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a b s t r a c t We used an individual-based model of anchovy (Engraulis ringens) early life history coupled with hydrodynamic outputs from the regional oceanic modeling system (ROMS) to investigate the factors driving variability in egg and larval survival rates in the northern Humboldt upwelling region off Peru. Individuals were released within a coastal area and followed for a period of 30 days. Those that were still in the coastal area at that time were considered as retained. We investigated the spatial and temporal variability in the release locations of the individuals retained, and compared these to observed egg concentration patterns reconstructed from a 40-year period of monitoring. A ﬁrst set of simulations using passive particles to represent anchovy eggs and larvae revealed a large sensitivity of the results to the initial vertical distribution of particles. We then conducted two additional sets of simulations that included the effect of egg buoyancy, larval vertical swimming behavior and lethal temperature. We obtained (1) maximal coastal retention close to the surface in winter and in deeper layers in summer, (2) a large inﬂuence of egg buoyancy and of larval vertical behavior on coastal retention in all seasons, (3) a partial match between dates and locations of enhanced retention and observed egg concentration patterns and (4) a low effect of lethal temperature on survival except when associated with low egg buoyancy. The model suggests that an optimal temporal spawning pattern for maximizing coastal retention would have two maximums, the most signiﬁcant in austral winter and the second in summer. This pattern agrees roughly with observed spawning seasonality, but with temporal discrepancy of about two months in the peaks of both series. Spatially, we obtained higher retention from 10 S to 20 S, whereas the observed maximum egg concentration was located between 6°S and 14°S. Among the three sets of simulations, the one taking into account larval vertical swimming behavior lead to the best match with the data. Ó 2008 Elsevier Ltd. All rights reserved.



1. Introduction Upwelling ecosystems support large populations of small pelagic ﬁsh, particularly clupeoids like anchovy and sardine (Fréon et al., 2006). These species are believed to control the trophic dynamics of these systems (Cury et al., 2000) and are often exploited by industrial and artisanal ﬁsheries (Fréon et al., 2005). High levels of recruitment variability make anchovy and sardine stocks particularly difﬁcult to manage (Jacobson et al.,
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2001). As these ﬁsh are short-lived and often heavily exploited the bulk of the biomass comes from one (anchovy) to three (sardine) year-classes. Consequently, ﬂuctuations in recruitment success translate rapidly into ﬂuctuations in population sizes. It is generally accepted that recruitment dependence on the spawning biomass is low, except at very low levels of parental biomass (Fogarty, 1993; Myers, 1998; Myers et al., 1999), and that it depends mainly on survival during the ﬁrst life stages. Survival is thought to be mainly mediated by environmental conditions rather than by density-dependent processes. Environmental conditions which could inﬂuence the survival of the early life stages have been well described (Bakun, 1996; Cury and Roy, 1989; Lasker, 1985). However, forecasting environmentally driven ﬂuctuations in recruitment remains problematic. The Humboldt Current system is one of the world’s major eastern boundary current upwelling systems, and it currently
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sustains a huge stock of anchovy (Engraulis ringens), also called anchoveta, that is exploited by thousands of purse-seiners whose annual landing exceeds 5 million tons (Ñiquen and Fréon, 2006). This stock has been monitored since the 1960s by the Peruvian institute IMARPE, providing extensive information on spawning dates and areas despite their large variability (Santander, 1981; Senocak et al., 1989). Anchovy reproduction usually displays two annual peaks, with a major spawning in late winter (August–September) and a secondary spawning in summer (February–March). On average, the winter spawning season is much more intense than the summer one, and the main spawning area is located between 6°S and 14°S. However, inside this large area spawning is both spatially and temporally very irregular. Muck (1989) found a strong negative relationship between the proportion of mature females and temperature but the data were not spatialized. Another study suggested that larvae survived better off the northern coast of Peru during the austral winter season when motile (swimming) algae are available as food (Walsh et al., 1980). Understanding the factors driving anchovy spawning date and location and their impact on eggs and larvae is a key question for local ﬁsheries management. Realistic numerical hydrodynamic models at a regional scale have recently become available as computational power has rapidly increased over the last decade (Haidvogel and Beckmann, 1998). These models have increasingly been coupled with individual-based models to study the dynamics of early life stages of marine species (Miller, 2007; Werner et al., 2001) and particularly small pelagic ﬁsh (Lett et al., in press). Recently, a climatological hydrodynamic simulation of the northern Humboldt upwelling region at a relatively high resolution (1/9°) has been developed and validated (Penven et al., 2005). Lett et al. (2007a) used it to build putative maps of Bakun’s triad processes (concentration, retention and enrichment, Bakun, 1996). They showed that the area of largest concentration of anchovy eggs matched the area of optimal simulated enrichment and retention, and that maximum retention rates occurred in summer while enrichment was stronger in winter. Although their results could explain some of the signiﬁcant anchovy spawning patterns, they could not explain others, like the bimodal seasonal distribution of anchovy egg production usually observed in Peru. In this paper, the same climatological hydrodynamic simulation was used but with a different (and complementary) approach. Instead of mapping separately Bakun’s triad elements, we studied the functional impact of anchovy spawning period, vertical egg and larval movements (buoyancy and swimming), and mortality on anchovy retention, following the methodology described by Mullon et al. (2003). We compared the model output with observed data on spawning patterns, following the pattern-oriented modelling (Grimm et al., 2005) approach. Field egg concentration of anchovy eggs as surveyed by IMARPE were used as a proxy for spawning location and period. It is generally accepted that clupeoids maximize egg and larval retention by spawning in favorable areas (Bakun, 1996), and there is no evidence of the Peruvian anchovy being an exception. Therefore, one of the questions addressed in this paper is whether it is possible, with a simple condition of larval retention in the phytoplankton-rich coastal area, to model features of the observed spawning behavior. In other words, does the Peruvian anchovy spawning maximize the retention condition? We also investigated the impact of egg buoyancy and larval swimming on retention, using different vertical swimming behaviors such as diurnal vertical migration (DVM) and ontogenic migration. Finally, being in an area where the presence of upwelled waters leads to large temperature variations, we also tested different lethal temperatures to analyze how they might interact with other factors to modulate retention.



2. Methods 2.1. The model The individual-based model (IBM) description below follows the overview-design-details (ODD) protocol for describing individual- and agent-based models (Grimm et al., 2006; Grimm and Railsback, 2005) and consists of six subsections below. The ﬁrst two subsections provide an overview, the fourth explains general concepts underlying the model design, and the remaining three subsections provide details. The present model is a version of a modeling tool called Ichthyop (Lett et al., 2008) that can be downloaded from http://www.eco-up.ird.fr/projects/ichthyop/. 2.1.1. Purpose We used a coupled model of transport and survival of anchovy early life stages to assess coastal retention rates depending on spawning tactics, and compared optimized results with the observed reproduction patterns. We also used the model to investigate the relative importance of environmental and behavioral factors on retention. 2.1.2. State variables and scales The model is composed of virtual individuals and their marine physical environment. Individuals were characterized by the state variables: age (in days), location (in three dimensions, longitude, latitude and depth), life stage (egg or larva) and status (alive or dead). The environment was characterized by three-dimensional ﬁelds of state variables: water velocity (in m s1), temperature (in °C) and salinity (PSU). Environmental conditions were provided by archived simulations of the regional oceanic modeling system (ROMS) (Shchepetkin and McWilliams, 2005) conﬁgured for the Peruvian region (Penven et al., 2005). The grid extends from 5°N to 22°S and from 70°W to 92°W with a horizontal resolution of 1/9°. Since ROMS uses terrain-following curvilinear coordinates with 32 layers in this conﬁguration, the vertical resolution ranges from 30 cm to 6.25 m at the surface layer and from 31 cm to 1086 m at the bottom layer. To investigate the seasonal variability of the environment we used a simulation forced with monthly climatological atmospheric ﬂuxes and boundary conditions. Penven et al. (2005) validated the modeled seasonal cycle. Since the mesoscale environment is variable in different simulation years (with the same climatological forcing) due to intrinsic model variability (Batteen, 1997; Marchesiello et al., 2003), a set of three years was chosen randomly among those used by Penven et al. (2005). Water velocity, temperature and salinity ﬁelds were averaged and stored every two days. These ﬁelds were interpolated in time and space in the IBM to determine values of the environmental state variables at any individual location every two hours. Every simulation lasted for 30 days. 2.1.3. Process overview and scheduling Virtual eggs were released in the environment following a determined spatial (area, depth and patchiness) and temporal (month, duration and frequency) spawning strategy that constituted the initial conditions (see Sections 2.1.5 and 2.1.6.1). Once released, each egg or larva within each time step was moved, tested for mortality and ﬁnally for retention (see Sections 2.1.6.2–2.1.6.4). Depending on the type of simulation, the movement was a passive Lagrangian transport with or without addition of a buoyancy scheme for eggs, or a vertical swimming behavior scheme for larvae. 2.1.4. Design concepts 2.1.4.1. Stochasticity. The release location for each individual was chosen randomly within the speciﬁed spawning areas. It aimed
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at simulating patchy or uniform distributions depending on a patchiness parameter (see Section 2.1.6.1). Instead of testing a repetition effect that largely depended on the initial number of released particles, as did Mullon et al. (2003), the number of individuals chosen was large enough (3000 individuals) to avoid effects due to the random initial location. Therefore only one simulation for each set of parameters was necessary. 2.1.4.2. Observation. A series of simulations were run with different pre-deﬁned sets of parameters. For each simulation the proportion of individuals retained within the coastal area was calculated. We then performed a variance analysis on the proportion of retained individuals. We also investigated the spatial and temporal variability in the release locations of the individuals retained, and compared these to observed egg concentration patterns reconstructed from a 40-year period of monitoring. 2.1.5. Initialization In each simulation 3000 particles representing virtual eggs were released in the spawning area at the beginning of each month. The spawning area extended from 2°S to 20°S, and from the coast to the 3000 m isobath, which roughly corresponds to the zone of maximum chlorophyll concentrations (Fig. 1). The initial conditions of virtual spawning were deﬁned by year (in the climatological series), month, spawning frequency, area, patchiness and depth (see Section 2.1.6.1). For each simulation, a set of individual characteristics was also chosen: lethal temperature, egg buoyancy and vertical migration behavior (see Sections 2.1.6.2 and 2.1.6.3). 2.1.6. Submodels 2.1.6.1. Spawning strategy. The spawning strategy was deﬁned by the (virtual) spawning area, depth, time, duration, frequency and patchiness. The spawning area was a set of sub-areas covering the coastal zone previously deﬁned (see Section 2.1.5). These sub-areas were deﬁned by three bathymetric intervals (0–100 m,



100–500 m and 500–3000 m) and nine latitudes (every two degrees from 2°S to 20°S). Depth of spawning was deﬁned by an interval (upper and lower depth levels, in m). Spawning time was deﬁned by year and month. Spawning frequency and spawning patchiness were parameters used to set the time and space distribution of the released particles. Spawning frequency was the number of times virtual eggs were released within the spawning period (one month). For this parameter we used values of 1, 3 and 5 to set that all virtual eggs (3000) were released on day 0, 1/3 of them (1000) on days 0, 10 and 20, or 1/5 (600) on days 0, 6, 12, 18 and 24. Spawning patchiness indicated the number of particles released around the same location (±1 m for depth, ±1 1/9° for longitude and latitude). For this parameter we used values of 1, 10 and 100. This last value, for example, indicates that the 3000 particles were released by groups of 100 around any location, i.e., the distribution of particles was patchy, with 30 patches of 100 particles. Locations were randomly chosen within the spawning area. 2.1.6.2. Movement. Depending on the type of simulation, the movement was purely Lagrangian (passive), with buoyancy for eggs or with vertical swimming behavior for larvae (Eq. (1)). Egg buoyancy was calculated as a function of egg density and water density, the latter being calculated as a function of water temperature and salinity (see Parada et al., 2003 for details). The buoyancy scheme was only applied before hatching, i.e., during the ﬁrst two days after spawning, as suggested by laboratory experiments (Ware et al., 1980). Depending on the type of simulation, the vertical swimming behavior consisted in a diurnal vertical migration (DVM) between two ﬁxed depths (scenario 1) or in maintaining ﬁxed depths at 1, 15 or 30 m (scenario 2, 3 and 4, respectively). The larval vertical swimming scheme was applied 4 days after hatching, i.e., from day 6, roughly corresponding to the time of complete yolk resorption (Ware et al., 1980). In scenario 1 the vertical swimming velocity was an age-dependent function derived from an age-length relationship (Castro and Hernández, 2000) and a length–velocity relationship (Hunter, 1977). The resulting age–velocity relationship was linear for the ﬁrst month (Eq. (2)). Anchovy larvae swam approximately a distance equal to their size in one second (Hunter, 1977). We considered that this velocity could be applied for vertical migrations



xðt þ DtÞ ¼ xðtÞ þ V u  Dt; yðt þ DtÞ ¼ yðtÞ þ V v  Dt;



ð1Þ



zðt þ DtÞ ¼ zðtÞ þ ðV z þ V buoy ðaÞ þ B  V swim ðaÞÞ  Dt; (x, y, z) = individual’s position; a = individual’s age (days since spawning); t = time, Vu,v,z = current velocity along u, v or z axis, Vbuoy(a) = buoyancy velocity depending on egg and water density, Vswim(a) = swimming velocity in cm s1, B = vertical migration behavior ± 1 depending on depth and time for DVM.



for a 6 6 : V swim ¼ 0; for a > 6 : V swim ¼ 0:1 þ 0:08  ða  6Þ;



ð2Þ



a is the time since spawning in days and Vswim is the swimming velocity in cm s1.



Fig. 1. Superﬁcial chlorophyll a concentration annual mean, over the period 1997– 2003 (SeaWiFS) superposed with isobaths 100, 500, 1000, 2000, 3000 and 4000 m. The higher chlorophyll a concentration is above the continental shelf. Source: ocean Color Web: oceancolor.gsfc.nasa.gov – processing: interanual means – IRD (D. Dagorne).



2.1.6.3. Mortality. Mortality was temperature-dependent: virtual eggs and larvae died when they were exposed to temperature below a pre-deﬁned threshold value. Although there are few data concerning the lethal temperature for anchovy larvae in Peru, larval survival is known to be strongly dependent on length at hatching, which is usually optimal at intermediate temperature in a given environment (Llanos-Rivera and Castro, 2006; Pauly and Soriano, 1989). Off Peru, the observed temperature range for adults anchovy spawning is 14–21 °C (Jarre et al., 1991), with-
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out evidence of temperature selection for spawning (Bertrand et al., 2004). Here we tested the impact of three different arbitrary lethal temperature (12, 14 and 16 °C). These values were selected after preliminary tests in order to obtain contrasted results. 2.1.6.4. Coastal retention. Individuals were considered as retained when they were alive and still in the coastal area after the drift period. We make the generally accepted assumption that the variability of the recruitment is highly correlated to this retention (Bakun, 1996). Based on in situ observations (e.g, Ayón, 2004), the coastal area was the same as the spawning area, i.e., the area where high chlorophyll concentrations were observed (Fig. 1). For the drift period we used the ‘‘horizontal-current independent age”, i.e., the age at which larvae can swim fast enough to inﬂuence their horizontal motion within the current ﬁeld. The Peruvian anchovy larval stage duration is about 1.5 months, after which larvae metamorphose into juveniles and recruits (i.e., ﬁsh of 37.5–47.5 mm) at 3 months (Palomares et al., 1987). The agevelocity relationship previously described indicated one monthold larvae can swim >2 cm s1, which might be sufﬁcient to inﬂuence motion within currents in the coastal area which typically ﬂow F)
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