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Abstract:

This study aims to test whether exploitation affects tunas and tuna-like species displaying contrasting
life history traits similarly. We first collected information on life history of 10 commercial Atlantic
species and then compared this information using multivariate analysis. On one hand, tropical tunas
are characterised by small to medium size, rapid growth, early age-at-maturity, long spawning duration
and short life span. These species, therefore, display a rapid turnover, characteristic of r-selected
species. On the other hand, temperate tunas display differing life history traits, i.e., large size, slow
growth, late age-at-maturity, short spawning duration and long life span. The turnover of these species
is slow and present characteristics similar to ‘K-selected’ species (with a conservative strategy
adapted to a colder and more variable environment). We, then, selected the two tuna species
displaying the most contrasting life histories, i.e., skipjack (SKJ) and bluefin tuna (BFT), and
investigated their respective responses to various levels of exploitation, using simulation modelling. If
fishing activity starts at age 1 (a situation which is close to the actual exploitation pattern), differences
in life history traits make the BFT population much more fragile to exploitation and less productive than
SKJ. However, if the fisheries only target adults, both SKJ and BFT populations are able to sustain
high F. Spawning stocks and yields of BFT also display conspicuous long-term fluctuations, resulting
from the combination of year-to-year variations in the recruitment and a long life span. This variability
makes it difficult to detect overfishing or depletion risks in the BFT population. Because of its short life
span, SKJ does not display such long-term variations in its SSB. Our simulations also showed that
current management measures based on a minimum size limit are much more critical for BFT than
SKJ. This difference stresses the importance of taking account of differences in life history traits into
management measures.
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Introduction

Longhurst (1998) recently hypothesised that differences in life history traits might explain why
warm-water species, such as yellowfin tuna, could sustain an industria fishery, if managed through
standard stock assessment procedures, whereas cold-water species, such as cod, could not. This
hypothesis is in agreement with recent studies that showed how the effects of exploitation were
dependent on the life history traits of the fish populations. Species displaying a late age-at-maturity,
large size, slow growth and low rate of potential population increase, appeared more vulnerable to
exploitation and declined more in abundance than others (Jennings et al., 1998; 1999). As a
consequence, Greenstreet et a. (1999) showed that the exploitation of the whole North Sea
groundfish assemblage lead to a decrease in species diversity and abundance as well as to a shift
towards an assemblage dominated by smaller fish; a result that could be observed in other exploited
fish assemblages.

In view of these studies, it was of interest to test whether exploitation affects tunas and tuna-like
species displaying contrasting life history traits similarly. Industrial fisheries have exploited several
Atlantic tunas and tuna-like species since the second world war (and even before for the Atlantic
bluefin tuna and albacore). Tunas are frequently considered to be typical tropical and warm-water
species. While most of the commercially important tunas, such as skipjack, bigeye tuna or yellowfin
tuna, do belong to this group, other tunas are temperate-water species and can be even found in cold
waters. Latitudinal distribution of the East Atlantic bluefin tuna, for instance, historically ranged
from the Canary Islands to the North of Norway (Mather et al., 1995; Tiews, 1978). We, thus,
collected information on life history traits of 10 commercia tunas and tuna-like species, related to
spawning, growth, maturation and life span. Using multivariate analysis, we compared life history
traits among these species. We, then, selected tunas displaying the most contrasting life histories,
skipjack and bluefin tuna, to investigate their respective responses to various levels of exploitation,

using simulation modelling.



First part: Comparison of life history traits of tuna and tuna-like species

Data

When accurate information was available, data on life history traits of tunas and tuna-like species
were collected from scientific literature. Otherwise, information was derived from catch-at-age and
tagging data (see below). Among life history traits, we selected biological information on:

(i) The spawning duration (i.e., the number of months per year during which spawning usually occurs)
was collected from the literature.

(if) Length, weight and age at maturity was also collected from the literature. These factors can be
differently defined but we used the most general definition, i.e., the age, length and weight at which
50% of the individuals are mature and able to reproduce. When only one or two of these three factors
were available, we deduced others from growth curves and/or the length-weight relationships.

(iii) Maximum length, weight and age were estimated from catch-at-age and tagging data because
published information on life span is rare and sometimes difficult to validate. To avoid any effect of
over-exploitation on our estimates, we restricted calculations to the periods for which industrial
fishing was at its beginning. For each species, we selected the fishery that used to catch the biggest
and oldest individuals, e.g., the Japanese long liners for ALB, BET, BFT, SAl and SBF. Maximum
length and weight were computed from the catch-at-age data, using the cumulated histograms of the
catches versus the length or weight. Maximum length and weight were stated as the value
corresponding to 99% of the distribution. Maximum age was computed from tagging data and
defined as the longest observed duration between a mark and a recapture, plus the age of the fish

when marked (suspect or incompl ete information was not considered).
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(iv) Growth was computed as:

juvenile growth scaled by the maximum length. We did not deduce growth and maximum length
from the parameters K and L., of the von Bertalanffy growth equation (see Jennings et al., 1998;

1999), because of large differences between various estimates (for yellowfin tuna, K ranged from
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0.28 to 0.86 depending on the authors and for skipjack from 0.38 in equatorial areato 2.08 in tropical
area, Cayréet al., 1988).

(V) Tunas are known to be sensitive to temperature but some species are able to support cold waters
because of a more efficient thermoregulation (Mather et al., 1995; Bard et a., 1998; Cayré et d.,
1988). Minimal sea surface temperature (SST) is, therefore, a discriminate physiological variable
between tunas. We estimated the minimum tolerated SST by comparing the means geographical
distribution of the quarterly catches with the quarterly SST patterns (using a 5™ degree square). The

minimal SST being set as the limit of SST above which 95% of the catches were made.

We did not include information on fecundity because of a lack of data for several species and
important spatial and seasonal variations for others (Cayré et al., 1988). Because of important
differences between populations of Atlantic tunas, the present study only refers to the life history
traits of the Northeast Atlantic populations. According to the available information on biology, we
finally selected a pool of 10 species (Table 1). Skipjack (SKJ, Katsuwonus pelamis), Atlantic little
tuna (LTA, Euthynnus alletteratus) and yellowfin tuna (Y FT, Thunnus albacares) are typical tropical
tunas, which are mainly concentrated from 20°N t010°S for the two first species and from 35°N to
20°Sfor the latter. Bigeye tuna (BET, Thunnus obesus), Atlantic sailfish (SAl, Istiophorus albicans)
and Atlantic white marlin (WHM, Tetrapturus albidus) are subtropical species, having a wider
distribution than tropical ones (from 50°N to 40°S). Albacore (ALB, Thunnus alalunga) and
swordfish (SWO, Xiphias gladius) are often considered as sub-tropical species, but they are aso
common in temperate waters. Because of the strong sexual dimorphism in SWO populations, only
information on females was retained. Bluefin tuna (BFT, Thunnus thynnus thynnus) and southern
bluefin tuna (SBF, Thunnus maccoyii) are mainly temperate tunas, usually found from 35°N to 60°N
and from 25°S to 50°S for BFT and SBF, respectively. Most of the tunas are highly migratory
species. However, SBF and BFT probably perform the greatest migrations, since they reproduce in
warm waters (the Indonesian waters, South of Java, for SBF and the Western Mediterranean Sea and

the Gulf of Mexico for BFT) but mainly feed in temperate and cold waters (Mather et al., 1995).



Numerical analysis: The Principal Component Analysis (PCA)

PCA summarises into a few dimensions (i.e., the principal axes) the variability of a given number of
descriptors and provides the variance explained by each principal axis (e.g., Legendre and Legendre,
1998). A PCA was performed, using a correlation matrix, on the life history traits table (Table 1),
using the species as objects and life history parameters as descriptors. Our purpose is, here, to test the
hypothesis of opposite life history traits between temperate and tropical species on tunas and tuna-
like species. If this hypothesis is valid, then the first axes of the PCA should clearly distinguish
tropical and temperate tunas and a high percentage of variance should be explained by the first
principal axis. To display the results, we used the biplot representation (Gabriel, 1971), which alows
projecting both the descriptors and the objects in the space of the principal axes, so that it is
graphically possible to interpret the links between descriptors and objects. Calculations were made

using S-Plus 4.5 (S-Plus, 1997).

Results

Because severa descriptors such as length, weight and age-at-maturity were redundant and highly
correlated, the PCA was restricted to the 5 descriptors which maximised the variance upon axis 1,
i.e., length at maturity, maximum age, juvenile growth, spawning duration and minimal SST. The
two first axes of the PCA encompassed more than 90% of the total variance. The first axis, which
alone summarised 74% of the total variance, clearly opposed growth and spawning duration (and
secondarily minimal SST) on the one hand against maximum age and length at maturity on the other
(Fig. 1). Along this axis, the two typical temperate species, BFT and SBF as well as SWO, were
opposed to two of the three tropical species, SKJ and LTA (Fig. 1). Axis 1 clearly distinguished
between tunas, which grow and mature quickly, spawn al year long, do not reach along size and live
in warm waters, and tunas that grow slowly, only spawn 1 to 3 months per year, mature lately, reach

alarge size and can live in cold waters, i.e., a clear divergence between tropical and temperate tunas.
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The subtropical species (WHM, SAI, BET) as well as ALB and YFT, are positioned in between.
YFT, the third typical tropical species, is closer to SKJand LTA than to BFT and SBF (Fig. 1).
The second axis of the PCA, which corresponds to 16.1% of the total variance (4.5 times less than
the first axis), is mainly determined by minimal SST (Fig. 1). It opposes SBF, BFT (and secondarily
ALB) to SAIl, WHM (and secondarily SWO), the former being able to sustain colder waters than the
latter. Among species displaying temperate life histories, axis 2, distinguishes between the two

purely temperate species (BFT and SBF) and SWO (Fig. 1).

Second part: Impact of exploitation on tropical versus temperate tunas

The life history traits of tropical and temperate tunas and tuna-like species are very different. The
former, which live in a warmer and rather stable environment, are characterised by a rapid growth,
small size, early age-at-maturity, short life span and spawn mostly al the year; al these properties
leading to a rapid turnover of the population. In contrast, temperate tunas, which live in a colder and
more variable environment, have a shorter spawning period and display arather low turnover of their
population. Therefore, we selected the two most differing species, i.e., skipjack (SKJ) and bluefin
tuna (BFT), to test whether tropical tunas could support higher levels of fishing mortality than

temperate tunas because of their rapid turnover and stable recruitment.

Simulation modelling

Our purpose is to compare fishing effects on species displaying contrasting life histories. One
approach would have been to use classical deterministic models, such as yields-per-recruit analysis
or surplus modelling (e.g., Gulland, 1977; Hilborn and Walters, 1992). However, these models imply
several assumptions, such as constant recruitment, stable fishing patterns through time, etc.., which
are known to be violated for both BFT and SKJ (Anonymous, 1999; Fonteneau, 1986; Fromentin,

1999; Pallares et al., 1998). We, therefore, decided to build a simulation model, which was better
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adapted to our exploratory approach and also allowed some flexibility, especialy to investigate the

effects of variation in recruitment.

The simulation model is based on the fundamental equation of fish population dynamics:

Nag = Nag,e1€7,
where, N, is the number of fish of age (a) at time (t), and Z the total mortality from age (a-1) to age
(4). Z = M+F, with M being the natural mortality and, F the fishing mortality. As density-dependent
processes have not been clearly established for tunas, we did not introduce density-dependent
mortality for vulnerable ages (juveniles) in the model (Fromentin et al., in press; Myers and Cadigan,
1993). The main life history traits of both species were stated in the model asfollows:

e SKJ monthly spawning (12 cohorts per year), life span of 4.5 years, maturity at 1.5 years and natural
mortality stated at 0.8 for all the ages (Au, 1986). Mean weights spread from 1kg at age 1 to 7kg at
age 4.5 (Cayréet al., 1988).

e BFT: yearly spawning (1 cohort per year), life span of 20 years, maturity at 4.5 years. The natural
mortality of East Atlantic BFT is poorly known. The closest estimates are probably those obtained
from tagging experiments on the Southern bluefin tuna, showing that M is age-specific and about 5
times higher for juveniles (0.49) than adults (0.1, see Anonymous 1997). Following the last stock
assessment of the East Atlantic BFT (Anonymous, 1999), we have selected these M estimates. Mean

weights spread from 4kg at age 1 to 400kg at age 20 (Anonymous, 1997).

For both species, we assumed a Beverton and Holt stock/recruitment relationship (Beverton and Holt,
1957), which implies density dependence in per capita recruitment. The general form of this equation
may be written as follows (Cushing, 1995):

R = aSSBf (SSTB)

where R is recruitment in numbers, a is the slope at the origin, SSB is the spawning stock biomassin

tonnes and K is the threshold biomass. We have chosen a Beverton and Holt model because it is
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currently used within the ‘ICCAT BFT working group’. This choice could appear arbitrary but
simulations conducted with a Ricker stock/recruitment model (Ricker, 1954) lead to equivalent
results. A deterministic stock/recruitment relationship was chosen instead of atime series approach,
to model, in a simple way, ‘recruitment overfishing’ (i.e., collapse of the recruitment due to a very
low spawning stock biomass). Because of the effects of year-to-year fluctuations in environmental
conditions and/or predation on the recruitment (e.g., Cushing, 1995; Hjort, 1914; May, 1974), we
included a random noise component, &, so that:

R = aSSBf (%) &

where, &, is Gamma distributed (Engen and Lande, 1996) with mean and standard deviation equal to
1 (i.e., moderate variance). Although tropical tunas live and reproduce in warm waters which are
generally assumed to be more stable than temperate ones (see Discussion), we used the same forcing
function for both species. It would have been simple to consider a lower level of random noise for
SKJ than BFT, but we preferred not to do so in order to facilitate the comparison of the results. Our
simulations, therefore, could have over-estimated the noise in the SKJ recruitment, but this feature
did not affect the conclusions. Furthermore, the way in which the spawning process was modelled
implies that the year-class strength for SKJisless variable than for BFT. SKJ was indeed modelled to
spawn every month, so that its population dynamics was run on a monthly basis. As the comparison
between SKJ and BFT was made on an annua basis, the annual recruitment for SKJ was computed
as the sum of the 12 spawning events of a given year, whereas the annua recruitment of BFT

resulted from a single spawning.

Our aim is to test whether SKJ could support higher levels of fishing mortality than BFT,
independently of their respective natural mortalities. Therefore, we considered egual values of F for
both species, which implies that BFT supports higher F/M than SKJ (see also Discussion). We built

three different scenarios (Fig. 2):
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e A constant scenario, with annual F equal to 0.5 (approximately equal to 0.625M for SKJ and 1M to
5M for BFT).
o A step-by-step scenario, with annua F equal to 0.2, 0.5 and 0.8 during three equal periods (i.e., equal
to 0.25M to 1M for SKJand 0.4M to 8M for BFT).
e An exponentia scenario, with annua F going from 0.1 to 1.6 (i.e., equal to 0.125M to 2M for SKJand

0.2M to 16M for BFT).

Simulations were run over 200 years, after atransition period of 50 years that allows a steady state to
be reached. The equilibrium value was set at a spawning stock biomass equal to 1 million tonnes for
both species. We first considered an age-specific selectivity patterns equal for all the ages, Fye=
Fagez=.... Fiast-age, fOr both SKJ and BFT, except for age 0 which was not fished (Fageo= 0). All the
simulations were then repeated considering another age-specific selectivity pattern in which only
adults were caught for both species (F=0 until age 1.5 and age 4 for SKJ and BFT, respectively; see
Discussion for considerations regarding arealistic age-specific selectivity pattern).

Simulations were also made by adding white noise (hormally distributed) to F in order to take
account for random variations in catchability or in fishing selectivity. These results are not shown
because they did not bring any additional information. For each scenario and each species, the runs
were repeated one hundred times to compute a mean of the main statistics, summarised in Tables 2

and 3. Simulations were operated using Matlab 5.3 (Matlab, 1999).

Results

Population dynamics without fishing

For a SSB balanced at 1 million tonnes, the numbers of yearly recruits (age 0) were, for SKJ and
BFT, about 663 millions and 4 millions and the numbers of spawners about 372 millions and 6.8

millions, respectively (i.e, 162 and 55 times higher for SKJ than for BFT, Table 2). These



10
differences mainly resulted from the early age-at-maturity of SKJ, aswell as the large average weight

of the BFT spawners (200 kg for BFT against 3 kg for SKJ).

Adding the same level of noise (Gamma distributed) to SKJ and BFT recruitment lead to pseudo-
cyclic fluctuations in SSB (Fig. 3), which result from the autocovariance generated by the
autoregressive processes. In statistical terms, this corresponds to the moving average term in the
autoregressive time series modelling (Box and Jenkins, 1976; Wei, 1990). The autocovariance is
related to the numbers of age classes, so that the main period of these cycles depends on the life span
of the species, i.e.,, ~ 5 yr for SKJand ~ 20 yr or more for BFT (Fig. 3). Coefficients of variation
(CV, the standard deviation scaled by the mean, Soka and Rohlif, 1995) indicated that BFT annual
recruitment was, on average, about 3 to 4 times more variable than for SKJ one (Fig. 4, Table 2).
This difference simply reflects the way the spawning process is modelled: 12 times per year for SKJ
against once ayear for BFT, so that the annual recruitment for SKJ (the sum of the 12 recruitments of
agiven year) is automatically less variable. Variations in SSB were low, but slightly more important

for BFT because of the long-term cycles.

Constant fishing mortality scenario

Adding a constant fishing mortality of 0.5 did not change the mean and CV of recruitment for either
species (Table 2). However, the SSB fell to about 527 100 and 32 800 tonnes for SKJ and BFT
respectively, i.e., about 2 and 30 times lower than previously (Table 2). Constant F also induced a
1.5-fold and a 15-fold decrease in the number of SKJ and BFT spawners. The decrease in SSB and
numbers of spawners was, thus, much stronger for BFT than SKJ. Note that the decline was steeper
in the SSB than in the number of spawners, especially for BFT (because of the considerable weight
of the oldest spawners). The CV for the SKJ SSB increased dightly, whereas the one for BFT rose
significantly (Table 2). Adding a constant F has, thus, also induced a higher variability in the BFT
SSB, probably because of a lower mean which make the year-to-year fluctuations in recruitment

more apparent in the SSB (Fig. 4). Asin the previous scenario, the BFT SSB displayed conspicuous,
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although less regular, pseudo-cycles (Fig. 4), resulting from the combination of variations in the
recruitment and the long life span (see above).

Total yields were about 242 800 and 27 000 tonnes for SKJand BFT respectively, i.e., 9 times higher
for SKJ (Table 2). The BFT yields were of the same magnitude as its SSB, whereas those of SKJ
were about 2 times lower (Table 2). SKJ thus appeared clearly more productive than BFT.
Fluctuations in yields of both species mainly reflected those of the SSB and were higher for BFT
than SKJ (Table 2, Fig. 4). Although F remained constant during al the period, the BFT yields
displayed conspicuous pseudo-cycles (Fig. 4), with a periodicity of around 20 years of high catches
(~ 40-50 000 tonnes) and low catches (~ 10-20 000 tonnes). Such fluctuations did not occur in the

yields of SKJ.

Step-by-step fishing mortality scenario

From the beginning to the end of the fishing period, the SSB of BFT decreased from about 200 000
to 5 000 tonnes (mean at 78 000 tonnes), whereas the SSB of SKJonly decreased from about 700 000
to 400 000 tonnes (mean at 560 000 tonnes, Fig. 5 and Table 2). The SKJ SSB was still much higher
than that of BFT (80 times higher at the end of the fishing period). Tota yields of BFT decreased
from 50 000 to 15 000 tonnes (mean at ~29 000 tonnes, Table 2) from the beginning to the end of the
fishing period, but the presence of pseudo-cycles partialy blurred this decline (Fig. 5, the CV of the
yields was still high, Table 2). At the end of the fishing period, the BFT yields were 3 times higher
than its SSB (Table 2). All together, this indicated that the ssmulated BFT population had reached its
limits of sustainability and was clearly overexploited. Conversely, the yields of SKJ increased from
130 000 tonnes to 290 000 tonnes (mean at ~225 000 tonnes, Fig. 5 and Table 2); alevel still largely
below the SSB value. SKJ was, thus, again much more productive than BFT and able to sustain
fishing mortality equal to 0.8. Note, however, that the SKJ yields were of similar magnitude for

F=0.5 and F=0.8, indicating that the Fnax could have been exceeded.
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Exponential fishing mortality scenario

This scenario first lead to recruitment overfishing (Fig. 6, after time t=200), then rapidly to the
collapse of the simulated BFT population (Fig. 6, after time t=225). The BFT yields displayed a crash
in parallel to the occurrence of the recruitment overfishing (Fig. 6). The conspicuous pseudo cycles
in the yields, resulting from variations into recruitment and the long life span, have, however, blurred
the exponentia decline and made the crash of the yields sudden and abrupt (Fig. 6). Because of the
numerous age-classes, the BFT population displayed an important ‘inertia’, so that over-exploitation
was detected with some delays. Together with the presence of pseudo-cycles, this makes difficult to
detect overfishing and depletion risks. SKJ displayed a contrasting situation. Its recruitment remained
at its maximum (Table 2), and its SSB has declined (from 850 000 to 250 000 tonnes), but was still
largely sufficient to avoid any recruitment overfishing (Fig. 6). Finaly, the SKJ yields increased
from about 135 000 tonnes at the beginning to 300 000 tonnes at the end of the fishing period (i.e.,
when the simulated BFT population collapsed). The year-to-year fluctuations in the SKJ yields were,
however, larger at the end of the fishing period (Fig. 6) and the yields reached a plateau at around

time t=150.

Interaction of age-at-maturity and fishing selectivity

All the scenarios converged to the same conclusion: SKJ sustained high F, but BFT did not. As F
increased, the SSB of BFT declined much more than the SSB of SKJ, so that recruitment overfishing
and collapse of the BFT population could occur. We hypothesised that this result could reflect the
combination of the age-at-maturity with the fishing mortality pattern. In the three scenarios, fishing
mortality started at age 1, so that 3.5 BFT juvenile classes were fished against 0.5 for SKJ. The BFT
spawning stock was then fed by a relatively lower number of new spawners than SKJ. We, thus,
modified the fishing selectivity in order to target only adults for both species (F=0 until age 1.5 and

age 4 for SKJand BFT, respectively).
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According to this new fishing pattern, we ran again the 3 different fishing scenarios one hundred
times for both species (summary in Table 3). In contrast to the previous simulations, recruitment
overfishing or collapse of the smulated BFT population was no more longer detected, either in
scenario 2 or 3, as indicated by the value of recruitment which remained at its maximum (Table 3,
see also Fig. 7). In scenario 3, the SSB of BFT fell to a rather low level at the end of the fishing
period (around 50 000 tonnes, Fig. 7), but was still high enough to sustain very high fishing mortality
(up to F=1.6, whereas BFT attained previoudly its limit of sustainability earlier, at around F=0.8).
The BFT yields were about two times higher than previously (mean at around 51 600 tonnes against
27 800, Tables 2 and 3), and only decreased dightly from the beginning to the end of the fishing
period, from 60 000 to 40 000 tonnes (Fig. 7). Here aso, the combination of variations in the
recruitment and the long life span could lead to strong variations in SSB and yields, with an
aternation of high (from 70 000 to 100 000 tonnes) and low catch periods (20 000 to 40 000 tonnes,
Fig. 7). For SKJ, this new fishing pattern lead to a higher level in the SSB and a dightly lower level
in the yields (Table3, Fig. 7). Throughout the fishing period, the yields continued to increase,
following the increasing shape of the F pattern (Fig. 7).

There is thus a clear interaction between the age-at-maturity and the fishing selectivity. If juveniles
are not fished, both species are able to sustain very high F and BFT does not display any sign of

recruitment overfishing or collapse.

Discussion

Life history traits of tropical versus temperate tunas

Life history traits of tropical and temperate tunas and tuna-like species are clearly divergent. On the
one hand, tropica tunas (SKJ, LTA and YFT) are characterised by short to medium size, rapid
growth, early age-at-maturity, continuous spawning through the year and short life span. Therefore,
these species display a rapid turnover of their population, so that they could be classified as ‘r-
selected’ species (Begon et al., 1996, pp. 552-5, see aso Au, 1986). On the other hand, temperate

tunas display opposite life history traits, i.e., large size, low growth, late age-at-maturity, short
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spawning season and long life span. These populations display a slow turnover and present some
characteristics similar to the ‘K-selected’ species (Begon et a., 1996). Tropical tunas live and
reproduce in warm waters which are commonly considered to be more stable than temperate or cold
waters. From atheoretical point of view, there is, thus, a conflict with the r/K concept, which predicts
‘r-selected’ speciesin avariable environment and ‘ K-selected’ species in stable habitat. However, the
r/K concept has often been refuted (Begon et al., 1996, pp. 555), and could be insufficient to explain
the population dynamics of tunas. For instance, it ignores important features related to the
physiological ecology of these species (Bard et al., 1998; Sharp, 1978). All tunas and tuna-like
species need warm waters for reproduction and larval growth (around 24°c for tuna larvae,
Nishikawa et al., 1985). As a consequence, the tropical waters provide an optimum habitat for tunas,
in term of reproduction and growth, that allow an opportunistic strategy.

Conversely, SBF and BFT only reproduce in warm waters but live in temperate to cold waters.
Longhurst (1999) recently suggested that reproduction could be the ecological key factor for fish
from temperate and cold seas, because of a higher risk of starvation for larvae and young juveniles.
Thus, one might argue that temperate tunas have partialy resolved this difficulty (because of
physiological constraints), by means of yearly reproductive migrations into warmer and more stable
environments. However, spawning duration and frequency are much shorter for temperate than
tropical tunas. Therefore, the probability of a stable recruitment remains higher for tropical tunas (an
hypothesis already proposed by Fonteneau, 1992) and could explain some of the differencesin life

history traits between tropical and temperate tunas.

Life history traits and exploitation

Without fishing activity, both simulated populations showed variations in their SSB and yields,
resulting from noise in the recruitment. BFT, however, displayed more conspicuous low frequency
fluctuations, because of the combination of variations in the recruitment and long life span. Given a
fishing mortality starting at age 1, the simulations indicated that: (i) as F increases, the decline in the

spawning stock was relatively faster for BFT than SKJ, (ii) SKJyields were always much larger than
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those of BFT, (iii) risks of recruitment overfishing and collapse were important for BFT, but nil for
SKJ (in the range of our scenarios), (iv) there was more variability in SSB and yields of BFT than of
SKJ, because of conspicuous pseudo-cyclesin the simulated BFT population, (v) these pseudo-cycles
induced a periodicity of about 20 years of high and low catches, (vi) which blurred the decline in the
yields when the population is over-exploited, so that the crash of the BFT population occurred
suddenly. At a first sight, these results would validate the hypothesis stating that SKJ can support

higher levels of fishing mortality than BFT.

Points i) and iii) could be related to the fact that the maximum sustainable yield F levels are rarely
greater than M. In order to verify this, we repeated the smulations by considering fishing scenarios
with F levels scaled to M. Assuming an exponentia scenario, with F going from 0.5M to 10M, both
simulated SKJ and BFT populations collapsed because of recruitment overfishing at t~200 for BFT
and t~220 for SKJ (when F~5M, Fig. 8). This result (as simulations with constant F/M and step-by-
step F/M) would indicate that the limit of exploitation is around the same F/M for both SKJand BFT.
As fast growing species (SKJ) generally support higher M than slow growing ones (BFT), the former
should therefore support higher absolute F than the latter. Note that the collapse of SKJ appeared
suddenly, after a continuous period of increasing yields (whereas BFT yields mostly decreased). The
SKJ collapse was quicker than that of BFT because of the smaller number of age classes. Total SKJ
yields were, however, still about 5 to 10 times higher than those of BFT. Whether equal F or equal
F/M are considered, SKJ is always more productive than BFT because of the more rapid turnover of

its population.

Life history traits and age-specific selectivity patterns

There is adso a clear interaction between age-at-maturity and fishing selectivity. If only adults were
targeted, the simulated BFT population did not display any sign of recruitment overfishing or
collapse and both species were able to sustain high F. To understand these results, one has to

consider the interaction between three variables: (i) the life span (number of age classes), (ii) the
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selectivity pattern, and (iii) the growth in weight. As BFT has 4.5 juvenile classes, an exploitation
starting at age 1 implies an important mortality throughout the juvenile stages, which subsequently
induces an important risk of depletion of the spawning stock (F=0.5 implies that less than 10% of the
recruits reach age 5). This situation does not occur for SKJ, as the exploitation of juveniles takes
place during a very short period. Furthermore, there is alarge difference in weight between juveniles
and adults for BFT, but not for SKJ (mean weight of ajuvenileis~0.8kg for SKJand ~10kg for BFT;
that of an adult is ~3kg for SKJ and ~200 kg for BFT). From a fishery point of view, the gain from
letting the recruitment feed the spawning stock is, thus, greater for BFT than for SKJ. Our results
even showed that a moderate exploitation of juvenile SKJ (from age 1) alows a substantia increase
of the yields without any additional risk for the population (but Fma would then be reached at alower
effort).

We also ran simulations with recruitment forced to zero during a few succeeding years. As expected,
along life span made the BFT population well adapted to risks of recruitment failures, whereas SKJ
was not. BFT could easily support 10 years of recruitment forced to zero, whereas the SKJ dynamics
was disrupted if the period with no recruitment persisted for more than 2 years (and the simulated
population collapsed when it exceeded 4 years). However, the conditions that could lead to such
failure in SKJ recruitment are unlikely, because this species spawns several times per year over al
the eguatorial Atlantic and lives and reproduces in rather stable environments. These results confirm
that the dynamical features of tropical tunas populations are mainly determined by a continuous
recruitment and arapid juvenile growth, i.e., an opportunistic strategy which is appropriate for a tuna
in warm waters (see above). Conversely, temperate tunas, such as BFT, are rather resistant to
recruitment failure, because of their long life span and the numerous classes of spawners. For these
species, the core of the dynamics is related to the reserve that constitutes its spawning stock, i.e., a

conservative strategy adapted to a colder and more variable environment (e.g., Longhurst, 1998).
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The actual fishing activity

From a theoretical point of view, an optimal exploitation strategy would be to target only spawners
for BFT and to target both juveniles (moderately) and spawners for SKJ. Actua fishing mortality of
SKJ and BFT populations appear at a high level and both species are suspected to have been
overexploited for a few years (Anonymous, 1999a; 1999b). It remains, however, difficult, to assert or
to deny overfishing, because of alack of data and information on the biology and ecology of the species
(Fonteneau et d., 1998; Fromentin, 1999). Fishing selectivity patterns are, nonetheless, well known for
both species (Anonymous, 1999). For SKJ, catches used to be mainly constituted by fish from 1 to 4 kg,
i.e., individuals from 1 to 3 years old. For BFT, the highest F were estimated at ages 2 and 3 (i.e,
juveniles of about 10 to 25 kg), then for ages 8+ (i.e., adults heavier than 120 kg). The actual exploitation
pattern is, thus, closer to the scenarios where F starts a age 1 for both species than those where only
adults would be fished. If the real F' s are of similar amplitude for both species, this meansthat BFT is,
in the present situation, more vulnerable to exploitation than SKJ.

There may be, furthermore, a non-negligible risk of recruitment overfishing and collapse of the BFT
population of the East Atlantic and Mediterranean, if the fishing mortality really reached the high
values estimated by the scientists of the International Commission for the Conservation of Atlantic
Tunas (ICCAT, Anonymous, 1999a). This risk could be further difficult to detect because of the
presence of natura long-term fluctuations in SSB and yields, a feature recently described for the
Atlantic bluefin tuna from the historical tuna trap data by Fromentin et al. (in press) and which is
well known for severa fish populations, such as the Atlantic cod (e.g., Cushing, 1982; Dickson and
Brander, 1993; Fromentin et al., 1997; 1998), the Atlantic and Pacific herring, anchovy and sardine
(e.g., Alheit and Hagen, 1997; Baumgartner et al., 1992; Southward et a., 1988) or the Pacific
salmon (e.g., Beamish and Bouillon, 1993). Moreover, any risk of overfishing would be further
detected with a delay, because of the important ‘inertia of the BFT population resulting from its
numerous age-classes. In case of over-exploitation, our simulations showed that ICCAT should
reinforce the current measures on the size limit of BFT in order to limit fishing of juveniles as much

as possible. This would permit a better rebuilding of the SSB as well as a higher productivity of the
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fisheries. Measures on the size limit appear, however, less critical for skipjack, even if these
populations were over-exploited. The last simulations showed that the collapse of SKJ population is
very rapid as soon as the limit of sustainability is exceeded (a limit partialy blurred by the
continuously increasing trend of the yields). It appears, therefore, particularly important to define
relevant biological or fisheries reference points for SKJ. In conclusion, when management
procedures can be roughly stated at a single species level (which is not aways the case, see Gislason,

1999), our results stress the importance of taking account of differencesin life history traits.
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Legends
Figure 1. Biplot representation of the first two axes of the Principal Component Analysis performed
on the life history traits (descriptors) of 10 tunas and tuna-like species (objects). Five descriptors
were retained for this analysis: length at maturity (L.Mat), maximum age (Max.Age), juvenile growth
(Growth), spawning duration (Spawning) and minimal SST (SST). For the species acronyms, see
text in ‘Data section’. The percentage of variance explained by each axisis given in parenthesis and

the loadings plots are superimposed on the right bottom of the graph.

Figure 2. The three different patterns of fishing mortality for both SKJ and BFT. Scenario 1:
constant F equal to 0.5 all along the period; scenario 2: F equal to 0.2, 0.5 and 0.8 during three equal
periods and scenario 3: exponential F going from 0.1 to 1.6. Simulations were run over 200 years
after atransition period of 50 years that allows a steady state to be reached (equilibrium balanced at a

spawning stock biomass equal to 1 million tonnesfor all the following simulations).

Figure 3. SKJ and BFT outputs from the simulation modelling without fishing mortality. The time
series include the transition period of 50 years (to reach the steady state balanced at a SSB = 1
million tonnes) during which no random noise was added to the recruitment and, a period of 200
years with random noise in the recruitment. Top graphs. recruitment time series, bottom graphs:

spawning stocks biomass time series.

Figure 4. SKJ and BFT outputs from the ssimulation modelling with scenario 1 (constant fishing
mortality of 0.5 during the last 200 years). The first 50 years is the transition period (to reach the
steady state balanced at a SSB = 1 million tonnes and during which there is no fishing mortality and
no noise in the recruitment). Fishing mortality started at age 1 for both SKJ and BFT (i.e., both
juveniles and adults were targeted). Top graphs:. recruitment time series, medium graphs. spawning
stocks hiomass (SSB) time series and bottom graphs: total yields time series. Time series of SSB and

yields only start at time t=65 to avoid scaling problems.
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Figure 5. Same as Figure 4 with scenario 2 (step-by-step fishing mortality of 0.2, 0.5 and 0.8 during

3 equa periods of 66 years each).

Figure 6. Same as Figures 4 and 5 with scenario 3 (exponential fishing mortality going from 0.1 to

1.6 over 200 years).

Figure 7. Same as Figure 6 but with a fishing pattern only targeting adults (F=0 until age 1.5 and age

4 for SKJand BFT, respectively).

Figure 8. Same as Figures 6 but with exponential fishing mortality scaled to M (going from 0.5M to

10M from age 1 to the last age for both SKJand BFT).
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Table 1. Life history traits of the 10 selected tunas and tuna-like species. Information on life span

(i.e., maximum length, weight and age) as well as minimal SST was derived from catch-at-age and

( Length—at — maturity]* 100

Maximum —length

tagging data (see ‘Data section’). Growth was computed as: . Information

Age —at —maturity
on spawning duration and maturity was collected from the literature; references: 1. Alves et al.
(1998); 2. Amorim et a. (1998); 3. Anonymous (1996); 4. Anonymous (1997); 5. Anonymous
(1998a); 6. Anonymous (1998b); 7. Antoine et a. (1982); 8. Arocha and Lee (1996); 9. Baglin
(2977); 10. Baglin (1979); 11. Bard (1981); 12. Bard (1984); 13. Bard and Compean-Jimenez (1980);
14. Bard and Capisano (1991); 15. Bard et al. (1983); 16. Capisano (1989); 17. Capisano and
Fonteneau (1991); 18. Caton et al. (1991); 19. Cayré (1981); 20. Cayré and Diouf (1981); 21. Cayré
and Diouf (1984); 22. Cayré and Farrugio (1986); 23. Cayré and Laloé (1986); 24. Cayré et al.
(1988); 25. Champagnat and Pianet (1974); 26. Chur et a. (1980); 27; Coan (1976); 28. Cort (1991);
29. Diouf (1991); 30. Draganik and Cholyst (1988); 31. Ehrardt (1991); 32. Ehrardt et a. (1996); 33.
Farber (1988); 34. Farrugio (1981); 35. Fonteneau (1980); 36. Hoey and Bertolino (1988); 37.
Mather et al. (1995); 38. Mgjuto and Garcia (1997); 39. Ovchinnikov et a. (1980); 40. Porter and

Smith (1991); 41. Souza et a. (1994); 42. Weber (1980).

Table 2. Means of the main statistics computed from one hundred simulations made for each
scenario and each species (see text, ‘Data section’). Top block: SKJ statistics; medium block: BFT

statistics and bottom block: SKJ statistics/ BFT statistics ratio.

Table 3. Same as Table 2 with afishing pattern only targeting adults, for both SKJand BFT.
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INETEN Acron  Main Spawning Length Weigth  Ageat Maximum Maximum Maximum Juvenile Minimal  References
ym | latitudinal = duration at at maturity  length weigth age growth SST
range (month/yr) maturity maturity  (year) (cm) (kg) (year) (%L.yr™) (®)
(cm) (kg)
Skipjack SKJ| tropica 12 45 1.7 15 75 23 4.5 40 20 7,15, 19, 20,
22,23,24,26
Atlantic little tuna | LTA | tropica 12 42 - 15 85 12 6 32.9 18 20, 24
Yellowfin tuna YFT | tropica 6 105 25 2.8 170 176 75 22.1 18 1227, 1279 ég
Bigeye tuna BET sub- 3 115 31 35 180 225 6 18.3 16 1,5,21, 24,
tropical 25,42
Atlantic sailfish SAI sub- 2 130 16 3 255 - 18 17 22 6,16, 41
tropical
Atlantic white marlin| WHM sub- 4 130 20 3 260 - 15 16.7 20 2,6,9,10
tropical
Albacore sub- 3 90 15 4.5 120 80 9.5 16.7 15 3,11,13, 14,
(North Atlantic) | ALB| tropical & 27
temperate
Swordfish sub- 3 175 70 5 290 650 17 121 15 8,30, 31, 32,
(North Atlantic) | SWO| tropical & 33, 36, 38,
temperate 39,40
Bluefin tuna temperate 15 115 275 45 295 685 20 8.7 11 4,28, 34,37
(Northeast Atlantic | BFT
and. Mediterranean)
Southern bluefin tuna| SBF | temperate 2 130 43 8 200 320 19 8.1 9 18

Table1




No fishing

Constant  Step-by-step Exponential
E

Mean(Rec) | 663750 000 | 662 10 000 | 664 790 000 | 661 20 000
Mean(SSB) 1000000 | 527110 560 300 574 230
Mean(SSN) | 371950 000 | 236 150 000 | 244 670 000 | 246 480 000
SKJ Mean(Yields) - 242 870 225 290 212 200
CV(Rec) 0.29 0.29 0.29 0.29
CV(SSB) 0.15 0.18 0.32 0.39
CV(Yields) - 0.17 0.33 0.42
Mean(Rec)) 4088300 | 4134200 | 3984400 | 3400800
Mean(SSB) 1,000 000 32844 78034 115 670
Mean(SSN) 6794100 | 445310 817810 | 1104200
BET Mean(Yields) - 27013 28 862 27 820
CV(Rec) 0.99 0.99 1.00 1.16
CV(SSB) 0.23 157 1.46 1.39
CV(Yidds) - 0.77 0.66 0.66
Mean(Rec.) 162.4 160.2 166.9 194.4
Mean(SSB) 1.0 16.0 7.2 5.0
Mean(SSN) 54.7 530.3 299.2 223.2
SKJ/BFT | Mean(Yidds) - 9.0 7.8 76
CV(Rec.) 0.29 0.29 0.29 0.25
CV(SSB) 0.65 0.12 0.22 0.28
CV(Yidds) - 0.22 0.50 0.65

Table 2




No fishing

Constant  Step-by-step Exponential
E

Mean(Rec) | 663 750 000 | 662 30 000 | 662 550 000 | 660 90 000
Mean(SSB) 1000000 | 661850 684 370 694 780
Mean(SSN) | 371950 000 | 294 490 000 | 299 340 000 | 301 000 000
SKJ Mean(Yields) - 215 250 199 700 190 090
CV(Rec) 0.29 0.29 0.29 0.29
CV(SSB) 0.15 0.18 0.24 0.27
CV(Yields) - 0.18 0.35 0.46
Mean(Rec)) 4088300 | 4133800 | 4129300 | 4076800
Mean(SSB) 1000000 | 122080 171 880 206 690
Mean(SSN) 6794100 | 1840300 | 2152300 | 2338700
BET Mean(Yields) - 52 787 53 049 51657
CV(Rec) 0.99 0.99 1.00 1.00
CV(SSB) 0.23 0.52 0.80 0.87
CV(Yields) - 0.51 0.46 0.45
Mean(Rec.) 162.4 160.2 1605 162.1
Mean(SSB) 1.0 5.4 4.0 3.4
Mean(SSN) 54.7 160.0 139.1 128.7
SKJ/BFT | Mean(Yidds) - 4.1 3.8 3.7
CV(Rec) 0.29 0.29 0.29 0.28
CV(SSB) 0.65 0.35 0.30 0.31
CV(Yields) - 0.35 0.77 1.03

Table3
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	 Table 1. Life history traits of the 10 selected tunas and tuna-like species. Information on life span (i.e., maximum length, weight and age) as well as minimal SST was derived from catch-at-age and tagging data (see ‘Data section’). Growth was computed as:  . Information on spawning duration and maturity was collected from the literature; references: 1. Alves et al. (1998); 2. Amorim et al. (1998); 3. Anonymous (1996); 4. Anonymous (1997); 5. Anonymous (1998a); 6. Anonymous (1998b); 7. Antoine et al. (1982); 8. Arocha and Lee (1996); 9. Baglin (1977); 10. Baglin (1979); 11. Bard (1981); 12. Bard (1984); 13. Bard and Compean-Jimenez (1980); 14. Bard and Capisano (1991); 15. Bard et al. (1983); 16. Capisano (1989); 17. Capisano and Fonteneau (1991); 18. Caton et al. (1991); 19. Cayré (1981); 20. Cayré and Diouf (1981); 21. Cayré and Diouf (1984); 22. Cayré and Farrugio (1986); 23. Cayré and Laloë (1986); 24. Cayré et al. (1988); 25. Champagnat and Pianet (1974); 26. Chur et al. (1980); 27; Coan (1976); 28. Cort (1991); 29. Diouf (1991); 30. Draganik and Cholyst (1988); 31. Ehrardt (1991); 32. Ehrardt et al. (1996); 33. Farber (1988); 34. Farrugio (1981); 35. Fonteneau (1980); 36. Hoey and Bertolino (1988); 37. Mather et al. (1995); 38. Mejuto and Garcia (1997); 39. Ovchinnikov et al. (1980); 40. Porter and Smith (1991); 41. Souza et al. (1994); 42. Weber (1980).  
	Table 2. Means of the main statistics computed from one hundred simulations made for each scenario and each species (see text, ‘Data section’). Top block: SKJ statistics; medium block: BFT statistics and bottom block: SKJ statistics / BFT statistics ratio.  
	Table 3. Same as Table 2 with a fishing pattern only targeting adults, for both SKJ and BFT.  
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