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ABSTRACT. Recent studies have shown that the population dynamics of deep-sea
organisms are affected by coupling between surface oceanic processes and energy, or
trophic resources, reaching the sea floor. I analysed the correlation between the landings
of a deep-sea shrimp (A4risteus antennatus) in Catalonia (NW Mediterranean) and the
climatic indices of the annual North Atlantic Oscillation (NAO) and winter NAO
between 1971 and 2007. I show that the size of landings is significantly correlated with
the NAO and with the winter NAO, with 2 and 3 yr lags in both cases. Considering that
around 60% of the landings comprise 2 to 3 yr old females, my results suggest that
climatic conditions over the western Mediterranean (especially in winter) influence the

year-class strength of this deep-sea shrimp, fished from 600 to 800 m depth.
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1. INTRODUCTION

The North Atlantic Oscillation (NAO) is the most prominent atmospheric
phenomenon over the middle and high latitudes of the Northern Hemisphere (Hurrell et
al. 2003, Stenseth & Mysterud 2005). The NAO has profound implications on the
weather over the North Atlantic and Europe, but also on terrestrial and marine
environments, affecting human economic activities, such as agricultural harvests and
fisheries yields (Stenseth et al. 2002, Drinkwater et al. 2003, Hallett et al. 2004). The
main influence of the NAO on European weather consists in increased precipitation in
Atlantic Europe and decreased precipitation in Mediterranean Europe during high-NAO
winters and the opposite precipitation pattern during low-NAO winters. This variation
in rainfall, together with associated changes in air temperature, winds and river runoff,
determine the characteristics of Mediterranean water masses (Hurrell 1995, Mariotti et
al. 2002). The existence of clear patterns linking the NAO with surface marine
ecological processes has been demonstrated in several studies, especially in shallow
waters (Stenseth et al. 2002, Drinkwater et al. 2003). The variations in environmental
parameters linked to the NAO may act on biological organisms at different levels
(individual, population) through physiology (metabolic and reproductive processes) or
through trophic relationships, including ecological cascade effects (Stenseth et al.
2002). The NAO is an excellent proxy for long-term series on environmental variables,
which are often not available, especially in the deep sea, and it often has a higher
predictive power for ecological processes than for local environmental variables (Hallett

et al. 2004, Stenseth & Mysterud 2005).



The red shrimp Aristeus antennatus is an important target species of the trawl
deep-water fishery in the western Mediterranean. Along the Catalonian coast (300 km
length, NW Mediterranean) it is fished year-round by ca. 100 medium-sized trawling
vessels on bathyal fishing grounds from 600 to 800 m depth. The catches (i.e. what is
caught in the nets) are composed mainly of adult females (ca. 90% according to
Maynou et al. 2006) and show important interannual fluctuations. Because this is a
highly specialised deep-sea fishery, where red shrimp is the target species, I assume that
the landings (i.e. what is brought to shore) are a valid index of abundance of the
population. Given the logistic difficulties and high cost of obtaining long data series of
deep-water population abundance (Billett et al. 2001), I used the time series of landings
for A. antennatus to investigate the role of environmental variability (using the NAO
index as a proxy) in explaining the fluctuations of a key component of the

Mediterranean deep-sea fauna.

2. MATERIALS AND METHODS

Landings of the red shrimp Aristeus antennatus for the study area (Catalonia)
were obtained from Martin (1991) for the period from 1971 to 1987 and from the
Fisheries Directorate of the Catalonian Autonomous Government for 1988 to 2007
(unpubl. data). Data on total trawl engine power are available from the same sources for
the 2 periods indicated, although not specifically for the trawl fishery analysed here.
Because the red shrimp trawl fishery is a highly specialised deep-sea fishery, where the
shrimp is the target species due to its high price, I assume that landings are a valid index
of abundance of the population. The evolution of landings and total trawl engine power

(HP) for the period from 1971 to 2007 are shown in Fig. 1. This figure shows that the



increase in landings after the early 1980s can be explained in part by increasing fishing
capacity, and, for this reason, the landings series was detrended (FFig. 2a). Detrending
the original landing series consisted of fitting a linear regression to the landings data,
with time as the independent variable (Abraham & Ledolter 1983, p. 95-100). This
approach has the advantage of rendering the landings series stationary (as seen by the
rapid decay of the sample autocorrelation function; not shown), without completely
removing autocorrelation (see Pyper & Peterman 1998, p. 2128 for the drawbacks of

‘pre-whitening’ and first-differencing of ecological data).

The annual averaged and the winter NAO indices were obtained from the
Climatic Research Unit of the University of East Anglia (Norwich, UK), with updates

provided by Tim Osborn (www.cru.uea.ac.uk/~timo/projpages/nao_update.htm).

The time series analysis of red shrimp landings and the 2 NAO indices was
performed with Box and Jenkins methodology (Abraham & Ledolter 1983), using the R
statistical package (R Development Core Team 2006). The time series analysis
consisted of calculating the cross-correlation functions between the NAO and winter
NAO as explanatory variables and the detrended shrimp landings series as a dependent
variable. The cross-correlation functions lagged from 0 to 5 yr (maximum age observed
in the population analysed; Maynou et al. 2006). The values of cross-correlation were
tested for significance using the modified Chelton method, as given in Pyper &

Peterman (1998) to correct the p-values for serial autocorrelation.

3. RESULTS



Both landings and the detrended time series of landings (Figs. 1 & 2a) show
clear interannual fluctuations, at approximately decadal scales. Years of peak abundance
(e.g. 1978, early 1990s, 2002) coincide with a sequence of positive, or weakly negative,
NAO years (Fig. 2b). More clearly, years of peak abundance follow a sequence of
positive winter NAO years (Fig. 2¢). The cross-correlograms between NAO (and winter
NAO) and Aristeus antennatus landings shows that detrended landings are significantly

correlated with the same indices of 2 and 3 yr before (Fig. 3a, b).

4. DISCUSSION

Studies showing direct or indirect links between surface primary production and
deep-sea megabenthic population dynamics are available for short time scales (e.g.
seasonal variations: Billett et al. 1983, Cartes 1994, Maynou et al. 1996). Studies
linking surface processes with bathyal or abyssal ecology over longer time periods are
scarcer, due to the logistics of obtaining long-term population data for deep-sea

ecosystems (Billett et al. 2001, Danovaro et al. 2001, Bailey et al. 2005).

Using the NAO index as a proxy for environmental local processes (Hallett et al.
2004) in the atmosphere and surface waters and assuming that landings reflect the
temporal dynamics of the population, my results show that these environmental
processes have an impact on the temporal dynamics of deep-sea living resources (at
least down to 800 m depth, the lower limit of the red shrimp Aristeus antennatus
fishery), providing evidence for strong bentho-pelagic coupling in the NW
Mediterranean. Tunberg & Nelson (1998) also found that the NAO signal was
positively correlated with abundance and biomass of soft-bottom macrofauna in deep

waters of the Skagerrak and proposed that this correlation was due to bottom-up control



of benthic populations through influence of the NAO on primary production. Billett et
al. (2001) suggested that long-term changes of the abundance of phytodetritus reaching
the sea floor at 4840 m depth on the Porcupine Abyssal Plain (NE Atlantic) directly
determined the abundance of holothurians feeding on phytodetritus. Danovaro et al.
(2001) have also shown relatively rapid responses of deep-sea bacterial and meiofaunal
communities to surface-water variations over decadal time scales in the eastern

Mediterranean.

My results suggest that the annual strength of red shrimp landings is determined
by variations in climatic conditions (especially in winter) in the previous 2 or 3 yr.
Considering that 2 and 3 yr old females constitute >60% of red shrimp landings in
Catalonia (Maynou et al. 2006), it is the variations in the abundance of these age classes

that are most likely reflected in the fluctuation of red shrimp landings.

It is known that recruitment in fish populations is a key process determining
year-class strength and is strongly influenced by environmental variability (Chambers &
Trippel 1997), but very little is known about the population dynamics of red shrimp
early life stages. Sarda & Cartes (1997) showed that the smallest individuals of red
shrimp appear on bottoms deeper than 1000 m, but the scarce data available preclude
any quantitative analysis. Thus, it is reasonable to seek an explanation for the
relationship between the NAO and shrimp landings based on what is known about the
life cycle of juveniles and adults of this species. The information provided by Cartes
(1994, 1998) on red shrimp diet and trophic dynamics helps conceive a plausible
hypothesis to explain my results: the relationship between NAO and fish abundance has
been shown to be mediated through zooplankton production in many studies
(Drinkwater et al. 2003), and Cartes (1994, 1998) showed that maturing adult females

of Aristeus antennatus switch their opportunistic diet of endobenthic prey to



suprabenthos and meso-zooplankton, of higher energy content, during late winter and
spring. Increased food availability to maturing females during this critical period would

enhance reproductive output (Fanelli & Cartes 2008).

The teleconnection NAO—Mediterranean was shown by Hurrell (1995) and is
expected to be a determinant of Mediterranean winter weather. Mariotti et al. (2002)
reported that positive NAO winters induced higher sea-level pressure over the Azores
and the western Mediterranean, resulting in relatively drier winters. Years with positive
winter NAO thus result in winter water deficit in the Mediterranean basin (decreased
precipitation) and lower river run-off of the major rivers in the NW Mediterranean (the
Rhone and the Ebro Rivers). These changes in evaporation and freshwater flux will
produce significant variations in the characteristics of Mediterranean waters, resulting in
relatively saltier, and denser, upper layers in coastal waters. This oceanographic
situation leads to increased vertical mixing of the water masses in the NW
Mediterranean, especially in the Gulf of Lions, through cascading of dense shelf waters
(Font et al. 2007) and exchange of particulate matter (Durrieu de Madron et al. 1999,
Heussner et al. 2006), which enhances local secondary production and ultimately
increases meso-zooplankton and other trophic resources to deep-water food webs

(Molinero et al. 2008).

I propose that decreased rainfall during positive NAO years (especially with
positive winter NAQO) may increase water-mass mixing in the NW Mediterranean,
enhancing meso-zooplankton production and food resources to Aristeus antennatus,
especially in late winter when females are undergoing ovary maturation and require
higher energy input. During years of enhanced food resources the reproductive potential
of females would increase, and strengthen particular year classes that appear in the

landings 2 to 3 yr later. Research to confirm this hypothesis should aim at quantitatively



determining the role of the NAO on the dynamics of meso- and bathypelagic trophic
webs, especially at lower trophic levels, in the NW Mediterranean. Additionally, if the
hypothesis proposed here is confirmed, a strategy for conserving this important fishery
should concentrate on protecting the spawning stock, either by reducing fishing effort
on mature females in late winter and spring, or protecting spawning grounds, because

spawning females are spatially segregated from males (Sarda et al. 1997).

My results may add to the limited number of studies showing that large-scale
atmospheric phenomena may determine deep-sea population dynamics (Lehodey &
Grandperrin 1996, Tunberg & Nelson 1998, Danovaro et al. 2001, Ruhl & Smith 2004)

and, in the deep NW Mediterranean, fisheries production.
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Fig. 1. Aristeus antennatus. Landings of the red shrimp in Catalonia for the period from

1971 to 2007, with total trawl engine power (HP, dashed line)

Fig. 2. (a) Detrended time-series of landings of red shrimp Aristeus antennatus, (b)

annual NAO index and (c) winter NAO index

Fig. 3. Aristeus antennatus. Cross-correlations (a) between the annual NAO index and
detrended landings of red shrimp and (b) between the winter NAO index and detrended

landings. Dashed lines: 95% confidence intervals.
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