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Abstract. Data from tag and recapture experiments are important sources of
information about the dynamics of fish populations. Such experiments are expensive
to conduct, so it is important to know, at least in theory, whether the data collected
will be informative about the processes of interest. Models based on diffusion-
advection-reaction equations are used to generate hypothetical distributions of
tagged fish under simple assumptions about tuna movement, mortality and fishing,
" and under different tag release strategies. These distributions are treated as
expected values of a random variable and used to generate samples of recaptured
fish. The recapture samples are analyzed and the estimated model parameters are
compared with their “true” values to assess the accuracy of the procedure.

Introduction

Knowledge of rates of fish population growth, move-
ment and death is central to the rational management
of fisheries. This information is used in models of pop-
ulation dynamics to estimate whether a fish population
can sustain exploitation and whether the effect of fish-
eries operating on remote fishing grounds may adversely
impact fisheries for the same species on local fishing
grounds (“fisheries interaction”). The release and re-
capture of tagged fish is an important tool used by fish-
ery biologists to estimate the parameters of population
dynamics models. Tagging experiments for tunas typ-

ically involve the release of many thousands of tagged .

fish from vessels operating on the high seas and can
be very expensive. It is therefore useful to attempt to
know in advance whether such expensive experiments
" are feasible. The purpose of this study is to assess the
feasibility of mounting a tuna tagging experiment for
the yellowfin and bigeye tuna fisheries in the Exclusive
Economic Zone of the State of Hawaii. We will attempt
to answer the following questions: (1) how many fish
must be tagged? (2) where are the best release sites?
(3) can population dynamics parameters be accurately
estimated from the expected numbers of recaptures?
Considerable progress has been made in recent years
in the application of diffusion-advection-reaction mod-
els to describe the population dynamics of tunas. These
models have been extended to create maximum like-
lihood procedures for estimating population dynamics
parameters from tagging data (Sibert et al. 1996). We
have used these models in Monte Carlo simulations to
attempt to address the questions posed above (Bills and
Sibert, 1997).
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Methods

The aggregate density of tagged tuna (V) at a point
is assumed to satisfy the following partial differential

equation
ON 0 0 0 ON

0 ON
+— (D= )-N E; — MN
61/( 31/) zf:qf d

where Ey is the observed fishing effort of fleet f, gy is
a fleet specific proportionality constant or catchability
coefficient, and M is the rate of “natural mortality”
(mortality not attributable to fishing or migration).
The diffusive (D) and advective (u,v) terms in this
equation are intended to describe the net movement of
fish due both to their behavior and to components of
passive transport resulting from their occupation of a
moving fluid. Tunas are very strong swimmers and we
generally assume that the largest component of their
movement is behavioral. Therefore we regard the dif-
fusive terms as descriptions of random components and
the advective terms as descriptions of directed compo-

- nents of behavior.

Boundary and initial conditions are required to com-
plete the specification of equation (2). Either closed or
open boundary conditions can be used. Closed con-
ditions should be specified around islands and along
continental coastlines. Closed conditions along exter-
nal model boundaries should also be specified if the en-
tire habitat is modeled or if there is strong reason to
believe the tags do not venture outside the model re-
gion. In this case, a reflection condition on N is used
together with an impermeability condition on the nor-
mal directed component of movement. Thus
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B_N = 0 and u=0
or
on eastern and western closed boundaries, and
8_N = 0 and v=0
Oy

on northern and southern closed boundaries.

These conditions can be used to ensure that tag num-
bers are conserved in the numerical model when both
natural and fishing mortality are zero.

Open boundary conditions should be specified along
external boundaries if a subset of the known habitat is
modeled and there is good reason to believe that fish
leaving the model domain do not return. In this case
the advective flux of tags across a given boundary is
assumed to be that of tags nearby; for example,

0
Oz
where b denotes a point on the external boundary and ¢
denotes an interior point next to the boundary. The dif-

fusive flux of tags near external boundaries is assumed
to be zero; for example,

uN| = —uN

y O

i

where ¢ again denotes an interior point close to the ex-
ternal boundary.
The initial condition used for N is

N(z,y,0) =

Y e N(zcyye,0;¢)  at release sites,
0 at other sites,

where N (2, Ye, 0;¢) is the number of tags released at
point (z.,y.) in tag cohort ¢ at time 0. In the case of
a cohort release s at a subsequent time ¢; and position
(s,ys), the density of tags at that point is assigned to
be the sum of its present value and the cohort contri-
bution, i.e.

N(Zs,Ys,ts) < N(Zs,Ysts) + N(Ts,Ys, ts; 8) -

Equation (2) is solved by finite difference approxima-
tion on a 25 x 30 grid with a spatial resolution of 60 x 60
nautical miles (Figure 1) and a time step of % months.
The alternating direction implicit (ADI) scheme (Press
et al., 1992) is used to solve the finite difference approx-
imation of (2). The ADI approach uses two implicit
sweeps of the model domain, the first in the = direction
over the first half time step and the second in the y
direction over the second half time step. The method
is unconditionally stable, meaning that local instabili-

0 D ON —0 ties are not amplified by the solution process. Further
or or /|, details of this application of the ADI method can be
found in Sibert and Fournier (1994).
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Figure 1. Regionalization of the Hawaiian model using 6 regions. K denotes the Kauai release
. site, H and C the Hawaii and Cross release sites.
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If n denotes the entry time level and (n + 1) the exit
- level, the time derivative in (2) is differenced as
ON|™t | N - Ny
ot |,; At ’
Subscripts 7 and j specify the spatial location of a grid

point as being (iAz, jAy); superscript n specifies time
nAt.

Upwind differencing is used to approximate the ad-
vective terms and takes the form
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Upwind differencing is robust but contributes nu-

merical dispersion (O’Brien, 1986) to the solution field

that may confound the estimation of the actual random
movement parameters from real tagging data. In spite
of this feature, upwind differencing is often used since it
has the advantage of not introducing negative tag densi-
ties. Upwind differencing may also be used in the early
stages of parameter estimation when parameter values
are either guessed or inferred from observation.
The diffusive terms are approximated by
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The numerical implementation of closed boundary
conditions for upwind and centered-space schemes dif-
fers only for the directed movement parameters. To il-
lustrate, consider the one-dimensional grid point lattice
of Figure 2. In the z direction, the reflection conditions
on N at each boundary have the numerical counter-
parts:

n
i,j—1

n
+N

NO = N1 and NI-H =N1.
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Figure 2. Grid setup showing grid point labels and
closed boundaries.

If upwinding is used, the impermeability condition is
differenced as
ug=0 and wu;=0 when u <0,
{u1 =0 and wur41=0 when u>0

and guarantees tag conservation in the absence of mor-
tality. If the centered-space scheme is used, the imper-
meability condition at both ends is differenced as

ug = —u; and Uy = —Us

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

Now suppose the closed boundaries in Figure 2 are
replaced by open boundaries. At the open left hand
boundary b, a second order convergent approximation
for the quantity u/V at position ¢ = 0 is used:

UON() = 2U1N1 - u2N2

and gives rise to a first order convergent approximation
for advective flux at the open boundary. If diffusive flux
in the z direction is assumed to be zero at ¢ = 1, the
implied boundary condition is

No(Do+ D1) = Ni(Do+ 2Dy + Ds)

—Na2(D1 + Do)

The initial conditions used are Ngj = 0 everywhere
except where there is a release of tags, when N is set
accordingly. For tag releases that occur after time 0,
tag density at the corresponding positions is reassigned
as the sum of the current and release values.

The observed distribution of fishing effort for 1991-92

" was used with different tag release strategies in the time

dependent solution of equation (2) to generate monthly
fields of tag recapture density. Predicted densities are
interpreted as expected values of a Poisson random vari-
able. Random samples were drawn from a Poisson dis-
tribution to generate replicate sets of simulated tag re-
capture data. Each of these recapture data sets was
analyzed by a maximum likelihood procedure to esti-
mate the parameters of equation (2). These estimated
parameters were then compared statistically with the
“true” values used in the simulation.

Solution of equation (2) requires specification of all
parameters at each of the 750 computational elements.
Direct statistical estimation of so many parameters
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