
                             Elsevier Editorial System(tm) for Fisheries 
Research
                                  Manuscript Draft

Manuscript Number: FISH1295R2

Title: Climate modulates the effects of Sardinella aurita fisheries off 
Northwest Africa

Article Type: Research Paper

Keywords: pelagics, sardinella, remote sensing, oceanography, Northwest Africa

Corresponding Author: Mr JaapJan Zeeberg, PhD

Corresponding Author's Institution: TNO B&O/ Geological Survey of the 
Netherlands

First Author: JaapJan Zeeberg, PhD

Order of Authors: JaapJan Zeeberg, PhD; Ad Corten, PhD; Pablo Tjoe-Awie; Josep 
Coca; Bambay Hamady

Manuscript Region of Origin: MAURITANIA



Dear Editor,

Thank you for accepting our paper ‘Climate modulates the effects of Sardinella aurita 
fisheries off Northwest Africa.’ The following has been done according to 
instructions:

L.157 - ref "Barton et al 1998"  should "et al" be deleted ?
L.363 alter to "difference from "
L.507, alter "has" to "have"

Dr. JaapJan Zeeberg

jaapjan.zeeberg@tno.nl or jzeebe001@uicalumni.org
TNO B&O Geological Survey of the Netherlands
Princetonplein 6
P.O. Box 80015                        
3508 TA Utrecht
The Netherlands
Tel: +31-(0)30-256 48 77
Cell +31 (0) 6 1318 1633

* Revision Notes

mailto:jaapjan.zeeberg@tno.nl


1

Climate modulates the effects of Sardinella aurita fisheries off Northwest 1

Africa2

3

JaapJan Zeeberg1*, Ad Corten1*, Pablo Tjoe-Awie1, Josep Coca2, & Bambay 4

Hamady3  5

6
1Netherlands Institute for Fisheries Research (RIVO), Haringkade 1, P.O. Box 68, 1970 7

AB IJmuiden, The Netherlands.8
2Facultad de Ciencias del Mar, Universidad de Las Palmas de Gran Canaria, Campus 9

Universitario de Tafira, 35017 Gran Canaria, Spain. 10
3Institut Mauritanien des Recherches Oceanographique et de Peche (IMROP), B.P. 22, 11

Cansado, Nouadhibou, Mauritania. 12

13
*Corresponding authors: jzeebe001@uicalumni.org and adcorten@yahoo.co.uk14

15

Abstract - The fluctuating abundance of round sardinella (Sardinella aurita) in 16

Mauritanian waters over the past ca. 20 years can be related to environmental dynamics 17

off Northwest Africa. Trends in the fishery are evaluated using FAO data, acoustic 18

surveys, and catch statistics from the EU fleet (1996-2006). Remote sensing data 19

demonstrate rising annual sea surface temperatures, up to 3°C higher than the long-term 20

average in 2002-2003, following a shift in ocean climate in 1995. Fish abundance and 21

repeated expansion of the sardinella population in the past ten years are attributed to 22

favorable oceanographic conditions and increased recruitment success. Sardinella thrives 23

with intense upwelling and high primary production during spring, and retention of 24

waters over the shelf during summer and autumn. The stock of S. aurita over the 25

Northwest African shelf oscillates with the cold-warm states of the habitat. Favorable 26

hydrographic conditions and extended habitat has resulted in unprecedented rise of 27

sardinella abundance in the late 1990s, which was counterbalanced by the impact of 28

fisheries. A backshift to a cold-state ecosystem, with extensive regional upwelling and 29

decreased sardinella habitat, would topple that balance.30
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1. Introduction35

36

1.1. Research question and context37

38

In the Eastern Central Atlantic (Figure 1), the dynamics of an eastern boundary current 39

interacting with trade wind-driven upwelling control a marine ecosystem with 40

exceptionally high primary and secondary productivity (Cury & Roy 1989; Binet 1997; 41

Demarcq & Faure 2000). This productivity sustains a large variety of pelagic species, 42

including commercial fish species sardinella (Sardinella aurita and S. maderensis), horse 43

mackerel (Trachurus trachurus, T. trecae and Caranx rhonchus), mackerel (Scomber 44

japonicus) and sardine (Sardina pilchardus). The pelagic stocks off West Africa have 45

been exploited since the 1960s by long-distance fleets from Eastern Europe (Boely and 46

Fréon, 1979). With the collapse of central economies in Eastern Europe after 1990, these 47

state-supported fleets declined, and their role was taken over by private companies in 48

Eastern and Western Europe. From 1996, a fleet of modern trawlers from the European 49

Union began working in the Mauritanian Exclusive Economic Zone (EEZ – 200 nm). 50

51

An EU fisheries agreement with Mauritania has been effective since 2002 and is worth € 52

80 million in subsidies annually. From 2006, € 11 million of this amount is allocated for 53

implementation of national fisheries management, to stimulate sustainable exploitation of 54

the fish stocks. This reflects EU policies to better match and integrate its policies on 55

fisheries, development cooperation and protection of biodiversity. The framework of 56

international law for treaties protecting marine biodiversity is the UN Convention on the 57

Law of the Sea (www.un.org/Depts/los). With the FAO Code of Conduct for Responsible 58

Fisheries (1995: www.fao.org/fi) this defines the rights and general duties of a coastal 59

state on the use of its marine living resources. Much however depends on the capacity 60

and willingness of the nation to monitor the fisheries, and on the science that may result 61

in the adaptation of appropriate measures and regulations.62

http://www.un.org/Depts/los
http://www.fao.org/fi
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63

While fisheries management in more developed countries is based on extensive 64

programmes of data collection and analysis, detailed information on Northwest African 65

stocks is patchy and incomplete. The activities of the European vessels in the Mauritanian 66

EEZ were monitored between 1998 and 2006 through a Mauritanian/Dutch research 67

project that studied the relation between fish catches, hydrography, and megafauna 68

bycatch (Zeeberg et al. 2006). EU vessels concentrated mainly on round sardinella 69

(Sardinella aurita), the most abundant species at the time of the arrival of the fleet 70

(Hofstede & Dickey-Collas 2006). After some years of high catches, sardinella 71

abundance started to decline and the fishery became oriented  towards other species such 72

as horse mackerel and sardine. Declining sardinella abundance (Figure 2) was attributed 73

primarily to overfishing (FAO 2006a). However, due to the variable dynamics of the 74

upwelling system it is likely that S. aurita distribution over the region is also affected by 75

hydrographic conditions. Low catches in the early 1990s coincided with intense 76

upwelling and generally cold regional conditions, but it is unclear to what extent ocean 77

climate may have influenced the fishery.78

79

Here we combine catch data from the EU fleet with the results from acoustic surveys 80

collected during the Norwegian research program with R/V Fridtjof Nansen off West 81

Africa. The Nansen data are available through the FAO and are also used in regional 82

fisheries management working groups (e.g. FAO 2006a, b). To explain variability in S. 83

aurita catches and survey data, we use observational evidence collected on board the EU 84

trawlers, and compare with ocean dynamics that may have influenced sardinella ecology 85

and the success of these fisheries over the past two decades.86

87

1.2. The fishery and ecology of Sardinella aurita in West Africa88

89

Sardinella aurita occurs in the vicinity of several West African upwelling systems 90

(Schmidt 1972; Cury 1991; Vakily & Pauly 1995; Quatey & Maravelias 1999; Binet et 91

al. 2001). A single population or a number of subpopulations constituting one 92

metapopulation is assumed to occupy waters over the Northwest African shelf (Figure 1), 93
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between Senegal, Mauritania and Morocco (Garcia 1982). To the south of Senegal, S. 94

aurita is also found in some quantities, but the connection of these fish to the more 95

northern populations is unknown. Catch statistics for S. aurita have been grouped in 96

Figure 2 for Senegal + Gambia, and for Mauritania + Morocco. The fishery in Senegal 97

and The Gambia is conducted exclusively by artisanal fishermen, operating from canoes 98

(piroques). In Mauritania and Morocco, the main fishery is conducted by large pelagic 99

trawlers.100

101

The total regional catch of S. aurita (Morocco, Mauritania, Senegal and The Gambia) 102

increased from 280 000 tons in 1990 tot 470 000 tons in 1998 (FAO 2006b). In that year, 103

the EU fleet accounted for 23% of the regional catch of this species with a total annual 104

catch reaching 110 000 tons (Figures 2 and 3). The artisanal fishery accounted for about 105

50.000 tons in southern Mauritania and 15.000 tons in northern Mauritania. These 106

captures are taken in the 12-mile zone from which the industrial fishery is excluded. S. 107

aurita is often caught together with the related species Sardinella maderensis. This 108

species is shore-bound and less migratory than S. aurita. The percentage of S. maderensis109

decreases in the catches during summer, when S. aurita abundance increases. On average 110

it comprises only 7% of the total sardinella catch (Hofstede & Dickey-Collas 2006). 111

112

The commonly accepted migration pattern for S. aurita in northwest Africa (Figure 1) 113

shows fish moving between Senegal and Morocco (Boely & Fréon 1979; Garcia 1982). 114

Sardinella passes Mauritania both on their way north and on their way south. During the 115

northbound migration, the fish stay for several months in Mauritania and are then 116

targeted by the pelagic trawlers. Around August/September catches in Mauritania 117

decline, presumably because the fish continue their migration towards Morocco. The 118

return migration from Morocco to Senegal is less understood. Catches in Mauritanian 119

waters during November-February are very low, indicating that the fish on their 120

southbound migration are out of reach for the trawlers. S. aurita has been observed to 121

migrate offshore over deep water (300-1500 m) at depths of 100-300 m, occasionally 122

ascending to surface layers (Schmidt 1972; Binet et al. 2001). However, there are also 123

reports of adult sardinella migrating close inshore during winter. Artisanal fishermen in 124
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St. Louis, Senegal refer to fish arriving in December and January as "4 meter sardinella". 125

This name obviously does not refer to the length of the fish, but to the water depth in 126

which they are found (B. Samb, personal communication). 127

128

The migration and abundance of S. aurita in most parts of the world is controlled by 129

water temperature and other hydrographic parameters. In the Gulf of Guinea the 130

abundance of S. aurita has fluctuated strongly between 1963 and 1992 in response to 131

annual changes in the extent of the upwelling habitat (Binet & Servain 1993; Binet 1997; 132

Binet et al. 2001; Koranteng & McGlade 2001). Long-term variations in small pelagic 133

fish stocks are attributed to recruitment success as a result of oceanographic conditions 134

during the juvenile stage (e.g. Cury & Roy 1989; Cury et al. 2000; Huggett et al. 2003). 135

Over the northwest African shelf, high primary production, low turbulence, and a 136

favourable circulation in summer provide an "optimum environmental window" for both 137

spawning and foraging (Cury & Roy 1989; Demarq & Faure 2000). This window appears 138

to shift over the region, evoking sardinella migrations. 139

140

1.3. Regional oceanography141

142

The oceanography over the Mauritanian shelf (water depths <200 m) represents a 143

dynamic balance between flow from the north and flow from the south, largely controlled 144

by atmospheric variability (cf. Mittelstaedt 1991; Hagen 2001). Records of sea-level 145

pressure (SLP) from Nouadhibou and Nouakchott document a maximum SLP in spring 146

(January-April), consistent with the seasonal strengthening of the Azores High and 147

associated N-NE winds. The trade winds thus intensify south of 20ºN in spring and north 148

of 26ºN during summer. Between 20-26ºN (Cape Blanc to Cape Bojador) a strong 149

alongshore wind blows all year round. As a result the offshore Ekman transport and 150

associated upwelling are permanent between 20-26ºN, and seasonal during winter and 151

summer south of 20º and north of 26ºN, respectively.  152

During the upwelling season, the influx of nutrients creates high primary 153

productivity in the photic zone. When the winds weaken in May/June and upwelling 154

lessens, the surface waters become stratified and unproductive. In this period, a front of 155
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Tropical Surface Water (TSW) propagates north until an ocean boundary establishes 156

around 20°N (Arfi 1987; Barton 1998; Hagen 2001). This stable, convergent front 157

between permanent upwelling waters and advected TSW serves as a feeding area for a 158

large variety of pelagic species, including many megafauna species (Zeeberg et al. 2006). 159

The advection of TSW is probably generated through a downwelling process associated 160

with remotely forced coastally trapped Kelvin waves (Schouten et al. 2005). A sea level 161

rise associated with these waves depresses the thermocline and invokes a poleward, 162

surface-intensified geostrophic current transporting TSW (Stramma and Schott 1999).  163

The Senegalese EEZ, where the sardinella resides during winter (January-April), 164

is dominated by several cyclonic (cold-cored) gyres, including the Guinee Dome at 10°N,165

20°W, driven by the North Equatorial Counter Current (Tomczak & Godfrey 1994, p. 166

237). Because the cyclonic rotation induces upwelling (doming of the thermocline), these 167

features are more productive than the surrounding waters. In Ghana, field sampling has 168

shown that these eddies serve as retention cells for eggs and larvae (Binet 1997). 169

170

171

2. Materials and methods172

173

2.1. Fisheries data174

175

To understand changes in sardinella abundance and distribution in Mauritanian waters, 176

we compare fisheries and survey data with ocean dynamics observed by satellites. The 177

fisheries data includes both observational data and catch-effort records, i.e. catch 178

positions and logbook data provided by EU freezer trawlers between 1996 and 2006. 179

These 125-145 m-long trawlers, with a total engine power of 9000-18000 hp, are 180

equipped with modern fish finding instruments that enable them to locate fish schools 181

within a radius of 3 km around the vessel. When searching for fish schools, the vessels 182

tend to work together and can screen the entire Mauritanian fishing zone within a few 183

days. We therefore assume that in general the fleet will find sardinella concentrations 184

whenever they occur within Mauritanian waters.185

186
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The catch rate of the vessels will depend not only on fish abundance but also on 187

schooling behavior. In the early part of the season (April-May) the fish move fast, at 188

speeds up to 7 knots, and even the most powerful vessels are unable to catch them. In this 189

situation, fish abundance apparent on the sonar screen is not reflected by catch results. 190

Conversely, at other times of the year when the fish are easier to catch, the vessels may 191

locate schools and take good catches, while the overall abundance of the stock is low. 192

Because of these uncertainties, the use of catch rates as an index of fish abundance can be 193

disputed. For a lack of better data, however, catch per day, in combination with 194

observational data provided by fishermen and fishery observers, does provide a first-195

order approximation of the presence and relative abundance of the fish. For this purpose 196

we use this measure, although we are fully aware of its restrictions.  197

198

Latitudinal and longitudinal shifts in the fishery have been assessed through calculation 199

of a centre of gravity (CG) of the catches for each month. This CG is the average position 200

of the catches during one month, weighted by the size of the individual catches. The 201

longitudinal shift of the fishery is defined as the distance between the CG and the 12 nm 202

fishing limit (trawlers are not allowed to fish within 12 miles off the coast). The distance 203

between the CG and the Moroccan border at 20°46'N provided a measure of latitudinal 204

shifts.205

206

2.2. Acoustic data 207

208

Acoustic surveys by the Norwegian research vessel "Dr. Fridtjof Nansen" provide 209

quantitative abundance estimates. This vessel has conducted regular surveys over the 210

West African shelf since 1995. Standard equipment used during these surveys is a EK-211

500 Simrad Scientific Sounder used in combination with the BI (Bergen Integrator) 212

software. Identification of echo traces is done by fishing either a pelagic trawl or a 213

bottom trawl. Results are reported annually to the FAO Working Group on Small Pelagic 214

Fish in West Africa (FAO 2006a). The surveys are normally conducted in November and 215

give a snapshot picture of the regional distribution of the fish at this particular time of 216

year. At the time of the survey, most S. aurita have migrated from Mauritania into 217
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Morocco. The results of the acoustic surveys in Mauritania, therefore, differ considerably 218

from the results of the fishery in this area; the latter taking place in summer when the 219

bulk of the stock is found in Mauritanian waters. 220

221

2.3. Remote sensing and oceanographic data222

223

To identify characteristic patterns in the ocean climate we combine remotely sensed data224

on the ocean surface (sea surface temperature, ocean color and surface geostrophic 225

currents based on sea surface height) and compare these with the literature on regional 226

oceanography off northwest Africa. The observer program on board the EU trawlers 227

included daily monitoring of ocean conditions through remote sensing, using commercial 228

packages (OrbImage Orbmap) and sea surface temperature (SST) charts acquired by 229

NOAA satellites (NOAA-12, 14-17) and received by the University of Las Palmas de 230

Gran Canaria (ULPGC). The Advanced Very High Resolution Radiometer (AVHRR) on 231

the NOAA satellites measures SST in the first millimeters of the surface layer and 232

correlates >0.9 with ship measurements (engine cooling water intake) and buoy data. This 233

is consistent with assessments of a thermally well-mixed upper water column, with a 234

wind-mixed layer of ca. 10 m and thermocline at ca. 50 m in summer and 70 m in winter 235

(Barton 1987, 1998; Ould Dedah & Wiseman 1999). The satellite images have a 1 km 236

resolution and are taken to reflect mesoscale surface temperature patterns (Van Camp et 237

al. 1991; Nykjær & Van Camp 1994). Temperature is used as indicator for water masses, 238

to distinguish between upwelled, mixed water and stratified, unproductive water. 239

Geostrophic surface flow demonstrating advection was projected over the SST images 240

from altimetric data provided by radar satellites. Surface geostropic currents can be 241

retrieved through the Global Ocean Observation System 242

(www.aoml.noaa.gov/phod/dataphod/work/trinanes/INTERFACE).243

244

In addition to the high-resolution SST imagery, monthly averaged, 9-km gridded SST-245

data from the Jet Propulsion Laboratory were used to extract a time series of monthly 246

SST and to produce anomaly data for each month from January 1985 to January 2005 247

(Vazquez et al. 1998). The data have a 0,088º pixel resolution in a cylindrical equidistant 248
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projection (Standard Mapped Image). Best descending (night) imagery was selected to 249

eliminate the effects of surface heating over calm, unmixed water. These monthly 250

composites provided SST time series data for the Senegalese and Mauritanian spawning 251

grounds. Phytoplankton density (chlorophyll α) was obtained from ocean colour satellite 252

images provided by the SeaWiFS satellite. Due to atmospheric disturbance by dust and253

clouds, plankton images are only incidentally available.254

255

256

3. Results257

258

3.1. Seasonal and inter-annual variations in fish distribution and abundance259

260

The catch rate of sardinella in the EU fishery demonstrates a consistent decline over the 261

period 1998-2005 (Figures 3 and 4). Catch per day in 2005 was less than half the level it 262

held in the first years of the fishery. As a result of declining sardinella catches, the fishery 263

reoriented towards other species, notably cold-water species sardine and horse mackerel. 264

The percentage contribution of sardinella to the total catch has declined after 1999 from 265

90% to a low around 40% in 2004. 266

267

Although some quantities of S. aurita are taken in the Mauritanian EEZ in each month of 268

the year, there is a clear seasonal pattern in the fishery. On average, EU catches gradually 269

increase from January to May (Figure 5a). This is followed by a peak season in June-270

August, when the bulk of the population has arrived from Senegal. From September to 271

December, catches in Mauritania decline, probably reflecting migration of the fish 272

towards Moroccan waters when upwelling in Mauritania ceases. The timing of the fishery 273

has narrowed and from 1998 is concentrated in the summer months (June-August: Figure 274

5b). Catches have declined in autumn. From 2003 there has also been a sharp reduction 275

of catches in the early part of the season (January-April).276

277

A shift of the fishery towards the coast in the second half of the year is evident from the 278

eastward displacement of the center of gravity of the monthly catches (Figure 6a). As 279
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upwelling-favoring winds decrease and water temperature rises, the water in the offshore 280

areas becomes stratified. Chlorophyll imagery demonstrates that in this situation, 281

productivity and food availability is restricted to shallow coastal waters (depth <50 m) 282

where upwelling still continues. During the fishing season, the center of gravity also 283

shifts northward, reflecting the overall northward migration of the population. Over the 284

period of observations there is a general northward displacement of the annual center of 285

gravity (Figure 6b). 286

287

3.2. Acoustic observations288

289

The acoustic data from R/V "Dr. Fridtjof Nansen" for the combined stock in Northwest 290

Africa show a period of high abundance during the years 1999-2001, followed by a 291

gradual decline (Figure 4). The high stock level is preceded by a sharp dip in the years 292

1997-1998. However,  these were years when the EU fleet in Mauritania took its highest 293

catch rates and fishing skippers reported an abundance of sardinella schools. We 294

therefore assume that the acoustic surveys in November 1997 and 1998 have missed part 295

of the stock. Both data sets, however, indicate that S. aurita reached a peak abundance in 296

Northwest Africa in 1999-2001, and that the abundance declined in later years. 297

298

Acoustic data also demonstrate the distribution of the stock over the various national 299

zones. Surveys found an increased abundance of S. aurita in the Moroccan zone in 2000 300

and later years (Figure 7). Apparently, the northward migration of the fish was more 301

pronounced during this period than in the preceding years. It should be noted that these 302

graphs represent the distribution of the stock in November, i.e. the time of the year when 303

the stock has reached its northernmost distribution. Sardinella biomass reduction in 304

Mauritania from 1.8 to 0.3 million tons between 1995 and 2002 (Figures 4 and 7), and 305

simultaneous increases in Morocco and Senegal suggests decreased residence time of the 306

stock in Mauritanian waters. The acoustic surveys in November do record a remaining 307

amount of S. aurita in Senegal, after the main body of the stock has migrated north. 308

These are mainly juveniles that do not yet participate in the migration towards Mauritania 309

and Morocco.310
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311

3.3. Oceanographic observations312

313

Oceanographic changes, as observed in the SST and altimetry (surface flow) images, may 314

influence the timing and speed of sardinella migration and the success of recruitment. 315

SST and ocean color (chlorophyll) images reveal a semi-permanent meander detaching 316

from the shelf at ~16°N in spring and ~17ºN in summer-winter (Figure 9a-b). The 317

meander probably reflects the advection of Tropical Surface Water interacting with 318

coastally trapped Kelvin waves and/or deviation of poleward flow through form drag of 319

the continental shelf (Hill & Hickley 1998, p. 41; Schouten et al. 2005). The feature 320

appears to sustain several anticyclonic eddies centered around 18.30ºN and especially 321

prominent and stable in summer. The remote sensing data in July 2002 demonstrated the 322

development of a large anticyclonic (warm-cored) eddy (Figure 9c). The cell developed 323

over a period of about ten days and dissipated during weeks thereafter. The eddies, hence, 324

may prolong the residence time of water masses over the Mauritanian shelf up to one 325

month.326

327

The 1985-2005 SST time series (Figure 8a) demonstrates a shift from a period of below 328

average temperatures in 1985-1995 to above average temperatures in 1996-2005. This 329

upswing in SST off Northwest Africa since 1995, with summer SST up to 3°C higher 330

than the 1985-2006 average, is associated with changes in the regional pressure field.  331

The close relationship between wind strength and direction and upwelling/SST off 332

Mauritania was well established by earlier authors (e.g. Arfi 1987; Mittelstaedt 1991; 333

Binet 1997). Both the cold anomalies of 1993-1994 (-2.8°C) and warm anomaly of 1995 334

(+2.8°C) are connected with increased/decreased upwelling-favorable winds (Figure 8b).335

The above-average temperatures of the past decade (1996-2005) were apparent mainly 336

during summer and autumn (July-January). The spring periods (February-June), in 337

contrast, were relatively cold (Figure 8a).338

339

Because the upwelling is wind-driven, temporal variability of the ocean climate at inter-340

annual scales reflects the seesaw of atmospheric pressure over the eastern tropical 341
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Atlantic, as documented by the North Atlantic Oscillation index (e.g. Jones et al. 1997). 342

On sub-decadal and decadal time scales, climate extremes appear to be generated by El 343

Niño-like warm events (Binet et al. 2001; Hagen 2001). The Atlantic Ocean component 344

of an El Niño-event is a downwelling Kelvin wave that propagates along the equator 345

from South America to Africa in 4 months, increasing thermocline depth and geostrophic 346

currents (e.g. Binet et al. 2001). The 1997 El Niño (Pacific) coincided with anomalous 347

warmth (+2.1°C) off Africa in February-March 1998 (Figure 8) and apparent 348

strengthening of the northward currents between Senegal and Mauritania. 349

350

351

4. Discussion352

353

4.1. Environmental controls on the seasonal migration of S. aurita354

355

The strong seasonality of sardinella abundance apparent from catch data (Figure 4a) is 356

connected with the upwelling-dominated SST cycle. Our observations suggest that round 357

sardinella off Northwest Africa seek the temperature fronts and high primary productivity 358

associated with upwelling. The fish appear to avoid entering the upwelling areas, possibly 359

due to low oxygen content of these waters (as a result of oxidation processes: Barton 360

1998; Tomczak & Godfrey 1994) and/or cold temperature (15-21°C). Sardinella filters 361

planktonic organisms from the water column, often targeting specific zooplankton, 362

including juveniles of their own species. This is a distinct difference from sardine (S. 363

pilchardus), which forages on phytoplankton and seeks the centre of upwelling regions 364

for spawning (Boyer et al. 2001; Ettahiri et al. 2003). Sardinella migration appears to be 365

primarily driven by foraging needs and spawning preferences.366

367

Over the Mauritanian shelf, temperatures are below 21°C during winter (January-March: 368

Figure 9). Although primary production is at a maximum in these months, wind mixing is 369

high, and "upwelling filaments" (Nykjaer & van Camp 1994; Barton 1998) transport 370

waters away from the coast to the unproductive ocean (cf. Rodrigues et al. 1999; Demarq 371

& Faure 2000; Bécognée et al. 2006).  These conditions are unfavorable for S. aurita372
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because the growth of the fish is limited by temperature and spawning will be less 373

successful (cf. Cole & McGlade 1998). At this time of the year, most S. aurita are found 374

in Senegalese waters where the temperature remains above 21°C. The productivity of the 375

Senegalese waters is high during winter, as a result of river run-off after the rainy season, 376

localized upwelling, and cyclonic eddies retaining productive waters.377

378

Around May, the hydrographic conditions off Senegal become less favorable, with SST 379

rising towards ca. 25°C, stratification of surface water, and decreasing food availability. 380

The buildup of vertical stratification appears to prompt S. aurita migration. When the 381

strength of the trade winds decreases in April/May, tropical water advects north with 382

strong surface geostrophic currents as demonstrated by sea surface height imagery 383

(www.aoml.noaa.gov/phod/dataphod/work/trinanes/INTERFACE). The bulk of the 384

sardinella population then moves north along this "highway" towards Mauritania, seeking 385

a more suitable foraging and spawning habitat in the northern extremity of the 386

distribution area.387

388

During May-July, the fish profit from high productivity in the Mauritanian zone by 389

feeding and spawning at the same time. Spawning conditions are optimal during this 390

period. The semi-permanent eddies observed in the satellite imagery enhance survival of 391

fish larvae by increasing residence time of waters across the Mauritanian shelf by up to 392

one month. This permits the development of a copepod generation, an important feed for 393

sardinella larvae (Binet 1997). In August/September, high water temperatures indicate 394

stratification of surface waters and strongly reduced productivity, as demonstrated by 395

ocean color images (Figure 9b). Increased surface heating and reduced wind speeds limit 396

upwelling to a narrow coastal strip, and the sardinella follow the retreating productivity 397

zone towards the coast. When food production is further reduced, the fish leave 398

Mauritania and migrate north into Moroccan waters. Here upwelling continues all year 399

round, and food remains abundant in autumn. It is uncertain what factor triggers the 400

return migration from Morocco to Senegal: lower temperatures, food shortage, or a 401

biological clock connected with solar elevation and shifting circulation patterns. Because 402

http://www.aoml.noaa.gov/phod/dataphod/work/trinanes/INTERFACE
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little is known about the behavior of the fish in Moroccan waters, this question remains to 403

be answered. 404

405

4.2. Sardinella spawning strategy406

407

There are substantial strategic differences in spawning cycle between S. aurita and more 408

temperate clupeids such as Atlantic herring (Clupea harengus). Herring spawns only 409

once a year at a specific time and place. The fish stop feeding several months before 410

spawning, and they control their gonad development by staying in water masses of a 411

certain temperature (Ottersen et al. 2005). This predetermined spawning guarantees 412

optimum growth conditions for newly born larvae (Christensen et al. 1985), usually 413

during a very short time interval. In the (sub)tropics, the environmental conditions that 414

trigger spawning are less predictable, resulting in a strategy such as found in S. aurita, 415

where fish spawn repeatedly as long as conditions remain favorable. To be able to do so, 416

the fish must combine spawning with feeding. Maturity data collected by observers on 417

board the EU trawlers between 2000 and 2003 show that both gonad weight and fat 418

content reach maximum values during summer (Hofstede et al. in press; cf. Bécognée et 419

al. 2006).420

421

In other tropical regions where S. aurita occurs, spawning is also geared to periods of 422

high ocean productivity. In Ghana, fish spawn during upwelling periods when the mean 423

SST falls below 25°C (Quaatey & Maravelias 1999). This is comparable with water 424

temperatures of 19-23°C observed for sardinella catches in Mauritania. Off Venezuela 425

and Equatorial Africa, turbulence and river discharge (Orinoco and Congo rivers) 426

determine optimum feeding conditions and thereby the spawning period (Freon et al. 427

1997; Binet et al. 2001). Sardinella spawning in the Northwest African upwelling region 428

is linked with fairly saline and productive water of the oceanographic boundary in 429

summer, because egg and larval concentrations are found in water of 18-21°C at 35-37 430

psu (Ettahiri et al. 2003; Bécognée et al. 2006). Our observations indicate that the 431

Northwest African sardinella spend the winter months in tropical water and in spring 432
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occupy the northern shelf region, likely expanding their habitat with advecting surface 433

water.434

435

4.3. A climatic interpretation of S. aurita abundance variability436

437

The shift into warmer sea surface temperatures in 1995 appears to have shifted the 438

optimal habitat for feeding and spawning for round sardinella northwards towards 439

Mauritania and West Sahara (20-23ºN).  S. aurita is a warm water species that has its 440

basis in the waters of Senegal and countries further south. It is only in summer that the 441

main part of the population migrates north to feed and spawn off Mauritania and 442

Morocco. Rising water temperature and extension of sardinella habitat has lead to an 443

overall increase of the recruitment to the stock. This trend is clearly exhibited by an 444

expansion of adult stock in 1997-1998 (Figure 4) and increased catch from 1995. 445

446

S. aurita has a high growth rate, and fish recruit to the fishery already at an age of 1-2 447

years (Boely et al. 1982). Increased recruitment since 1995 will have led to the observed 448

expansion of adult stock in 1997-1998. The abundance of S. aurita in Mauritania may 449

thus be explained by a change in distribution area of the fish, a shift of spawning from 450

Senegal to the north, and an increase in population size as a result of strong recruitment. 451

A similar oscillation, with habitats and recruitment alternating between warm and cold 452

states, has been described for the Angola-Namibia region (10-20°S), dominated by the 453

Benguela Current (Binet et al. 2001). 454

455

Sardinella catches in the Mauritanian EEZ are low both during extremely cold periods 456

and extremely warm periods. In cold periods, as in 1990-1995 (Figure 8), sardinella 457

abundance appears to be reduced in the northern region, either because the fish avoid 458

cold waters and/or because recruitment success is negatively influenced by the prolonged 459

upwelling process. Under these circumstances (strong spring-winds, ‘filament’ transport, 460

and concomitant turbulence), the development of zooplankton food sources is limited, 461

while survival of phytoplankton feeders such as sardines may be enhanced. Low 462
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sardinella catches during most of the 1980s and the early 1990s (Figure 2) probably 463

signify low abundance as a result of the cold ocean climate. 464

465

Low catches in warm periods, as in 2002-2004 are attributed to decreased residence time 466

of the fish in Mauritania and shortening of the fishing season. Over the transient period, 467

1996-2001, with cold, productive springs and favorable summers, sardinella was 468

abundant, giving rise to the expansion of a multinational fishery. EU vessels arriving 469

between 1996 and 1998 were attracted by the exceedingly high densities of sardinella in 470

Mauritanian waters. This is consistent with the acoustic surveys, which demonstrate a 471

considerable stock size increase in the mid-1990s to more than 2.5 million tons regionally 472

(FAO 1983-1992; cf. Boyer et al. 2001). 473

474

The EU fleet had a significant impact on the S. aurita stock as demonstrated by the 475

decline of the catch/day in this fishery over the period 1997-2005. The decline of the 476

stock apparent from total catches (Figure 2), catch rates (Figure 3), and acoustic estimates 477

(Figure 6), indicates that sardinella is presently overexploited (FAO 2006a). The close 478

association of sardinella abundance with the ocean climate, and significant changes of 479

ocean dynamics in the past decade, warrants strict management measures, because the 480

effects of climate may aggravate the effects of fisheries and vice versa.481

482

483

5. Conclusions 484

485

 Seasonal migration of Sardinella aurita between Senegal, Mauritania and Morocco is 486

attuned to the seasonality of the Northwest African upwelling. With localized upwellings 487

and cyclonic eddies retaining productive waters, the oceanographic situation at Senegal 488

during winter is similar to the situation on the Mauritanian shelf in summer. Therefore,  489

the fish are found in tropical water in Senegal in winter. With the extension of tropical 490

surface water in spring and summer, the fish extend their habitat north into Mauritania. 491

492
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 The ocean climate off northwest Africa experienced a shift to a warmer regime since 493

1995, with maximum sea surface temperature (SST) anomalies observed during summer-494

autumn 2002-2003 (+3°C higher than the long-term average). The shift in ocean climate 495

is associated with changes in the regional pressure field and low winds during a change to 496

low monthly indices of the North Atlantic Oscillation. 497

498

 As a result of the 1995 climate shift, the Mauritanian waters became more suitable as 499

feeding and spawning area, and overall recruitment to the stock increased. Shortening of 500

the upwelling season and steady increase of sea water temperatures in summer and 501

autumn, however, have caused the fish to shorten their stay in Mauritanian waters. In the 502

past five years, this has resulted in a shortening of the fishing season and reduction of 503

catches in Mauritania during the last months of the years.504

505

 The stock of S. aurita over the Northwest African shelf oscillates with the cold-warm 506

states of the habitat. Favorable hydrographic conditions and extended habitat have507

resulted in a strong rise of sardinella abundance in the late 1990s, which was 508

counterbalanced by the impact of fisheries. Stock decline apparent from total catches, 509

catch rates, and acoustic estimates, indicates that sardinella is presently overexploited. A 510

backshift to a cold-state ecology would topple the balance.511

512
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Figures646

647

Figure 1. Migration pattern of Sardinella aurita in West Africa, reflecting the 648

characteristics of regional oceanography and seasonality. For the position of this box see 649

Figure 10.650

651

Figure 2. Total catches S. aurita in Morocco + Mauritania (bars) and Senegal + Gambia 652

(line). Data from FAO 2006a.653

654

Figure 3. Annual total sardinella catches of the Eastern European (line: Russia, Ukraine, 655

and others) and EU industrial trawler fleets standardised per numbers of fishing days 656

(corrected for horse power). Data from FAO 2006a.657

658

Figure 4.  Annual catch per day of sardinella in the EU fishery (bars) in Mauritania 659

compared with R/V Fridtjof Nansen biomass estimates (Sardinella aurita). Stock 660

numbers have been grouped for Morocco and Mauritania (top line); for Mauritania 661

(middle), and Senegal (bottom w/markers). See also Figure 7.662

663

Figure 5a-b. Seasonal distribution of sardinella catches by the EU fleet in Mauritania. (a) 664

Average for 1996-2005. (b) Sardinella catch per season: disappearing catches in spring 665

reflect intense upwelling and adjusted fishery.666

667

Figure 6a-b. Shift of the fishery’s Centre of Gravity: E-W (A) and N-S (B) between 1998 668

and 2004. In the second part of the year the fishery concentrates in shallow waters (water 669

depth 40-50 m) over the shelf.670

671

Figure 7. Acoustic biomass S. aurita by country: contribution by each country to regional 672

total (percentages). There is a marked shift towards Morocco in warm years 2000-2004.673

674

Figure 8. (a) Smoothed (5-month moving average) SST anomalies for 19.5°N. (b) Box 675

highlights SSTs in combination with the upwelling index (broken line) based on wind 676
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data from Nouadhibou Airport, Mauritania. Over the 1995-1996 climate shift, low winds 677

and low upwelling generated immediate regional warming. The spatial extent of these 678

temperature events is shown in Fig. 10.679

680

Figure 9. SST charts (range 15-30°C ) of the Mauritanian upwelling and (B) an ocean 681

color chart showing phytoplankton density (range 0.01-64 mg/m3). (A) 1 October 2003, 682

(B) 30 January 2003, (C) 11 July 2002, and (D) 18 February 2003. White arrows 683

represent geostrophic surface currents derived from satellite altimetry. The anticyclonic 684

eddy in C (black structure in A) is a warm-cored, semi-permanent feature, possibly 685

generated by poleward flow along the shelf (white meander in A and B). The 200-m 686

isobath (black in A; white in B) indicates the continental shelf margin. 687

688

Figure 10. Spatial extent of temperature anomalies in Figure 8a for February 1998 (El 689

Niño) and December 1993 and 2001.690

691
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