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Abstract

The El Niño Southern Oscillation (ENSO) produces global marine environ-
ment conditions that can cause changes in abundance and distribution of
distant fish populations worldwide. Understanding mechanisms acting lo-
cally on fish population dynamics is crucial to develop forecast skill useful
for fisheries management. The present work addresses the role played by
ENSO on the round sardinella population biomass and distribution in the
central-southern portion of the Canary Current Upwelling System (CCUS).
A combined physical-biogeochemical framework is used to understand the
climate influence on the hydrodynamical conditions in the study area. Then,
an evolutionary individual-based model is used to simulate the round sar-
dinella spatio-temporal biomass variability. According to model experiments,
anomalous oceanographic conditions forced by El Niño along the African
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coast cause anomalies in the latitudinal migration pattern of the species. A
robust anomalous increase and decrease of the simulated round sardinella
biomass is identified in winter off the Cape Blanc and the Saharan coast
region, respectively, in response to El Niño variations. The resultant anoma-
lous pattern is an alteration of the normal migration between the Saharan
and the Mauritanian waters. It is primarily explained by the modulating
role that El Niño exerts on the currents off Cape Blanc, modifying therefore
the normal migration of round sardinella in the search of acceptable temper-
ature conditions. This climate signature can be potentially predicted up to
six months in advance based on El Niño conditions in the Pacific.

Keywords: El Nino, Sardinella aurita, Coastal upwelling, Dynamical
oceanography, Atmospheric sciences

1. Introduction1

1.1. The round sardinella in the CCUS2

Small pelagic fishes populations in the so-called Eastern Boundary Up-3

welling Systems (EBUS) are particularly sensitive to global climate change4

and variability (Bakun, 1990, Bakun et al., 2015, Brochier et al., 2013). These5

systems, moreover, are of special biological and social importance (Fréon6

et al., 2009), as they jointly contribute to more than 20% of global fish7

catches and more than 7% of global marine primary production although8

they only cover approximately 1% of the total ocean surface (Pauly and9

Christensen, 1995). The socio-economic relevance of fisheries is especially10

clear for the Canary Current Upwelling System (CCUS) because of its im-11

pact on the economies of the northwest African countries (Failler, 2014). This12

is particularly true in the case of small pelagic fisheries, as they are the main13

pelagic fisheries in this region in terms of commercial landings (∼450.00014

tons per year; Braham et al., 2014).15

16

The CCUS is characterized by a marked spatial and seasonal variability17

(Chavez and Messié, 2009), especially south of Cape Blanc (∼ 20◦N; Carr and18

Kearns, 2003) and north of the Canary Islands (∼ 27◦N; Messié and Chavez,19

2015), which is associated with the latitudinal migration of the Intertropi-20

cal Convergence Zone and the accompanying evolution of the Azores high21

(Wooster et al., 1976). This variability seems to affect the spatial distribu-22

tion of migratory fish species such as Sardinella aurita (Valenciennes, 1847),23
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which is the most abundant small pelagic fish in the Senegalese-Mauritanian24

region. This species, usually called round sardinella, undertakes large north-25

south migrations over the continental shelf along northwest Africa, with the26

area of maximum abundance being located approximately between 11◦N and27

25◦N (Boëly et al., 1978). Data on fishing effort, fish length distribution, and28

coastal environmental variability have facilitated recent refinement of scien-29

tific understating concerning the details of this migration pattern (Braham30

et al., 2014, Corten et al., 2012, 2017). Recently Brochier et al. (2018) sug-31

gested that the migration results from 1) an interplay between sea tempera-32

ture and food availability conditions which both influence the habitat quality33

of round sardinella, and 2) the effect that coastal currents exert on the pas-34

sive advection component of round sardinella horizontal movements. These35

environmental variables (sea temperature, food availability, and currents)36

also exhibit clear year-to-year differences that modify the seasonal cycle of37

the CCUS (Benazzouz et al., 2014). However, the mechanisms behind this38

interannual variability are not well understood. Disentangling the climate39

influences on the alongshore variability of sea temperature, food abundance,40

and coastal currents in northwest Africa would shed light on the related re-41

sponse of the round sardinella population. This understanding is crucial to42

the development of useful prediction tools for the cooperative management43

of fish stocks that span political boundaries, and is thus of great importance44

to the economy and food security of the countries in this region (Failler, 2014).45

46

1.2. Global climate as a forcing of round sardinella in the CCUS47

Coastal upwelling involves the offshore transport of surface water and48

its replacement by deep, cold and nutrient-rich waters via Ekman dynam-49

ics. This is, therefore, a wind-driven process modulated by the intensity of50

the alongshore winds (Barton et al., 1998). Thus, the interannual variability51

of surface winds blowing southward alters coastal upwelling, which in turn52

triggers changes in the ocean mixed-layer temperature, primary productivity,53

and currents. Thermodynamic processes forced by the surface winds can also54

alter the upper ocean through heat flux exchanges. Both of the aforemen-55

tioned mechanisms (dynamical upwelling and thermodynamic heat fluxes)56

are therefore related to the variability of the surface winds (Polo et al., 2005)57

and have the potential to alter the round sardinella distribution. Thus, the58

round sardinella population size and distribution off northwest Africa could59

be related to large-scale patterns of climate variability due to their impact60
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on the trade winds blowing in this region (Binet, 1988).61

62

Understanding the remote responses of fish populations to climate vari-63

ations is a long standing concern of major importance and broad scientific64

interest (Overland et al., 2010, Báez et al., 2019). In the case of the CCUS,65

this issue has been explored in the past, and the results seem to depend on66

several factors including the chosen methodology. An example of this is the67

relation with the North Atlantic Oscillation (NAO) which is the dominant at-68

mospheric variability mode over the North Atlantic in boreal winter (Czaja69

et al., 2002, Visbeck et al., 2003). The occurrence of upwelling-favorable70

winds along the northwest African coast is strongly related to the location71

and strength of the North Atlantic subtropical high (the Azores high) and72

hence, to the NAO (Meiners et al., 2010). However, recent studies in the73

CCUS suggest a significant correlation between the NAO and the coastal74

upwelling intensity when this is derived from the wind stress, but not when75

this is constructed from the difference in sea surface temperature (hereinafter76

SST) between the coast and the open ocean (Benazzouz et al., 2014, Crop-77

per et al., 2014, Narayan et al., 2010). The El Niño-Southern Oscillation78

(ENSO) phenomenon, which is the dominant pattern of global climate vari-79

ability at interannual timescales, also impacts the tropical North Atlantic80

(TNA) through a variety of mechanisms (Giannini et al., 2001, Wang, 2004,81

Lee et al., 2008, Garćıa-Serrano et al., 2017). However, few works have an-82

alyzed the impact of ENSO on the CCUS and, as in the case of NAO, they83

conflict on whether a significant signature exists (see e.g., Roy and Reason,84

2001 and Oettli et al., 2016). Estimating the local signature of these global85

climate modes on round sardinella population in the CCUS is a priori even86

harder, as the available abundance data, even with state of the art obser-87

vational capabilities, are scarce or of low quality. There are also intrinsic88

limitations in round sardinella catch data associated with the difficulty of89

distinguishing environmental influences (i.e., not directly related to changes90

in human activities) and human-related influences. The second includes vari-91

ability of the market demand, changes in fishing gear and fleet composition,92

and improvements in fishermen technical skill over time (see e.g., discussion93

in Bez and Braham, 2014). The recent and interesting observational analy-94

ses of the CCUS (see e.g., Braham et al., 2014) do not clarify the multiple95

environmental factors impacting round sardinella spatio-temporal variability.96

97

New approaches are required to move beyond these conflicting results.98
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Despite their deficiencies, models provide a means to overcome the inherent99

limitations of observational analysis. For example, investigation of model100

simulations permit researchers to isolate the climate-related responses from101

the direct human influence. In the present study, a modeling approach has102

been used to investigate the influence of ENSO on the interannual variabil-103

ity in the biomass and spatial distribution of a simulated round sardinella104

population in the central-southern portion of the CCUS.105

2. Material and methods106

2.1. Modeling strategy107

The study region (hereinafter referred as CCUS; see Fig. 1) is the upper108

ocean east of 24◦W and between 10◦N and 35◦N. This geographic area is109

divided in three distinct regions according to the intensity and seasonal vari-110

ability of upwelling-favorable winds: the Mauritania-Senegalese zone where111

the upwelling is seasonal (12◦N-19◦N), the zone off the Saharan bank (21◦N-112

26◦N), and the north Moroccan coast (26◦N-35◦N), the last two being charac-113

terized by year-round upwelling-favorable winds but with different intensities114

(Benazzouz et al., 2014).115

116

In this study, a recently developed bio-climatic modeling strategy has117

been applied. This model approach has been proven as an efficient tool for118

describing realistic responses of primary productivity and round sardinella119

to the environment (Auger et al., 2016, Brochier et al., 2018). A scheme120

of the modeling strategy applied in this study is shown in Fig. 2. Two121

different parts are identified. In a first step, a hindcast simulation from a122

coupled hydrodynamic/biogeochemical model produces a realistic 3-D sim-123

ulation of variability in the fish environment in the CCUS over the period124

1980-2009. The hydrodynamic environment is simulated by the Regional125

Oceanic Modeling System ROMS (Shchepetkin and McWilliams, 2005) with126

an ∼ 8-km resolution and 32 vertical sigma-levels for the CCUS, while the127

biogeochemical environment is simulated by the PISCES model (Pelagic In-128

teraction Scheme for Carbon and Ecosystem Studies; see Aumont et al.,129

2003 and Aumont and Bopp, 2006) which simulates phytoplankton and zoo-130

plankton productivity based on the uptake of nutrients dispersed by ROMS131

currents. In the present work, the ROMS-PISCES coupled model was forced132

with the CFSR atmospheric reanalysis (Saha et al., 2010) at a 6-h timescale133

and with 1/3◦ resolution, and the lateral open boundary conditions are from134
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monthly model outputs from a simulation of the North Atlantic Ocean in135

which PISCES is forced by the NEMO hydrodynamic model (Nucleus for136

European Modelling of the Ocean; Madec, 2008). Please see Auger et al.137

(2015) for a description of the ROMS-PISCES model configuration, the forc-138

ing datasets, and the validation of model results using satellite data observa-139

tions. In a second step, the evolutionary individual-based model Evol-DEB140

(https://github.com/tbrochier/EvolDEB) was forced by physical and bio-141

geochemical outputs from ROMS-PISCES. Evol-DEB is an individual-based142

model that has been proven as an efficient tool to characterize the effect143

of climate on round sardinella population variables, accounting for environ-144

mental (e.g., currents, temperature and primary/secondary production) and145

biological (e.g., fish growth, mortality) factors. The performance of Evol-146

DEB has been assessed in the study area through a variety of comparisons147

including: 1) CPUE (Catch Per Unit Effort) indices calculated from local148

fisheries monitoring in Senegal and Mauritania, 2) observations of round149

sardinella body-length distribution from artisanal and industrial fisheries,150

scientific sampling, and oceanographic research vessels, 3) acoustic observa-151

tions from oceanographic research vessels, and finally 4) qualitative ecological152

knowledge from Senegalese fishermen. Brochier et al. (2018) provide a full153

description of Evol-DEB and the validation procedure. The three main envi-154

ronmental factors influencing the round sardinella dynamics that were tested155

in the Evol-DEB simulations and investigated in the current study were: 1)156

the currents, 2) the temperature, and 3) the food distribution (from a proxy157

based on the concentration of plankton in PISCES), each of them averaged158

over the ocean mixed layer. As described in Brochier et al. (2018), the tem-159

perature and food proxy were combined to define the Habitat Quality Index160

(HQI). In the Evol-DEB framework, each aggregation of round sardinella or161

super-individuals is affected by the HQI in such a way that the maximization162

of this HQI according to the environmental conditions determines the chance163

of survival of each super-individual. Round sardinella dynamics also depend164

on specific round sardinella parameters such as: 1) the swimming capacity, 2)165

the growth rate, 3) the functional response to the food, and 4) the preferred166

temperature. Please see Brochier et al. (2018) for details.167

168

In the present study, the Evol-DEB configuration that most realistically169

captures the response of round sardinella to the environment among all those170

tested in Brochier et al. (2018) was used: that in which adult populations171

are sensitive to the currents, and to the temperature and food distributions,172
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with maximum swimming speed of 4.5 body-length per second, and with173

the preferred temperature determined by the corresponding natal temper-174

ature. Each Evol-DEB simulation lasted for 30 years, from 1980 to 2009,175

with a seeding procedure taking place in 1980. The 1980-1984 period was176

viewed as a spin-up period, considering that the maximum longevity of super-177

individuals is ∼ 4.5 years. The choice of the initialization of environmental178

conditions was shown to have little effect on the subsequent emerging inter-179

annual variability, resulting therefore in an effective output period of 25 years180

(from 1985 to 2009). Please note that although the environmental forcings181

which influence round sardinella variability in Evol-DEB are the ocean vari-182

ables provided by ROMS-PISCES, the atmospheric forcing from the CFSR183

reanalysis used to run the ROMS-PISCES model do contain information of184

any potential teleconnection between the global climate and the local round185

sardinella population biomass. Therefore, the described comprehensive mod-186

eling framework (ROMS-PISCES and Evol-DEB) will capture a significant187

response to global climate forcing, depending on the forcing persistence and188

the noise generated internally by the models. If any climate-round sardinella189

teleconnection is identified in the analysis of final model outputs (Fig. 2),190

it must have entered into the model setup through the applied boundary191

conditions, and it should be strong enough to be passed among the physical-192

biogeochemical-ecosystem components of the models involved.193

194

2.2. Exploring the relation with the global climate195

The aim of this study was to understand how the latitudinal distribu-196

tion of simulated adult round sardinella biomass over the northwest African197

continental shelf is altered by changes in the local environmental conditions198

and to explore the possible role played by remote climate forcings. The199

biomass over the continental shelf captures most of the north-south round200

sardinella variability, as the stocks are generally tied to the coastal areas201

where the highest food production occurs. This feature is well represented202

by the ROMS-PISCES-Evol-DEB model framework (Figs. 3a-b). Based203

on the latter, various latitude vs months Hovmöller diagrams were plotted204

for different fields by averaging the corresponding variable across longitudes205

(Figs. 3c-f). To reduce the degrees of freedom and to efficiently characterize206

round sardinella variability, Empirical Orthogonal Function (EOF; Lorenz,207

1956) analysis was performed on the yearly Hovmöllers of modeled round sar-208

dinella biomass (anomalous round sardinella biomass averaged in longitude209
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Figure 1: Study region and upwelling zones inside it. This figure is only used for illustrative
purposes.
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Figure 2: Modeling framework. The abbreviations used are: National Centers for En-
vironmental Prediction (NCEP), Climate Forecast System Reanalysis (CFSR), Regional
Oceanic Modeling System (ROMS), Pelagic Interaction Scheme for Carbon and Ecosystem
Studies (PISCES), Nucleus for European Modelling of the Ocean (NEMO), and evolution-
ary individual-based model with dynamic energy budget (Evol-DEB)
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Cape Verde

Cape Blanc

Cape Verde
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c) d)
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Figure 3: Annual mean and seasonal cycles from the modeling framework. In
top panels the annual mean of round sardinella biomass (panel a), and the interannual
variability of round sardinella biomass (in terms of standard deviation; panel b), from
Evol-DEB. Units in tons/m2. Central panels: Seasonal cycles (mean in panel c, negative
southward, and variability, in terms of standard deviation, in panel d) of the meridional
component of the wind stress (from ROMS-PISCES ; units in N/m2). Bottom panels: as
panels c and d but for the simulated round sardinella biomass (from Evol-DEB ; units in
tons/m2). In the case of the meridional wind stress, the fields are averaged from the coast
to the isobath 1000 meters.
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along the northwest African coast). The associated standardized principal210

components (PC) show the time evolution of the scores of the EOFs, thus211

identifying the years in which these EOFs are manifest. The link between212

these EOFs (or round sardinella modes) and the climate was evaluated in213

terms of regression and composites maps. To analyze the link with the large-214

scale environment (i.e., global climate), SST data from HadISST1 (Rayner215

et al., 2003), and global observed sea level pressure data (SLP) and surface216

winds from the NCEP Climate Forecast System Reanalysis (CFSR; Saha217

et al., 2010) were used. The HadISST dataset was also used to calculate218

the Niño 3.4 index (SST averages over the area 170-120◦W, 5◦S-5◦N), and219

the CFSR reanalysis was chosen to be consistent with the atmospheric con-220

ditions prescribed in the ROMS-PISCES simulation. Sea temperature and221

ocean currents averaged over the top 50 m of the water column (from ROMS-222

PISCES) were used to characterize the local environmental variability (i.e.,223

local climate). Please see the Table 1 for a summary of the data used in224

the present study. The statistical significance was assessed by a bootstrap225

re-sampling procedure with replacement. At the end of the study, a lead-lag226

correlation analysis has been applied for exploring the predictive potential227

of round sardinella distribution in the CCUS from equatorial Pacific SSTs.228

In that case, the non-parametric test described by Ebisuzaki (1997), and229

specially designed to avoid serial correlation, was used.230

Table 1: Summary of the data used in the present study.

Variable Source Reference

(Global) SST HadISST Rayner et al. (2003)
(Global) SLP CFSR Saha et al. (2010)

(Global) Surface winds CFSR Saha et al. (2010)
Sea temperature ROMS-PISCES Auger et al. (2015)
Ocean currents ROMS-PISCES Auger et al. (2015)

Wind stress ROMS-PISCES Auger et al. (2015)
Round sardinella biomass Evol-DEB Brochier et al. (2018)

A linear regression prediction model was also constructed in the present231

study to illustrate the potential of the results obtained for skillful prediction.232

This prediction model is based on the “leave one out” method (Wilks, 2011),233
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which produces a forecast for each time t (year) using only data at other234

times (years) distinct from t.235

3. Results236

3.1. Anomalous migration further north of Cape Blanc237

The present modeling framework produces a coherent migration pattern238

of round sardinella population (Fig. 3e): to the south in spring reaching239

the Senegalese-Mauritanian waters in summer, and to the north in autumn,240

reaching the Saharan waters in winter (Corten et al., 2012). This migra-241

tion pattern from Evol-DEB is associated with the atmospheric conditions242

imposed on ROMS-PISCES. Evidence from that fact is the consistency be-243

tween the meridional wind stress (Vst, negative southward; see Fig. 3c) and244

the round sardinella biomass further north of Cape Blanc (∼21◦N), a region245

characterized by strong alongshore currents to the south, in the so-called246

Cape Blanc Transition Zone. Only in early winter, when the southward247

wind stress in this area weakens (Fig. 3c), a certain percentage of round248

sardinella (those with the strongest swimming capacity) reach the Saharan249

waters (Fig. 3e), where the high food availability contributes to relatively250

high HQI all year round (Brochier et al., 2018). Interestingly, this minimum251

of southward wind stress in winter coincides with the strongest variability252

of this variable off Cape Blanc (Fig. 3d) and, with increased variance in253

round sardinella biomass north of that cape (Fig. 3f). The variability is254

expressed here in terms of the standard deviation, representing the degree255

of deviation of each variable with respect to its corresponding seasonal cycles.256

257

Hence, Fig. 3 points to the existence of year-to-year variability fur-258

ther north of Cape Blanc in both the environment and the round sardinella259

biomass. To assess the correlation between these variabilities, an EOF anal-260

ysis was performed on the yearly Hovmöllers of round sardinella biomass261

anomaly along the coast, from 19◦N to 26◦N, and for the January to March262

season. This season was selected in order to cover those months with the263

maximum variability in the alongshore wind stress (Vst; Fig. 3d). The Prin-264

cipal Component (hereinafter PC1) of the leading EOF mode, which explain265

46% of the total variance, was then lag-regressed on the yearly Hovmöllers266

of round sardinella biomass (plotted from the previous July to the follow-267

ing June for a better comparison with the seasonal cycles; see Fig. 4a). A268
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dipole structure, with negative anomalies off the Saharan coast and posi-269

tive anomalies off Cape Blanc was obtained from early to late winter. This270

analysis indicates that anomalous meridional migration of round sardinella271

may play a key role in determining the biomass and distribution of round272

sardinella along the northwest African coast.273

274

3.2. Role played by the environment275

Firstly, the role of the environment in stimulating this leading mode of276

variability was investigated by analyzing an additional Evol-DEB simulation277

with climatological forcings obtained by averaging the ROMS-PISCES out-278

puts for the entire period (1980-2009). That is, instead of forcing Evol-DEB279

with the varying environmental conditions from 1980 to 2009 (Inter experi-280

ment in Table 2), it was forced with the climatological averaged conditions281

in that period (Control experiment in Table 2). Therefore the interannual282

variability within the ROMS-PISCES outputs was removed such that this283

simulation may be interpreted as a control simulation for Evol-DEB. EOF284

analysis shows that the dipolar structure is missing in this control simulation285

(Fig. 4b), indicating that the response in the Inter experiment was forced286

by the environment.287

Table 2: Overview of the set of Evol-DEB simulations run for the present study. Round
sardinella dependence refers to those environmental parameters (Temperature, Food or
both), from ROMS-PISCES, influencing the habitat quality of the species in Evol-DEB.
Food contribution is quantified through a proxy defined as the sum of the biomass in the
four PISCES plankton compartments (please see Brochier et al. 2018 for details).

Experiment ROMS-PISCES forcing round sardinella dependence
Inter 1980 − 2009 T,F

Control (1980 − 2009)avg T,F
Inter T 1980 − 2009 T
Inter F 1980 − 2009 F

288

3.3. El Niño emerges as a potential forcing289

Considering the important role of SSTs in the global climate teleconnec-290

tions, next the PC1 from the Inter experiment was regressed on the global291
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Table 3: Linear correlations among the distinct PC1 obtained in the set of simulations
recapitulated in Table 2.

Correlation PC1(Control) PC1(Inter T) PC1(Inter F)
PC1(Inter) 0.02 0.88 0.41

SSTs of the same season. A noticeably clear and significant ENSO pattern292

emerged in the tropical Pacific (Fig. 5a). The same ENSO structure ap-293

peared when just an index based on the averaged accumulation of round294

sardinella off Cape Blanc was projected onto the SSTs (not shown). The295

question emerging therefore is whether this anomalous response of round sar-296

dinella in northwest Africa (the aforementioned dipolar structure) is caused297

by ENSO or if it is a statistical artifact.298

299

Before exploring the dynamical mechanisms linking ENSO and round sar-300

dinella spatio-temporal variability, the environmental response to ENSO in301

northwest Africa that causes the anomalous distribution of modeled round302

sardinella biomass along the coast was investigated. To address this ques-303

tion, recall that both temperature and food distribution influence the HQI304

in the previously described Evol-DEB simulations (Inter Experiment & Con-305

trol Experiment), as these follow the more realistic configuration according306

to Brochier et al. (2018). Assuming that the sardinella dependence on their307

habitat quality is based only on the food availability (Inter F experiment in308

Table 2) leads to the disappearance of the previously analyzed dipolar struc-309

ture (Fig. 6c). However, this is not the case when the HQI is based only on310

sea temperature (Fig. 6a). Therefore it could be concluded that the dipolar311

structure identified in Fig. 4a is associated with the round sardinella’s depen-312

dence on water temperature as represented in the model. Please note that313

this does not mean that round sardinella only follows the variability of the314

water temperature. Others factors, such as alongshore currents, could also315

play a major role in altering the round sardinella variability. However, this316

major role would only emerge when round sardinella migrates towards areas317

with optimal temperature conditions. If this dependence on the temperature318

is removed, the effect of ENSO on round sardinella also disappears. This319

effect of temperature on the teleconnection is reinforced by the correlations320

among the leading principal components of round sardinella’s biomass in the321
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a) b)

Figure 4: Round sardinella EOF: a mode forced by the environment. Leading
EOF of the anomalous sardinella biomass (calculated from 19◦N to 26◦N and for the JFM
season; units in tons/m2 per std in the PC1) obtained in: a) the Inter experiment and b)
the Control experiment. Shading areas represent the 90% significant response according
to a bootstrap technique with replacement. Please note that blue and red colors indicate
positive and negative anomalies of biomass respectively.

different simulations (see Table 3). Furthermore, the regression maps of the322

leading PCs on global SSTs showed that the ENSO pattern persists when323

the round sardinella dependence on food is removed (Inter T experiment; see324

Fig. 6b), but disappears when the round sardinella dependence on tempera-325

ture is removed (Inter F experiment; see Fig. 6d).326

327

There is still a remaining aspect to fully characterize the ENSO-round328

sardinella teleconnection: its linearity in relation to the ENSO phase. In329

particular, the question emerging is whether the identified ENSO signal is330

caused by the influence of both warm (El Niño) and cold (La Niña) ENSO331

phases. Comparing the evolution of the Niño 3.4 index and the standardized332

round sardinella PC1 (Inter Experiment) revealed that the three highest val-333

ues of PC1 coincide with three (1988, 1998, 2003) of the four highest values334

of the Niño 3.4 index. Nevertheless, there is an absence of coincidence in335

time between the negative values of the Niño 3.4 index and the peaks of336

the round sardinella PC1. This appears more clearly when comparing the337

negative composite patterns (those years in which the index is below -1 stan-338

dard deviation) of SSTs for the Niño 3.4 index and the round sardinella PC1339

(Supplementary material; Fig. S1): this indicates that a negative occurrence340

of the round sardinella mode is more related to the NAO than to the Pacific341
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Figure 5: Round sardinella EOF: a mode forced ENSO. a) Regression map of the
round sardinella mode of biomass on anomalous SSTs (units in degrees per std in the PC1);
shading areas represent the 90% significant response according to a bootstrap technique
with replacement. b) standardized PC1 of the round sardinella mode (red line) and the
standardized Niño 3.4 index in the previous September (black line).
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a) b)

c) d)

Figure 6: Round sardinella EOF: a mode highlighting the role of temperature.
a) leading EOF of anomalous sardinella biomass for the Inter T Experiment, b) SST re-
gression for the Inter T Experiment, c) leading EOF of anomalous sardinella biomass for
the Inter F Experiment, d) SST regression for the Inter F Experiment. Shading areas rep-
resent the 90% significant response according to a bootstrap technique with replacement.
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SSTs. Thus, the ENSO-round sardinella link found in the described model-342

ing framework is only triggered by warm ENSO phases (El Niño).343

344

3.4. Dynamical mechanisms345

To address the dynamical explanations supporting this influence of El346

Niño episodes on the modeled round sardinella biomass, early winter (from347

November to January) and late winter (from February to March) were sepa-348

rated based on: 1) the different evolution of El Niño episodes and their related349

responses in the TNA, and 2) the very different feature of round sardinella350

migrations along the northwest African coast before and after January. Re-351

garding the former, the response to ENSO in early winter is characterized by352

anomalous horizontal and vertical flows in the western TNA (Wang, 2002)353

and by an East Atlantic (EA) like pattern further north over the North At-354

lantic (King et al., 2018). From January onwards, an atmospheric Rossby355

wavetrain forced from the tropical Pacific crosses the North Pacific-American356

region and reaches the TNA (Enfield and Mayer, 1997). This response, to-357

gether with the documented ENSO influence on the Walker and Atlantic358

Hadley circulation cells (Wang, 2004), explains the ENSO-TNA teleconnec-359

tion in late winter. Regarding the round sardinella migrations along the360

northwest African coast, remarkable differences are also identified between361

early and late winter. Before January, round sardinella are normally moving362

northward to reach the Saharan waters (see Fig. 3e), where there is high food363

availability resulting in high HQI (Brochier et al., 2018). After January, how-364

ever, round sardinella begin a southward migration. The underlying reasons365

include the declining food production when upwelling off Cap Blanc retracts366

to very coastal waters, and the drop in water temperature to values below the367

species tolerance. Furthermore, it is worth reminding that a natural instinct368

of round sardinella to search its natal homing temperature is implemented369

in Evol-DEB. Thus, as both the upwelling intensity and the water tempera-370

ture could be altered by the El Niño influence in the study region, a related371

response in round sardinella is expected.372

373

3.4.1. Early-winter374

In early-winter (Fig. 7a), a marked El Niño pattern is identified in those375

years in which the anomalous round sardinella mode (Fig. 6a) is manifested.376

A weakening of the trade winds has been identified in the western TNA, in377

17



agreement with the documented response to ENSO (Wang, 2002). The resul-378

tant anomalous northward winds turn right at approximately 25-30◦N. This379

deflection is explained by the EA-like pattern found over the North Atlantic380

and is consistent with the most recent literature (King et al., 2018). Conse-381

quently, an anomalous increase of the subtropical winds is detected to the east382

that reaches the African continent. For illustrative purposes, the significant383

response of the surface wind (black vectors in Fig. 7a) is calculated with re-384

spect to the zonal component in Nov-Jan. In the ROMS-PISCES simulation,385

this global signal is associated with a significant increase of the zonal wind386

stress to the east (black vectors in Figs. 8a-b) and, even more important for387

this case, with an anomalous increase of the alongshore currents to the south388

(shaded areas in Fig. 8b). Note that this enhancement of the alongshore cur-389

rents is particularly intense off Cape Bojador and Cape Blanc, although it is390

not associated with significant upwelling-favorable wind anomalies. Off Cape391

Blanc, it appears to coincide with the anomalous accumulation of round sar-392

dinella biomass simulated by Evol-DEB (Fig. 6a). Thus, the response to El393

Niño drives anomalous southward alongshore currents in early winter, along394

the Cape Blanc Frontal Zone, that counters the normal northward migration395

of round sardinella. As a consequence, an anomalous increase (decrease) of396

biomass emerges at ∼20-21◦N (∼24-25◦N).397

398

3.4.2. Later-winter399

In late winter, the round sardinella mode is related to northward wind400

anomalies in the eastern part of the TNA that occur after the peak of El Niño401

episodes and which are particularly intense along the northwest African coast402

(the significant signal of the meridional component is highlighted as black403

vectors in Fig. 7b). The weakened Azores high identified in Fig. 7b is in404

agreement with the documented late winter influence of ENSO caused by the405

thermally-driven direct circulation (Wang, 2004) and Rossby wave activity406

(Enfield and Mayer, 1997). The anomalous SST pattern identified here is also407

as expected (Ham et al., 2014). The resultant alongshore winds in northwest408

Africa weakens the upwelling due to a reduction of the Ekman transport and409

hence, an intense and significant anomalous warming is detected along the410

coast. The ROMS-PISCES model reproduces the anomalous warming along411

the coast as a consequence of the attenuated coastal upwelling (Fig. 8c) and412

simulates northward coastal current anomalies (Fig. 8d).413

414
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a)

b)

Figure 7: Global signature of the round sardinella mode. a) positive composite
maps in early winter based on the standardized PC1 of the anomalous sardinella mode
(years above 1 standard deviation), b) as in a) but for late winter. In both cases the fields
plotted are: anomalous SST (shaded the significant response; units in degrees), anomalous
SLP (contoured; thick contoured the significant response), and anomalous surface wind
(grey vectors; units in m/s). Significance at the 90% level based on a bootstrap technique
with replacement.
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a) b)

c) d)

Figure 8: Local signature of of the round sardinella mode (ROMS-PISCES).
Upper panels corresponds to the composites maps in early winter (Nov-Jan) and bottom
panels to the composites maps in late winter (Feb-Mar). Left panels show the anomalous
temperature in the top 50 meters of the water column (shaded the significant response;
units in degrees). In the right panels the anomalous meridional currents of the top 50
meters of the water column (shaded the significant response, units in 10 x m/s). The
anomalous wind stress (vectors; units in N/m2) are shown on all panels. Only the water
surfaces with less than 1000 meters depth are plotted due to these waters house the vast
majority of round sardinella. The significant response in the zonal (meridional) anomalous
wind stress is highlighted for early (late) winter with black vectors. Significance at the 90%
level based on a bootstrap technique with replacement. Large pointing-arrows indicate the
migration pattern of the species in early and late winter according to the seasonal cycle
of biomass.
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To understand the round sardinella response, it is important to realize415

that although the presence of the species has been reported in a very large416

range of temperatures, from ∼10◦C in the Mediterranean Sea (Tsikliras and417

Antonopoulou, 2006) up to 29◦C in Senegal (Marchal, 1991), the highest418

biomass in northwest Africa has been detected for a range of SSTs between419

21◦C and 25◦C (Diankha et al., 2015). Thus, waters excessively cold (be-420

low 19◦C) or excessively warm (above 26-27◦C) host low round sardinella421

biomass. This feature is included in Evol-DEB by a correction factor applied422

to all the energy fluxes between the model compartments. Thus, one can423

understand why in late winter, under normal conditions, the drop of water424

temperatures off the Saharan bank to values below 19◦C contributes to a425

southward migration (favored by the climatological southward currents) of426

round sardinella.427

428

In this context, the anomalous warming generated by El Niño in late429

winter off the African coast (Fig. 8c) increases the absolute temperature of430

the water column off Cape Blanc to around 20◦C, significantly warmer than431

the normal ∼18◦C there at that time of the year (see also Fig. S2 in Supple-432

mentary material). This fact, together with the reduced passive advection433

of round sardinella due to the anomalous weakening of the southward cur-434

rents south of Cape Blanc during El Niño years (Fig. 8d), explains how the435

anomalous accumulation of biomass at 20-21◦N latitude identified in Evol-436

Deb in association with the leading EOF mode (Fig. 6a) persists until well437

into the spring season. However, the persistence of negative biomass anoma-438

lies further north of Cape Blanc seems to be a reminiscent effect of the fewer439

individuals who reached the Saharan waters at the beginning of the winter440

season. The slight positive biomass anomalies detected between 13◦N and441

19◦N (Fig. 4a) in late winter might reflect the response of round sardinella442

to the warmer and more favorable water temperature conditions along the443

Mauritanian-Senegalese coast as a consequence of the reduced upwelling.444

445

3.5. Potential predictability of round sardinella population biomass446

One of the main contributions of this work is that it provides the basis for447

the development of a future seasonal forecasting tool of round sardinella lat-448

itudinal distribution along northwest Africa based on El Niño-related SSTs,449

which can be observed from the space. In particular, high lagged correlations450

between the round sardinella mode in winter (see Fig. 6a) and the Niño 3451
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Figure 9: Lead-lag correlations. Blue solid line shows the linear correlation between the
Niño 3 index at different lags and the leading sardinella mode (i.e., the corresponding PC)
in JFM (year +1; see Fig. 6a). The same correlations with the Niño 3 index are shown for:
1) the meridional current (top 50m of the water column) off Cape Blanc in Nov-Dec (dashed
brown line) and March (dotted brown line), and 2) the water temperature (top 50m of the
water column) off Cape Blanc in March (green dotted line). The region off Cape Blanc is
defined as the area within the red square indicated in Fig. 8b. Large, medium and small
sized symbols represent correlations at the 99%, 95% and 90% confidence level respectively
according to Ebisuzaki (1997). Black dashed (dotted) line shows the correlation between
the leading round sardinella mode and the zonal (meridional) wind stress averaged within
the green boxes of Fig. 8.

index suggest the potential for skillful prediction (see blue line in Fig. 9).452

The El Niño-round sardinella link appears stronger with the eastern tropical453

Pacific than with the central tropical Pacific (Supplementary material; Fig.454

S3), which is consistent with the available literature related to the ENSO-455

TNA teleconnection (Taschetto et al., 2016).456

457

A linear regression prediction model based on the “leave one out” method458

(Wilks, 2011) has been constructed to predict, for the two strongest Eastern459

El Niño episodes of the simulated period (1987/88 and 1997/98), the anoma-460

lous distribution of round sardinella from El Niño 3 SSTs in the previous461

September. The resultant predictions and the corresponding patterns esti-462
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mated by Evol-DEB are shown in Figure 10. One could reasonably think that463

our prediction skill, based on the leading EOF of round sardinella biomass in464

winter, should be almost completely dependent on the information coming465

from the specific episodes to be predicted, as they correspond to extreme val-466

ues of the aforementioned EOF. However, if so, the forecast skill assessed with467

our cross-validation method should be close to zero. As shown in Fig. 10a-d,468

this is not the case: the anomalous SSTs in the Niño 3 region in Septem-469

ber (i.e., September 1987 and September 1997, respectively) are enough to470

predict realistically the anomalous distribution of round sardinella in the471

following winter and spring along the northwest African coast. Although472

robust, this predictive skill seems to be only valid for eastern (and partic-473

ularly strong) El Niño years, as appreciated in the comparison between the474

modeled and the predicted evolution of round sardinella population biomass475

in a particular location (Cape Blanc; see bottom panel in Fig. 10e).476

477

4. Summary and discussions478

The present study provides, for the first time, a consistent mechanism479

explaining how a remote climatic phenomenon (El Niño, understood as the480

ENSO warm phases) is able to alter the latitudinal migration pattern of481

Sardinella aurita (or round sardinella) in the narrow coastal band along482

northwest Africa. This has been possible through an innovative modeling483

strategy specifically designed to explore potential environmental drivers of484

spatio-temporal population variability of this species in the region. This485

modeling framework has been previously validated in the study region and486

highlighted the strong effect that the local environment may play on the dis-487

tribution of round sardinella along this coast (Brochier et al., 2018).488

489

Modeling results point out that the round sardinella response to El Niño490

is an anomalous migration pattern of this species during boreal winter be-491

tween the Mauritanian and the Saharan waters. As a consequence, the model492

simulates an anomalous increase (decrease) of round sardinella biomass off493

the Cape Blanc (Saharan coast) during El Niño years. Distinct bio-physical494

mechanisms take place in early and late winter to sustain this modeled ma-495

rine ecological response to El Niño (if needed, see scheme in Fig. S4 of496

Supplementary material). This difference between early and late winter is497

not really surprising, as 1) the climatological responses to El Niño evolve498
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Figure 10: Potential predictability. Round sardinella biomass anomaly from Evol-
DEB in: a) 1987/1988 and c) 1997/1998. Prediction of the modeled round sardinella
biomass anomaly (from El Niño 3 SSTs in the previous September) in: b) 1987/1988 and
d) 1997/1998. Units in tons/m2. In the bottom panel the time evolution of the round
sardinella biomass in March off Cape Blanc from Evol-DEB (red line) and its prediction
from El Niño 3 SSTs in the previous September (blue line).
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over time along the winter months and 2) the dynamical feature of round499

sardinella off northwest Africa is completely different before and after Jan-500

uary, being characterized by a northward migration (searching the Saharan501

bank) in the former case, but by a southward migration, avoiding the cold502

conditions in the Saharan waters from January onwards, in the latter case.503

Accordingly, the specific responses to El Niño identified in the described504

modeling framework and the proposed mechanisms in each sub-season are:505

• In early winter (November-January), a weakened northward migration506

of round sardinella. This signal could be explained by an anomalous507

enhancement of the alongshore currents to the south, off the Cape508

Blanc region, due to the El Niño influence.509

• In late winter (February-March), an anomalous accumulation of round510

sardinella off Cape Blanc, the underlying mechanism being twofold: 1)511

through a weakening of the alongshore currents to the south (reducing512

the passive advection component of the southward migrations of round513

sardinella) and 2) through an anomalous warming of the surface ocean514

due to a reduction of the coastal upwelling (which improve the habitat515

conditions of round sardinella).516

Summarizing, the El Niño-round sardinella teleconnection simulated here517

is mainly explained by the modulating role that the anomalous alongshore518

currents forced by El Niño in the Cape Blanc Frontal Zone exerts on the nor-519

mal migration of this species when it avoids water temperatures out of the520

species tolerance and when it follows temperatures close to its natal homing521

conditions. Thus, a general conclusion from the results of this study is that522

a realistic response to El Niño in both, sea temperature and coastal currents,523

is crucial to produce the teleconnection proposed. From a large-scale per-524

spective, there is an extensive literature explaining the dynamical aspects525

associated with the ENSO-TNA teleconnection and it is not a major goal of526

this work to explain this in depth. However, it is worth mentioning how the527

mechanisms presented here are consistent with those accepted by the climate528

community (Enfield and Mayer, 1997, Wang, 2002, 2004, Ham et al., 2014,529

King et al., 2018), reinforcing therefore the robustness of the El Niño-round530

sardinella teleconnection.531

532

Although a full validation of the El Niño-round sardinella teleconnection533

is an extremely challenging issue due to the scarcity of reliable data on the534

25



time varying distribution and abundance fish population, the modeling ap-535

proach presented here seems to be able to simulate a robust ENSO response of536

the environmental conditions off Cape Blanc in winter, closely related to the537

ENSO induced effects in round sardinella biomass (Supplementary material;538

Fig. S5). In this respect, it is worth mentioning that the water tempera-539

ture and ocean current responses described here are consistent with those540

identified in February-March 1998 after the peak of one of the strongest El541

Niño episodes of the last decades (Zeeberg et al., 2008). This reinforces the542

theory of an influence of El Niño on the hydrodynamic conditions along the543

Mauritanian-Saharan coast. This fact, together with the validated skill of544

the modeling strategy used to simulate realistic responses of round sardinella545

to the local environment (Brochier et al., 2018), substantiates the findings of546

this work.547

548

In contrast to the major role that food availability plays for determining549

sardine and anchovy abundance in the northern part of the CCUS (Sánchez-550

Garrido et al., 2019), the present analyses indicate that the alteration of the551

variability in nutrient abundance associated with El Niño seems to play a552

minor role for the El Niño-round sardinella teleconnection. This is actually553

consistent with previous works which suggest that the currents and the wa-554

ter temperature are the main environmental variables influencing the round555

sardinella variability in the southern part of this upwelling system (Zeeberg556

et al., 2008, Bacha et al., 2017). However, other studies argue for a weaker557

(Roy and Reason, 2001, Aŕıstegui et al., 2006) or an absent (Cropper et al.,558

2014, Oettli et al., 2016, Gómez-Letona et al., 2017) link between ENSO and559

the northwest African environmental conditions. This apparent inconsistency560

can be explained by diverse causes, such as 1) the distinct manifestations of561

the CCUS variability to the methodology applied (Benazzouz et al., 2014)562

or 2) the fact that in this study, the degrees of freedom of the entire spatio-563

temporal variability of round sardinella were reduced by using the latitude564

as a measure of spatial location (by averaging the biomass in longitude over565

the continental shelf) and by focusing the analysis on a particular mode of566

variability. All this could have contributed to a more efficient identification567

of the El Niño related response in this study.568

569

Furthermore, it should not be ruled out that round sardinella could act570

as an ecological integrator of El Niño influence on northwest Africa, show-571

ing even higher correlations than those obtained through the use of other572
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environmental fields (e.g., water temperature, currents, or Chl-a), which573

intuitively should be more directly influenced by a remote climate forcing574

(Di Lorenzo and Ohman, 2013). Indeed, the round sardinella mode ana-575

lyzed here presents higher correlations with the Niño index than with the576

local environment (wind stress, meridional current and sea temperature) off577

northwest Africa (Fig. 9). This striking feature had been already found for578

other ecological impacts of ENSO (Capa-Morocho et al., 2014, Diouf et al.,579

2017). The present study suggests a capacity of round sardinella to integrate580

the non-linearities among the climate variables in a unique mode of biomass581

variability.582

583

We are aware of the intrinsic limitations of the modeling approach used in584

this study, and we do not expect a perfect match between the real (ideally ob-585

served) and the simulated responses of round sardinella to the environment.586

Nevertheless, this approach provides a highly valuable measure of how the587

spatio-temporal variability of round sardinella reacts to actual climate forc-588

ings (Brochier et al., 2018). Thus, we believe that this study represents a589

valuable step forward in relation to how the global climate can alter local590

responses in marine ecosystems. Furthermore, given that enhanced global re-591

sponses to ENSO are expected under a warmer climate (Frauen et al., 2014),592

the El Niño-round sardinella teleconnection might enhance within the next593

decades. This and other related questions should be further analyzed in fu-594

ture works.595
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Figure S1: Upper panels: Negative composite maps based on the
standardized PC1 (years below -1 standard deviation) of the anomalous
round sardinella leading mode. The fields plotted are anomalous SST (shaded
the 95% significant response; units in degrees), anomalous SLP (contoured;
thick contoured the 95% significant response), and anomalous surface winds
(gray vectors; in black the 95% significant response; units in m/s). Bottom
panels: the same fields are plotted for La Niña years (years with the Niño
3.4 index below -1 standard deviation). Left panels refer to early winter
(Nov-Jan) and right panels to late winter (Feb-Mar).
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Figure S2: Absolute fields in late winter (Feb-Mar). Temperature of the
water column’s upper 50 meters under El Niño (left panel) and normal
(center panel) conditions. Units in ◦C. Black dots represent areas with
significant anomalies in Figure 8c). The 20◦C isotherm is contoured for a
better interpretation. Right panel represents, under normal conditions, the
meridional current averaged in the water column’s upper 50 meters (shaded;
units in 10 x m/s) and the wind stress (vector; units in N/m2). Black dots
highlight areas with positive significant anomalies in Figure 8d.
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Figure S3: In solid lines the linear correlation coefficients between the leading
sardinella mode (i.e., the corresponding PC) in JFM (year +1; see Figure
6a) and the Niño 3 (blue), Niño 4 (green), and Niño 3.4 (red) indices at
different time lags. The same is shown for: 1) the meridional current of
the water column’s upper 50 meters off Cape Blanc in early (dashed lines)
and late (dotted lines) winter, and 2) the temperature of the water column’s
upper 50 meters off Cape Blanc in late winter (dashed-pointed lines). The
region off Cape Blanc is defined as the area within the red square indicated
in Figure 8. Small, medium and large size of symbols (dots, squares and
triangles) represent correlations at the 99%, 95% and 90% confidence level
respectively according to the non-parametric test described by Ebisuzaki et
al., 2017. Finally, black dashed (dotted) line shows the correlation between
the leading sardinella mode and the zonal (meridional) wind stress averaged
within the green boxes indicated in Figure 8.
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Figure S4: Simplified representation of the round sardinella response
to El Niño. Upper panels corresponds to early winter and bottom panels
to late winter. Left panels correspond to normal conditions and right panels
to El Niño influenced conditions. Illustrated the absolute round sardinella
biomass, the anomalous biomass response to El Niño, the alongshore currents,
and the meridional evolution of the habitat quality of round sardinella
(depending on water temperature and food abundance in the water column’s
upper 50 meters) along the African coast.
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Figure S5: In solid line the averaged evolution, during El Niño years
and off Cape Blanc, of the observed sea surface temperature (from the
NOAA GHRSST V.2; https://podaac.jpl.nasa.gov/dataset/AVHRR_

OI-NCEI-L4-GLOB-v2.0) and the observed surface meridional current (from
OSCAR third degree resolution ocean surface currents; https://podaac.

jpl.nasa.gov/dataset/OSCAR_L4_OC_third-deg). In dashed line the same
evolution is shown for the modeled (ROMS-PISCES) water temperature and
meridional current averaged in the water column’s upper 50 meters off Cape
Blanc. In all cases the standardized monthly means are calculated in the
area within the red square indicated in Figure 8.
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