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The biophysical model

Hydrodynamic	
(ROMS)

Bio-geochemical	
(ROMS-PISCES)

Larvae

Juvenile Egg

Adult

Life-cycle	
(Evol-DEB)

6 km, 32 vertical levels, daily archived simulation (1980-2009) ~1000 individuals	
Time step = 1 hAuger et al. (2015) (AGRIF-2 ways)

Submodels for each individual:  
• Energy Budget 
• Early life dynamics 
• Adult migrations
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Submodel : Early-life stage

• Buoyant egg	

• Neutral yolk-sac larvae	

• Diurnal Vertical Migrations of active larvae	

• Progressively increasing horizontal 
swimming capacities (~ Body length/s)

Time since 
spawning

spawn
~2 days ~10 days

eggs(buo
yant)

yolk sac larvae 
(passive)

Active larvae 
(vertical migration)

~30 days

Juvenile 
(active swimming)

Hot spots for reproduction success
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Submodel : Bioenergetic

Pecquerie et al.: Reconstructing food from biogenic carbonates 153

Three energy fluxes determine the dynamics of the
state variables: assimilation pA, growth pG and dissi-
pation pD (Fig. 1a). The assimilation process A trans-
forms food into reserve and metabolic products (e.g.
faeces and CO2) (Fig. 1b,c). The growth process G
transforms reserve into structure and metabolic prod-
ucts (e.g. CO2). The dissipation processes D trans-
form reserve into metabolic products (e.g. CO2) and
energy used for maintenance and development pro-
cesses. Somatic maintenance has priority over
growth. In prolonged starvation conditions, i.e. when
somatic maintenance costs cannot be covered by
reserve energy, an adult can mobilize reserves previ-
ously allocated to reproduction (ER) to cover these
somatic maintenance costs (Pouvreau et al. 2006, Pec-
querie et al. 2009), but an individual would die if it is
a juvenile, i.e. has no reproduction buffer, or if the
reproduction buffer cannot cover somatic mainte-
nance costs. Equations of the model are provided in
Table 1; these equations are given for scaled state
variables with no energy dimension (see Pecquerie et
al. 2009).

Biogenic carbonate formation

Our objective was to link the accretion formation
of a biogenic carbonate, i.e. the amount of material
that precipitates as well as some optical properties
of this material (opacity or color), to the metabolism
of an organism. Our main assumption was that bio-

genic carbonates can be defined as metabolic ‘prod-
ucts’ in the context of DEB theory (Fig. 1d). Like
mammal hairs or tree bark, biogenic carbonates do
not require maintenance. Hence they cannot be con-
sidered as part of the structural volume V of an indi-
vidual. They are also not readily available for
growth or somatic maintenance and thus cannot be
part of the reserve E.

We assumed that there is no remobilization of ma -
terial once precipitated. Such remobilization, or dis-
solution, has only been suggested in extremely stress-
ful conditions in otoliths (Mugiya & Uchimura 1989)
and in anaerobic conditions for bivalves (Rhoads &
Lutz 1980).

Product formation can be expressed as a weighted
sum of the 3 organizing fluxes: assimilation, growth
and dissipation (Kooijman 2010). The change in vol-
ume of a calcified structure VC is thus given by:

(1)

where νA, νG, and νD are the coefficients (cm d−1) of
the assimilation A, growth G and dissipation D contri-
butions, respectively. Some of these coefficients can
be zero, as shown in Fig. 1b for faeces production,
which is coupled to assimilation only. As in Pecquerie
et al. (2009), fluxes are scaled by {pAm}, the maximum
surface-area-specific assimilation rate, to remove the
energy dimension. This scaling reduces the number
of parameters to estimate; the flux equations in
Table 1 are simplified when scaled by {pAm}.

d
dt

V
p

p p p
Am

A A G G D DC = + +1
{ }

( )ν ν ν

Fig. 1. (a) Energy and mass fluxes in a standard Dynamic Energy Budget model. The 3 organizing fluxes are represented: (1) as-
similation pA, (2) dissipation pD = somatic maintenance pM + maturity maintenance pJ + development pR (embryo and juvenile),
and (3) growth pG. Three examples of metabolic ‘products’ are shown: (b) faeces, contribution from assimilation only; (c) CO2, con-
tributions from the 3 transformations; and (d) carbonate structure (here an otolith), contributions from growth and dissipation

INPUT DEB MODEL

—> The Dynamic Energy Budget (DEB) : 

OUTPUT

Weight

Fecundity/Egg size

Body Length
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Each individual grow and mature according to environnemental conditions



Submodel : Horizontal movement

• Advection + Swimming

K.S. Watkins, K.A. Rose / Ecological Modelling 250 (2013) 214– 234 217

Fig. 1. Four growth (Gc,r; a–d) and mortality (Mc,r; e–h) multiplier gradients used to train and test movement sub-models. The cell quality (Gc,r − Mc,r) grids (i–l) are provided
to  aid in visualizing overall habitat quality; note that the quality value assumes that growth and mortality are weighted equally.

was designed to increase the noise on G′ and M′ from about 30%
at a distance of 2 cells to about 70% at the maximum distance of 5
cells. When evaluating Qc,r for the current cell and the immediately
neighboring cells, Rh was set to 0.

After determining habitat quality Qc,r for each cell in the neigh-
borhood, individuals moved toward the center of cell with the
highest Qc,r value, with some noise added. Movement was  deter-
mined as the swimming angle and swimming speed. The swimming
angle (!base, radians) was the angle formed by the hypotenuse con-
necting the current location with the center of the target cell and
the side of that triangle along the x axis. Uniform noise of between
plus and minus R! was added to the angle: !(t) = !base + R! · ε. The
parameter R! was the maximum degree of error added to the swim-
ming angle, and ε was a uniform random number between −1 and 1.
Noise on swimming speed (m/s) was calculated in a similar way  as
! : SS = SSbase + RSS · ε. The SSbase parameter was the baseline swim-
ming speed (0.5 body lengths/s) and RSS was the maximum degree
of error. The x and y components of velocity were calculated from
swimming speed and !:

Vx(t) = SS · Li(t)

103 · cos(!(t)) (7)

Vy(t) = SS · Li(t)

103 · sin(!(t)) (8)

2.4.2. Kinesis
Kinesis calculated the x and y velocities of an individual as the

sum of inertial (f) and random components (g).

Vx(t) = fx + gx (9)

Vy(t) = fy + gy (10)

Both components depended on how close the habitat quality
in the cell was to a pre-defined optimal value (Qopt). The same
basic definition of habitat quality as used in restricted area search
was used with kinesis, but only applied to the current cell because
kinesis did not use information in neighboring cells:

Qc,r = ı + (1 − ı) · G′ − ı · M′. (11)

Eq. (11) calculates a weighted sum of M′ and G′ that is shifted
by ı so that Qc,r ranges from 0 to 1. The difference between habitat

quality in the current cell and optimal habitat quality (#Q) was
then computed:

#Q  =

{
Qc,r − Qopt if Qc,r < Qopt

0 if Qc,r ≥ Qopt
(12)

The value of #Q  determined how much the inertial velocity
was emphasized over random velocity when they were summed
to obtain total velocities in the x and y dimensions. The inertial
component was calculated as:

fx = Vx(t − 1) · H1 · e−0.5(#Q/$Q )2
(13)

fy = Vy(t − 1) · H1 · e−0.5(#Q/$Q )2
(14)

where $Q was  equivalent to the standard deviation parameter of a
Gaussian distribution, and H1 determined the height of the func-
tion. Eqs. (13) and (14) multiply the velocity computed for the
previous time step by a function that is the ascending part of a
Gaussian distribution. Only the lower tail was evaluated because
Qc,r was  not allowed to exceed Qopt (see Eq. (12)).

The random component was calculated also using a Gaussian
shaped function:

gx = εx · (1 − H2 · e−0.5(#Q/$Q )2
) (15)

gy = εy · (1 − H2 · e−0.5(#Q/$Q )2
) (16)

where H2 determined the height of the function, ε was a random
deviate from a normal distribution with a mean of

√
0.5 · ϕ2 and

a standard deviation of 0.5 · ϕ, and ϕ was the maximum sustained
velocity in m/s. The value of ϕ was  computed from a specified max-
imum swimming speed (SSmax, body lengths/s), which was  set to
1 body length/s (i.e., ϕ = SSmax·L(t)/103). We  selected a maximum
speed of 1 body length/s in order to produce a realized average
speed of about 0.5 body lengths/s, which is consistent with the
baseline swimming speed of the other three sub-models.

2.4.3. Event-based
Event-based movement assumed super-individuals detected

high growth (G′) and high mortality (M′) in cells, and then enacted
one of several pre-defined behaviors in response to the growth or
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Fig. 1. Four growth (Gc,r; a–d) and mortality (Mc,r; e–h) multiplier gradients used to train and test movement sub-models. The cell quality (Gc,r − Mc,r) grids (i–l) are provided
to  aid in visualizing overall habitat quality; note that the quality value assumes that growth and mortality are weighted equally.
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Fig. 1. Four growth (Gc,r; a–d) and mortality (Mc,r; e–h) multiplier gradients used to train and test movement sub-models. The cell quality (Gc,r − Mc,r) grids (i–l) are provided
to  aid in visualizing overall habitat quality; note that the quality value assumes that growth and mortality are weighted equally.
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at a distance of 2 cells to about 70% at the maximum distance of 5
cells. When evaluating Qc,r for the current cell and the immediately
neighboring cells, Rh was set to 0.
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was used with kinesis, but only applied to the current cell because
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Event-based movement assumed super-individuals detected

high growth (G′) and high mortality (M′) in cells, and then enacted
one of several pre-defined behaviors in response to the growth or

• Habitat quality index: Trade-off between 
local mortality and growth index)

• Growth index: Food x Temperature preference

G = growth index 
M = mortality index

• Swimming algorithm: « Kinesis »:	
        (~ random walk within the « habitat » )

Target 
Temperature
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Model Processes responsible for the population traits

Larval retention patterns
3 main nursery area: 
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Coastal Current Advection
Canary current (Upwelling jet)—> shift population southward
Mauritanian current—> shift population northward

Model Processes responsible for the population traits

Without advection (IFD)

With advection

Sensitivity test 1: 

Removing the advection 
component on individual 

movement

—> shift the focal area 



Coastal Current Advection Vs Swimming Behavior

Model Processes responsible for the population traits
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Guinee
South Senegal
North Senegal
Mauritania
Sahara Bank

No Advection -  
Neutral swimming behavior

(Habitat = continental shelf, 
whatever temperature and food)

—> No migration 
—> Variability = Recruitment

Sensitivity test 2: 



Model Processes responsible for the population traits
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Guinee
South Senegal
North Senegal
Mauritania
Sahara Bank

Neutral swimming behavior 
+ Current advection

—> Variability = Recruitment+transport

—> Sardinella expelled 
from Sahara Bank

—> Transport Mauritania to Senegal 
month 4-7, opposite 9-11

Coastal Current Advection Vs Swimming Behavior

(Habitat = continental shelf, 
whatever temperature and food)

Sensitivity test 3: 



Model Processes responsible for the population traits

Seek for high food plankton 
concentrations 
 —> upstream movement
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Guinee
South Senegal
North Senegal
Mauritania
Sahara Bank

Coastal Current Advection Vs Swimming Behavior

Active swimming behavior  
+ Current advection

(Habitat = continental shelf with food)

—> Seek for food = increased 
presence in Sahara Banc

Sensitivity test 4: 



Model Processes responsible for the population traits
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Guinee
South Senegal
North Senegal
Mauritania
Sahara Bank

Coastal Current Advection Vs Swimming Behavior

Seek for natal temperature 
ranges  
!
—> Spawning on Sahara Bank

Active swimming behavior 
+ Current advectionSensitivity test 4: 



Model Processes responsible for the population traits

—> inter-annual 
variability due to 
variable size of the 
« home population » of 
the Sahara Banc
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Coastal Current Advection Vs Swimming Behavior

Sensitivity test 4: 



Model Processes responsible for the population traits
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Guinee
South Senegal
North Senegal
Mauritania
Sahara Bank
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—> Weakening of the southward upwelling jet in 1994

Coastal Current Advection Vs Swimming Behavior

—> Increasing reproduction on the Sahara Banc



Model Processes responsible for the population traits
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Emergeant population traits for round sardinella in North-West Africa

Model Fish length distribution

—> Bigger fish are better swimmer, thus more present in the north

Coastal Current Advection Vs Swimming Behavior



Processes responsible for the population traits

2) Coastal current advection 
—>  latitudinal shift

1) Larval retention patterns 
—> recruitment

3) Swimming behavior !
—> Target Habitat Quality 
—> Spatial size pattern

Summary 
3 main processes in interaction: 

WinterSummer

Summer



Effect of Climate change on Sardinella in the Canary Current

Current Model 
!

- Focal area ~ 17-21°N 
(Permanent upwelling 
area) 
!

- Summer: —> 27°N 
(except if upwelling too 
strong) 
!

- Winter —> 10°S

+
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Upwelling favorable wind

Upwelling relaxation

Sardinella focal area



Effect of Climate change on Sardinella in the Canary Current

+
Winter Summer

Sa
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in
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la

IPCC AR5:  
!

- Intensification of upwelling 
winds in the poleward 
portion of the CUS in 
summer 
!

- Intensification of 
subtropical anticyclone 

!
—> Northward shift of the 
permanent upwelling area?

Sa
rd

in
el

la

- —>  If the northward shift of 
permanent upwelling area exceed 
~4°, the focal area off Mauritania 
might disappear

Upwelling favorable wind

Upwelling relaxation

Gap area









Astronomically forced insolation changes have driven
monsoon dynamics and the periodical onset of humid
episodes in North Africa over the last few million years,

resulting in the ‘greening’ of the Sahara and savannah expansion
throughout most of the desert at times1. These so-called African
humid periods (AHPs) were the consequence of a remarkable
transformation of the hydrological cycle over North Africa,
related to the intensification of the African summer monsoon in
response to increased insolation and subsequent northward
migration of the Intertropical Convergence Zone (ITCZ).
Changes in the position of this rain belt led to the development
of important fluvial networks over the Sahara area, which resulted
in enhanced freshwater delivery to the surrounding oceans
(Fig. 1). Marine sediment records from the Mediterranean and
Atlantic margins have provided consistent evidence of monsoon
variability in northern Africa since the middle of the Pleistocene1.
The succession of past AHPs is probably best documented by the
deposition of organic-rich sediment layers (sapropels) in the
Eastern Mediterranean basin, which has been linked to periods of
enhanced discharge from the Nile River back to the Pliocene2.
The most recent AHP, during the early Holocene, spans from
B11,700 to 5,000 years BP3–6 and is well recorded in a number of
marine sedimentary archives from the Gulf of Guinea to the
Northeastern Tropical Atlantic Ocean, the Mediterranean margin
and the east of Africa5–10.

Off the Western African margin, a region that lies today under
the main corridor of Saharan dust plumes, fluvial signals have
been identified in deep-sea sediments dated from Marine Isotope
stage 5 (ref. 11; that is, B120 kyr ago) and the early
Holocene5,11,12 (Fig. 2). These sediment layers are characterized
by a marked increase in the proportion of fine grain-size mineral
particles typical of river-borne material5,11,12, contrasting with
the coarser aeolian deposits generally found in this particular
region at present13, and hence implying enhanced transport
of river sediments at these times from the continent to the
Mauritanian ocean margin. However, in the present-day climatic
context, no permanent fluvial discharge occurs in Western

Sahara. In fact, between the Moroccan margin (B30 !N) and
the Senegal River mouth (B16 !N), only small wadis seasonally
reach the Atlantic14.

Recently, a spectacular 400-km-long submarine channel
system—the Cap Timiris Canyon—has been discovered on the
western Sahara margin off Mauritania15 (Fig. 1). Large-scale
submarine channels generally occur off major river mouths;
therefore, the Cap Timiris Canyon was one of the very first
channel systems of this kind to be identified offshore a desertic
region15. These recent findings imply that the Cap Timiris
Canyon was connected to a major river system in the past12,15–17.
In fact, a Simulated Topological Network (STN) for potential flow
pathways constructed from a digital elevation model also argue
for the existence of a large river system in Western Sahara18,
taking its sources from the Hoggar Highlands and the southern
Atlas mountains in Algeria (Fig. 1). This so-called Tamanrasett
River valley has been described as a possible vast ancient
hydrographic system that would rank twelfth at present among
the top 50 largest drainage basins worldwide18. Although a
putative link between the Tamanrasett paleoriver and the Cap
Timiris Canyon has been already suggested previously12,15–17,
direct evidence of any fluvial activity and of a connection to the
canyon has never been found on the continent.

In this paper, based on remote-sensing data, we identify
the presence of a large paleodrainage network on the arid
Mauritanian coast, shallowly buried at present under aeolian
sediments. Combined with other geomorpholgical and sedimen-
tary lines of evidence available in the literature, our findings
suggest that a major river system was indeed reactivated during
some of the humid periods of the last 245 kyrs, thus likely
contributing to the delivery of sediments to the Tropical Atlantic
margin at those times.

Results
PALSAR subsurface geomorphology probing in arid regions.
To provide further constraints on the link between past sediment
discharges to the Tropical Atlantic margin and fluvial activity in
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Figure 1 | Hydrological context of Africa. Map of the main rivers of the Mediterranean, West African Tropical and Equatorial margins and associated
watersheds. The present-day active Nile, Senegal, Niger, Sanaga and Congo rivers watershed are drawn in light blue (adapted from the USGS HydroSHEDS
database). The outlines and the main course of the Tamanrasett paleowatershed18 are drawn in blue and grey, respectively. The newly identified
Tamanrasett paleodrainage (this study) as well as Cap Timiris Canyon15 (Fig. 4) are drawn in dark blue. January and July present-day ITCZ positions
(dotted lines) as well as GeoB7920 core, ODP658 and ODP967 sites used in Fig. 2 are also plotted.
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African humid periods triggered the reactivation of a large river system in 
Western Sahara      Skonieczny et al., 2015
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Historical hypothesis for 
adult seasonal trajectory:

(Boely et al. 1979)

(Corten et al. 2012)
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Looking at others EBUS small pelagic fish

1) Larval retention

2) Coastal current advection

3) Swimming behavior



Looking at others EBUS small pelagic fish

Southern BenguelaRoy, van der Lingen, Coetzee and Lutjeharms316

Figure 8: Schematic drawing of the environmentally mediated anchovy shift hypothesis, showing the annual mean cross-shelf SST gradient
over the central Agulhas Bank from October to December for the period 1982–2005 (graph), and decadal trend and anchovy distribution
maps for 1983 (redrawn after Hampton 1987), 1988 and 1998. Survey transects are superimposed on the distribution maps

on the Agulhas Bank and an important prey item for
anchovy. However, the relative copepod biomass levels
west and east of Cape Agulhas before and after 1996
remain undetermined. 

That the ambient food environment east of Cape Agulhas
is better than west of it for pelagic fish is supported by data
on the lipid content of anchovy collected during spawner
biomass surveys. Those studies suggest that anchovy east

of Cape Agulhas have a higher lipid content than do their
counterparts to the west of Cape Agulhas (van der Lingen
et al. 2002, CDvdL unpublished data). Whereas that result
is preliminary, the same spatial pattern is seen for sardine
Sardinops sagax; those east of Cape Agulhas are in signifi-
cantly better condition than those to the west (van der
Lingen et al. 2006a). Fish in good condition produce better
quality eggs than those in poor condition (e.g. Morimoto

Roy et al., 2007


