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1. ABSTRACT 13 

Since the 1970's, South Pacific jack mackerel (Trachurus murphyi) is one of the world's most 14 

important commercial exploited fish stock. The peak in the catch was achieved in the 1990's, 15 

after which the catch for all fleets steadily decreased due to strong fishing mortality and 16 

potentially unfavourable environmental conditions. To determine the extent of environmental and 17 

fisheries drivers on the stock dynamics, an application of the ecosystem and fish population 18 

model SEAPODYM was developed for this species in the South Pacific Ocean. We combined 19 

publicly available fishing data, acoustic biomass estimates and expert knowledge to optimise fish 20 

population dynamics parameters (habitats, movements, natural and fishing mortality). Despite a 21 

large proportion of missing catch over the simulation period, the model provides realistic 22 

distributions of biomass, a good fit to data and is in agreement with the literature. The feeding 23 

habitat is predicted to be delineated by water temperature between 15°C for the first cohorts and 24 

8.5°C for the oldest and dissolved oxygen concentration above 1.8 ml l-1. Optimal spawning 25 

temperature is estimated to 15.57°C (S.E.: 0.75°C). The core habitat is predicted off Central 26 

Chile which is also the main fishing ground. There are other areas of higher fish concentration 27 

east of New Zealand, in the eastern part of the southern convergence and off Peru and northern 28 

Chile. However, there is a clear continuity between these different large sub-populations. Fishing 29 

is predicted to have by far the highest impact, a result that should be reinforced if all fishing 30 

mortality could be included. 31 

 32 
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2. INTRODUCTION 36 

 37 

The management of marine resources strongly relies on stock assessment studies reconstructing 38 

the past history of exploited populations (Beverton and Holt 1957, Pitcher and Hart 1982, Pauly 39 

et al. 2002, Sharpe and Hendry 2009, Lotze et al. 2011). Such studies use population dynamic 40 

models integrating the biological knowledge on the species and fishing data (catch, fishing effort 41 

and size frequency of catch) to estimate key stock management indicators, e.g., maximum 42 

sustainable yield or spawning biomass ratio to the unfished stock. The environmental variability 43 

in these models is accounted for through stochastic variability. In the last two decades, important 44 

research efforts have been devoted to the understanding and modelling of climate variability 45 

effects on marine resources (McGowan et al. 1998, Chavez et al. 2003, Lehodey et al. 2006 46 

among others), with more and more evidence that large fluctuations in abundance of fish can also 47 

be due to climate-related environmental changes in addition to strong fishing pressure.  48 

The south Pacific jack mackerel (Trachurus murphyi), hereafter JM, is a good example of such a 49 

heavily exploited species strongly impacted by climate variability. Paleoceanography studies 50 

demonstrated abundance fluctuations in JM before any exploitation (Salvatteci, 2013). More 51 

recently, large changes in population structure and recruitment of juvenile JM off the central-52 

southern Chile have been linked to the southward intrusion of warmer sea waters during the 53 

powerful 1997-98 El Niño event (Arcos et al. 2001). In the early 1970's, JM flourished along the 54 

west coast of South America and its habitat range expanded westward across the South Pacific 55 

(SPRFMO 2009). At its maximal expansion, the species was distributed continuously from the 56 

Chilean and Peruvian coasts to the coast of New-Zealand (Cardenas et al. 2009, Ashford et al. 57 

2011). Despite this large trans-oceanic habitat range, previous studies described the JM 58 

population structure as including a panmictic single stock for the whole South Pacific (Cardenas 59 

et al. 2009, Vasquez et al. 2013).  60 

Industrial fishing for JM started in the 1970s with fishing fleets mainly from South America, 61 

Russia and Europe. The species has become one of the world's most important commercial fish 62 

species. The sustainability of the multinational fishery, however, may now be at the risk with a 63 

record decline of catch from above 5 million metric tonnes (mt) in 1995 to about 410,000 mt in 64 

2014, with more than 50% coming from the fishing ground off central-southern Chile (SPRFMO, 65 
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2015). Since JM is a migratory species inhabiting both the international waters and various 66 

Exclusive Economic Zones (EEZ), its management for a long-term conservation and sustainable-67 

fishery use is conducted through a recently implemented inter-governmental organisation: the 68 

international South Pacific Regional Fisheries Management Organisation (SPRFMO: 69 

http://www.sprfmo.int/).  70 

Under the assumption of one single stock for the entire South Pacific distribution range, 71 

SPRFMO standard stock assessment studies focus on temporal dynamics of the stock and the 72 

computation of fishing mortality from catch/effort datasets (e.g., Ruiz et al. 2008, Corten et al. 73 

2010, Li et al. 2013). However, there are studies suggesting a more dynamic stock structure that 74 

changes under the influence of hydrographical conditions (Hintzen et al. 2013). But so far, there 75 

is a lack of comprehensive study to better understand the spatial structure and the biomass 76 

dynamics of this species. Ignoring this stock structure and spatial dynamics may impact the 77 

accuracy of stock assessments and effectiveness of management actions, particularly in the 78 

present context of strong decline in catch and biomass. 79 

The model SEAPODYM (Spatial Ecosystem And Populations Dynamics Model) has been 80 

developed to investigate such questions. It combines a classical description of fish population 81 

dynamics (Lehodey et al. 2008, Senina et al. 2008 among others) within a simplified ecosystem 82 

description, including several micronekton functional groups (Lehodey et al. 2010a, 2015) 83 

representing potential prey distributions. The spatial dynamics of the age-structured population is 84 

based on a system of advection–diffusion-reaction equations and driven by environmental 85 

variables (sea temperature, currents, primary production and dissolved oxygen concentration) that 86 

control the movements, spawning, larvae survival and natural mortality of the species of interest. 87 

Historical georeferenced fishing data are included as well to account for fishing mortality. As in 88 

other stock assessment models, SEAPODYM includes a statistical approach to estimate the 89 

model parameters by fitting predictions to observations. It is based on the Maximum Likelihood 90 

Estimation approach (MLE, Senina et al. 2008). Various types of observations can be used: 91 

georeferenced catch, fishing effort, Catch per Unit of Effort (CPUE), and size frequency of catch, 92 

but also acoustic JM biomass estimates and, if available, eggs and larvae densities (Hernandez et 93 

al. 2014). SEAPODYM MLE simulations estimate the parameter values for the population 94 

dynamics and fisheries that provide the best fit to all data. Model outputs predict the stock size 95 
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and spatio-temporal distribution of fish cohorts at the spatial resolution of the grid defined for the 96 

model domain. 97 

Here, we present (i) a new configuration of SEAPODYM for JM accounting for multiple data 98 

sources. Habitats, movements and density distributions are predicted from the optimal 99 

parameterisation achieved using historical georeferenced fishing data combined with acoustic 100 

data. This end-to-end model was used (ii) to investigate the interactions between JM and their 101 

oceanic environment, (iii) and to assess JM stock and biomass fluctuations between large oceanic 102 

regions. 103 

3. MATERIAL & METHODS 104 

3.1. Brief summary on SEAPODYM 105 

Developed originally to investigate spatial tuna population dynamics, SEAPODYM is a model 106 

including the influence of both fishing and environmental effects (Lehodey et al. 2008). The 107 

model is based on advection-diffusion-reaction equations. The population dynamics (spawning 108 

and recruitment, movement and mortality) are constrained by environmental data (temperature, 109 

currents, primary production and dissolved oxygen concentration) and by simulated distribution 110 

of mid-trophic (micronektonic prey) functional groups. The model simulates an age-structured 111 

population with length and weight relationships obtained from independent studies. Different life 112 

stages are considered: larvae, juveniles and (immature and mature) adults. After the juvenile 113 

phase (age 3 months), fish become autonomous, i.e. they have their own movement (linked to 114 

their size and habitat) in addition to be transported by oceanic currents. Fish are considered 115 

immature until a pre-defined age at first maturity and mature after this age, i.e. contributing to the 116 

spawning biomass and with their displacements controlled by habitats gradients. For adult mature 117 

fish, there is a seasonal switch between feeding and spawning habitat that is effective outside of 118 

the equatorial region where changes in the gradient of day length is marked enough (i.e. above a 119 

threshold value that is estimated). The last age class is a “plus group” where all oldest individuals 120 

are accumulated.  121 

The model includes a representation of fisheries and predicts total catch and size (age) frequency 122 

of catch by fleet when fishing data (catch and effort) are available. An MLE approach is used to 123 

optimise the model parameters (Senina et al. 2008). In addition, prior information (e.g. a priori 124 
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average spawning biomass in the whole South Pacific) can be used to constrain the likelihood 125 

function and help in stock estimation. Preliminary optimisation experiments were run in 126 

successive phases to allow the proper estimation of all model parameters (listed in Table 1). Each 127 

phase ended once the likelihood function had reached a minimum (see Equation 1 in Dragon et 128 

al. 2015). Prior to the optimisation experiments, sensitivity analyses to fishing data were 129 

conducted to determine the release order of the parameters (the most sensitive ones in the first 130 

phase, etc.). Once released, a parameter is not fixed in the following phases. This progressive 131 

release of parameters along the optimisation phases allows a large exploration of possible 132 

parameter values in accordance with the complex relationships between all model variables. For 133 

the final optimisation from 1993 to 2011, we only released the sensitive parameters that could be 134 

estimated from fishing observations, the others being fixed according to expert knowledge 135 

values. Several metrics are used to analyse the progress in the optimisation in addition to the 136 

likelihood terms: the spatial distributions of the R-squared goodness of fit, the Pearson 137 

correlation and the relative error. The Pearson correlation coefficient is complimentary to the R-138 

squared goodness of fit as it measures the correlation in the variability of predictions and 139 

observations.  140 

Table 1 presents the final parameter values estimated along this optimisation approach. The 141 

Hessian matrix has been then calculated in the vicinity of the likelihood function minimum. The 142 

covariance matrix, the estimates of standard deviation and the correlation table were deduced 143 

from the Hessian matrix. The contribution to the negative log-likelihood function from (i) the 144 

discrepancy between observed and predicted CPUE and from (ii) the discrepancy between 145 

observed and predicted proportions of catch at size in the sample data is given by the formulation 146 

in Dragon et al. (2015). This model and its applications have been described in various 147 

publications, e.g., Lehodey et al. (2008; 2010a, 2013; 2015), Senina et al. (2008), Lehodey and 148 

Senina (2009), Sibert et al. (2012) and Dragon et al. (2015). Since the model relies on generic 149 

mechanisms shared by many populations of pelagic species, it was easily adapted to the JM 150 

species. 151 

3.2.  Environmental forcing 152 

To constrain fish population dynamics and movements, SEAPODYM uses ocean and biological 153 

properties such as temperature, currents, dissolved oxygen concentration, phytoplankton 154 
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concentration and euphotic depth predicted from physical-biogeochemical ocean models. These 155 

variables are used first to simulate the biomass distributions of several functional groups of 156 

micronekton (Lehodey et al 2010; 2015) that are also key input variables for the modeling of JM 157 

population dynamics. In this study, the physical ocean circulation model is NEMO (Nucleus for 158 

European Modelling of the Ocean; version 3.5, Madec 2008) forced with atmospheric fields 159 

provided by an improved ERA-interim reanalysis (Dee et al. 2011). The biogeochemical model is 160 

PISCES (Pelagic Interaction Scheme for Carbon and Ecosystem Studies, Aumont and Bopp, 161 

2006; 2015). The model grid (ORCA2) has a horizontal resolution decreasing from the equator 162 

(0.5°) to high latitudes (2°). Simulations of the dynamic and biogeochemical state of the ocean 163 

span over the historical period 1979-2011. Before being used with SEAPODYM, the forcing 164 

variables are processed and interpolated on a regular grid of 1 or 2 degrees. An analysis of this 165 

environmental forcing can be found in Nicol et al. (2014). 166 

3.3.  South Pacific jack mackerel 167 

Jack mackerel is a medium-sized pelagic fish with maximum size of ~ 70 cm fork length (Peña et 168 

al. 2008). It is a relatively long-living species (> 10 years) that reaches sexual maturity after age 3 169 

(Froese et al. 2012). The stock is distributed throughout the sub-tropical waters of the South 170 

Pacific Ocean, from South America to New Zealand and Australia (Cardenas et al. 2009, Ashford 171 

et al. 2011). As described in the literature, the stock structure would include a large nursery 172 

ground in the coastal zone off southern Peru and (mainly) northern Chile (north of 30°S). A large 173 

feeding ground is known in the central-south zone off Chile (30°–40°S), where the recruitment of 174 

2–3 year-old individuals occurs. The oceanic spawning area located off central Chile extends up 175 

to 1800 km offshore during spring (Vasquez et al. 2013). A single stock structure is currently 176 

used within the SPRFMO assessment studies. For advisory purposes however, a two-stock 177 

structure (one off Chile and one in Peruvian EEZ) is used to assess the population as well. There 178 

are also studies proposing other alternative assumptions to the panmictic stock (SPRFMO 2008).  179 

Industrial fishing of JM started in the 1970s mainly with fleets from South America, Russia and 180 

Europe. JM is primarily exploited during the austral winter (April to October). Purse-seine 181 

fisheries from Chile and trawl fisheries from Peru and the Russian Federation target adult JM in 182 

the EEZs and international waters. All together these fisheries represent 90 % of the total catch 183 

declared to the SPRFMO between 1970 and 2013 (Fig. 1a). Caribbean Countries (Belize, 184 
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Vanuatu, Cook Islands), European Countries (the Netherlands, Germany, the Ukraine etc.) and 185 

China contribute to the remaining catch, mostly by pelagic trawling. In addition, New-Zealand 186 

EEZ hosts a purse-seine and trawl fishing fleet since 1985 that represents less than 0.5 % of the 187 

total recorded catch. 188 

From 1970 to 1980, the main JM catch stemmed from bycatch in the Anchovy purse-seine 189 

fishery in the Northern area of the Chilean EEZ (Fig. 1a). Since 1980, a targeted trawling fishery 190 

has developed in Peruvian and Ecuadorian waters and off the Chilean EEZ (Fig. 1a). From 1986 191 

to 2007, the bulk (58%) of recorded catches originated from the Chilean purse-seine JM-targeted 192 

fishery in Southern areas (Fig. 1a). Total annual reported landings of JM range between 95 000 193 

metric tonnes (mt) in 1972 and over 4.7 million mt in 1995. Since 2000, landings have generally 194 

begun to decline and reached historically low levels in 2012 with less than 500 000 mt for the 195 

whole South Pacific fishing areas. 196 

3.4. Fishing data 197 

- Conventional Catch/Effort data 198 

To run model optimisation experiments, available spatially disaggregated fishing data were 199 

prepared with the objective of defining a reasonable number of homogeneous fishing fleets based 200 

on the fishing gear, fishing areas, size of the boats and range of CPUE (Table 2). 201 

The first three fishing fleets (TW1; TW2; TW3) include vessels operating outside the 200-mile 202 

EEZ and use pelagic trawls with fishing effort expressed in number of tows. TW1 and TW2 are 203 

European (Dutch, German, Ukraine etc.) fisheries of small (125m length) and large (> 145m 204 

length) trawlers respectively. Figure 1b illustrates catch and effort data available daily and at high 205 

spatial resolution from 2007 to 2012. Figure 1c illustrates fleet TW3 that also has daily catch and 206 

effort data at high spatial resolution but combines several Countries (Belize, China, Korea, 207 

Vanuatu and Faroe Islands) operating from 2007 to 2012. Fleet TW5 is based on Korean catch 208 

and effort data for 2012 with daily temporal resolution and high spatial resolution (< 0.01°). 209 

Finally, Figure 1d illustrates Peruvian (S4) fishery with catch and effort data for 2012 with daily 210 

temporal resolution and high spatial resolution (< 0.01°). Since our simulation stops in December 211 

2011, fisheries S4 and TW5 were not used in the optimisation experiment but were prepared for 212 

future work. 213 
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Fisheries S6 and S7 are based on Chilean 1°x1° gridded monthly catch and effort data. The 214 

original data was prepared by the Chilean fishing institute (IFOP) and covers the period 2007 to 215 

2012, which corresponds to the readily available information (under the SPRFMO 216 

format/template). The fishing effort is recorded in number of purse-seine sets and Figure 1d 217 

shows that the total georeferenced catch data match the SPRFMO records for the last years of the 218 

study period. It is worth noting that fishing records were not provided when less than 3 vessels 219 

were present in the data unit (e.g. a month and one cell of 1° x1°) as per data diffusion policy 220 

agreed by SPRFMO. This rule obviously removes a substantial amount of fishing data (e.g. Fig. 221 

1b, 1c and 1d) with the consequences of underestimating the fishing mortality and eliminating 222 

useful information for the optimisation approach.  223 

- Spatial extrapolation of total catch by fisheries 224 

A large part of the nominal catch (i.e., total aggregated catch officially declared by Country 225 

members) is not recorded or available in a georeferenced form (Fig. 1b, c and d). Since it is 226 

critical to account for this catch in the computation of fishing mortality, it was decided to produce 227 

“dummy” fisheries datasets to be used only in the fishing mortality computation and not in the 228 

MLE approach. Catches since the 1970s were extrapolated from published articles and reports 229 

(Penney & Taylor 2008, Nesterov, 2007, 2009, SPRFMO 2012). Since there is no effort 230 

associated to these catches, they were only used to account for fishing mortality. The code of 231 

SEAPODYM was modified to take specifically into account the mortality caused by “dummy” 232 

fisheries. That is, we coded the removal of the exact observed catch if there was enough predicted 233 

biomass; otherwise all biomass was removed (see details in Senina et al. 2016). 234 

Four “dummy” fisheries were defined: the New-Zealander Purse-Seine (D8), the New-Zealander 235 

Trawlers (D9), the Russian Trawlers (D10) and the Chilean Purse-Seine (D11). Monthly catch 236 

data (1985-2010) of fisheries D8 and D9 were extrapolated from Penney & Taylor (2008) 237 

assuming a uniform distribution in each of the 3 management areas used by New Zealand for this 238 

fishery. For fishery D10, monthly catch data (1980-1991) were extrapolated from published 239 

Russian catch data on a 2°x2° grid and with annual temporal resolution (Nesterov, 2007 and 240 

2009) and according to the average seasonal distribution of georeferenced JM fishing data (i.e., 241 

the seasonal catch history of fisheries TW1 and TW2). For fishery D11, SPRFMO annual 242 

Chilean catch data (1970-2012) were extrapolated according to the average seasonal distribution 243 
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of JM fishing (same method as above). Considering that data was spatially aggregated over the 244 

whole fishing area (see Fig. 4 of IFOP 2013 report for Chilean fishing areas and Fig. 1 of 10th 245 

report of Chilean JM Workshop), we defined four decadal average fishing areas (1970-1979, 246 

1980-1989, 1990-1999 and after 2000) and spatially interpolated the catch data according to a 247 

uniform distribution in each of the four areas.  248 

- Length Frequency data 249 

Length frequency data were available only for fisheries TW1 and TW2 (European fleets). They 250 

were extracted with a monthly temporal resolution and spatial resolutions varying from 2° x 2° to 251 

10° x 20° (Fig. 2). The resolution used to measure the fish was based on size-bins of 1cm, 2cm 252 

and 5cm (Fork Length). The number of samples was well distributed over the entire TW1-TW2 253 

fishing ground (e.g. international waters) but is only representative of the last years of the fishing 254 

period. 255 

3.5. - Acoustic survey  256 

In addition to georeferenced catch and effort data, we used JM biomass estimates from acoustic 257 

data. They were introduced in the MLE as additional pseudo-fisheries, replacing fishing effort by 258 

sampling effort and catch by acoustic biomass estimate. Obviously there is no fishing mortality 259 

associated to these pseudo-fisheries, and the catchability coefficient is set to 1 since the acoustic 260 

signal provides an estimate of the total JM biomass locally. 261 

For “pseudo-fishery” Ac12, we used published Chilean acoustic data from 1997 to 1999 262 

(Bertrand et al. 2004a, 2006). And for “pseudo-fishery” Ac13, we used published Peruvian 263 

abundance maps calculated from acoustic data over the period 1983-2011 (Bertrand et al. 2004b, 264 

Castillo et al. 2009, Gutierrez et al. 2000, 2012). To calculate JM potential biomass from nautical 265 

area scattering coefficient (sA) of Chilean acoustic data, we used the equation from Bertrand 266 

(1999): 267 

B = (sA * W) / (1852² * 4π * 10(TS/10)) 268 

with B the acoustic biomass in g.m-2, sA in m².nm-2 ,W the mean weight of JM individuals 269 

detected by acoustic devices (i.e., 275 g) and TS the target strength estimated to -39.5 dB, 270 

according to Lillo et al. (1995). 271 
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We then estimated the associated pseudo-catches and pseudo-effort on a 1°x1° monthly grid. 272 

Catches were calculated for each grid cell and each sampling month as C = a * ΣB, with C the 273 

pseudo-catches in tonnes and a the sampling surface in nm² (0.25 nm², resp. 1 nm², for Chilean, 274 

resp. Peruvian, acoustic-derived data). 275 

Pseudo-effort was estimated for each grid cell and each sampling month as E = n *  a, with E in 276 

nm² and n the acoustic sampling number. 277 

It should be noted that the acoustic estimates of pseudo-catch and pseudo-effort were cross-278 

multiplied to get potential JM biomass estimates for each grid cell of the survey areas (resp. 279 

Chilean and Peruvian EEZ, i.e. about 500 000km²). These acoustic estimates (Fig. 3) were not 280 

used in the fishing mortality calculation but provide a useful term in the likelihood function to 281 

improve overall biomass estimates.  282 

3.6. - Final dataset used in SEAPODYM simulations 283 

After a careful data screening that led to the exclusion of a few obvious wrong data points (e.g. 284 

with geographical coordinates on land), monthly JM catch and fishing effort were extracted with 285 

a minimum spatial resolution of 2°. Reliable fishing data (five fisheries) acoustic biomass 286 

estimates and length frequency data were used to estimate model parameters (Table 2, Fig. 4). 287 

Less reliable fishing data from the four 4 dummy fisheries were used only in the computation of 288 

fishing mortality. In total five fisheries and four “dummy” fisheries (Table 2, Fig. 4) were used 289 

for the optimisation period 1993-2011. The use of “dummy” fisheries avoided the 290 

underestimation of fishing mortality that was observed in preliminary optimisation experiments 291 

without these fisheries.  292 

To explore the variability and trends in JM abundance over different geographical regions, the 293 

model domain has been divided into seven large areas (Fig. 4): the coast of south Chile (region 294 

1), the coast of north Chile (region 2), the transition offshore zone (region 3), the coast of Peru 295 

(region 4), the New Zealand and Tasman Sea (region 5), the western (region 6a) and eastern 296 

(region 6b) South Pacific Subtropical Convergence Zone. 297 
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4. RESULTS 298 

4.1. Fit to Data and Optimal Parameterisation  299 

In the main fishing grounds, the spatial fit of model outputs to observed georeferenced catch and 300 

acoustic data is very good (R2 goodness of fit > 0.9) as shown with the spatial correlation metrics 301 

(Appendix Fig. A1). Total catch and CPUE for all fisheries are also very well predicted 302 

(correlation coefficient r = 0.98) and show a strong seasonality and lower average values after 303 

1997 (Appendix Fig. A2). The Taylor diagram (Fig. 5) synthesises the different metrics used to 304 

evaluate the quality of the fit and validate SEAPODYM outputs for each fishery. During the 305 

successive optimization phases, we have systematically verified the spatial distributions of three 306 

scores (R-squared goodness of fit, R² where R is Pearson correlation, and relative error). The 307 

correlation coefficient is not used to verify the goodness of fit per se but rather dynamic pattern 308 

similarities. It is complimentary to the RMSE (or to R-squared goodness of fit), which can be 309 

poor in some areas of model domain, while the R² can be high. Such cases may occur due to the 310 

model inability to fit the data but also due to biases in fishing effort or physical forcing (e.g., the 311 

wrong direction or strength of currents did not allow obtaining elevated densities of food resource 312 

and hence good habitat quality). In addition, the fit between time series of observed and predicted 313 

acoustic biomass estimates and between observed and predicted length frequency data is 314 

provided in appendix (Figures A3 and A4).  315 

The final parameter values estimated from optimisation experiments are provided in Table 1 and 316 

give realistic estimates for movement, habitat and mortality processes. The standard deviation 317 

values associated to each parameter estimate are small, suggesting the model has limited 318 

sensitivity to the uncertainty related to data paucity. JM movement is modelled with a diffusion 319 

parameter increasing with size up to a plateau of 400 nmi2 d-1 and an advection coefficient 320 

decreasing from above 0.4 to below 0.1 BL/s (Fig 6a & b). The monthly mean natural mortality 321 

coefficient estimates reach a maximal value of 0.17 mo-1 and range between 0.01-0.05 yr-1 for 322 

cohorts older than 1 year (Fig. 6c). Optimal spawning sea surface temperature is estimated to 323 

15.57°C with a standard error of 0.75°C (Table 1). The spawning habitat is the highest when this 324 

optimal sea surface temperature is combined with predator densities less than 3 g.m-2. The 325 

resulting predicted distribution of larvae gives highest densities in water with SST < 19°C (Fig. 326 

6f). 327 
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For feeding habitat, the thermal habitat is estimated to range between this optimal spawning 328 

temperature and the optimal temperature for the oldest adults, i.e., a mean value of 8.50°C and a 329 

standard error of 0.65°C (Fig. 6d). However, this lower temperature value had to be fixed in the 330 

optimisation approach, likely due to a lack of old/large individuals in the catch to provide 331 

sufficient information. The tolerance of the species to dissolved oxygen concentration is 332 

modelled with a sigmoid function. Its slope coefficient estimate (5.10-6) gives a very strong 333 

steepness near the threshold value of 1.88 ml.l-1 (Fig. 6e), which is close to the 2.0 ml.l-1 limit 334 

value estimated independently by Bertrand et al (2016) for defining the 3D suitability habitat of 335 

JM. Finally, the optimal spawning habitat corresponds to predator densities less than 3 g.m-2 and 336 

water temperatures fewer than 19°C (Fig. 5f).  337 

4.2. Biomass according to life stages and fishing 338 

Without considering any fishing effect, the model simulates a virgin biomass distribution with a 339 

core area extending along the eastern and southern part of the South Pacific gyre and the cold 340 

Humboldt currents moving north along the South American coasts to reach the coast of Peru (Fig. 341 

7). The distribution extends westward along the latitude 35°S to reach New Zealand and even 342 

with a lower density the south-east coast of Australia. Though there is continuity along this “Jack 343 

Mackerel Belt” from Peru to Chile, New Zealand and Australia, several patches with higher 344 

concentrations of immature JM predicted in offshore central Chile and in lower abundance, the 345 

eastern New Zealand region (Fig. 7). This predicted distribution corresponds well to its 346 

description from the literature, essentially based on fishing and acoustic exploratory research 347 

cruises (Gretchina et al. 2009). 348 

At the scale of the south Pacific basin, the whole adult stock is estimated to ~38 Mt in 1980 then 349 

declining rapidly in the early 1990s to stabilize around 30 Mt after 2000 (Fig. 8). The much lower 350 

fishing effort in the following years allowed the stock to slightly recover until the end of the 351 

simulated time series. However, the spatial distribution shows large discrepancies (Fig. 9). The 352 

recruitment is continuous over the year but with a clear seasonal signal (Fig. 9). There is no 353 

marked multi-year trend in recruitment (juveniles) series (Fig. 9) except a slight positive trend for 354 

region 2 (North Chile), and also in region 4 during the last decade of the series.  355 

Recruitment and subsequent biomass of immature and adult biomass is predicted to be the 356 

highest in the largest regions 6a and 6b (over 6 and 8 Mt respectively) of the southern Pacific 357 



14 

 

convergence zone, and then region 5. Though JM is known to inhabit this extended oceanic 358 

region, this high level of biomass may seem overestimated relatively to the level of catch 359 

observed over the past history of exploitation for this species (see discussion). Each of the other 360 

regions 1 to 4 where most of the fisheries concentrated over the last decades has a total biomass 361 

estimated to below 3 Mt (region 1) or 2 Mt (regions 2, 3 and 4) in 1980 and then declining due to 362 

fishing.  363 

The fishing impact (1- Bf/B0) is computed relatively to the ratio of biomass with fishing mortality 364 

(Bf) and the biomass without fishing (B0) at the end of the simulated time series (average 2007-365 

10). The impact is predicted maximum in regions 1 and 2, where the stock has been highly 366 

targeted, with a decrease of spawning biomass above 50% and even 70% off the coast of Chile 367 

(Fig. 7 and 9).  368 

5. DISCUSSION 369 

5.1. Parameterisation accuracy 370 

Within the last decades, jack mackerel has become one of the world's most important commercial 371 

fish species, harvested mainly by fleets from South America and Europe. This study provides the 372 

first end-to-end modelling application to JM. SEAPODYM optimal parameterisation was 373 

achieved using its MLE approach and available georeferenced and non-georeferenced fisheries 374 

data and acoustic biomass estimates. Distributions of catch and size frequencies of catch for the 375 

different fisheries are well predicted both spatially and temporally and most biological 376 

parameters were estimated within. Using the combination of all available data and 377 

mathematically rigorous sensitivity analyses, the model was able to converge. The optimal 378 

parameterisation provides biologically plausible range of values in agreement with the knowledge 379 

on the species especially in the Southern part of its distribution (Chilean waters) and one recent 380 

independent habitat modelling approach (Bertrand et al. 2016).  381 

Following the mechanisms defining the species thermal habitat in SEAPODYM, JM thermal 382 

optimum is estimated ranging between ~15°C for the first cohorts and 8.5°C for the oldest 383 

cohorts. This tendency is in agreement with the biology of poikilotherm species and the specific 384 

values found by Bertrand et al. (2016) who indicated that the 9ºC isotherm delineates the 385 

southern limit of JM distribution area. The warm northern thermal maximum is more difficult to 386 
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compare as Bertrand et al. use sea surface temperature (28ºC SST isotherm) and SEAPODYM 387 

uses the average temperature in the vertical layers defined for the model. Obviously, the average 388 

temperature resulting from vertical movements of fish can be much colder than the sea surface 389 

temperature if fish dive regularly in the deeper layers.  390 

Given the mechanisms included in the definition of the spawning habitat index in SEAPODYM, 391 

spawning success is stipulated by the low densities of the larvae predators (i.e. micronekton 392 

organisms in the epipelagic layer) and the high densities of prey (i.e., zooplankton) in the 393 

spawning site determined by the optimal temperature for larvae survival. The spawning is 394 

predicted to mainly occur in the 3rd quarter with a seasonal peak around September. This is in 395 

good agreement with biological studies showing that JM spawn from winter to summer (June to 396 

January) with a peak of activity in southern spring (Cubillos et al. 2008). 397 

The optimisation experiment did not allow the estimation of the slope coefficient of the larvae 398 

stock recruitment that had to be fixed to an intermediate value. This estimation usually requires 399 

long time series of simulations covering many generations of fish as well as a large amount of 400 

data (catch and size frequencies) providing information on the dynamics of juvenile cohorts. It is 401 

therefore possible that the model simulation underestimates the impact of fishing on the success 402 

of spawning and subsequent recruitment. Similarly, stock fluctuations due to environmental 403 

variability could be smoothed due to too weak relationship between spawning biomass and 404 

success of recruitment. Indeed, Gerlotto et al. (2012) noted that strong cohorts of recruits 405 

appeared far off Peru and further south in association with the 2007 La Niña event. The predicted 406 

recruitment in 2007 in our corresponding region (4) is effectively the highest from the whole time 407 

series (Fig. 9) though it remains a moderate interannual variability. In addition, the relationship 408 

may be inversed in the southern regions with positive effect of El Niño events on recruitment 409 

(Arcos et al. 2001), in correlation with southward intrusion of warmer water (SST > 15-16°C). 410 

5.2. Sensitivity to environmental forcing 411 

A sensitivity analysis has shown that micronekton fields predicted from SEAPODYM were 412 

highly sensitive to the ocean currents (Senina et al. 2015). The definition of spawning indices and 413 

local mortality rates in SEAPODYM depend also on the environmental conditions and on local 414 

movements, influenced by currents and habitat quality defined from physical and biological 415 

variables (Lehodey et al. 2008, Senina et al. 2008). Therefore, model predictions are sensitive to 416 
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the environmental forcing in many different ways. The physical variables (temperature and 417 

currents) used in the present study are outputs of a coarse resolution ocean circulation model 418 

forced by atmospheric variables (e.g. surface winds) only. One might thus expect that the currents 419 

have too coarse a resolution to simulate correct zones of retention of larvae and juveniles, 420 

especially when associated to mesoscale activity that is not represented here, but is very 421 

important in the Humboldt system along the coasts of Chile and Peru. Therefore, it will be 422 

essential to run further JM SEAPODYM simulations at higher resolutions to investigate the 423 

impact of mesoscale activity on the distribution and dynamics of the species recruitment. 424 

Similarly, the adult JM cohorts are certainly influenced by complex dynamics and mesoscale 425 

structures in the Humboldt Currents System. In this system, the adult population distribution is 426 

mostly dependent on the thermal habitat and the accessibility to micronekton. As the thermal 427 

habitat in SEAPODYM is defined by the environmental forcing, errors and biases existing in the 428 

forcing will propagate in the JM population structure. One approach to account for these 429 

uncertainties will be to use different environmental forcings and produce a series of optimisation 430 

experiments to provide an envelope of predictions rather than a single estimate.  431 

5.3. Biomass estimates and fishing impact 432 

In the last SPRFMO reports (2016), JM spawning biomass estimates over 2007-2011 range 433 

between 2 and 4 million mt. These stock assessment studies rely on catch data for a fishing 434 

ground comprising essentially the areas off Chile and Peru. For the same area, i.e., the boxes 1, 2, 435 

3 and 4 on Fig. 4, our estimate for spawning biomass is about 4.5 Mt, i.e. in the upper range of 436 

this estimate. For the whole South Pacific, the estimates for the areas 6a and 6b in the south 437 

western Pacific are much higher. Our SEAPODYM configuration could overestimate the JM 438 

biomass for those regions where the productive convergence zone of the south Pacific is located. 439 

Many factors could explain this overestimation: a resolution too coarse or biases in the 440 

environmental forcing, a lack of sensitivity in the parameterisation of the stock-recruitment 441 

relationship or an underestimation of historical catch. Data paucity can also lead the model 442 

outputs to be mostly driven by habitat suitability and to the underestimation of migration speed 443 

by which one school of fish can be targeted over time by different vessels in different areas. 444 

Previous studies highlighted the strong heterogeneity of JM distributions in areas of high 445 

mesoscale activity (Nunez et al. 2004, Vasquez et al. 2013). Namely, JM is known to aggregate 446 
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on the edge of eddies (SPRFMO 2016). Therefore, the lack of meso- and sub-mesoscale features 447 

such as eddies and filaments in the model simulation can lead to an overestimation of biomass to 448 

compensate the absence of large JM aggregations induced by mesoscale structures and 449 

facilitating very localised high catch and CPUEs. 450 

The use of SEAPODYM requires disaggregating fishing information on the basis of existing 451 

georeferenced subsamples. Unfortunately, these are not always available for each fishery. 452 

Available fishing data with low resolution and/or including uncertainty and measurement biases 453 

can induce substantial error on current stock status (SCRS 2013). In the case of JM, an important 454 

part of historical fishing catch and effort data was actually not recorded or unavailable under a 455 

georeferenced form. In order to account for this fishing mortality, the annual non-georeferenced 456 

catch records found in the literature and SPRFMO reports were spatially and temporally 457 

redistributed in so-called « dummy » fisheries. Without associated effort, the « dummy » catches 458 

are removed directly from the local population densities (if available) and not used in the cost 459 

function of the MLE. For the optimisation over the period 1993-2011, the total nominal catch of 460 

JM declared to the SPRFMO was 79.761 million mt (SPRFMO 2012) but only 45.797 million mt 461 

have been represented in georeferenced data, even including dummy fisheries. This means that, 462 

over this period, 42.6% of the total catch (~34 million mt) was not accounted for fishing 463 

mortality in the simulations.  464 

The missing catch data are either due to the absence of any information on the spatial location of 465 

the catch (e.g., Russia) or to its unavailability for this study. For instance, SPRFMO is only 466 

allowed to release the georeferenced data using the « three boats rule », i.e., excluding fishing 467 

data when there are less than 3 boats in a spatial cell of selected resolution. The paucity in 468 

georeferenced high-resolution data is therefore expected to impact both the parameter 469 

optimisation and the abundance estimates.  470 

5.4. Spatial structure  471 

The modeled distribution of JM biomass agrees well with observations based on fishing and 472 

acoustic data and previous studies proposing an extended habitat from the coast of Peru to Chile 473 

and then extending to New Zealand and even Australia. The stock of the south Pacific 474 

convergence (region 6a and 6b) is likely to have its abundance overestimated by the model due to 475 

the scarcity of the georeferenced catch declared in this region, and thus underestimated fishing 476 
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mortality. Over time, the densities in the different regions used for this analysis have fluctuated 477 

but fishing is predicted to have by far the highest impact, a result that should be reinforced if all 478 

fishing mortality could be included.  479 

The core habitat of JM is predicted in the Central Chile area which is also the main fishing 480 

ground. Under the fishing impact, the population distribution is predicted to contract on this core 481 

area and a few others, east of New Zealand, in the eastern part of the southern convergence and 482 

off the coast of Peru and north Chile. However, there is a clear continuity between these different 483 

large sub-populations. Amongst the different hypotheses proposed on the spatial structure of JM 484 

population (Gerlotto et al 2012), this result would be between the “metapopulation”, where a 485 

source population (centered on central Chile) creates several subpopulations that could remain 486 

independent during prolonged periods, especially in the case of heavy exploitation, and the 487 

“patchy population”, where all the fish belong to a single population that expands and contracts 488 

depending on the biomass. 489 

6. Conclusions and Perspectives 490 

Managing fisheries of migratory species that cross several jurisdictional management areas 491 

requires not only catch monitoring from all the fleets fishing, but also understanding spatio-492 

temporal dynamics of fish population to produce recommendations for all areas the stock inhabits 493 

(e.g., Economical Exclusive Zones, international waters). For the first time, combined acoustic 494 

and fishing data from various sources were used to estimate the JM population spatio-temporal 495 

dynamics over the whole South Pacific. This first SEAPODYM application for the South Pacific 496 

JM provides with essential insights on the environmental and fisheries drivers of this species’ 497 

spatio-temporal dynamics. Dealing with data paucity, SEAPODYM model converged using a 498 

maximum-likelihood estimation approach. The JM key parameters were successfully estimated 499 

and are consistent with the literature and habitat modelling (e.g., Bertrand et al. 2016). The model 500 

suggested four inter-connected sub-stocks, highlighting the impact of fishing activity, particularly 501 

offshore Chile. However, a large proportion of historical catch is still missing, despite the 502 

introduction of « dummy » fisheries allowing to include about half of the total historical catch 503 

officially declared. An update is needed, starting earlier (1960s), to account for all the industrial 504 

exploitation and fishing mortality. This update should include additional information on historical 505 

fishing and acoustic data that are scattered between national and international fisheries 506 
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organisations, and only available through scientific publications and stock assessment reports. 507 

These data of different quality and resolution need to be standardised. Then, additional 508 

optimisation experiments with different environmental forcings would provide a better idea on 509 

the range of uncertainty in the parameter and abundance estimates. Finally, this updated model 510 

configuration could be used to investigate various spatial management scenarios including fishing 511 

strategy and conservation measures (e.g., Sibert el al. 2012), and to explore the future of JM 512 

population under IPCC climate change scenarios (Bell et al. 2013; Lehodey et al. 2010a; 2013; 513 

2015). 514 
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9. TABLES 675 

Table 1: Description of the model parameters and estimates of habitats, movement and mortality 676 

parameters for jack mackerel based on Interim-PISCES forcing. The parameters indicated in grey 677 

were optimised whereas the others were fixed in the optimisation process. For the optimised 678 

parameters, the estimates of the standard deviation are also indicated, as calculated from the 679 

Hessian matrix.  680 

 681 

Table 2: Jack mackerel fishing fleets and data availability in SEAPODYM. Gears are trawlers 682 

(TW), purse-seine (S) and acoustic (A). IMARES is the Dutch national research institute for 683 

strategic and applied marine ecology. IMARPE and IFOP are the respective Peruvian and 684 

Chilean marine research institutes. Length frequency data were only available for the two first 685 

fleets, i.e. the TW1-TW2 trawling fleet operating in international waters from 2007 to 2012. The 686 

different asterisks indicate: *) boats of 125m length, **) boat length superior to 145m, ***) 687 

Korea, China, Vanuatu, Cook Island, Faroe Island and Belize, ****) USSR and then Russian 688 

Federation. 689 

  690 
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10. FIGURES 691 

 692 

Figure 1: Annual catch of jack mackerel by country, fleet and source as declared to the 693 

SPRFMO. The nominal catch time series by country and by fleet are shown (a) by fleet defined 694 

using the fishing gear and the fishing zone. Fleet 1 (F1) includes all purse-seine fisheries in 695 

Chilean northern area (latitude inferior to 37°S) within its EEZ. Fleet 2 (F2) includes purse-seine 696 

fisheries in Chilean southern area (latitude superior to 37°S) within EEZ and high seas. Fleet 3 697 

(F3) includes far northern area fisheries (mainly trawlers in latitudes < 20°S), inside and outside 698 

the Peruvian EEZ and inside the Ecuadorian EEZ. Finally, fleet 4 (F4) includes the international 699 

high seas trawl fisheries off the Chilean EEZ. Time series of annual nominal and georeferenced 700 

catch are compared for (b) European fisheries with small (125m length, TW1) and large (> 145m 701 

length, TW2) trawlers; (c) combined multi-national fisheries (TW3) and 2012 Korean fishery 702 

(TW5); and (d) Chilean (S6 and S7) and Peruvian (S4) fleets. In b), c) and d), the amount of 703 

nominal catches as recorded in SPRFMO annual reports are in blue colours and the amount of 704 

georeferenced catch data available in SEAPODYM are in red and orange. 705 

 706 

Figure 2: Length frequency data available in SEAPODYM for the European fleets from 2007 to 707 

2012. The data samples are aggregated at the spatial resolution of 1°x1° illustrated by rectangles 708 

with grey shading. In the centre of each region, a circle gives the predicted mean size of fish (the 709 

larger the circle, the longer the fish) and the variance associated to this mean (colourbar, cm in 710 

FL).  711 

 712 

Figure 3: Biomass estimates from acoustic records from surveys in Peruvian (black line) and 713 

Chilean (grey line) EEZ waters.  For more details on the available Chilean, resp. Peruvian data, 714 

see  Bertrand et al. 2004a, 2006, resp. Bertrand et al. 2004b, Castillo et al. 2009, Gutierrez et al. 715 

2000, 2012. 716 

 717 

Figure 4: Spatial distributions of available data in SEAPODYM. The colour lines delineate the 718 

fishing areas of the 13 sources of data (acoustic, conventional and dummy fisheries). The black 719 
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contours illustrate 6 geographical boxes used to compare jack mackerel biomass trends. For the 720 

connectivity study, the 6th region was additionally divided in west (6a) and east (6b) sub-regions. 721 

 722 

Figure 5: Three indices are presented in a Taylor Diagram to evaluate the goodness of fit to catch 723 

data by fishery. In SEAPODYM, all error distributions are assumed to be normal. The standard 724 

deviation is presented on the x- and y-axes. Fisheries close to 1 (as the blue dot representing the 725 

New-Zealand Trawler “Dummy” fishery) have model predictions with the same 726 

variability/dispersion as observations. The Pearson correlation coefficient is presented on a radial 727 

grid from 0 to 1. Fisheries close to 1 (as the red dot representing the “Dummy” Peruvian fishery) 728 

have good covariation between data and model outputs. Finally, the normalised Error is presented 729 

on concentric circles which centre is on the value 1 of the x-axis (as D9 blue point). Fisheries 730 

close to the centre have small differences between values predicted by the model and the values 731 

actually observed, i.e. they have high goodness-of-fit. 732 

 733 

Figure 6: Optimal parameterisation for Jack Mackerel. a & b: Maximum sustainable speed and 734 

diffusion rates by cohort (depending of age/size and habitat value / gradient) based on 735 

SEAPODYM theoretical parameterisation (dotted lines) and means of predicted outputs weighted 736 

by the cohort density (black dots) with one standard error (red bars). c: Natural mortality rates 737 

(month-1). Black dotted line corresponds to the theoretical average mortality curve whereas blue 738 

dots indicate the mean mortality rates weighted by the cohort density. d: Optimised function for 739 

temperature habitats in function of fish age (in month). e: Optimised function for oxygen habitats. 740 

f: Number of larvae in relation to sea surface temperature in the epipelagic layers (°C).  741 

 742 

Figure 7: Predicted average distribution over the period 2007-2011, with and without fishing 743 

impact and corresponding fishing impact, of young immature (left) and adult mature (right) 744 

biomass of jack mackerel. The colour scales are given in number of individuals per km² for the 745 

juveniles and in metric tonne per km² otherwise. Fishing impact shows decrease in kg. km-2 746 

(colour scale) and  change in % relatively to unfished biomass (isopleths). 747 

 748 
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Figure 8: Time series (1980-2010) of young immature and adult mature fish biomass (mt) of jack 749 

mackerel estimated with (black line) and without (grey line) fishing (number of individuals per 750 

km² for the juveniles and metric tonnes per km² otherwise).  751 

 752 

Figure 9: Time series (1980-2010) of juveniles, young immature, adult mature and total fish 753 

biomass of jack mackerel estimated with (black line) and without (grey line) fishing in each 754 

region defined on figure 4 (number of individuals per km² for the juveniles and metric tonnes per 755 

km² otherwise). 756 

 757 

Figure A.1: Comparison of fit to fishing data over the period 1993-2011 for SEAPODYM jack 758 

mackerel simulation. a) R-squared goodness of fit representing the spatial fit over the period used 759 

for optimisation (white squares indicate negative correlation between observations and 760 

predictions; Black circles are proportional to the level of catch. b) relative error in predicted catch 761 

for all fisheries. 762 

 763 

Figure A.2: Fit between total observed (dotted line) and predicted (continuous line) jack 764 

mackerel catch per unit of effort (CPUE).  765 

 766 

Figure A.3: Time series of fit between total observed (dotted line) and predicted (continuous 767 

line) jack mackerel recorded “dummy” catch for fisheries Ac12 and Ac13. For each fishery, the 768 

standardised residuals are given with mean and standard deviation estimates. 769 

 770 

Figure A.4: Fit between size frequency data of Fisheries TW1 and TW2 for all the domain and 771 

time period (bars: observations, red line: model predictions).  772 



TABLES 1 

Table 1 2 

Parameters estimated by the model Unit 
Parameter 
estimate 

Standard 
Deviation 

Ts 

S
pa

w
n

in
g 

h
ab

ita
t 

Optimum of the spawning temperature 
function 

oC 15.57 0.01775 

es  
Std. Err. of the spawning temperature 
function 

oC 0.75 
3.10-5 

c Larvae food-predator trade-off coefficient - 10.99  

Ta 

F
ee

d
in

g 
h

ab
ita

t 

Optimum of the adult temperature 
function at maximum age 

oC 8.50  

ea 
Std. Err. of the adult temperature function 
at maximum age 

oC 0.65 
 

Ô Critical oxygen value  mL.L-1 1.88 0.0014 

s 
Slope coefficient in sigmoid oxygen 
function 

 5.10-6 
0.0014 

Dmax 

M
o

ve
m

en
t Mean Diffusion parameter   1.10-5 0.0003 

cdiff Slope Diffusion parameter  6.3.10-7  

Vmax Maximum sustainable speed B.L. s-1 0.537 0.005 

p 

S
pa

w
n

in
g 

m
ig

ra
tio

n Spawning season peak Julian day 317.6 
0.00062 

d 
Day Length Gradient threshold for 
spawning season start 

 1.21 
0.005 

Rs 

L
ar

va
e 

re
cr

u
itm

en
t Asymptotic value of the Beverton-Holt 

function for larvae recruitment  
 0.18 

0.007 

ơ 
Slope value of the Beverton-Holt function 
for larvae recruitment 

 0.127 
0.032 

MPmax 

M
o

rt
al

ity
 

mortality rate due to predation at age 0 mo-1 0.229  

MSmax mortality rate due to senescence at age 0 mo-1 1.4 10-7  

bp slope coefficient in predation mortality - 0.242  

bs slope coefficient in senescence mortality - 1.873  

E Coefficient of variability of JM mortality 
with habitat index 

- 0.266  

 3 
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Table 2 5 

 Fishery 
Code 

Country Source Gear Time-
Period 

Catch 
units 
(Effort 
units) 

Resolution 
(deg) 

Length 
Frequency 

1 TW1 The 
Netherlands 

IMARES TW* 2007-
2012 

Mt (nb 
tow)-1 

0.01 y 

2 TW2 The 
Netherlands 

IMARES TW** 2007-
2012 

Mt (nb 
tow)-1 

0.01 y 

3 TW3 Multi-
national*** 

SPRFMO TW 2007-
2012 

Mt (nb 
tow)-1 

0.01 n 

4 S4 Peru IMARPE S 2012 Mt (nb 
tow)-1 

1 n 

5 TW5 Korea SPRFMO TW 2012 Mt (nb 
tow)-1 

1 n 

6 S6 Chile IFOP S 2007-
2012 

Mt (nb 
tow)-1 

1 n 

7 S7 Chile IFOP S 2007-
2012 

Mt (nb 
tow)-1 

1 n 

8 D8 New-
Zealand 

Penney 
& Taylor, 
2008 

S 1985-
2010 

Mt 1 n 

9 D9 New-
Zealand 

Penney 
& Taylor, 
2008 

TW 1985-
2010 

mt 1 n 

10 D10 Russia**** Nesterov, 
2009 

TW 1980-
1991 

Mt 1 n 

11 D11 Chile SPRFMO S 1970-
2012 

Mt 1 n 

12 Ac12 Chile Bertrand 
et al. 
2006 

A 1997-
1999 

Mt(nm)-1 0.01 n 

13 Ac13 Peru Gutierrez 
et al. 
2012 

A 1983-
2012 

Mt(nm)-1 0.01 n 

 6 
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Figure  8 

 

 

 

 
  



Figure 9 

 

Predicted changes 1980-2010 by area (Fig. 4) for juvenile, immature, adult and total biomass under 

no fishing (grey lines) and fishing (black lines) scenarios 

 



Appendix 

 

Figure A1 

  

 

 

Figure A2 

 

 

  



Figure A3 

 

 

Figure A4 

 

 

 



Figure A5 

 

 

 


