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Consequences of variations in carrying capacity
or migration for the perception of Atlantic bluefin
tuna (Thunnus thynnus) population dynamics?

Jean-Marc Fromentin and Laurence T. Kell

Abstract: Spectacular long-term cycles (around 110 years), independent of human exploitation, have been seen in his-
torical catches of Atlantic bluefin tuna (Thunnus thynnus). Previous studies indicated that such variations could have
been generated by contrasting but equally plausible dynamic processes, i.e., changes in carrying capacity or migration.
A simulation framework was therefore used to test whether the International Commission for the Conservation of
Atlantic Tuna stock assessment model, i.e., a virtual population analysis (VPA), can capture such dynamics. The main
outcome is that knowledge of the underlying process is crucial, because distinct hypotheses lead to different population
dynamics and contrasting performances of the stock assessment model. The VPA is indeed able to reconstruct accu-
rately the historical stock parameters under the carrying-capacity hypothesis, but not under the migratory hypothesis,
for which there is often strong bias (up to 500%) in absolute values and in trends of spawning stock biomass and F.
Furthermore, it was shown that (i) different phases between exploitation and long-term cycle can induce contrasting ter-
minal F for a same effort and (ii) that there was considerable confounding between the dynamics and increasing effort
(as currently seen). We conclude that it is difficult to infer the actual dynamics on the basis of commercial catch data
and that novel fishery-independent observation is needed.

Résumé : Les captures historiques du thon rouge atlantique (Thunnus thynnus) présentent de spectaculaires fluctuations
a long terme (de I’ordre de 110 ans) qui semblent indépendantes de I’exploitation. Des travaux antérieurs indiquent que
les causes de ces variations pourraient résulter de processus dynamiques différents, mais également probables, comme
des changements dans la capacité de charge ou de migration. Un modele de simulation a été utilisé pour tester si le
modele d’évaluation de stock de la CICTA (Commission Internationale pour la Conservation des Thonidés de

I’ Atlantique), i.e., une analyse des populations virtuelles (APV), peut rendre compte de telles dynamiques. Le principal
résultat est que la connaissance des processus sous-jacents est cruciale, parce que des hypotheses distinctes conduisent
a des dynamiques de populations différentes et a des performances du modele d’évaluation contrastées. L’APV est en
effet capable d’estimer correctement les principaux parametres d’intérét sous I’hypothese de la capacité de charge, mais
pas sous I’hypothése migratoire, pour laquelle apparaissent fréquemment de forts biais (jusqu'a 500 %) dans les valeurs

absolues et les tendances de la biomasse reproductrice et de F. De plus, on constate que (i) des différences de phase
entre exploitation et cycle a long terme peuvent générer des F terminaux tres différents pour un méme effort et

(i) qu’il y avait de fortes interactions entre la dynamique de population et 1’effort (surtout si ce dernier est croissant
comme cela est actuellement le cas). Nous concluons, qu’il est difficile de déduire la dynamique actuelle a partir des
données commerciales de péche et que des suivis originaux et indépendants de la péche sont nécessaires.

Introduction

Fish stocks can fluctuate extensively over a large range of
spatial and temporal scales independently of human exploi-
tation (Hjort 1914; Cushing 1995). Such fluctuations are
often ascribed to stochastic variations in key processes, such
as recruitment, growth, predation, or migration, in relation to
environmental modifications (e.g., Lehodey et al. 1997,
Bailey 2000; Koster et al. 2005). A recent study on historical

catches from the ancestral Atlantic and Mediterranean trap
fisheries showed that there had been spectacular long-term
fluctuations in bluefin tuna (Thunnus thynnus) catches over
the last four centuries (Ravier and Fromentin 2001). These
pseudo-cyclic variations of 100-120 years, accounting for
more than 50% of the variance of the time series, were syn-
chronous all around the western Mediterranean and near
North Atlantic (i.e., between sites more than 2000 km apart),
so that they were likely to reflect fluctuations in bluefin tuna
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population migrating annually in the Mediterranean for
spawning (Ravier and Fromentin 2001). Further studies
postulated that such long-term fluctuations could alterna-
tively arise from resonant effects, attributable to a combina-
tion of stochastic recruitment and long life span (Bjgrnstad
et al. 2004), or from modifications in migration patterns
caused by changes in sea temperature (Ravier and Fromentin
2004).

Whatever the underlying processes, significant fluctua-
tions in carrying capacity or migration patterns can violate
various model assumptions used to assess the stock and so
affect our perception of stock status (Fromentin et al. 2000;
Kell et al. 2000). For instance, the stock assessment of blue-
fin tuna, which is currently performed by the scientific com-
mittee of the International Commission for the Conservation
of Atlantic Tuna (ICCAT), considers a single stock for the
East Atlantic and Mediterranean Sea. The stock assessment
model, based on virtual population analysis (i.e., an
ADAPT-VPA approach; Porch 1997), does not reflect the
fact that spawning only occurs in specific locations of the
Mediterranean Sea. Consequently, potential year-to-year
variations in spawning migrations between the East Atlantic
and the Mediterranean cannot be quantified, although they
may affect catch rates. Furthermore, time series used in
stock assessment only extend for 30 years, which is a small
fraction of the full natural cycle (100-120 years). Therefore
a simulation framework (Kell et al. 2003) was used to evalu-
ate the effect of the potential bias associated with changes in
either carrying capacity or migration on the ICCAT stock as-
sessment.

To do so, we modelled a bluefin tuna population display-
ing either variations in carrying capacity or changes in
migration; for each population model, catch and catch per
unit effort (CPUE) were sampled and the standard ICCAT
stock assessment model was run. This allowed the perfor-
mances of the stock assessment model to be evaluated for
uncertainty about the true dynamic processes.

Although the current study is based on Atlantic bluefin
tuna because data on historical catches are available for this
population, the study has broad implications for stock
assessment and management of other species.

Material and methods

Simulation model framework

The simulation framework (Kell et al. 2000, 2003) was
used to build (i) an operating model (OM) that represents
alternative plausible hypotheses about stock and fishery
dynamics, allowing integration of a higher level of complexity
and knowledge than used within stock assessment models;
(if) an observation model that describes how pseudo-data are
sampled from the operating model; and (iii) a stock assess-
ment and management model to derive estimates of stock
status from the pseudo-data (Fig. 1).

Within this framework, three different types of variable
are considered. In the operating model, the variables are
controlled, i.e., fixed by the operator, so decisions have to be
taken on biological parameters. In the observation model,
the variables are observed, i.e., deduced from the sampling
model. In the stock assessment and management model, the
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Fig. 1. Conceptual framework of the simulation model that con-

siders (i) an operating model that represents alternative plausible
hypotheses about stock and fishery dynamics, (i) an observation
model that describes how pseudo-data are sampled from the op-

erating model, and (iii) stock assessment and management model
to derive estimates of stock status from the pseudo-data.
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variables are estimated (and represent the dependent vari-
ables).

The approach is therefore able to model the full variety of
uncertainty characterised by Rosenberg and Restrepo (1994):
in the operating model, process error attributable to natural
variations in dynamic processes (recruitment, growth, natu-
ral mortality, etc.); in the observation model, measurement
error generated when collecting observations from a popula-
tion; in the stock assessment and management estimation,
error that arises from trying to model the dynamic process.
The approach is also able to model important interactions
and feedback processes between the operating model and
stock assessment and management model, i.e., the conse-
quences of model mis-specification, because the assumption
used within stock assessment may not be the same as in the
operating model, and implementation error, because
management actions are never implemented perfectly. How-
ever, feedback was not included in this case because the
objective was to investigate how well current stock assess-
ment assumptions and models used for bluefin tuna capture
the dynamics of the stock, not to develop an appropriate
management strategy.

Basis of the operating models

The objective of this study is to use a simulation frame-
work to evaluate whether a stock assessment model based on
virtual population analysis (VPA) can capture the dynamics
of stocks where ecological processes may generate
long-term fluctuations in catches and, in particular, to deter-
mine how such variations may affect our perception of stock
status and our ability to manage it based on relatively
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short-term time series of data. Therefore an operating model
was constructed on the basis of the following age-structured
equation:

_ —Z
Nyy=Ngoj €7t

where N, is the number of fish of age a at time t, Z,, is the
total mortality from age a — 1 to age a (Z,,= M, + F,,, where
M, is the natural mortality at age a and F, is the fishing mor-
tality at age a in year 7). Life history traits of the East Atlantic
and Mediterranean population are those described in
Fromentin and Fonteneau (2001) and ICCAT (2003): (i) an-
nual spawning (1 cohort per year), (i) 50% maturity at age 4,
100% maturity at ages 5+ (i.e., immature before age 4),
(iii) fecundity is linearly proportional to weight, (iv) growth
following the von Berttalanffy equation used in the ICCAT
working group (with the following parameters: L., = 318.85,
k=0.093, t, = -0.97), (v) length—weight relationship used in
the ICCAT working group (W = 2.95-107-L>%?), (vi) life
span of 20 years, and (vii) age-specific, but time-invariant,
natural mortality based on tagging experiments on the south-
ern bluefin tuna and used in the ICCAT working group (i.e.,
M = 0.49 for age 1, 0.24 for ages 2-5, 0.2 for age 6, 0.175
for age 7, 0.15 for age 8, 0.125 for age 9, and 0.1 for ages
10-20).

The population dynamics of the OM was further based on
a Beverton—Holt stock—recruitment relationship (Beverton and
Holt 1957) reparameterised for a given M, growth, and ma-
turity at age in terms of steepness (T) and virgin biomass ()
(Francis 1992). Steepness is the fraction of the virgin
recruitment (R,) expected when spawning stock biomass (SSB)
has been reduced to 20% of its maximum (i.e., R = TR, when
SSB = v/5) and represents the resilience of the stock to ex-
ploitation. In the absence of information on steepness, T was
set at 0.75 and 0.9, i.e., a range of values that make biologi-
cal sense for bluefin tuna.

The expected virgin biomass was arbitrarily set at 10°
tonnes (t), because the study was intended to provide strate-
gic rather than tactical advice (i.e., the consequences of
making different decisions rather than setting specific quo-
tas), and results are presented as relative rather than abso-
lute.

The purpose of the operating model is not to reproduce
the entire complexity of bluefin tuna biology and ecology,
which would be highly subjective because our knowledge of
bluefin tuna ecology relies mainly on a variety of unproven
hypotheses (Fromentin and Powers 2005), but to define
plausible hypothesis about population dynamics and then to
implement the processes of interest, i.e., changes in carrying
capacity and migration pattern, to finally measure the effect
of the potential bias associated with the underlying assump-
tion of the current ICCAT stock assessment process.

Operating model for carrying capacity (Hy)

This model assumes that the long-term fluctuations ob-
served in trap catches reflect changes in the carrying capac-
ity or virgin biomass (A ,) that are due to a combination of
stochastic recruitment and long life span (Bjgrnstad et al.
2004). A, is assumed to vary with respect to time as

A, = @sin(0 + &)
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Fig. 2. Historical catch time series from Atlantic and Mediterra-
nean trap fisheries (thin line) with the smoothing time series
(bold line; after Ravier and Fromentin 2001) and fitted sign
wave (dotted line).
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where @, 0, and & were chosen to reflect the observed
long-term trend in catches (Fig. 2). Note that A , is scaled so
as to always be positive.

Operating model for migration (H,,)

According to Ravier and Fromentin (2004), long-term
variations in trap catches may alternatively result from
changes in migratory patterns that would affect the propor-
tion of mature bluefin tuna entering the Mediterranean Sea
each year to reproduce. Knowing that (i) most fishing effort
is in the Mediterranean (80% of the total catch occurs in the
Mediterranean Sea) and (ii) the vulnerability of bluefin tuna
to fishing is much higher in the Mediterranean Sea than in
the Atlantic (because it occurs many on spawning aggrega-
tions), year-to-year variations in spawning migration between
the East Atlantic and the Mediterranean Sea induce concom-
itant variations in the fraction of the population available to
fishing gears (see ICCAT 2007). It may be thus approxi-
mated as the proportion of the population being vulnerable
to fishing, i.e.,

Na+1,t+1 =A- Na,t e (1-A)- Na,t -eM)

where A, is the proportion of the population available or vul-
nerable to fishing (1 — A, is thus equated to the unexploited
or cryptic biomass, which is a reasonable simplification
acknowledging the relatively low level of effort in the Atlan-
tic in comparison to the Mediterranean). It was assumed that
A, was a sinusoidal function of time (constrained to be posi-
tive and to vary between 20% and 80%):

A, = © sin(0 + O1)

where @, 6, and & were again chosen to reflect the long-term
trend in catches (Fig. 2).

Estimating population trends

As the dominant signal, i.e., low frequencies, was the pro-
cess of interest, the smoothed time series of trap catches
(Fig. 2) was used to estimate the time-varying population
parameters. In both models, the yield was predicted using an
age-structured forward projection, with a selectivity pattern
similar to the present exploitation (ICCAT 2003). The sum

© 2007 NRC Canada



830

Can. J. Fish. Aquat. Sci. Vol. 64, 2007

Fig. 3. Outputs from the operating model (OM) for a full cycle (110 years) with constant fishing mortality (F) equivalent to F at max-
imum sustainable yield (Fygy) and a steepness of 0.75. (a) Standardized time series of availability (solid line), virgin biomass (broken
line), and effort (dotted—dashed line) for the carrying-capacity hypothesis (Hg); (b) same as (a) for the migration hypothesis (H,,);

(c) standardized time series of capture per unit effort (CPUE, solid line) and yield (broken line) for Hg; (d) same as (c) for Hy;

(e) standardized time series of spawning stock biomass (solid line), recruitment (broken line), and F (dotted—dashed line) for Hg;

(f) same as (e) for Hy,.
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of squares of the difference in the observed trend was scaled
so that the difference between the smoothed yield and pre-
dicted yields were minimized.

The amplitude of the trend was a given fraction of MSY
and fixed so that it was similar under both hypotheses (Hy
and H,;) and in agreement with the variability observed in
catches over the 1910-1930 (Ravier and Fromentin 2002)
and 1950-1990 periods (i.e., a rough CV of ~40%).

Sensitivity runs

Finally, decisions have also to be taken with respect to the
historical fishing mortality (relative to MSY) and the starting
point of exploitation relative to the natural cycle. For the
first point, we considered four different historical Fs: con-
stant effort corresponding to F = 50% of Fygy, constant
effort corresponding to F = Fygy, constant effort corre-
sponding to F = 150% of Fygy, and linear increase in effort
corresponding to an increase in F from 50% of Fyy to
250% of Fygy over a full population cycle (i.e., 110 years).

For the second point, we examined four different starting
points (or phases of the cycle), i.e., yield in year 1 was at
maximum of the natural cycle, middle of the decreasing
trend, minimum of the natural cycle, and middle of the in-
creasing trend.

Monte Carlo simulations, where process and observation
errors are modelled as random variables, were also consid-

Migration hypothesis
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0 20 40 60 80 100

Time (years)

ered as part of the experimental design. However, stochastic
results are presented only in Kell and Fromentin (2007) to
evaluate the robustness of the management strategies.

Results

All the sensitivity runs (including the historical fishing
mortality and starting points, as well as the two steepness
values) generate 32 simulations for each hypothesis (Hy and
H,,). Presenting all these 64 simulations will be lengthy and
will further create redundancy. Therefore, the results are
mainly based on some specific cases to stress the most im-
portant outputs, but the results of all the sensitivity runs are
finally summarised and compared in the last figure of this
section.

Operating models with constant effort

To illustrate the contrast in dynamics under the two
hypotheses for a full cycle of 110 years, the results from a
single scenario, with constant effort (equal to Fygy) and a
steepness of 0.75, are presented (Fig. 3). Interpretation of
the results under Hyg (where virgin biomass is the fluctuating
control variable) are relatively straightforward (Figs. 3a, 3c,
3e). As expected, CPUE, yield, and recruitment (R) vary in
synchrony with virgin biomass (note that the catch is
confounded with CPUE because effort is constant). An in-
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Fig. 4. Outputs from the operating model (OM) for a full cycle (110 years) with steepness of 0.75 and different levels of fishing mor-
tality (F): equivalent to F' at maximum sustainable yield (Fy;gy, solid line), 50% of Fyqy (broken line), and 150% of Fygy (dotted
line). (a) F (relative to Fy;gy) against spawning stock biomass (SSB) relative to spawning stock biomass at MSY (Bygy) for carry-
ing-capacity hypothesis (Hy); (b) fishing mortality against SSB for migration hypothesis (Hy,); (c) F (relative to Fy;qy) against yield
(relative to MSY) for Hy; (d) F against yield for Hy; (e) SSB (relative to Bygy) against recruitment (R relative to Rpygy) for Hg;

(f) SSB against R for H),. Shaded curves display for each plot the values that would be expected under equilibrium for the virgin bio-

mass corresponding to the mean value used in the scenarios.
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crease or decline in R induces a subsequent increase or
decline in SSB and yield with a lag of about 15 years
(Figs. 3c, 3e). The fact that the yield and CPUE (or catch)
are slightly delayed simply reflects changes in the composi-
tion of the catches caused by variations in R, because older
fish weigh more (Fig. 3¢). Under H);, when availability is
the fluctuating control variable (Fig. 3b), the results are more
complex. Although effort is constant, F fluctuates owing to
the varying proportion of the population available to fishing:
it increases as the proportion of the population available to
fishing increases (Fig. 3f). Variations in fishing mortality
and availability are, therefore, synchronous (Figs. 3b, 3f).
Also in contrast to the situation with Hy, synchrony is seen
between SSB and R (Fig. 3f). Furthermore, the phases of
SSB and R are now in opposition to those of the control
variable (and F). SSB and R are high when the availability
to fishing is low, and vice versa. This results from the stock
not being in equilibrium, and although fishing mortality is a
function of current availability, year-class strength is a func-
tion of historic availability. Variations in CPUE (or catch)
and yield result from both the fraction being harvested (i.e.,
availability) and the population size (or SSB), so CPUE and
yields peak after the maximum SSB, but before F does.
However, the yield is more dependent on SSB than on CPUE

(or catch), which generates a slight delay between both vari-
ables (Fig. 3d).

Differences between Hy and H,, are even more obvious
when plotting SSB or yield against fishing mortality and
recruitment against SSB (for which we still consider a steep-
ness of 0.75, but the three scenarios with constant effort, i.e.,
at 50% of Fysy, Fumsy. and 150% of Fygy; Fig. 4). Under
Hy, the scatter plots of SSB and yield against fishing mortal-
ity display a vertical line, because fishing mortality is a lin-
ear function of effort (which is constant) and yield or SSB
vary (reflecting long-term variations in virgin biomass and
hence in productivity; Figs. 4a, 4c). Note that the lag of
about 15 years between R and SSB generates a loop of solu-
tions in contrast to what is expected under equilibrium. For a
given SSB, there are two values of recruitment (and vice
versa). For each of the three efforts, there is a distinct range
of possible SSB—R pairs (which move along the expected
stock—recruitment curves; Fig. 4e). In contrast, for H,,, fish-
ing mortality varies even when effort is constant, and there
is a delay between F and SSB (or yield). Consequently, there
are two dissimilar and contrasting values of yield and SSB
for a given F (Figs. 4b, 4d). There is therefore a range of
possible F—SSB and F-yield pairs for a given effort (which
also move along the curves of expected values). As SSB and
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Fig. 5. Outputs from the operating model (OM) for a full cycle (110 years) with steepness of 0.75, increasing fishing mortality (F,
from 50% F at maximum sustainable yield, Fygy, to 250% Fygy) and two different starting points, i.e., starting at high (solid line) or
low (dotted line) carrying capacity or availability. (@) Time series of spawning stock biomass (SSB) relative to spawning stock biomass
at MSY (Bygy) under carrying-capacity hypothesis (Hg); (b) SSB under the migration hypothesis (H,,); (c) time series of yield (rela-
tive to MSY) under Hg; (d) yield under H,; (c) time series of F (relative to Fygy) under Hy; (d) F under Hy,.
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R remain roughly synchronous under H,, the relationship
between both variables corresponds to that expected under
equilibrium (Fig. 4f). A higher steepness of 0.9 does not fur-
ther change the behaviour and differences between Hy and
H,,, but simply moves all the curves along the x and y axes.
In conclusion, the underlying mechanisms to the long-term
fluctuations in catches really matter, as Hy and Hj, lead to
contrasting results, especially regarding F (constant in one
case and fluctuating in the other) and the differences of
phase between SSB, R, yield, and F.

Operating models with increasing effort

The response of the two operating models to a linear in-
crease in effort (leading to an increase in F from 50% of
Fysy to 250% of Fygy) are explored in Fig. 5 for a steep-
ness of 0.75 and two contrasting starting points, i.e., initially
close to a maximum (solid line) and a minimum (broken
line) in carrying capacity or availability. Increasing effort al-
ters the long-term fluctuations in carrying capacity or avail-
ability that are observed under constant effort (especially in
the second part of the cycle, which is generally masked;
Figs. 5a, 5b, 5c, 5d). Differences are still seen between Hy
and H;; and also within each hypothesis, depending on the
starting conditions. Under Hpg, there is a lag of about
15 years between yield and SSB when effort increases,
whereas these are in phase under constant effort (Figs. 3c,

3e), which is due to year-class effects (Fig. Sa). Differences
in starting conditions further generate distinct yield patterns
under Hg (Fig. 5¢): in one case, yields are relatively stable
through time, whereas in the second case, they clearly dis-
play a dome-shaped curve (with more variability). Under
H,,, differences in starting conditions are more acute and
induce strong differences in the range of F. When the simu-
lation starts (and ends) at low availability, fishing mortality
is about Fyqy at the end of the series, whereas it exceeds
250% of Fygy when starting at high availability (Fig. 5d).
Again this is because availability and SSB are in opposite
phase. As F'is proportional to availability (see Fig. 3), F re-
mains relatively low for initial and final low availability,
because high values of effort are partially compensated for
by low values of availability. For initial high availability,
greatest effort coincides with greatest availability and gener-
ates very high F (Figs. 5b, 5f). This makes the final decreas-
ing slope in yield more abrupt (Fig. 5d). If final SSBs are
different (75% and 40% of Bygy when starting at low and
high availability, respectively), there are even stronger
differences in the terminal trends in SSB (slightly positive in
the former case, strongly negative in the latter; Fig. 5b).
Finally, there is considerable confounding between the
dynamics and increasing effort that makes it difficult to
make any inference about the actual dynamics based on
commercial catch data. The phases between exploitation and
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Fig. 6. Fishing mortality (F) and spawning stock biomass (SSB) from the operating model (shaded line) and estimated by the virtual pop-
ulation analysis (VPA, broken line) for both carrying-capacity hypothesis ((@) and (c)) and migration hypothesis ((b) and (d)), considering
four different starting points (scenarios with constant historical F = F' at maximum sustainable yield, Fy;gy, and steepness = 0.75).
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natural cycle further induce contrasting outputs, especially
for Hy;, as the terminal F can vary by 250% for the same
effort.

Consequences for stock assessment

To evaluate the consequences of these two operating mod-
els on our perception of stock status, catch-at-age and CPUE
were sampled from the operating model (without observa-
tion error) for the most recent 30 years. We then used the
same ADAPT-VPA used by the ICCAT working group
(Porch 1997) to reconstruct the historical stock parameters
of interest (i.e., SSB and F). The performance of VPA to
both operating models is firstly evaluated for the scenarios
with a constant effort (equivalent to Fygy), a steepness of
0.75, and for four different starting points. In the case of Hy,
VPA is always able to reconstruct the time series of SSB and
fishing mortality accurately (both with respect to trends and
absolute values; Figs. 6a, 6¢). However, the reconstruction
of the historical time series under H,, is more problematic
(Figs. 6b, 6d), in particular because SSB, yield (and CPUE),
and fishing mortality are not synchronous within the OM
(see above). Consequently, there is in most cases a mismatch
between the time series of auxiliary information (CPUE),
catch, SSB, and fishing mortality over the stock assessment
period, which induces strong biases in both trend and abso-
lute values (that can even reach up to 500%; Fig. 6d). The
trends in CPUE can, fortuitously, match those of SSB and F
over a short period (such as the 30 years of the stock assess-
ment period). In those cases (one in four of the scenarios),
the estimates are more satisfactory (Figs. 6b, 6d). The other
scenarios (with different fishing mortality patterns and
higher steepness) are in agreement with the above findings.
Finally, the ADAPT-VPA is generally able to reconstruct ac-

curately the historical stock parameters under Hy, but not
under H,,.

Let us finally consider the 64 scenarios (two hypotheses,
two steepnesses, four historical Fs, and four starting points)
to evaluate the main sources of the bias. To do so, we com-
puted the ratio of the VPA to the OM quantities (SSB and F)
of all scenarios (a value close to 1 indicating no bias)
through box plots (Fig. 7). The results by hypothesis are
clearly dissimilar (Fig. 7a), being unbiased (i.e., equal to 1)
for all the cases (no variability) under Hg, but strongly bi-
ased under H,,, with high variability between cases (>300%
in some cases for SSB). The results by steepness, constant
historical Fs relative to Fygy, and effort (constant versus in-
creasing) did not display any special patterns (Figs. 7b, 7c,
7d). The results are generally unbiased, except for some
cases when F' = 50% or 150% of Fygy. In other words, dif-
ferences in steepness, historical Fs, and effort (i.e., constant
or increasing) do not affect the performances of the VPA,
whereas the differences in hypothesis strongly do. The box
plots split by phases (or starting points; Fig. 7e) exhibit
some strong differences, as the estimates of the VPA (espe-
cially those of SSB) are more biased for some phases (7w/2
and 37m/2) than others (e.g., 0). Note that for all the scenar-
ios, the estimates of SSB are more biased than those of F. In
conclusion, the performances of VPA depend firstly on the
underlying process that generates long-term fluctuations in
catch (i.e., Hy or Hy) and secondly on the starting point
(i.e., when the exploitation starts along the natural long-term
cycle).

Discussion

The main outcome of this study is that knowledge of the
underlying process that generates long-term variations in
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Fig. 7. Box plots of the ratios of spawning stock biomass (SSB) and fishing mortality (F) in operating models (OM) and virtual popu-
lation analysis (VPA) for all the scenarios (ratios close to 1 indicate no bias or a good performance of the VPA). (a) Scenarios split by
hypothesis (carrying-capacity hypothesis, Hy, versus migration hypothesis, H,,); (b) split by steepness (t = 0.75 and 0.9); (c) split by
historical fishing mortality intensity (i.e., 50% of F at maximum sustainable yield (Fygy), 100% Fysy, 150% Fysy); (d) split by con-
stant versus increasing effort; and (e) split by starting points (i.e., phases between exploitation and natural long-term cycle).
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catch is crucial for the current ICCAT assessment procedure
because distinct processes (i.e., changes in carrying capacity
or in migration) lead to different population dynamics and to
contrasting performances of the stock assessment model.
When fluctuations in yield are attributable to changes in
carrying capacity (Hg), fishing mortality is proportional to
effort and SSB and yield fluctuates in synchrony because
variation is driven by recruitment (with a lag of about
15 years). In contrast, under H,,, fishing mortality fluctuates
even when effort is constant, because fishing mortality is
proportional to and synchronous with availability. However,
SSB and R (which are synchronous in this case) are in oppo-
site phases with F under Hy,. The cycles of yield and CPUE
are intermediate between the availability — fishing mortality
and SSB-recruitment cycles, because they are driven by
both population size and F. Consequently, for a given effort,
fishing mortality and hence SSB and yield vary. This gap be-
tween fishing mortality and stock size is a key feature in
understanding differences in the perception of stock status
(see below) and the key difference between H,, and Hy.

When fishing effort is increasing, the phases in the
dynamic cycle also have a strong effect on the outputs of the
operating models. This is because phase determines where in
the cycle of SSB the system is, and depending on the phase,
changes in SSB and yield can be of quite different magni-
tudes for the same effort. Under H,,, the phase strongly in-
fluences both the trend and the absolute values of F (and of
SSB and yield). When high effort coincides with low avail-
ability, F' remains relatively low because the high values of
effort are partially compensated for by low values of avail-
ability, and vice versa. Increasing effort will thus always
lead to a depleted stock under Hy (as F is directly propor-
tional to effort), but not necessarily under H,,;, because non-
availability of a component of the stock can act as a buffer
against overexploitation. This observation is of particular
interest with regard to the current exploitation of the Atlantic
bluefin tuna, which has strongly increased over the last two
decades (Fromentin and Powers 2005). Last ICCAT stock
assessments (being partially based on VPA outputs) con-
cluded to a severe overexploitation and overfishing of blue-
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fin tuna that could lead to a rapid fisheries and stock
collapse (ICCAT 2003, 2007). If there is very little doubt
that current fishing pressure is much too high and unsustain-
able (Fromentin and Powers 2005; ICCAT 2007), one may
thus wonder how this population could have sustained such
a long history (i.e., the last 25 years) of heavy exploitation.
As we showed, our results suggest that under the migration
hypothesis, a high level of exploitation can finally generate
moderate F if high values of effort coincide with low avail-
ability (but determining the phase of the cycle remains diffi-
cult without fishery-independent information). However, this
supposition would imply that availability is currently in-
creasing, and therefore F is going to increase sharply and
strongly in the coming years (even if effort stays constant).
So whatever the underlying mechanism, it appears crucial to
significantly reduce fishing effort on bluefin tuna.

The performance of VPA also depends on the underlying
process that generates long-term fluctuations in catch. VPA
can indeed accurately reconstruct the time series of SSB and
fishing mortality (both trends and absolute values) under Hy,
because the catch-at-age matrix and CPUE time series cor-
rectly reflect changes in carrying capacity. In contrast, VPA
fails in most cases under H,,, where there is strong bias (up
to 500%) in the absolute values and also in trends of SSB
and F. Under Hy, the perception of the stock is generally
erroneous, because availability to fishing remains unknown
(neither the catch-at-age matrix nor the CPUE time-series
can reflect such changes) and because the process induces a
strong delay between fishing mortality and SSB (or
recruitment). Indeed, population dynamics models assume
that stock size varies in synchrony with fishing mortality be-
cause all individuals of a given stock are supposed to be
equally vulnerable to fishing (Hilborn and Walters 1992).
When postulating potential changes in availability (which
has been also assumed for other tuna species; see Fonteneau
et al. 1998), this hypothesis is violated, which makes classi-
cal population models unreliable.

The recent ICCAT reports stressed the potential biases in
VPA outputs because of strong uncertainties in catch-at-age
and CPUE indices (ICCAT 2003, 2007). Our results indi-
cated that the VPA performances could be further seriously
impaired if the long-term variations in catches are due to
changes in migration or availability. It is therefore crucial to
understand which underlying process induces long-term
variations in catches to be able to recreate population dy-
namics, which primarily depends on our ability to collect
novel fishery-independent observations as, in the case of
bluefin tuna, data and knowledge are currently much more
limiting than models. However, collecting fisher-
ies-independent information on recruitment and SSB, which
is regularly carried out for various pelagic or demersal fish
stocks (e.g., Pennington and Strgmme 1998; Gudmundsson
2004), is difficult for Atlantic bluefin tuna because of the
species’ highly migratory nature, wide spatial distribution,
and complex, but still largely unknown, behaviour (Mather
et al. 1995; Royer et al. 2004; Schick et al. 2004). New tech-
nologies have nonetheless opened avenues of great interest
to tackle such a challenge. The most popular is undoubtedly
electronic tagging (e.g., Block et al. 2005), which in the near
future (if effort is enforced in the Mediterranean Sea) could
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allow estimation of migratory behaviour. The combination
of a fixed hydrophone array across the Gibraltar Strait with
acoustic tags is another (audacious) option. Such a system,
which would be closer to those recently set up to track
Atlantic salmon (e.g., Lacroix and McCurdy 1996), could
allow the quantification of the migratory flux of bluefin tuna
through Gibraltar during the spawning season. Fromentin
and Powers (2005) further suggested that genetic tagging
(see, e.g., Palsbgll et al. 1997) might have potential for
application to bluefin tuna to directly estimate population
parameters, especially F.

The delay between R and SSB under Hy means that for a
given fishing mortality, there is a pair of yields and SSB that
can affect the consequences of employing biological refer-
ence points based on fishing mortality, SSB, and yield (Cook
and Heath 2005; Kell et al. 2005a, 2005b). Delays between
F, yield, and SSB (and recruitment) under H,, should also
strongly affect estimation of biological reference points. Be-
cause of these various lags between SSB and R or F
long-term variations in carrying capacity or migration pat-
tern are likely to influence our capacity to predict future
state (e.g., over 15 years) from current perceived status (even
if the perception remains unbiased). The evaluation of the
performance of VPA stock assessment methods to provide
accurate predictions and biological reference points (BRPs)
is part of the evaluation of management process, which is
the purpose of Kell and Fromentin (2007). More precisely,
the performances of BRPs are compared under both hypoth-
eses (Hg and H,,) with respect to their ability to provide ac-
curate estimates of MSY, Fygy, and Bygy and to assess
stock status and exploitation level relative to them. In addi-
tion, the performance of contrasting management strategies
in the face of uncertainty about the true dynamic processes
is evaluated.
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