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Abstract — Catch-at-size data of the eastern Atlantic skipjack were used to estimate changes in total mortality from
1969 to 2007. We used a transitional model of mean length that generalized the Beverton-Holt mortality estimator
to allow change in mortality rate under nonequilibrium conditions. Then, from homogeneous periods of time, length-
converted catch curves were used to access qualitative changes in selectivity patterns for two surface fisheries (the
baitboat fishery operating from Dakar, Senegal, and the European and associated purse seine fisheries). To explore the
impact of catch on the mortality rate, a Bayesian change-point analysis was conducted on the catch time series to detect
concomitant variation between mortality rates and catch. Finally, potential causes of these changes are discussed in
relation to the implementation of new fishing technology, such fish aggregating devices (FAD). The general pattern
depicted by total mortality is in agreement with previous knowledge on this fishery: a state of complete or practically
complete exploitation during the nineties followed by the decrease in nominal purse seine fishing effort in the last
decade, combined with the effect of a seasonal moratorium on FAD fishing operations. There was no evidence of a
change in selectivity between the two contrasted periods of time considered: 1969-1979 and 1986-1999; the second
period being characterized by the introduction of new technology onboard vessels. In contrast, the covariation over
time between total catch and mortality rate three years later highlights the effect of the fishing pressure on the stock of
eastern Atlantic skipjack.
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Résumé — Estimation des changements survenus dans la mortalité et dans la sélectivité du listao de 1’ Atlantique Est
(Katsuwonus pelamis) a partir des fréquences de tailles. Les captures par fréquences de taille du listao de 1’ Atlantique
Est sont utilisées pour estimer les modifications de la mortalité totale survenues entre 1969 et 2007. Pour cela, nous
avons utilisé un modele de transition sur la taille moyenne qui généralise I’estimateur de mortalité de Beverton et Holt
a des conditions de non-équilibre. Ensuite, a partir de périodes de temps homogenes, nous employons la courbe des
captures en fonction de la taille pour estimer les changements qualitatifs de sélectivité pour deux pécheries de surface
(celle des thoniers canneurs opérant au large de Dakar, Sénégal, et celle des senneurs européens, ou assimilés). Pour
analyser I'influence des captures sur le taux de mortalité, une analyse Bayésienne des points de rupture de la série
temporelle des captures est réalisée afin de mettre en évidence des variations conjointes entre captures et mortalité.
Les causes potentielles de ces modifications au cours du temps sont ensuite discutées a la lumiere des connaissances
sur I’introduction de nouvelles technologies de péche, comme par exemple les dispositifs de concentration de poissons
(DCP). L’évolution générale du coeflicient de mortalité totale est en accord avec les connaissances acquises sur cette
pécherie : un état de pleine exploitation ou quasiment de 1990 a 1999, suivi par la chute de 1’effort nominal au cours
des dix derniéres années, combiné avec I’effet du moratoire saisonnier sur les DCP. Il n’y a pas de preuve claire d’un
changement de sélectivité entre 2 périodes de temps contrastées : 1969-1979 et 1986-1999 ; la seconde étant connue
comme celle ayant bénéficiée de nombreuses innovations technologiques. En revanche, la covariation entre captures et
mortalité 3 ans apres, met en évidence 1’impact de la pression de péche sur le stock de listaos de I’ Atlantique Est.
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1 Introduction

Traditional stock assessment models have been difficult to
apply to skipjack (Katsuwonus pelamis) because of certain key
aspects of its biology. Skipjack spawns in an opportunistic
manner throughout the year and over large areas, so recruit-
ment is continuous but heterogeneous in space and time (Cayré
and Farrugio 1986). This explains why cohorts cannot easily
be identified. Furthermore, skipjack growth parameters vary
with latitude (Bard and Antoine 1986; Gaertner et al. 2008).
The catch-at-age matrix will, therefore, not be consistent be-
cause fish of the same age will exhibit different sizes depend-
ing on their past movement patterns. Another difficulty arises
from the fact that skipjack tuna is often a secondary species,
depending on the price differential and catchability of other
target species. Consequently, estimation of the effective effort
exerted on skipjack (e.g. effort proportional to fishing mortal-
ity) remains problematic, and catch rate may sometimes de-
pict a different trend than abundance. In order to overcome
these difficulties, promising new assessment methods that at-
tempt to accommodate expert opinion and prior knowledge of
the fishery and the biological characteristics of skipjack have
recently been applied by the International Commission for the
Conservation of Atlantic Tunas (ICCAT) on the two stocks of
Atlantic skipjack. However, additional analyses of the trends
in some fishery indicators provide simple evidence of changes
in the state of the stock over time. In this context, estimat-
ing total mortality and gear-specific selectivity patterns from
catch-at-length data can be a useful alternative to conventional
approaches, and provide some insight on stock responses with
regard to historic changes in fishing strategy.

Dramatic changes in fishing practices have been reported
in the surface fisheries operating in the eastern Atlantic in the
exploitation of skipjack since the early 1970s:

— Adoption of the “associated-school fishing mode” by bait-
boats operating from Dakar since the early 1980s. This
fishing method consists of permanently maintaining the
tuna school under the baitboat while catching fish every
day (Fonteneau and Diouf 1994);

— Continuous introduction of new fishing technology on-
board purse seiners (bird radars, drifting fish aggregating
devices (FADs), supply vessels, GPS positioning buoys,
tracking buoys, satellite information on environmental fac-
tors, sonar, echo sounders, purse winches, power blocks,
purse seine size modifications, material used for the net,
rail rollers, etc., Hervé et al. 1991; Fonteneau et al. 1999;
Moron et al. 2001), whose impact on fishing power has
been raised by French (IRD) and Spanish (IEO) scientists
during the EU research program “ESTHER”!.

All these changes have resulted in an increase in the ex-
ploitable biomass of the skipjack stock and in skipjack catch-
ability, as reflected by the pattern of the historic catch in the
eastern Atlantic (Fig. 1). Total skipjack catches increased from
the 1960s to reach an average of 100000 t in the early 1980s,

I Gaertner D., Pallares P., 2002, Efficacité des senneurs thoniers
et effort réels (ESTHER). Progr. No. 98/061. Union européenne,
DG “Fisheries” (DG XIV), Bruxelles. Rapport scientifique [http://ec.
europa.eu/fisheries/publications/studies/biological2004.pdf]
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Fig. 1. Reported landings of skipjack in the eastern Atlantic using
different fishing techniques from 1960 to 2007.

then reached their highest value in 1991 (175 000 t). It should
be noted that this period coincides with the massive use of
FADs (Ariz et al. 1999). Since then, the catches of skipjack
have shown a gradual decline, probably as a combined result
of the decrease in nominal purse seine effort and the impact
of moratoria for FAD fishing. In recent years, catches have re-
mained stable at about 120 000-130000 t.

With the aim of exploring the consequences of new fishing
strategies on the stock of eastern Atlantic skipjack, this study
was organized as follows: (1) change over time in total mortal-
ity rates (Z) was estimated from mean lengths data in nonequi-
librium situations; (2) from pooled frequency size data within
homogeneous periods of time, length-converted catch curves
were used to access qualitative effects on change in selectivity
patterns, then (3) concomitant historic changes in catch, con-
sidered as reliable explanations for changes in mortality rates,
were investigated with the aid of a Bayesian change-point anal-
ysis. Finally, potential causes of these changes were discussed
in relation to the implementation of new fishing technology.

2 Material and methods
2.1 Data

As changes in fishing practices are better documented from
the European and associated fleets, we considered catch-at-
size? for the EC purse seiner fleets from Spain, France and
associated flags (Guatemala, NEI-Etro, Netherlands Antilles,
Morocco, Panama), from 1969 to 2007. Ghanaian purse sein-
ers were not considered in this study, however, as Ghanaian
purse seiner catch-at-length data is related to the difficulty
in discriminating purse seine catch-at-size from pole and line
data, since both types of fishing gear are commonly associ-
ated during fishing operations (Bannerman and Bard 2001).

2 Catch-at-size data for tropical tunas are collected by the Inter-
national Commission for the Atlantic Tuna (ICCAT), available at:
http://www.iccat.int/accesingdb.htm
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In the case of baitboats, only those vessels operating from
Dakar (Senegal) were considered (i.e., EC-France, EC-Spain
and Senegal).

2.2 Methods

It is widely accepted that mean length of a fish population
is inversely related to its total mortality rate. With this idea in
mind, Beverton and Holt (1956) developed a functional rela-
tionship between mean length in the catch and total mortality
rate (Z):
=D

(L - Lc)
where Loo and K represent the conventional parameters of
the von Bertalanffy growth curve, Lc represents the length at
which fishes are fully recruited, and L the average length for
fully-recruited fish.

However, this simple estimator requires some important
assumptions: notably that recruitments are constant over time
and that mortality rates are constant with regard to age and
over time. Recently, Gedamke and Hoenig (2006) generalized
the approach of Beverton and Holt to allow mortality rate to
change in nonequilibrium situations.

From the simple expression of the mean length:

V4

I :" N,L,dt

Z = 00
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where Nt and Lt represent the abundance and body length
of fish at age ¢, respectively, Gedamke and Hoenig (2006)
stated that when a stock experiences a change in total mor-
tality the mean length depicts a transitional phase before grad-
ually approaching the new true value as the new equilibrium is
reached. Thus, both in the numerator and in the denominator,
the integrals should be broken down into a sum of two integrals
respectively representing (1) fish recruited after the change in
mortality (these fish having experienced only the second mor-
tality rate) and (2) fish recruited before the change (and con-
sequently exposed to the old and the new mortality rates). For
example after a change in the total mortality from Z; to Z;,
the mean length in the population d years, after the change has
occurred, is as follows:

d =~
[ Rl BN L dp 4 [ RelBd LD, df

L=
f”*d Rel-22(-t)1ds + f"" Rel=2%d] pl-Z1(t=(t+d))] {1
1 te+d

(for a general expression of mean length after multiple changes
in the mortality rate, see Appendix 2 in Gedamke and Hoenig
20006).

Therefore, given a series of annual observations of mean
length over time it is possible to estimate the original total mor-
tality rate, the year in which it changed and the new mortality
rate (and possibly even the next breaking date and resulting
change in mortality rate, etc.).

Assuming that L is normally distributed, the maximum
likelihood estimates of the parameters of interest are ob-
tained by minimising the negative logarithm (LL), which is

as follows:
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where L, and Lpred, are the observed and the predicted mean
length in year y; m, and o are the number of fish and the stan-
dard deviation of lengths that are greater than L., respectively.

To handle a situation in which a change in mortality may
have occurred prior to the beginning of the observed time se-
ries (a realistic assumption since catch of skipjack increased
from 22000 t in 1965 to 48000 t in 1970, Fig. 1), Gedamke
and Hoenig (2006) suggest to add an arbitrary mean length
value for each year prior to 1969 (i.e., 1965-1968) along with
a sample size of zero. As the sum of squares of residuals in the
negative log likelihood equation is weighted by sample size,
samples with values of zero will have no effect on the mini-
mization®.

To access whether there have been multiple changes in the
mortality rates of skipjack, different competing models (i.e.,
with different breaking dates and resulting number of param-
eters) were ranked according to the Akaike information crite-
rion, adjusted for small sample sizes (AICc). The top-ranking
model (i.e., smallest AICc) from this set was reported as the
most parsimonious model, which is the model that best ex-
plains the variation in the data while using the fewest parame-
ters (Burnham and Anderson 2002).

Under some strong equilibrium assumptions (constant re-
cruitment and exploitation rate), equal vulnerability for fish
larger than full recruitment size (Lc), constant natural mor-
tality for all length groups in the catch, and considering that
length data can be converted into age data using the inverse of
the von Bertalanffy equation, the length-converted catch curve
can be used to estimate the selectivity pattern. To minimize, in-
sofar as it is possible, the violation of the equilibrium assump-
tions, catch-at-size data were pooled by homogeneous periods
of time resulting from the application of the transitional model
to mortality rates.

To make the traditional catch curve (Beverton and Holt
1956; Ssentongo and Larkin 1973) usable for length data
(Sparre et al. 1989), we replace ¢ (age) of:

L, S0 g g+ at2)
At
by L (length).

With the one to one correspondence between the age inter-
val (t,t + At) and the length interval (L1, L2), we can express
the number of fish caught as C(L1, L2). Let At as the time it
takes for a fish to grow from length L1 to length L2. From the
inverse von Bertalanffy equation, we obtain:

1 Loo— L1
At =t(L2) - t(L1) = =Ln———.
(L)~ L) = pln7o—h

3 Calculations were performed with the aid of the SEINE
software program: NOAA Fisheries Toolbox, 2008. Survival
estimation in nonequilibrium situations (SEINE), Version 1.3
[http://nft.nefsc.noaa.gov].
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The linearized length-converted catch curve can be expressed
as follows (Sparre et al. 1989):

C(L1,L2)
— = t(L1) + At/2].
ML L) =PRI + 41/2)
Age interval #(L1) + At/2 midpoint can be approximated by:
f(H22) = 10 — LLn[1 — L2£2], where 10 represents the theo-

retical age at which the fish would have had zero length.
Thus, the length-converted catch curve can be rewritten as:

C(L1,12)
TN

L1+ L2
Bo + i [T( 2 )

with the slope 81 = —Z.

The regression analysis omits the length classes for which
the fish were not considered fully recruited to the fishery
(L2 < Lc), as well as large size classes approaching Loo. It
should be noted that using the fraction of the total catch corre-
sponding to each length class leads to the same result as using
the number caught (Restrepo et al. 2007).

Once the parameters of the linearized length-converted
catch curve have been estimated, it is possible to extrapolate
the straight line on the left hand side of the curve, and con-
sequently to calculate the proportion of fish that are missing
for length classes lower than Lc, by estimating the ratio of ob-

served C(L1, L2) to predicted catch C (L/l,\LZ) at each length
class (L1, L2) (i.e., S (L1, L2)):

C(L1,L2)

C(L1,12)

S(L1,L2) =

with L2 < Lc , and then re-scaled so that the maximum is 1.

Based on the fact that the ratio of the gear’s catch to the
total catch is proportional to the ratio of the gear’s fishing mor-
tality to the total mortality, gear-specific selectivity: s4(L1, L2)
can be computed as the catch ratio (i.e., R, (L1, L2) multiplied
by total selectivity (Restrepo et al. 2007):

Cy(L1,12)

Yy Co(L1,L2)’
sg(L1,L2) = S(L1, L2)R,(L1, L2),

Ry(L1,12) =

then, re-scaled so that the maximum is 1.

Assuming that the selection ogive follows a logistic curve,
the length group at which 50% of the catch is recruited (L50)
can be calculated directly from a reparametrized expression of
the logistic equation:

sg(L1,L2) = (Gaertner and Lalde 1986).

(I-L1/L50g)
1+A,

In the present study, based on visual inspection of the lin-
earized catch curve, Lc was fixed at 46 cm fork length. As
growth of skipjack is known to vary with latitudes in the At-
lantic Ocean (Bard and Antoine 1986; Gaertner et al. 2008),
we used estimates of growth parameters obtained from tag-
ging data in the eastern Atlantic area located to the south of
10°N latitude. This large area is considered representative of

an area used for FAD fishing. For the sake of simplicity we ap-
plied the same values of growth parameters to the whole size-
frequency dataset. However, we selected estimates of growth
parameters provided by the Faben’s equation, since estimates
of Loo from this model were more similar between northern
and southern areas (96.78 cm and 99.88 cm, respectively) than
growth estimates obtained from the combined likelihood ap-
proach (which provided more regional difference in growth
rate; Gaertner et al. 2008). Consequently, the parameters used
were 99.88 cm and 0.20 per year for the asymptotic average
maximum length Loo and for the curvature parameter K, re-
spectively; to was fixed at 0.

Once the mortality history of the eastern skipjack has been
reconstructed, it makes sense to look for concomitant varia-
tions over time between catch and mortality rates then to eval-
uate the time delay between cause and consequence. To do
this we analyzed the process of sudden changes in total catch
at unknown dates, using a Bayesian analysis for change-point
problems. Change-point analysis assumes a series of indepen-
dent observations collected over time. At one or more points in
time the mean may shift. Let X;, X, ..., X, represent the data
in time order. A simple change-point model can be written as
follows:

Xi ~ p(xil61),
Xi ~ p(xil62),

i=1,...,¢
i=t+1,..,n

where the density p(x|6) belongs to a known class of probabil-
ity densities, e.g., N(u1, 03), N(uz, 073); tis called the change-
point.

While frequentist procedures for change-point analysis es-
timate specific locations of change points, the Bayesian ap-
proach offers a probability distribution (i.e., the probability of
a change point at each location in a sequence). The Bayesian
change-point algorithm (hereafter, BCP) proposed by Barry
and Hartigan (1993) assumes that from a sequence of n inde-
pendent random variables there is an underlying sequence of
parameters partitioned into contiguous blocks of equal param-
eter values; the beginning of each block is said to be a change
point.

In this study we used an R implementation of the Barry
and Hartigan (1993) product partition model for the standard
change-point problem using Markov Chain Monte Carlo im-
plementation (Erdman and Emerson 2007)*. The MCMC im-
plementation of this procedure estimates the posterior distribu-
tions of the change points and the posterior means (considered
as constant within blocks).

3 Results

Different competing models (from 1 to 5 changes points)
used for determining mortality rates from mean length data
in nonequilibrium situations for eastern Atlantic skipjack
(1969-2007) were ranked by AICc from lowest to highest, with
the lowest value representing the best approximating model
(Table 1).

4 BCP package [http://lib.stat.cmu.edu/R/CRAN/].
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Table 1. Model selection for determining mortality rates from mean length data in nonequilibrium situations for eastern Atlantic skipjack
(1969-2007), with (N breaks) number of change points in total mortality, number of parameters, (N1l) negative log-likelihood, (AICc) Akaike
corrected information criterion for small-sample sizes, (4AICc) Delta AICc, (W;) Akaike’s information criterion weight and approximate
breaking dates. Models have been ranked from best to worst according to the Akaike weights (W;).

N breaks Number of parameters NIl AlCc AAICc w; Breaking dates
3 8 233.34 486.92 0 0.78 1979-80,
1985, 1999
4 10 231.57 490.01 3.10 0.17 1979, 1985,
1992, 1999
5 12 229.30 493.00 6.08 0.04 1968, 1979-
80, 1985,
1999, 2005
6 240.07 497.48 7.56 0.02 1980, 1999
1 4 247.35 503.75 16.84 0 1979-80

Table 2. Summary statistics for the best model estimating mortality from mean length data in nonequilibrium situations for eastern Atlantic
skipjack (1969-2007) when four different levels of mortality and three years of change are estimated simultaneously.

Parameter Estimate SE t-value 95% confidence intervals
Z 1.90 0.05 39.19 1.80-1.99
Z 2.40 0.10 24.01 2.20-2.60
73 2.84 0.07 39.09 2.69-2.99
n 2.23 0.07 33.26 2.10-2.36
Year of 1rst change 1979.50 0.41 4794.14 1978.67-1980.33
Year of 2nd change 1985.00 0.19 10633.17 1984.62-1985.38
Year of 3rd change 1998.80 0.38 5291.05 1998.04-1999.56
loa 55.01 5.93 9.27 43.05-67.00
o |
el L4 Observed «
R ° Predicted clf. i
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Fig. 2. Observed mean lengths of skipjack in the eastern Atlantic
from 1969 to 2007 and values predicted by the transitional model
of Gedamke-Hoenig in nonequilibrium situations.

The model with the highest weight of evidence was
deemed the most plausible given the data and set of candi-
date models. No model had substantial support (4AIC. < 2),
though the best approximating model had a weight of evidence
W; of 0.779. This parsimonious model, based on 3 breaking
points over time, is 0.779/0.166 = 4.7 times more likely to be
the best explanation for changes in total mortality rates com-
pared with a model with 4 breaking points.

The selected model fits well with the mean length of
eastern Atlantic skipjack, even though the situation is less

2.0

Estimates of Z from Mean Lengths
15

o |

wn

o L4 Observed
Predicted

o

d L T T T T

1970 1980 1990 2000
Years

Fig. 3. Estimates of skipjack mortality rates (Z) in the eastern Atlantic
from 1969 to 2007. Observed values correspond to the Beverton-Holt
estimator. Predicted line corresponds to the mortality estimates by the
transitional model of Gedamke-Hoenig in nonequilibrium situations.

satisfactory in recent years (Fig. 2). The fitted values decrease
gradually from 51.2 cm in the 1970s to 50.2 cm at the be-
ginning of the 1980s, then slip moderately to 49.6 cm in the
late 1980s. Mean length stabilizes at this low level during the
1990s, and then increases at 50.5 cm after 2001.

The historic change in mortality rates is shown for the east-
ern Atlantic skipjack (Fig. 3). The clear downward trend until
2000 suggests an increase in mortality rate; this is followed,
however, by arecovery in the recent period. Estimates from the
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Eastern Skipjack 1969-1979
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Fig. 4. Length-converted catch curve regressions (upper parts) and
gear-specific selectivity patterns (baitboats operating from Dakar and
EC-purse seiners and associated fleets) for the eastern Atlantic skip-
jack in the historic period (1969-1979). It is considered that little new
fishing technology, if any, was introduced onboard tuna vessels dur-
ing this decade.

conventional Beverton-Holt estimator are highly variable and
range from 1.5 year™! in 1975 to 3.15 year™! in 1995. Notice
that mortality rates estimated by the model in nonequilibrium
situations are consistent with Beverton-Holt estimates aver-
aged over the same periods of time: 1.88, 2.42, 2.76 and
2.31 year™!, respectively.

We obtain additional information about each change and a
specific confidence interval for the year of change, indicating
how well the year of change has been pinpointed (Table 2).
Prior to the first change that occurred in 1979, Z was estimated
at 1.90 year™!. It rose to 2.40 year™' until 1985, then remained
stationary around 2.84 year™!' during 1986-1999 before drop-
ping to about 2.23 year™! over the most recent period.

Since stability in mean length was not achieved during
some periods of time (e.g., in the recent years), selectivity pat-
terns obtained from length-converted catch curve regressions
were compared only for two contrasting periods of time: 1969-
1979 and 1986-1999 (Figs. 4 and 5). The decade of the 1970s
may be considered as representative of a historic phase with
few fishing improvements. In contrast, the second period was
characterized by the modernization of the surface fleets, since
new technology and equipment were continuously brought
into use onboard vessels by tuna-fishery owner companies.
The limits of interpretation should also be borne in mind, due
to the strong assumptions made about equilibrium conditions.

As observed in other selectivity studies, and because the
logistic curve never attains the value 1.0, the fit of the logis-
tic curve simply provides an approximation of the length un-
der full exploitation. For both periods of time considered, the
total selectivity pattern suggests that larger-sized skipjack are
selected/recruited by baitboats in the fishing grounds close to
Dakar, compared with the purse seine fishery.

The L50 of purse seiners remained stable around 43—44 cm
for both periods of time (Figs. 4 and 5). The pattern of L50 is
similar for baitboats (44—45 cm).

Eastern Skipjack 1986-1999
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Fig. 5. Length-converted catch curve regressions (upper parts) and
gear-specific selectivity patterns (baitboats operating from Dakar and
EC-purse seiners and associated fleets) for the eastern Atlantic skip-
jack in the period (1986-1999). In contrast with the previous period of
time, different fish finding devices were introduced gradually onboard
tuna vessels from the mid-1980s.
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Fig. 6. Bayesian change-point analysis on the total catch of skipjack
in the eastern Atlantic (1965-2007). The observed catch and the pos-
terior mean are represented in the upper part of the figure. The pos-
terior probability of a shift in mean value (i.e., the proportion of iter-
ations resulting in a change point at each year) is represented in the
lower part.

The application of BCP analysis to the historic catch of
skipjack led to a 5-block model (Fig. 6). The observed catch
of skipjack is reported over time in the eastern Atlantic Ocean,
with the posterior mean value (Fig. 6 upper part). The posterior
probability of change displayed in the lower part of the same
figure shows the proportion of iterations resulting in a change
point for each year. Figure 6 shows that the posterior probabil-
ity of the change path has four peaks. The corresponding years
of change were estimated to have occurred around 1970, 1976,
1990 and 1995.
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Fig. 7. Cumulative frequency of catch at length of eastern At-
lantic skipjack for two contrasting periods of time (1969-1979 vs.
1986-1999).

4 Discussion

The comparative analysis of the historic patterns for gear-
specific selectivity may be used to detect changes in targeting
some commercial size categories associated with changes in
fishing practices. An example of this is a decrease in selec-
tivity over the years, which would suggest that the fleet being
studied is primarily targeting young tunas. Surprisingly, this
assumption is not supported by the size-frequency data since
the selectivity pattern observed for the purse seine fishery re-
mains relatively stable between the two periods considered.
Even if the proportion of small fish in the total catches has in-
creased moderately since the use of FADs (Fig. 7), the compar-
ison of the catch-at-size of skipjack between the two periods
did not highlight a qualitative change in L50 selectivity. The
same conclusion can be drawn in relation to the adoption of
the “associated-school fishing mode” by the pole and line fish-
ery operating out of Dakar since the early 1980s (Fonteneau
and Diouf 1994).

The apparent stability in the selectivity patterns of purse
seiners might be due however to a misreport of small skipjack
in the catch and/or to their absence from the port size sam-
ples. With respect to this potential bias, considerable progress
has recently been made to estimate the amount and the size
distribution of unreported small skipjack landed for the local
market in Abidjan, Ivory Coast, as “faux-poisson”. Based on
scientific observer information and specific port sampling, un-
reported skipjack catch (average size 37 cm FL) has been esti-
mated at 6 600 t year™! for the 1988-2007 period (Chassot et al.
2008). Nevertheless, although the ICCAT data base has been
updated with this information, the reallocation of small skip-
jacks by stratum and fleet remains a complex procedure which
might stunt any analysis attempting to discern changes in gear
selectivity. There are also two possible reasons that could ex-
plain this apparent stability: (1) due to the relative viscosity of
this stock (e.g., as evidenced by the low amount of mixing be-
tween eastern regions divided at 10°N latitude, Gaertner et al.
2008) a strategy targeting juveniles for a local portion of the
stock would have little repercussion in other areas and would

be difficult to detect; and (2) an increasing proportion of large
fish in the catch, resulting from the expansion of the fishing ar-
eas towards the west, would compensate the increasing catch
of small fish within the traditional fishing grounds.

With regards to the changes in Z over time, one of
the important points raised by one referee on the Gedamke
and Hoenig method is that this model assumes constant
recruitment. Even if the recruitment of skipjack is likely to
vary from year to year, it is accepted, for biological reasons
explained in the Introduction section, that recruitment vari-
ability is random rather than showing a trend over time. Ad-
ditionally, under the current state of exploitation of tropical
tunas, it has not been shown that recruitment varies directly
with the stock size. Furthermore, the presence of a particu-
larly large or small year-class that could affect the calcula-
tion of the population mean length has not ever been detected
in the size-frequency data. The general pattern observed for
mortality rate is in agreement with previous knowledge on the
historic exploitation of this species. The largest values for Z
observed during the 1986-1999 period might coincide with a
situation of full exploitation (probably reached in 1994-1995,
as suggested by an analysis based on a modified version of
Grainger and Garcia’s index; Gaertner et al. 2001). The signif-
icant increase in mortality rates between the early 1980s and
the end of the 1990s, obtained from different methods, such
as tag-recovery model (Gaertner et al. 2006), and the transi-
tional model of mean lengths (this study), corroborates this
hypothesis.

Even though caution must be taken before generalizing
correlation and cause-and-effect (i.e., a change in one variable
is assumed to result in a change in another variable with a tem-
poral antecedence of the cause versus the effect), there is the-
oretical justification in stock assessment studies to assess the
degree to which total catch increases (or decreases) mortality
rate. In two historic situations, the mean shift in skipjack catch
led clearly to concomitant changes in mortality rates 3—4 years
later. This delay reflects the range of the age classes that were
fully fished. The increase in Z, estimated to have occurred in
1979-1980, likely resulted from the increase in catch detected
in 1976 by the BCP model (the annual variability observed
in the mid-1970s suggests that it would have been difficult to
detect such a shift in catch by a simple screening of the time
series). The second situation concerns the decrease in mortal-
ity rate observed after 1999, which was caused by the decline
in catch after 1995.

Contrary to this, even though the transitional model was set
up to search for a change in mortality prior to the time-series
of mean length data (as suggested by Gedamke and Hoenig
2006), the first change point in catch (1970) was not followed
three years later by a concomitant change in the transitional
model of mean length. For the other cases, the insufficient sta-
tistical linkage between catch and Z might be due to the vari-
ability of the data for the blocks of years considered. Thus,
for these cases, not all the criteria for making causal asser-
tions were met (i.e., a significant change point was detected
for one variable only) but there was cumulative evidence fa-
voring the research hypothesis (i.e., the time lag and the pat-
tern of covariation were in agreement with the previous re-
sults). For example, the shift in Z predicted by the transitional
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model in 1985 might be linked with the increase in catch ob-
served in 1981-1982 (although the BCP model failed to de-
tect such a change, possibly due to the large variability of the
catch data in the early 1980s). Along these lines, the large
posterior probability of the change in catch that occurred in
1990 was not associated with a significant increase in mortal-
ity rate from the best transitional model. However, the second
best model with 4 breaking points detected a breaking date at
1992 (Table 1). It should be noted that a moderate increase in
Z is suggested by the simple Beverton-Holt estimator which
rose in 1993 (Fig. 3).

The evolution of mortality rates for skipjack in the eastern
Atlantic Ocean is in agreement with general expectations re-
lated with the increase in fishing pressure until the late 1990s.
As stated in the Introduction, many technological factors have
contributed to the increase in purse-seiner fishing efficiency.
However, owing to the individual variability in the dates of
introduction of new equipment onboard fleets, the overlap be-
tween installation periods, and the combined effects of certain
innovations, it has been difficult to accurately appraise the con-
tribution of each separate factor on the increasing mortality
rate (Gaertner and Pallares 2002).

Among these various innovations, the massive use of FAD
since the late 1980s (Ariz et al. 1999) has been considered
as one of the most relevant. However, real progress only oc-
curred when fishers were able to implement electronic tech-
nology on their drifting FAD in order to locate them easily at a
great distance. The use of GPS positioning buoys since 1997-
1998, particularly the Ariane type, which progressively substi-
tuted the Gonio system introduced in the early 1990s, can be
considered as a significant step forward in the development of
purse-seine fishing power. In the early 2000s, tracking buoys
that transmit continuous buoy trajectories to a computer inter-
face onboard the vessel and sonar transmitting satellite buoys,
equipped with solar panels, became very useful for maximiz-
ing “search” time, or time spent traveling to and assessing FAD
(Itano 2003; Moreno et al. 2007).

In addition, it was shown that the combined effects of cer-
tain fish finding devices (e.g., sonar and echo-sounder), used
while fishing around FAD (Gaertner and Pallares 2002), were
clearly associated with an increase catchability of skipjack, as
well as juveniles of yellowfin (Thunnus albacares) and big-
eye tuna (Thunnus obesus). Sonar has been used onboard tuna
boats for a long period of time now but its fundamental roles,
which are to aid in deciding net settings and to guide the cap-
tain during the encircling of the school, gradually increased
over the years, as recognized by skippers responding to ques-
tions on this point (Gaertner et al. 2000).

The decrease in Z observed for the last part of the stud-
ied period should be partially due to a regular decrease in
fishing pressure, since the nominal fishing effort of European
and associated purse seiners decreased regularly since the late
1990s (Pianet et al. 2008). To assess this assumption, we com-
pared the historic path in mortality rates for the three tropical
tuna species using the simple Beverton-Holt mortality estima-
tor (we focused more on the comparison of species-mortality
trends than on the detection on specific breaking dates). As
for skipjack, Lc was fixed at 46 cm and we simplified further
by assuming a von Bertalanffy growth curve for yellowfin and
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Fig. 8. Comparative analysis of the changes over time of the Beverton
and Holt’s mortality rate (Z), for the three tropical tuna species in the
eastern Atlantic. YFT = yellowfin, BET = bigeye, SKJ = skipjack.

bigeye (even though a two-stanza growth curve seems more
realistic for both species) with Loo and K fixed at 151.7 cm
and 0.728 year™!, and 217.3 cm and 0.18 year™!, respectively.

Figure 8 shows a decline in apparent Z over time was
not clearly evidenced for the other two tropical tuna species.
This discrepancy in the historic pattern of Z between the three
species of tunas suggests that the decreasing trend observed for
skipjack probably results from a combination of the decrease
in nominal effort of the EU and associated purse seiners and in
the impact of the moratoria on FAD fishing (specifically large
for skipjack; Goujon and Labaisse-Bodilis 2001). It must be
noted, however, that this trend could have been stunted by the
development of FAD fishing in the Ghanaian surface fishery
(Bannerman and Bard 2001).

In addition to these considerations, it must be stressed
that the association with drifting FADs may have a negative
effect on the biology (food intake, growth rate, fish plumpness)
and on the ecology (displacement rate, movement orientation)
of skipjack (i.e., the “ecological trap” concept; Hallier and
Gaertner 2008). The patterns found by these authors suggest
that tuna may be trapped into a maladaptive behavioral strat-
egy caused by the massive use of drifting FAD in the tropical
Ocean. However, in a situation of moderate fishing intensity
(or with a reduction of the FAD fishing strategy), this negative
impact might be reduced because the proportion of the fish at-
tracted to areas of low quality habitat will be compensated for
by the fish choosing areas of high quality habitat.
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