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SUMMARY: This study describes changes in abundance and spatial distribution of Atlantic chub mackerel in the Portuguese
waters and the Spanish waters of the Gulf of Cadiz using data from acoustic surveys from 1995 to 2010 and data from the
fishery since 1958. The distribution and dynamics of chub mackerel and sardine (Sardina pilchardus) are compared and spe-
cies interactions are discussed. From 2007 to 2009, chub mackerel biomass, as measured acoustically, ranged between 69000
and 238000 t concentrated off the western coast (~50%) and in the Gulf of Cadiz (~30%). Portuguese landings have varied
with periods of high landings around 1970 and in recent years. Since 1986 landings have been between 4000 and 23000 t.
Both survey catches and commercial landings are taken mainly off the southwestern coast and one- to two-year-old individu-
als (20-24 cm) predominate in both. Scarcity of larger individuals may be a consequence of their deeper distribution and
avoidance of fishing gear, migration of older individuals or a combination of both. In years with high abundance, the fishery
expands to the northwestern areas of the Iberian Peninsula. The expansion appears to be caused by improved recruitment
although other factors might have contributed (such as targeting to compensate for low sardine catches and the appearance
of new markets). The complementary spatial distribution of chub mackerel and sardine and the inverse correlations between
their frequency of occurrence, landings and recruitment indices suggest some interaction between the dynamics of the two
species, possibly associated with climatic variation.
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RESUMEN: CAMBIOS EN LA ABUNDANCIA Y DISTRIBUCION ESPACIAL DEL ESTORNINO DEL ATLANTICO (SCOMBER COLIAS) EN
EL ECOSISTEMA PELAGICO Y PESQUERIAS DE PORTUGAL. — Este estudio describe los cambios en la abundancia y distribucion
espacial del estornino del Atlantico en las aguas portuguesas y aguas espafiolas del golfo de Cadiz a partir de datos de las
prospecciones acusticas 1995-2010 y datos de la pesqueria desde 1958. La distribucion y la dindmica del estornino y de la
sardina (Sardina pilchardus) se comparan y se analiza la interaccion de las especies. Durante 2007-2009, la biomasa del
estornino medida actsticamente oscil6 entre 69 y 238 mil t y se concentr6 frente a la costa occidental (~50%) y en el golfo de
Cédiz (~30%). Los desembarques portugueses han variado con periodos de altas capturas alrededor de 1970 y en los tltimos
anos. Desde 1986 los desembarques han sido entre 4 y 23 mil t. Ambas capturas de campafias y desembarques comerciales
se toman principalmente en la costa sur occidental y individuos de 1-2 afios edad (20 a 24 cm) predominan en ambos. La
escasez de individuos mas grandes puede ser una consecuencia de su distribuciéon mas profunda y la evitacion de las artes de
pesca, la migracion de los individuos mayores o una combinacién de ambos. En los afios de mucha abundancia, la pesqueria
se expande a las dreas occidentales norte de la Peninsula Ibérica. La expansion parece ser causada por un mejor reclutamiento
aunque otros factores pueden haber contribuido (pesca dirigida para compensar las capturas bajas de sardina y la aparicién
de nuevos mercados). La distribucion espacial complementaria de caballa y de sardina y la correlacion inversa entre la fre-
cuencia de ocurrencia, los desembarques y los indices de reclutamiento sugieren una interaccién entre la dindmica de las dos
especies, posiblemente asociados a las variaciones climaticas.

Palabras clave: estornino, sardina, Portugal, ecosistema pelagico, pesca de cerco.
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INTRODUCTION

The Atlantic chub mackerel (Scomber colias
Gmelin, 1789) is a pelagic fish distributed in warm
and temperate waters of the Atlantic Ocean and in the
Mediterranean Sea across the shelf and upper slope.
In the eastern Atlantic, chub mackerel occurs from the
Bay of Biscay to South Africa, including the Canary,
Madeira, Azores and Saint Helena Islands and sev-
eral seamounts (Castro-Hernandez and Santana-Ortega
2000). It may be considered the southern congener of
Atlantic mackerel S. scombrus (Villamor et al. 2004).
The two species overlap in the Iberian Peninsula, with
Atlantic mackerel being predominant to the north and
chub mackerel to the south of Lisbon (Martins and Car-
dador 1996).

S. colias is now considered a separate species from
the Indo-Pacific congener S. japonicus, based on mi-
tochondrial and nuclear DNA analyses (Scoles et al.
1998, Collette 1999, Infante et al. 2007). For simplicity,
we refer to S. colias as chub mackerel and S. japonicus
as Pacific chub mackerel. Until recently both species
were referred to as S. japonicus, and from earlier stud-
ies in the Atlantic and Pacific regions, they appear to
have a broadly similar life history and population dy-
namics (Castro-Herndndez and Santana-Ortega 2000).

Chub mackerel is a fast growing early maturing spe-
cies that can attain 50 cm total length and 13 years of
age (Castro-Herndndez and Santana-Ortega, 2000). In
the Portuguese waters, it grows up to 20 cm in the first
year of life and matures at 1-2 years of age (Martins
2007). Spawning takes place in winter-spring (Martins
1996) at temperatures around 15°C to 20°C (Castro-
Herndndez and Santana-Ortega, 2000). Both juveniles
and adults feed mainly on zooplankton although the
relative importance of larger organisms such as cepha-
lopods, crustaceans and small pelagic fish increases
with the size of individuals (Angelescu 1979, Castro
and Hernandéz-Garcia 1995). The ontogenetic change
in diet is associated with a tendency for older indi-
viduals to be distributed more offshore (Baird 1978).
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Migrations across latitude and between coastal and
offshore areas, related to seasonal cycles of spawning
and feeding, have been described in several areas of
the Pacific and Atlantic Oceans (Castro-Herndndez
and Santana-Ortega 2000). Within European Atlantic
waters, spawning grounds and migrations are not well
known. The lack of genetic differentiation across the
northeast Atlantic and the Mediterranean Sea does not
support the existence of homing behaviour to spawning
grounds (Zardoya et al. 2004).

Chub mackerel is mostly caught in purse seine and
pelagic trawl fisheries which target sardine and/or
anchovy (ICES, 2011a, GFCM 2010, FAO 2010a, b).
Although it is normally a by-catch, it may provide an
alternative income when the availability of the target
species is low and its own availability is high. Annual
landings in the eastern Atlantic are around 200000 t,
with 80% being caught off northwest Africa (FAO,
2010a). In Portugal, chub mackerel is mainly caught
in the purse seine fishery directed towards sardine. De-
spite its low commercial value, the chub mackerel is
second only to sardine in total annual landings biomass
and first-sale value of the fishery (INE, 2011). Since
1986, Portuguese landings of chub mackerel ranged
between 4000 and 23000 t (between 727 t and 40000 t
in earlier years since 1958), varying broadly inversely
with sardine landings (Fig. 1). Landings were high
from the mid-1960s to the mid-1970s, fluctuated at a
low level (ca. 10000 t per year) until the early 2000s
and increased subsequently. Since then, chub mackerel
landings represent around 10% of the total purse seine
landings. Most of the landings are for human consump-
tion as fresh and canned products (INE 2011). In recent
years, a small amount is used for tuna feeding in an
aquaculture farm located off the southern coast (P.
Pousdo-Ferreira, pers. comm.).

As is typical of small and medium-sized pelagic
species, Pacific chub mackerel experience cyclical
periods of abundance (Suda et al. 2008, Crone et al.
2011 and references therein). Temperature seems to
play an important role in the recruitment success of
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F1G. 1. — Historical landings of chub mackerel (solid circles) and sardine (open circles) in Portugal.
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TABLE 1. — Presence (in percent of trawl hauls) and length range of chub mackerel and abundance of sardine (numbers) in acoustic surveys
1995-2010.
Chub mackerel

Year Season Number of trawl hauls ~ Presence (%) Length range Number Sardine abundance

(cm) sampled (x100)
1995 spring 30 50 15-42 953 10.5
1996 spring 21 52 16-42 1190 9.4
1996 summer 34 65 16-34 1082 6.0
1997 spring 40 48 18-26 866 14.0
1997 autumn 34 50 16-49 962 8.2
1998 spring 40 55 14-26 2157 11.4
1998 autumn 48 38 17-26 692 21.2
1999 spring 28 36 18-29 886 11.6
1999 autumn 19 26 21-55 113 7.9
2000 spring 29 31 22-34 88 11.9
2000 autumn 41 17 21-30 68 36.0
2001 spring 43 16 21-29 277 20.8
2001 autumn 32 16 20-32 28 25.3
2002 spring 37 8 22-23 3 20.7
2003 spring 23 22 20-26 121 13.3
2004 summer 15 20 16-27 70 11.6
2005 spring 40 58 9-34 1314 25.2
2005 autumn 28 54 16-30 666 17.8
2006 spring 38 74 17-34 1987 16.5
2006 autumn 26 81 16-37 2319 8.1
2007 spring 47 79 13-38 3391 8.9
2007 autumn 20 85 11-34 2516 74
2008 spring 49 73 7-37 2085 7.0
2008 autumn 29 90 15-31 2181 8.1
2009 spring 35 71 16-31 1304 9.5
2010 spring 24 79 11-32 1045 8.9

both species of chub mackerel. Higher temperatures,
often related to weak upwelling, are considered favour-
able to spawning and productivity of chub mackerel
off South Africa (Crawford 1983), northwest Africa
(Cury and Roy 1987), Japan (Yatsu et al. 2005) and the
California Current System (Parish and MacCall 1978).
In some regions, booms and bursts of chub mackerel
species at decadal scales were part of global changes
often associated with environmental regime shifts af-
fecting pelagic ecosystems (Castro-Herndndez and
Santana-Ortega 2000 and references therein). Species
replacements may take place, mainly between sardine
and anchovy but sometimes involving less abundant
species of pelagic ecosystems like chub mackerel in
the Pacific (e.g. Alheit ef al. 2009). An illustrative ex-
ample is that of the pelagic ecosystem off the Japanese
waters: Pacific sardine and anchovy have shown dra-
matic out-of-phase fluctuations in abundance since the
1940s, leading to an anchovy period up to the late 1960s
and a sardine period in the 1980s, with another shift
in the 1990s (Yatsu et al. 2005, Watanabe 2009). The
saury (Cololabis saira) and jack mackerel (Trachurus
Japonicus) populations seem to be in synchrony with
anchovy, whereas Pacific chub mackerel increased in
the early 1970s, as anchovy and saury declined and
sardine had not recovered yet.

Data on the population dynamics and role of chub
mackerel in the pelagic ecosystem off Atlantic Iberian
waters are limited, precluding a better understanding
of the ecosystem functioning and a more rational man-
agement of the purse seine fishery. In Portugal, inter-
est in chub mackerel has grown in recent years due to
the perception, shared by fishermen and scientists, of

a concurrent increase of its availability and decrease
in sardine abundance. In this paper, using data from
acoustic surveys since 1995 and the fishery since 1986,
we examine changes in abundance and in the spatial
distribution of chub mackerel in the Portuguese waters
and the Spanish waters of the Gulf of Cadiz (hereby
termed Portuguese-Cadiz waters). We compare the dis-
tribution, abundance, recruitment and landings of chub
mackerel and sardine and discuss interactions between
the two species.

MATERIALS AND METHODS
Survey and fishery data

Data on the presence and length composition of chub
mackerel in trawl hauls was recorded in 26 acoustic
surveys conducted by the Instituto Portugués do Mar e
Atmosfera (IPMA) between 1995 and 2010 (Table 1).
Estimates of chub mackerel abundance, length and age
composition, in number and biomass, were obtained
only in acoustic surveys in the autumn of 2007, spring
and autumn 2008 and spring 2009. The surveys cover
the continental shelf off the Portuguese-Cadiz waters
(Fig. 2) from 15 to 200 m depth. The main aim of the
surveys is to estimate the biomass and length/age struc-
ture of sardine and anchovy for stock assessment pur-
poses (e.g. ICES 2011b, c). Although pelagic species
other than sardine and anchovy are not the target of the
acoustic surveys, biological samples of chub mackerel
have been regularly collected whenever it occurs in
trawl hauls. The acoustic surveys do not cover the shelf
break and upper slope where larger chub mackerel are
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F1G. 2. — Map of the study area showing the location of the main

sampling ports, ICES sub-divisions and acoustic survey sub-areas.

Off the west coast, continuous and dashed lines show the boundaries
of ICES sub-divisions and survey sub-areas, respectively.

known to be distributed. Nevertheless, the component
of the population distributed on the shelf, mostly young
individuals, is considered to be well sampled.

The survey area is divided into four sub-areas for
which separate estimates of abundance and length/
age composition are provided: northwest, southwest,
south-Algarve and south-Cadiz (Fig. 2). Off the south

TABLE 2. — Summary of the sampling effort per year of chub mack-
erel landings.

Number of ~ Number of
samples  fish sampled Range  Mean+SD
Length (cm) 119426 1146+453 12-65 27.3+6
Age (years) 13.5+£3.9 408+106 0-11+ 2.3+2.2

coast, sub-areas match the ICES sub-divisions IXa
South-Algarve and IXa South-Cadiz. Off the west
coast the north-south boundary considered in the
surveys is located slightly south of the boundary be-
tween ICES sub-divisions IXa Central-North and IXa
Central-South.

For the estimation of fish abundance, acoustic
samples were continuously taken during daytime
at a rate of 1 ping s~! along parallel transects 8 nmi
apart (ICES 1998) by means of a calibrated (Foote
et al. 1987), 38-kHz Simrad EK500 echosounder
with a split beam transducer (equivalent beam angle:
10log =-20.2 dB; pulse duration =1 ms). Acoustic data
were acquired and stored on a personal computer and
post-processed using the software MOVIES+ (Weill
et al. 1993). The echograms were visually scrutinized
for echoes of fish schools, and the resulting backscat-
ter was integrated from 1 m above the bottom to 4
m below the surface, and averaged along 1 nmi long
intervals. Biological samples for echo classification
and characterization of the pelagic fish community
were taken mainly by a midwater trawl with the aid of
a Netsounder (Scanmar trawl-eye and depth sensor),
towed at speeds of 3.5-4.5 knots. Sometimes a bottom
trawl was used to fish near the bottom. Trawl stations
were directed at echo traces with importance in terms
of acoustic backscatter and potential species compo-
sition. The average target strength (TS) was derived
according to the formula: TS=20 log(L)-b20(dB),
where length L (cm) was derived from length compo-
sitions taken from the nearest trawl and b20=68.7 for
chub mackerel and 72.6 for sardine (ICES 2009). For
each species, samples of 100 individuals were taken
randomly from each trawl haul and sorted in classes of
0.5 cm (sardine) or 1 cm (chub mackerel) total length.
Age-length keys were obtained from length-stratified
samples by sub-area in each survey. Age determina-
tion was carried out on sub-samples of 10 individuals
per length class.

To calculate species abundances, the pelagic fish
acoustic backscatter was partitioned into species, tak-
ing into account the proportion of the species in the
fishing trawls and the specific acoustic target strength/
length relationship of the involved species (further
details in Zwolinski et al. 2009 and ICES 2010). Es-
timates of chub mackerel abundance in 2007-2009 are
reported for the first time in the present paper. Those of
sardine were compiled from several ICES reports (e.g.
ICES 2011¢).

Portuguese annual landings of chub mackerel and
sardine by ICES sub-division were compiled from
the database of the Portuguese General Directorate
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TABLE 3. — Abundance of chub mackerel by sub-area in the Portuguese acoustic surveys 2007-2009, in biomass (x1000 t, bold text) and num-

ber of individuals (millions). Data are pooled for the northwest and southwest areas in all surveys apart from Spring 2009 and for the southern

areas (Algarve and Cadiz) in Spring 2008. In Autumn 2007, the estimate of the northwest area includes the southwest area until Lisbon; the
southwest area south of Lisbon and the west part of south Algarve are not covered.

Year Season Northwest Southwest South Algarve South Cadiz Total
2007 autumn 159 /1200 18/ 100 61 /600 238 /1900
2008 spring 18/219 51/599 69/818
2008 autumn 141/ 1286 26 /457 36/319 203 /2062
2009 spring 15/104 62 /701 17/ 234 65 /394 159 /1433

of Fisheries (e.g. DGPA 2011). Length and age data
were collected within the framework of national sam-
pling programmes integrated in EU data collection
programmes. The collection of length data follows a
stratified random sampling scheme by gear, port and
quarter, the sampling unit being the trip. Age data are
collected following a similar sampling scheme with
ICES sub-division and length class (as defined above)
as strata and the individual as the sampling unit. De-
tails on the sampling and raising methods to estimate
length and age distributions of the landings are found
in Jardim et al. (2004). Table 2 summarizes the sam-
pling effort in the period 1986-2010.

Statistical analysis

To evaluate changes in the prevalence of chub
mackerel on the Portuguese continental shelf, the prob-
ability of chub mackerel presence in trawl hauls (p)
was modelled as a function of sub-area (a), year (y),
and sardine abundance (in numbers, nS) using gener-
alized additive models (GAM) with a binomial error
distribution and a logit link (Wood, 2006). A smooth
function (s(.)) was used to describe the year effect, and
the effects of sub-area and sardine abundance were
described by parameters. Both year and sardine abun-
dance were assumed to vary by sub-area in the initial
model. The general form of the model is:

Logit(E[p])=a +s(y) *a+nS * a

Model selection was conducted by log-likelihood
ratio tests (LRT, Wood 2006). The results of LRT tests
were examined for consistency with the minimization
of the Akaike Information Criterion (AICc, corrected
AIC for small sample sizes). Sub-areas with less than
four trawl hauls were not included in the model.

Models assuming that the effects of year and of
sardine abundance were common to all areas were
examined, i.e. terms s(y)*a and nS*a of the initial
model were sequentially replaced by s(y) and nS. Fi-
nally, some area levels were pooled, first southwest
and south, then Cadiz was pooled with former levels to
investigate regional differences in the average preva-
lence of chub mackerel.

To explore the relative strength of year classes,
standardized proportions-at-age, P,y, were calculated
from the commercial catch-at-age matrix, in numbers,
in 1986-2010, as follows:

Pay(s)={ Pay_Pa }/Sa

where P, is the proportion of catch of age a in year y,
P, is the mean and s, the standard deviation of the pro-
portion of age a over years. P, is obtained by dividing
the catch of age a and year y by the total catch in year y,
being therefore independent of year-to-year variations
in the total amount of catches. The plot of P,y shows
the importance of year classes as anomalies from the
mean and is therefore useful to outline relatively strong
and weak year classes.

Recruitment index

Using the catch-at-age matrix, in numbers, in 1986-
2010 we calculated the geometric mean of catches over
ages 0 to 2 years for each year class. This quantity was
considered to be a broad index of chub mackerel re-
cruitment. It was normalized by subtracting the mean
to compare with an index of sardine recruitment.

Unlike P, ), the chub mackerel recruitment index
is affected by the total amount of catches over time
although the use of the geometric mean is expected
to smooth out differences among years. Moreover, a
change in fishing effort or natural mortality will bias
the index.

RESULTS
Acoustic surveys

Presence/absence data since 1995 and estimates of
abundance (2007-2009) in acoustic surveys show that
chub mackerel is distributed mainly off the southwest-
ern and southern waters of the Iberian Peninsula (Table
3, Figs 3, 4A). In general, chub mackerel abundance
was the lowest in south Algarve, intermediate in the
Gulf of Cadiz and higher in the western area (Table 3).
In the latter area, most of the biomass is found south of
Lisbon, except in autumn 2007 (Fig. 4A).

The geographical distribution changes between years
(Fig. 4A). Up to the mid-2000s, chub mackerel occurred
more frequently off the eastern part of the south coast
(Gulf of Cadiz) than off the joint southwest and south
Algarve area (Fig. 3). In the mid-1990s and mid-2000s,
the distribution extended to the north (Fig. 3) and in
2007 great abundance was found towards the northern
limit of the distribution area (Fig. 4A). In 2007-2009,
chub mackerel biomass on the survey area ranged from
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F1G. 4. — Chub mackerel (A) and sardine (B) distribution in acoustic surveys 2007-2009 (two autumn and two spring surveys). Scale shows
nautical area scattering coefficient (NASC) units, SA m*nm?. In the autumn 2007 survey the southwestern area south of Lisbon was not
covered.

69000 t to 238000 t, being larger in the autumn surveys
when recruits (0-group) are caught (Table 3). The high-
est biomass estimate obtained in autumn 2007 is likely
to be an underestimate since the survey did not cover the
main parts of chub mackerel distribution (southwest and
the western part of south Algarve).

The spatial distribution of chub mackerel overlaps
with that of sardine across most of the Portuguese wa-
ters (Fig. 4A, B). This overlap is more extensive and

consistent off the southern than off the western coasts;
off the latter, chub mackerel occurs more frequently
and in higher abundance south of Peniche-Lisbon
(38-39°N), whereas the opposite is true for sardine.
Figures 4A and 4B also show that chub mackerel ex-
tends further offshore than sardine. The frequency of
occurrence of chub mackerel in the survey area shows
a weak negative correlaton with the abundance of sar-
dine (Spearman rho =—0.51, p<0.008, n=26).
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TABLE 4. — Initial and final generalized additive model fit to chub mackerel presence/absence data in acoustic surveys 1995-2010.

Model Parametric terms Smooth terms
Name Coefficient p Name Edf P
Initial Northwest -1.0 0.33 Year x Northwest 2.6 0.23
Southwest 1.7 0.26 Year x Southwest 2.0 0.25
South-Algarve 2.2 0.18 Year x South-Algarve 2.1 0.24
South-Cadiz 3.2 0.04 Year x South-Cadiz 1.0 1.00
Northwest x nS -3.9E-08 0.77
Southwest x nS -2.1E-07 0.55
South-Algarve x nS —4.2E-07 0.68
South-Cadiz x nS -3.0E-07 0.25
Final Northwest -1.3 0.016 Year 3.3 0.001
Southwest + South-Algarve 1.5 0.015
South-Cadiz 2.6 0.001
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F1G. 5. — Purse seine landings of chub mackerel (solid line) and sardine (dashed line) off northwest (A), southwest (B) and south Algarve (C)
in the period 1986-2010.
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TABLE 5. — Abundance-at-age of chub mackerel, in millions of individuals, in acoustic surveys 2007-2009. The 10% and 90% quantiles of
length in each survey are also shown. Shaded cells identify year classes.

Year Season Age group (years) Length quantiles (cm)
0 1 2 3 10% - 90%
2007 autumn 829 1131 4 19.5 - 235
2008 spring 570 245 1 20.5 - 245
2008 autumn 830 1228 3 16.5 - 235
2009 spring 945 464 17.5 - 245

Table 4 shows the parameters of the initial and final
GAM fit to the presence/absence data. AICc decreased
from 137.5 to 96.5 (41 units) and the percentage of
deviance explained decreased from 69% to 65% from
the initial to the final model. The analysis indicates that
the presence of chub mackerel varied in space and time
during the period 1995-2010 but was not affected by
the abundance of sardine. The number of sardines had
no significant effect on the presence of chub mackerel,
either when a common area effect was assumed or
when separate area effects were modelled. To examine
whether the poor explanatory power of sardine abun-
dance could be due to collinearity with the year effect,
a model excluding the variable year was also fitted to
the data (not shown). The abundance of sardine was
again not significant and the model explained a much
lower percentage of the deviance than the model in-
cluding year.

The presence of chub mackerel in acoustic trawl
hauls increases significantly from north to south and is
comparable in the southwest and south Algarve sub-ar-
eas (Table 4). Over the study period, mean probabilities
of presence in each area were 27.6+£22.1% off the north-
west coast, 55.9+24.7% in the southwest-south Algarve
region and 74.7+18.1% in the Gulf of Cadiz. Changes
over time were not significantly different among areas:
the single smooth term of year shows a decline in chub
mackerel presence from the mid-1990s to the early
2000s and thereafter an increase to values exceeding
those at the beginning of the period. For example, in the
southwest-south region, chub mackerel occurred in ca.
60%, 23% and 90% of the trawl hauls in 1995-1997,

25

2001-2002 and 2008-2010, respectively. The GAM re-
sults also point to a shallower time variation in the Gulf
of Cadiz than in the southwest-south region.

The total length of fish sampled in surveys since 1995
ranges between 7 and 55 cm. However, the majority of
the individuals are between 20 and 24 cm. In 2007-2009,
when length frequency distributions were available at the
population level, the 10% and 90% percentiles of length
were in the range 16.5-20.5 cm and 23.5-24.5 c¢m, respec-
tively. The age groups 0-1 years and 1-2 years predomi-
nated in the autumn and spring surveys, respectively (Ta-
ble 5). Fish older than 3 years (up to age 7) occurred only
in spring 2008 off the south coast.

Fisheries

In the period 1986-2010 total chub mackerel land-
ings varied between 4000 and 23000 t (mean + SD
= 106 thousand t; Fig. 1). On average, 69% of the
annual landings were taken in the purse seine fishery,
27% in multi-gear artisanal fisheries (operating with
longlines, gill nets and trammel nets) and 4% in the
bottom trawl fishery. Landings by purse seiners are
recorded mainly on the southwest coast (3800 t, 54%),
followed by the south coast (2400 t, 38%) with only a
small quantity of chub mackerel being landed in the
ports of the northwest area (550 t, 8%).

Since 2003, total landings have increased consist-
ently, reaching 23300 t in 2008 (Fig. 1). Temporal
variation shows some differences among areas: in the
southwest, there were both abrupt fluctuations between
years and an increasing trend since 1986; in the south,
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FiG. 6. — Length frequency distributions of chub mackerel in landings by purse seiners (black bars), artisanal boats (white bars) and trawlers
(grey bars). The percentages are calculated within each fishery from average annual length frequency distributions in 1986-2010.
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landings declined from 1986 to the early 2000s and
increased sharply thereafter and, in the north, a sharp
increase took place in the mid-2000s after a long period
of low fluctuating landings (Fig. 5).

Landings of chub mackerel and sardine broadly re-
flect their spatial distributions: chub mackerel is fished
mainly in the south and southwestern areas, while
sardine is fished mainly in the northwest area (Fig. 5).
Landings of chub mackerel and sardine in the southwest
and southern areas were negatively correlated (Spear-
man rho=-0.48 and —0.57, p=0.016 and 0.003, respec-
tively, n=25) while in the northwest area they were not
correlated (Spearman rho=—0.04, p=0.86, n=25).

Most of the individuals landed by the purse seine
fishery are between 18 and 26 cm; the length distribu-
tion shows a single mode at 21 cm and a long right tail
reaching 49 cm (Fig. 6). Artisanal landings comprise
a wider range of lengths, from 13 to 57 cm; the length
distribution has two modal classes of decreasing im-
portance, 21/22 and 30 cm, possibly corresponding to
different fishing gears. Part of the artisanal fleet (ca.
200 small vessels below 15 m length) is allowed to
operate with a purse seine and occasionally land small
pelagics (INE 2011). The lower lengths (~1-3 years
old) in landings possibly correspond to chub mackerel
caught by artisanal purse seiners, while larger indi-
viduals (~5-6 years old) are usually caught in the other
gears which operate in deeper areas. Bottom trawlers
land chub mackerel with 21-31 cm mostly. Landings
are composed mainly of age 1 to 3 individuals although
fish up to 13 years occur.

Despite some noise in the data, the age composition
of landings does not show major changes over time and
year classes can generally be followed in the standard-
ized catch-at-age matrix (Fig. 7). The 1996, 2002 and
2007 year classes stand out, showing consistent above
average proportions in the younger ages. Large pro-
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Fig. 7. — Standardized catch-at-age proportions (in numbers) of

chub mackerel in 1986-2010. Black symbols correspond to positive

deviations and white symbols to negative deviations from the mean
proportion-at-age over the period.

Chub mackerel in the ecosystem and fisheries off Portugal « 559

Recruitment index

A A A NW
1 '\/ \/ NS ~ N A\//A

T T T
1990 1995 2000 2005

Yearclass

Fi1G. 8. — Chub mackerel (circles) and sardine (triangles) recruitment
indices (normalized) in 1986-2008. The series of sardine recruit-
ments is from the 2012 stock assessment (ICES, 2012).

portions of ages 3-4 years in the earlier years of the
catch-at-age matrix suggest that some year classes in
the late 1980s might have been relatively strong. How-
ever, it may also reflect that the fishery selected older
individuals in those years.

The recruitment index broadly agrees with the rela-
tive age composition (P,,) information on year-class
strength although it suggests a higher relative strength
of recent year classes (2006-2008) (Fig. 8). This in-
crease may be biased by the sharp increase of landings
in 2007-2010. The index suggests a period of low re-
cruitment from 1986 to 1995 and in 2000-2001. There-
after, recruitment shows a tendency to increase and
reaches a historical maximum in 2007. The presence of
chub mackerel in the spring surveys each year is posi-
tively correlated with the recruitment index the year
before (Spearman rho=0.58, p<0.03, n=15). However,
the large 2002 recruitment index is not reflected in the
occurrence of chub mackerel in the next spring survey
(Table 1 and Fig. 8). When this data point is excluded,
the correlation coefficient increases to 0.72 (p<0.005).
Finally, the normalized indices of chub mackerel and
sardine recruitment show a significant negative corre-
lation (Spearman rho =-0.53, p=0.01, n=23).

DISCUSSION

Data from acoustic surveys and the purse seine
fishery off Portugal and the Gulf of Cadiz show that
chub mackerel is mainly distributed off the southwest-
ern and southern waters from Lisbon to the Gibraltar
Strait. In 1995-2010, chub mackerel occurred consist-
ently in the Portugal-Cadiz region, being present on
average in 50% (sd=25%) of the trawl hauls in each
survey. It showed comparable frequencies off the Por-
tuguese southwest and southern waters and occurred
significantly more often in the Gulf of Cadiz. In recent
years (2007-2009) the biomass ranged from 69000 t
(818 million individuals) to 238000 t (1900 million
individuals). Biomass estimates for northern Spain in
spring 2008 and 2009 were 5% and 3% of the estimates
in the Portugal-Cadiz region in corresponding years
(ICES 2008, 2009), suggesting that the latter region
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encompasses the bulk of chub mackerel distributed in
Atlantic Iberian waters. About 50% of the biomass is
distributed in the western Portuguese waters and 30%
in the Gulf of Cadiz. Biomass estimates for Cadiz in
2007 and 2009 are consistent with those obtained in
the Spanish acoustic survey covering the area in sum-
mer in the same years, (62000 and 56000 t; ICES 2009,
2010). Data from Portuguese acoustic surveys in 2007-
2009 show that chub mackerel biomasses in the Portu-
gal-Cadiz region were 1/3 to 2/3 of the biomasses of
sardine in corresponding surveys, indicating that chub
mackerel was an important component of the pelagic
community in those years. Given that chub mackerel
increased and sardine decreased in recent years, the
relative importance of chub mackerel is possibly at the
highest level since 1995.

Up to the present, groundfish surveys (Martins and
Cardador 1996, Sousa et al. 2005) have been the only
source of survey data on chub mackerel distribution off
Portugal. This type of survey is not designed to sample
pelagic species and is likely to provide underestimates
of their abundance. Pelagic species such as chub mack-
erel might be accidentally caught when the trawl is be-
ing retrieved (Pequerie et al. 2004). Furthermore, like
most small and medium-sized pelagics, chub mackerel
exhibit demersal behaviour as well (Sousa et al. 2005).
The Portuguese groundfish surveys cover deeper waters
than acoustic surveys and we consider that they provide
useful complementary information on the distribution
chub mackerel. The geographical distribution observed
in the present study is broadly in agreement with that re-
ported by Martins and Cardador (1996) and Sousa et al.
(2005) based on groundfish surveys data. Martins and
Cardador (1996) show a consistently higher abundance
off the south western area in the period 1990-1995,
with average numbers-per-hour double those off south
Algarve. This pattern is in agreement with the distribu-
tion of biomasses in 2007-2009 acoustic surveys; thus,
despite similar frequency of occurrence, chub mackerel
is probably more abundant off the southwest than off
the south Algarve area, in consistency with the level of
landings in the two areas. Higher abundance in autumn
than in spring, reflecting recruitment (0-group), was also
found by Martins and Cardador (1996).

The model fit to presence/absence data in the period
1995-2010 show that chub mackerel was more frequent
in the Portuguese-Cadiz waters during the second half
of the 1990s and particularly since the mid-2000s. In
these periods the population expanded to the north-
western area, where the species is normally scarce. The
frequency of occurrence appears to be a good proxy
of abundance since it coincides well with recruitment
strength, with a single exception, the 2002 year class.
The reason why the 2003-2004 surveys missed the
2002 year class is not clear. However, the frequency
of occurrence of chub mackerel in the Gulf of Cadiz
rose sharply in 2003 and landings off the southwestern
and southern areas show a peak in 2004. The rise in
landings, off both northern Portugal and Galicia (ICES

2011a), support the hypothesis of an increase in abun-
dance and an expansion of the distribution area to the
north in the recent period. This did not happen in the
mid-1990s off northern Portugal. Other factors such
as targeting by the fishery in recent years due to the
appearance of new markets (e.g. for tuna feeding) and
lower abundance of sardine might have contributed to
the recent rise in landings.

Both the acoustic surveys and the purse seine fish-
ery show a predominance of small individuals (20-24
cm and 1-2 years old), in the study area. However,
larger/older individuals (50-55 cm and 7-10 years old),
are occasionally sampled in surveys and small numbers
are landed in longline, gillnet and bottom trawl fisher-
ies. The scarceness of large chub mackerel may reflect
their absence from the Portugal-Cadiz waters or a low
availability of large individuals to the acoustic survey
and purse seine fishery.

One hypothesis is that the Portugal-Cadiz waters
are a nursery of a large population spawning north or,
more likely, in Moroccan waters, where the core of
the northwest Atlantic biomass and catches are con-
centrated (FAO 2010b). This would require physical
mechanisms to transport early life stages from spawn-
ing to nursery grounds, as seen, for example, in Pacific
chub mackerel off Japan (Noto and Yasuda 1999), and
migration of juveniles/young adults from nursery to
spawning grounds as described for the northeast At-
lantic mackerel (Uriarte et al. 2001). Evidence of an
increasing size/age gradient from the Portugal-Cadiz
area to the Moroccan waters provides some support to
the above hypothesis. In the northern part of Moroccan
waters (north of 26°N), length and age compositions
in surveys and landings are similar to those found off
Portugal-Cadiz, i.e. a predominance of 19-21 cm, O-
to l-year-old individuals (FAO 2008, 2010). In the
southern Moroccan area, most individuals are in the
range 23-25 cm corresponding to 1 and 2 years old,
while the 6+ age group is still abundant, suggesting
that juveniles/young adults distributed in northern
areas migrate south as they become older. However,
there seems to be no synchrony in year-class strength
between the Moroccan and Portuguese regions: as in
Portugal-Cadiz, several good recruitments occurred off
Morocco in recent years but recruitment indices point
to good 2005 and 2008 year classes (FAO 2010) that
do not coincide with the strong year classes identified
in Portugal-Cadiz.

Although the above hypothesis cannot be discard-
ed, the possibility that large chub mackerel are more
abundant in the Portugal-Cadiz region than suggested
by the present data appears to have stronger support.
Off Portugal, chub mackerel occurs down to 400 m
depth (Martins and Cardador 1996) and its presence is
noticed in the artisanal fishery that operates near those
depths; fish size probably increases with depth as in
several areas of the species range (Baird 1978, Perrota
1992). Since the acoustic surveys do not go beyond
the shelf edge (~200 m) and purse seiners fish mainly
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within the 100 m contour (Stratoudakis and Marcalo
2002), large individuals are probably under-sampled in
both. This may be aggravated by the fact that larger
individuals are expected to swim faster than smaller
ones, being therefore less catchable by the relatively
small pelagic trawl with a slow trawling speed used in
acoustic surveys (Valdemarsen and Misund 1995), as
demonstrated for mackerel (Slotte et al. 2007).

Anecdotal information suggests that chub mackerel
discards are likely to be high in most fisheries. Discard
estimates for bottom trawl fisheries for recent years
show that mainly 20-30 cm individuals (1-3 years)
and some larger individuals (30-40 cm, 3-8 years old)
in smaller frequencies are discarded by the fleet tar-
geting crustaceans although the total amount is low,
25-50 t per year (ICES 2012a). On the other hand, the
fish bottom trawl fleet makes large discards in some
years (3%-22% of total landings in 2005-2011) but it
is the smallest individuals that dominate the discarded
component (18-25 cm, ~1 year). Thus, some but not a
high level of underestimation of large fish in the region
is expected from discards. Furthermore, the observed
discarding practices suggest that year-class strength is
possibly underestimated in this study, namely during
2007-2010 when the volume of discards by fish bottom
trawlers was high (mean=3500 t/year, CV about 26%;
ICES 2012a).

The data presented in this study suggest some as-
sociation between the dynamics of chub mackerel
and sardine off the Portugal-Cadiz region. The spatial
distribution of the two species shows some degree of
complementarity: sardine abundance declines from the
northwestern area to south Algarve and increases in the
Gulf of Cadiz (Silva et al. 2009), whereas chub mack-
erel is scarce in the northwest and is more abundant in
the southwest and the Gulf of Cadiz. The frequency
of occurrence of chub mackerel in the study area cor-
relates significantly but weakly with the abundance
of sardine in qualitative terms (ranks) although not
in quantitative terms, as demonstrated by the GAM
analysis. Although weak, inverse correlations between
landings in the past 25 years and even at the historical
scale (for landings since 1958: Spearman rho=-0.42,
p<0.002, n=53) makes the hypothesis of alternation of
the two species plausible.

The most striking evidence of interaction between
chub mackerel and sardine obtained in the present
study is the inverse correlation between their recruit-
ment indices (Fig. 8). Adverse effects of one species on
the recruitment of the other species might be caused by
competition for food during the larval/juvenile stages,
since both species consume mainly zooplankton dur-
ing that phase (Castro-Herndndez and Santana-Ortega
2000, Van der Lingen et al. 2009). Moreover, chub
mackerel and sardine may affect each other through
predation since both species consume fish eggs and
chub mackerel adults feed on juveniles mainly of small
pelagic species such as sardine and anchovy (Castro
and Hernandéz-Garcia 1995, Garrido et al. 2008).

Chub mackerel in the ecosystem and fisheries off Portugal 561

It is also plausible that environmental conditions
which enhance recruitment in one of the species are
unfavourable for the recruitment of the other species.
Temperature is a possible candidate since it affects
growth and survival of early life stages and therefore
recruitment success (Rijnsdorp et al. 2009). Moreo-
ver, there is some evidence that sardine recruitment
is negatively affected by temperature (Santos et al.
2012). The coastal waters off western Portugal have
warmed since the 1970s, reflecting a weakening of the
upwelling regime (Lemos and Pires 2004, Lemos and
Sans6 2006, Relvas er al. 2009). Off Portugal, sardine
spawns in autumn-winter when temperature is around
the annual minimum (14-15°C, Coombs et al. 2006),
whereas chub mackerel spawns in winter-spring, when
temperature has risen 1°C to 2°C above the minimum.
The differences in spawning season suggest that chub
mackerel early life stages may be more tolerant to
higher temperature than those of sardine, so the warm-
ing trend may be favouring chub mackerel recruitment
and hindering sardine recruitment. However, other
mechanisms are possible: for example, Santos et al.
(2007) suggested that the main mechanism responsi-
ble for impaired sardine recruitment is the increased
frequency and intensity of upwelling events in winter
(the spawning season), which promotes the dispersal
of eggs and larvae away from suitable shelf areas for
their survival.

The northward expansion of chub mackerel off Por-
tugal may be part of a more general northward expan-
sion of “southern” species, possibly linked to warming
of the sea. Other than chub mackerel, jack mackerel
(Trachurus picturatus, Bowdich, 1825), another pelag-
ic species with southern affinity, has increased off Por-
tugal in recent years (ICES 2008). For chub mackerel
the Iberian Peninsula is near the northern limit of its
distribution area (the Bay of Biscay; Castro-Hern4dndez
and Santana-Ortega 2000). On the other hand, sardine
distribution extends to the North Sea, showing large
abundance and a major recruitment area in the Bay of
Biscay (Silva et al. 2009). Northward shifts in distribu-
tion linked to global warming have been documented
for numerous pelagic fish populations in the Atlantic,
such as mackerel and horse mackerel (Rijnsdorp et
al. 2009, ICES 2012b). Moreover, both sardine and
anchovy (Engraulis encrasicholus) have expanded
their distribution and spawning areas from the English
Channel to the entire North Sea (Alheit ef al. 2012).

In summary, we have demonstrated fluctuations in
the abundance and a northwards shift in distribution of
chub mackerel, and a likely inverse relationship with
sardine abundance. The fluctuations may be caused
by fluctuations in physical conditions, and possible by
interaction between species in terms of food competi-
tion and predation on early life stages. The northward
shift may be part of a more general expansion of spe-
cies from warmer areas, linked to changing physical
conditions that increase the area where the temperature
conditions are satisfactory for such species.
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