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habitat by analyzing the spatial-temporal variability of sardine egg distribution and density
extracted from the data collected over the period 1994—2015. Generalized additive models
(GAM) were used to detect the relationships between the sardine distribution, expressed as
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egg density and the presence or absence data and relevant hydrobiological environmental vari-
ables, such as salinity, temperature and zooplankton biomass. The generalized additive models
showed significant relationships between the environment variables (SST, SSS and Zooplank-
ton biomass) and sardine density, but not with sardine presence. Given that the study area
is characterized by high mesoscale features and significant upwelling activities, the variabil-
ity of upwelling processes could explain the changes of spawning ground position and thermal

window.

© 2020 Institute of Oceanology of the Polish Academy of Sciences. Production and host-
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The Moroccan Atlantic coast (36°N—21°N), located in the
central canary current system, is characterized by the pres-
ence of one of the four world’s major coastal upwelling
systems with year-round activity (Aristegui et al., 2009;
Benazzouz et al., 2015; Makaoui, 2008). In fact, the Mo-
roccan coastal upwelling is evidenced at the surface by
cold waters near the coast in response to the intensifi-
cation of northeasterly winds and Ekman transport along
the Moroccan continental shelf. The upwelling process pro-
motes high primary productivity by dispersing nutrients el-
ements and organisms over the surface layer, favoring the
blooming of phytoplankton concentration and the decrease
in sea surface temperatures in onshore direction. More-
over, the Moroccan upwelling region supports the highest
fish abundance, because of high year-round productivity
and favorable environmental conditions for larval survival
and recruitment (Abdelouahab et al., 2017; Berraho, 2007;
Brochier et al., 2009; Ettahiri et al., 2012), the majority
of catches are composed of small coastal pelagic similar to
those encountered in other coastal upwelling systems, with
a domination of the European sardine (Sardina pilchardus).

The European pilchard Sardina pilchardus (Walbaum,
1792) is an important, commercial pelagic fish species in
the north-west coast of Africa and especially in Morocco,
with a wide distribution area in the Mediterranean Sea,
and the northeastern Atlantic Ocean from the North Sea to
Senegal (Parrish et al., 1989). Northern and southern limits
seem to be related to the average water temperature, be-
ing located within 10 and 20°C isotherm (Furnestin, 1945).
Spawning occurs in open waters and larvae remain in plank-
ton for long periods (Olivar et al., 2001). In the Moroc-
can area, the exploitation of the southern stock started
in the late 1950s. Thus, the long-term catch of sardine
shows a gradual increase with peaks of landings of sardine
in the 1970s followed by a decrease in the 1980s and an
increase again in the 1990s to ~1 million tons per year
(Kifani, 1998). The constant exploitation of this resource
(for several decades) makes Morocco the leader among the
sardine-producer countries (where the total sardine catch
represents approximately 80% of the total Moroccan catch
in 2017, particularly in the southern region of Morocco,
between Cape Blanc (21°N) and Cape Boujador (26°N)). In
this area, sardine main spawning season occurs during the
cold season from autumn to winter (Abdelouahab, 2018;
Berraho, 2007, Ettahiri et al., 2012), and is characterized

by high productivity due to the permanent upwelling activ-
ity in the area which promotes food availability for larval
feeding.

Worldwide, small pelagic fish species stocks, exhibit
strong inter-annual fluctuations and instabilities, espe-
cially in the upwelling areas (Aristegui et al., 2009;
Brochier et al., 2009; Giannoulaki et al., 2013). Many hy-
potheses have been reported to explain biomass fluctua-
tions. Regardless overfishing, fluctuations may be the ef-
fect of climate changes (Alheit et al., 2012; Bonanno et al.,
2016; Malta et al., 2016), or other environmental condi-
tions (hydrodynamic circulations, water temperature, nu-
trient availability), or the location of the spawning habi-
tat which can be a limiting factor for the survival of the
eggs. The latter can also impact the juvenile stage and
dispersing across different habitats while minimizing pre-
dation and maximizing food intake (Ciannelli et al., 2015;
Drinkwater et al., 2010; Fréon et al., 2009). However, stock
variability of small pelagic appears to be the result of a suc-
cessful combination of processes enhancing eggs and larval
development (Bakun, 2010).

In Morocco, the large fluctuation in the abundance of Sar-
dina pilchardus species is one of the current problems of
the global fishery management. This research provides in-
formation over large spatial and temporal scales, from data
collected of sardine egg distribution, over the period 1994—
2015, in the southern part of the Moroccan coast (21°N—
26°N), which allows the tracking of the influence of the en-
vironmental conditions on the distribution of the European
pilchard by defining their potential spawning habitat in the
Northwest African coastal area.

2. Material and methods
2.1, Study area

In Ichthyoplankton surveys sardine egg sampling was carried
out in the southern area of the Moroccan Atlantic coast,
along the region Cape Blanc—Cape Boujador (21—26°N) (12
surveys: 1994—2015) (Table 1). Sampling stations were po-
sitioned to cover all the region between the coast and
the isobaths 1000 m and varying slightly from year to year
(Figure 1). The surveys focused mainly on the peak spawn-
ing period of sardine in this region (cold season). Ichthy-
oplankton samples were collected by a small 20 cm diame-
ter bongo net geared with a 417 um mesh. Plankton oblique
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Table 1  Survey period conducted in the study area.
Years Survey period
Season Begining of End of the Code
the survey survey
1994 Winter 17-jan 26-jan W94
1995 Winter 25-jan 04-feb W95
1997  Winter 20-jan 03-feb w97
1998 Winter 06-mar 23-mar W98
1999 Spring 12-apr 01-may S99
2003 Autumn 26-oct 11-nov AO3
2005 Autumn 05-dec 16-dec AO5
2007 Autumn 21-nov 02-dec AO7
2009 Winter 19-dec 10-jan W09
2011 Winter 06-jan 31-jan W11
2013 Autumn 28-nov 25-dec A13
2015 Autumn 20-nov 15- dec A15
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Figure 1  Example of a fish egg sampling plan network in the

study area during the autumn—winter periods 1994—2015.

tows were carried out to a maximum depth of 200 m leaving
5 m over the bottom when in shallower depths. The samples
were immediately preserved in 5% borax-buffered forma-
lin. The water volume filtered was measured by a flowme-
ter attached to the opening of the bongo net. In the labo-
ratory, sardine eggs were sorted from the ichthyoplankton
samples and counted. The depth and water volume filtered
were used to standardize abundance into egg 10 m~2.

Sea Surface Temperature (SST) and Sea Surface Salin-
ity (SSS) were recorded at each station with a SBE-911+
CTD. Zooplankton biomass (ZP) was calculated as wet

weight from 5% buffered formaldehyde preserved samples
(Wiebe et al., 1975) and expressed into mg m~3.

2.2. Data analysis

For the long-term variation of spawning location, the cen-
tre of gravity was calculated. The centre of gravity is the
mean location of the population, in our case, of the sardine
eggs in the period of the 2000s. Using the following formula
(Jenness, 2004), centres of gravity has been calculated:

_ > fixi v — > fiyi
2ifi 2ifi

X and Y: mean longitude and latitude respectively; fi: sar-
dine egg abundance at station i; xi and yi: the longitude and
latitude coordinates respectively of station i.

The spawning habitat preference of sardine was mod-
elled based on the egg data using Generalized Additive
Model (GAM) (Wood, 2006) to detect the relationships be-
tween sardine eggs and the environmental variables SST, SSS
and ZP.

The relationship between the presence/absence of sar-
dine eggs data and density data against the environmen-
tal variables were tested by the generalized additive model
(GAM). GAMs with a binomial error distribution and a logit-
link function were fitted to sardine binary data, while the
Gaussian distribution was used to model the density data
(only on given presence density) and where depths were not
beyond 500 m (where the majority of the eggs were found).
This analysis was performed using R 3.0.2 (R Development
Core Team 2014) and ‘mgcv’ package (Wood, 2001).

X

3. Results

3.1. Inter-annual variability of spawning
distribution and location

The distribution of sardine eggs abundances varied consider-
ably from year to year and from decade to decade showing a
large degree of inter-annual variability of sardine egg distri-
bution during the 2000s (Figure 2). Generally, the observed
egg distributions were restricted to near-shore waters ex-
cept for few stations whose depth exceeded 500 m.

In the period of 1990s, high abundances were reported
during 1994, 1995 and 1999 (maximum abundance: 23529
egg 10 m~2 in 1995), whereas the lowest abundances were
recorded in 1997 (maximum abundance: 216 egg 10 m~2).
In terms of spatial distribution, sardine eggs were concen-
trated between Dakhla and Cape Boujador during 1994,
1995 and 1997, whilst eggs were recorded more in the south,
between Cintra bay and Dakhla in 1998—1999.

In the 2000s, high to medium sardine eggs abundances
were found in 2003—2009, particularly between Cape Bar-
bas and the northern part of Dakhla, except for the 2005,
where the spatial distribution is patchy and spreads over the
most shelf of the region of Cape Blanc. Besides, in 2011—
2015, sardine egg abundance tends to decrease despite the
high values recorded in only one station in 2013 (68539 eggs
10 m~2). Spatially, sardine eggs were distributed between
Cintra Bay and Dakhla during 2002—2007, while eggs were
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Figure 2  Distribution of sardine egg abundance (egg m~2) in the study area during the autumn-winter periods 1994—2015.
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Table 2 Results of Generalized Additive Models (GAMs) for sardine eggs.

Presence/abscence

Estimate SE VA p-value p
Intercept -0.3064 0.1042 -2.94 0.00328 *
Term edf Ref.df X? p-value P
SST 1.000 1.001 1.195 0.274 n.s
SSS 1.656 2.030 1.850 0.402 n.s
ZP 1.492 1.830 2.765 0.216 n.s

Given presence data
Term Estimate SE YA p-value p
Intercept 56.927 0.1617 35.22 <2e-16 o
Term edf Ref.df F p-value P
SST 1 1 9.585 0.00231 o
SSS 1 1 5.855 0.01663 o
ZP 1 1 7.480 0.00693 *

Code of significance: *** 0.001; ** 0.01; * n.s.

found further north (southern part of Cape Boujador) in
2011-2015.

3.2. Long term variation of spawning location

To show the long-term variation, centers of gravity of
spawning location were calculated based on the location of
each grid weighted by the number of eggs for each year.
Generally, all sardine spawning areas were coastal areas
where maximum depths were not over 50 meters’ depth.

During the period of 1990s, the main spawning area of
sardine was observed between Dakhla (24°N) and the south
of Boujador (25°N). Throughout the 2000s, the mean centres
spawning gravity location showed changes between 2003—
2009 and 2011—2015 (Figure 3). The spawning position was
found concretely around Dakhla. Thus, in the early 2000s,
the spawning location was observed between Cintra Bay and
Dakhla, with the exception of 2005, where the main spawn-
ing occurred further down south, particularly near Cape Bar-
bas. Contrarily, during the period from 2011—-2015, a shift of
the spawning location of sardine was observed towards the
north of Dakhla.

3.3. Sardine spawning relationship with SST, SSS
and ZP

GAM modeling was used to explore the relationship of sar-
dine spawning with SST, SSS and ZP by using the density data
and the presence/absence data of sardine eggs acquired
from the time series data of surveys from 1994—-2015. The
results of the model are shown in Table 2. No significant
relationship was detected between the presence/absence
of sardine eggs with SST, SSS and ZP. However, a highly sig-
nificant linear relationship between egg abundance and SST,
SSS and ZP was observed. To confirm this linear relationship,
a multiple regression analysis was applied verifying its sta-
tistical significance (Table 3). Figure 4 shows the GAM plot
depicting the potential relationships of sardine egg abun-
dance and SST, SSS and ZP. The results of the GAMs anal-
ysis revealed that eggs are likely to be found at surface
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Figure 3  Centres of gravity of spawning location of sardine in
the study area.

temperatures between 18.5 and 22.5°C. Sardine eggs were
associated with lower values of salinities (< 36.4 psu).
Furthermore, eggs were more abundant in areas of high
biomass of mesozooplankton.

3.4. Spatial-temporal dynamics of the sardine
spawning habitat

The modelled potential spawning habitat of sardine covers
larger areas and is patchier during the period of the 2000s
(Figure 5b) than during the 1990s (Figure 5a). During the
1990s, the area with a probability of more than 50% egg
presence may be considered as a favorable area for sardine
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Results of Generalized Additive Models (GAM). The panels show the effect of SST: Sea surface temperature, SSS: Sea

surface salinity and ZP: Zooplankton biomass, on the distribution of sardine eggs.

Table 3 Result of multiple linear regression between egg
densities (positive stations) and environmental parame-
ters (SST, SSS and ZP).

Estimate  SE tvalue  Pr(>|t]) p
SST 0.318 0.114 2.785 0.006 o
SSS —1.638 0.687 2.385 0.018 *
ZP 0.002 0.001 —2.877 0.005 ok

Code of significance: *** 0.001; ** 0.01; * 0.05.

spawning. This area constricted to the coastal area between
Dakhla and the southern part of Cape Boujador (Figure 5a).

During the 2000s, the potential spawning area of this
species is more dispersed, from Cape Boujador to Cape Bar-
bas (Figure 5b). However, three areas of high egg probabil-
ities (> 75%) were identified: (1) between Cape Boujador
and 25°N, (2) in the Dakhla region and (3) between Cintra
Bay and Cape Barbas.

The offshore region between Cape Barbas and Cape Blanc
showed a low probability of sardine egg presence in both pe-
riods of the 1990s and the 2000s. The analysis of the average

and variability maps of egg presence of both periods allowed
the identification of a recurrent spawning area of high egg
probability (> 75%) located between Dakhla and Cape Bou-
jador. An occasional spawning area is located between the
northern area of Cape Barbas and Cintra Bay where the av-
erage probability of egg presence is high but showing high
variability. Offshore areas show low average probability of
sardine spawning according to data on egg presence and
likewise showing low variability (Figure 5c).

4. Discussion

Our samples were collected in the cold season coinciding
with the peak spawning period of sardine in this area. Dur-
ing the study period, sardine eggs abundances varied from
year to year. The distribution maps of sardine eggs revealed
high abundances in the period of 2003—2009 compared to
the 1990s, particularly in the coastal areas. In the winter
of 1997/1998, a decrease of the sardine eggs abundances
was observed. Indeed, the Moroccan stock of sardine has
experienced dramatic changes in terms of abundance, es-
pecially during the 1997/1998 spawning season. This period
corresponds to an El Nifo warming trend that increased
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map of sardine spawning area for the period of 2000’s. Bottom (c): average map of the probability of presence of eggs for the period

of 1994-2015.

temperatures in the study area (INRH, 2002) which may
have affected the optimal temperature regime for sardine
spawning.

The period 2011—2013 showed low sardine egg abun-
dances which only increased slightly in 2015. Considering
the sampling periods of each decade (in winter of 1990s
and in late autumn of 2000s), spawning variability between
the two decades can be attributed to seasonal variations,
jointly with the inter-annual variability of the environ-
mental conditions. Petitgas et al. (2013) found strong sar-
dine spawning variability in the Bay of Biscay, which corre-
sponded to inter-annual differences in temperature.

In the 1994—1999 period, the spawning ground of
the southern population of sardine was found between
Dakhla (24°N) and the south of Cape Boujador (26°N)
(Berraho, 2007; Ettahiri et al., 2012). During the period of
autumn-winter of the 2000s, sardine spawning grounds were
located in the south, particularly between Dakhla (24°N)
and Cintra Bay (23°N), except for the year 2005 and the
period between 2011—-2015. The high variability in the dis-
tribution of eggs between the spawning years and within the
same area is probably driven by environmental conditions.
Indeed, the inter-annual variability of the spawning ground
of sardine is related to the variability of the environmen-
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tal parameters (Berraho et al., 2005; Ettahiri et al., 2012)
which are influenced by the global environmental changes.
During the last decade, fish populations have decreased,
particularly regarding small pelagic fish stocks (INRH, 2014).
Bakun and Cury (1999) have noted that changes in the wind
intensity and the onset of the upwelling season can also
be related to changes in the main atmospheric circula-
tion patterns such as the North Atlantic Oscillation (NOA)
and the Pacific Decadal Oscillation (PDO) (Guisande et al.,
2004; Lindegren et al., 2013) and may cause fluctuations
in the abundance of the small pelagic year per year. In
general, the spawning habitat of small pelagic must con-
form to having suitable hydrophysical conditions (e.g., tem-
perature, salinity and availability of food), the necessary
trophic resources, and the coexistence of relatively few
predators (Weber et al., 2015). In the Moroccan coast off
Northwest Africa, sardine spawning is observed within an
optimal temperature range of 16—18.5°C (Ettahiri et al.,
2003; Furnestin and Furnestin, 1959).

Generally, a preferential spawning habitat must comply
with favorable conditions for spawning of a given species,
particularly defined by its hydroclimatic features and the
necessary trophic resources, as well as, being surrounded
by few numbers of the predator spectrum (Weber et al.,
2015). The optimum spawning habitat of sardine off NW
Africa has been defined by assessing the link between sar-
dine egg densities and their presence/absence data with
the implementation of a Generalized Additive Model (GAM).
The relative presence/absence egg data did not show any
significant relationship with SST, SSS and ZP. However, the
results of the Generalized Additive Model indicate a signif-
icant linear relationship (p < 0.05) between the referred
environmental variables and the egg density data. The pre-
dicted model showed that sardine was mostly to be found
at sea surface temperatures between 18 and 22°C. How-
ever, the results of the quotient analysis carried out in
the 1990s showed that the preferred temperature ranges
from 15.5 to 17.5°C (Berraho, 2007; Ettahiri et al., 2012).
The results of the GAMs imply that the preferred tempera-
ture range for the sardine spawning has shifted to a higher
temperatures regime possibly consequent with the global

The annual-mean SST (Sea surface temperature) during 1982—2011 for SSTmax (red line), SSTmin (blue line) and CUI
(Coastal upwelling index; thick black line) (Benazzouz et al., 2015).

warming trend in this region (Benazzouz, 2014). Changes
in the preferred environmental conditions may also be due
to a direct consequence of changes in the location of sar-
dine spawning grounds through time, as reported in pre-
vious studies (van der Lingen et al., 2001, 2006). In the
southern Benguela region, sea surface temperature expe-
rienced a warming trend during the 2000s period which ac-
counted for the changes in the spawning distribution pat-
terns as suggested by Roulaut et al. (2010) and which was
confirmed by a gradual eastward shift of spawning habitat
of sardine as a response to this warming (Mhlonogo et al.,
2015). In this climatic context, Peck et al. (2013) argued
that sardine is an excellent bio-indicator of the climate-
driven changes in marine systems. Indeed, these authors
suggested a dependence of preferred SST ranges for the
European sardine spawning in the function of their geo-
graphical location. Thus, at decadal scales, these ther-
mal preference variations for spawning can be attributed
to significant sea surface temperature variability, as sup-
ported by Benazzouz et al. (2014; 2015) that found signif-
icant changes in temperature between the 1990s and the
warming trend beyond the 2000s. This warming trend is ob-
served in the coastal and oceanic parts of the Canary Cur-
rent region, as observed from the thermal field trends from
1998 to 2014, also visible in the southern part of the Mo-
roccan Atlantic (Figure 6). Similarly, thermal conditions in
the Benguela current ecosystem have recently evolved to-
wards a warming period (Rouault et al., 2010), and corre-
spondingly, sardine and anchovy spawning distribution pat-
terns seem to have followed accordingly to these changes
(Mhlongo et al., 2015). Both species are considered climate
change bio-indicators of marine ecosystems (Peck et al.,
2013), due to their capacity to respond to climatic changes
(Mhlongo et al., 2015). In the Benguela ecosystem, sin-
gle parameter quotient applied yearly from 1988 to 2009
highlighted a wide range of the preferential temperature
from 16—22°C for the Benguela sardine spawning (Sardinops
sagax) (Mhlongo et al., 2015). The salinity range in which
sardine eggs were found was wide (35.7—36.4) and within
the same range described previously (Berraho et al., 2005;
Ettahiri et al., 2003). The GAM’s results suggest that the
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availability of food is one of the biotic factors involved in
selecting a suitable habitat for spawning.

According to the results observed in 2004, there is a
synchrony between the abundance of ichthyoplankton and
zooplankton, which showed an overlap of zooplankton and
fish egg distributions, promoting a favorable habitat for the
future larvae. In fact, Chicharo et al. (2003) studying the
nutritional conditions of sardine larvae found a significant
correlation between zooplankton biomass and specifically
on the microzooplankton fraction with the RNA/DNA ratio.
Similarly, seasonal and annual variability of the potential
spawning habitat of sardinella (Sardinella aurita) has been
observed associated with planktonic biomass, thus providing
favorable feeding conditions for larval survival after spawn-
ing (Mbaye et al., 2015).

The GAMs analysis revealed a significant relationship be-
tween sardine eggs sand zooplankton biomass, where egg
abundance is related to higher zooplankton biomass. Sar-
dine regulates trophic links between zooplankton and the
upper trophic level of fish constituting a midtrophic level
in highly productive ecosystems (Cury et al., 2000). In fact,
most eggs are found in similar sites presenting similar en-
vironmental conditions to those in which the spawning oc-
curred (Weber and McClatchie, 2010). These results suggest
that food availability is among the biological factors con-
tributing to the selection of suitable spawning habitat.

The temporal variability of environmental conditions not
only influences spawning habitats but also impacts the
spatial dynamics in terms of spawning ground’s distribu-
tion of different sardine populations (Bellier et al., 2006;
Gigliotti et al., 2010; Mhlongo et al., 2015; Planque et al.,
2007; van der Lingen et al., 2001).

The location of suitable spawning areas was assessed
based on the analysis of the probability of occurrence of
eggs during two decades, the 1990s and the 2000s. As a re-
sult of this study, a strong inter-decadal variability in the
spatial positioning of spawning grounds was determined. In
the 1990s, a restricted area of a high probability of egg
occurrence was identified near the coast at a latitude of
25°N where sardines spawned regularly every year. This was
a large area characterized by its inter-annual variability of
sardine egg production. In the 2000s, areas of high spawn-
ing probability were more spatially spread out. In addition,
over the entire period from 1994—2015, three categories of
spawning habitats were identified by Bellier et al. (2006): a)
a persistent spawning area where the spawning is observed
every year being delimited by 24°30—25°30'N; b) an occa-
sional spawning area where sardines spawned variably from
year to year in the spatial extension from southern Cape
Boujador to Cintra Bay and c) unfavorable spawning areas
where quasi-absence of sardine eggs in this area is observed
which is likely due to hydrographic features causes rather
than spawning.
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