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Abstract - The fluctuating abundance of round sardinella (Sardinella aurita) in
Mauritanian waters over the past ca. 20 years can be related to environmental dynamics
off Northwest Africa. Trends in the fishery are evaluated using FAO data, acoustic
surveys, and catch statistics from the EU fleet (1996-2006). Remote sensing data
demonstrate rising annual sea surface temperatures, up to 3°C higher than the long-term
average in 2002-2003, following a shift in ocean climate in 1995. Fish abundance and
repeated expansion of the sardinella population in the past ten years are attributed to
favorable oceanographic conditions and increased recruitment success. Sardinella thrives
with intense upwelling and high primary production during spring, and retention of
waters over the shelf during summer and autumn. The stock of S. aurita over the
Northwest African shelf oscillates with the cold-warm states of the habitat. Favorable
hydrographic conditions and extended habitat has resulted in unprecedented rise of
sardinella abundance in the late 1990s, which was counterbalanced by the impact of
fisheries. A backshift to a cold-state ecosystem, with extensive regional upwelling and

decreased sardinella habitat, would topple that balance.
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1. Introduction

1.1. Research question and context

In the Eastern Central Atlantic (Figure 1), the dynamics of an eastern boundary current
interacting with trade wind-driven upwelling control a marine ecosystem with
exceptionally high primary and secondary productivity (Cury & Roy 1989; Binet 1997;
Demarcq & Faure 2000). This productivity sustains a large variety of pelagic species,
including commercial fish species sardinella (Sardinella aurita and S. maderensis), horse
mackerel (Trachurus trachurus, T. trecae and Caranx rhonchus), mackerel (Scomber
Jjaponicus) and sardine (Sardina pilchardus). The pelagic stocks off West Africa have
been exploited since the 1960s by long-distance fleets from Eastern Europe (Boely and
Fréon, 1979). With the collapse of central economies in Eastern Europe after 1990, these
state-supported fleets declined, and their role was taken over by private companies in
Eastern and Western Europe. From 1996, a fleet of modern trawlers from the European

Union began working in the Mauritanian Exclusive Economic Zone (EEZ — 200 nm).

An EU fisheries agreement with Mauritania has been effective since 2002 and is worth €
80 million in subsidies annually. From 2006, € 11 million of this amount is allocated for
implementation of national fisheries management, to stimulate sustainable exploitation of
the fish stocks. This reflects EU policies to better match and integrate its policies on
fisheries, development cooperation and protection of biodiversity. The framework of
international law for treaties protecting marine biodiversity is the UN Convention on the

Law of the Sea (www.un.org/Depts/los). With the FAO Code of Conduct for Responsible

Fisheries (1995: www.fao.org/fi) this defines the rights and general duties of a coastal
state on the use of its marine living resources. Much however depends on the capacity
and willingness of the nation to monitor the fisheries, and on the science that may result

in the adaptation of appropriate measures and regulations.
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While fisheries management in more developed countries is based on extensive
programmes of data collection and analysis, detailed information on Northwest African
stocks is patchy and incomplete. The activities of the European vessels in the Mauritanian
EEZ were monitored between 1998 and 2006 through a Mauritanian/Dutch research
project that studied the relation between fish catches, hydrography, and megafauna
bycatch (Zeeberg et al. 2006). EU vessels concentrated mainly on round sardinella
(Sardinella aurita), the most abundant species at the time of the arrival of the fleet
(Hofstede & Dickey-Collas 2006). After some years of high catches, sardinella
abundance started to decline and the fishery became oriented towards other species such
as horse mackerel and sardine. Declining sardinella abundance (Figure 2) was attributed
primarily to overfishing (FAO 2006a). However, due to the variable dynamics of the
upwelling system it is likely that S. aurita distribution over the region is also affected by
hydrographic conditions. Low catches in the early 1990s coincided with intense
upwelling and generally cold regional conditions, but it is unclear to what extent ocean

climate may have influenced the fishery.

Here we combine catch data from the EU fleet with the results from acoustic surveys
collected during the Norwegian research program with R/V Fridtjof Nansen off West
Africa. The Nansen data are available through the FAO and are also used in regional
fisheries management working groups (e.g. FAO 2006a, b). To explain variability in S.
aurita catches and survey data, we use observational evidence collected on board the EU
trawlers, and compare with ocean dynamics that may have influenced sardinella ecology

and the success of these fisheries over the past two decades.

1.2. The fishery and ecology of Sardinella aurita in West Africa

Sardinella aurita occurs in the vicinity of several West African upwelling systems
(Schmidt 1972; Cury 1991; Vakily & Pauly 1995; Quatey & Maravelias 1999; Binet et
al. 2001). A single population or a number of subpopulations constituting one

metapopulation is assumed to occupy waters over the Northwest African shelf (Figure 1),
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between Senegal, Mauritania and Morocco (Garcia 1982). To the south of Senegal, S.
aurita 1s also found in some quantities, but the connection of these fish to the more
northern populations is unknown. Catch statistics for S. aurita have been grouped in
Figure 2 for Senegal + Gambia, and for Mauritania + Morocco. The fishery in Senegal
and The Gambia is conducted exclusively by artisanal fishermen, operating from canoes
(piroques). In Mauritania and Morocco, the main fishery is conducted by large pelagic

trawlers.

The total regional catch of S. aurita (Morocco, Mauritania, Senegal and The Gambia)
increased from 280 000 tons in 1990 tot 470 000 tons in 1998 (FAO 2006b). In that year,
the EU fleet accounted for 23% of the regional catch of this species with a total annual
catch reaching 110 000 tons (Figures 2 and 3). The artisanal fishery accounted for about
50.000 tons in southern Mauritania and 15.000 tons in northern Mauritania. These
captures are taken in the 12-mile zone from which the industrial fishery is excluded. S.
aurita is often caught together with the related species Sardinella maderensis. This
species is shore-bound and less migratory than S. aurita. The percentage of S. maderensis
decreases in the catches during summer, when S. aurita abundance increases. On average

it comprises only 7% of the total sardinella catch (Hofstede & Dickey-Collas 2006).

The commonly accepted migration pattern for S. aurita in northwest Africa (Figure 1)
shows fish moving between Senegal and Morocco (Boely & Fréon 1979; Garcia 1982).
Sardinella passes Mauritania both on their way north and on their way south. During the
northbound migration, the fish stay for several months in Mauritania and are then
targeted by the pelagic trawlers. Around August/September catches in Mauritania
decline, presumably because the fish continue their migration towards Morocco. The
return migration from Morocco to Senegal is less understood. Catches in Mauritanian
waters during November-February are very low, indicating that the fish on their
southbound migration are out of reach for the trawlers. S. aurita has been observed to
migrate offshore over deep water (300-1500 m) at depths of 100-300 m, occasionally
ascending to surface layers (Schmidt 1972; Binet et al. 2001). However, there are also

reports of adult sardinella migrating close inshore during winter. Artisanal fishermen in
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St. Louis, Senegal refer to fish arriving in December and January as "4 meter sardinella".
This name obviously does not refer to the length of the fish, but to the water depth in

which they are found (B. Samb, personal communication).

The migration and abundance of S. aurita in most parts of the world is controlled by
water temperature and other hydrographic parameters. In the Gulf of Guinea the
abundance of S. aurita has fluctuated strongly between 1963 and 1992 in response to
annual changes in the extent of the upwelling habitat (Binet & Servain 1993; Binet 1997;
Binet et al. 2001; Koranteng & McGlade 2001). Long-term variations in small pelagic
fish stocks are attributed to recruitment success as a result of oceanographic conditions
during the juvenile stage (e.g. Cury & Roy 1989; Cury et al. 2000; Huggett et al. 2003).
Over the northwest African shelf, high primary production, low turbulence, and a
favourable circulation in summer provide an "optimum environmental window" for both
spawning and foraging (Cury & Roy 1989; Demarq & Faure 2000). This window appears

to shift over the region, evoking sardinella migrations.

1.3. Regional oceanography

The oceanography over the Mauritanian shelf (water depths <200 m) represents a
dynamic balance between flow from the north and flow from the south, largely controlled
by atmospheric variability (cf. Mittelstaedt 1991; Hagen 2001). Records of sea-level
pressure (SLP) from Nouadhibou and Nouakchott document a maximum SLP in spring
(January-April), consistent with the seasonal strengthening of the Azores High and
associated N-NE winds. The trade winds thus intensify south of 20°N in spring and north
of 26°N during summer. Between 20-26°N (Cape Blanc to Cape Bojador) a strong
alongshore wind blows all year round. As a result the offshore Ekman transport and
associated upwelling are permanent between 20-26°N, and seasonal during winter and
summer south of 20° and north of 26°N, respectively.

During the upwelling season, the influx of nutrients creates high primary
productivity in the photic zone. When the winds weaken in May/June and upwelling

lessens, the surface waters become stratified and unproductive. In this period, a front of
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Tropical Surface Water (TSW) propagates north until an ocean boundary establishes
around 20°N (Arfi 1987; Barton 1998; Hagen 2001). This stable, convergent front
between permanent upwelling waters and advected TSW serves as a feeding area for a
large variety of pelagic species, including many megafauna species (Zeeberg et al. 2006).
The advection of TSW is probably generated through a downwelling process associated
with remotely forced coastally trapped Kelvin waves (Schouten et al. 2005). A sea level
rise associated with these waves depresses the thermocline and invokes a poleward,
surface-intensified geostrophic current transporting TSW (Stramma and Schott 1999).
The Senegalese EEZ, where the sardinella resides during winter (January-April),
is dominated by several cyclonic (cold-cored) gyres, including the Guinee Dome at 10°N,
20°W, driven by the North Equatorial Counter Current (Tomczak & Godfrey 1994, p.
237). Because the cyclonic rotation induces upwelling (doming of the thermocline), these
features are more productive than the surrounding waters. In Ghana, field sampling has

shown that these eddies serve as retention cells for eggs and larvae (Binet 1997).

2. Materials and methods

2.1. Fisheries data

To understand changes in sardinella abundance and distribution in Mauritanian waters,
we compare fisheries and survey data with ocean dynamics observed by satellites. The
fisheries data includes both observational data and catch-effort records, i.e. catch
positions and logbook data provided by EU freezer trawlers between 1996 and 2006.
These 125-145 m-long trawlers, with a total engine power of 9000-18000 hp, are
equipped with modern fish finding instruments that enable them to locate fish schools
within a radius of 3 km around the vessel. When searching for fish schools, the vessels
tend to work together and can screen the entire Mauritanian fishing zone within a few
days. We therefore assume that in general the fleet will find sardinella concentrations

whenever they occur within Mauritanian waters.
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The catch rate of the vessels will depend not only on fish abundance but also on
schooling behavior. In the early part of the season (April-May) the fish move fast, at
speeds up to 7 knots, and even the most powerful vessels are unable to catch them. In this
situation, fish abundance apparent on the sonar screen is not reflected by catch results.
Conversely, at other times of the year when the fish are easier to catch, the vessels may
locate schools and take good catches, while the overall abundance of the stock is low.
Because of these uncertainties, the use of catch rates as an index of fish abundance can be
disputed. For a lack of better data, however, catch per day, in combination with
observational data provided by fishermen and fishery observers, does provide a first-
order approximation of the presence and relative abundance of the fish. For this purpose

we use this measure, although we are fully aware of its restrictions.

Latitudinal and longitudinal shifts in the fishery have been assessed through calculation
of a centre of gravity (CG) of the catches for each month. This CG is the average position
of the catches during one month, weighted by the size of the individual catches. The
longitudinal shift of the fishery is defined as the distance between the CG and the 12 nm
fishing limit (trawlers are not allowed to fish within 12 miles off the coast). The distance
between the CG and the Moroccan border at 20°46'N provided a measure of latitudinal
shifts.

2.2. Acoustic data

Acoustic surveys by the Norwegian research vessel "Dr. Fridtjof Nansen" provide
quantitative abundance estimates. This vessel has conducted regular surveys over the
West African shelf since 1995. Standard equipment used during these surveys is a EK-
500 Simrad Scientific Sounder used in combination with the BI (Bergen Integrator)
software. Identification of echo traces is done by fishing either a pelagic trawl or a
bottom trawl. Results are reported annually to the FAO Working Group on Small Pelagic
Fish in West Africa (FAO 2006a). The surveys are normally conducted in November and
give a snapshot picture of the regional distribution of the fish at this particular time of

year. At the time of the survey, most S. aurita have migrated from Mauritania into
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Morocco. The results of the acoustic surveys in Mauritania, therefore, differ considerably
from the results of the fishery in this area; the latter taking place in summer when the

bulk of the stock is found in Mauritanian waters.

2.3. Remote sensing and oceanographic data

To identify characteristic patterns in the ocean climate we combine remotely sensed data
on the ocean surface (sea surface temperature, ocean color and surface geostrophic
currents based on sea surface height) and compare these with the literature on regional
oceanography off northwest Africa. The observer program on board the EU trawlers
included daily monitoring of ocean conditions through remote sensing, using commercial
packages (OrbImage Orbmap) and sea surface temperature (SST) charts acquired by
NOAA satellites (NOAA-12, 14-17) and received by the University of Las Palmas de
Gran Canaria (ULPGC). The Advanced Very High Resolution Radiometer (AVHRR) on
the NOAA satellites measures SST in the first millimeters of the surface layer and
correlates >0.9 with ship measurements (engine cooling water intake) and buoy data. This
is consistent with assessments of a thermally well-mixed upper water column, with a
wind-mixed layer of ca. 10 m and thermocline at ca. 50 m in summer and 70 m in winter
(Barton 1987, 1998; Ould Dedah & Wiseman 1999). The satellite images have a 1 km
resolution and are taken to reflect mesoscale surface temperature patterns (Van Camp et
al. 1991; Nykjer & Van Camp 1994). Temperature is used as indicator for water masses,
to distinguish between upwelled, mixed water and stratified, unproductive water.
Geostrophic surface flow demonstrating advection was projected over the SST images
from altimetric data provided by radar satellites. Surface geostropic currents can be
retrieved through the Global Ocean Observation System
(www.aoml.noaa.gov/phod/dataphod/work/trinanes/INTERFACE).

In addition to the high-resolution SST imagery, monthly averaged, 9-km gridded SST-
data from the Jet Propulsion Laboratory were used to extract a time series of monthly
SST and to produce anomaly data for each month from January 1985 to January 2005

(Vazquez et al. 1998). The data have a 0,088° pixel resolution in a cylindrical equidistant
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projection (Standard Mapped Image). Best descending (night) imagery was selected to
eliminate the effects of surface heating over calm, unmixed water. These monthly
composites provided SST time series data for the Senegalese and Mauritanian spawning
grounds. Phytoplankton density (chlorophyll o) was obtained from ocean colour satellite
images provided by the SeaWiFS satellite. Due to atmospheric disturbance by dust and

clouds, plankton images are only incidentally available.

3. Results

3.1. Seasonal and inter-annual variations in fish distribution and abundance

The catch rate of sardinella in the EU fishery demonstrates a consistent decline over the
period 1998-2005 (Figures 3 and 4). Catch per day in 2005 was less than half the level it
held in the first years of the fishery. As a result of declining sardinella catches, the fishery
reoriented towards other species, notably cold-water species sardine and horse mackerel.
The percentage contribution of sardinella to the total catch has declined after 1999 from

90% to a low around 40% in 2004.

Although some quantities of S. aurita are taken in the Mauritanian EEZ in each month of
the year, there is a clear seasonal pattern in the fishery. On average, EU catches gradually
increase from January to May (Figure 5a). This is followed by a peak season in June-
August, when the bulk of the population has arrived from Senegal. From September to
December, catches in Mauritania decline, probably reflecting migration of the fish
towards Moroccan waters when upwelling in Mauritania ceases. The timing of the fishery
has narrowed and from 1998 is concentrated in the summer months (June-August: Figure
5b). Catches have declined in autumn. From 2003 there has also been a sharp reduction

of catches in the early part of the season (January-April).

A shift of the fishery towards the coast in the second half of the year is evident from the

eastward displacement of the center of gravity of the monthly catches (Figure 6a). As
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upwelling-favoring winds decrease and water temperature rises, the water in the offshore
areas becomes stratified. Chlorophyll imagery demonstrates that in this situation,
productivity and food availability is restricted to shallow coastal waters (depth <50 m)
where upwelling still continues. During the fishing season, the center of gravity also
shifts northward, reflecting the overall northward migration of the population. Over the
period of observations there is a general northward displacement of the annual center of

gravity (Figure 6b).

3.2. Acoustic observations

The acoustic data from R/V "Dr. Fridtjof Nansen" for the combined stock in Northwest
Africa show a period of high abundance during the years 1999-2001, followed by a
gradual decline (Figure 4). The high stock level is preceded by a sharp dip in the years
1997-1998. However, these were years when the EU fleet in Mauritania took its highest
catch rates and fishing skippers reported an abundance of sardinella schools. We
therefore assume that the acoustic surveys in November 1997 and 1998 have missed part
of the stock. Both data sets, however, indicate that S. aurita reached a peak abundance in

Northwest Africa in 1999-2001, and that the abundance declined in later years.

Acoustic data also demonstrate the distribution of the stock over the various national
zones. Surveys found an increased abundance of S. aurita in the Moroccan zone in 2000
and later years (Figure 7). Apparently, the northward migration of the fish was more
pronounced during this period than in the preceding years. It should be noted that these
graphs represent the distribution of the stock in November, i.e. the time of the year when
the stock has reached its northernmost distribution. Sardinella biomass reduction in
Mauritania from 1.8 to 0.3 million tons between 1995 and 2002 (Figures 4 and 7), and
simultaneous increases in Morocco and Senegal suggests decreased residence time of the
stock in Mauritanian waters. The acoustic surveys in November do record a remaining
amount of S. aurita in Senegal, after the main body of the stock has migrated north.
These are mainly juveniles that do not yet participate in the migration towards Mauritania

and Morocco.

10
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3.3. Oceanographic observations

Oceanographic changes, as observed in the SST and altimetry (surface flow) images, may
influence the timing and speed of sardinella migration and the success of recruitment.
SST and ocean color (chlorophyll) images reveal a semi-permanent meander detaching
from the shelf at ~16°N in spring and ~17°N in summer-winter (Figure 9a-b). The
meander probably reflects the advection of Tropical Surface Water interacting with
coastally trapped Kelvin waves and/or deviation of poleward flow through form drag of
the continental shelf (Hill & Hickley 1998, p. 41; Schouten et al. 2005). The feature
appears to sustain several anticyclonic eddies centered around 18.30°N and especially
prominent and stable in summer. The remote sensing data in July 2002 demonstrated the
development of a large anticyclonic (warm-cored) eddy (Figure 9c). The cell developed
over a period of about ten days and dissipated during weeks thereafter. The eddies, hence,
may prolong the residence time of water masses over the Mauritanian shelf up to one

month.

The 1985-2005 SST time series (Figure 8a) demonstrates a shift from a period of below
average temperatures in 1985-1995 to above average temperatures in 1996-2005. This
upswing in SST off Northwest Africa since 1995, with summer SST up to 3°C higher
than the 1985-2006 average, is associated with changes in the regional pressure field.
The close relationship between wind strength and direction and upwelling/SST off
Mauritania was well established by earlier authors (e.g. Arfi 1987; Mittelstaedt 1991;
Binet 1997). Both the cold anomalies of 1993-1994 (-2.8°C) and warm anomaly of 1995
(+2.8°C) are connected with increased/decreased upwelling-favorable winds (Figure 8b).
The above-average temperatures of the past decade (1996-2005) were apparent mainly
during summer and autumn (July-January). The spring periods (February-June), in

contrast, were relatively cold (Figure 8a).

Because the upwelling is wind-driven, temporal variability of the ocean climate at inter-

annual scales reflects the seesaw of atmospheric pressure over the eastern tropical

11
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Atlantic, as documented by the North Atlantic Oscillation index (e.g. Jones et al. 1997).
On sub-decadal and decadal time scales, climate extremes appear to be generated by El
Nifio-like warm events (Binet et al. 2001; Hagen 2001). The Atlantic Ocean component
of an El Nifio-event is a downwelling Kelvin wave that propagates along the equator
from South America to Africa in 4 months, increasing thermocline depth and geostrophic
currents (e.g. Binet et al. 2001). The 1997 El Nifio (Pacific) coincided with anomalous
warmth (+2.1°C) off Africa in February-March 1998 (Figure 8) and apparent

strengthening of the northward currents between Senegal and Mauritania.

4. Discussion

4.1. Environmental controls on the seasonal migration of S. aurita

The strong seasonality of sardinella abundance apparent from catch data (Figure 4a) is
connected with the upwelling-dominated SST cycle. Our observations suggest that round
sardinella off Northwest Africa seek the temperature fronts and high primary productivity
associated with upwelling. The fish appear to avoid entering the upwelling areas, possibly
due to low oxygen content of these waters (as a result of oxidation processes: Barton
1998; Tomczak & Godfrey 1994) and/or cold temperature (15-21°C). Sardinella filters
planktonic organisms from the water column, often targeting specific zooplankton,
including juveniles of their own species. This is a distinct difference from sardine (S.
pilchardus), which forages on phytoplankton and seeks the centre of upwelling regions
for spawning (Boyer et al. 2001; Ettahiri et al. 2003). Sardinella migration appears to be

primarily driven by foraging needs and spawning preferences.

Over the Mauritanian shelf, temperatures are below 21°C during winter (January-March:
Figure 9). Although primary production is at a maximum in these months, wind mixing is
high, and "upwelling filaments" (Nykjaer & van Camp 1994; Barton 1998) transport
waters away from the coast to the unproductive ocean (cf. Rodrigues et al. 1999; Demarq

& Faure 2000; Bécognée et al. 2006). These conditions are unfavorable for S. aurita

12
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because the growth of the fish is limited by temperature and spawning will be less
successful (cf. Cole & McGlade 1998). At this time of the year, most S. aurita are found
in Senegalese waters where the temperature remains above 21°C. The productivity of the
Senegalese waters is high during winter, as a result of river run-off after the rainy season,

localized upwelling, and cyclonic eddies retaining productive waters.

Around May, the hydrographic conditions off Senegal become less favorable, with SST
rising towards ca. 25°C, stratification of surface water, and decreasing food availability.
The buildup of vertical stratification appears to prompt S. aurita migration. When the
strength of the trade winds decreases in April/May, tropical water advects north with
strong surface geostrophic currents as demonstrated by sea surface height imagery

(www.aoml.noaa.gov/phod/dataphod/work/trinanes/INTERFACE). The bulk of the

sardinella population then moves north along this "highway" towards Mauritania, seeking
a more suitable foraging and spawning habitat in the northern extremity of the

distribution area.

During May-July, the fish profit from high productivity in the Mauritanian zone by
feeding and spawning at the same time. Spawning conditions are optimal during this
period. The semi-permanent eddies observed in the satellite imagery enhance survival of
fish larvae by increasing residence time of waters across the Mauritanian shelf by up to
one month. This permits the development of a copepod generation, an important feed for
sardinella larvae (Binet 1997). In August/September, high water temperatures indicate
stratification of surface waters and strongly reduced productivity, as demonstrated by
ocean color images (Figure 9b). Increased surface heating and reduced wind speeds limit
upwelling to a narrow coastal strip, and the sardinella follow the retreating productivity
zone towards the coast. When food production is further reduced, the fish leave
Mauritania and migrate north into Moroccan waters. Here upwelling continues all year
round, and food remains abundant in autumn. It is uncertain what factor triggers the
return migration from Morocco to Senegal: lower temperatures, food shortage, or a

biological clock connected with solar elevation and shifting circulation patterns. Because
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little is known about the behavior of the fish in Moroccan waters, this question remains to

be answered.

4.2. Sardinella spawning strategy

There are substantial strategic differences in spawning cycle between S. aurita and more
temperate clupeids such as Atlantic herring (Clupea harengus). Herring spawns only
once a year at a specific time and place. The fish stop feeding several months before
spawning, and they control their gonad development by staying in water masses of a
certain temperature (Ottersen et al. 2005). This predetermined spawning guarantees
optimum growth conditions for newly born larvae (Christensen et al. 1985), usually
during a very short time interval. In the (sub)tropics, the environmental conditions that
trigger spawning are less predictable, resulting in a strategy such as found in S. aurita,
where fish spawn repeatedly as long as conditions remain favorable. To be able to do so,
the fish must combine spawning with feeding. Maturity data collected by observers on
board the EU trawlers between 2000 and 2003 show that both gonad weight and fat
content reach maximum values during summer (Hofstede et al. in press; cf. Bécognée et

al. 2006).

In other tropical regions where S. aurita occurs, spawning is also geared to periods of
high ocean productivity. In Ghana, fish spawn during upwelling periods when the mean
SST falls below 25°C (Quaatey & Maravelias 1999). This is comparable with water
temperatures of 19-23°C observed for sardinella catches in Mauritania. Off Venezuela
and Equatorial Africa, turbulence and river discharge (Orinoco and Congo rivers)
determine optimum feeding conditions and thereby the spawning period (Freon et al.
1997; Binet et al. 2001). Sardinella spawning in the Northwest African upwelling region
is linked with fairly saline and productive water of the oceanographic boundary in
summer, because egg and larval concentrations are found in water of 18-21°C at 35-37
psu (Ettahiri et al. 2003; Bécognée et al. 2006). Our observations indicate that the

Northwest African sardinella spend the winter months in tropical water and in spring
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occupy the northern shelf region, likely expanding their habitat with advecting surface

water.

4.3. A climatic interpretation of S. aurita abundance variability

The shift into warmer sea surface temperatures in 1995 appears to have shifted the
optimal habitat for feeding and spawning for round sardinella northwards towards
Mauritania and West Sahara (20-23°N). S. aurita is a warm water species that has its
basis in the waters of Senegal and countries further south. It is only in summer that the
main part of the population migrates north to feed and spawn off Mauritania and
Morocco. Rising water temperature and extension of sardinella habitat has lead to an
overall increase of the recruitment to the stock. This trend is clearly exhibited by an

expansion of adult stock in 1997-1998 (Figure 4) and increased catch from 1995.

S. aurita has a high growth rate, and fish recruit to the fishery already at an age of 1-2
years (Boely et al. 1982). Increased recruitment since 1995 will have led to the observed
expansion of adult stock in 1997-1998. The abundance of S. aurita in Mauritania may
thus be explained by a change in distribution area of the fish, a shift of spawning from
Senegal to the north, and an increase in population size as a result of strong recruitment.
A similar oscillation, with habitats and recruitment alternating between warm and cold
states, has been described for the Angola-Namibia region (10-20°S), dominated by the
Benguela Current (Binet et al. 2001).

Sardinella catches in the Mauritanian EEZ are low both during extremely cold periods
and extremely warm periods. In cold periods, as in 1990-1995 (Figure 8), sardinella
abundance appears to be reduced in the northern region, either because the fish avoid
cold waters and/or because recruitment success is negatively influenced by the prolonged
upwelling process. Under these circumstances (strong spring-winds, ‘filament’ transport,
and concomitant turbulence), the development of zooplankton food sources is limited,

while survival of phytoplankton feeders such as sardines may be enhanced. Low
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sardinella catches during most of the 1980s and the early 1990s (Figure 2) probably

signify low abundance as a result of the cold ocean climate.

Low catches in warm periods, as in 2002-2004 are attributed to decreased residence time
of the fish in Mauritania and shortening of the fishing season. Over the transient period,
1996-2001, with cold, productive springs and favorable summers, sardinella was
abundant, giving rise to the expansion of a multinational fishery. EU vessels arriving
between 1996 and 1998 were attracted by the exceedingly high densities of sardinella in
Mauritanian waters. This is consistent with the acoustic surveys, which demonstrate a
considerable stock size increase in the mid-1990s to more than 2.5 million tons regionally

(FAO 1983-1992; cf. Boyer et al. 2001).

The EU fleet had a significant impact on the S. aurita stock as demonstrated by the
decline of the catch/day in this fishery over the period 1997-2005. The decline of the
stock apparent from total catches (Figure 2), catch rates (Figure 3), and acoustic estimates
(Figure 6), indicates that sardinella is presently overexploited (FAO 2006a). The close
association of sardinella abundance with the ocean climate, and significant changes of
ocean dynamics in the past decade, warrants strict management measures, because the

effects of climate may aggravate the effects of fisheries and vice versa.

5. Conclusions

e Seasonal migration of Sardinella aurita between Senegal, Mauritania and Morocco is
attuned to the seasonality of the Northwest African upwelling. With localized upwellings
and cyclonic eddies retaining productive waters, the oceanographic situation at Senegal
during winter is similar to the situation on the Mauritanian shelf in summer. Therefore,
the fish are found in tropical water in Senegal in winter. With the extension of tropical

surface water in spring and summer, the fish extend their habitat north into Mauritania.
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e The ocean climate off northwest Africa experienced a shift to a warmer regime since
1995, with maximum sea surface temperature (SST) anomalies observed during summer-
autumn 2002-2003 (+3°C higher than the long-term average). The shift in ocean climate
is associated with changes in the regional pressure field and low winds during a change to

low monthly indices of the North Atlantic Oscillation.

e Asaresult of the 1995 climate shift, the Mauritanian waters became more suitable as
feeding and spawning area, and overall recruitment to the stock increased. Shortening of
the upwelling season and steady increase of sea water temperatures in summer and
autumn, however, have caused the fish to shorten their stay in Mauritanian waters. In the
past five years, this has resulted in a shortening of the fishing season and reduction of

catches in Mauritania during the last months of the years.

e The stock of S. aurita over the Northwest African shelf oscillates with the cold-warm
states of the habitat. Favorable hydrographic conditions and extended habitat have
resulted in a strong rise of sardinella abundance in the late 1990s, which was
counterbalanced by the impact of fisheries. Stock decline apparent from total catches,
catch rates, and acoustic estimates, indicates that sardinella is presently overexploited. A

backshift to a cold-state ecology would topple the balance.

Acknowledgements

Remote sensing data were received by the ground station of the Facultad de Ciencias del
Mar, Universidad de Las Palmas de Gran Canaria. We thank dr. Antonio Ramos for
cooperation in extracting the images and SST time series. Wouter Patberg had part in
processing the trawlers' catch lists. Two anonymous reviewers and dr. Niels Daan
provided many constructive comments, which considerably improved the manuscript. We
fully recognize the value of our cooperation with trawler crews and ship-owners and
would especially like to acknowledge the cooperation with SCH 302 Willem van der

Zwan, lost in a fire in January 2007.

17



523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552

References

Arfi, R. 1987. Variabilité interannuelle de I’hydrologie d’une region d’upwelling (bouée
Bayadere, Cap Blanc, Mauritanie). Ocean. Acta 10, 151-159.

Barton, E. D. 1987. Meanders, eddies and intrusions in the thermohaline front off
Northwest Africa. Ocean. Acta 10, 267-283.

Barton, E. D. 1998. Eastern Boundary of the North Atlantic: Northwest Africa and Iberia.

In: The Sea, Vol. 11. A. R. Robinson, & K. H. Brink. New York: Wiley, pp. 633-657.

Bécognée, P., Almeida, C., Barrera, A., Hernandez-Guerra, A. & Hernandez-Leon, S.

2006. Annual cycle of clupeiform larvae around Gran Canaria Island, Canary Islands.
Fish. Oceanography 15, 293-300.
Binet, D. 1997. Climate and pelagic fisheries in the Canary and Guinea currents 1964-
1993: the role of trade winds and the southern oscillation. Ocean. Acta 20, 177-190.
Binet, D., and Servain, J. 1993. Have the recent hydrological changes in the Northern
Gulf of Guinea induced the Sardinella aurita outburst? Ocean. Acta 16, 247-260.

Binet, D., B. Gobert, and L. Maloueki 2001. El Nino-like warm events in the Eastern
Atlantic (6°N, 20°S) and fish availability from Congo to Angola (1964-1999). Aquatic
Living Resources 14, 99-113.

Boely, T. and P. Fréon 1979. Les ressources pélagiques cotieres. In: Troadec, J.P. and S.
Garcia (eds). Les ressources halieutiques de I'Atlantique Centre-est. Premiére partie:
les ressources du Golg de Guinée, de I'Angola a la Mauritanie. FAO Tech. Doc. 186,
167 pp.

Boely, T., Fréon, P. and B. Stéquert 1982. La croissance de Sardinella aurita (Val. 1847)
au Sénégal. Océanogr. Trop. 17 (2), 103-119.

Boyer, D.C., Boyer, H.J., Fossen, I., & Kreiner, A. 2001. Changes in the abundance of
the northern Benguela sardine stock during the decade 1990-2000, with comments on
the relative importance of fishing and the environment. South African J. of Marine

Science 23, 67-84.

18



553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582

Christensen, V., Heath, M., Kigrboe, T., Munk, P., Paulsen, H. and K. Richardson 1985.
Investigations on the relationship of herring larvae, plankton production and
hydrography at Aberdeen Bank, Buchan area, September 1984. ICES C.M. 1985 Doc.
L:23 (mimeo).

Cole, J., and J. McGlade 1998. Clupeoid population variability, the environment and
satellite imagery in coastal upwelling systems. Reviews in Fish Biology and Fisheries
8, 445-471.

Cury, P. 1991. Les contraintes biologiques liées a une gestion des ressources instables.
In: Pécheries Ouest Africaines, Cury, P. & Roy, C. (Eds.). Paris: Orstrom. 506-518.
Cury, P., and C. Roy 1989. Optimal environmental window and pelagic fish recruitment

success in upwelling areas. Canadian J. of Fisheries and Aquatic Science 46, 670-680.

Cury, P., Bakun, A., Crawford, R., Jarre, A., Quinones, R., Shannon, L., and Verheye, H.
2000. Small pelagics in upwelling systems: patterns of interaction and structural
changes in 'wasp-waist' ecosystems. ICES J. of Marine Sciences 57, 603-618.

Demarcq, H., and V. Faure 2000. Coastal upwelling and associated retention indices
derived from satellite SST. Application to Octopus vulgaris recruitment. Ocean. Acta
23, 391-408.

Ettahiri, O., Berraho, A., Vidy, G., Ramdani, M., and Do chi, T. (2003). Observation on
the spawning of Sardina and Sardinella off the south Moroccan Atlantic coast (21-
26°N). Fish. Res. 60, 207-222.

FAO, 1983, 1987, 1989, 1992. Reports of the R/V Dr. Fridtjof Nansen fish resource
surveys off West Africa from Agadir to Ghana. Editor T. Streomme, IMR. Bergen:
NORAD/IMR. Corporate Document Repository http://www.fao.org/

FAO 2006a. Report of the FAO Working Group on the assessment of small pelagic fish
off Northwest Africa. Banjul, Gambia, 2-11 May 2006. FAO Fisheries Report 811,
192 pp.

FAO, 2006b. Report of the FAO Working Group on the Assessment of Small Pelagic
Fish off Northwest Africa. Nouadhibou, Mauritania, 26 April-5 May 2005. FAO
Fisheries Report 785. Report 723 (2003):
www.fao.org/DOCREP/007/y5081b/y5081b1l.htm

19


http://www.fao.org/docrep/004/X3950E/x3950e08.htm
javascript:openWindow('http://www.fao.org/DOCREP/005/Y2668B/Y2668B00.HTM')
javascript:openWindow('http://www.fao.org/DOCREP/005/Y2668B/Y2668B00.HTM')
http://www.fao.org/DOCREP/007/y5081b/y5081b1l.htm

583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613

Freon, P., El Khattabi, M., Mendoza, J., and Guzman, R. 1997. Unexpected reproductive
strategy of Sardinella aurita off the coast of Venezuela. Marine Biology 128, 363-
372.

Garcia, S., 1982. Distribution, migration and spawning of the main fish resources in the
northern CECAF area. FAO, CECAF/ECAF Series 82/25 (En.), 9 pp, 11 charts.

GOOS (Global Ocean Observation System)
www.aoml.noaa.gov/phod/dataphod/work/trinanes/INTERFACE

Hagen, E. 2001. Northwest African upwelling scenario. Ocean. Acta 24 (Supplement),
113-128.

Hill, A., and B. Hickley 1998. Eastern Ocean Boundaries. The Sea. A. R. Robinson, & K.
H. Brink. New York: Wiley, Vol. 11, pp. 29-67.

Hofstede, R. ter, and M. Dickey-Collas 2006. An investigation of seasonal and annual
catches and discards of the Dutch pelagic freezer-trawlers in Mauritania, Northwest
Africa. Fish. Res. 77, 184-191.

Hofstede, R. ter, Dickey-Collas, M., Mantingh, I.T., and Wague, A. The link between
migration, the reproductive cycle and condition of Sardinella aurita off Mauritania,
Northwest Africa. J. Fish Biology, in press.

Huggett, J., Freon, P., Mullon, C., and Penven, P. 2003. Modelling the transport success
of anchovy eggs and larvae in the southern Benguela: the effect of spatio-temporal
spawning patterns. Marine Ecology Progress Series 250, 247-262.

Jones, P.D., Jonsson, T., and Wheeler, D. 1997. Extension to the North Atlantic
Oscillation using early instrumental pressure observations from Gibraltar and South-
West Iceland. International J. of Climatology 17, 1433-1450.

www.cru.uea.ac.uk/~timo/projpages/nao_update.htm

Koranteng, A., and McGlade, J.M. 2001. Climatic trends in continental shelf waters off
Ghana and in the Gulf of Guinea, 1963-1992. Ocean. Acta 24, 187-197.

Mittelstaedt, E. 1991. The ocean boundary along the northwest African coast. Circulation
and oceanographic properties at the sea surface. Prog. Oceanogr. 26:307-355.

Nykjer, L., and L. Van Camp 1994. Seasonal and interannual variability of coastal
upwelling along northwest Africa and Portugal from 1981 to 1991. J. of Geophysical
Res. 99(C7), 14197-14207.

20


http://www.cru.uea.ac.uk/~timo/projpages/nao_update.htm

614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643

Ottersen, G., J. Alheit, K. F. Drinkwater, K. Friedland, E. Hagen, and N. C. Stenseth.
2005. The response of fish populations to ocean climate fluctuations. In: N. C.
Stenseth, G. Ottersen, J. W. Hurrell, and A. Belgrano (Eds.). Marine ecosystems and
climate variation. Oxford University Press, Oxford: 73-94.

Ould-Dedah, S., and W. J. Wiseman 1999. Spatial and temporal trends of sea surface
temperature in the northwest African region. Ocean. Acta 22, 265-279.

Quaatey, S.N.K. and Maravelias, C.D. 1999. Maturity and spawning pattern of Sardinella
aurita in relation to water temperature and zooplankton abundance off Ghana, West
Africa. J. of Applied Ichthyology 15, 63-69.

Rodrigues, J. M., Hernandez-Leon, S., and Barton, E.D. 1999. Mesoscale distribution of
fish larvae in relation to an upwelling filament off Northwest Africa. Deep-Sea Res. I
46, 1969-1984.

Schmidt, W. 1972. Results of the UNDP (SF)/FAO Regional Fisheries Survey in West
Africa. Report No. 1. Deep-scattering Sardinella aurita off Mauritania. Marine
Biology 16, 19-26.

Schouten, M.W., Matano, R.P., and Strub, T.P. 2005. A description of the seasonal cycle
of the equatorial Atlantic from altimeter data. Deep-Sea Res. 1 52:477-493.

Stramma, L. and Schott, F.A. (1999). The mean flow field of the tropical Atlantic Ocean.
Deep-Sea Res. 11 46:279-303.

Tomczak, M., and J. Godfrey 1994. Regional Oceanography-an introduction. Pergamon/
Pdf-version 2001: 382 pp.

Vakily, J. M., and Pauly, D. 1995. Seasonal movements of sardinella off Sierra Leone. In:
Dynamics and use of sardinella resources from upwelling off Ghana and Ivory Coast.
Bard, F. X. & Koranteng K. A. (Eds), 426-436. Paris: Orstrom.

Van Camp, L., L. Nykjaer, Mittelstaedt, E., and Schlittenhardt, P. 1991. Upwelling and
boundary circulation off Northwest Africa as depicted by infrared and visible light
satellite observations. Progress in Oceanography 26, 357-402.

Vazquez, J., Perry, K., and Kilpatrick, K. 1998. NOAA/NASA AVHRR Oceans
Pathfinder SST Data User Manual. Jet Propulsion Laboratory Publication D-14070.

http://podaac.jpl.nasa.gov/woce/woce2 _avhrr/avhrr/docs/usr_gde4 0.htm#2.1

21


http://podaac.jpl.nasa.gov/woce/woce2_avhrr/avhrr/docs/usr_gde4_0.htm#2.1

644  Zeeberg, J.J., A.H.M. Corten, and E. de Graaf 2006. Bycatch and release of pelagic
645 megafauna in industrial fisheries off Northwest Africa. Fish. Res. 78, 185-196.

22



646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676

Figures

Figure 1. Migration pattern of Sardinella aurita in West Africa, reflecting the
characteristics of regional oceanography and seasonality. For the position of this box see

Figure 10.

Figure 2. Total catches S. aurita in Morocco + Mauritania (bars) and Senegal + Gambia

(line). Data from FAO 2006a.

Figure 3. Annual total sardinella catches of the Eastern European (line: Russia, Ukraine,
and others) and EU industrial trawler fleets standardised per numbers of fishing days

(corrected for horse power). Data from FAO 2006a.

Figure 4. Annual catch per day of sardinella in the EU fishery (bars) in Mauritania
compared with R/V Fridtjof Nansen biomass estimates (Sardinella aurita). Stock
numbers have been grouped for Morocco and Mauritania (top line); for Mauritania

(middle), and Senegal (bottom w/markers). See also Figure 7.

Figure 5a-b. Seasonal distribution of sardinella catches by the EU fleet in Mauritania. (a)
Average for 1996-2005. (b) Sardinella catch per season: disappearing catches in spring

reflect intense upwelling and adjusted fishery.
Figure 6a-b. Shift of the fishery’s Centre of Gravity: E-W (A) and N-S (B) between 1998
and 2004. In the second part of the year the fishery concentrates in shallow waters (water

depth 40-50 m) over the shelf.

Figure 7. Acoustic biomass S. aurita by country: contribution by each country to regional

total (percentages). There is a marked shift towards Morocco in warm years 2000-2004.

Figure 8. (a) Smoothed (5-month moving average) SST anomalies for 19.5°N. (b) Box
highlights SSTs in combination with the upwelling index (broken line) based on wind
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data from Nouadhibou Airport, Mauritania. Over the 1995-1996 climate shift, low winds
and low upwelling generated immediate regional warming. The spatial extent of these

temperature events is shown in Fig. 10.

Figure 9. SST charts (range 15-30°C ) of the Mauritanian upwelling and (B) an ocean
color chart showing phytoplankton density (range 0.01-64 mg/m®). (A) 1 October 2003,
(B) 30 January 2003, (C) 11 July 2002, and (D) 18 February 2003. White arrows
represent geostrophic surface currents derived from satellite altimetry. The anticyclonic
eddy in C (black structure in A) is a warm-cored, semi-permanent feature, possibly
generated by poleward flow along the shelf (white meander in A and B). The 200-m

isobath (black in A; white in B) indicates the continental shelf margin.

Figure 10. Spatial extent of temperature anomalies in Figure 8a for February 1998 (EI
Nifio) and December 1993 and 2001.
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