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Abstract :   
 
In order to better understand ecosystem functioning under simultaneous pressures (e.g. both climate 
change and fishing pressures), integrated modelling approaches are advocated. We developed an end-
to-end model of the southern Benguela ecosystem by coupling the high trophic level model OSMOSE 
with a biophysical model (ROMS-N(2)P(2)Z(2)D(2)). OSMOSE is a spatial, multispecies, individual-based 
model simulating the whole life cycle of fish with fish schools interacting through opportunistic and size-
based predation. It is linked to the biogeochemical model through the predation process; plankton groups 
are food for fish and fish apply a predation mortality on plankton. Here we describe the two-way coupling 
between the models and follow a pattern-oriented modelling approach to validate the simulations. At the 
individual level, model outputs are consistent with observed diets for several species from small pelagic 
fish to top predatory fish, although biases emerge from underestimation of macrozooplankton and lack of 
vertical structure. At the population level, the seasonality of the size structure is similar between the model 
and data. At the community level, the modelled trophic structure is consistent with the knowledge available 
for this ecosystem. The structure of the foodweb is an emergent property of the model, showing trophic 
links between species, their strength and the strong connectivity observed. We also highlight the capacity 
of this model for tracking indicators at various hierarchical levels. 
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Introduction 42 

 43 

While the ecosystem approach to fisheries has been advocated for a decade (FAO 44 

2003), a related concern has grown about the effects of global change on marine ecosystems. 45 

Climate change and overfishing have been proved to have combined impacts on marine 46 

ecosystems, so both drivers need to be considered simultaneously in analysing dynamics of 47 

marine ecosystems (Cury et al. 2008, Hsieh et al. 2008, Link et al. 2010, Travers-Trolet et al. in 48 

prep). Climate and fishing affect the dynamics of particular species, but they may also affect the 49 

entire food web, not only in terms of flux intensity, but also in terms of structure and dominant 50 

pathways (Shin et al. 2010). With the challenge to predict future impacts of global change, the 51 

use of innovative tools has been encouraged, and the development of end-to-end models is one 52 

of the tracks to follow (Travers et al. 2007, Rose et al. 2010, Fulton 2010). Existing methods also 53 

need to be improved to suitably address ecosystem dynamics in a changing environment and for 54 

predicting the combined effects of overfishing and global warming on marine food webs. 55 

Difficulties are encountered with non-mechanistic statistical models for producing robust 56 

predictions because we are facing completely new situations of global change causing a lot of 57 

ecological surprises, such as unanticipated shifts or species collapses, which are associated with 58 

non-linear systems (Pine et al. 2009, Lindenmayer et al. 2010, Shin et al. 2010). In the current 59 

modeling landscape, there is a limited but increasing choice of existing mechanistic models for 60 

assessing the effects of both fishing and environment (Fulton 2010). Applications of the 61 

ecosystem model Ecopath with Ecosim (Walters et al. 1997) have started to address the effects 62 

of both fishing and climate change in a more explicit way (Field et al. 2006, Araújo et al. 2006, 63 

Mackinson 2009), but as the trophic control of interactions between species is fixed (through 64 

vulnerability coefficients), this model is probably not flexible enough to address the effects of 65 

important changes in climate and fishing drivers which may induce shifts in food web structure.  66 

 67 

Still at a pioneering stage, end-to-end models aim to represent the whole ecosystem in its 68 

environment. In such models, physical and biological processes are integrated at different scales 69 
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and two-way interactions are considered between ecosystem components. Finally these models 70 

account for the dynamic forcing effect of climate and human impacts at multiple trophic levels and 71 

in an explicit way (Travers et al. 2007). Our objective is to develop such an end-to-end model by 72 

coupling two distinct models, one of low trophic levels (LTL) and one of high trophic levels (HTL), 73 

to address combined effects of global changes on the structure and function of marine food webs. 74 

We chose to couple OSMOSE (Shin and Cury 2001a, 2004), a multispecies individual-based 75 

model of HTL communities with a coupled hydrodynamic-biogeochemical model of plankton. 76 

Linking the models is realized through predation, used as a two-way coupling process. Predation 77 

is the process involved in the transfer of biomass between organisms in the marine environment 78 

and thus is the key to propagation of fishing and environmental effects up and down the food 79 

web. In our coupled model, predation is characterised by size-based opportunism, which has 80 

been discussed in numerous empirical studies of marine food webs (e.g. Scharf et al. 2000, 81 

Jennings et al. 2001, Ménard et al. 2006).  82 

 83 

 The coupled model described here represents the 3D dynamics of physical variables 84 

such as currents, salinity and temperature. It also represents planktonic groups from 85 

phytoplankton to large zooplankton, and finally fish species with all life stages of fish from eggs 86 

and larvae up to adults being explicitly represented and which can be subjected to fishing activity. 87 

Thus, the major components of the ecosystem are represented as well as major physical and 88 

anthropogenic forcing factors. Moreover, the effects of these drivers can propagate up and down 89 

the food web through the predation process, which is represented in both models and in linking 90 

them, making all trophic levels susceptible. Finally, because predation is modelled as an 91 

opportunistic process, the food web structure can change under pressure of global changes and 92 

provides an emergent property of the model. 93 

 94 

 The objective of the paper is to thoroughly describe the different steps involved in the 95 

development and application of the end-to-end model of the southern Benguela ecosystem. In a 96 

first part the coupled model is described, focusing on the plankton model ROMS-N2P2Z2D2 first, 97 
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then on the multi-species model OSMOSE and finally on the two-way coupling process linking 98 

both models. Then we present the method used to calibrate the model, based on evolutionary 99 

algorithms. We validate the model applied by comparing output with independent data from the 100 

southern Benguela ecosystem at multiple levels, following the pattern-oriented modeling 101 

approach advocated by Grimm et al. (2005). Finally we discuss the model output and its potential 102 

for studying marine food webs and assessing the combined effects of global change on 103 

ecosystems. A separate paper uses the coupled model to assess the combined effects of fishing 104 

and climate change on the Benguela ecosystem (Travers-Trolet et al. in prep). 105 

 106 

 107 

 108 

Materials and Methods 109 

 110 

At one end of the coupled model, the LTL model is a biogeochemical model representing 111 

the dynamics of phytoplankton and zooplankton communities split into boxes according to their 112 

size and forced by a hydrodynamic model. At the other end, the HTL model OSMOSE is a size-113 

based and multispecies model in which no pre-determined diets are prescribed, allowing the food 114 

web to emerge from local predation interactions. Developed and applied separately to the 115 

southern Benguela ecosystem, these models have undergone some changes in order to couple 116 

them. We present these changes here.  117 

 118 

 1. The LTL model: ROMS-N2P2Z2D2 119 

 120 

ROMS (Regional Ocean Modeling Systems, Shchepetkin and McWilliams 2005) is a 121 

three-dimensional hydrodynamic model that has been applied to the southern Benguela system 122 

(Penven et al. 2001). The “Plume” configuration uses a curvilinear grid extending from the 123 

Agulhas Bank on the South coast of South Africa to Hondeklip Bay (30°S–17°E) on the West 124 

coast (Figure 1A), with a horizontal resolution ranging from 18 km at the coast to 31 km offshore, 125 
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and 20 sigma layers vertically. The model is forced by monthly climatology fields derived from the 126 

Comprehensive Ocean-Atmosphere Data Set (COADS) (Da Silva et al. 1994), including wind 127 

stress and heat flux at the sea surface and runs with a time step of 20 minutes.  128 

ROMS has been coupled to a biogeochemical model of plankton by Koné et al. (2005), in 129 

which the classical NPZD compartments (for Nutrients, Phytoplankton, Zooplankton and Detritus) 130 

are each split into two compartments mostly according to size. Ammonium and nitrate form the 131 

two nutrient pools, micro- and meso-phytoplankton and micro- and meso-zooplankton 132 

compartments respectively represent the dominant communities of flagellates and diatoms for 133 

phytoplankton, and ciliates and copepods for zooplankton; the detritus box is split into slow 134 

(small) and fast (large) sinking detritus (Figure 2).  135 

This N2P2Z2D2 model simulates fluxes of nitrogen between compartments expressed in 136 

mmol. N.m
-3

. Nitrogen is the classic currency used in plankton models as it is generally 137 

considered to be the main limiting nutrient to primary production and allows one to disentangle 138 

new and regenerated production (Fasham et al. 1990). Furthermore, Andrews and Hutchings 139 

(1980) and Probyn (1992) have shown nitrogen to be the limiting nutrient in the southern 140 

Benguela ecosystem. Phytoplankton growth rate (µp) is limited by three factors: light intensity 141 

(PAR: photosynthetically available radiation), temperature (T) and nutrients concentration (N), as 142 

expressed in the following equations. 143 

 144 

 ). (NμT)(PAR,μ=μ ppp   (Eq.1) 145 
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with  being the initial slope of the phytoplankton-irradiance curve, a and b, parameters of the 149 

light-saturated growth, and kNH4 and KNO3 being the half-saturation constants for ammonium and 150 

nitrate uptake respectively. 151 

Light limitation (Equation 2) depends on the PAR, calculated at each time step and is spatially 152 

variable according to the surface irradiance and the chlorophyll concentration. It also varies 153 

according to temperature through the Vp term, which is the light-saturated growth. Equation 3 154 

represents nutrient limitation, following Michaelis-Menten formulation, with inhibition of nitrate 155 

(NO3) uptake by high concentration of ammonium (NH4). Phytoplankton groups also undergo loss 156 

by predation due to grazing zooplankton, as well as a constant natural mortality rate (mp).   157 

Zooplankton growth rate (gz) depends on the food ingested according to a Holling type II 158 

function (Equation 4).  159 
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Where gmax is the maximum grazing rate, ezi are preference coefficients of zooplankton z for each 161 

available prey i, reflecting the difference of filtration efficiencies, kz is the half-saturation constant 162 

for the predator ingestion, and Fi is the concentration of prey i. Ciliates are considered 163 

herbivorous and prey upon both phytoplankton groups (with a preference for flagellates) whereas 164 

copepods are considered omnivorous and thus can prey upon flagellates, diatoms and ciliates. 165 

Excretion is modelled by a constant flux of nitrogen from zooplankton to the ammonium pool. 166 

Processes of egestion and natural mortality (mortality rate mz) are represented by a constant loss 167 

from large and small zooplankton towards large and small detritus boxes, respectively.  168 

Detritus boxes are filled from natural mortalities of the 4 living groups and egestion from 169 

zooplankton groups (faecal pellets). Remineralization rates are considered constant and lead to 170 

nitrogen fluxes from detritus boxes to the ammonium pool, which is in turn transformed into nitrate 171 

at a constant nitrification rate (Koné et al. 2005). The differential equations for all biological 172 

compartments can be found in appendix A. Parameters values are from Koné et al. (2005) and 173 

summarized in Table 1.  174 
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The spatio-temporal dynamics of these compartments are affected by the temperature 175 

and the circulation patterns provided by the hydrodynamic model ROMS with a 20-minutes time 176 

step. The model is initialized with a NO3 spatial distribution from Conkright et al. (1994), whereas 177 

the initial conditions of all other groups are constant: 0.1 mmol. N.m
-3

 for NH4, 0.04 mmol. N.m
-3 

178 

for flagellates, 0.06 mmolN.m
-3

 for diatoms, 0.04 mmol. N.m
-3

 for both groups of zooplankton and 179 

0.02 mmol. N.m
-3

 for both detritus boxes. In this configuration, the model stabilizes after 2 years 180 

of spin-up (Koné et al. 2005). The biological part of the model has been calibrated to an average 181 

year (corresponding to forcing climatology) for the southern Benguela, with a particular interest on 182 

simulating the spatio-temporal seasonal dynamics (Koné et al. 2005). For this study, the 183 

compartments of interest of this model consist in the living groups, namely flagellates, diatoms, 184 

ciliates and copepods, as they are used as a food supply for the HTL model. 185 

 186 

 187 

 2. The HTL model: the multi-species model OSMOSE 188 

 189 

The individual-based model OSMOSE (Object-oriented Simulator of Marine ecOSystems 190 

Exploitation) aims at simulating fish individuals interacting via opportunistic size-based predation 191 

(Shin and Cury 2001a, 2004). The basic unit of this model is a super-individual representing a 192 

school of organisms of the same size, same age and belonging to the same species. These 193 

schools interact through opportunistic predation, based on spatio-temporal co-occurrence and 194 

size adequacy between a predator and its prey. Because of this opportunism, no a priori food 195 

web or diet matrix is set, but they emerge from local trophic interactions. Predation and marine 196 

food webs are hence modelled as being intrinsically variable, a property that is empirically 197 

supported in various ecosystems (Bax 1998), and in the southern Benguela ecosystem (e.g. Punt 198 

et al. 1992, Van der Lingen 2002). This is an interesting and important feature of the model when 199 

addressing effects of global change on marine ecosystems which may trigger changes and shifts 200 

in the structure of the food webs, (Travers et al. 2009), hence potentially leading to ecological 201 

surprises such as species alternations, collapses or expansions (Shin et al. 2010).  202 
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In the initial version of OSMOSE (Shin and Cury 2001a, 2004), fish schools were split 203 

into piscivorous and non-piscivorous fish according to their age and taxonomy. The biomass of 204 

non-piscivorous fish was constrained by a carrying capacity parameter, which represented the 205 

maximum biomass of planktivorous fish, i.e. sustainable by an implicit plankton biomass. Thanks 206 

to the coupling with an explicit plankton model, the carrying capacity term no longer exists, 207 

neither do the piscivorous and planktivorous split. Instead, an individual can feed on both 208 

plankton and fish according to a feeding size range defined by a maximum and minimum size 209 

ratio between a predator and its prey. 210 

In order to facilitate the coupling with the LTL model, the time step of OSMOSE initially 211 

set to 6 months has been reduced to a 2-week period, as a compromise between plankton 212 

dynamics which have a much higher turnover rate (modelled with a time step of 20 minutes) and 213 

process formulation and associated knowledge for HTL. One time step in the coupled model is 214 

composed of the following processes (figure 2). 215 

 216 

a. Spatial distribution 217 

In this two-dimensional model, because of the poor knowledge of the determination of 218 

fish movement and its parameterization, particularly in a multispecies context, the horizontal 219 

distribution of fish is driven by presence/absence maps provided as input. Schools are randomly 220 

distributed within the distribution maps computed per species, age and per season (Shin et al. 221 

2004; appendix B). There are two types of movement in the model: the distribution maps 222 

(Appendix B) give seasonal life history migrations, and when the distribution map of the 223 

population does not change from one time step to the next, schools move randomly to an 224 

adjacent cell of the 2D spatial grid (random walk).  225 

 226 

b. Other mortality 227 

The abundance of each school (Ni) is exponentially decreased by a mortality rate Moth 228 

corresponding to disease, senescence, predation by organisms unrepresented in the model (e.g., 229 

HTL fish that are not explicitly modelled, birds and mammals) (Equation 5). 230 
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The mortality M0 applied to the first stage of fish (corresponding to eggs and first-feeding 232 

larvae) is treated differently to take into account the higher mortality rates compared to other fish 233 

stages. The processes involved are numerous (e.g., non-fertilization of eggs, starvation of first-234 

feeding larvae, advection, sinking, predation by unrepresented organisms) and because of the 235 

lack of quantitative knowledge concerning these larval mortalities, these parameters are 236 

estimated during the calibration process. 237 

 238 

c. Predation  239 

Predation is opportunistic and a predator can prey on any organisms present in its own 240 

cell provided they have a suitable size, i.e., comprised between a maximum and minimum size 241 

relatively to predator body length. These values defining a feeding size range are computed from 242 

literature when available or derived from diets and species mean size (Table 2). Two sets of size 243 

ratio can be provided for the juvenile and adult stages of a given species if the feeding behavior 244 

changes ontogenetically (e.g., passive feeding of small particles for adult sardine versus active 245 

feeding of large ones for juveniles, van der Lingen 1998), or if a morphological change occurs 246 

(e.g., gill raker development, morphometric differences between larvae and juveniles/adults). The 247 

amount of prey eaten depends on the local relative biomass of prey and on the maximum food 248 

edible by the predator (table 3). An explicit mortality rate is applied to prey schools: if enough prey 249 

are present the predator feeds upon them uniformly until it reaches satiation, otherwise it depletes 250 

all prey available but without reaching satiation. At the end of this process a predation efficiency ξi 251 

is calculated for each school i as the ratio between the biomass of prey eaten and the maximum 252 

food edible. The order at which predator schools feed is randomly drawn at each time step.  253 

 254 

d. Growth  255 

 Predation is considered successful enough to allow growth when the predation efficiency 256 

is higher than a critical value ξcrit representing the amount of food required for fulfilling 257 

maintenance. In this case, the body size of organisms increases following an adaptation of the 258 
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von Bertalanffy model. The growth rate in length ΔLi,t of the school i at time t depends on 259 

predation efficiency ξi  (Equation 6), with the median value of the interval [ξcrit, ξmax=1] 260 

corresponding to the von Bertalanffy growth rate. Actual growth rates hence vary between 0 and 261 

twice the mean length increase ΔL, calculated from the von Bertalanffy model. The individual 262 

weight W i,t is computed from length according to the allometric relationship Wi,t = c Li,t
b
, with b and 263 

c two species-specific parameters to be provided in input of the model.  264 

 265 
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 267 

 268 

e. Starvation  269 

When the predation efficiency is below the critical value (ξi < ξcrit), schools do not have the 270 

food amount required for maintenance and thus undergo a starvation mortality Mξ, increasing 271 

linearly with the decrease of predation efficiency (Equation 7, Shin and Cury 2001a) and leading 272 

to a decrease of the school abundance (Equation 8).  273 
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 276 

f. Fishing  277 

The fishing process consists of reducing school abundance by applying a species-278 

specific fishing mortality rate F to any school older than a recruitment age specified for each 279 

species (Table 3). This mortality is homogeneous spatially but can vary over time following a 280 

fishing seasonality provided as input for each species (see appendix C). The amount of fish 281 

caught is determined by equation 9. 282 
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 284 

g. Reproduction  285 

At the end of the time step, the reproduction process allows one to introduce new schools 286 

at the egg stage in the model. Following equation 10, the quantity of eggs released N0,t depends 287 

on the spawning biomass (with sex-ratio set to 1:1), i.e. the biomass of individuals older than age 288 

at maturity (Amat), and the fecundity parameter Ф which varies according to a spawning 289 

seasonality provided as input (see appendix C). 290 
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 292 

OSMOSE has been applied to the southern Benguela ecosystem for the 1980s period by 293 

Shin et al. (2004) and for the 1990s period by Travers et al. (2006). In the present version, the 294 

grid extends from the mouth of Orange River (16°E - 28.8°S) to the Agulhas Bank, at Cape St 295 

Francis longitude (24.4°E - 37.7°S) and is divided into cells of 0.15° x 0.15° (Figure 1B). The set 296 

of species chosen to represent the HTL community of the southern Benguela has been slightly 297 

modified since the application by Travers et al. (2006), the main change being the introduction of 298 

a euphausiid species. Indeed the plankton model used for the coupling only considers copepods 299 

as large zooplankton, but euphausiids have been shown to be a major trophic link in the southern 300 

Benguela ecosystem (Pillar 1987). The species considered are now composed of one crustacean 301 

group: euphausiids (represented by Euphausia lucens) and 10 fish species: anchovy (Engraulis 302 

encrasicolus), sardine (Sardinops sagax), redeye round herring (Etrumeus whiteheadi), 303 

lanternfish (Lampanyctodes hectoris), lightfish (Maurolicus muelleri), horse mackerel (Trachurus 304 

trachurus capensis), shallow water hake (Merluccius capensis), deep water hake (Merluccius 305 

paradoxus), snoek (Thrysites atun) and silver kob (Argyrosomus inodorus). They are 306 

representative of the HTL community in terms of biomass, catches and trophic position. The 307 

predation by other HTL species is accounted for implicitly in the natural mortality coefficients of 308 

the modelled species; this also accounts for competition with non-explicit predators. The 309 
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biological parameters used for these species are computed in Table 2 and 3, and information on 310 

their spatial distributions can be found in appendix B.  311 

 312 

3. Two-way coupling between ROMS-N2P2Z2D2 and OSMOSE  313 

 314 

Linking ROMS-N2P2Z2D2 and OSMOSE is realized through the predation process: 315 

plankton biomass serves as a potential prey field for HTL organisms, which in turn are 316 

responsible for a predation mortality applied to plankton groups (Figure 2). We use the same 317 

predation process as in OSMOSE model, i.e. an opportunistic size-based predation as described 318 

above. Contrary to fish schools which are characterized by individual fish sizes in OSMOSE, 319 

plankton groups do not present a single body size but rather a size range (Table 4). Thus, we 320 

consider the edible proportion of one plankton group to be equal to the proportion of its size range 321 

suitable for the predator over its full size range. Moreover, because of numerous processes such 322 

as turbulence, stratification, diel migration, and vertical distribution, the entire biomass of plankton 323 

is not available for fish and euphausiids in marine ecosystems. Thus, in the coupled model, only 324 

part of plankton biomass, which is modelled in 3D, is considered available to HTLs which are 325 

modelled in 2D. As little quantitative information was found on the availability of plankton biomass 326 

to fish, the proportion of plankton biomass accessible to fish predation (one accessibility 327 

coefficient ap per plankton group p) were estimated through calibration of the coupled model. 328 

 329 

Whereas predation mortality consists of the explicit removal of the prey individuals in 330 

OSMOSE, the predation on the plankton groups of the LTL model is modeled through a spatial 331 

field of predation mortality rate for each plankton group. In each cell (x,y) and for each plankton 332 

group (p), the HTL-induced mortality rate mHTL is computed as the biomass of plankton eaten 333 

during a time step BEΔt over the available biomass B (Eq 11) multiplied by the time step Δt over 334 

which the integration of the mortality rate is computed. Because the biomass of plankton eaten 335 

during a time step can vary between 0 and the maximum plankton biomass available (ap.B), the 336 

HTL-induced mortality rate will be comprised within [0 ; ap/Δt]. 337 
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 339 

A residual natural mortality rate of plankton mres remains and is assumed to be constant over 340 

space and time. It is set to the initial mortality rate mp, which is used in the standalone ROMS-341 

N2P2Z2D2 model (Table 4) minus the median of the variable HTL-induced predation mortality, i.e. 342 

ap/2Δt. This constant part of the mortality applied to plankton (mp - ap/2Δt) represents implicitly 343 

other sources of mortality such as predation by non-modeled organisms (e.g., salps, gelatinous 344 

zooplankton), senescence and starvation mortality. According to this formula (Eq 12), the total 345 

mortality rate m(x,y,t+Δt,p) applied to the plankton group p can vary between the limits [mp – 346 

ap/2Δt ; mp + ap/2Δt], and thus can be either higher or lower than the initial mortality rate, 347 

depending on the predation pressure applied by HTL organisms. 348 
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 350 

Because the two models have different dimensions (3D versus 2D) and currencies 351 

(mmolN.m
-3

 versus wet weight), plankton concentrations are vertically integrated and transformed 352 

into biomass of available food during a time step using conversion factors for currencies (Table 353 

4). The difference in the horizontal grids used in both models involves bilinear spatial interpolation 354 

from the LTL grid to the HTL one for plankton biomass field, and in the other way for predation 355 

mortality field. Technical implementation of this coupling is realized through exchange of files of 356 

plankton biomass and predation mortality rate between OSMOSE (developed in Java) and 357 

ROMS-N2P2Z2D2 (developed in Fortran). The models are run sequentially at each time step, as 358 

represented in the scheduling chart (Figure 3). 359 

 360 

4. Calibration using an automatic method based on evolutionary algorithms 361 

 362 
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The coupled model is calibrated so that the HTL species biomasses reach mean values 363 

observed in the southern Benguela during the 1990-1997 period (called reference biomasses, 364 

table 5). To do so, we use an ad hoc evolutionary algorithm method (Duboz et al. 2010) applied 365 

to a set of 15 unknown parameters, comprised of the 11 larval mortalities (M0) of HTL species 366 

and 4 availability coefficients (ap) for plankton groups. The reference biomasses of HTL species 367 

are associated with valid intervals (within which biomass value is considered acceptable) 368 

accounting for variability and uncertainty of biomass estimates over the modeled period (table 5, 369 

Shannon et al. 2003).  370 

 371 

The evolutionary algorithm (Versmisse 2008, Duboz et al. 2010) aims at selecting the 372 

best set of unknown parameters (called genotype) which allows the simulated biomasses (called 373 

phenotype) to be the closest possible to the reference biomasses. Based on evolutionary theory, 374 

this method uses the principles of reproduction (crossover and mutation) and adaptive selection 375 

of the best genotypes over the generations.  376 

The first generation is initialized with 200 genotypes consisting of 11 larval mortalities 377 

sampled within a uniform distribution ([0; 7 week
-1

]) and 4 availability coefficients sampled 378 

uniformly within [0;1]. Each genotype is evaluated using a composite fitness function which is 379 

high when the simulated biomass is inside the valid interval and increases proportionally as the 380 

simulated biomass gets closer to the reference biomass (see Duboz et al. 2010 for details).  381 

At each generation, the best genotype is selected and used to create an optimal 382 

genotype. Combined with the 50 best genotypes, the optimal one is used to form 100 children, 383 

the new genotypes replacing half of the population. Every 20 generations, a naïve strategy tests 384 

genotypes in the entire search space in order to avoid local minima. We run the evolutionary 385 

algorithm until convergence, i.e. when only genotypes with a high fitness maintain themselves. 386 

 387 

5. Model run 388 

 389 
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The HTL model is initialized with a coarse age-structure for each species and a random 390 

distribution of schools within their distribution area. The OSMOSE model is run for 30 years with 391 

plankton as a prey field in order to stabilize (forcing mode during spin-up), before being run in a 392 

two-way coupling mode for 15 years. As the OSMOSE part of the coupled model is stochastic, 10 393 

simulations have been conducted and averaged. Only outputs from the two-way coupling mode 394 

are considered, i.e. after spin-up time.  395 

 396 

6. Validation via the pattern-oriented modeling (POM) approach 397 

 398 

To test the reliability of the coupled model, we follow the pattern-oriented modeling 399 

(POM) approach proposed by Grimm et al. (2005), which states that model outputs should be 400 

validated with patterns observed at different levels. These patterns must come from independent 401 

data, i.e. not having been used during the development process of the model, or during 402 

calibration. Before running the coupled model, observed patterns were selected a priori at the 403 

individual level, the population level and the community level.  404 

 405 

At the individual level, we use diet data of different fish species expressed in percentage 406 

of mass of prey species, and look at changes in diet over space. In the model, the predation 407 

process is opportunistic and individually-based only on size relationships (without any prey 408 

taxonomic preference). Therefore, a similarity in the prey species composition between emergent 409 

simulated diets and observed diets would participate to the structural validation of the model 410 

concerning the formulation of the predation process. We compare the diets of all species with the 411 

data collated by Shannon et al. (2003), where the diet matrix used as input to an Ecopath model 412 

comes from empirical studies of stomach contents by Pillar and Barange (1993, 1995, 1997), 413 

Punt et al. (1992), Pillar and Wilkinson (1995), inter alia, and synthesizes the data available for 414 

this ecosystem over the 1990s. The model outputs are also compared with more detailed 415 

observations coming from Griffiths (2002) and concerning snoek diet for medium-sized individuals 416 

(50-74cm), in the western part of the system (upwelling area, north of 34.4°S) and in the southern 417 
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part (south of 34.4°S). These data were collected between 1994 and 1997, thus representative of 418 

the simulated period.  419 

 420 

At the population level, we confront model outputs with size data. To do so, we compare 421 

the temporal evolution of the mean length of anchovy landings with data provided by Fairweather 422 

et al. (2006) for the whole modeled area. As the model is set to represent the 1990-1997 period, 423 

we only use monthly data of the same years.  424 

 425 

Finally, at the community level, we focus on trophic indicators to validate the food web 426 

structure, and we particularly compare the mean trophic levels (TLs) of species in the model with 427 

TLs provided by an independent model, Ecopath (Shannon et al. 2003). These TLs provided by 428 

Ecopath are data driven as they synthesize the species diets in input and the relative abundance 429 

of each species. In the present coupled model ROMS-N2P2Z2D2-OSMOSE, the trophic level is 430 

calculated for each school by considering an average turn-over rate of the tissues over 2 months 431 

(François Le Loc’h, pers. com., Trueman et al. 2005, Logan et al. 2006), i.e. with consideration of 432 

the food ingested in the last 2 months (or last 4 time steps), following Equation 13. 433 
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 435 

where TLp,t the trophic level of p at time t, DCprey, predator,t is the proportion of prey in the diet of 436 

predator at time t, and ΔWt is the weight increase of the predator during the time step t. The mean 437 

TL of a species corresponds to the average of the TLs of all schools of this species weighted by 438 

the schools’ biomass. As a convention, we consider that the trophic level of eggs is similar to that 439 

of first-feeding larvae, and is set to 3. We also consider that individuals which have not increased 440 

in size in the previous 2 months keep their previous TL. The TLs of plankton groups are constant 441 

and set to 1 for phytoplankton groups, to 2 for the herbivorous ciliates and to 2.5 for the 442 

omnivorous copepods (Table 4). 443 
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 444 

Results 445 

 446 

1. Calibration 447 

 The fitness produced as output from the evolutionary algorithm converges after 80 448 

generations, with a value higher than 0.9 and with all the simulated biomasses situated within 449 

their valid intervals (Figure 4). From the 80
th
 generation, the best genotype simulated by the 450 

genetic algorithm improves slightly, allowing the simulated biomasses to be closer to the 451 

reference values. After 230 generations, the algorithm found 156 genotypes allowing all the 452 

species biomasses to stand within their valid intervals. To select the best set of parameters, we 453 

keep the ones providing the highest fitness and we search the best compromise by considering 454 

two other constraints: the set of parameters must result in the smallest variance of biomass 455 

among replicates of simulations and each parameter value must be the closest possible to the 456 

mode found by the evolutionary algorithm over the 156 valid genotypes (Figure 5). The final 457 

genotype that is selected corresponds to generation 229 and provides the parameter values for 458 

plankton availability coefficients and larval mortalities to be used for the reference simulations 459 

(tables 4 and 5). 460 

Concerning the estimates obtained for the larval mortalities, we can note that the 461 

euphausiids’ mortality value is very small. The two mesopelagic fish (lightfish and lanternfish) also 462 

display small larval mortalities (respectively 0.98 and 0.57 week
-1

). The small pelagic fish 463 

(anchovy, sardine and redeye) show similar values of larval mortality, i.e. respectively 2.14, 1.84 464 

and 1.92 week
-1

. By contrast, the large fish species modeled have high values of larval 465 

mortalities, between 3 and 5 week
-1

. We note that the width of the parameter distributions varies 466 

among species. For example, the larval mortality of snoek is more sensitive in the overall fit of 467 

simulated biomasses than the sardine larval mortality, which varies between 1.5 and 2.5 week
-1

. 468 

 The availability coefficients estimated for plankton are quite low, especially for 469 

dinoflagellates (5.77 10
-4

) but also for the other groups (diatoms: 0.0054, ciliates: 0.0095, 470 
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copepods: 0.113), meaning, for example, that only 11.3% of the copepod production is available 471 

for HTL organisms during one time step. 472 

 473 

2. Validation of the southern Benguela simulation 474 

 475 

a. Comparison of diets (patterns at the individual level) 476 

 477 

 Diet data of small pelagic fish show that anchovy and redeye display similar diets, with 478 

mesozooplankton representing the major prey, and macrozooplankton being the second main 479 

prey (Figure 6). The pattern differs for sardine, which feeds equivalently on phytoplankton, 480 

microzooplankton and mesozooplankton. The simulated diet of sardine is similar to that found in 481 

the data, with the three prey types eaten in similar proportion (Figure 6). For anchovy and redeye, 482 

the model simulates too small a proportion of macrozooplankton in the diets (10% instead of 483 

35%), but the results remain qualitatively realistic, i.e. the main prey of both species is 484 

mesozooplankton and the second prey in importance is euphausiids (belonging to the 485 

macrozooplankton group).  486 

 Observed diets of hakes illustrate the opportunism of these species (Figure 6). Adults of 487 

shallow water hake feed on horse mackerel, juvenile hakes, mesopelagic fish, anchovy, sardine, 488 

redeye and macrozooplankton. The diet of deep water hake is less diversified and consists of 489 

mesopelagic fish as the main prey, plus macrozooplankton, juvenile hakes and redeye. The 490 

output from the model shows that shallow water hake feeds upon small pelagic fish, mesopelagic 491 

fish, horse mackerel and hakes (Figure 6), as is observed in the data. However, the model 492 

simulates too large a proportion of small pelagic fish, and too small a proportion of hakes in the 493 

diet of shallow water hake. The main prey of deep water hake simulated by the model is 494 

mesopelagic fish, which is also the case in the data. The role of horse mackerel is also similar 495 

between the model and data, as it is a fairly important prey for shallow water hake but barely 496 

appears in deep water hake diet. The contribution of redeye and hake in the diet of deep water 497 

hake is similar between model output and data. The main difference concerns the 498 
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macrozooplankton group which represents 20% of the observed diet, but is replaced by small 499 

pelagic fish in the model results.    500 

 501 

When looking at the snoek diets (Figure 7), stomach contents data show a clear 502 

decrease of the importance of sardine as a prey from the South to the West coast. There is also a 503 

decrease in the importance of redeye, but an increase of euphausiids, anchovy and hake in the 504 

diet of snoek caught on the West coast. Simulated diets are different from the data, and do not 505 

reflect the dominance of sardine in the diet of snoek on the South coast. However, similar trends 506 

are observed between the two areas: there is a decrease of sardine and redeye importance in 507 

snoek diet on the West coast, as well as an increase of hake. The anchovy contribution 508 

decreases a little, but as they represented almost 25% of the diet on the South coast, they still 509 

account for a significant part of the diet on the West coast.    510 

 511 

 512 

 513 

b. Size-based patterns at the population level 514 

 515 

 The mean length of anchovy observed in the monthly landings is presented in Figure 8 516 

for each year of the period 1990-1997. This indicator displays a quite high interannual variability, 517 

especially from February to May, austral late summer to autumn. However, we note that on 518 

average, the mean lengths in the landings tend to be high in autumn and decrease in austral 519 

winter as new recruits appear. There are no data for the end of the year, but the mean length 520 

seems to have an increasing trend in the previous months. The model simulates a mean length of 521 

anchovy in the catch smaller on average than the mean length in observed landings (6.3 versus 522 

8.1 cm). However, the temporal evolution of this indicator is similar to the observations, i.e. a 523 

higher value in summer and a lower value in winter. 524 

 525 

c. Trophic-based patterns at the community level 526 
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 527 

 The mean trophic levels of the species represented in the coupled model ROMS-528 

N2P2Z2D2-OSMOSE are similar with those provided by a previous application of Ecopath model to 529 

the same region and period (Shannon et al. 2003, Figure 9a). Euphausiids show a higher TL in 530 

the coupled model than in Ecopath (3.3 versus 2.7), but associated with a large standard 531 

deviation which reflects the high variability of TL among euphausiid individuals, ranging from 2 to 532 

3.9. Among the fish species, sardine shows the lowest TL (mean value of 3.13), followed by a 533 

homogeneous group constituted of redeye (3.52), lanternfish (3.53), lightfish (3.53) and anchovy 534 

(3.53), which have also similar TLs in Ecopath. In both models, horse mackerel displays a mean 535 

trophic level a little higher than the forage fish, and the four top predator species show similar 536 

values of TL: 4.5 in Ecopath for deep water hake, silver kob and snoek (respectively 4.48, 4.49, 537 

and 4.59 in the coupled model) and 4.6 in Ecopath for shallow water hake versus 4.53 in the 538 

coupled model.  539 

 As the TL can be tracked for each individual in ROMS-N2P2Z2D2-OSMOSE, we can draw 540 

the biomass distribution of the population across TL values (Figure 9b). Three groups emerge 541 

from the comparison between species. The first one concerns fish species with a mean TL 542 

around 3.5, which distribution displays a single narrow peak. This is the case of redeye, 543 

lanternfish, lightfish, anchovy and horse mackerel, which all appear to be specialist feeders. The 544 

second group concerns the top predators (both species of Cape hake, silver kob and snoek) with 545 

a mean TL around 4.5 and which appear to be largely omnivorous. The distribution of their TL is 546 

much broader, reflecting their opportunism and the diversity of their prey. Finally the last group 547 

concerns sardine and euphausiids, which exhibit a TL distribution with two distinct modes, 548 

reflecting the change of feeding behavior between juveniles and adults. We can note that the first 549 

mode of euphausiids is centered on 2.6, which is very close to the TL attributed to this group by 550 

the Ecopath model (Figure 9a), but corresponds to juvenile euphausiids only in the coupled 551 

ROMS-N2P2Z2D2-OSMOSE model. 552 

 553 

d. Food web indicators  554 
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 555 

From the individuals' size-based interactions, the coupled model produces a posteriori an 556 

emerging food web, the structure of which can be represented and analysed in order to better 557 

understand its functioning. As the HTL model is individual-based, we can aggregate schools per 558 

size-class, per species or per functional position. To represent the food web of the southern 559 

Benguela ecosystem, we use here a classical representation with trophic links between species 560 

compartments and excluding larvae and small juveniles for diet description (only the individuals 561 

older than 6 months for fish, older than 2 months for euphausiids are considered). As predation is 562 

opportunistic in the model, a lot of interactions exist between the species. We chose to represent 563 

only the major and medium trophic links, i.e. links between a predator and its prey accounting for 564 

at least 10% of its diet in biomass as major links and between 1% and 10% of its diet as medium 565 

links (Figure 10). 566 

 567 

In this diagram of the modeled food web, the number of species or compartments is small 568 

(S=15) but the number of trophic links is large (L=83, including weak links <1% of the diet), 569 

leading to a quite high linkage density (L/S = 5.53). From this diagram, it appears that copepods 570 

and euphausiids are preyed upon by numerous predators of the system, they are both linked to 9 571 

predator species. However, their roles differ as copepods are a major prey of 7 species out of 9, 572 

whereas euphausiids are a major prey of only horse mackerel and a medium prey of the other 8 573 

predators. This characterizes euphausiids as generic prey, i.e. they are not fed upon massively 574 

by few predators, but they are a small part of the diet of many predators. This diagram also 575 

shows that the two species of hake, snoek and silver kob are largely opportunistic predators, 576 

feeding on 9 prey species (8 for snoek). When viewed in more detail, it appears that both species 577 

of hake have few major prey species (3 and 4 major links towards prey) and a lot of prey of 578 

medium importance. Conversely, silver kob and snoek have many important prey (6 for both 579 

species), and only few prey of second choice. This indicates a more balanced diet for these 580 

predators with probably no dominant prey but rather a set of prey species of equal importance. 581 
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Finally, it is worth noting that sardine and horse mackerel have a middle position in the food web, 582 

with the same numbers of links as both predator and as prey (4 links in each case).  583 

 584 

Discussion 585 

 586 

1. Lessons from the calibration of the model 587 

 588 

The additional larval mortality rates estimated by the evolutionary algorithm can be very 589 

small, as is the case for euphausiids and mesopelagic fish. Low mortality rates do not mean that 590 

the total natural mortality is small, but alternatively may reflect the fact that most of the mortality is 591 

simulated explicitly in the model. As predation is the main process involving explicit mortality, 592 

such values can illustrate the role of euphausiids and mesopelagic fish as major prey of the 593 

modelled species community. The width of the parameter distributions provided by the genetic 594 

algorithm informs us about the importance of each parameter on the simulated species 595 

biomasses. The narrower a distribution is, the more the parameter influences the fitness (see Fig. 596 

5). Using such information, it appears for example that sardine mortality does not strongly affect 597 

the model output, whereas snoek and other predator species such as shallow water hake and 598 

silver kob seem to have a strong impact on the overall dynamics of the system.  599 

 600 

The estimates of availability coefficients of plankton are quite low (see Table 4), the 601 

highest being the copepods coefficient (making only 11.3% of the biomass available for HTL 602 

organisms). However, these parameters account for a lot of processes such as vertical and 603 

horizontal mismatch between plankton and predator due to differences in habitat, turbulence, 604 

avoidance of predators, diel migration, but also sinking to sea floor, all of these processes being 605 

difficult to quantify. As a comparison, Shannon and Field (1985) propose that 12% of the primary 606 

production is available to fish, which is of the same order of magnitude as the availability 607 

coefficient calibrated here. The low availability of plankton to fish may explain why the fish 608 

production observed is smaller than theoretically expected when looking at the high levels of 609 
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primary production in this upwelling ecosystem (Carr 2002). We note that the value of these 610 

parameters will constrain the importance of the feedback from OSMOSE down to ROMS-611 

N2P2Z2D2. Low availability of plankton will act as a filter that will dampen the top down effects 612 

from the upper trophic levels to the planktonic levels. An additional outcome of the calibration is 613 

the provision of estimates of mortality rates due to predation exerted by the species explicit in the 614 

OSMOSE model. For example, the predation mortality rates of anchovy recruits (0.72 year
-1

) and 615 

sardine recruits (1.52 year
-1

) are much higher than the other sources of natural mortality (0.4 and 616 

0.36 year
-1

, respectively), suggesting that most predation pressure on these two small pelagic 617 

species is accounted for by species represented explicitly in the model. 618 

 619 

2. Lessons from the POM approach 620 

 621 

 Overall, the coupled model ROMS-N2P2Z2D2-OSMOSE represents the observed diets of 622 

major fish of the Benguela ecosystem relatively well. Most of the simulated diets are quantitatively 623 

realistic and when they are not, they are qualitatively sensible, either in the order of prey 624 

importance or in the trends between areas or size classes. For all simulated diets compared with 625 

data, the differences can be attributed to one of the following causes: i) too small a contribution of 626 

euphausiids, ii) too small a contribution of demersal compared to epi-pelagic species or iii) 627 

differences in the sampling effort between data and model. 628 

 629 

 The small proportion of euphausiids in the simulated diets may be due to the great 630 

uncertainty in the estimation of euphausiid biomass in the whole area. As abundance data are not 631 

easily available for such small organisms, we used the reference biomass provided by the 632 

Ecopath model of Shannon et al. (2003) which was almost three times higher than estimated by 633 

Pillar et al. (1992). Data from Pillar et al. (1992) concern only Euphausia lucens, which is certainly 634 

a dominant species, but other important euphausiid species occur in the area (e.g. Nyctiphanes 635 

capensis on the South coast or oceanic species such as Euphausia recurva, Thysanoessa 636 

gregaria and Nematoscelis megalops). As we aim to represent the euphausiid group, the biomass 637 
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estimate of E. lucens is definitely smaller than the total biomass of euphausiids. Furthermore 638 

Pillar et al. (1992) remarked that biases are associated with sampling gears, notably mesh size 639 

(estimates concern only the >1600µm size fraction, i.e. the larger members of the population) and 640 

avoidance of the sampler by euphausiids. Conversely, biomass estimates from Shannon et al. 641 

(2003) are supposed to represent the whole macro-zooplankton group (mainly composed of 642 

euphausiids), but they come from model tuning and are not strictly based on data. Therefore the 643 

small proportion of euphausiids in simulated fish diets might be due to the uncertainty related to 644 

the euphausiid reference biomass, and probably results in its underestimation.  645 

  646 

 The second cause of difference between simulated diets and observed data may be due 647 

to overestimation of the possible interaction between epi-pelagic prey and demersal predators in 648 

the HTL model because of the absence of vertical structure. This may particularly explain the 649 

over-representation of small pelagic fish, i.e. epi-pelagic species, in the diet of hake which are 650 

demersal species, thus living near the bottom during the day, but feeding in the water column at 651 

night (L. Hutchings, pers. com.). The predation of hake by hake (either cannibalism or predation 652 

of deep-water hake by shallow water hake) observed largely in the data occurs between 150 and 653 

400m depths (Punt et al. 1992) where small pelagic fish are not abundant. It is possible that in 654 

nature hake predators spend more time surrounded by hake prey than by small pelagic prey, 655 

which is not modeled here and thus induces biases in the modeled diets. 656 

 657 

 Finally, the sampling effort might bias the direct comparison. In the coupled model, 658 

millions of stomachs per species are used to calculate diets. Conversely, sampling the marine 659 

environment allows us to access only a tiny fraction of it, in a small spatio-temporal window. It is 660 

recognized that a minimum sampling effort is required to describe patterns correctly, estimated by 661 

McQueen and Griffiths (2004) to be 75-80 full stomachs per sampling event for describing the 662 

proportion in biomass of primary prey. These authors also highlight the frequency of the sampling 663 

required to correctly represent an average diet; ideally sampling once a week for consideration of 664 

seasonal variability would result in 3890 stomachs with food required for precisely describing 665 
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annual diet. Furthermore, surveys conducted in a too coarse spatio-temporal grid may also risk 666 

incorrect descriptions of diets when diets are highly heterogeneous in time and space due to the 667 

opportunistic feeding of predators. In such cases, observed diets should be used with caution 668 

when comparing with model outputs (Punt et al. 1992). 669 

 670 

 At the population level, the seasonal variation of mean anchovy size is well simulated by 671 

the model. Even if a strong interannual variability is observed in landings data, we can consider 672 

that the model represents the dynamics of population size structure quite well. The fit between 673 

model output and data is not so good when looking at the absolute values, as the overall mean 674 

size is smaller in the model than in the data. However, Fairweather et al. (2006) note that the 675 

mean size they observed is probably over-estimated because fishermen discard the smallest fish, 676 

a behavior not represented in the model. Fishermen may also avoid catching small fish (L. 677 

Hutchings, pers. com.). 678 

 679 

At the upper hierarchical level, the model also provides consistent output concerning 680 

species TL, thus synthesizing well the trophic position of each species and by extension, the 681 

global trophic functioning of the system. Apart from euphausiids, the ordination of species 682 

according to their TL is similar between the coupled model and Ecopath (see Fig. 9). The 683 

particular case of euphausiids illustrates the importance of the selection of individuals included in 684 

the TL calculation. Here, by only considering larger individuals (as it is classically the case for fish 685 

species), the mean TL of this population is higher than the TL given to macro-zooplankton in 686 

Ecopath. The TL distribution moderates this difference as it clearly indicates that part of the 687 

euphausiid population has a trophic level lower than 3. Finally, the high mean trophic level of 688 

euphausiids can be explained by the TL of copepods and fish eggs, set to 2.5 and 3 relatively, 689 

which constitute a significant part of euphausiids diet (See Table 4).  690 

 691 

 Following the POM approach advocated by Grimm et al. (2005), the coupled model 692 

ROMS-N2P2Z2D2-OSMOSE allowed us to reproduce independent patterns observed in the 693 
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southern Benguela at different levels, therefore validating different aspects of the model, part of 694 

its structural assumptions and parameterization. 695 

 696 

3. Opportunistic trophic interactions 697 

 698 

Predation is a key process in the coupled model, being represented both in the plankton 699 

model and the HTL model as well as serving as the coupling process between OSMOSE and 700 

ROMS-N2P2Z2D2. Due to the opportunistic representation of predation, the trophic structure of the 701 

southern Benguela emerges from local interactions and is not set a priori. The emerging food web 702 

is complex and involves several links between the components, as indicated by the high linkage 703 

density (see Fig. 10). The food web drawn from the present study has very few compartments, 704 

aggregated on a taxonomic basis as it is often the case in similar studies (Field et al. 1991, 705 

Shannon et al. 2003). However, information is available at a finer level in this model, and it would 706 

be possible to address different issues of food web theory by constructing alternative 707 

representations of the food web, for example considering trophic guilds, i.e. groups of organisms 708 

with identical set of predators and prey (Link 2005) regardless of the taxonomy, or partitioning 709 

species into several size classes. 710 

 711 

Due to the extensive set of outputs available from the coupled model it is possible to 712 

quantify the trophic links by means of different indicators, and thus better understand the global 713 

trophic functioning of this ecosystem. It appears that species situated at the same position of the 714 

food web (basal, intermediate or apex) can display different patterns of linkage with other 715 

components. In our application, both species of hake appear to be more specialist than silver kob 716 

and snoek, by having a smaller proportion of strong links. The existence of strong links could be 717 

wrongly interpreted as preference for specific prey, either in model output or in observed data. It 718 

is worth recalling that predation is opportunistic in the present model, thus true specialists are not 719 

modeled. Gerking (1994) remarks that true specialists are difficult to identify in the pelagic 720 

environment, as feeding on a very small number of prey may simply illustrate the dominance of 721 
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these prey in the predator’s habitat. In the coupled model, the apparent specialization of hakes 722 

may reflect a spatio-temporal mismatch between the predators and other prey species, or a lack 723 

of suitably sized prey at right time and place.  724 

 725 

 One asset of this coupled model is to provide TL distributions rather than a unique mean 726 

TL per species. Such distributions are very informative about inter-individuals variability and 727 

ontogenetic omnivory. Thanks to the modularity of the model, it is possible to compute such 728 

distributions per area in order to highlight different trophic positions for one species according to 729 

its environment. In the present application of the model to the southern Benguela ecosystem, we 730 

can note a clear peak at TL 3.5. This pattern concerns mainly planktivorous species, and is 731 

explained by the constant TL set to mesozooplankton (TL=2.5), this latter group representing the 732 

copepods which are either herbivorous, carnivorous or omnivorous according to the species 733 

considered. Because the copepod species composition changes over space and time, and so do 734 

the aggregated diets of the community, the resulting TL of the copepod compartment should 735 

present some variability which is not represented here. Copepod trophic level not only propagates 736 

to their predator levels (small pelagic fish, TL=3.5) but also to the top predator level (mean TL 737 

around 4.5). It is likely that adopting a variable TL for the meso-zooplankton group would tend to 738 

increase the inter-species variability of mean TLs and also to render the intra-species TL 739 

distribution more uniform for HTL species.     740 

 741 

4. Potential of the coupled model 742 

 743 

 The coupled model ROMS-N2P2Z2D2-OSMOSE was developed to study the combined 744 

effects of fishing and climate change, as well as the propagation of these effects up and down the 745 

food web. Its opportunistic predation process is a necessary condition for investigating the spatio-746 

temporal variability of the trophic structure and functioning of marine ecosystems, especially in a 747 

changing environment. The individual-based structure of the HTL model allows to track 748 

information at different hierarchical levels - individuals, cohorts, population or community- and at 749 
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different spatio-temporal scales. This possibility was presented here for the trophic levels, either 750 

averaged for each species or used at the individual level to represent the TL distributions. This 751 

modularity applies to other community and population indicators such as fish size, biomass, etc. 752 

 753 

 In the model configuration presented here, the mechanisms of fish distribution are not 754 

explicitly represented but the fish spatial dynamics are forced by horizontal distribution maps that 755 

are based on surveys and are provided in input to the model. This approach is appropriate for the 756 

purpose of the present study that analyses the behaviour of the ecosystem in an average year. 757 

But for exploring the effects of climate change on the southern Benguela ecosystem, the model 758 

would need to explicit the link between fish spatial distribution and some key climate variables. 759 

Current developments are being undertaken to model climate niches for the species included in 760 

OSMOSE (Yemane et al. in prep) so that climate change explicitly drives fish spatial distributions. 761 

One can also note that in the present application of the HTL model, no vertical dimension is 762 

implemented, and it appeared to induce some biases in some output such as diets. Knowing this 763 

limit, there have been recent developments in the OSMOSE model, allowing one to account for 764 

the vertical distribution in an implicit way, by introducing a matrix of accessibility in the water 765 

column between predators and their prey. 766 

 767 

The HTL model OSMOSE has been used for testing various fisheries management 768 

scenarios including marine protected areas (Shin and Cury 2001b, Yemane et al. 2009), changes 769 

in fishing pressure and moratoriums (Shin et al. 2004, Vergnon et al. 2008, Marzloff et al. 2009, 770 

Travers et al. 2010, Smith et al. 2011) and for studying the sensitivity and behavior of ecosystem 771 

indicators (Travers et al. 2006). Its coupling with the ROMS-N2P2Z2D2 model opens interesting 772 

perspectives for analyzing and better understanding the propagation of combined effects of 773 

climate and fishing perturbations up and down the food web (Fu et al. 2012, Fu et al. 2013, 774 

Travers et al. 2009). 775 
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Tables 

 

Table 1: Parameter values of the biogeochemical model N2P2Z2D2 (from Koné et al. 2005) 

 

Parameter Description Value Unit Reference 

Phytoplankton groups 

α 
Initial slope of the 
phytoplankton-irradiance curve 

Flagellates:   0.025  
Diatoms:       0.04 

mg C (mg Chla W m
-2

 d)
-1

 
Oschlies and Garçon (1999)  
Popova et al. (2002) 

a Maximal growth rate at 0°C 
Flagellates:   0.557  
Diatoms:       0.8356 

d
-1

 Koné et al. (2005) 

b         1.066 n.d. 
Oschlies and Garçon (1999) 
Popova et al. (2002) 

KNO3 
Half-saturation constant for 
NO3 uptake 

Flagellates:   1.0  
Diatoms:       2.0 

mmol N.m
-3

 Chifflet et al. (2001) 

KNH4 
Half-saturation constant for 
NH4 uptake 

Flagellates:   0.5  
Diatoms:       0.7 

mmol N.m
-3

 
Tian et al. (2000) Olivieri and Chavez (2000) 
Bahamón and Cruzado (2003) Lacroix and Nival (1998) 

mp Mortality rate 
Flagellates:   0.027 
Diatoms:       0.03 

d
-1

 
Koné et al. (2005) 
Lacroix and Nival (1998) Oschlies and Garçon (1999) 

Zooplankton groups  

Kz 
Half-saturation rate constant 
for ingestion 

Ciliates:        1.0 
Copepods:   2.0 

mmol N.m
-3

 Koné et al. (2005) 

gmax Growth rate 
Ciliates:        1.2 
Copepods:   0.96 

d
-1

 
Chifflet et al. (2001) Bahamón and Cruzado (2003) 
Lacroix and Nival (1998) 

e1 Capture efficiency for ciliates 
Flagellates:  1.0 
Diatoms:      0.4 

n.d. 
Chifflet et al. (2001) 
Koné et al. (2005) 

e2 
Capture efficiency for 
copepods 

Flagellates:  0.5 
Diatoms:      1.0 
Ciliates:        0.4 

n.d. 
Lacroix and Nival (1998) 
Chifflet et al. (2001) 
Koné et al. (2005) 

mz Mortality rate 
Ciliates:        0.025 
Copepods:   0.05 

d
-1

 Koné et al. (2005) Olivieri and Chavez (2000) 
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Table 2: Feeding size ranges of HTL organisms expressed as predator/prey size ratios. When 

information is available a split around the size threshold may be used to separate larvae and juvenile 

feeding size range from adult feeding size range. Minimum and maximum ratios are threshold values 

for predator length over prey length ratio and correspond to the boundary of the feeding size range. 

Values are computed from literature (see appendix D). 

 

  
Minimum 

predator/prey size 
ratio 

Maximum 
predator/prey size 

ratio 

Species 
Size 

threshold 
(cm) 

Larvae / 
juvenile 

Adult 
Larvae / 
juvenile 

Adult 

Euphausiids 0.6 5 5 1000 500 

Anchovy 8 3.5 3.5 100 500 

Sardine 10 4 100 100 10000 

Redeye - 4 80 

Lanternfish - 3.5 80 

Lightfish - 3.5 80 

Horse mackerel - 5 100 

Shallow water hake 27 3 1.8 30 30 

Deep water hake 29 3 1.8 30 30 

Snoek - 3 30 

Silver kob - 3 30 
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Table 3: Input parameters of OSMOSE for the 11 fish species modelled explicitly. L∞, K, and t0 are the parameters of the von Bertalanffy growth 

model; c is Fulton’s condition factor and b the exponent of the Length-Weight allometric relationship; φ is relative fecundity; amat is age at maturity; 

amax is longevity; Mnat is an additional mortality rate (resulting from predation by other species of the ecosystem that are not explicitly modelled); F 

is the annual fishing mortality rate; arec is age of recruitment; Fmax is the maximum ration of food for predators, ξcrit  is the critical threshold of 

predation efficiency below which maintenance function is not fulfilled and Mξmax is the maximum starvation mortality rate. Values reported in the 

table come from literature (see appendix D). 

 

 Growth Reproduction Survival Predation 

 L∞ K t0 c b φ amat amax Mnat arec F Fmax ξcrit Mξmax 

Species cm y
-1

 y g.cm
-3

  eggs.g
-1

 y y y-1 y y-1 
g.body
g

-1
.y

-1
 

 y
-1

 

Euphausiids 1.84 1.682 -0.1975 0.00738 3.16 42254 0.3 1 0.1 - 0 3.5 0.57 1 

Anchovy 14.8 1.37 -0.03 0.007 3 8000 1 5 0.403 1 0.23 3.5 0.57 1 

Sardine 26 0.26 -1.5 0.009 3 2400 2 10 0.365 1 0.16 3.5 0.57 1 

Redeye 30.1 0.71 0.28 0.009 3 750 1 6 0.208 1 0.04  3.5 0.57 1 

Lanternfish 7 1.66 0.06 0.008 3 646 0.5 2 0.226 1 0.0003 3.5 0.57 1 

Lightfish 6 1.15 0.06 0.008 3 334 0.5 2 0.226 1 0.0003 3.5 0.57 1 

Horse mackerel 54.5 0.183 -0.65 0.009 3 250 3 8 0.314 2 0.06 3.5 0.57 1 

Shallow water hake 270.6 0.039 -0.73 0.006543 3.0425 500 4 15 0.228 3 0.23 3.5 0.57 1 

Deep water hake 219.4 0.049 -0.914 0.007846 2.9759 500 4 15 0.174 3 0.33 3.5 0.57 1 

Snoek  115.3 0.294 -0.1 0.018 3 130 3 10 0.132 2 0.25 3.5 0.57 1 

Silver kob 116 0.12 -1.47 0.007 3 150 2 25 0.228 3 0.181 3.5 0.57 1 
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Table 4: Parameters of the plankton groups of the ROMS-N2P2Z2D2 model required for implementing 

the two-way coupling with OSMOSE 

 
 

 
Size range 

(mm) 
Initial mortality 

rates (d
-1

) 
Trophic 

level 
Conversion factor  
(mg ww.mmol N

-1
) 

Availability 
coefficients 

ap 
(calibrated) 

Flagellates 0.002 – 0.02* 0.027  
a
 1** 720  

b,c
 5.77 10

-4
 

Diatoms 0.02 – 0.2* 0.03  
a
 1** 720  

b,c
 0.0054 

Ciliates 0.02 – 0.2* 0.025  
a
 2** 675  

b,c
 0.0095 

Copepods 0.2 – 3* 0.05  
a
 2.5** 1000  

d
 0.113 

 

* arbitrarily set from Moloney and Field (1991), Jenny Huggetts (MCM), com pers - ** arbitrarily set (see text) -  
a
 

Koné et al. 2005  -  
b
 calculated from Moloney and Field 1991 -  

c
 calculated from Dow et al, 2006  -  

d
 calculated 

from James 1987   
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Table 5: Target biomass (in tons) used for the calibration by genetic algorithms, with their associated 

valid intervals (defined by min biomass and max biomass). Biomass values come from Shannon et al. 

(2003). When resulting from Ecopath calibration and thus not coming from literature, biomass values 

are followed by *. The results of the calibration of the coupled model ROMS-N2P2Z2D2-OSMOSE is 

also indicated (larval mortality per species). 

 

Species 
Min biomass 
(tons) 

Reference biomass 
(tons) 

Max biomass 
(tons) 

Larval mortalities M0 
(calibrated, week

-1
) 

Euphausiids 1 601 820 3 203 640* 4 805 460    0.0024 

Anchovy    497 786    786 143 1 074 500    2.1403 

Sardine    219 512    460 000    700 488    1.8430 

Redeye    928 122 1 369 720 * 1 811 318    1.9215 

Lanternfish    788 634 1 577 268 * 2 365 902    0.5742 

Ligthfish    337 986    675 972 * 1 013 958    0.9806 

Horse mackerel    266 400    532 800    799 200    0.9594 

Shallow w hake    259 384    388 300*    517 216    3.8767 

Deep w hake    325 246    647 900*    970 554    3.2708 

Snoek      37 070      74 140*    111 210    4.9063 

Silver kob        5 200       10 400      15 600    3.3281 
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Figures 

 

Figure 1: Grids of the sub-models used in this study. A) ROMS curvilinear grid with resolution ranging 

from 18km near the coast to 31 km offshore (the coast line is marked by the bold line and the thinner 

line represents the 500m isobath) and 20 vertical layers following the topography. B) OSMOSE square 

grid, divided into cells of 0.15° x 0.15°, with the isobaths 200m and 500m represented. The total area 

covered by HTL organisms, computed from the sum of distribution maps available for all species, is 

represented in grey. 
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Figure 2: Principle of the two-way coupling between OSMOSE and ROMS-N2P2Z2D2. At each time 

step (t) and at each location (x,y), the biomass of phytoplankton and zooplankton is used in OSMOSE 

for the predation process. In OSMOSE, fish can prey upon both plankton and fish, according to 

predator/prey size ratios and local prey availability. The feedback consists in a predation mortality 

applied to plankton groups accordingly to the effective amount of plankton eaten.  
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Figure 3: Scheduling of the two-way coupling between OSMOSE and ROMS-N2P2Z2D2. Each grey bar 

represents one time step of the models (2 weeks) and arrows representative exchange of information 

between models: prey field (x,y,z) per plankton group from ROMS-N2P2Z2D2 to OSMOSE before the 

predation process and mortality field (x, y) per plankton group from OSMOSE towards ROMS-

N2P2Z2D2 after the predation process. 
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Figure 4: Fitness evolution of the best genotype found with the genetic algorithm method through 

generations (solid line) and evolution of the number of valid intervals found for the 11 parameters by 

the best genotype (stars). 
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Figure 5: Distribution of the parameters estimates provided by the 156 best genotypes leading to the 

maximum number of valid intervals (11 valid intervals). The black line corresponds to the value 

selected for the reference simulation of the coupled model.  
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Figure 6: Above: Diets from data synthesized by Shannon et al. (2003), for the 3 main species of small 

pelagic fish (anchovy, sardine and redeye) and for the 2 species of Cape hake. Below: Diets simulated 

by the coupled model for the same species. In both cases diets are expressed as percentage of prey 

in mass. 
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Figure 7: Diet of snoek (50-74cm) from data (Griffiths 2002) and simulated by the coupled model, 

compared over space (South and West coast of south Africa, delimited by the 34.4°S latitude). Diets 

are expressed as percentage of prey in mass. 
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Figure 8: Evolution of the mean body size of anchovy per month in the observed landings, i.e. without 

discarded small-sized fish (thinner lines, data from Fairweather et al. 2006) and in the catch in the 

coupled model (bold line). One thin line represents the evolution of mean size during one year, and 

years from 1990 to 1997 are represented. 
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Figure 9: A) Comparison of the mean trophic levels per species in the coupled model (black diamond) 

and in the Ecopath model from Shannon et al. (2003) (white circle). For the coupled model, the 

standard deviation is indicated by a vertical bar. B) Distribution of individual trophic level for each 

species modelled by OSMOSE-ROMS-N2P2Z2D2. The distribution represents the biomass of 

organisms per TL class (intervals of width 0.1 from 2 to 6) 
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Figure 10: Representation of the modelled food web. Boxes represent species composed by all 

individuals older than 6 months for fish species, older than 2 months for euphausiids. Solid arrows 

represent links between a predator and its prey accounting for at least 10 % of the diets (in mass), 

dashed arrow are for prey accounting from 1 to 10% of the predator diet. Trophic links less than 1% of 

the predators diet are not represented. Circles indicate cannibalism. 



55 

 

Appendix A: ROMS-N2P2Z2D2 formula and parameters (from Koné et al. 2005) 

 

> PAR (photosynthetically available radiation) formulation: 

 zPrkkPARPAR phytoNCchlawater  ]..[..exp. ,/0   

where PAR0 is the surface PAR, kwater and kChla are attenuation coefficients for pure water and 

chlorophyll, θ is the chlorophyll/carbon ratio, rC/N,phyto is the C/N ratio for phytoplankton, [P] is 

phytoplankton concentration, and Δz is the depth step. 

 

> Nitrogen fluxes of all compartments: 

][NH][PT)(PAR,μ)(NOμ][PT)(PAR,μ)(NOμ=
dt

]d[NO
ANlppspp llss 433

3 ....   

][PT)(PAR,μ)(NHμ][PT)(PAR,μ)(NHμ=
dt

]d[NH
lppspp llss

.... 44
4 

 ][NHμ][Dμ][Dμ][Zμ][Zμ ANlDsDlZsZ lsls 4.....   

][Pm][ZPgg][ZPgg][Pμ=
dt

]d[P
splszsszsp

s

slss
 .)(..)(.. maxmax  

][Pm][ZPgg][ZPgg][Pμ=
dt

]d[P
lpllzslzlp

l

llsl
 .)(..)(.. maxmax  

With 

 ][Fe+k

[P]e
=Pg

iziz

ZP
z

.

.
)(  where Fi represents all prey of Z 

][Z][Zm][ZZgg][Zg=
dt

]d[Z
sZsZlszsz

s

ssls
...)(... max    

][Z][Zm][Zg=
dt

]d[Z
lZlZlz

l

lll
....    

 

 

][D][Zm][Zg=
dt

]d[D
lDlZlz

l

lll
...).1(    

Where Ps represents small phytoplankton (dinoflagellates), Pl stands for large phytoplankton 

(diatoms), Zs stands for small zooplankton (ciliates), Zl is for large zooplankton (copepods), Ds and Dl 

are respectively for small and large detritus. Additional parameters are synthesized in the table A1.

][D][Zm][Pm][Pm][Zg=
dt

]d[D
sDsZlPsPsz

s

sslss
.....).1(  
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Table A1: Values of additional parameters (not mentioned in the text) of the N2P2Z2D2 biogeochemical 

model. 

  

Parameter Description Value Unit Reference 

kwater 
Light attenuation due to 

sea water 
0.04 m

-1
 

Fasham et al. (1990), 

Hurtt and Armstrong (1996), 

Lacroix and Nival (1998), 

Oschlies and Garçon (1999), 

Tian et al. (2000), 

kChla 
Light attenuation by 

chlorophyll 
0.024 (m² mg Chla)

-1
 Olivieri and Chavez (2000) 

rC/N,phyto 
C/N ratio for 

phytoplankton 
6.625 Mol C (molN)

-1
 Redfield C/N ratio (106/16) 

θ 
Cellular chlorophyll/C 

ratio 
0.020 

Mg Chla (mg 

C)
-1

 

Fasham et al. (1990), 

Lacroix and Nival (1998), 

Tian et al. (2000), 

β Assimilation coefficient 
Ciliates:         0.75 

Copepods:    0.70 
n.d. 

Oschlies and Garçon (1999) 

Olivieri and Chavez (2000) 

Fasham et al. (1990) Lacroix 

and Nival (1998) 

µZ Specific excretion rate 
Ciliates:       0.10 

Copepods:   0.05 
d

-1
 

Olivieri and Chavez (2000) 

Koné et al. (2005) 

µD 
Detrital breakdown to 

NH4 rate 

Small Det:     0.1 

Large Det:     0.05 
d

-1
 

Doney et al. (1996), Liu et al. 

(2002) 

Oschlies and Garçon (1999), 

µAN 
Nitrification rate of NH4 

to NO3 
0.05 d

-1
 Koné et al. (2005) 
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Appendix B: Maps of spatial distribution of species modelled in OSMOSE (references in appendix D) 
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Appendix C: Seasonality of fishing pressure and spawning for species modelled in OSMOSE 

 

Fishing seasonality: Considered constant for all species except anchovy, sardine and redeye (figure 

C1), either because the fishing mortality is constant over the year (Rob Leslie, pers. com.) or because 

no data is available. 
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Figure C1: percentage of fishing mortality per time step for anchovy, redeye and sardine (Carl van der 

Lingen, MCM, pers.com.). 
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Spawning seasonality: Considered constant for silver kob (no data available), otherwise following the 

percentage per time step illustrated in figure C2. 
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Figure C2: percentage of spawning intensity by species (derived from CELP data, Jenny Huggett, 

MCM, pers com) 



62 

 

Appendix D: References of parameters values used for HTL organisms in OSMOSE 

 

 Growth : Linf, K, t0 L-W allometric relation Reproduction : φ,  amat,amax Survival Feeding size range 
Predation 

parameters 
Spatial distribution 

Euphausiids Pillar 1987 Pillar 1987 Pillar 1987 - Pillar 1987,  
Pillar et al., 1992 

Laevastu 
and Larkins, 

1981 
 

Gislason and 
Helgason, 

1985 
 

Longhurst and 
Pauly, 1987 

 
 

Pillar et al. 1992 

Anchovy Waldron et al., 1989 van der Westhuizen 
(com pers) 

Melo 1994, LeClus 1979 
Armstrong et al., 1991 

Armstrong et al., 1991 
Shannon et al., 2003 

Armstrong and 
Thomas, 1989, James 

1987 

Armstrong and Thomas, 
1989, Armstrong et al. 1991, 

Hampton 1987, Hampton 
1992, Valdes et al. 1897, 

Shelton 1986, Crawford 1981 

Sardine Baird 1977, Leslie 
(com pers) 

van der Westhuizen 
(com pers) 

Akkers 1995, van der 
Lingen (com pers) 
Akkers et al 1996 

Crawford 1980 
Shannon et al., 2003 

Armstrong and 
Thomas, 1989, 

Armstrong and Thomas, 
1989, Hampton 1992, 
Armstrong et al. 1987 

Redeye Waldron et al., 1991 Geldenhuys 1978 Baxter and Pope 1969, 
Kosior and Strzyzewska 

1979 
Roel and Melo 1990 

Roel and Armstrong. 
1991 

Shannon et al., 2003 

Armstrong and 
Thomas, 1989, 

Armstrong and Thomas, 
1989, Hampton 1992, Roel 

and Armstrong. 1991 

Mesopelagic 
(Lanternfish 
& Lightfish) 

Prosch 1986 Haimovici and Velasco 
2000 

Prosch 1991 
Prosch 1986 

Prosch 1986 
Shannon et al., 2003 

Prosch et al. 1989 Prosch 1991, Prosch et al. 
1989, Armstrong and Prosch, 

1991, Hulley and Prosch 
1987, Prosch 1986 

Horse 
mackerel 

Horsten 1999 Kerstan (com pers) Kartas and Quignard 1984 
Leslie (pers com) in 

Butterworth and Clarke 
(1996) 

Horsten 1999 
Hecht 1990 

Shannon et al., 2003 

Smale 1992, 
Crawford 1987, 

Crawford 1989a, 

Barange et al. 1998, 
Crawford 1989a, Hecht 1990, 
Badenhorst and Smale 1991, 

Naish et al. 1991, Shelton 
1986 

Cape hakes Punt and Leslie 1991 Payne et al. 1987 Kartas and Quignard 1984 
Punt and Leslie 1991 

Leslie (com pers) 
Shannon et al., 2003 

Punt et al 1992, 
Payne et al. 1987 

Badenhorst and Smale 1991, 
Payne 1989, Punt et al. 1992, 

Punt 1994 

Snoek  Venidiktova 1988 Griffiths (com pers) Rowling 1994, Nakamura 
and Parin 1993 
Griffiths 1997 

Griffiths (com pers) 
Shannon et al., 2003 

Griffiths 2002 Crawford 1989b, Crawford 
and de Villiers 1985, Griffiths 

2002 

Silver kob Kirchner 1998 Griffiths 1996 Battaglene and Talbot 
1994 

Griffiths 1997 

Griffiths 1997 
Shannon et al., 2003 

Same as snoek van der Elst, 1993 
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