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Natural mortality rates in tropical tunas:
size really does matter

John Hampton

Abstract: Important size-related variability in natural mortality rates has been revealed in populations of skipjack tuna
(Katsuwonus pelamjsyellowfin tuna Thunnus albacargs and bigeye tunaThunnus obesysn the western tropical

Pacific Ocean using a new, size-structured tagging model. The tagging data were classified into release groups by size
at release, and a growth model was used to predict size at each time at liberty interval. Natural and fishing mortality
rates were categorized by broad size-classes and estimated by maximum likelihood. The method incorporates a correc
tion for incomplete mixing of new releases. For each population, the natural mortality rate declined by about an order
of magnitude over the initial size-classes. For skipjack and yellowfin tuna, there was also evidence of elevated natural
mortality for some of the larger size-classes. Size- or age-related variability in natural mortality is likely to have impor
tant implications for tropical tuna stock assessment in the western Pacific.

Résumé: On a observé que le taux de mortalité naturelle variait fortement en fonction de la taille chez des popula
tions de bonite a ventre ray&dtsuwonus pelamjsd’albacore Thunnus albacargs et de thon obéeseThunnus obe

su9, de I'ouest du Pacifique tropical, a I'aide d’'un nouveau modeéle des données de marquage structuré selon la taille.
Les données de marquage ont été classées en groupes de lachers en fonction de la taille au lacher, et un modéle de
croissance a été utilisé pour prédire la taille a chaque intervalle de temps en liberté. Les taux de mortalité naturelle et
par péche ont été répartis en catégories selon des grandes classes de taille et estimés par la technique de la probabilité
maximale. La méthode comporte une correction pour le mélange incomplet des poissons nouvellement libérés. Pour
chaque population, le taux de mortalité naturelle diminuait d’environ un ordre de grandeur par rapport aux classes de
taille initiales. Dans le cas de la bonite a ventre rayé et de I'albacore, on a relevé des signes de mortalité naturelle
élevée chez certaines classes de poissons de grande taille. La variabilité de la mortalité naturelle liée a la taille ou a
I'age aura vraisemblablement des effets importants pour I'évaluation des stocks de thons tropicaux dans I'ouest du Pa-
cifique.

[Traduit par la Rédaction]

Introduction pelling logic of this theory, there is little evidence that esti
mates of size- or age-dependevit are routinely used in

The natural mortality rateM) is the aggregate of several : ;
processes, including predation, starvation, and senescence Y f!sherles stock assessments. For exampl_e, none of the
that can rarely be observed in natural fish popuIationsaldprox"fnateIy A400M estimates reported in FishBase 97

Consequently, it is difficult to estimate accurately and is fre (Froese and Pauly 1997) are size or age specific. However,

. LT given the difficulties in estimating even an average value of
guently a major source of uncertainty in fish stock assessM, this is not altogether surprising.

ments (Vetter 1987). In this paper, | present analyses of tagging data to derive
It has been long recognized (e.g., Beverton and Holt 1957 ize-specific estimates ¥l and fishing mortality rate F)

Ricker 1975) that the biological processes producing natura?or three species of tuna in the western tropical Pacific
mortality are likely to vary substantially over the life span of Ocean: ski p'ack tunakatsuwonus pelam) eIIovain tuna
a fish. Most early studies of variability iM were based on - SKIpJ P >y

catch-curve analyses of lightly exploited populations, which%.-l;]hunnuf1 z;lb?carels and bigeye tc;ma'l'(hunn_uTl obesll_)|s "
showed increases in total mortality with age over the ex, ''© rr]netfoh ofana y?|s |shr_1er\:v an tl)ls potentia é’ app 'Cg.e
ploited phase (for details, see Beverton and Holt 19573. Al to other fish species for which suitable tagging data ard in

hough the detals may vary considerably among specief2h2120 o1 STOV re auslable, The el show et
there seems to be general agreement khas likely to be J P 9

high during early juvenile stages, low during the onset Oftude higher than for midsized fish. For skipjack and yeHow

adulthood, and increasing with senescence to produce a{wetuna, there was also evidence of elevabédor some of

overall U-shaped function (Vetter 1987). Despite the eom . larger size-classes. Such size-related variabilitylirs
likely to have important effects on stock assessments for

these species.
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pines to about 160°W longitude (Fig. 1), provides about 50% ofFig. 1. Average distribution of the catch of skipjack, yellowfin,
the world’s current tuna production. Since 1990, total annualand bigeye tuna, 1990-1997. The area of the circle in each 5°
catches have been about 1 500 000 t, comprising mainly skipjackquare is proportional to the catch; the largest circle size repre

(67%), yellowfin (25%), and bigeye tuna (6%) (Lawson 1998). sents an average annual catch of 94 3509 t.
The three species are caught by purse seiners operating in the

equatorial band (60% of the total catch). Skipjack tuna are alsc r (A N
caught by pole-and-line vessels (8%) and yellowfin and bigeye®®Np . 1
tuna by longliners (7%) in the same area. Small-scale fisheries it | =~ ° '? T e e e e -
Indonesia and the Philippines catch mainly juvenile tuna and con, | - \ - SR ’ ° vs 20
tribute about 25% of the total regional catch. n4e 1 B 00 00 0 5 o o o |
The diverse character of the western Pacific tuna fishery result V- ey ; R
in significant exploitation of the three species over much of their 4 ol ‘,O ._\O QQOQ Oo© Q‘-.\ O o oo e
size range. Skipjack, yellowfin, and bigeye tuna as small as 20 cn O’Q. .Q,O © 00 O, 0 0
fork length (FL) are captured by the small-scale fisheries in themuS g O‘\O O 0 o 0 o 0
Philippines. Purse seiners capture skipjack tuna over their entir * | S0 e o )
adult size range (about 40—-80 cm FL), yellowfin tuna as juveniles v -
and younger adults (about 40-120 cm FL), and bigeye tuna mainl,g.g| EE - A i
as juveniles (about 40-100 cm FL). Longliners capture yellowfin \

and bigeye tuna over their entire adult size range (about 100 T20F 130°F  140°F 150 160 170E 180 70w
180 cm FL). Assessment of the impacts of these components of the

fishery on the stocks and on each other requires informatiollon

and its variability over the exploited size ranges.

>100 cm FL were tagged. However, these larger fish are repre

Tagging data sented in the recaptured sample (Fig. 4).

The data analyzed in this paper consisted of tag releases and rg vtical hod
turns of skipjack, yellowfin, and bigeye tuna tagged during the nalytical methods
Secretariat of the Pacific Community's Regional Tuna Tagginggj,e_speci ;
. . ! -specificaggedpopulation model
Project (RTTP). Tuna were tagged during the period July 1989 to The size-specific tagged population model is a generalization of

De(_:ember .19.92’ with the tag releases _and returns_covering thﬁ“ue size-aggregated model of tagged fish dynamics often referred
main tuna fishing area of the western tropical Pacific (Fig. 2). Mostto as the tag-attrition model (Kleiber et al. 1987; Hampton 1997).

of the tagging was c_arrled out from a chartered pole-and-line V€SThe size-aggregated model in its simplest form can be expressed as
sel, supplemented in some countries by short-term charters on

commercial pole-and-line vessels. Standard tuna tagging equip- e _ _ i
ment and techniques (Hampton 1997) were used throughout. Mogfl) i @- R ex;{ (F+M+2)( 1)At]
tuna were single tagged, with a sample double tagged to estimate

tag-shedding rates (Hampton 1997). Tags and accompanying infor- F
mation (FL, date, location, fishing method, etc.) for recaptured X 7[1—exp€F—M —k)At]
tuna were reported by fleets throughout the fishery (for details, see F+M+2

Kaltongga 1998). The return of recovered tags was promoted by a

widespread publicity campaign and attractive tag rewards. The taﬁhererij is the predicted number of tag returns from tag-release

: : : : roupi in the jth time period after release, represents the type 1
reporting rate was estimated independently by a tag-seeding-exp . g
: : : ag loss rate (from tag shedding and nonreportify)s the num
iment carried out on purse seiners (Hampton 1997). ber of tag releases of group A represents the continuous type 2

In total, 98 401 skipjack, 40 075 yellowfin, and 8074 bigeye 54 |oss rate (from tag shedding), andis the time step relative to
tuna were tagged during the RTTP. The percentage of tags returngfe ynits of the instantaneous rates (normally= 1). TheF and
was 12-13% for each species. Most skipjack tuna were recapturey{ are assumed to be constant over time, fish size, and age.
within 3 years of release and most yellowfin tuna within 4 years of 14 54d size structure to eq. 1, we define a tag-release group as
release, while small numbers of bigeye tuna were still being recapy)| releases at a given size. | used 1-cm initial size-classes, tesult
tured 7 years after release. ing in 60 release groups (21-80 cm) for skipjack tuna, 100 release
The data were screened to include only those records for whiclgroups (21-120 cm) for yellowfin tuna, and 103 release groups
the tuna had been accurately measured at release (99% of releasggl—140 cm, some lengths not represented) for bigeye tunaFThe
The release and recapture dates were also required for the analysid M were then stratified by broad size intervals, appropriate to
The release dates were known for all releases and the recaptutige distribution of the tag-return data, as follows. Skipjack tuna:
dates were known with an accuracy of calendar month or better fop1-30, 31-40, 41-50, 51-60, 61-70, >70 cm FL; yellowfin tuna:
91% of tag returns. For the returns with more uncertain recaptur@1-30, 31-40, 41-50, 51-60, 61-70, 71-80, 81-90, 91-100,
dates, the midpoint of the period during which recapture was con>100 cm FL; bigeye tuna: 21-40, 41-60, 61-80, 81-100, 101-120,
sidered most likely to have occurred was used. For some tag re-120 cm FL. The size-structured version of eq. 1 is then
turns, an accurate FL measurement was taken soon after the fish
had been recaptured. Where available, recapture FLs were also in i-
cluded in the data set for growth analysis. Details of the final,(2) f; =(1- )R exp|-
screened data set are provided in Table 1. k=1
The size composition of RTTP tag releases was similar to those
of purse-seine, pole-and-line, and other surface fisheries operating E
in the region (Fig. 3). In particular, the tag-release sample included s(l, )
considerable numbers of smaller tuna released during tagging Eo oot Mot s+ k[l_EXp(_FS('u'i) ~Msq,j) —MAY
cruises in the Philippines. Because pole-and-line gear is not-effec s(h.J) s(h.1)
tive in catching large yellowfin and bigeye tuna, relatively few tuna

1
(B x) + Msq, iy + MAL
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Fig. 2. Geographical distribution of RTTP releases and returns of skipjack, yellowfin, and bigeye tuna. The area of the circle in each
5° square is proportional to the number of releases or returns.
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Size-classs is specified as a function of the initial size of release Table 1. Tag releases and returns of skipjack, yellowfin, and

groupi (I;) and the time after releage It is necessary to use a bigeye tuna used in the analysis of size-specific mortality rates.
model to predics from |; andj, as we need to specifyfor every

time interval after release, and this cannot be observed directly. Fc Skipjack  Yellowfin  Bigeye
these predictions, | used a simple von Bertalanffy model of the tuna tuna tuna
form Tag releases 97 852 39413 7906
N e Tag returns 12328 4890 979
(3) Lj =[Ls —hI[1-exp(-Ky)] + Tag returns with accurate 4242 1629 307

recapture FL measurement

whereL is the predicted size at timg the middle of thejth pe
riod after release, and,, andK are the von Bertalanffy growth pa
rameters mean maximum length and growth coefficient. The
andK were estimated by maximum likelihood from tag-return re nificant. Likewise, . was assumed to consist only of type 2 tag
cords in which accurate measurements of FL at recapture wershedding, and an estimate of 0.0023-mohtklampton 1997) was
available. The estimation model incorporated individual variationused. These parameters were assumed to be independent of fish size.
in L, as well as observation error (model 3 in Hampton 1891 I made the simplifying assumption th&t and M did not vary

I assumed thain comprised instantaneous tag shedding andover time, enabling the tag releases to be aggregated over time. Ef
nonreporting of tags and used an estimate of 0.45 for the three spéectively, the data were treated as if all tag releases occurred at the
cies (Hampton 1997). Tagging mortality was assumed to be-insigsame time. This is a common assumption with resped¥i{and

© 2000 NRC Canada
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Fig. 3. Length—frequency distributions of RTTP releases of Fig. 4. Length—frequency distributions of RTTP returns of tagged
tagged &) skipjack, p) yellowfin, and €) bigeye tuna. The (a) skipjack, p) yellowfin, and €) bigeye tuna. The length-class
length-class labels refer to the lower boundaries of the 5-cm labels refer to the lower boundaries of the 5-cm length-classes.
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may not be unreasonable Bt if the recapture fishery operated at Fig. 5. Estimated monthly catches of skipjack, yellowfin, and

a fairly constant level over the course of the recapture period. Théigeye tuna in the western and central Pacific Ocean. The lines
time series of commercial catch data during the recapture periogre 12-month moving averages.

show seasonal and some lower frequency variation, but there are
no consistent trends that might indicate a serious failure of this as « Skipjack o Yellowfin o Bigeye
sumption (Fig. 5).

Some constraints on the selection of time interval and size- 120000 ,
classes are necessary. Accuracy may suffer if the time gtrata _
large relative to the time taken to grow through the size-classes. Ir= 100000 1
cases wherg cannot be made sufficiently small, e.g., because of

recapture date resolution, subiterations (wherghig broken up g 80000 1
into n subperiods of lengtiAt = 1/n for computing eq. 2) may be & 45640 |
used to increase accuracy. For the tuna analyses, rerunning trg
models with up to five subiterations demonstrated that acceptableg 40000
accuracy was obtained using a single monthly computational time step.c
£ 2000
Incomplete mixing of new releases o
New tag releases are not immediately mixed throughout the 0 g g " ,
range of the fishery and may therefore experience a different leve 1990 1991 1902 1993 1994 1995 1996 1997
of fishing mortality than the mixed population in that size-class. Year

Such anomalous returns soon after release may bias the estimates

of Mg and F; for the fully mixed population unless explicitly dealt

with in the model. This involves estimating the additional fishing Press et al. 1988). As suggested by Hoenig et al. (1998), | used
mortality parameter§;,,, wherem indexes a number of initial, pre  likelihood ratio tests to choose the optimal number of premixing
mixing periods (Hoenig et al. 1998; Bertignac et al. 1999). Theperiods for each data set. The number of premixing periods
number of such “nuisance” parameters to be estimated is poterdeemed to be optimal was the smallest number of periods for which
tially large (the number of premixing periods times the number ofthe P value of they? test for adding a premixing period was >0.05.
release groups). The most efficient procedure is tofisetr; for ) )

each of the premixing periods and to solve the equivalent of eq. Parameter estimation

for Fy, using the Newton—-Raphson technique (for details, see TheF M, andF;, were estimated by minimizing the negative

© 2000 NRC Canada
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Fig. 6. Length increment and time at liberty data fa) Ekipjack, Table 2. Growth parameter estimate mean maximum length) (
(b) yellowfin, and €) bigeye tuna used to estimate growth models. and growth coefficientK) for skipjack, yellowfin, and bigeye tuna.
40, a) L., (cm) K (year?)
Skipjack tuna 65.1 (0.58) 1.30 (0.065)
30 Yellowfin tuna 166.4 (13.5) 0.250 (0.031)
20 ° Bigeye tuna 181.7 (6.88) 0.251 (0.028)
Note: The standard deviations of the estimates obtained from 1000
10 4, bootstrap replicates are given in parentheses.
0 . Table 3. Statistical tests to determine the appropriate number of
10 ; premixing periods.
3 4 5 No. mixing
b) periods df » P
_ 1o Skipjack 1 60 22482 <0.001
E ° tuna 2 120 353.4 <0.001
::':" ° 3 180 161.3 <0.001
o ° ° 4 240 133.0 <0.001
g ° . 5 300 77.8 0.060
(3]
o
P Yellowfin 1 100 635.7 <0.001
) tuna 2 200 160.8 <0.001
3 3 300 94.4 0.640
" 4 400 118.9 0.096
4 5 ¢ 7 5 500 95.8 0.599
110, ¢€) Vo Bigeye 1 103 420.7 <0.001
9 | . o B0 tuna 2 206 116.8 0.167
® g, o 382 3 309 76.5 0.977
00 ° 00 [+ 8 . .
e S0 0009 8 9 4 412 74.1 0.986
°° [} o o 2 ©
£ °© o o° 5 515 75.8 0.980
g°°° © 8 Note: The df corresponds to the increase in the numbeF gf
o parameters to be estimated for successive increases in the number of
premixing periods. The? statistic is twice the difference between the

negative log-likelihood values for the current model and the model with
one fewer premixing period? is the probability that the improvement in
' ' i fit of the current model is due to chance. For each species, the selected
3 4 5 6 7 8 model, based on a critical value Bf = 0.05, is boldfaced.

Time at liberty (years)

Results

log of the multinomial likelihood function (omitting terms depend

ent only on the data): Growth ) _
Growth parameter estimates for the three species were re

quired so that the tagged tuna populations would be assigned
Z- f £ to length-classes at each time step of the analysis using
4 2R _Zi F)Inj1-=1— |+ Zj In(”) eq. 3. Subsets of the tag-return data were analyzed for this
i R R purpose (Table 1). Plots of length increment against time at

liberty (Fig. 6) show evidence of the asymptotic growth

characteristic of von Bertalanffy and other commonly ap

wherer; is the observed number of tag returns from tag-releaseplied growth functions. The estimates lof, andK (Table 2)

groupi in thejth time period after release. Approximate 95% <on derived from these data imply growth rate estimates for the
fidence intervals folr; and Mg were obtained using the percentile exp|ojted size ranges that are consistent with the range-of es
method (Efron 1982) applied to distributions of the parameters;maiag obtained in other growth studies for these species in

generated from 1000 bootstrap replicates. Growth parameter es s : . ; YY"
mation was included in the bootstrapping. For the analysis of eaCESmT)?g:I?LQOQZ‘)Ban (Miyabe 1994; Suzuki 1994; Wild and

replicate data set, estimates of tag-shedding and tag-reporting p
rameters were obtained by the parametric bootstrap (or Monte - )
Carlo) approach described in Hampton (1997). The confidence inSize-specific mortality

tervals for the mortality parameters therefore incorporated- esti Likelihood ratio tests determined the optimal numbers of
mated uncertainty in growth, tag-shedding, and tag-reporting ratespremixing periods to be four for skipjack tuna, two for yellow

© 2000 NRC Canada
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Fig. 7. Observed (circles) and predicted (line) Skipjack, 0)
yellowfin, and €) bigeye tuna tag returns by time at liberty.

1007

Fig. 8. Observed (circles) and predicted (line) Gkipjack,
(b) yellowfin, and €) bigeye tuna tag returns by initial size of

release groups.
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fin tuna, and one for bigeye tuna (Table 3). The results pre
sented below incorporate these premixing periods. for the smallest (21-30 cm) and largest (>70 cm) size-
For each species, the parameter estimation was stable, anthsses approximately an order of magnitude higher than
the negative log likelihoods converged rapidly to their min those for the 41-50, 51-60, and 61-70 cm size-classes. The
ima. Scatter plots of parameter estimates for the 1000-bootstimates for these midsizes of skipjack tuna (which -com
strap replicates did not reveal any serious cases of higprise the bulk of the exploited size range) are 1.6, 1.2, and
parameter correlation. Likewise, plots of observed and pre2.0-year’, respectively, which are similar to the size-
dicted tag returns aggregated by time at liberty (Fig. 7) andggregated estimate (about 1.9-y8aobtained from a pre
by size at release (Fig. 8) indicated that the models provideglious skipjack tuna tagging experiment in the western tropi
reasonably good descriptions of the data, particularly forcal Pacific (Kleiber et al. 1987). Thé& for the mixed
skipjack and yellowfin tuna where the numbers of returnspopulation tends to decline with increasing size (Fig).9
were large. In each case, reduced models assuming constartiere are large 95% confidence intervals rior the two
M (but size-dependerff) produced significant degradation smallest size-classes because most of the recaptures for
of the fits (likelihood ratio testP < 0.001). these size-classes occur during the premixing periods.
Skipjack tunaM estimates show a classical U-shaped-rela Yellowfin tuna M estimates decline sharply with increas
tionship with size (Fig. 8), with the median estimates ™ ing size, but there is a significant increaseMnfor the 81—

© 2000 NRC Canada
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Fig. 9. Estimates of skipjack tunaa) natural mortality rates and  Fig. 10. Estimates of yellowfin tunaa) natural mortality rates
(b) fishing mortality rates by size-class. The circles represent theand ) fishing mortality rates by size-class. The circles represent
medians of 1000 bootstrap replicates; the ranges are the 2.5-97the medians of 1000 bootstrap replicates; the ranges are the 2.5—

percentiles. 97.5 percentiles.
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90 and 91-100 cm size-classes (Figa)l(As with skipjack
tuna, the decline with increasing size is by an order of mag__ _ .
nitude, with the lowesM estimates for the midsized fish, in Discussion

this case the 51-60, 61-70, and 71-80 cm size-classes.the method described for deriving size-specific estimates
These estimates (0.68, 0.44, and O_.69-§}'¢ame somewhat ot M andF from tagging data is new and is potentially-ap
lower than the value of 0.8-yedy which seems to be most plicable to other fish species. The data requirements are tag
commonly used in yellowfin tuna assessment (Wild 1994)4inq data (size at release and times of release and recapture),
although several estimates in the 0.4-0.6-Ye@nge have ingependent estimates of nuisance parameters such as tag-
been reported (e.g., Schaefer 1967; Francis 1977). Apalhedding and tag-reporting rates, and a means of predicting
from a relatively low estimate of for the smallest size- |ength increment as a function of initial size and time period.
class (the 95% confidence interval of which is large becausg, some cases, as for the applications in this paper, growth
of few tag returns in the postmixing perioddj, declines  estimates may be obtained using a model fitted to length in
with increasing size (Fig. H). crement and time at liberty data available from the same tag
Bigeye tunaM estimates are considerably lower thanging data set. However, a growth model derived from other
those for skipjack and yellowfin tuna (Fig. 4l Again, data could also be used. If such a model provided estimates
there is an order of magnitude declineNhfrom the small  of length at age (which are generally not available from
est (21-40 cm) to the larger size-classes, but there is Ro evijrowth models fitted to tagging data), it would be a simple
dence of an increase iM at larger size. TheM varies matter to adapt the existing model to estimiteand F by
between 0.15 and 0.90-ye&for size-classes >40 cm, which age-class rather than by size-class.
compares with the range of 0.4-0.8-yéanost often used An alternative model structure to that used in this study
in bigeye tuna stock assessment (Anonymous 1998).FThe would be to parameterize a specific functional form for the
estimates are highest for the smallest size-class and declimelationship betweeM and size or age. This type of ap
with increasing size (Fig. 1. proach was adopted by Chen and Watanabe (1989), who

© 2000 NRC Canada
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Fig. 11. Estimates of bigeye tuna) natural mortality rates and  western Pacific purse-seine fishery. However, other fisher
(b) fishing mortality rates by size-class. The circles represent theies, notably the domestic tuna fisheries in the Philippines
medians of 1000 bootstrap replicates; the ranges are the 2.5-97dnd Indonesia, catch significant quantities of tuna < 40 cm
percentiles. FL (around 25% of the total western Pacific tuna catch by
. a) weight). The question of the impact of these catches of small
tuna on other western Pacific tuna fisheries is frequently
raised in fishery management meetings. Estimates of the im
pact can be derived using yield per recruit or some other
form of size- or age-structured model. Estimateshbfare
frequently critical to such assessments, and in this case, the
higher M estimates for the small tuna would considerably
dampen the estimated impacts of small tuna catches on fish
eries targeting larger tuna.
For skipjack and yellowfin tuna, there was evidence of el
}- £ evatedM for some of the larger size-classes as well. In the
I £ case of skipjack tuna, highl for the >70 cm size-class pos
sibly indicates the onset of senescence, as this is near the
maximum size for this species. For yellowfin tuna, there was
an increase iM over the 80—100 cm size range. The signifi
Size-class (FL, cm) cance of this pattern is not fully understood, but it could be
related to the onset of reproductive maturity and the associ
25. b) ated high energetic demands of spawning, particularly for
females (Schaefer 1996).
20 | The size-related variation iM demonstrated in this study
suggests that size- or age-dependdnshould be a feature
of future stock assessment models for these species. The
length-based, age-structured model developed by Fournier et
al. (1998) incorporates an option for estimatikgby age-
101 class from time series of commercial catch, effort, and size
composition data. This model is currently being extended to
0.5 include tagging data in the analysis. The informationhdn
E H ; and its variability obtained from the analyses of tagging data
0.0 ; . —8 = . presented here suggests that the extended length-based, age-
© & © ® o © structured model may be a useful tool for assessment of
N o & %\f‘ \Q@" e western Pacific tuna stocks.
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