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RECRUITMENT VARIABILITY AND ENVIRONMENT:
ISSUESRELATED TO STOCK ASSESSMENTSOF ATLANTIC TUNAS

Jean-Marc Fromentin® and Victor Restrepo®

SUMMARY

Variations in recruitment and year-class strength of fish populations is a well known
feature which can be related to three main factors: 1) human activity, mainly through over-
exploitation of the spawning stock, but also through pollution of the spawning and nursery
areas, 2) biological processes, such as predation, cannibalism and competition and 3)
environmental events. life history traits of Atlantic tuna make the probability of a stable
recruitment much higher for tropical tuna than temperate ones, but the latter are more adapted
to the risks of recruitment failures than the former. As noise in the recruitment can lead to
pseudo-cyclic variations in SSB and yields, trends in stock size and catches are also more likely
in temperate Atlantic tuna. All these stochastic processes, however, make difficult (and in some
cases impossible) the choice of a pertinent deterministic stock -recruit relationship, such as the
Ricker or Beverton and Holt models. A way forward is to move to a stock-recruitment
relationship that would integrate environmental influence; a step which should be tempered by
careful thinking about the physical, biological, physiological and behavioral processes affecting
Atlantic tuna.

RESUME

Les fluctuations du recrutement des populations de poissons sont un fait bien connu,
pouvant étre liées a 3 types de facteurs: 1) I'activité humaine, au travers de la surexploitation
des reproducteurs mais aussi de la pollution des aires de croissance des jeunes recrues ; 2) les
processus biologiques tels que la prédation, le cannibalisme et la compétition et 3) les
événements environnementaux. Les caractéristiques biologiques des différents thonidés de
I’ Atlantique font que les populations tropicales ont une probabilité de recrutement stable bien
supérieure aux populations tempérées, qui, par ailleurs, sont mieux adaptés aux échecs de
recrutement. Comme le bruit du recrutement peut générer des fluctuations pseudo-cycliques du
stock reproducteur et des captures, des tendances dans ces deux composantes sont elles aussi
plus probables chez | es thons tempér és. Tous ces processus stochastiques rendent difficile (voire
impossible) le choix d’un modéle stock -recrutement déterministe, tel qu’un modéle de Ricker ou
de Berverton et Holt. Pour sortir de ce dilemme, une possihilité serait d’intégrer les facteurs
environnementaux influents au sein de ces modéles; une étape qui nécessite au préalable un
examen critique des processus physiques, biologiques, physiologiques et comportementaux
affectant les thonidés de |’ Atlantique.

RESUMEN

Las variaciones en el reclutamiento y la fuerza de la clase anual de las poblaciones de
peces son caracteristicas bien conocidas que pueden estar relacionadas con tres principales
factores: 1) la actividad humana, principalmente la sobreexplotacion del stock reproductor, y
también la contaminacion de las zonas de desove y cria; 2) los procesos biolégicos, como la
depredacién, canibalismo y competencia, y 3) fendmenos del medio ambiente. Las
caracteristicas del ciclo vital de los tinidos atlanticos hacen que la probabilidad de un
reclutamiento estable sea mucho méas alta en el caso de los tunidos tropicales que en el de los
de aguas templadas, si bien estos Ultimos estdn mejor adaptados a los riesgos de fallo en €l
reclutamiento que los primeros. Igual que el ruido en el reclutamiento puede conducir a
variaciones pseudo-ciclicas en SSB y rendimientos, las tendencias en el tamafio del stock y las
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capturas son también mas probables en tinidos atlanticos de aguas templadas. Todos estos
procesos estocasticos, sin embargo, dificultan (y en algunos casos imposibilitan) la eleccion de
una relacion determinista stock -reclutamiento pertinente, como por ejemplo los modelos Ricker
0 Beverton-Holt. Una forma de avanzar seria adoptar una relacién stock -reclutamiento que
integrase la influencia del medio ambiente. Este paso deberia decidirse considerando bien los
procesos fisicos, biolégicos, fisiolégicos y de comportamiento que afectan a los tdnidos

atlanticos.
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Recruitment, environmental effects, stochastic processes, population dynamics, life history, tuna
fisheries

INTRODUCTION

The scientific literature has shown, since more a century, that variations in recruitment is a
common feature of most exploited (and non-exploited) fish populations (e.g., Caley et al. 1996,
Cushing 1975, Hjort 1914, Hjort 1926, May 1974, Wooster and Bailey 1989). The understanding of
the processes controlling these variations is not only important on an ecological viewpoint, but also
(and mainly?) on a conservation and management one. The long-term consequences of a management
regime are, for instance, closdly related to the ability of the stock assessment working groups to
adequately model the stock-recruit relationship .

In this manuscript, we first presented a brief review on the recruitment of fish. Then, we tried to
evaluate the possible implications of the differences in life history traits between tropical and
temperate Atlantic tunas on the recruitment. Finaly, we discussed the present limits and some
perspectives about the spawner-recruit modelling in the frame of the stock assessment and
management of the Atlantic tunas.

1. ABRIEF REVIEW ON THE RECRUITMENT ISSUE OF FISH

At the beginning of the century, Hjort (1914) stated, on the basis of historical observations, that “
a characteristic feature of all branches of the fishing industry has been the fluctuations of their
respective yields from year to year, .../... with a series of years of profitable fishery succeeding and
succeeded by several years of dearth”. Studying cod, herring and haddock, Hjort (1914, 1926) put
forward that these variations are mainly due to fluctuations of the year classes (and not migration),
which are themselves determined at a very early stage. The author proposed two main mechanisms for
his hypothesis : (i) the former postulates that the strength of the year-class is set by the availability of
planktonic food shortly after the larva yolk supply has been exhausted, i.e. what has been called the
‘Hjort’s critical concept’, see also (May 1974) and (ii) the latter suggests that the eggs and larvae
might be carried far away out by wind and current, so that they could not return and reach their nursery
grounds. These two features thus consider that the starvation of the fish larvae is the crucia process
determining the year-class strength.

Larval starvation, which has been demonstrated in laboratory experiments but not in natural
populations (May 1974), has been currently explained by two popular mechanisms. The first and most
well known one is the ‘match-mismatch hypothesis (Cushing 1990), which postulates that the larval
mortality is determined by the match-mismatch in the seasona availability of food of fish larvae (i.e.,
mainly zooplanktonic food such the copepods, an hypothesis which has been confirmed by further
studies, e.g., Fortier et a. 1995, Gotceitas et a. 1996, Mertz and Myers 1994). Some studies showed
that the year-class strength could be a so established after the critical period and even during the early
juvenile stages, so that the match-mismatch hypothesis has to be taken in a less restrictive sense and
understood as a general correspondence between larva production and planktonic food (Myers et al.
1993, Peterman et a. 1988). The second hypothesis (Lasker 1975), postulates, on the basis of a study
on anchovy larvae, that fish larvae need dense concentration of proper-sized food which are attained
when ocean is calm and when there is a stable mixed layer. This hypothesis has been further developed



by Cury and Roy (1989), who showed that the optima environmental window for pelagic fish
recruitment success is actualy dome-shaped and more recently by Bakun (1996), who suggested that
the recruitment success in upwelling areas is mainly determined by three variables: the planktonic
production, the turbulence and the retention.

Beside starvation, other processes have been put forward to explain variation in recruitment and
year-class strength. Among them, predation by other fish species or jelly fish, cannibalism and
competition resulting from food and/or habitat limitation have recently shown to be an important
source of mortality of eggs and fish larvae (Bogstad et al. 1994, Cushing 1995, Paradis et a. 1996,
Shepherd and Cushing 1980, Wootton 1990). These processes could further induce density-dependent-
mortality/growth, which are known to reduce the variability induced by stochastic factors during the
early stages (Fromentin et a. in press, Myers and Cadigan 1993) but also to generate cycles and/or
long-term fluctuations in fish stocks (Bjgnstad et a. 1999, Bjanstad et al. 1999, Caley et a. 1996,
Fromentin et a. 2000b, Knell 1998). It was further shown that the mortality of the eggs and fish larvae
was dependent on the age and size of the spawners; older individuals producing offspring with higher
rates of survival, so that the recruitment is not only proportional to the spawning sock biomass but
a o the age-classes structure of the spawning stock (Cardinale and Arrhenius 2000). This implies that
recruitment overfishing (Myers and Barrowman 1996) become more probable, for a given level of
SSB, when the population structure is strongly truncated.

Variations in recruitment and year-class strength appear thus to be related to three main classes of
factors: 1) human activity, mainly through over-exploitation of the spawning stock, but aso through
pollution of the spawning and nursery areas; 2) biological processes, such as predation, cannibalism
and competition and 3) environmental events. Environmental factors mainly affect fish recruitment
through changes in: (i) sea temperature, which influences the daily development and mortdity of the
eggs and fish larvae (Pepin 1991, Planque and Frédou 1999, Rétz et al. 1999) and (ii) the food
availability, i.e., the match-mismatch hypothesis and/or the impact of the wind and current at a large
scale (the dispersal of the eggs and fish larvae and the Bakun's triad) and at a small scae (the
turbulence which plays arole on the prey encounter rates, (Kigboe and MacKenzie 1995, MacKenzie
and Leggett 1991, MacKenzie et a. 1994). This brief review shows that there is no smple and
unifying mechanism to explain variations in recruitment and year class. The processes differ between
species and depend on the local environments. The following section attempts to list the most probable
mechanisms that could affect recruitment of Atlantic tuna populations, considering their differencesin
life history traits and geographical areas.

2. THE RECRUITMENT I SSUE FOR THE ATLANTIC TUNAS

2.1. life higtory traits of Atlantic tunas

The table 1 sums up the life history traits of Atlantic tunas and tuna-like species related to:

i. The geographical distribution of the population as well as the main spawning places (information
being obtained from the literature, see legend of table 1)

ii. The spawning duration (i.e., the number of months per year during which spawning usualy
occurs) and the age-at-maturity (age at which 50% of the individuals are mature) were also
collected from the literature.

iii.  The maximum age, which was derived from tagging data (Fromentin and Fonteneau in press)
and defined as the longest observed duration between a mark and a recapture, plus the age of the
fish when marked (suspect or incomplete information was not considered).

adength- at - maturityd, 100

Maximum- length 4

Age- at - maturity
the mean juvenile growth scaled by the maximum length. We did not deduce growth and

iv. A growth index was computed as: . Thisindex corresponds to



maximum length from the parameters K and Ly of the von Bertalanffy growth equation because
of large differences between various estimates.

Skipjack (SKJ, Katsuwonus pelamis), Atlantic little tuna (LTA, Euthynnus alletteratus) and
yellowfin tuna (YFT, Thunnus albacares) are typica tropica tunas, mainly distributed from 20°N
t010°S for the two first species and from 35°N to 20°Sfor the latter. SKJand LTA can be considered
as opportunistic spawners, since these two species can spawn all year long in the equatorial waters and
some tropical areas (Table 1). YFT has a more restrictive spawning season in time, about 6 months,
but not in space. 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 tunas (from 50°N to 40°S). Their spawning seasons are more restricted in time, 2 to 4
months, but the spawning places are till very large (Table 1). Albacore (ALB, Thunnusalalunga) and
swordfish (SWO, Xiphias gladius) are common in sub-tropical and temperate waters. Typicaly, their
spawning season spread over 3 months in some more limited areas of the western and central Atlantic
and Mediterranean Sea (Table 1). Although Bluefin tuna (BFT, Thunnus thynnus thynnus) and
southern bluefin tuna (SBF, Thunnus maccoyii) have a very wide geographical distribution (from the
sub-polar to the sub-tropical waters of the Atlantic), their spawning season and spawning places are
the most restricted ones. Note a so that these two typica temperate tunas 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).

2.2. Main differences between tropical and temperate tunas

All the tropical, sub-tropical tunas and temperate tunas have wide geographica distribution.
However, the spawning season becomes shorter as soon as we consider a gradient from the equatorial
to the temperate populations. This feature could be related to the physiological ecology of these
species (Bard et d. 1998, Sharp 1978). All tunas and tuna-like species need warm waters for
reproduction and larva growth (around 24°c for tuna larvae, (Nishikawa et al. 1985). In that sense, the
tropical waters provide an optimum habitat for tunas in term of reproduction and growth (juvenile
growth being much more rapid for tropical and sub-tropica tunas than temperate ones, Table 1).
Because SBF and BFT mainly live and feed in temperate waters (Mather et a. 1995), their spawning
season in warmer locations is automatically shorter than for tropica tunas, which roughly live and
reproduce in the same waters. A similar observation can be made in the spatial domain: the spawning
areas are wider for tropical than temperate tunas. This is probably due to the same physiologica
congtraint, which allows an opportunistic strategy in tropical waters (i.e., a more or less continuous
spawning as soon as favourable conditions are encountered) that the temperate waters do not permit.
These two features make, in theory, the probability of a stable recruitment much higher for tropical
than temperate tunas (see also (Fonteneau 1992).

Another point of interest of table 1 is given by the age-at-maturity and the maximum age. Briefly,
temperate tunas have a late age-at-maturity but a long life span, so that their spawning stock include
numerous year-classes (> 10). In contrast, tropica tunas display an early age-at-maturity but a short
life span. Their spawning stock is, thus, constituted by a few number of year class. This difference in
life history traits makes temperate tunas more adapted to the risks of recruitment failures than tropical
ones, 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, see (Fromentin and
Fonteneau in press). The dynamical features of the tropica tunas populations are, thus, mainly
determined by a continuous recruitment and a rapid juvenile growth, i.e., an opportunistic strategy
which is possible in warm waters. Conversely, temperate tunas are rather resistant to recruitment
failure, but they display alater age-at-maturity and a slower growth. For these species, the core of their
dynamics is related to the reserve that constitutes their spawning stock, i.e., a conservative strategy
related to a colder and more variable environment.



2.3. Variation in recruitment and in stock size

Noise in recruitment can lead to pseudo-cyclic fluctuations in the SSB and in the yields, with a
main period depending on the life span of the species, i.e., ~ 5 yr for SKJand ~ 20 yr or more for BFT,
Fig. 1). This feature is probably due to the autocovariance generated by the sum of the noises in the
recruitment of each year. Analysing historical data of the trap fisheries, Ravier and Fromentin (pers.
comm.) showed that the temporal variability in these catches may be decomposed firstly into pseudo-
secular cycles (see also (Fromentin et a. 2000a), secondly into cyclic variations between 15 and 30
years, then into year-to-year fluctuations. The cycle of about 20 years, which approximately
corresponds to the life span of the Atlantic bluefin tuna (Table 1), could result from variation in the
recruitment. We have not sufficient results to valid such a hypothesis, but it is interesting to note that
the Nordic fisheries, which suddenly collapsed in the mid 60°'s (Marsac 1999, Tiews 1978), recently
reappeared after 30 years (Olafsdottir and Ingimundardattir 2000). However, further investigations are
needed by comparing, for instance, the amplitude and the frequency of the variations in the abundance
(or the catches corrected from fishing effort) of the tropical versusthe temperate tunas.

3. MODELLING SPAWNERSRECRUIT RELATIONSHIP (SRR)

Modelling of the spawner-recruit relationship (SRR) plays an important role in the application of
population dynamics theory in support of fisheries management. It is only with some assumptions
about this relationship that scientists can state something about the likely long-term consequences of a
management regime, i.e., to make projections to forecast the state of the exploited stock during the
next years.

3.1. SRR used in fisheries management

The SRR models most typically used in the fisheries world are those due to Ricker (1954) and
Beverton and Holt (Beverton and Holt 1957). However, many other relationships have been
advocated, such as “generalized” ones (Schnute et a. 1989), or ad-hoc ones (Barrowman and Myers
2000). Thefitting of SRRsin stock assessments could be classified in three categories as follows:

() In models that make implicit use of a SRR. A good example of this is stock production
models, in which the stock”s growth in biomass one year depends partialy on the recruitment
of new biomass which isitsalf afunction of the previous year’s stock biomass.

(2) In age-structured maodels, independently of the assessment of catch/effort data. The typical
example is taking the results of a VPA to caculate time series of stock biomass and
recruitment, and carrying out some sort of nonlinear regression or nonparametric smoothing
to the SR data

(3) Inage-structured models, simultaneously with the fitting of the catch/effort data.

In principle, there should be no reason why one of the approaches above should be preferable to
the athers, given that all models are simplifications of reality. Some scientists may prefer (1) or (3)
because they lead to a higher degree of consistency in the analyses, since they are done internaly. For
example, if the tuning of the VPA aso estimates the SRR parameters which are, in turn, used to
estimate By sy, it isrelatively straightforward to estimate the variance of Bysy based on the covariance
matrix for the VPA modd fit. Others may, however, argue that it is preferable to carry out the VPA-
tuning and SRR-fitting exercises separately, so that one will not affect the results of the other in some
unknown fashion.



3.2. Limits of the deterministic SRR and possible alter natives

Whether or not to fit an SRR simultaneoudly in the assessment is often not as big a question as
whether to fit it a all. Many scientists are simply put off by the “shotgun pattern” typical from a plot
of recruitment against stock size and quickly rush to stating that, on the basis of visua evidence, there
is no relationship between recruits and stock size. And, indeed, a statistical test will more often than
not fail to reject the hypothesis that the slope of the SR plot is zero. On the other hand, those scientists
that are more familiar with computer smulation will be aware of how easy it is to create the shotgun
patterns in the presence of a little noise, even when there is an underlying stock-recruitment
relationship. Thus, much of the difference in perception may be smply due to unfulfilled expectations
for adeterminigtic relationship in a stochastic world. Even at alow level, stochastic forces can totally
blur the underlying SRR, so that it becomes difficult (sometimes impossible) to choose a deterministic
SRR on statistical criteria (see e.g., the case of the Northeast Atlantic bluefin tuna, (Anonymous 1999,
Fromentin 1999), leading the scientists to +/- arbitrary choices.

Clearly a way forward is to move from a stock-recruitment relationship (SRR) to a stock-
environment-relationship (SERR) in which recruitment is modelled as a function of both explanatory
variables. Most attempts to do this dea with allowing an environmental variable to effect the “height”
of the relationship (e.g., the asymptote), as opposed to having an effect on the slope at the origin of the
relationship. It is aso important to remember, however, that there is aways a good chance (difficult to
measure) of finding a spurious correlation between recruitment and some environmental variables,
because of various violations of the basic statistical assumptions due to the dependence between
observations, autocorrelation and long-term trends (Legendre and Legendre 1998). Furthermore, some
authors, e.g., (Waker et d. 1994), have issued strong warnings that such correlative studies can
actually provide a disservice to fisheries management when they are not done carefully and that more
certainty about the relationships can only be gained from manipulative experiments that change the
size of the stock. We hold the view that progress can be made to include environmental covariates in
the modelling of recruitment as a function of stock size (eg., (OBrien et a. 2000), or in eygs-
production models when this additional step appears necessary (Cardinale and Arrhenius 2000).
However, this progress should be tempered by careful thinking about the physical, biological,
physiological and behavioral processes affecting Atlantic tunas.

DISCUSSION

The scientific literature has shown that variations in the recruitment is a common feature of marine
populations, including fish (e.g., (Bailey and Houde 1989, Cushing 1975, Hjort 1926, Lasker 1975,
May 1974, Planque and Frédou 1999, Uda 1957). Listing some of the main life history traits of several
tuna populations, we further postulated that variations in the recruitment are probably higher for
temperate than tropical tunas. As variations in the recruitment is likely to lead to variations in the
spawning stock and yields, this question is not only interesting on a theoretical viewpoint, but also in a
stock assessment and management one. Therefore, we propose to that ICCAT organises in the near
future aworkshop on this topic, during which several questions may be explored, including:

1. Age-dicing, which is used to construct the catch-at-age matrices for the VPA andyses of many
tuna stocks, can mask interannual fluctuations in year-class strength. What alternative approaches
are available to assess recruitment variability?

2. Can we identify fluctuations in the yields and SSB due to variations in the recruitment? And is the
frequency different between temperate and tropica tunas?

3. Which SERR could be the most relevant for the different Atlantic tunas?

4. Doestheinclusion of variationsin the recruitment due to environmental influences within the stock
assessment change significantly the biomass estimates and the predictions or the levels of the
biologica reference points?

5. Following the match-mismatch hypothesis, variations in recruitment should incresse as the
spawning and recruitment period decreases, i.e., should be higher within temperate tunas (BFT)
than tropical (SKJ, YFT). Can we get reliable data to test such an hypothesis?



6. Relationship between large-scale climatic events, the North Atlantic Oscillation (NAO), and the
recruitment of albacore and bluefin tuna have been recently put forward in the last SCRS meetings
(Bard and Santiago 1999, Marsac 1999, Santiago 1998). Can further analyses help to identify the
possible mechanisms linking the NAO to the success of the recruitment?

7. Transport is particularly important for species having nurseries in localized areas. Which are the
Atlantic tuna populations concerned, BFT, ALB?, SBF?

8. Tropica and subtropical species may aso be “ prey-sensitive” because of their high metabolic rates
and short time of starvation (another difference between tropica and temperate tunas). Is that
testable?

9. Isthere any ecologicd evidence of regime shifts in terms of the recruitment of Atlantic tunas?
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Tablel

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’).

&l ength- at- maturityg*l
Maximum- length

Growth was computed as; Age- at- maturity _

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 a. (1983); 16. Capisano (1989); 17.
Capisano and Fonteneau (1991); 18. Caton et a. (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 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. Mgjuto and Garcia (1997); 39. Ovchinnikov et a. (1980); 40.
Porter and Smith (1991); 41. Souzaet al. (1994); 42. Weber (1980)

Skipicck Tropical and equatorial Atlantic Brazilian waters
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Bigaye e BET Sub-tropical to equatorial Eruatorial Atlantic 3 il 35 183
Atlantic waters
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Figure 1. Qutputs from a simulation modelling (see Fromentin and Fonteneau in press) with a constant
fishing mortality of 0.5 during the last 200 years. The first 50 years is the transition period during which
there is no fishing mortality. After t=50, random noise was added to the recruitment. Fishing mortality
started at age 1 for skipjack (left panel) and bluefin tuna (right panel). Top graphs: recruitment, medium
graphs: spawning stocks biomass (SSB) and bottom graphs: total yields. Time series of SSB and yields
only start at time t=65 to avoid scaling problems.





