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Abstract: Most of the monthly catches and CPUE of 13 studied commercial species in the coastal 
waters of the north-western Mediterranean were significantly positively correlated with run-off of local 
rivers (Rhône and Muga) and the wind mixing index during the spawning season, with time lags of less 
than a year (transfer function analyses). Rhône and Ebre interannual fluctuations in run-off were 
synchronous and were related to the North Atlantic Oscillation (NAO), river run-offs being negatively 
correlated to high NAO episodes. The fluctuations of river discharges and the wind mixing index were 
cyclic but not related. The results showed that enhanced hydroclimatic conditions in the NW 
Mediterranean were favourable for the productivity of the fish and invertebrate stocks, and suggest the 
presence of linkage between recruitment of Mediterranean species and local (river discharges, wind 
conditions) and global (NAO) environmental conditions. 
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INTRODUCTION 

Fish stocks are known to fluctuate extensively over a large range of spatial and 

temporal scales (Cushing, 1982; Laevastu, 1993). Several biotic and abiotic processes, 

as well as their interactions, may induce such fluctuations. At the beginning of the 

century, Hjort (1914; 1926) suggested that fluctuations in stock size depend upon 

variations in year-class strength, which are determined at an early stage through various 

processes (mainly food availability and environmental conditions for eggs, larvae and 

juveniles). Beside larval starvation, other biological factors, such as predation, 

competition and cannibalism may also influence the early survival of marine fish 

(Bailey and Houde, 1989; Fortier and Villeneuve, 1996; Myers and Cadigan, 1993). 

Environmental changes, such as variations in temperature, salinity, wind field and 

currents, can affect both the productivity and the distribution of fish stocks (e.g. Alheit 

and Hagen, 1997; Cushing and Dickson, 1976; Dickson and Brander, 1993; Lehodey et 

al., 1997; Southward et al., 1988). Finally, human exploitation has been extensively 

documented to influence fish dynamics and abundance, mainly through overfishing (e.g. 

Cook et al., 1997; Hutchings, 2000; Jennings et al., 1998).  

In a previous study, Ravier and Fromentin (2001) showed that fluctuations in trap 

catches of Mediterranean and Atlantic bluefin tuna (Thunnus thynnus, BFT) may be 

decomposed into pseudo-periodic fluctuations of 100-120 years and secondarily of 20 

years, which accounted for more than 50% of the total variance. Long-term fluctuations 

in catches were further synchronous between distant traps, so that they were likely to 

reflect fluctuations in BFT population migrating yearly in the Mediterranean. However, 

the causes of such fluctuations remained unclear. The aim of this work is to test whether 

the BFT long-term fluctuations might be related to large-scale environmental changes, 

using climate indices being available over a long period. We finally retained two 
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climate indices, the North Atlantic Oscillation index (NAO, Hurrell et al., 2001; Rogers, 

1984) and the Length Of the Day index (LOD, McCarthy and Badcoc, 1986), as well as 

the temperature for the following reasons: 

• Several studies have documented the impact of the NAO on the North Atlantic food 

web (e.g. Fromentin and Planque, 1996) as well as its influence on the reproduction, 

growth and spatial distribution of fish, such as herring, cod and albacore (Alheit and 

Hagen, 1997; Bard, 2001; Ottersen et al., 2001). For all these reasons, the NAO could 

affect directly and indirectly the spatial and temporal dynamics of Atlantic BFT 

population (Marsac, 1999).  

• Klyashtorin (1998) put forward that trends in catch of small pelagic fish on which 

BFT feeds (Mather et al., 1995) were closely related to the Atmospheric Climatic Index 

(ACI, Girs, 1974). ACI is tightly correlated with a global geophysical index, the excess 

Length Of the Day (LOD). As this last index is available since the 17th century, we can 

test possible relationships between BFT long-term fluctuations and LOD. 

• Temperature influences fish life history at various stages, i.e. larval growth and 

mortality (Otterlei et al., 1999; Pepin, 1991), timing of food availability for early ages 

(Ellersten et al., 1989), growth (Brander, 1995), maturity (Tyler, 1995), timing of 

spawning (Hutchings and Myers, 1994) and egg viability (Flett et al., 1996). 

Temperature has been also shown to play a key role in spawning activity of both 

tropical and temperate tunas (which spawn in warm water generally > 24°C, Fromentin 

and Fonteneau, 2001; Nishikawa et al., 1985; Schaefer, 2001). Temperature is also 

known to influence the production and distribution of plankton (e.g. McGowan et al., 

1998; Beaugrand et al., 2002) and subsequently, the food resource for juvenile and 

adults BFT (Mather et al., 1995). Thus, changes in temperature could also affect the 

spatial and temporal dynamics of Atlantic BFT.  
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To test these possible relationships, we investigated and compared the patterns of 

variability of BFT, NAO, LOD and temperature in both the time and frequency 

domains, using various time series analyses and statistical techniques.  
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MATERIALS 

The bluefin tuna trap catches 

An intensive investigation through archives and historical literature allowed us to 

collect more than a hundred time series of catches from the ancestral Mediterranean and 

Atlantic trap fishery (for more details, see Ravier and Fromentin, 2001). Traps are 

passive and fixed gears that were used from the Middle Age in Italy and Portugal, and 

from the early 19th century in Tunisia, Spain and Morocco. They were hardly modified 

and their numbers and locations varied slightly until the mid-20th century (Rodriguez-

Roda, 1964; Sella, 1929). This suggests that fishing effort is likely to have little varied 

over several centuries. The long-term fluctuations in trap catches represented the main 

source of variance and were statistically synchronous all along the western 

Mediterranean and the Atlantic coasts of Spain and Portugal, so that they could be 

considered as a good proxy of variations in BFT population migrating each year into the 

Mediterranean to spawn (Ravier and Fromentin, 2001, Fig. 1). 

Because the time series of trap catches mainly exhibited low frequencies, we 

based the present study on those displaying at least a period of more than 80 contiguous 

years without missing values and a total percentage of missing values over the whole 

time series < 10%, i.e. a pool of 9 time series (see Table 1). The longest time series 

came from the Sicilian traps “Favignana”, “Formica” and “Bonagia” and spread over 4 

centuries (17th to 20th), but included gaps (Table 1, Figure 2). Records of trap catches 

from Sardinia (“Saline”, “Porto Paglia”, “Porto Scuso”, “Isola Piana”, Table 1, Figure 

2) and Tunisia (“Sidi Daoud”) went back to the 19th century (1825 and 1863 

respectively) and those from Portugal (“Medo das Casas”) started at the beginning of 

the 19th century and then spread from 1852 to 1933 (Table 1, Figure 2). 
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The environmental time series 

Environmental data (NAO index, LOD variations and temperatures) were 

collected from scientific literature, online databases or communicated by climatologists 

working in research institutes (Table 2). Regular and reliable climate observations, 

allowing the calculation of climate indices, started about 150 years ago. Such field 

records were primarily used when available. To follow environmental changes before 

the instrumental period, we used reconstructed series.  

The North Atlantic Oscillation (NAO) is one of major multiannual climate 

fluctuations of the Northern Hemisphere (Hurrell et al., 2001; Rogers, 1984). It governs 

the pattern and strength of wind, temperature and precipitation over the North Atlantic, 

Northeast American and western European coasts (Hurrell, 1995). The NAO results 

from the oscillation between the subtropical high surface pressure, centred on the 

Azores, and the subpolar low surface pressures, centred on Iceland. To gain a 

satisfactory representation of what might be the fluctuations of the NAO over a long 

period, 3 time series were retained. The first one is the classical NAO index calculated 

by the difference in normalised sea level pressures between Ponta Delgadas (Azores) 

and Akureyri (Iceland) over the winter season (December to February, when the NAO is 

most pronounced, Hurrell, 1995; Rogers, 1984, Figure 3). The other indices are two 

NAO proxies: (i) a reconstruction based on tree-ring chronologies of North America and 

Europe which spreads from 1701 to 1980 (Cook et al., 1998, Figure 3) and (ii) a proxy 

reconstructed over the past 350 years from Greenland Ice Cores (Appenzeller et al., 

1998, Figure 3). These two proxies explain 58% and 30% of the variance of the 

instrumental NAO index over the 1865-1980 period, respectively. 

The excess Length Of the Day (LOD) is a global geophysical index, which 

characterises variations in the earth rotation velocity. The rotational speed of the Earth 
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is subject to secular and periodic fluctuations as well as irregular or random variations. 

These variations have been shown to be tightly correlated with the dynamics of the 

Atmospheric Circulation Index (ACI) or the ‘Vangengeim-Girs’ Index (Girs, 1974), 

which characterises a dominant direction of air mass transport within Atlantic-Eurasian 

region. Global climate changes, such as variations in atmospheric circulation and wind 

stress, would affect the LOD (Klyashtorin, 1998). The LOD index is measured as the 

difference between the actual (astronomical) length of the day and the standard day of 

86400 SI seconds (Stephenson and Morrison, 1984). The longest available LOD time 

series covers more than 350 years (McCarthy and Badcoc, 1986, Figure 3), but the time 

series appears inconsistent (data prior to 1800 displayed little variation in comparison to 

the 1800-1984 period, Figure 3). The International Time Bureau in Paris carries out 

continuous registration of the LOD since 1800. These records corroborate the above 

LOD index over the 1800-1984 period.  

Air temperature has been recorded in Europe since centuries and has been 

therefore widely used to assess environmental changes on animal populations over a 

long-term period (e.g. Gian-Reto et al., 2002). There is, however, no consistent time 

series of sea surface temperature (SST) for the Mediterranean before the most recent 

period. Some studies, however, showed that air temperature correlates quite well with 

inshore sea temperature, so that we used air temperature as a proxy of SST (e.g. 

Fromentin and Planque, 1996; Fromentin et al., 1998; Southward et al., 1988; 

Beaugrand et al., 2002). We firstly focused on two time series of temperature of the 

Northern Hemisphere (NH), because they were the longest ones available: (i) the annual 

average of the NH air temperature estimated over the past 150 years from a grid box of 

time series of land and ocean surface air temperature (Jones et al., 1997; 1999; 2001; 

Parker et al., 1994, Figure 3) and (ii) an annual time series of NH temperature 
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reconstructed from 20 records of tree-ring width from North America, Scandinavia, 

Siberia and Mongolia over the past three centuries (D'Arrigo et al., 1999, Figure 3). The 

latter index is only based on continental data, so that it is likely to be a poorer descriptor 

of changes in temperature over the North Atlantic than the previous one. However, it 

allows the early period of the trap catches to be covered. Secondly, we investigated the 

possible relationships between temperature and trap catches at a regional scale, but over 

a shorter time period, using four instrumental temperature time series recorded at 

stations near to the traps (Fig. 1), i.e. Palermo in Sicily (Brunetti et al., 2000), Cagliari 

in Sardinia (Brunetti et al., 2000), Cadix, at the Straight of Gibraltar (Wheeler, 

Sunderland Polytechnic, United Kingdom, pers.com.), Dar-El-Beida in Algeria (Global 

Historical Climatology Network data base).  
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METHODS 

The total annual trap catches are given in number of tuna and were log-

transformed (natural logarithm) to stabilise the variance (Sen and Srivastava, 1990). To 

test for relationships between BFT and environmental data, we first computed spectral 

analyses to compare patterns of variability in the frequency domain. Spectral analysis 

transforms each time series into a sum of sine and cosine functions of different period 

lengths (Wei, 1990). The raw periodogram is the usual way to summarise this 

decomposition and we calculated it using the fast Fourier transform algorithm (Matlab 

6.5, 2002). However, it is a poor statistical descriptor of the spectral density since it has 

a large variance and it is not consistent (Bjørnstad et al., 1996; Priestley, 1981). We 

therefore used a Parzen smoothing window (Priestley, 1981) and compared the 

smoothed spectra. Spectral analysis can only be applied on continuous time series (i.e., 

without missing values) displaying constant intervals. All the time series have constant 

annual intervals, but 5 BFT time series (i.e., Medo das Casas, Favignana, Formica, 

Bonagia and Saline) are impaired with large gaps (see Figure 2). For these series, we 

applied spectral analysis over the longest continuous period (being at least 80 years 

long, Tables 1). Spectral analysis also assumes stationary (time independence of the 

mean and variance of the series, Priestley, 1981). Most of the series used in this study 

were stationary, but 5 of them presented a general upward trend (e.g. Cadix temperature 

time series). Approximate stationarity is commonly obtained by the first order 

difference, but this procedure suppresses medium to long-term variations. As we 

focused on long-term variations, we decided to perform spectral analyses on raw data, 

although this procedure was not totally consistent from a statistical viewpoint for these 

5 time series. However, our purpose is simply descriptive and not inferential.  

 10



Relationships between the environmental variables and BFT catches were then 

investigated in time domain through regression and correlation. Linear regressions were 

performed on each pair of BFT/environmental time series that overlapped on a 

sufficiently long period (i.e., 80 years minimum). To summarise the results of the 

regressions, we could not perform a meta-analysis (e.g. Myers et al., 2001), because of 

the non-independence between analyses (i.e., various BFT time series being regressed 

against a same climate time series). Therefore, we simply plotted the p-values of the 

regressions using the boxplots (S-Plus, 1999), so that we could get an indication of the 

distribution of the probabilities. To deal with serial correlation due to long-term 

fluctuations, we also fitted linear models using the generalised least squares (GLS, S-

Plus, 1999; Venables and Ripley, 1999). GLS model is a regression in which errors are 

allowed to be correlated and/or have unequal variance. Here, errors were specified to 

follow an autoregressive process of degree p, that was determined using the partial 

autocorrelation function and the goodness of fit of an ARIMA model (Box and Jenkins, 

1976; S-Plus, 1999).  

Performing linear models on each pair of BFT/environmental time series induces 

multiple testing, i.e. the probability of the type I error becomes larger than the nominal 

value α (e.g. Legendre and Legendre, 1998). To correct for this, we performed 

correlation analyses and applied the Holm’s procedure for non-independent tests to 

compute adjusted probabilities values (which may be larger than 1, see Holm, 1979). 

Since some time series were not normally distributed, we used the non-parametric 

Spearman correlation coefficient (Zar, 1984). Correlation was tested using a Monte 

Carlo procedure (10,000 simulations). 
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RESULTS 

BFT and NAO 

As already depicted by Ravier and Fromentin (2001), spectra of BFT time series 

were all strongly dominated by low frequencies (< 0.1 yr-1, i.e. periods > 10 yrs); short- 

to medium-term variations being weak or negligible (Fig. 4). In contrast, no common 

patterns emerged from the 3 NAO spectra. The instrumental Hurrell’s index presented a 

broad band spectrum dominated by short-term variability (> 0.4 yr-1), with two smaller 

peaks at medium and low frequencies (around 0.3 and 0.05 yr-1). Long-term signal 

emerged from the longest NAO time series. The Cook’s index also displayed a broad 

band spectrum with a peak at low frequencies (< 0.1 yr-1) and secondarily at around 

0.25 and 0.5 yr-1. Appenzeller’s index is dominated by low frequencies < 0.2 yr-1 (i.e. 

periods > 5 yrs), with two peaks at around 0.02 and 0.15 yr-1. So, in contrast with BFT 

spectra, medium- to short-term variability also appeared for all the three NAO indices. 

Pairwise regression analyses between Hurrell’s index and BFT time series led to non-

significant relationships, as it is showed by the boxplot of the p-values of the six 

regressions (Fig. 5a). The slopes were always weak (ranging from -0.01 to 0.08, 

Table 3). It is worth noting that an increasing length of the series (i.e. analyses with the 

2 NAO proxies) did not lead to stronger relationships (Fig. 5a): most of the regressions 

also appeared non-significant and the slope coefficients were low (and either positive or 

negative, i.e., from 0.32 to 0.07, Table 3). The results of the GLS models (that took 

autocorrelation into account) were similar to the linear regressions and always non-

significant at 5% (Table 3). Correlation analysis confirmed the previous findings: 72% 

of the correlation coefficients were non-significant; this proportion rose to 88% when 

correction for multiple testing was applied. The results of all the above analyses 
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indicated that long-term fluctuations in BFT time series were not statistically related to 

the NAO.  

BFT and LOD 

The decomposition in frequency domain of the LOD time series showed a red-

shifted spectrum (frequencies < 0.1 yr-1), similar to those of the BFT time series 

(Fig. 4). Five of the eight regressions between trap catches and LOD were significant 

(Table 3), but the boxplot of the p-values exhibited a rather large distribution of the 

probabilities (Fig. 5b). Further, the slopes were low (either positive or negative) and 

both positive and negative relationships appeared significant (3 and 2 respectively, 

Table 3). More careful inspection revealed strong structure in the residuals and periods 

of positive relationships (1750-1810, 1920-1960), alternating with periods of low or 

negative relationships (1850-1890). Fits of the GLS models all led to positive and non-

significant regressions, indicating that long-term trends were the most common feature 

between trap catches and LOD. 75% of the correlation coefficients were significant and 

about 60% when correction for multiple testing was applied. Thus, BFT time series and 

LOD showed fairly similar patterns in frequency domain, but regressions were not 

consistent among all the analyses and did not indicate any clear relationship. 

 

BFT time series and temperature 

Spectra of the two proxies of NH temperature were dominated by low frequencies 

and presented red-shifted spectra, similar to those of the BFT time series (Fig. 4). All 

the regressions between trap catches and NH temperature displayed strong negative 

slopes (from -2.90 to -0.17, Table 3). All those with the Jones’ proxy were significant at 

the 1% level (Table 3, Fig. 5c) and exhibited normally distributed residuals. Concerning 

D’Arrigo’s proxy, two BFT time series (i.e. Bonagia and Favignana) were not 
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significantly related to it and further displayed time-dependent structure in the residuals. 

However, the 7 other regressions were significant at the 5% level (Table 3) and 

displayed normally distributed residuals. The boxplot of the probabilities tended to 

confirm that BFT time series were, in general, significantly related to D’Arrigo’s time 

series, but this was less obvious than with Jones’ time series (Fig. 5c). Most of the fits 

of the GLS model led to lower slope coefficients (from -2.76 to 0.86, Table 3) and to a 

significant drop in the strength of the relationship (only 2 of the 14 regressions 

remained significant, Table 3). This again shows that long-term trends were the most 

common feature to BFT, Jones’ and D’Arrigo’s time series. These findings were 

confirmed by the highly negative correlation coefficients, among which 100% (for 

Jones’ proxy) and about 80% (for D’Arrigo’s proxy) were significant at the 5% level for 

both corrected and non-corrected correlation analyses (Table 3).  

The spectra of the four local temperature time series were also dominated by long-

term variability, being highly similar to those of the BFT time series (Fig. 4). 23 

regressions between BFT and local temperature were significant at the 1% level and the 

24th one at the 5% level (Table 3). The boxplots of the probabilities displayed 

unambiguous results for all the four temperature time series (Fig. 5d). All regressions 

exhibited downward slopes (among which 12 were particularly strong, with slope < -

0.5, Table 3). The GLS regressions led to lower and non-significant relationships in 

86% of the cases and weak slopes coefficients (from -0.30 to 0.26, Table 3). This again 

indicated that long-term signals were common to BFT and local temperature time series. 

Finally, correlation analyses confirmed the strong and negative relationships between 

BFT and local temperature. All the correlation coefficients were significant at 5% (and 

for the most at 1%), even when correction for multiple testing was applied.  
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Thus, analyses with local temperature time series corroborated those with large-

scale temperature proxies: (1) both BFT and the various temperature time series were 

largely dominated by low-frequency signals and (2) there was a clear negative 

relationship between the long-term fluctuations of BFT and those of temperature.  
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DISCUSSION 

Long-term climate forcing  

Whereas NAO displayed short- to long-term variability (being different among 

the 3 indices), spectra of LOD, temperature and BFT time series were similar and 

largely dominated by low-frequency signals. Analyses in time domain did not further 

display any clear relationships between BFT long-term fluctuations and NAO. The 

results of the regression and correlation between BFT time series and LOD index were 

inconsistent, but they were clear and consistent between BFT time series and 

temperature time series: BFT long-term fluctuations appeared closely and negatively 

related to those in temperature.  

We stressed that combining many variables may affect the level of significance of 

the statistical tests and, thus, the confidence in the above results. However, the Holm’s 

procedure, which was applied to correct for multiple testing, confirmed the above 

findings, so that the conclusions may be considered as robust. Another difficulty relates 

to serial correlation in time series, which decreases the effective degrees of freedom 

(Bartlett, 1946). Analyses showed that regressions generally vanished when 

autocorrelation was taken into account, indicating that significance was due to the 

autocorrelated signal, i.e. the long-term fluctuations. Therefore, we may conclude that 

significant relationships between BFT time series and temperature time series only 

come from opposite long-term fluctuations, but standard statistical analyses do not 

allow assessment of the real level of significance of such relationships. A last 

methodological point relates to the fact that the analyses have been performed on 

different time periods (simply because the BFT time series occur over different periods 

and have various lengths). These differences should not bias the comparisons, especially 

if we assume stationarity (which is the case for most of the series). Any statistical 
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relationship between two variables should indeed not depend on the time periods on 

which it is calculated, otherwise this would mean that the relationship is not reliable 

and/or the time series are not consistent. However, we recomputed the analyses on a 

common window greater than 80 years, i.e., 1868-1960, considering seven BFT time 

series (Bonagia and Medo das Casas being removed since they were never synchronous 

over such a period with the other BFT time series). The results computed on the 

common period are highly similar to those computed on different periods, so that the 

overall conclusion, i.e., the relationship with temperature, holds (see Figure 6). 

Recent studies put forward that the NAO could affect Atlantic bluefin tuna, 

through its impact on recruitment (Marsac, 1999; Santiago, 1998). However, Fromentin 

(2002a) and the recent ICCAT workshop on environment and tuna recruitment (ICCAT, 

2002) investigated the NAO/recruitment relationship, using further statistical analyses, 

and found no clear connection between BFT recruitment and NAO. Our results, based 

on long-term comparisons, support these last findings. The time delay between NAO 

and the recruitment period can be a critical question, especially when analyses focus on 

year-to-year fluctuations and are computed on short time series (which is, however, not 

the case in the present study). We, thus, investigated delayed effects between Hurrell’s 

NAO index and BFT time series, using a lag from 1 to 5 years (4 to 5 years 

corresponding to the age-at-maturity for the East Atlantic BFT). These analyses (results 

not shown) did not yield to significant relationships with the three NAO indices, so that 

we may reject, from a statistical viewpoint, a possible connection between long-term 

fluctuations of the BFT and NAO. 

Klyashtorin (1998) put forward that the atmospheric circulation index (ACI), that 

is tightly related to the excess Length Of the Day (LOD), was closely correlated with 

catches of the main Atlantic and Pacific commercial pelagic fish. This study focused on 
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catch data that only cover the 20th century (from 1920 or 1950 up to now). When 

considering the 1920-1960 period, BFT trap catches also appeared correlated to the 

LOD. However, the correlation vanished over the 1850-1890 period. Thus, when the 

long-term is considered, we do not find a relationship between BFT fluctuations and the 

LOD/ACI.  

A potential long-term forcing of the temperature was finally investigated through 

six different time series of temperature. The Jones’s proxy and the instrumental series of 

temperature from Cadix and Dar-El-Beida were reliable and validated. D’Arrigo’s 

proxy was reconstructed from tree-rings records, so that other meteorological (e.g. rain) 

or climate-independent factors could blur this index (Schmutz et al., 2000), which is 

calculated on inland information. This could explain why results of regressions and 

correlations are less clear with D’Arrigo’s time series than with other temperature time 

series. The two Italian time series (i.e. Palermo and Cagliari) could present some 

problems of homogeneity between the early and the later period (Maugeri, Insituto di 

Fisica Generale Applicata, Italy, pers.com., see also Brunetti et al., 2000). Therefore, 

analyses were re-computed using a regional series for Centre-Italy, which was 

homogeneous and validated (Brunetti et al., 2000). The results (not shown) led to the 

same conclusions: BFT trap catches appeared closely and negatively related to 

temperature. The analyses both in time and frequency domain between BFT and 

temperature time series lead thus to consistent and trustworthy results. Significant 

regression or correlation analyses do not imply causal relationship, but neither we can 

deny the possibility that BFT long-term fluctuations were induced by changes in 

temperature. To check for it, further modelling and experimental studies are needed. 

However, we may discuss, on the basis of our current knowledge, the most probable 

underlying processes of such a relationship. 
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Hypothetical underlying processes 

Climate-induced fluctuations in fish catches have been demonstrated for several 

commercial fish stocks (e.g. Cushing, 1995; Cushing and Dickson, 1976). Fluctuations 

in temperature have been shown to influence: (1) the catchability (i.e., the fraction of a 

stock which is caught by a standardized unit of fishing effort), or in other words, the 

probability of capture, (2) biological processes, especially recruitment and growth of 

fish, and (3) the spatial dynamics of migrating fish populations (e.g. Corten, 1990; 

2001; Southward et al., 1988). 

A trap is a passive gear that stops mature BFT migrating along the shore and 

guides them to a final enclosure, where fishermen finally gaff them. Local variations in 

environmental conditions could affect catchability, through the success of the fishing 

operation and/or the fish behaviour (e.g. tuna migrating more or less offshore). 

However, such a process is unlikely to explain simultaneous long-term fluctuations in 

BFT catches between distant traps (that spread over more than 2000 km, for more 

details see Ravier and Fromentin, 2001).  

Long-term fluctuations in BFT traps catches could be more easily explained by 

hypotheses (2) and (3) (see also Fromentin and Fonteneau, 2001). Temperature is 

known to affect fish recruitment and growth directly, through the daily development and 

mortality of early stages (Pepin, 1991; Ottersen and Sundby, 1995) or indirectly, e.g., 

through changes in food supply for fish larvae and juvenile (Cushing, 1995). Fromentin 

(2002b) further showed, through simulation modelling, that stochastic variations in 

recruitment can lead to long-term fluctuations in the spawning stock biomass (SSB), 

due to the sum of the time delayed noise terms (this process being close to that known 

as resonant effects, see Bjørnstad et al., 1999). Thus, both long-term and short-term 

variations in temperature could, through their effects on recruitment and/or growth, lead 
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to long-term fluctuations in BFT trap catches. The present results highlight a significant, 

but negative, relationship between temperature and trap catches. In other words, with 

warmer weather, fewer BFT were caught in the Mediterranean and Gibraltar strait. 

However, high temperature is expected to enhance recruitment, since the maturation and 

reproductive activities of tuna species (among which BFT) require temperature 

generally > 24°C (Bye, 1989; Mather et al., 1995; Schaefer, 2001; Stacey, 1989). 

Consequently, the relationship between temperature and BFT recruitment is expected to 

be positive and not negative. Therefore, we tend to dismiss the hypothesis of changes in 

BFT recruitment (and probably growth, but this assumption would need further 

information and investigation) in relation to temperature.  

The negative relationship between long-term fluctuations in temperature and BFT 

trap catches could be more easily explained by changes in migration patterns. Changes 

in environmental conditions are also known to influence spatial and temporal 

distribution and/or migration patterns of fish (e.g. Brill and Lutcavage, 2001; Dickson 

and Brander, 1993; Lehodey et al., 1997; Southward et al., 1988). BFT is a large 

pelagic fish, which carries out a large migration over the North Atlantic for feeding and 

spawning. It is caught by the trap fishery when it migrates into the Mediterranean Sea to 

reproduce (Mather et al., 1995; Ravier and Fromentin, 2001). Fluctuations in trap 

catches could, therefore, result from changes in spawning migrations attributable to 

modifications in oceanographic conditions.  

 

Natal homing, opportunism… or something in between? 

Atlantic BFT is generally believed to visit each year one of its two identified 

spawning sites: the Western Mediterranean Sea (mainly around Balearic islands and 

Sicily) on the one hand, and the Gulf of Mexico on the other (Mather et al., 1995). The 
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above results and discussion lead to question the hypothesis of “natal homing” for BFT 

(Cury, 1994; Cury et al., 1998). This hypothesis postulates that the newly hatched 

individuals retain environmental cues, which determine their future spawning 

environment. In the case of BFT, natal homing is first based on the millennial 

observations of BFT migrations into the Mediterranean (Doumenge, 1998), but this 

does not imply that the size of the migrating population remained constant over 

centuries. The second argument for natal homing is that only two BFT spawning sites 

(i.e. sites where both fully ripe individuals with hydrated oocytes and eggs are found) 

have been identified. However, Mather et al., (1995) underlined that estimating BFT 

spawning sites from BFT gonad conditions are subject to many limitations: (i) fully ripe 

BFT individuals are difficult to catch on hook as they are reluctant to feed (Sella, 1929), 

(ii) BFT can travel a great distance in short periods (Gunn and Block, 2001; Lutcavage 

et al., 2000), and (iii) BFT is a multiple spawner (Medina et al., 2002). Finally, recent 

archival tagging of BFT has shown a large spectrum of migration patterns (including 

western residency and trans-Atlantic movements, with or without annual visitation of a 

known spawning site) and the possibility of new breeding areas (Block et al., 1998; 

2001; Gunn and Block, 2001; Lutcavage et al., 1999; 2000), a set of observations that 

do not support the “natal homing” hypothesis. 

The alternative hypothesis to “natal homing” is that individuals track the optimal 

environmental conditions that will maximise their total reproductive output (Balchen, 

1979; Harden Jones, 1968; Potts and Wootton, 1984). This hypothesis of “opportunistic 

spawning” is generally accepted for tropical tuna (Cayré, 1990). Their remarkable 

potential of migration allow them to explore a large range of environmental conditions 

and to select the most suitable ones for their physiological and biological needs. 

However, unlike tropical tuna, temperate tuna feed and spawn in different areas 
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(Fromentin and Fonteneau, 2001; Mather et al., 1995). Opportunistic spawning is, thus, 

unlikely for BFT. 

Finally, we suggest that BFT reproductive strategy could be in between the two 

above hypotheses, i.e. a kind of “opportunistic homing”. A recent physiological study 

pointed out that the last stages of BFT gonad maturation (intense production of yolked 

oocytes of stages 3 and 4) occurred within a short period of time and probably under the 

control of temperature (Medina et al., 2002). If suitable temperatures induce the last 

stages of gametogenis and thus, reproduction, one may hypothesise that more locations 

in the North Atlantic (encountered by BFT along their migration route) could be 

suitable for spawning as water temperature increases. In other words, the Atlantic BFT 

population could also reproduce elsewhere than in its traditional grounds (i.e., the 

Western Mediterranean Sea and the Gulf of Mexico) during warm periods. This 

hypothesis is in agreement with some pop-up tag records (Lutcavage et al., 1999) and 

several past works, which have mentioned the occurrence of other hypothetical 

spawning areas, such as the Ibero-Moroccan bay and the Bay of Biscay (e.g. Buen (de), 

1927; 1935; Mather et al., 1995). During cold periods, reproductive activities would be, 

in contrast, restricted to the traditional and permanent spawning grounds (which would 

further remain suitable during warm ones). This hypothesis of an “opportunistic 

homing”, which combines the “natal homing” hypothesis with the opportunistic 

reproductive strategy of tuna, is consistent with our results and current knowledge on 

tuna. This hypothesis could be tested by gathering new in situ information on 

migrations and environmental preferences of BFT, e.g. by combining pop-up archival 

tags with satellite oceanography and ocean modelling. 
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LEGENDS 

 

Figure 1. Map of the western Mediterranean and adjacent North Atlantic. Arrows 

indicate spawning migration routes of bluefin tuna and grey areas the known spawning 

sites in the Mediterranean Sea (from Mather et al., 1995). Numbers denote the locations 

of the traps: (1) Medo das Casas, (2) Sidi Daoud, (3-5) Favignana, Formica and Bonagia 

(6) Saline, (7-9) Porto Paglia, Porto Scuso and Isola Piana.  T  denotes the locations of 

the stations of instrumental temperature (from the left to the right): Cadix, Dar-El-

Beida, Cagliari and Palermo. 

 

Figure 2. Plots of the 9 BFT time series (thin line: log data; bold line: running median 

of order 3). N is catch (BFT/year) 

 

Figure 3. Plots of the 10 environmental time series (thin line: log data; bold line: 

running median of order 3).  

 

Figure 4. Left panel: smoothed periodograms of the 9 BFT time series, right panel: 

smoothed periodograms of the 10 environmental time series. BFT (trap catches), LOD, 

and temperature time series were dominated by low frequencies, whereas the NAO time 

series displayed both high and low frequencies. 

 

Figure 5. Box-plots of the p-values of the linear regressions between the BFT time 

series and: (a) the NAO index from Hurrell (N = 6 regressions), Jones (N = 9) and 

Appenzeller (N = 9), (b) the LOD index (N = 8), (c) the Northern Hemisphere 

temperatures from Jones (N = 6) and D’Arrigo (N = 9), (d) instrumental temperatures 
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from Cadix (N = 6), Dar-El-Beida (N = 6), Cagliari (N = 6), and Palermo (N = 6); inset 

gives a zoom of the p-values between 0 and 0.01. Median, first and third quartile, and 

1.5 by inter-quartile range are plotted. The p-values of the regressions with NAO and 

LOD appeared non-significant and widely distributed between 0 and 1, whereas those 

with temperature were all close to a p-value = 0.  

 

Figure 6. Box-plots of the p-values of the correlation analyses calculated between the 

BFT and environmental time series on: (a) different time periods (i.e., same as Figure 5, 

but for correlation) and (b) a common period (restricted to the years 1868-1960). 

 

Table 1. Main characteristics of the trap catch time series: index, area (country or 

region), name, period with continuous data ≥ 80 years, total number of observations of 

the time series (N), median and coefficients of variation (C.V., as the standard 

deviation*100 and scaled by the mean). 

 

Table 2. Main characteristics of the environmental time series: type of variable, source 

(instrumental or reconstructed), period and bibliographic reference.  

 

Table 3. Results from the analyses between environmental and BFT time series: 

number of observations used in the regressions and correlations (N), slope and p-value 

of the linear regressions and generalised least squares models (GLS) and uncorrected 

and Holm’s corrected probabilities of the Spearman correlation coefficient. Bold values 

indicate significant probabilities at the 5% level. When the trap catches time series was 

discontinuous, GLS model was fitted on the longest period available. 
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Table 1 
 
 

No. Area Trap name Period N Median C.V. 
1 Portugal Medo das Casas 1852-1933 112 8.90 10.57% 
2 Tunisia Sidi Daoud 1863-1960 98 8.36 10.09% 
3 Sicily Formica 1634-1813 

1878-1960 
302 7.58 9.02% 

4 Sicily Favignana 1634-1813 
1878-1960 

302 7.56 10.74% 

5 Sicily Bonagia 1657-1809 249 6.82 10.73% 
6 Sardinia Saline 1868-1960 114 7.50 12.19% 
7 Sardinia Porto Paglia 1825-1960 138 7.37 10.31% 
8 Sardinia Porto Scuso 1825-1960 139 7.95 8.85% 
9 Sardinia Isola Piana 1825-1960 139 7.73 9.16% 
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Table 2 
 
 

Variable Source Period Reference 
Field measure 1865-2000 Method from Rogers (1984) 

Data from the World Monthly Surface Station Climatology 
http://www.cgd.ucar.edu/~jhurrell/nao.htm 

Reconstruction (ice cores) 1648-1991 Appenzeller et al., (1998) 

NAO 

Reconstruction (tree ring) 1701-1980 Cook  et al.,(1998) 
LOD  1656-1984 

used : 1745-1984
McCarthy and Badcoc (1986) 

Reconstruction (field measures) 1856-2001 Jones et al., (1997, 1999, 2001) 
Data from the Climatic Research Unit  

http://www.cru.uea.ac.uk/ 

Global 
Temperature  

Reconstruction (tree ring) 1671-1973 D'Arrigo et al., (1999) 
Cadix, instrumental 1870-1994 Wheeler (pers.com.) 
Dar-El-Beida, instrumental 1878-1995 Global Historical Climatology Network data base 

http://cdiac.esd.ornl.gov/ghcn/ghcn.html 
Cagliari, instrumental 1866-1996 Brunetti et al., (2000); Maugeri (pers.com.) 

Local 
Temperature 

Palermo, instrumental 1866-1996 Brunetti et al., (2000); Maugeri (pers.com.) 
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Table 3 
Environmental 

time-series 
Trap N 

 
Linear regression Generalised Least 

Squares model 
Correlation 

 Holm’s     
   slope p-value slope p-value p-value p-value 
Hurrell NAO  Sidi Daoud 96 0.08 0.1190 0.05 0.0639 0.0604 0.3020 

 Formica 83 0.08 0.0690 0.06 0.0655 0.0200 0.1200 
 Favignana 83 0.05 0.3087 0.02 0.4403 0.1300 0.4244 
 Saline 93 -0.01 0.9095 -0.03 0.3907 0.4776 0.4840 
 Porto Scuso 96 0.04 0.3133 0.04 0.2214 0.1061 0.4244 
 Isola Piana 96 0.02 0.6749 0.00 0.8909 0.2420 0.4840 

Cook NAO  Medo das Casas 112 -0.05 0.0044 0.00 0.9307 0.0005 0.0045 
 Sidi Daoud 98 -0.02 0.3135 0.01 0.1775 0.0494 0.2470 
 Formica 217 0.00 0.8653 0.00 0.9892 0.2975 0.7976 
 Favignana 214 0.00 0.9060 0.02 0.0224 0.4350 0.7976 
 Bonagia 179 0.00 0.7231 -0.02 0.0598 0.2591 0.7976 
 Saline 114 -0.04 0.0450 -0.01 0.4863 0.0050 0.0400 
 Porto Paglia 136 0.00 0.8230 0.02 0.0448 0.1994 0.7976 
 Porto Scuso 136 -0.02 0.0619 0.01 0.5681 0.0326 0.2258 
 Isola Piana 136 -0.02 0.0724 0.00 0.8425 0.0386 0.2316 

Appenzeler Medo das Casas 112 -0.32 0.0000 -0.02 0.7832 0.0008 0.0072 
NAO  Sidi Daoud 98 -0.08 0.2971 0.02 0.7746 0.3876 1.2548 

 Formica 270 0.01 0.8371 -0.02 0.6659 0.4384 1.2548 
 Favignana 267 -0.09 0.0647 -0.09 0.0451 0.0907 0.7016 
 Bonagia 227 0.07 0.1293 0.01 0.8967 0.1509 0.9054 
 Saline 114 -0.06 0.4696 0.02 0.7190 0.3804 1.2548 
 Porto Paglia 136 -0.11 0.0671 0.00 0.9855 0.0877 0.7016 
 Porto Scuso 136 -0.05 0.3346 0.02 0.6934 0.1616 0.9054 
 Isola Piana 136 -0.05 0.3544 -0.01 0.8650 0.3137 1.2548 

LOD Medo das Casas 112 -0.15 0.0027 0.09 0.2404 0.0000 0.0000 
 Sidi Daoud 98 -0.09 0.0687 0.06 0.4814 0.0041 0.0205 
 Formica 198 0.13 0.0008 0.07 0.4471 0.0123 0.0492 
 Favignana 195 0.28 0.0000 0.02 0.8045 0.0001 0.0006 
 Saline 114 -0.04 0.4291 0.20 0.0582 0.0418 0.1254 
 Porto Paglia 136 -0.16 0.0000 0.01 0.9331 0.0000 0.0000 
 Porto Scuso 136 0.01 0.8111 0.14 0.0502 0.3354 0.3354 
 Isola Piana 136 0.09 0.0148 0.14 0.0541 0.0880 0.1760 

Jones Sidi Daoud 98 -2.20 0.0000 -0.45 0.2215 0.0000 0.0000 
Temperature  Formica 83 -1.71 0.0000 -0.66 0.1415 0.0000 0.0000 

 Favignana 83 -2.06 0.0000 -0.56 0.1287 0.0000 0.0000 
 Saline 93 -2.18 0.0000 0.44 0.2999 0.0000 0.0000 
 Porto Scuso 105 -1.46 0.0000 -0.28 0.4386 0.0000 0.0000 
 Isola Piana 105 -1.41 0.0000 -0.15 0.6220 0.0000 0.0000 

D’Arrigo Medo das Casas 112 -1.72 0.0028 -0.75 0.4874 0.0000 0.0000 
Temperature Sidi Daoud 98 -2.90 0.0000 -2.75 <.0001 0.0000 0.0000 
 Formica 247 -0.76 0.0005 -0.07 0.9041 0.0003 0.0015 

 Favignana 244 -0.17 0.5358 0.20 0.7423 0.2595 0.4930 
 Bonagia 209 -0.31 0.2998 0.86 0.2017 0.2465 0.4930 
 Saline 114 -2.31 0.0000 -2.76 <.0001 0.0000 0.0000 
 Porto Paglia 136 -1.34 0.0000 -0.79 0.1112 0.0000 0.0000 
 Porto Scuso 136 -0.96 0.0000 -0.19 0.7474 0.0003 0.0015 
 Isola Piana 136 -0.50 0.0318 -0.01 0.9852 0.0204 0.0612 

Cadix Sidi Daoud 91 -0.81 0.0000 -0.04 0.7617 0.0000 0.0000 
Temperature  Formica 83 -0.61 0.0000 -0.30 0.0349 0.0001 0.0002 

 Favignana 83 -0.70 0.0000 -0.27 0.0176 0.0000 0.0000 
 Saline 91 -0.94 0.0000 -0.09 0.5804 0.0000 0.0000 
 Porto Scuso 91 -0.64 0.0000 -0.23 0.0946 0.0000 0.0000 
 Isola Piana 91 -0.48 0.0002 -0.13 0.2042 0.0000 0.0000 

Dar-El-beida  Sidi Daoud 83 -0.54 0.0000 -0.01 0.9181 0.0000 0.0000 
Temperature  Formica 83 -0.49 0.0000 -0.17 0.1219 0.0000 0.0000 

 Favignana 83 -0.55 0.0000 -0.14 0.0982 0.0000 0.0000 
 Saline 83 -0.71 0.0000 0.01 0.9546 0.0000 0.0000 
 Porto Scuso 83 -0.46 0.0001 -0.08 0.4603 0.0000 0.0000 
 Isola Piana 83 -0.44 0.0000 -0.07 0.3893 0.0000 0.0000 

Cagliari Sidi Daoud 96 -0.44 0.0017 0.03 0.7314 0.0026 0.0052 
Temperature  Formica 83 -0.54 0.0000 -0.24 0.0402 0.0000 0.0000 

 Favignana 83 -0.60 0.0000 -0.13 0.1586 0.0000 0.0000 
 Saline 93 -0.53 0.0010 -0.01 0.9422 0.0003 0.0006 
 Porto Scuso 96 -0.34 0.0059 0.01 0.9054 0.0041 0.0123 
 Isola Piana 96 -0.38 0.0005 0.04 0.6899 0.0004 0.0016 

Palermo Sidi Daoud 96 -0.44 0.0007 0.11 0.2845 0.0003 0.0009 
Temperature  Formica 83 -0.40 0.0004 -0.16 0.1800 0.0001 0.0004 

 Favignana 83 -0.45 0.0001 -0.07 0.4914 0.0000 0.0000 
 Saline 93 -0.55 0.0002 0.06 0.6573 0.0001 0.0003 
 Porto Scuso 96 -0.24 0.0350 0.26 0.0144 0.0088 0.0176 
 Isola Piana 96 -0.32 0.0013 0.14 0.1298 0.0008 0.0024 
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