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ABSTRACT Several individual-based models (IBMs) have recently been developed to improve understanding of factors impacting on recruitment variability of anchovy (Engraulis capensis/encrasicolus) in the southern Benguela. These IBMs have focused on early life history stages (eggs through to post-larvae) as it is thought that variations in anchovy recruitment strength are primarily driven by biological and/or physical factors impacting on these stages. The pelagic zone of the Benguela system constitutes an ideal system for studying the coupling between biological and physical processes; in the IBMs this coupling is obtained by releasing particles endowed with biological properties in the virtual currents resulting from the output of a hydrodynamic model of the southwestern coast of South Africa. The particles are tracked through virtual time and space and their final locations are assessed in terms of previously defined criteria deemed to promote successful recruitment. The aim of this paper is to provide a synthesis of the results of IBMs of the early stages of anchovy in the southern Benguela constructed to date. Emphasis is placed on the methodological aspects of these studies and on the sequential link of several simulation experiments of increasing complexity. In addition to improving understanding, such an approach allows for effective interplay between modelling experiments and surveys
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or laboratory experiments. Details of individual IBM experiments and their results have been published elsewhere. Key words: anchovy, individual based modelling, particle tracking, simulation, southern Benguela



INTRODUCTION The southern Benguela upwelling ecosystem situated off the west coast of southern Africa is a highly dynamic system. Its main oceanographic features include the warm Agulhas current from the Indian Ocean in the south, a coastal upwelling regime that extends northwards from Cape Point into the St Helena Bay region, and between them, a seasonal coastal jet current (Fig. 1; Hutchings et al., 2002). The life history of anchovy (Engraulis capensis/encrasicolus), a commercially important pelagic species in this area, is characterized by a spatial discontinuity between the spawning grounds on the Agulhas Bank and the nursery grounds off the West Coast (Bakun and Broad, 2002). Each year during spring, anchovy migrate from the nursery grounds to the spawning grounds where they spawn during summer. Spawn products are advected from the Agulhas Bank to the nursery grounds via the jet current (Fig. 1; Shelton and Hutchings, 1982; Crawford et al., 1987; Armstrong et al., 1988; Boyd et al., 1992; Hutchings et al., 1998); during this transport process hatching occurs and the larvae reach the nursery area. Variability in the transport of eggs from spawning to nursery grounds is considered to be among the primary determinants of anchovy recruitment success (Hutchings, 1992; Hutchings et al., 1998). Anchovy in the southern Benguela system have been intensively studied for decades; these studies have examined factors impacting on their recruitment variability (e.g. Hutchings, 1992; Hutchings et al., 1998, 2002), have provided accurate estimates of the biomass of spawners and recruits (Fig. 2) and have allowed spatial characterizations of the population (Barange et al., 1999; van der Lingen et al., 2001). The system is highly productive and variable, with  2003 Blackwell Publishing Ltd.



From particles to individuals



Figure 1. Schematic diagram of the life history of anchovy in the southern Benguela including spawning area, jet current and nursery ground.
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there must be some synchronization between the physical process (the jet current) and the biological process (spawning). The individual-based models (IBMs) developed thus far have examined this coupling (Mullon et al., 2002a; Huggett et al., 2003; Parada et al., 2003). In this paper we emphasize the methodological questions such studies have raised when using simulation tools. METHODS Hydrodynamic modelling
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Figure 2. Numbers of anchovy and sardine recruits (billions) estimated from annual (May) acoustic pelagic recruitment surveys over the period 1985–2001.



estimates of anchovy recruitment strength varying from 30 billion to over 500 billion individuals (Fig. 2; MCM, unpublished data). Apart from exceptionally high recruitment during the last few years, there are no clear trends in these variations which appear quite erratic. Anchovy exhibit a spatially structured spawning pattern, with intense spawning taking place over various regions of the Agulhas Bank during the peak spawning season (van der Lingen et al., 2001). In order to ensure successful transport of spawn products from the spawning to the nursery grounds,



The hydrodynamics of the southern Benguela system have been modelled by Penven (2000) and Penven et al. (2001) through implementation of the Regional Ocean Modelling System (ROMS; Haidvogel et al., 2000), developed at Rutgers University and the University of California. The model solves the free surface, hydrostatic primitive equations of the fluid dynamics over variable topography using stretched, terrain-following coordinates in the vertical, and orthogonal, curvilinear coordinates in the horizontal (Song and Haidvogel, 1994). This allows enhanced resolution in the region of interest at the coast, and is very accurate in dealing with the hydrodynamics of a coastal system (Penven et al., 2001). The hydrodynamic model has been run for a 10-year period with the same seasonal forcing and the same boundary conditions (issued from monthly climatologies) repeated for every year. It accurately reproduces the main features of the physics of the system. During simulation the model generates field-observed features including the warm Agulhas Current and its retroflections, the cold upwelling in the St Helena Bay area, the coastal jet current, and other structures such as eddies and filaments (Penven et al., 2001). Even without further improvement, which is currently in progress, this model is considered to constitute a realistic virtual environment. Although the same forcing has been applied for all simulated years, the resulting output differs noticeably, because of different initial conditions. We have selected five successive years of the output which present sufficient interannual variability (contrasting patterns of meso-scale activity) to be used as input for individual based modelling experiments. Output from the hydrodynamic model includes values of current, temperature and salinity fields, and is obtained every 2 days for every point on the 3-D grid. Particles Coupling the outputs of the hydrodynamic model with an IBM allows the trajectories of passive particles to be
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tracked, a common approach in recent studies of early stages of fish (Werner et al., 1996; Heath and Gallego, 1997; Hinckley et al., 1996; Hermann et al., 2001). Our IBMs were used to track the movement of particles representing anchovy eggs spawned over the Agulhas Bank and transported northwards to the West Coast nursery grounds. Throughout all simulations the IBMs recorded the number and age of particles meeting the criteria for successful transport (see Results section for a definition of successful transport). This value was used as the dependent variable in subsequent statistical analyses. From particles to individuals The process of recruitment is complex and depends on a variety of biological and physical mechanisms. Hence it is unrealistic to consider eggs and larvae simply as passive particles. They have density and buoyancy, which affects their transport from the spawning grounds to the nursery area. They are developing and growing during transport, and both of these processes are temperature-dependent, e.g. too cold temperatures may cause egg and larval mortalities. At a certain age, larvae need food. Later, they become active and swim in the currents. All these processes have to be integrated in a study on recruitment, which raises difficult methodological questions. Approach Learning from complex simulations such as IBMs is not straightforward. In a key paper, Grimm (1999) made several recommendations, both theoretical and practical, which we have tried to follow in our studies. Rephrasing Grimm (1999) we have implemented the following principles: Principle 1: Keep it as simple as possible, avoid over-parameterization, and proceed step by step. In addressing this principle we found it helpful to use visualization facilities of recent computers in order to present a synthetic view of the whole modelling procedure to the scientists involved in an experiment. For all our IBM experiments this involved a representation on a single computer screen of the processes, hypotheses, control parameters, animations and real time simulation results (Fig. 3). Principle 2: Use an experimental approach and apply sensitivity analyses. Building an experiment consists of: (1) The formulation of a hypothesis in terms of processes; (2) Defining how to test the hypothesis; (3) Testing the hypothesis; and (4) Accepting the result, even if it is not the expected one (which may be difficult). This approach can help to avoid the risk of never-ending fine-tuning of a model. We know from experience that this is a real risk.



Principle 3: Use a pattern oriented approach (POA). According to Grimm et al. (1996) and Railsback (2001), POA consists of: (1) Defining a set of ‘test-patterns’, i.e. observed patterns at the system (or individual)-level in response to known stimuli that the IBM is designed to explain and reproduce; (2) Building a model that includes the mechanisms and agents’ traits (e.g. larval mortality according to temperature) believed to drive the test-patterns; (3) Posing alternative rules for agent behaviour as hypotheses that will be tested; (4) Simulating the conditions under which each test-pattern has been observed to occur: reject rules that do not cause the test-patterns to emerge from the model, and accept rules that do (Grimm, 1994, 1999; Grimm et al., 1996, 1999; Railsback, 2001). Such an approach could provide the basis of what John Woods calls an Ecological Turing Test (Woods, 2002). This is the only known approach that addresses, in a practical way, the question of how to justify the results of modelling a complex system. Principle 4: Take into account the specificities of modelling in an interdisciplinary context. At the beginning of our IBM projects it was clearly stated that the aim was to address questions and provide answers, not to reproduce the real world. In other words, that this was heuristic modelling, not predictive modelling. More precisely, our modelling study was aimed at sharing concepts amongst a variety of disciplines and representing the right level of the observed complexity necessary to express interactions between physical and biological processes. It is very important to state this principle, and to continuously keep it in mind. A lot of misunderstandings result from deeply different concepts of the aim of the modelling. Here we illustrate the overall process of the sequential approach that has been set up using these principles, based on several model experiments that are detailed elsewhere (Mullon et al., 2002a; Huggett et al., 2003; Parada et al., 2003). Application to the study of early stages of anchovy in the southern Benguela system Keeping in mind that the aim of the modelling approach was to answer scientific questions, particularly – ‘Why are the spawning and nursery areas of anchovy in the southern Benguela spatially distinct?’ – these four principles have been implemented in our IBMs. First, an interdisciplinary group comprising ecologists, physical oceanographers and biologists was set up to discuss hypotheses, plan experiments and assess results obtained. Secondly, test-patterns were chosen from field-derived observations, the most important ones
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Figure 3. Screen of the simulator during a single trial showing on the left controllers of the variable coefficients of the model, on the right views of the domain of the model and the process at the individual level, on the bottom of the screen the output of the model in real time. In the lower figures, the horizontal axis indicates time, while the vertical axis indicates the number of particles.



being: inter-annual variability in recruitment strength (Fig. 2); the distribution and abundance of anchovy eggs during November spawner biomass surveys (Fig. 4); the temporal distribution of eggs and larvae along a monitoring line located in the transport area (Fig. 5), and the vertical distribution of eggs and larvae (according to the results of a field survey in progress). Finally, we used the following process for the experimental simulations: 1. Express assumptions concerning the biological or physical processes and their coupling. Identify and define factors that explicitly affect recruitment, such as transport, buoyancy, growth, sensitivity to temperature during transport, vertical migration, food availability, etc.



2. Define a global quantifiable characteristic (C) of the dynamics of the system; this was mostly the probability of transport success (used as a proxy for recruitment success) but the probability of egg or larval mortality was also used. 3. Define a list of factors that are believed to affect C. 4. Simulate the behaviour of the system for all the possible combinations of factors. 5. Using an appropriate statistical tool (ANOVA or GLM), select the factors which appear to significantly drive the variability of C. 6. For each of the selected factors, observe their particular effect on C; if the simulated patterns fit the observed ones, conclude that preliminary assumptions cannot be rejected.
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Figure 4. Composite distribution map of anchovy eggs (no. m)2) collected with a California Vertical Egg Tow (CalVET) net during annual (November) pelagic spawner biomass surveys over the period 1983–99, the five spawning areas on the Agulhas Bank and the two nursery regions on the West Coast as used in the model.



on the conclusions of a previous one, which allowed an assessment of the relative importance of the various factors influencing anchovy recruitment variability. RESULTS Experiment 1: Transport



Figure 5. Mean monthly abundance of anchovy eggs sampled during historical ichthyoplankton surveys conducted off the southwest coast (1964–69), during the Cape Egg and Larval Programme (CELP) surveys (1977–78) – a grid of 120 stations extending 50 miles offshore from 3120¢S on the west coast to 2130¢E on the south coast and along the Sardine and Anchovy Recruitment Programme (SARP) Monitoring Line (1995–2001) off the Cape Peninsula (Fig. 1). 60
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7. Pursue a biological/physical interpretation of this last conclusion. Experimental simulations are not in themselves able to validate the model, but in some cases it was clear that, under a given set of assumptions, a particular factor either did have an effect or did not. This allowed the identification of important factors, the impacts of which could be confirmed by survey data or laboratory experiments. It was also very instructive to base the assumptions of an experiment



In the first experiment transport was considered to be the main factor affecting recruitment. Transport success was defined as particles that reached the offshore or inshore part of the West Coast nursery area between 14 and 60 days after release (see Huggett et al. (2003)). Hypotheses tested were: (1) spatio-temporal spawning patterns affect transport success, and (2) the modelled current regime facilitates passive transport of spawning products directly into the core (inshore) nursery area, rather than into the adjacent offshore region. Possible factors influencing transport success were: (1) location of spawning – following current convention, five possible spawning areas were used, as shown in Figure 4, namely the western Agulhas Bank (WAB), the inshore and offshore central Agulhas Bank (CABin and CABoff), and the inshore and offshore eastern Agulhas Bank (EABin and EABoff); (2) month of spawning – all 12 months were considered; (3) the year of simulation from the output of the hydrodynamic model; (4) spawning patchiness (random, concentrated, or highly concentrated); (5) spawning frequency (every 2 days, every 10 days, or once a month); (6) a random factor. Each trial involved releasing 10 000 particles randomly in the five spawning areas, then tracking these particles as they were advected by currents for a period of 60 days, and finally noting the success of their transport. The whole experiment consisted of 1620 trials, which represents about 26 h of computing time. Figure 3 represents the screen of the simulator during a single trial. This demonstrates the application of the simplicity principle mentioned previously. On the left of the screen are all possible values for the variable coefficients of the model. The right of the screen provides a view of the process at an individual level, an animation of the particles that allows them to be tracked while being transported. The bottom of the screen represents global features of the dynamics. The first five plots on the bottom represent, for each area of origin, the number of particles in all possible areas of the system. The last plot represents the origin of the successful particles. This kind of visualization proved to be an effective way to check the model.
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Variability of transport success according to the above factors was tested using multifactor analysis of variance (ANOVA). The most significant factors were spawning area (explaining 41.2% of the variance, 4 d.f.) and month of spawning (23.9%, 11 d.f.), and the interaction between them (17.3%, 44 d.f.). Neither spawning patchiness nor spawning frequency were significant. The most successful area for spawning was the WAB, followed by the CABin and CABoff (Fig. 6a), and transport success was greatest for particles released between September and March (Fig. 6b). The model-derived temporal and spatial patterns of transport success match our knowledge of the spawning habits of anchovy to a large degree. However, overall transport success to the inshore part of the nursery area was low, suggesting that additional processes besides passive transport (e.g. swimming, advection) are required for larvae to reach this region. The conclusions of this first experiment were that (1) month and area of spawning have a strong effect on transport success, (2) however, this is not the case for patchiness or frequency of spawning, (3) or for inter-annual variability of the output of the hydrody-



Figure 6. Transport success (%) in relation to (a) spawning area and (b) month of spawning for the transport individualbased model (Experiment 1).
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namic model, and (4) passive transport may not be sufficient for larvae to reach the inshore nursery area. These results are discussed in more detail by Huggett et al. (2003). Experiment 2: Buoyancy A second experiment added egg buoyancy as an important factor affecting recruitment success. The definition of transport success was the same as for the first experiment. Factors affecting transport success were: (1) the location of spawning, with four spawning areas WAB, CAB, EABin, EABoff; area CABin was not taken into account, according to observed egg distributions, (2) the date of spawning, with 6 months, from October to March, of effective spawning, (3) the year of simulation, as before, (4) the release depth: 0–25, 25–50, 50–75 m, (5) egg density: 1.021, 1.023, 1.025, 1.027, (6) egg shape: spherical, intermediate, elongated, (7) a random factor. There were no patchiness or frequency effects incorporated in this model. The buoyancy effect was assessed with a conventional formula (Denny, 1993), which takes into account particle density, egg shape, depth, temperature and salinity. This effect modifies the vertical component of particle movement. It occurs only during the egg and hatching phases of the particles i.e. during the first 6 days. We ran an experiment consisting of 3 240 trials. The results clearly indicated that the two most important factors were area of spawning (20.2%, 3 d.f.; Fig. 7a) and egg buoyancy (17.5%, 3 d.f.; Fig. 7b). The interaction between them was important too (31.2%, 15 d.f.), similar to the interaction between area, month and density (10.8%, 45 d.f.). Other factors, notably depth of release, were not significant. A particle density of 1.025 was clearly optimal for transport success and this value is close to the average observed egg density in South Africa (unpublished results from the fourth author). Too high buoyancy was detrimental for transport success. The mean level of transport success (15%). This analysis led us to conclude that (1) during the spawning season, spawning area and egg density are major determinants of transport success, (2) there is no effect of egg shape, (3) there is an optimal egg density. The interpretation of these results was that (1) light eggs are prone to advection offshore, (2) heavy eggs are prone to too slow transport. This interpretation has been confirmed with some complementary analyses. Details are given in a paper by Parada et al. (2003).
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Figure 7. Transport success (%) in relation to (a) spawning area and (b) density of the eggs for the buoyancy individualbased model (Experiment 2).
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Parameters L0, k, n and c were set to fit observed data. In order to quantify the effect of temperature on growth speed, we used the following values of the growth factor k: 0.2, 0.5, 1, 1.5 and 2.0. We then calculated growth according to the following approximation, at any time step:
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Experiment 3: Growth and mortality A third experiment added growth and differential mortality as potential factors affecting recruitment. Growth was evaluated according to a modified Gompertz equation, which incorporates a temperature effect. Hatching occurred when particle size was >3 mm. Particles representing egg or larval stages were sensitive to different temperatures. Definition of transport success was still the same. Factors affecting success were: (1) Spawning area, as before, (2) the month of spawning, as before, (3) the year of simulation, as before, (4) the release depth, as before, (5) the growth rate, the k parameter of the modified Gompertz equation which allows one to distinguish between slow (0.2) and fast (2) growth; a value of 1 represents the growth rate as observed in field studies, (6) the lethal temperature for eggs (13, 14 or 15C), (7) the lethal temperature for larvae (11, 12 or 13C), (8) a random factor, as before. Patchiness and frequency of spawning were not incorporated. Particle density was optimal (1.025), and particles representing eggs were elongated. An experiment consisting of 12 150 trials was run.



The most important factors affecting transport success were spawning area (22.6%, 3 d.f.; Fig. 8a), month of spawning (9.5%, 5 d.f.; Fig. 8b), depth of release (2.8%, 2 d.f.), the year of simulation (8.0%, 4 d.f.; Fig. 8c) and the critical temperature for larvae (2.2%, 2 d.f.; Fig. 8d). Depth and year were significant, although they were not important in the previous experiment. The fact that variability of transport success was partly explained by the inter-annual variability emphasizes the dependence of the growth process on temperature, and indicates that sensitivity to temperature is coupled with the physics. Considering the effect of area: the WAB was still the most successful (Fig. 8a), but to a lesser extent that in the previous experiment (Fig. 7a). This suggests that taking growth into account results in a less detrimental outcome for particles released from the remote eastern spawning area. Taking into account all the factors that affect the variability of transport success, as well as egg mortality and larval mortality, one concludes that within the spawning season, spawning area, year of simulation, spawning depth and lethal temperature for larvae are the main determinants of transport success from the spawning area to the nursery grounds. This has been interpreted as follows: (1) eggs from the WAB are transported very rapidly to the nursery area where low temperatures are lethal for them; (2) eggs spawned too deep are transported very slowly and do not reach the nursery area at the appropriate time. There is thus a trade-off between speed of transport and growth rate. The effects of this trade-off are very sensitive to the physical conditions in which the individuals evolve.
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Figure 8. Transport success (%) in relation to (a) spawning area, (b) month of spawning, (c) year of the simulation and (d) critical temperature for larvae for the growth and mortality individual-based model (Experiment 3).
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Experiment 4: Active swimming In the final experiment, we added active behaviour of larvae (i.e. swimming) as an important factor affecting transport success. In the previous experiments, transport success was defined as particles reaching either the offshore or the inshore part of the nursery area. Mean transport success was 15% to this offshore region but only 2% to the inshore nursery area, which is the core nursery ground where the prerecruits remain until undertaking their first reproductive migration. An assumption of this final experiment was that vertical migration of larvae could have a positive effect on the final phase of recruitment, improving the success rate of transport to the inshore part of the nursery area. It was postulated that at a given age larvae have a tendency to reach a particular depth, which is a simple way of accounting for diel vertical migration. Thus, in this experiment, factors affecting recruitment success were: (1) the spawning area, as before, (2) the month of spawning, as before, (3) the year of simulation, as before, (4) the release depths, as before, (5) the lag after hatching for active behaviour: 4, 6, 8, 10 days, (6) the target depth, i.e. the
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constant depth at which the larvae remain: 0, 20, 40, 60, 80, 100 m, (7) a random factor. There was no patchiness or frequency of spawning effects; egg density was optimal, eggs were elongated, critical temperature was 14C for eggs and 12C for larvae, and the growth factor was set to 1. This experiment consisted of 6 480 trials. The most important factors influencing the variability of transport success were the spawning area (32.3%, 3 d.f.; Fig. 9a) and the target depth (8.2%, 5 d.f.; Fig. 9b). The average rate of transport success to this smaller coastal area was 10%, although it was 
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