strategies�
Results are given for Season �� Regions �� 
 and �� using release rates increasing �L to R in
each plot� from �
��qtr to 
���qtr to �����qtr� True values are marked�

��



simulations� suggesting that this scheme is more likely to produce estimates closer to zero
than the upwind scheme� with the same number of releases�

����� Modeling 	eet interactions

Finally� if it is assumed that �eet�wise tag recapture percentages can be interpreted as
yellow�n catch percentages� then �eet interactions can be tested by selectively removing
�eets from the simulations�

The predicted e�ect of manipulating �eet composition on recapture percentages is shown in
Table ��� If the o�shore handline �eet is removed� the predicted catches of the remaining
�eets vary according to the scheme used� One might expect the catches of the remaining
nearshore �eets �TR and iHL� to increase but there is very little change
 instead� both
schemes predict an increase in catch by the TTLL �eet �TL� and a decrease in MMLL catch
�ML�� The reason for this is that both the TTLL and MMLL �eets are active at and near
Cross seamount �for example� see Table 
� with the MMLL �eet having three times the CPUE
�Table 	�
 with the o�shore handliners excluded� the MMLL �eet picks up proportionally
more of the available tuna�

Scheme BC�s SL TL ML TR iHL oHL
P

� F

UP Closed ���� ��
� ���� ���	 ���� ���� ���
 �����

���� ��
� ���� ���� ���� � ���
 �����

� � � ���� ���� ���� 
�

 ��
��

� � � ���	 ���� � ���� ��
��

� � � ���� � � ���� ����	

� � � � ���� � ���� ��
��

� � � � � ���� ���� 
���

���	 ��
� ���� � � � ���� 
���	

CS Open ���� ���� ���� ���� ���� ���� ���� ����


���� ��
� ���� ���� ���� � ���� �����

� � � ���
 ���� ���� 
�
� �����

� � � ���
 ���	 � ���� ����	

� � � ���� � � ���� �����

� � � � ���� � ���� �
��


� � � � � ���
 ���
 ����

���� ��
� ���� � � � ���� 
����

Table ��� Recapture percentages predicted by experiments in which �eets are selectively re�
moved� Subtotals may not sum to the total percentage given because of rounding errors�
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Figure 
�� Standardized bias estimates for �eet catchability versus corresponding �eet recap�
ture number using �top� upwind CBC and �bottom� centered�space OBC schemes with release
strategies �L to R in each plot� increasing in increments of �
��qtr from �
��qtr ����� total�
to �����qtr ������ total��
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If the longline �eets are removed� both schemes predict that o�shore handline catch increases
while that of the trollers remains about the same
 the upwind scheme predicts a higher
inshore handline catch� Using the upwind scheme� o�shore handline catch increases 
���
while the centered�space scheme predicts a ���� comparative increase� Thus the loss of
catch to the o�shore handliners due to longline operations is predicted to be 
���� If� in
addition� the o�shore handliners cease operations� both schemes predict about a �� increase
in inshore handline catch with little or no change to troll catch�

If just one of the nearshore �eets �troll� inshore handline or o�shore handline� is in operation�
that �eet understandably achieves a greater catch than when all �eets participate�

Finally� the e�ect of troll and handline operations on longline operations can be estimated
by removing the former� Disregarding SSLL catches� since these are small� both schemes
understandably predict an increase in MMLL and TTLL catch�

In percentage terms� the e�ects of �eet interaction are not high using the current movement
hypothesis� certainly not as high as ���� This may suggest that the yellow�n population is
so large that it is easily able to withstand present rates of exploitation or that our movement
hypothesis is inaccurate
 our predictions may also be strongly tied to our estimates for
catchability� These and other possibilities can be resolved by carrying out an actual tagging
experiment�

In terms of numerical modeling� the selection of numerical scheme may be important� Per�
haps a higher order scheme should be used� as suggested in Section ���� to obtain more
de�nitive predictions�

� Recommendations

��� Spatially variable random movement parameter

The original approach of Sibert and Fournier ��		
� was to use a global constant D as the
random movement parameter
 Sibert et al� ��		�� improved this model by allowing D to vary
spatially but they did not consider it to consist of components Dx and Dy as Equation ���
allows� Such an extension of the programs would be straight�forward and may extract more
information from the available data about behavioral movement at the expense of only one
additional parameter evaluation per model region�

��� Catchabilities

The �eet speci�c catchabilities qf were developed from global values of �eet CPUE but are
applied to monthly varying e�ort �elds to obtain estimated catch� Estimates of catch re�
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�ecting the seasonality of actual catch could be obtained by developing monthly values of qf
from monthly CPUE values� The monthly variability in CPUE for each �eet is illustrated
in Figure 
� using the monthly indexed data sets
 while these plots are somewhat distorted
due to the inclusion of data values from outside the model region in the case of the longline
�eets� they illustrate the point that CPUE and therefore �eet speci�c catchability are more
accurately taken as monthly variables� Thus in some future version of the programs� catcha�
bilities should be incorporated as monthly variables
 an interim step might be to incorporate
them as varying quarterly�

��� Age structure

The problem with treating tags released at Cross in the same manner as those released at
Kauai and Hawaii is that they have di�erent mortality characteristics� Age structure could
be built into the model by assigning the younger tags from Cross a higher natural mortality
than the older tags at Kauai and Hawaii �and elsewhere�� On the other hand� they should
su�er a lower �shing mortality from the longline �eets that operate in the Cross region
 as
time progressed� surviving juveniles would grow and become more available to the longline�
troll and inshore handline �eets�

��� Tagging mortality

Modelling work on tag release�recapture experiments that involve the transportation of �sh
to a release site should include a �tagging mortality� parameter to quantify the probability
that a transported tag is likely to die sooner than a �sh caught� tagged and released on�site�
In the present work we assume there is no e�ect on the behaviour or mortality of �sh that
are caught� tagged and released�

��� Oceanic movement included as a background movement �eld

The drifter analyses of Flament et al� ��		�� for Hawaiian waters show that typical mean
oceanic surface currents are generally at least of the order of � Nm�dy and typical eddy
di�usivities are of the order of 
��� Nm��mo� Since these values are numerically the same as
those chosen to represent the behavioral movement of yellow�n in Hawaiian waters� it may
be necessary to try to determine if there is a correlation between oceanic and behavioral
movements of �Hawaiian� yellow�n� Work of this nature conducted at the SPC for both
skipjack and yellow�n in the western Paci�c suggests there is no signi�cant correlation� i�e�
that these tuna ignore the oceanic currents�

�	
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Figure 
�� CPUE by month for each �eet considered� These plots are based on data from
the monthly indexed data �les�catch is in numbers for the troll and handliners�and so
are slightly in error due to the inclusion of data values external to the model domain in the
case of the longliners� However� they illustrate the point that catch would be more accurately
estimated if the catchability coe�cients were treated as monthly varying parameters�
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It is possible to incorporate oceanic components of directed and random movement as a
background movement �eld� This background �eld would vary in space and time but can
be assumed to be the same from year to year� and would therefore not participate in the
parameter estimation process�

��	 Adopting a higher order numerical scheme

In overall terms� the centered�space scheme seems to give more accurate parameter esti�
mates with generally narrower error bars than the upwind scheme� This improvement is
obtained at typically double the computational cost compared to using the upwind scheme�
If computational expense is not a restrictive factor� the Peclet criterion is certainly so and
we recommend that a higher order scheme such as QUICKEST �Leonard� �	�	
 Abbott and
Basco� �	�	� be investigated� QUICKEST is third order and so does not su�er from the
Peclet restriction�

��� Improving the prediction of tag return numbers

The main problem with estimating the number of predicted tag returns with Equation ����
is that it uses N values from the start of month� This leads to over�estimation of the number
of recaptures in the vicinity of the release point because tags would be expected to rapidly
di�use upon release�

A more accurate discretization of Equation ���� than ���� is

YN jn��i�j � YN jni�j
�t

�
�

�

�
F n��
i�j�f � F n

i�j�f

� �

�

�
Nn��

i�j � Nn
i�j

�
�

That is� predicted tag numbers would be more accurately obtained using

bCi�j�t� t � �t� � �t
�




�
F n��
i�j�f � F n

i�j�f

� �
Nn��

i�j � Nn
i�j

�
� ���

	 Conclusions

The technique of comparing observed catch with an estimated catch based on �eet CPUE
�Section ���� is useful in identifying data anomalies� With it we discerned very high ratios
of estimated to observed catch in the original handline �eet data� verifying information
conveyed by NMFS about an �o�shore handline� grouping and clarifying its target domain�
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Examining Figures �� and ��� compiled using �		��	� data� suggests that a tagging program
of ��� releases per quarter at Kauai� Hawaii and Cross could not have been mounted by
the �shing industry of the day!not enough �sh were caught A sensible alternative is to
use a dedicated scienti�c vessel to catch and tag the �sh� simultaneously providing quality
control on the tagging operation�

The exponential formula ���� should not be used in movement studies� Equation ��	� is
both more accurate and computationally cheaper�

A multiple�site release strategy is preferable to a single�site release on the grounds that the
parameter estimates obtained are generally more accurate and more reliable�

Results from simulations using M � ���� suggest that both upwind and centered�space
schemes� with open or closed boundary conditions� produce good estimates under the chosen
movement hypothesis� Figures �� and �� show that the centered�space scheme generally
produces more accurate estimates with a narrower spread
 this is in spite of the fact that at
Peclet number �� the centered�space scheme is on the edge of its stable performance range�

When reporting rate is reduced� both the accuracy and reliability of parameter estimates
is reduced �Figure ���� This is expected since the parameter estimator needs recapture
information to do its job� Recapture percentages reduce in a linear fashion �see Table ����

Similarly� as tag release numbers are increased� the accuracy and reliability of parameter es�
timates is increased �Figure �	�� The e�ect on recapture percentages is again approximately
linear �see Table �
��

Using �eet�wise tag recapture percentages as surrogate catch percentages� �eet interactions
can be tested by selectively removing �eets in the simulations �see Table ���� If the longline
�eets are removed� both numerical schemes predict an increase in o�shore handline catch
but only by 
��� using the current movement hypothesis
 troll catch stays about the same
and the schemes di�er in their prediction of changes to inshore handline catch� On the other
hand� in the absence of the o�shore handliners� longline catch is most a�ected with the
TTLL �eet bene�ting by ���� and the MMLL �eet losing at least �� of their catch�

In percentage terms� the e�ects of �eet interaction are not high using the current movement
hypothesis� certainly not as high as ���� This may suggest that either the yellow�n pop�
ulation is so large that it is easily able to withstand present rates of exploitation or that
our movement hypothesis is inaccurate� These and other possibilities can be resolved by
carrying through with the tagging experiment� Also� to resolve some of the aspects of �eet
interaction� it is clear that it matters which scheme is used� To get reliable predictions� it
may be necessary to go to a higher order scheme than the centered�space scheme� such as
the third order scheme QUICKEST �Leonard� �	�	��
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Appendices

���� Species mix data for o�shore handliners

Table �� shows bigeye�yellow�n species mix from observations of catch from �� o�shore
handline trips� Tables �� and �� show the percentages of HDAR data for Cross and Finch
weatherbuoy coded as �yellow�n� and bigeye�

Year Month � BE Year Month � BE
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Table ��� Percentage bigeye �� BE� observed in �� o�shore handline trips�

���� Non�physical di�usion from upwind di�erencing

It is well known that upwind di�erencing of the advection terms introduces numerical
or �non�physical� di�usion� also referred to as �computational� or �arti�cial viscosity�
�O�Brien� p����� �	���� In fact� O�Brien states� �It is very popular in meteorology and
oceanography because of the ease of implementation� However� this author strongly opposes
the use of upstream di�erencing because it is a very dissipative �nite di�erence scheme�� To
examine the cause of this e�ect� we omit the physical di�usion terms of Equation ��� and
consider only pure advection�

�N

�t
�
�uN

�x
�
�vN

�y
� ��
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Table ��� �

��
�� HDAR coded �Yellow�n� and Bigeye at Cross and Finch weatherbuoy�

For the case u � � and v � �� we construct the ADI scheme for this equation� During the
�rst half time step� updating in the x direction�

N
n� �

�

i�j �Nn
i�j

��t���
�
ui�jN

n� �
�

i�j � ui���jN
n� �

�

i���j

�x
� �vi�jN

n
i�j � vi�j��N

n
i�j��

�y
�

where superscripts indicate time level and subscripts indicate horizontal position using the
Cartesian framework� During the second half time step� updating in the y direction�
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Table ��� �

��
�� HDAR coded �Yellow�n� and Bigeye at Cross and Finch weatherbuoy�

Adding these equations gives the �nite di�erence approximation for time levels n to �n� ���

Nn��
i�j �Nn
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�
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�y
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Clearly the overall scheme is time centered� �Because of the use of upwind di�erencing it is
not� however� space centered� In addition� although the scheme is time centered� the time
centering is asymmetric with respect to x and y in the advection terms� in the di�erencing
for the v advection term the approximation �

�
�Nn��

i�j � Nn
i�j� for N

n����
i�j has truncation error

O��t�� whereas the term N
n����
i�j in the di�erencing for the u advection term is accessed

directly
 in order to make the scheme time�symmetric for the advection terms it is necessary
to reverse the direction of computations and compute the �rst half time step in the y direction
and the second half time step in the x direction��
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Expanding in a Taylor series about N � N
n� �

�

i�j �and u � ui�j� v � vi�j� we �nd that Equation
�	� is consistent with the following partial di�erential equation�
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The numerical di�usion terms are those in square brackets
 numerical di�usion increases
with grid element size� These are �rst order terms which also constitute the leading term
of the truncation error for the upwind scheme� The reason for the appearance of v and
�v��y among the time derivative terms is the temporal asymmetry mentioned above in the
di�erencing of the advection terms�

Neuman ��	��� p����� and Noye ��	��� p����� report that the masking e�ect of physical
di�usion by numerical di�usion can be reduced by taking a grid su�ciently �ne� and they
cite Lantz ��	��� in this regard�

���� Half time step discretizations

In the case of upwind di�erencing� the �rst ADI equations can be expressed as
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The �rst ADI equation in centered�space form is�
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���� Mathematical requirements for non�negativity

Noye ��	��� shows that any implicit ��point ��level �nite di�erence formula in the form

�n��i � d���
n��
j�� � d��

n��
j�� � e���

n
j�� � e��

n
j � e��

n
j�� ����

has non�negative solutions when it is strictly diagonally dominant and has non�negative
coe�cients� i�e� when

d�� � d� � � ����

and

d�� � �� d� � �� e�� � �� e� � � and e� � � � ��
�

These are not necessary conditions
 in some cases the numerical solution can be non�negative
even if some of the coe�cients are not�

To write� for example� Equation ���� in the form ����� move the o��diagonal terms on the
left hand side of ���� to the right hand side and divide through by the coe�cient of the
�remaining� diagonal term on the left�
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���� Predicted number of tag returns

If the yield of tags in numbers is YN � the rate of yield is �Beverton and Holt� p���� �	���

�YN
�t

� FN� ����

where F is the Fishing Mortality coe�cient and N is the number of tagged �sh� given by
the solution of Equation ����

An approximate solution of ��� which is readily calculated but� unfortunately� ignores the
movement of the tags� can be obtained as follows� �� � � if the mortality coe�cients are much
greater than the transport coe�cients the abundance of �sh in any area is largely determined
by the former� �Beverton and Holt� p����� �	���� In such a case

�N

�t
� �ZN

and the corresponding approximate solution of ��� is

N�t� � N�e
�Zt � ����

The form of this solution holds for each tag cohort released� The rate of yield is therefore
approximately

�YN
�t

� FN�e
�Zt �

where N� changes with each release� Assuming that the value for N� is up�to�date� integration
over the period �t� t � �t� gives

YN�t � �t�� YN�t� � F

F � M
N�e

�Zt
h
�� e�Z�t

i
�

The left hand side expression is the predicted number of tags caught� bC�t� t � �t�� so

bC�t� t � �t� � F

F � M
N�t�

h
�� e�Z�t

i
� ����

Tag returns may be calculated in this manner if mortality e�ects dominate transport e�ects�
If transport is signi�cant� a formula inclusive of such e�ects should be used�

In principle� a solution of Equation ���� for tag yield that includes both mortality and trans�
port e�ects can be obtained because Equation ��� can be solved numerically with arbitrary
accuracy� Consider the following �nite di�erence approximation for Equation �����

YN jn��i�j � YN jni�j
�t

� F n
i�j�fN

n
i�j � ����

��



which can be reformulated as

bCi�j�t� t � �t� � �tF n
i�j�fN

n
i�j � ��	�

This formulation is used in the present work for determining the predicted number of tags
caught
 Nn

i�j denotes the number of tags in cell �i� j� at the start of the month� A correction
factor to account for �eet reporting rates �f is further incorporated to give Equation ���� The
estimate is calculated once per month so �t � � is used� See Section ��� for a recommended
formulation based on semi�monthly values of F and N �

Calculation ��	� is not only more accurate than ���� but is quicker to compute since it
eliminates a computationally expensive exponential computation for each bin for every month
of a simulation�

���	 Seasonal oceanographic �ow patterns from a numerical model

Qui et al� ��		�� have provided a sequence of oceanographic surface �ow patterns which
con�rm that the North Equatorial Current has a north�south migration over a period of a
year �see Figures 
�"
��� These �ow patterns have been taken from a numerical simulation
and have been substantiated by the results of drifter data produced by Flament et al� ��		���

���� Complete results of �� tests

The plots in Figures 
���� summarize the analysis of estimates obtained from �� simulations
of �� numerical experiments� The �� experiments arise from considering three natural mor�
tality values� two �nite di�erence schemes and two ways of de�ning boundary conditions� In
order to easily compare the results� a standardized bias statistic has been created for each
variable� This statistic has unit standard deviation
 its distribution is plotted and shows the
bias of the estimates relative to zero� the unbiased value�

��



Figure 
�� Mean oceanographic surface �ow for Summer �Season �� from a numerical model
of the north Paci�c due to Qui et al� ��

���

Figure 
�� Mean oceanographic surface �ow for Fall �Season �� from a numerical model of
the north Paci�c due to Qui et al� ��

���
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Figure 

� Mean oceanographic surface �ow for Winter �Season �� from a numerical model
of the north Paci�c due to Qui et al� ��

���

Figure 
�� Mean oceanographic surface �ow for Spring �Season �� from a numerical model
of the north Paci�c due to Qui et al� ��

���
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Figure 
�� Distribution of standardized bias for mortality estimates based on 
� simulations
of �� numerical experiments �M�Natural mortality� SL�Sword�sh LL catchability� � � ���
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Figure 
�� Distribution of standardized bias for random movement estimates in Season �
based on 
� simulations of �� numerical experiments� RM��Random movement in Season
�	 region identi�ers are given on the x�axis�
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Figure 
�� Distribution of standardized bias for random movement estimates in Season �
based on 
� simulations of �� numerical experiments� RM��Random movement in Season
�	 region identi�ers are given on the x�axis�
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Figure 
	� Distribution of standardized bias for random movement estimates in Season �
based on 
� simulations of �� numerical experiments� RM��Random movement in Season
�	 region identi�ers are given on the x�axis�
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Figure ��� Distribution of standardized bias for random movement estimates in Season �
based on 
� simulations of �� numerical experiments� RM��Random movement in Season
�	 region identi�ers are given on the x�axis�
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