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Mathematical model and numerical simulations of the migration and growth of Biscay Bay anchovy early larval stages Ahmed BOUSSOUARa, Soizick LE BIHANb,c*, Ovide ARINOc, Patrick PROUZETd a
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Abstract − The paper presents a mathematical model of the early larval stage, from spawn to the resorption of the yolk-sac, of the anchovy, Engraulis encrasicolus, of the Bay of Biscay. The model describes the temperature-dependent growth and drift of passive larvae by the currents and vertical turbulence. A numerical code has been built and numerous simulations, fed by both biological (egg surveys by AZTI-San Sebastian, Spain, and IFREMER, France) and physical (circulation model by IFREMER-Brest, France) data, were undertaken. Their main features are presented and discussed here, and some conclusions on the possible utilization of the results in improving estimates of anchovy stocks by the daily egg production method are drawn. © 2001 Ifremer/CNRS/IRD/Éditions scientifiques et médicales Elsevier SAS Résumé − Modèle mathématique et simulations numériques des processus de croissance et migration du stade passif de la larve d’anchois du golfe de Gascogne. L’article présente un modèle mathématique de la première phase du stade larvaire, de la ponte à la résorption du sac vitellin, de l’anchois, Engraulis encrasicolus, du golfe de Gascogne. Le modèle décrit la croissance de la larve en fonction de la température et son entraînement passif par les courants et la turbulence verticale. Un code numérique a été mis au point et de nombreuses simulations numériques ont été faites, nourries par des données biologiques (fournies par Azti-San Sebastian, Espagne, et Ifremer, France) et physiques (fournies par Ifremer-Brest). Les principaux résultats issus de ces simulations sont présentés et discutés ici, et quelques conclusions sont tirées quant à leur utilisation éventuelle pour, par exemple, améliorer les estimations sur les stocks d’anchois faites à partir des estimations sur la ponte journalière. © 2001 Ifremer/CNRS/IRD/Éditions scientifiques et médicales Elsevier SAS anchovy / growth / migration / numerical simulation / passive stage anchois / croissance / migration / simulation numérique / stade passif



1. INTRODUCTION



quences of such fluctuations are dramatic for countries where the exploitation of these resources is crucial for the economy.



Marine fish populations, in particular pelagic ones, can be characterized by important abundance fluctuations (Lasker and MacCall, 1983; Valvidia, 1978). Conse-



Even if clupeoid populations are affected by high fishing pressure, their abundance variability is also known to respond to climatic variability (Kawasaki, 1983; Pauly and Tsukayam, 1987; Payne et al., 1987). It is now admitted that ocean conditions influence recruitment success and early stage survival. A number of
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authors elaborated around this issue, starting with the pioneering critical period hypothesis by Hjort (1914, 1926). More recently, Cushing (1975) formulated the match-mismatch theory, an extension of Hjort’s view, and Lasker (1978) put forward his ocean stable hypothesis. Bakun (1985) found convincing evidence that the spawning peak of pelagic fishes in upwelling areas coincides with a seasonal minimum in offshore Ekman transport (see also a recent monograph by Bakun (1996) and other publications by this author quoted therein). Other studies can also be quoted (Blaxter and Hunter, 1982; Cushing, 1982; Lasker, 1985; Borja et al., 1996) for the Bay of Biscay area, as works relating to the recruitment of clupeoids with environmental conditions in upwelling areas. Leggett and Deblois (1994) made a thorough review of the literature with regards to the evaluation and comparison of the following two hypotheses: 1) that year-class strength be determined by mortality during the pre-juvenile stage of the life history; 2) that recruitment in marine fishes be regulated by starvation and predation in the egg and larva stages. The work of Cury and Roy (1989) has had the greatest impact in recent years; they coined the expression of environmental ‘window’ to mean a small interval of the wind speed range, for example, which is most favorable to the success of recruitment.



The model is made up of three components: a demographic expression involving birth and mortality; a biological term which describes individual growth depicted in terms of the progression of the larvae through developmental stages; and a physical term which describes the drift of larvae by water currents. The state variable for the dynamics of the larvae is the density of larvae, l = l(t,a,s,P), where, at any chronological time t, a denotes the age, s the location within the stages, and P = (x,y,z) represents a generic point in the physical space. So, the instantaneous rate of variation of the density with respect to time, ⭸l Ⲑ ⭸t, is balanced by the sum of three algebraic quantities: – the demographic flux rate − µ共 a,s,t,P 兲l − ⭸l ⭸a – the biological flux rate −



⭸共 fl 兲 ⭸s



where the variable s may take any value from s = 1, which corresponds to the date of spawning, to s = 12, which corresponds to the end of the yolk-sac stage, and the function f = f(T,s) gives the instantaneous growth rate of progression within the stages, dependent upon the temperature T. We will come back to this in section 2.2.



But the complexity of the relationship between environmental conditions and recruitment as well as the lack of data make this relationship far from being completely modelled (Cole and McGlade, 1998).



The physical flux rate determined in terms of the 3-D s current velocity V 共 t,P 兲 and the mixing coefficient h = h(t,P) gives



While discussions based on data have flourished on this subject, mathematical models which could capture a sufficient dose of biological and physical realism are very few. As far as we know, the most advanced results along this line are due to Wroblewski and coworkers (1984, 1987, 1989) who, however, dealt with very simplified models. In contrast, we aimed to describe fish dynamics by a rather detailed model. Indeed, we propose a numerical simulation model which, fed by biological and oceanographical data, gives a sort of virtual laboratory in which it would be possible to mimic the main dynamic processes governing the evolution of the Bay of Biscay anchovy, Engraulis encrasicolus. The model describes the early larval stage of the anchovy, the period ranging from spawn to the resorption of the yolk-sac, which is both a period of endogenous feeding and passive transportation.



共



− div共 Vl 兲 + ⭸ h ⭸ l ⭸z ⭸z



兲



With the above parameters, the equation for the variation of l reads ⭸l = − ⭸l − µ t,a,s,P l − ⭸共 fl 兲 − ∇. lVs + ⭸ h ⭸l 共 兲 共 兲 ⭸t ⭸a ⭸s ⭸z ⭸z



共



兲



2. MATERIALS AND METHODS 2.1. Precisions 2.1.1. Initial conditions Initial conditions are given at t = 0 (beginning of the year). In the Bay of Biscay, anchovy reproduction takes 490
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2.2. Data setting



place from April to roughly the end of July (Motos, 1996). For anchovies, the larval stage lasts for at most 2 months (Mullin, 1993). Therefore, we are justified in assuming that no reproduction takes place at the beginning of the year and no larva survives until the end of the year, so that there is no larva alive at the beginning of the year,



2.2.1. Biological data setting 2.2.1.1. Eggs Biological data were extracted from egg surveys performed by the AZTI and IFREMER (Motos et al., 1998). Each annual survey consists of sampling made from a boat which, once a year, during 10 to 15 d, during the spawning season period in May or June, goes over the whole Bay of Biscay to look for anchovy eggs. Transects of the egg survey are on latitudinal lines, when starting from the French coast, and on longitudinal lines when starting from the Spanish coast. The distance between two contiguous transects may vary, depending on the found densities.



l共 0,a,s,x,y,z 兲 = 0



2.1.2. Vertical boundary Vertical boundary conditions are imposed at the surface and at the seabed. With the rigid lid assumption, the vertical component of the velocity is zero at the sea surface. This condition reads



Thus, the grid for biological survey ranges from 43.2 to 46.1 latitude and from 1.2 westward to 4.4 longitude and is split into cells of 3 × 15 squared nautical miles (in some case, the cell side is cut in half: 3 × 7.5 squared nautical miles).



h ⭸l = 0 at z = 0, ⭸z The condition at the seabed reads h ⭸l = 0 at z = − W共 x,y 兲 with W as the depth. ⭸z



The data involved here are for the year 1994 with 431 stations, and for the year 1996 with 320 stations. The survey stops when no eggs are found on two consecutive transects.



2.1.3. Lateral boundary conditions



For the simulations, it was arbitrarily assumed that the initial egg distribution inside the water column was: 25 % of the eggs are uniformly distributed in the interval ranging from 6.5 to 7.5 m deep; 50 % are uniformly distributed between 7.5 and 8.5 m deep; and 25 % are uniformly distributed within 1 m below 8.5 m (Garcia and Palomera, 1996).



The lateral boundary is the part of the physical boundary apart from the sea surface and the seabed. Since the equation is a first-order transport in the horizontal variables, if we assume that reproduction takes place in the interior of the domain, there will be a positive lower limit to the time needed for any larva to reach the lateral boundary. Part of the lateral boundary, for example the offshore limit, will not be reached by the time the larva ends its cycle. On the other hand, the coastal boundary is likely to be within reach of some of the larvae. A possible way of accounting for the exchanges at this boundary could be imagining a virtual ‘exit’ compartment, to assume that the larvae leaving the domain by those coastal boundaries, where and as long as the component of the current normal to those boundaries is directed outward, go to this ‘exit’ compartment. They return from it to the domain through the same boundaries when the direction of the current changes to inward. This, however, would require a careful inspection of the coastal currents. Leaving this for further studies, we simply assumed here that no material goes through the lateral boundaries.



It remains to be seen how the data on eggs are converted into inputs for the model. The strategy employed here is to group together the eggs of three ages, multiplying the total number of eggs by a correction coefficient accounting for the possible mortality over the 3 d of an egg’s life. The correction formula reads as follows: egg0 + egg1 + egg2 1 + exp共 − µt1 兲 + exp共 − µt2 兲 where the notation eggi represents the number of eggs aged i days present in the cell, and tj, j = 1, or 2, the duration in days, elapsed from the time of spawning. For eggs aged 1 d, it is t1 = 1, and t2 = 2 for eggs aged 2 d. 491
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More generally, tj is to be expressed in terms of the time unit used for the mortality rate µ, which here is the day.



Hatching occurs at the end of the eleventh stage, which, depending on the temperatures crossed by the egg throughout its development, will occur more or less rapidly.



The above formula is quite rough. It does not account for any spatial dispersion of eggs. It would be interesting to compare the results obtained using this combined egg number with those that could be obtained by taking the eggs aged 0 d only.



The second sub-model deals with the period going from hatching to the end of the yolk-sac, that is to say, still a period, counted as a twelfth stage, when the larva does not depend on the environment for its living. The duration of this stage is given by a function of the type:



Data are expressed in terms of a number of eggs per square meter, in accordance with the sampling method that counts together the eggs which belong to the same right cylinder of the water column.



Dv = ET



−F



where, as for the previous stages, the parameters E, F and Dv are determined in laboratory, at constant temperatures. This information is to be converted into instantaneous variation of stage.



A crucial assumption is that the daily distribution is the same throughout the scientific season. Of course, this assumption is certainly wrong and is just the consequence of the egg sampling procedure. Only one egg sampling survey has been performed each year, and it is roughly assumed that the distribution found during this survey is a faithful image of what is going on every day during the time of the survey. From a methodological point of view, this is not a big problem and can be overcome as soon as additional data will become available. Combined with the assumed constant mortality rate, also incorrect, and the fact that no escape of larvae at the lateral boundaries is allowed, it gives at least and at most a rare opportunity to compare the sole effect of temperature and oceanic currents and turbulence on growth and distribution of larvae, independently of all other demographic or whatever factors.



We obtain the expression of maturity in stage i at time t mi共 t 兲 =



兰



t



ti



1 ds Di共 T共 s 兲 兲



the completion of the stage corresponding to the time t for which mi(t) = 1 and i is the stage and T the temperature. It is this formula that is used to describe the progression in the yolk-sac stage, with the function Dv taken from Motos (1994). The formula obtained by Motos however is not specific of the yolk-sac stage: it covers the whole passive stage, from egg fertilization to the end of the yolk-sac stage, or, in other words, the endogenous feeding period. In the absence of a specific model for the yolk-sac stage, this was considered a possible choice. This choice is of course disputable: the parameters computed in this manner account for the whole growth process from fertilization to the end of the yolk-sac stage, wherein the specificity of the yolk-sac stage is likely to be dampened. The values of the parameters determined by Motos (1994) are E = exp(10.376) and F = 2.1749 (figure 1).



2.2.1.2. Larval growth As already mentioned, larval growth is determined as a function of the temperature. The growth model is made up of two sub-models: the first one encompasses the period going from fertilization to hatching. Such a model was first proposed in the study of California anchovy, Engraulis mordax (Lo, 1985). The period of egg development is divided into eleven stages established by Moser and Ahlstrom (1985), and the model provides the age of the egg at each of those eleven stages as a function of the temperature. It is a parametric model with three parameters. For the Bay of Biscay anchovy, Engraulis encrasicolus, Motos (1994) determined the parameters in laboratory experiments.



The two models were combined together to yield a single continuous model which gives the stage (supposed to vary continuously from the value 1 to 12 with all non-integer values viewed as fractions of stages) as a function of age, at a given temperature. It is convenient to extend the notion of stage so as to make the stage a continuous variable that was denoted s. The above formulae give the age at stage: one can invert



yi, T = 15.45 exp共 − 0.1145T + 0.0098i 兲i



1.74
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2.2.2. Physical data setting The physical data used in these simulations have been elaborated from the model circulation by Lazure and Jégou (1998). It is a 3-D model, which solves the Navier-Stocke’s equations under hydrostatic hypothesis, and equations for the transport of heat and salt. The vertical coordinate is normalized, using sigma coordinate. The equations are solved using finite differences and a semi-implicit method. Open boundary conditions are obtained from a model on a larger domain and described variations of the sea level as a joint result of the actions tide and winds. Daily flows of the Loire and the Gironde rivers are prescribed in their respective estuary. Wind measured on the isle of Oléron is prescribed on the sea surface. Since the main emphasis of the physical grid built up by P. Lazure and A.M. Jégou was the study of the effect of the Loire and Gironde plumes, the grid does not cover all of the Bay of Biscay. It is roughly enclosed in a pentagon spreading from 43.8 to 47.8 latitude. It follows the coastline. It ranges from 0.9 westward to 3.9 longitude and is limited offshore by the continental shelf and the 3.9 W longitude line. Along the vertical, the sigma coordinates divide the water column into ten unequal slices according to the following proportions, from the surface downwards: 0.03, 0.05, 0.1, 0.15, 0.25, 0.35, 0.5, 0.65, 0.80, 0.95. The physical cells are squares of 3 × 3 miles. Simulations of currents, temperature and salinity are typical for the year’s range. Field data measurements are averaged over week periods, consequently, the same is true for the data computed by the circulation model.



Figure 1. Exponential function relationship of stage, age based upon time and at a given temperature denoted T (°C).



these formulae to determine the stage at age. Since this information has to be incorporated in a continuous time and space equation, it will be convenient to express it in terms of the instantaneous variation of the stage as a function of age and temperature. exp共 − bT 兲 ds = dy a exp共 cs 兲共 cs␣ + ␣s␣ − 1 兲 where T = T(y) is allowed.



2.2.1.3. Demographic boundary conditions Demographic boundary conditions are given at s = 1, at any time during the spawning period:



2.3. Numerical treatment of the model



l共 l,t,P 兲 = B共 t,P 兲 The function B(t,P), equal to 0 for t < t0, where t0 is day 1 of spawning, is positive during the spawning period and periodic in t with a period equal to 1 d, that is to say, it is assumed that the production of eggs at any given point in the sea is the same all over the spawning period and is indeed the value extrapolated from the samples taken all over the continental shelf within a few days, treated as simultaneously gathered data. This assumption is obviously outrageously strong: the situation varies both in time and space. Although we have used a single set of data for each year, the program is organized in such a way that one could just as well feed it with several sets, corresponding to as many egg surveys.



In the approximation procedure of the main equation, a finite volume scheme is utilized. The principle of such schemes is as follows: a family of meshes is selected (these are the control volumes). To each mesh, one associates an unknown number or a finite family of unknowns, inter-related by as many equations, obtained by integrating the equation on each control volume. For more details on the method, we refer to Eymard et al. (2000), Kröner (1997), Godunov (1976), Mortan (1996) and Vignal (1996). Finite volume schemes are often assimilated to finite difference schemes. However, it is not difficult to build a finite volume scheme on a triangular mesh, for example, while finite difference 493
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It is convenient in the problem under consideration to have a finer subdivision of the water column. We chose 1 m as the vertical mesh-size: completion of the vertical database was done by linear interpolation. Finally, a cell of the decomposition consists in a slab with a trapezoidal horizontal base, two vertical sides parallel to the x-axis, while the other two vertical sides are shaped by the coastline and the offshore boundary. Altogether, there are 1 140 horizontal cells; each of them is the base of a right cylinder which extends vertically from the surface down to the seabed. Each cylinder is divided along the vertical into as many slabs as the length in meters of the axis, which gives 91 532 as the total number of elementary cells.



2.3.2. Discretization procedure The main equation has been solved numerically. The numerical scheme chosen is implicit with respect to the vertical migration (diffusion + transport), and explicit with respect to the horizontal transport and the mortality. This choice is a trade-off between time consumption and numerical accuracy (Dautray and Lions, 1988). We select a volume, and we integrate the equation on this volume over the time interval [tn,tn+1]. For the integration procedure, the equation is roughly divided into four groups, roughly following the subdivision into demographic, biological and physical processes: ⭸共 fl 兲 – (I) The variation is due to growth only ⭸l + ⭸t ⭸s – (II) The variation is due to transport only div(Vl) – (III) The variation is due to vertical mixing only



Figure 2. The physical grid and the two biological grids (1994 and 1996) are superimposed. The numerical grid is the intersection of the region delineated by physical data and biological data.



schemes are more unlikely to be extended to such meshes. In our work, we consider a mesh satisfying several hypotheses; we determine a time-step such that the Courant-Friedrichs-Levy condition (the so-called CFL condition) holds. One uses a one-sided finite difference volume scheme.



2.3.1. The domain of resolution



共



− ⭸ h⭸ l ⭸z ⭸z



The domain of resolution is the intersection of two grids, the physical grid and the stations of the egg survey. The intersection of the two grids delineates a sort of polygonal region (figure 2). An important difference between the two grids is that, due to the way biological samples are taken, the grid for biological surveys is two-dimensional. Vertical diffusion as well as both vertical and horizontal transport are taken care of here. So, we used a grid of the whole volume. The mathematical representation of the volume is X=



∪



共 x, y 兲∈D



兲



– (IV) The variation is due to mortality only µl Each of these quantities is integrated over the product V i,j,k = 关 tn, tn + 1 兴 × 关 sm − 1 , sm + 1 兴 × Ci,j,k n,m



2



2



We may note that the age variable does not show up: this is due to the fact that the program integrates daily cohorts. As mentioned in the discussion of data setting, the data coming from egg samples have been transformed into eggs of the day, that is, we consider that the egg sampling is providing us with the daily distribution of spawn. So, for each simulation run starting a given day with the spawn of the day as an initial value, only one time variable is needed: the variable t can be viewed indifferently as the chronological or the physiological



兵 共 x, y 兲 其 × 兴 − w共 x, y 兲, 0 关



where D is a piece of the water surface, the polygonal region determined as the intersection of the biological and the physical grids, and the function ψ ≥ 0 is the depth of the seabed at each point (x,y) of the surface. 494
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3.1. Dispersion of the eggs within the water column – Impact of vertical diffusion



time. We may also observe that we do not assume any relationship between the larvae, so that in fact the whole simulation gives a collection of independent cohorts, some of them coexisting for some time. The way the data have been employed here is not the only one possible way, and several other ways could be explored with only a mild modification of the program. This will be discussed in more details in the last section of the paper.



Simulations have been undertaken to determine the role of vertical diffusion. Table I shows the values obtained from



Table I. Simulations with/without diffusion for the same initial egg distribution. Total depth (133 m)



3. RESULTS At each time step, the program gives the density, with respect to the volume unit, of individuals of a given stage or age throughout the region covered by the simulation. As a rule, we are always looking at 1-m thick horizontal layers piled together: the water column is obtained by piling up all the layers from the surface to the bottom. A horizontal cross-section is just one such layer. A vertical cross-section piles up, from the surface to the bottom, the 1-m high bands cut along the vertical in each of the layers. Each simulation run starts from the same 0 d aged class, made up of a weighed average of the sampled eggs. Differences in the simulations are those implied by differences in the environmental conditions: current velocities, mixing coefficient, or temperature. Simulations are started on the supposedly day 1 of the spawning and are run for the next 60 d. Each daily output is saved.



–1 –2 –3 –4 –5 –6 –7 –8 –9 –10 –11 –12 –13 –14 –15 –16 –17 –18 –19 –20 –21 –22 –23 –24 –25 –26 –27 –28 –29 –30 –31 –32 –33 –34 –35 –36 –37 –38 –39 –40



During the period from spawn to the resorption of the yolk-sac, the larva is not dependent upon the environment for its feeding. It has been pointed out by several authors (for example, Hunter and Thomas, 1973) that, despite the fact that they do not need it, larvae start to look for food, essentially phytoplankton, even before yolk-sac resorption. However, one can reasonably assume that their locomotive abilities until the resorption of the yolk-sac are very low, due both to their small size, which makes the role of viscosity bigger than inertia (low Reynolds number) and also the presence of the yolk-sac which handicaps their movement. So, we assume that the larvae are essentially passive and do not feed, during the whole period covered by the simulation (see Mullin, 1993). We could in fact explore further the larval development and reach the next critical period when the larva starts to use its swim-bladder. This would not involve any change in the model, especially if we assume that the larva is still passive during the transition to the stage when the swim-bladder is fully functional.
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Initial condition No mixing (t = 1 h 7 min) (t = 0) (larva·m–3) (larva·m–3) 0 0 0 0 0 0 179.30 358.61 179.30 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0



0 0 0 0 0 0 145.80 319.50 205.85 35.66 3.80 0.31 0.02 < 0.01 
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