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A general method for analysis of movement data from tag returns is proposed which has four major components: 
(1 )  a population dynamics and movement model that describes how the number sf tagged individuals in each 
spatial location changes over time; (2) an observation model which describes how the tags are recovered and 
reported; (3) a likelihood function that specifies the likelihood of observing a specific number of recoveries in 
each spaceltirne stratum as a function of the number thought to be there under a specific set of parameters of the 
population dynamics, movement and observation models, and (4 )  a nonlinear function m~inimization computer 
algorithm. This approach is  applied to movements sf skipjack tuna (Euthynncrs pelamis). When tagging and 
recapture take place in each spatial stratum, reliable estimates of movement rates can be obtained. The approach 
described is completely general and can be used in cases where movement takes place continuously, or only 
once in the life history. Methods for determining confidence limits and evaluation of residuals are presented and 
extensions that include tagging mortality, tag shedding, and size specific vulnerability are discussed. 

klne rnethode g6nkrale d'analyse des donnkes portant sur les d4placernents i3 partir des bagues retournees est 
proposee : cette m4thode compte quatre 684rnents importants : (1) un modltle de rnouvernent et de dynarnique 
des populations qui d&rit comment la population constituee par le nombre de sujets marques dans chaque 
emplacement spatial, se transforme avec le temps; (2) un mod&le d'observaticsn qui decrit comment les bagues 
sont r$cupkrt5es et rapportks; (3) une fonction de vraisemblance qui determine la vra'asernblance de I'obsewation 
d'un nombre donnk de r4cup4rations dans chaque strate spatiale-temporelle en fonction du nombre qu'on estime 
&re prksent en vertu d'un ensemble precis de param$tres retenus pour les rnod$les de la dynamiques des popu- 
lations, des rnouvernents et des observations; enfim, (4)  un algorithme de minimisation de la fonction non lineaire. 
Cette approche est appliquee aux deplacements de la thonine (Euthynnus peiarnis) 3 ventre ragre. Avec le mar- 
quage et ie recapture dans chaque strate spatiale, il est possible d'obtenir des kvaluations fiables des taux de 
dbplacement. L'approche decrite est on ne peut plus g6n6rale et peut s'appliquer aux cas de dbplacernents 
continuels ou aux cas d'un seul dkplacernent dans la vie. bes rnkthodes utiliskes pour d6terrniner les iimites de 
confiance et l'~valuation des rksidus sont pr4sent6es; il est question aussi de la mortalit6 par rnarquage, de la 
p r te  des bagues et de la vulnerabilit4 associ6e B chaque taille. 
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M any animals are highly mobile. Individual birds, mam- 
mals, and fish have been known ta move over 18 000 
h and there are entire populations, such as grey 

whales and many arctic breeding birds, whose mnud migration 
cover sirnik distances. In some eases one can track such pop- 
ulations, or more rarely an individual, over long distances. More 
commonly, however, our knowBdge of long distance move- 
ments sf animals comes from tagging studies. 

This is particularly true of fish, where it is beyond current 
technology to track individuals very far. Tagging data tell us 
where tagged fish were released and where they were recovered. 
Since most large scale tagging studies rely on commercial cap- 
ture of tagged fish, multiplle recaptures of individuals are rare; 
the fish are either dead or too valuable to return to the water. 

Fisheries managers and biologists wmt to know the move- 
ment patterns of ppulations or individuals to assess the inter- 
action between fisheries in differeat spatial locations and to 
define the discreteness of stocks. Tagging studies, though, we 
often the only way to assess total stock size, natural md fishing 

mortality, so that determination of movement often becomes a 
secondary goal only. Nevertheless, there is now a lmge body 
of tagging data for fisheries around the world which provides 
the basis sf most of our cumrat howledge of fish movement. 

Once a fisheries biologist has collected tagging, data from a 
population, he must decide how to use this infomation to reveal 
fish movements. The most commonly used technique is to draw 
mows from where fish were tagged to where they were 
recovered. 

Occasionally more quantitative analyses are used. For 
instance, one can plot the distance travelled versus time since 
release (Sehaefer et al. 1961). One obvious problem in the anal- 
ysis of tag recoveries is that in areas without fishing effort no 
tags are recovered, or more generally, the number of recoveries 
is related to the fishing effort in that area* To compensate for 
this, recoveries per unit sf fishing effort are used rather than 
totd recoveries. The Inter-American Tropicd Tuna Comis -  
sion has analyzed tagging data in this way (BayBiff B979), using 
measures of directi~nd and random movement developed by 
Jones (1859, 1976). 
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A major problem with most of these methods of analysis is 
that no account is taken of the probability of capture between 
the time of release and the location of recovery. Few fish may 
be caught in a certain area simply because there is a high prob- 
ability of capture along the way. Secondly, the methods (with 
the exception of Jones' method) do not state a specific hypoth- 
esis about fish movement and &en attempt to estimate the 
parameters and validity of that hypothesis. Jones' method suf- 
fers because it allows only for random or simple directional 
movement. 

There has been remarkably little formal statistical work on 
analysis of movement data. Dmoch (1961) and Amason (1972, 
1973) exmimed spatially stratified capture recapture models, 
but only for the case with multiple recaptures. As noted in 
Schwaz and h a s o n  (1990), these studies assumed equal 
probability of capture in all areas. Further, these approaches 
me not applicable t s  most fisheries tagging studies in which 
individuals are recaptured once by a commercial fishery and 
recovered dead. Only recently has attention turned to using the 
traditional models md approaches of mark-recapture steadies as 
summ*zed in Bumham et al. (1987) on spatially structured 
problems with unequal fishing effort in the spatial strata. 

Ishii (1979) used a model of movement in which he specifies 
a Mmkovian movement model between geographic areas in the 
eastern tropical Pacific. He simulated the movement of tagged 
fish and used nonlinea minimization techniques to find the 
movement probabilities that minimize the difference between 
observed and expected number of recoveries in each spatial area. 
Ishii9s model includes natural mortality and tag shedding as 
parameters to be estimated simultaneously with movement. 

Sibert ( 8  984) modeled natural mortality, fishing mortality, 
md movement between two countries, Papua New Guinea and 
the Solomon Islands. He used tagging data to determine the 
mortality rates md exchange rates between the two counties. 
Like Ishii, he estimated the parmeters with least squares. 

These two papers constitute a new approach to the analysis 
of animal movement data, but are unknown beyond a small 
circle of tuna biologists. For example, in a major review of 
tuna movement patterns (Hunter et al. 1986), there is no ref- 
erence to Ishii's work. This is probably because Ishii's and Sil- 
bert's papers were published in rather obscrare locations as spe- 
cific case examples rather than general approaches. Recently, 
Schwxz (1988) and Schwarz and Amason (1998) described 
extensions of the traditional statistical analysis of mmk-recap- 
ture using explicit multinominal probability functions. 

En this paper I present a general framework for the analysis 
of mimd movement, natural mortality, and harvest from tag- 
ging data and show that Ishii9s and Sibert9s studies are special 
cases of the same approach. Their heuristic least squares 
approach is replaced here by a more rigorous maximum like- 
lihood method based on the Poisson distribution. Two examples 
are presented and a number of potential extensions and modi- 
fications of the method are discussed. The method I present has 
a number of significant features: (1) it is applicable to nearly 
any tagging study, (2) it requires no detailed statistical deri- 
vations, but relies instead on nonlinear search techniques to 
minimize a simple likelihood, (3) it is easily implemented on 
microcomputers with a few hours progmming time. 

General Framework 

I define the following symbols to be used in this section. 

T,, = the number of tags released from tag group i, area a, 
time t 

T = a matrix of all the T ,  values 
N ,, = the predicted number of tagged fish of group i pres- 

ent in area a at time t 
Ria, = the number of tags recovered from tag group i, area 

a, time t 
R = a matrix of R,, values 
R,, = the predicted number of tags recovered from tag group 

i, area a, t h e  t 
a = a matrix of R,, values 
x = a vector of parameters of the ppdat ion dynamics md 

movement model 
y = a vector of parameters of the observation model 
pid = probability of movement from area i to j 
Eat = fishing effort in area a, time t 
q, = catchability coefficient in area a 
h, = harvest rate in area a ,  time t ,  ( = E,, q,) 

A tag group i for r q  analysis is defined as a group of fish tagged 
in the same space awd time stratum, but could be extended to 
include size groups, sex, or whatever criteria are thought to be 
important in movement, survival, and pmbability of capture. 
In this analysis I write all equations in discrete space and time. 
The same models can easily be transformed to continuous equa- 
tions a d  solved in exactly the same fahion. 

My approach for the analysis of tagging data has four ele- 
ments: (I) a population dynamics md movement model, (2) an 
observation model, (3) likelihood of recoveries, and (4) a won- 
linem function minimization procedure. 

Population Dynamics and Movement Model 

A simulation model for the survival and movement of tagged 
individuals must be specified. This must include natural md 
fishing mortality as well as movement and could include tag- 
ging mortality and tag shedding. If fish vulnerability is size 
related, growth may need to be a specific part of this model. 

If we consider the dynamics in n meas, each connected by a 
Mxkovim exchange process, the following model could be 
used. 

Given the known tag releases T, the fishing efforts E,,, and 
the p and q values, we can predict how many individuals would 
be dive from each tag group in each area. While equation (1) 
does not explicitly allow for a survival from natural mortality 
term, natural mortality is implicit when the Xjpa9s for an area 
do not sum to 1.0. No allowance for higher mortality among 
fish that are moving is provided, but this also could be added. 

Observation Model 

A model is required that specifies the relationship between 
the tagged fish predicted to be in an area under equation (1) and 
the tagged fish that are actually captured and reported to the 
management agency. In its simplest f o m  this is the predicted 
number of tagged fish harvested, as taken from the population 
dynamics model, but can include nomeporting of tags, misre- 
porting, a d  tag loss. 

If we assume that harvest rate is proportional to fishing effort, 
md that all tags that are captured we returned, then equation 
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(2) below is the specific observation model for our n area M a -  
kovian movement model. 

Likelihood of Recoveies 

Given the tag release data, md the population dynamics and 
movement model of equation (I), we know how many tagged 
fish we expect to be in each area at eeah time from each tagging 
group. Using equation (2) we know how many recoveries to 
expect from each group, in each area, ?t each time. We thus 
have a matrix of predicted recoveries R for each tag release 
group by time md area. We also have a matrix of observed 
recoveries R. We want to calculate the likelihood of the 
observed recoveries R given the parameters of our population 
and observation models, &at is 

which using equations (1) and (2) becomes 

which is the product of a11 the individual likelihoods for each 
tag group, space, and time stratum. 

A statistical likelihood or probability model must be devel- 
oped that calculates the likelihood of the number of recoveries 
actually k ing  reported if the population dynamics and obser- 
vation models are true. 

There are two traditions in maximum likelihood estimation 
in the analysis of tagging dab. The rase of explicit multinomial 
calculations dominates; almost all of the methods described in 
Bumhum et al. (2987) rely on specifying an explicit model of 
tag survival and recovery, then writing the probability of recov- 
eries as an explicit multinomid of the pameters  of the model. 
The recoveries in each stratum are expected to be multinomidly 
dist.buted. The second tradition is found primarily in the use 
of generalized linear models (Chapman 1948; Comack 198 1 ; 
McCullagh and Nelder 1983) in which the number of expected 
recoveries in each stratum is expected to be Poisson distributed. 
My method follows this school. Because there is a Bow prob- 
ability of any individual tag being recovered in my spamitime 
stratum, the rnultinomid can be approximated by the Poisson. 

The Poisson distribution for an individual tag group, space, 
and time c m  be written as 

The total likelihood for all observed recoveries given the 
parameters of the population dynamics and obsmation models, 
md the number of tags released (T) is thus 

e -'iat RRiar 

(7) LNP, 9, ~ 3 ,  T) = n ]II n iat 

i a t  'iat' 

Nonlinear Function Minimization Procedure 

A nonlinear function minimization procedure is necessary to 
find the values of the population dynamics and observation 
models that maximize the likelihood of the observations given 
the parameters of the model. This type of computer program is 
common%y available on minicomputers and growing in availa- 

bility on micmcornputers. The standard reference is Bad (1 974) 
and an easily implemented BASIC computer program is 
described in Schnute (1982). 

Gomp*sern to Other Methods 

The above approach is quite sirnila to the Ishii (I 979) model, 
except it is much more general and uses maximum likelihood, 
rather than least squares. My approach is fundmentally an 
extension of the generalized linear model approach of Comack 
(198 I), but is extended in two ways. First, by adding a spatial 
dlirnension to the model we are able to estimate movement pat- 
terns. Second, the generaked linear model approach is quite 
confining in the models it can consider, and my approach breaks 
this confinement to allow mode%s that cmnot be written in a 
linear form by using a general nonlinear search algorithm 
instead of the computer code for linear models. However, the 
basic framework sf predicting recoveries in each sgaceitirne 
stratum is identical to that used by Comack. 

My approach is closely related to the multinornial maximum 
likelihood estimators for analysis of tag returns. The multinom- 
ial equivalent of equation (7) is (Seber 1982 page 131): 

where 

where mi is the number of tags from release group i that were 
never recovered. The numerator of the left hand tern is the total 
number of tags put out in group i ,  the first tern in the denom- 
inator is the product of all the actual recoveries for tag goup  
i, md the second tern in the denominator is d l  the tags never 
recovered. The tern v,,, is the proportion of tags of group i that 
are expected to be recovered in area a time t ,  and the tern wi 
is the proportion of all tags from group i expected to be not 
recovered. The rnultinomial likelihood is as easily implemented 
as the Poisson for the types of movement models described 
here. 

Thus, one can use my methodology, but instead sf following 
the school of Chapman, McCullagh md Nelder, and Comack, 
follow the rnultinomial approach which fills the pages of Seber 
(1982) and Bumham et d. (1987). We substitute the use of the 
multinsrnial likelihood for the Poisson. 

I have performed a number of Monte-Carlo experiments 
comparing the Poisson and multinomid approaches, and they 
produce effectively identical answers. The multinornial and 
Poisson will only differ when the probability of capture in a 
single space-time strata is not small. Computational conven- 
ience rather than philosophical viewpint should govern the 
choice of approach. 

This simulation approach represents a bredc with tradition. 
The normal approach is to algebraically derive the v and w val- 
ues. My approach calculates them by simulation. The simula- 
tion approach is primarily dvaneageous when the models 
become complex, as most movement models are. Indeed, the 
movement models with more than two spatial areas would 
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TABLE 1 .  Estimates of catchabilities (q's), md movement rates from 
the present analysis, Sibert (19841, md Kleikr et al. (1983). The other 
colum includes both natural mortality and movement to other areas. 
The Kleiber et al. analysis was done on a fishery-by-fishery basis md 
does not estimate movememt, ss  we call their t ~ t d  loss rate tern 'other7. 
The movement parameter from PNG to PNG is 2p,, = 0.7 1, move- 
ment from PNG to SOL is pa2 = 0.0001, movement from SOL to 
PNG is pSl = 0.04331, and the movement from SOL to SOL is 
paz = 8.9. 

Movement probabilities 
To 

- - 

From PNG SOL Other 

Present malysis 
PNC 8.7100 0.8Wl 0.2899 
SOL 0.0031 0. 0.0969 

Sikr t  (1984) 
~ P N G  0.mO1fN PNG 0.5900 0.0340 8.376 
q,,, = O.WW32 SOL 0,0130 0.9280 0.059 

P C 3  0.5300 0.470 
SOL 0.8400 0.160 

require enormous algebraic expenditure. The complexity of the 
algebra increases geometrically with both the number sf areas 
and the number of times, so that a seven area model with move- 
ment between each area for 20 time periods would not only be 
tedious, it would be impossible. This is much more satisfac- 
torily replaced with a few lines of computer program. 

A Two-Fishery Tag Exchmge M d e l  for Skipjack 
Tuna 

As a f is t  example I analyze the Papua New Guinea (PNG)- 
Solomon Islands (SOL) data presented in Sibert (1984). These 
two counties are major tuna fishing nations in the western 
Pacific. Fish tagged in each fishery were known to move to the 
other fishery, but also to different fisheries not included in the 
analysis. For simplicity, md unlike Sibert, we will ignore tag- 
ging mortality, tag shedding, md wonreporting of tags. The 
pspulation dynamics model is thus: 

where !Via,,,, is the number of fish from tag group i predicted 
to be alive in area a at time t + 1 ,  h,, is the fishing mortality 
rate in area 1 at time t, Gar is the number of tags released for 
tag group i in area a at time r, and the pt0 s are the proportion 
moving from one area to mother. In this analysis there are two 
tag groups; one group released in Papua New Guinea, md one 
group released in the Solomon Islands. Eat is the fishing effort 
in area a at time P, md q, is the catchability coefficient in area 
a.  

Note that implicit in this model is the potential for the p's 
for each area to not add to % because of movement to other areas 
and natural mortality, which are indistinguishable. If, for 
instance, p, ,  + p, ,  = 0.72 (as they do in Table 1) then 28% 
of the individuals either die to natural mortdity or move to areas 

TABLE 2. Estimated fishing mortalities, cakhabilities, md movement 
probabilities for seven-fishery model. Fishmy codes are PAL = Palau, 
YAP = Yap, INT = Intemtional waters between the Federated States of 
Micronesia (YAP, TRK, PON), Palau, PNG, and Indonesia, 
TRK = Tmk, PON = Ponape, PNG = Papua New Guinea, 
SOL = Solomon Islands, OTH = loss of tags to other areas and natural 
mortality. For d l  countries except PNC md SOL the fishing mortality 
(F) is estimated (effort assumed constant at 1 .0; for PNG md SOL the 
catchability coefficient q is estimated since effort data were available). 
If a 0 appears in the movement probability table, it means that these 
countries are not adjacent and no direct exchange rate was estimated 
unless m " appears, in which case it means the best estimate was that 
no exchange occurs between countries. The lower portion sf the table 
constitutes the p m a t ~ x ,  with the exception of the "other" column 
which is calculated as one minus the sum of the other m l u m s  for each 
mw md represents both natural mortality a d  movement to other areas. 

PAL YAP N T  TRK W N  PNG SOL 
F or q ,0049 .OW3 .OM6 -66854 .0065 .MI012 . 

Probability of movement 
To 

From P A  YAP DJT T M  PON PNG SOL OTH 

PAL 0.677 0.047 0.107 0 O 0 0 0.168 
YAP 0.008 0,707 0.032 0.041 0 0 0 0.211 

0.008 0.6941 0.808 0.100 0.00" 0.034 0 69.068 
TRK 0 0.066 0.827 0.635 0.084 0 0 0.18% 
KIN 0 69 0 0.082 0.683 8.W* 0 0.235 
PNG 0 0 0.052 0 0.W* 0.600 0.013 0.336 
SOL 0 0 0 0 0 0.024 0.873 0.124 

other than the Solomon Islands. There are thus six parameters 
to be estimated in the population dynamics model, fourp's and 
two q9s. These may be confounded. 

The observation model is: 

which has no additional parmeters beyond those in the popu- 
lation dynamics model. I assume that 100% of the tags were 
returned, and use the Poisson likelihood function as the 
likelihood. 

This analysis (Table 1) differs from the analyses of Sikrf 
(1984) primarily in that my estimated loss rage in PNG is con- 
siderably Iswer. This is probably due to the use of the maximum 
likelihood estimator which assigns more weight to the few 
recoveries that took place more thm a year after marking. 

Edensiesn to Seven Fishe~es 

We can expand the previous analysis to include a much larger 
geographic m a .  The skijack survey a d  assessment pro- 
gramme sf the South Pacific Commission tagged over 156 008 
skipjack tuna throughout the western Pacific from 1977 to 1981 
(Keamey 1983). Figure 1 shows the p a t  of the western Pacific 
under consideration. Skipjack were tagged in all jurisdictions 
except Indonesia in Fig. 1 and most tags were recovered in this 
area. Tagging and recoveries from Fiji are the ma~or data 
excluded from the current analysis. 

The model for this analysis is the general n area Makovian 
model given in equation (11, and is the same as the two area 
model of the previous section except instead of two-fishery 
exchange we consider seven fisheries. Because not all fisheries 
are contiguous with one another, we onHy estimate the exchange 
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FIG. I .  Map showing major tuna fishing countries of western Pacific used in seven-fishery tag analysis model. 

rate between contiguous fisheries, which reduces the number 
sf movement parameters to be estimated from 7 x '8 = 49 to 
25. We thus assume that it takes a minimum of 2 mo for a fish 
to move from one area to a noncontiguous area. No fish are 
known to have moved between noncontiguous areas in a I-mo 
period and with the movement rates between contiguous areas 
generally low (< 0.10 per month), noncontigusus movement 
in % mo is unlikely enough to be safely ignored. Fishing effort 
data were available for PNG and SOL only, so I assumed effort 
was constant at 1.0 in all other areas. The q estimated for the 
other counties becomes, in fact, the monthly fishing mortality 
rate. Even in PGN md SOL, the effort data were not complete 
over the time period of tagging and recovery (October 197'8- 
December 198 1 ). 

Data 

I defined each tag group as fish released during a single month 
in a specific fishery. During the skipjack program there were 
28 tag groups in the area considered in this analysis. Fish were 
tagged in all areas except international wafers. All release, 
recovery, and effort data are available from the author. 

We consider only recoveries from the seven countries 
included in this model. There were recoveries outside the 

region, particularly a few tags from Pdau and PNG recovered 
in Indonesia, but these were ignored and in effect become 
another f s m  sf unaccounted for disappearance that includes 
natural mortality md movement to other aeas. 

The fishing mortality rates (Table 21, are about 0.005 per 
month, a figure consistent with previous estimates for countries 
other than PNG and SOL. The catchabilities for PNC and SOL 
are close to the previous estimates from Table 1. The movement 
probabilities show no great suplpkses, but are very interesting 
nevertheless. The results for PNG and SOL are essentially the 
same as we found in the two area model; indeed these countries 
seem remarkably isolated from the rest of the western Pacific. 
BNG has an extremely high loss rate, beat the tags do not seem 
to go to the other countries considered in this model. Seven fish 
tagged in PGN were recovered in Indonesia, but these recov- 
eries were not included in the analysis since we have no knowl- 
edge of the time pattern of fishing effort or probability of tag 
returns from Indonesia. 

Loss to natural mortality a d  other areas is rather low; with 
the exception of PNG it is usually below 25% per month. Klei- 
ber et al. (1983) estimated the natural mortality rate over the 
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e n t k  skipjack data set at 17% per month. If one believes in a 
uniform natural mortality rate for skipjack, then the very low 
total loss rates from SOL, international waters, Tmk, a d  Palau 
would suggest that the natural mortality rate must be much 
lower, perhaps mound 10% per month. 

Potential Modifications 

Generalization of Population Dynamics and Observation 
Models 

The models presented so far have been discrete Mxkovian 
movement models. The basic approach can be generalized to a 
very wide variety of models, which can be written as: 

where f is the population dynamics model, the parameters of 
which could include natural mortality rate, vulnerability to 
fishing gear, and movement probabilities, as well as tagging 
mortality, tag shedding, and growth. In the simplest case, for 
a single release group in each area, the subscript Q denotes m a  
sf tagging, but could include time of tagging, size at tagging, 
etc. 

The observation msdel can be generally written as: 

where $s are the parameters of the observation model that could 
include tag return rates and tag reading error. 

The seven-fishery msdel presented earlier could easily be 
modified to represent a general geographic square model, where 
any size geographic units were used. For tuna, a 5" square basis 
might be appropriate. Many tuna agencies, particularly the 
Inter-American Tropical Tuna Commission (IATTC) have 
databases on tagging, recaptures, and efforts that may well be 
amenable to this type of analysis. 

A number of alternative models would be possible with this 
type of geographic data. The simplest would be a difhsiora 
model with one movement parameter and one survival rate to 
estimate. In discrete f o m  (and ignoring harvesting) this could 
be written: 

where d is the proportion of individuals that move from one 
square to an adjacent square each time period and s is survival 
from natural mortality. This representation is a finite difference 
approximation to the normal two dimensional diffusion 
equations described extensively in Okubo (1988) and used to 
model tuna movement in Hilbom (1987): 

The parameter D is the andog of d from the finite difference 
equztions . 

For discrete square models, a slightly more refined movement 
model would be one in which there were four movement 
parameters to be estimated: the proportions moving to the square 
to the north, the square south, the square west, m d  the square 
east. This would include the possibilities of diffusion connected 
with a general drift model. Note that both of these geographic 
movement models would require very few parameters to be 

estimated relative t s  the more complex movement model used 
for the seven-fishery model. 

A further extension of the geographic square model (or any 
movement model) would be to dlow for temporal or spatial 
stratification. Thus, in the seven-fishery model we csuld have 
stratified the year into two periods and used different movement 
probabilities for each time of year. This would produce a rather 
large number of parameters in the seven-fishery model, but for 
the simpler geographic square models discussed in the 
preceding section, one could include seasonal variation in 
movements without too many parameters. This type of analysis 
might be most useful for tmly migratory species that engage in 
an annual north-south movement. North Pacific albacore tuna 
(Thunnas alalunga) are a possible example. 

Spztid stratification would also be possible. For instance, in 
the eastern Pacific, fish marked close to land appear to move 
less than those marked far at sea. One might use the general 
directional diffusion model discussed in the preceding section, 
but spatially stratify the geographic area into three to six areas 
with different movement parameters. While the calculations 
might remain on a 1 or 5" basis, the movement pxameters would 
be stratified on a larger and biologically more meaningful scale. 

Size-Specific Probabilities of Capture 

In some fisheries, particularly gillnet fisheries, the proba- 
bility of capture is size-specific, Nick Dow (Victoria Depart- 
ment of Fisheries, Queenscliff, Victoria, Australia) has been 
using similar models to those described in this paper, where he 
estimates simultaneously the size selectivity, growth, move- 
ment, natural and fishing mortality. This requires treating each 
individual fish as a tag group, since each fish has a unique size 
and will therefore have unique capture and growth probabilities. 

Tag Mortality, Shedding, m d  Nonreporting and Confounding 
of Parameters 

Three common problems with tag analysis are the potential 
for tagging mortality, tag shedding, and nonreporting of tags. 
In the models described above we have ignored these problems. 
However, they can be incorporated in a very straightforward 
manner. 

Tag mortality csuld be considered by adding one additional 
parameter: the number of tags released and followed through 
the simulation would be the number actually released times 1.0 
minus the tagging mortality rate. 

Tag shedding could be considered by adding an additional 
parameter, yet it is nomally indistinguishable from natural 
mortality. The method to determine tag shedding is to use dou- 
ble tag experiments, which could also be easily added to our 
analytic framework. There will then be the likelihood of 
recovering one and two tags from doubly tagged individuals. 
Nonreporting of tags could also be an additional parameter to 
be estimated, but this is algebraically indistinguishable from 
tagging mortality. Both are normally (Kleiber et al. 198%) esti- 
mated as a single parameter. 

While it is conceptually and practically straightforwad to 
add tag mortality, shedding, and nonrepsrting , these parame- 
ters will nomally be highly or totally confounded with fishing 
mortality, natural morta%ity, and movement. Similarly it is the- 
oretically possible to estimate temporal variation in natural mor- 
tality or catchabilities, but in practice these may prove difficult 
if not to impossible to identify. 
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TABLE 3. Parmeter come%atisns for two-fishery mode1 estimated by inverse Hessian method. 

SOL-4 G!2 - 0.09 
PNG-FNG p , - 0.83 Q.ll 
PNG-SOL p, ,  8.22 - 0.07 - 0.26 
SOL-PNG p,, - 0.09 0.20 8.01 - 0.08 
SOL-SOL p,, -0.09 - 8.83 - 0.10 -0.12 - 0.25 

Confidence Intervals 

We would clearly like some idea of our confidence in the 
parameters estimated from these analyses. 1 can suggest two 
possible approaches. The first is the use of the inverse-Hessian 
matrix as a linear approximation to the confidence intervals 
(Bad 1974). This method looks at the derivative of the likeli- 
hood function with respect to the parameters. If the likelihood 
is insensitive to changes in the parameter, the confidence inter- 
val for that parameter is large. Table 3 shows the parameter 
correlations for the pameters  estimated in our two-fishery 
model. There is reasonably little parameter confounding (high 
con-elations), except between the q values and the proportion 
staying in each fishery ( - 8. $3 in each case). The variance- 
covariance matrix that emerges from this approach does not 
directly provide confidence intervals, although it does provide 
a good feeling for our understanding of parameter values anad 
a computational framework for estimating true intervals. 

The second possible approach would be some form of boot- 
strap analysis (Efron 1982). These methods appear to be highly 
reliable but are computationally intense and would require a 
few hundred mns of the estimation procedure. This may not be 
practical for most of the movement analysis we would want to 
consider because each mn involves considerable computation 
time (several hours on a minicomputer). However, for the two- 
fishery model, such methods would be practical and would pro- 
vide an easily understood confidence bound that would not 
depend upon quadratic approximation as does the inverse-Hes- 
sim method. 

Analysis of Residuals 

We can examine the deviations from our model by using the 
" 'deviance9 ' of McCullagh and Nelder (1983). The deviance in 
any release group, space, time stratum is defined as: 

where i(x1y) denotes the log likelihood of x given g, and in this 
case is the simple Poisson likelihoods as given in equation (6). 
The deviance is analogous to the residuals of traditional least 
squares and looks like an observed mims apn expected likeli- 
hood squared. A large value indicates a poor fit of the model 
to an individual data point. 

Table 4 shows the observed, md predicted number of tags 
recovered. The biggest individual deviance occurred at month 
7 for tagged individuals released in PNG and recovered in PNS, 
where only six tags were recovered yet 23.66 were expected. 
There appear to be no major systematic deviations between 
observed and expected, dthough months 14 to 21 for tags 
released and recovered in SOL show considerable variability. 

Discussion 

The method described in this paper is easily implemented for 
new data sets. Biologists working with mark-release data need 
not be intimidated by the apparent complexity of the statistics 
involved in analyzing tag movements. Almost universal access 
to rnicrocsmputers means that any scientist involved in the anal- 
ysis of a tagging program should be in a position to use these 
computationally intense methods to analyze tag movements. 

There are a number of obvious steps in testing and developing 
this approach. Monte-Carlo trials need to be used extensively 
to detemine the perfomance of the methods against known 
answers. Secondly, the approach here needs to be compared to 
other possibilities, particularly explicitly derived multinomial 
models. The approaches used in determining confidence limits 
d s s  need to be developed and tested. Particularly, bootstrap- 
ping should be tried md evaluated by testing against simulated 
data. 

At a more general level, there is the question of experimental 
design required to determine exchange of fish between spatial 
strata. I found the estimates of movement rates to be remarkably 
unconfounded. The experimental design involved in analysis of 
movement data is normally extremely powerful. The best 
experimental design would involve mark md release in each 
area, and fishing effort data by time for each area. In the seven- 
country model I met all of these conditions except the last. I 
was unable to distinguish between natural mortality and move- 
ment outside of the seven countries considered. 

In contrast, Schwarz and h a s o n  (1990) examined a special 
case, in which the tagging areas were not the same as the recap- 
ture areas, and found enormous confounding of parameters. 
They conclude that independent estimates of population size are 
required. I believe their conclusions are quite particular to their 
special cases and have little generality. When fish are marked 
and released in all strata, and we do not attempt to estimate 
time specific or area specific natural mortality rates, the move- 
ment and fishing mortality rate parameters are quite estimable. 
Time specific fishing mortality rates are estimable only if we 
make an assumption relating fishing effort to mortality. 

It would be quite useful to have a systematic exploration of 
what experimental designs are necessary to estimate specific 
parameters. This could either be done analytically or numeri- 
cally. Until such work is done, I would recommend marking 
and recapture in each area, and estimation of fishing effort or 
mortality in each area. 

The analysis of skipjack movement presented here must be 
considered very pre.eliminary. I have used the data as examples 
of wlaat can be done, rather than as a definitive analysis of this 
data set. I have not considered tagging mortality, or nonre- 
porting of tags, and any thorough analysis of this data base 
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TABLE 4. Observed and expected tag recoveries between PNG and SOL and the associated deviance. 
Top half of table are data for fish tagged in PNG, the bottom half are data for fished tagged in the 
Solomon Islands. 

Tagged in PNG 
Recovered in PNG Recovered in SOL 

Month Observed Expected Deviance Observed Expected Deviance 

Tagged in SOL 

~ e c ~ v e r e d  in SOL Recovered in PNG 

Bbsewed Expected Deviance Observed Expected Deviance 

Can. J. Fish. Aquat. Sci., %l. 47, 6980 

IOTC-2008-WPTDA-INF01



would need to do so. The lack of fishing effort for countries 
other than PNG and SOL may preclude a definitive analysis. 
Now that we know that it is possible to estimate movements 
from tagging data in a rigorous and reliable way, we must make 
sure that future tagging studies make every effort to collect the 
required data, which must include effort data in the recovery 
locations. 

The general q.q3~0i3~h described here can be traced back to Ishii 
(1979), but has been modified a d  reinvented a number of times in 
various forms by John Sikrt, (a. Hilbom), Nick Dow, Pierre KBeiber, 
Mac Mmgell, and Jose Goaalapte. I thank each of them for the ideas 
they have provided. This work was initiated while H worked for the 
South Pacific Commission (SIT), m d  all s f  the tuna tagging data was 
in from published SPC data bases. John Schnute and d o h  Skdski 
provided most helpful c o m e n t s  on the anmuscript, and M ~ m e  
McClure assisted in manuscript prepaaratisn. 
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