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Abstract 25 

Time-series of fishing position, landings, satellite-derived sea surface temperature and 26 

chlorophyll a concentrations were used to relate the spatial-temporal distribution of the 27 

Argentine hake Merluccius hubbsi with seasonal oceanographic processes in San Matías 28 

Gulf. Also, the seasonal effect of fishing on the hake population structure was analysed. 29 

During summer the fleet was concentrated over the area of the frontal system, obtaining 30 

the best catch-per-unit-effort (CPUE) of hake in relatively deep waters. In autumn, the 31 

dispersion of the fleet due to a reduction in CPUE coincided with the dissipation of the 32 

front, suggesting that the distribution and shoaling of the Argentine hake is associated 33 

with seasonal thermal structures. In spring, the thermal structure of the waters and the 34 

Chlorophyll a blooms seem to modulate the timing of spawning of hake, which occurs 35 

mainly in October-November. In addition, the fleet captured a higher proportion of 36 

females in the gonadal recovery stage during warm months (November to April). While 37 

winter catches (May to October) consisted mainly of males, the intense summer fishing 38 

may result in a high impact on the female population. This information is relevant to 39 

design of spatial management tools intended to provide biological sustainability to the 40 

hake fishery. 41 

 42 
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Introduction 47 

The physical properties of the oceans influence biological processes at all spatial and 48 

temporal scales (Mann 1992). Among the different physical variables that affect the 49 

distribution of marine organisms, the sea temperature is considered important, because 50 

many species are associated with thermal structures and specific thermal conditions 51 

(Perrota et al. 2001; Spinelli et al. 2012). Various species show high densities next to 52 

oceanic fronts (Reddy et al. 1995; Sabatini & Martos 2002), because these structures 53 

play a key role in ecological processes by allowing for an exceptionally high primary 54 

production, offering adequate feeding and/or reproductive habitats for nektonic species 55 

(fishes and squids) and acting as retention areas for larvae (Acha et al. 2004; Houde 56 

2009; Spinelli et al. 2012). Similarly, areas with high chlorophyll-a (Chl a) 57 

concentrations, which indicate high phytoplankton biomass (Morel & André 1991; Huot 58 

et al. 2007) are related to limiting concentrations of nutrients (Aminot et al. 1998; Herut 59 

et al. 2007), show abundant fish and crustacean larvae (Wehrtmann 1994; Friedland et 60 

al. 1996) and high concentration of birds (Ballance et al. 1997) and marine mammals 61 

(Jaquet et al. 1996). In this respect, studying the areas with oceanic fronts and/or high 62 

Chl a concentrations may also be relevant to design measures for fisheries management 63 

and conservation. 64 

On the Argentine Continental Shelf (ACS), frontal areas provide better foraging 65 

opportunities than non-frontal areas for a broad range of marine organisms (Alemany et 66 

al. 2009). Indeed, the oceanographic fronts are key marine structures in which to 67 

understand feeding and reproduction strategies, as well as migration patterns of local 68 

populations (Acha et al. 2004). Also, the thermal structure of the sea has been 69 

considered as an important variable in biological and fisheries studies, mainly in the 70 

prediction of recruitment, larval survival, spawning areas and catches as well as in the 71 
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study of spatial and temporal changes in abundance of commercial species (Stuart et al. 72 

2011). 73 

Considering that the fact that changes in sea surface temperature (SST) could be 74 

used as an indicator of the structuring of water masses (i.e. thermal fronts) and also a 75 

relevant factor in the distribution and concentration of nutrients and phytoplankton (and 76 

consequently in the distribution and abundance of biological resources), integrated 77 

satellite-derived information of the SST and Chl a concentrations could be useful for 78 

analysing the relationships between distribution, abundance and catches of species of 79 

ecological and/or fisheries importance (Laurs et al. 1984). In pelagic fisheries, this 80 

approach has been widely used in scientific studies and commercial applications (e.g. 81 

Polovina et al. 2001; Platt et al. 2007; Saitoh et al. 2011; Druon et al. 2011). Moreover, 82 

fish species that integrate pelagic-demersal communities and develop most of their life 83 

cycles interacting with the intermediate and upper layers of the ocean, are good 84 

candidates for this type of study (Laurs et al. 1984). In the ACS, Wang et al. (2007) 85 

studied the influence of thermal features on the distribution of Merluccius hubbsi 86 

Marini, 1933 at the Patagonian shelf edge and found that hake have a positive 87 

association with thermal oceanic features. 88 

Within San Matías Gulf (SMG, Patagonia, Argentina), many fishery species that 89 

play an important role in food webs (e.g. short-finned squid Illex argentines 90 

Castellanos, 1960) show dramatic interannual abundance variations for unclear reasons 91 

(Romero et al. 2007). Other species (e.g. M. hubbsi, the silver warehou Seriolella 92 

porosa Guichenot, 1848 and the Patagonian hoki Macruronus magellanicus Lönnberg, 93 

1907) show seasonal variations apparently related to cyclical oceanographic processes 94 

(Ocampo Reinaldo 2010). Within this ecosystem, the fishing activity is performed 95 

mainly by industrial bottom trawlers and historically the most important fishery 96 
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resource has been the Argentine hake (up to 80% of the annual landings) followed by 97 

the silver warehou in recent years (Romero et al., 2010). The Argentine hake has 98 

demersal-pelagic habits, is an active predator that performs daily vertical migrations to 99 

feed in the upper layers of the water column (Angelescu & Prenski, 1987) and its 100 

behaviour and distribution seems to be strongly linked with the spatial structure of the 101 

pelagic system (Wang et al. 2007; Ocampo Reinaldo et al. 2011). 102 

In this context, the seasonality of the catch-per-unit-effort (CPUE) of hake 103 

(Williams et al. 2010), together with the habits of the species and the strong 104 

oceanographic processes in SMG (Gagliardini & Rivas, 2004), suggest there might be a 105 

close relationship between the distribution of this species and the environmental cycles.  106 

The aim of this study was to determine the relationship of the spatial-temporal 107 

distribution of Merluccius hubbsi with the oceanographic processes in SMG. Also, the 108 

seasonal effect of fishing on the hake population structure in relation to the formation of 109 

the frontal system was analysed. The results are discussed in relation to the spatial 110 

patterns and life cycle of the Argentine hake in SMG and the potential use of this 111 

information for the design of management measures for the fishery. 112 

 113 

Methods 114 

Study system: the environment and the fishery of Merluccius hubbsi. 115 

San Matías Gulf (40°50´-42°15´S and 63°05'-65°10´W, Figure 1) is the second largest 116 

gulf in Argentina (about 20,000 km
2
) and is a semi-enclosed basin with a maximum 117 

depth of 180 m in the central area (up to 55% of its total area is deeper than 100 m) and 118 

the mouth, at the eastern side, with a depth of 50-70 m (Chart H214 Argentine Service 119 

of Naval Hydrography; Williams et al. 2010). The northwest and southeast areas have 120 

different characteristics, separated by a seasonal tidal front (October to April; 121 
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Gagliardini and Rivas 2004). The northern area of the gulf shows higher temperature 122 

and salinity, with a strong thermocline, limited nitrate concentrations and a low turnover 123 

rate of its waters. The southern area shows lower temperature and salinity, a lack of 124 

stratification and a comparatively higher nitrate concentration (Rivas and Beier 1990). 125 

The observed SST of the northern and southern areas, when the tidal front is present, 126 

differs on average between 1 °C and 3 °C. During winter (May to September) the front 127 

vanishes and the differences are less than 1 °C (Piola and Scasso 1988; Gagliardini & 128 

Rivas 2004). The general circulation pattern in spring-summer is dominated by a 129 

cyclonic gyre, located at the northern half of the basin (70 km diameter approximately, 130 

Piola & Scasso 1998), which in combination with the frontal system determines the 131 

relative isolation of the northern water masses (Rivas & Beier 1990, Tonini 2010). 132 

The Argentine hake is very common throughout the ACS at depths ranging from 50 to 133 

500 m (Cousseau & Perrotta 2004) and the stock located at the SMG constitutes a 134 

unique independent demographic unit (Di Giácomo et al. 1993; Sardella & Timi 2004; 135 

González et al. 2007; Machado Schiaffino et al. 2011). The population structure of this 136 

stock seems to have been well preserved since the beginning of the fishery in 1971 137 

(Romero et al. 2010; Ocampo Reinaldo 2010) compared with the ACS main stocks, 138 

which are considered overexploited (Figure 1, Aubone et al. 2004; Vaz-dos-Santos et 139 

al. 2010). In SMG, the Argentine hake spawns between August and March, with its 140 

maximum activity during October and November, indicating the most important 141 

reproductive schools are in the northern half of the basin (Di Giácomo et al. 1993; 142 

Ocampo Reinaldo 2010). This reproductive pattern led in 1998 to imposing a fishing 143 

ban on the industrial fleet in October and November (Figure 1, Ministerial decision 144 

555/2003, Ministry of Economy of Río Negro Province, Argentina). 145 

 146 
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Environmental data 147 

Environmental data from remote sensing were obtained and validated following the 148 

methods of Williams et al. (2010). Data from the Daily Level 1B local area coverage 149 

(LAC) of the Advanced Very High Resolution Radiometer (AVHRR) on-board the 150 

NOAA-N polar orbiting satellites and Sea-Viewing Wide Field of view Sensor 151 

(SeaWiFS) were acquired through the Argentine National Commission of Space 152 

Activities (CONAE). AVHRR data were obtained for the periods 2004–2007 and 153 

SeaWiFS data for the period 2004-2006 (SeaWiFS images were available only up to 22 154 

December 2006). 155 

Relatively cloud-free AVHRR and SeaWiFS scenes were processed applying the 156 

Multichannel Sea Surface Temperature (MCSST) (McClain et al. 1985) and OC4v4 157 

algorithms (O’Reilly et al. 1998), respectively. AVHRR data were processed using 158 

Erdas Imagine and SeaWiFS data using SeaWiFS Data Analysis System (SeaDAS) 159 

version 5.2 (update#4) software (Baith et al. 2001). SST and Chl a were mapped to a 160 

WGS 84 reference system (datum WGS84, ellipsoid WGS84), on the cartographic 161 

Transverse Mercator projection (zone 4) at 1100 m of spatial resolution at nadir and co-162 

registered with respect to a reference landmask. Land and cloudy pixels were flagged to 163 

zero and were not considered for the computations. 164 

Monthly composites were created from the daily images, grouping all years and 165 

resulting in 12 scenes. The number of cloud-free pixels contributing to each monthly 166 

composite was spatially and temporally variable. The total numbers of cloud-free 167 

images used to create the scenes are shown in Table 1. 168 

SST gradients (°C km
-1

) were calculated from each monthly SST image by 169 

applying a Sobel operator in a 5x5 window size (Simpson 1990). The Sobel operator 170 

consist in two 5×5 convolution masks, which are used to calculate two images 171 
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containing approximations for derivatives (in west-east and north-south directions) and 172 

assuming that there is an underlying continuous intensity function. At each pixel of the 173 

image, gradient magnitudes are computed and the results show how "abruptly" or 174 

"smoothly" the image changes at that pixel. 175 

In order to evaluate the depths where the fleet operates, a topographic map of 176 

SMG was obtained by natural neighbour interpolation (250 m resolution, resampled to 177 

1100 m) (Schneider 2009) based on the nautical chart H214 of the Argentine Service of 178 

Naval Hydrography. 179 

 180 

Fishing activity data 181 

The industrial bottom trawl fleet of SMG, which mainly target the Argentine hake,  is 182 

characterized by relatively small vessels (20 to 36 m length and 400 to 800 HP), 183 

between 15 and 30 years old (Romero et al. 2007) that are fully capable of operating 184 

along the entire SMG for up to 8-10 days without returning to port. Most fishing 185 

captains are highly experienced local veterans. However, most of the catches are 186 

obtained following a process of "trial and error" and the success of a fishing haul 187 

generates repetitions within the same area. Conversely, a failed haul (i.e. a haul with a 188 

small catch) motivates the search of a different area. This leads us to assume that the 189 

fleet behaves as a relatively efficient predator and its persistence in an area is indicative 190 

of the location of the largest concentrations of resources (at least those commercially 191 

profitable). This approach allows us to infer the seasonal abundance of Argentine hake 192 

in different areas of SMG. 193 

Data of the bottom trawl fleet activity for the 2004–2007 period were obtained 194 

from two different sources: 1) locations of hauls gathered by a Vessel Monitoring 195 

System (VMS, named SiMPO (González et al. 2004)) and, 2) monthly landings and 196 
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fishing effort (to calculate the CPUE, in kg.h
-1

) obtained from official logbook records 197 

of the Fishery Directorate of Río Negro province, Argentina (Millán 2007). 198 

The SiMPO provided real-time data of vessel position, bearing and speed (every 199 

96 minutes approximately) by on board Inmarsat D+ satellite transceivers. Criteria of 200 

speed were used to discriminate the SiMPO records that corresponded to fishing 201 

activities: records lower than 2.5 knots and higher than 4.0 knots were excluded, as they 202 

were not associated with fishing activity. All data were inspected to remove additional 203 

invalid records (e.g. speed at this range due to adverse weather conditions or port 204 

arrivals). The validity of the filtering criteria was evaluated by comparing on board 205 

observations of the duration of the hauls (Fisheries Observers Program of Río Negro 206 

Province -FOP-) with records transmitted over the same hauls by the SiMPO. 207 

Fishing activity data were plotted as topographic representations using the same 208 

reference system of the environmental data. Data (counts of records per unit area) were 209 

grouped monthly and a spatial smoothing was performed to represent the areas with the 210 

highest fishing intensity. The smoothing was performed using a Kernel density 211 

interpolation (ESRI ArcGIS Desktop version 9.3), which involves placing a 212 

symmetrical surface over each point (records of fishing), evaluating the distance from 213 

the point to a reference location (one pixel on the SST image) based on a mathematical 214 

function, and summing the value of all the surfaces for the reference location. This 215 

procedure was repeated for every reference locations. 216 

The mathematical function of surface density used was the normal distribution, 217 

according to: 218 

 219 

CPUEsm =  (1) 220 
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 221 

where CPUEsm: smoothed CPUErec that correspond to a particular pixel; dij: distance 222 

between the reference location and any point within the search radius considered; h: 223 

standard deviation of normal distribution (in this case the bandwidth or search radius); 224 

Ii: intensity of each point. In this case, a scale value of Ii = CPUErec was used, being 225 

 226 

Ii = CPUErec = (Li /Ri)  (2) 227 

 228 

where CPUErec is a new variable defined by landings (kg) per record of fishing; Li: 229 

pooled total landings for each month for the entire 2004 – 2007 period; Ri: number of 230 

fishing records grouped for each month for the years 2004 to 2007. The bandwidth was 231 

2500 m, and densities were calculated in a regular grid of 1100 m on the side of the 232 

square cell, consistent with the resolution of the satellite images used. Each monthly 233 

fishing activity map obtained was compared with the corresponding SST and Chl a 234 

monthly maps.  235 

Also, topographic information obtained from the topographic map assign the 236 

bottom depth to each fishing position. The resulting depth distributions were compared 237 

using the Kolmogorov-Smirnov test for two independent samples, taking pairs of 238 

consecutive months (α = 0.05). 239 

 240 

Statistical analyses 241 

The data used for the statistical analyses were obtained over a polygonal area from the 242 

mouth of the SMG to near its coastal line (9172 square pixels, 1100 m of spatial 243 

resolution, Fig. 1). The pixels with Chl a, SST, CPUEsm and SST gradients data were 244 

filtered and only pixels with data of all variables were used. The resulting pixels were 245 
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split into two datasets: Autumn-Winter (May to October, absence of the thermal front) 246 

and spring-summer (November to April, with presence of the thermal front) (Williams 247 

et al. 2010). The variable Chl a had fewer pixels with data (due to a higher number of 248 

cloudy pixels), conditioning the selection up to 5167 pixels (56%) of total pixels 249 

available.  Multivariate Partial Mantel tests were performed for each dataset in order to 250 

evaluate the general association between pairs of variables (Euclidean distance, 999 251 

permutations, Bonferroni’s corrected α=0.0084). Also, the CPUEsm and SST gradients 252 

for the original 9172 pixels were categorized as “High”, “Medium” and “Low” (Table 253 

2), and a Pearson χ
2
 test was performed for each month. The hypotheses of 254 

independency were tested applying the Bonferroni’s correction (α=0.042). 255 

 256 

Additional biological and fishery information 257 

Data from quasi-monthly samples were obtained on board by the FOP,from commercial 258 

catches (2004 to 2007). The monthly average sex ratio of Merluccius hubbsi catches 259 

was calculated on the basis of the data obtained from each haul. In order to evaluate the 260 

biological condition of the reproductive population of hake, gonadal stage and liver 261 

weight were recorded in mature females (larger than 27 cm, Ocampo Reinaldo, 2010). 262 

The hepatosomatic index (HSI) was calculated, as: 263 

 264 

HSI = 100*(WL/TW) (3) 265 

 266 

where WL is the weight of the liver and TW is the total weight of the fish. Individual 267 

results were averaged to obtain an overall value of HSI for each month. 268 

Finally, monthly CPUE (kg.h
-1

) of the M. hubbsi, Seriolella porosa and other species 269 
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were grouped together and were analysed in order to describe the seasonal dynamics of 270 

the fishery. 271 

 272 

Results 273 

Considering the high temporal resolution (12 h) and availability of images from 274 

AVHRR sensors aboard NOAA satellites, 338 clouded-free images were obtained from 275 

January 2004 to December 2007. On the other hand, 130 SeaWiFS clear daily images 276 

were obtained from January 2004 to December 2006, because this sensor depends on 277 

the daylight and is aboard the OrbView-2 satellite, which has a temporal resolution of 278 

24 h (Table 1). Monthly climatological SST and SST gradients maps confirm the 279 

presence of the frontal system during summer months (December to February) and its 280 

absence during winter (May to August). During September and October, the front 281 

begins to appear (increasing SST gradients), while in March and April it begins to 282 

disappear (Figs 2a, b). SeaWiFS images indicates that the Chl a distribution from 283 

December to February corresponds to the thermal front (Figure 2c): The warm waters of 284 

the north matched with minimal Chl a concentrations, while the cold waters of the south 285 

corresponded to higher Chl a concentrations. 286 

The number of fishing records was in relation to the duration of the hauls and 287 

false negative records were seldom detected (Figure 3), whereas scarce false-positive 288 

records were totally discarded during a priori auditing. 289 

The depth ranges of trawling remained largely between 80 and 160 m (Figure 4). 290 

With the exception of February-March and May-June, the distribution of the hauls in 291 

relation to the topography showed significant differences between consecutive months 292 

(Kolmogorov-Smirnov, α=0.05, Figure 4). During summer (December to March), the 293 

highest activity of the fleet was concentrated in the southeast and southern areas of the 294 
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gulf, over (or near) the area of the thermal front (Figure 2d). The highest Merluccius 295 

hubbsi yields (700-900 kg.h
-1

) were obtained during this season (Figure 5) and females 296 

outnumbered males in the catches (Figure 6).  297 

During autumn-winter (April to September), yields of hake were lower (200-298 

400 kg.h
-1

) and males were dominant in the catches. The female hake captured by the 299 

fleet through the entire year showed rising gonadal maturation from January to 300 

September. In October and November, spawning occurred (Figure 7) as well as in 301 

December when an increase in post-spawning and gonadal recovery stages was 302 

observed. In agreement with the gonadal cycle, an increase in HSI was detected towards 303 

September, while from October it decreased to its lowest value in April (Figure 8). 304 

Interestingly, from August to September, the fleet concentrated in the northern 305 

part of the Gulf (with no frontal areas, Figure 2d) and catches of the silver warehou 306 

Seriolella porosa rapidly increased, from almost null to a peak of 1000 kg.h
-1

 307 

approximately. Catches of silver warehou rapidly decreased in September (Figure 308 

5). During spring (October and November) the fleet moved southwards due to the 309 

implementation of the seasonal closure for the Argentine hake. 310 

The remaining grouped species consisted mainly (up to 75-90%, in order of 311 

importance) of plownose chimaera Callorhinchus callorynchus (Linnaeus, 1758), mixed 312 

species, the flounders Xystreurys rasile (Jordan, 1891) and Paralichthys spp, the 313 

Patagonian hoki Macruronus magellanicus and the Parona leatherjacket Parona signata 314 

(Jenyns, 1841). The yields of this group did not show significant variations throughout 315 

the year, although in autumn-winter values were slightly higher. 316 

The results of the Partial Mantel test showed that the variables Chl a and SST 317 

are associated throughout the year, as well as SST and SST gradients (Table 3). On the 318 

other hand, SST gradients were associated with Chl a in Spring-Summer and were not 319 
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associated in Autumn-Winter. The CPUEsm was associated with SST and SST gradients 320 

only in spring-summer (Table 3). 321 

The categorized SST gradients and CPUEsm were independent in May, June and 322 

July (Pearson χ
2
 test, α=0.0042, Table 4), but the variables were dependent for the 323 

remaining months.  324 

 325 

Discussion 326 

This study contributes to the understanding of the spatial patterns of Merluccius 327 

hubbsi and its relations with the main oceanographic features of a semi-enclosed 328 

Patagonian ecosystem. A strong seasonal oceanographic pattern was confirmed, in 329 

accordance with the description by Gagliardini & Rivas (2004). According to Williams 330 

et al. (2010, 2012), SST data in this study area showed a good correlation between 331 

satellite-derived  and in situ data . On the contrary, a poor correlation between in situ 332 

and remotely sensed Chl a concentrations has been found. Although in these results, the 333 

authors highlighted that the qualitative analysis revealed that AVHRR and SeaWiFS 334 

images reproduced temporal and spatial variability of SST and Chl a data measured in 335 

situ (Williams et al. 2010). Based on this information and the results of the SST and Chl 336 

a climatological maps, two areas with different environmental characteristics were 337 

confirmed in spring-summer: a warmer one in the northern area and a cooler one in the 338 

southern area. The spatial distribution of SST and Chl a was related to the position 339 

of this front in summer and the absence of the front in autumn-winter. These results are 340 

consistent with previous studies (Piola & Scasso 1988; Gagliardini & Rivas 2004; 341 

Williams et al. 2010), which reported two areas separated by a frontal system for most 342 

of the year. Satellite chlorophyll data jointly with SST, have been used in several studies 343 

to identify ecological regions in the ocean (e.g. Herut et al. 2000; Polovina et al. 2001; 344 



 15 

More & Abbott 2002; Zainuddin et al. 2006). Generally, these ecological regions are 345 

not fixed in time or space and vary seasonally (Stuart et al. 2011). The results of this 346 

study showed a strong spatial association between SST and Chl a throughout the year 347 

suggesting that the satellite-derived SST data (abundant, easy to obtain and more 348 

reliable) might be used as a rough proxy to infer the spatial (superficial) structure of 349 

different waters masses in SMG (particularly in winter when the satellite-derived Chl a 350 

data is fragmentary). In general, the seasonal variability of the monthly values of 351 

satellite-derived Chl a for the whole area of GSM show average concentrations during 352 

autumn-winter, a peak in early spring (September) and the lowest Chl a values during 353 

summer (Williams et al. 2012). This seasonal cycle of the SMG is characteristic of 354 

subtropical waters (Mann and Lazier 1996, Williams et al. 2012). 355 

Comparisons between SST gradient maps and the fishing activity maps showed 356 

that the fishing fleet was concentrated over and near the area of the frontal system 357 

during summer (December to March), obtaining the highest CPUE of the Argentine 358 

hake in relatively deep waters. Since the Argentine hake is the most important resource 359 

for the local industry, the dispersion of the fleet in autumn could be due to a reduction in 360 

CPUE, which would encourage captains to seek better catches in other (shallower) 361 

areas. The dispersion of the fleet coincides with the dissipation of the front, suggesting 362 

that the distribution and shoaling of the Argentine hake is associated with the presence 363 

of this tidal front. The explanation could be that  the fronts increase the vertical 364 

mixing of water (Mann & Lazier 1996), resulting in increased primary productivity and, 365 

in some cases, in the activity of higher trophic levels (Olson & Backus 1985; Acha et al. 366 

2004). Moreover, considering that adult hake feed actively after spawning (Hart 1946 367 

sensu Podestá 1989), the formation of the front probably allows dense shoals to feed 368 
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after the spawning season, recovering energy and the lipids reserves used during the 369 

reproductive season (Angelescu & Prenski 1987). 370 

As mentioned before, the fleet remained dispersed in relatively shallow areas in 371 

autumn-winter, until the abrupt increase in catches of silver warehou Seriolella porosa 372 

in deep waters in the north of the gulf. The silver warehou is a typically pelagic and 373 

coastal species that is rarely found below 100 meters depth (Cousseau & Perrota 2004). 374 

This species has become the second important species in landings since 1998, due to a 375 

combination of seasonal appearance of dense shoals and commercial opportunities 376 

(Romero 2011). In this study, an increase in the number of hauls was observed between 377 

August and September, because fishermen performed night hauls to take advantage of 378 

the abundance of the silver warehou (Ocampo Reinaldo, 2010). Unfortunately, there is a 379 

lack of information about the biology and ecology of this species. The causes of the 380 

seasonal occurrence of the silver warehou within the gulf, as well as its apparent 381 

disappearance in late September remains unknown. The massive shoaling of the silver 382 

warehou seems to be related to a reproductive response (Ocampo Reinaldo, 2010) and 383 

not to the environmental features analysed in this study. Related to this, the statistical 384 

dependence between CPUEsm (constituted mainly by silver warehou) and SST gradients 385 

during August and September, could be explained by a large number of pixels with a 386 

combination of “Low gradients” and “High CPUEsm” (Figure 9).  387 

The “other species” group did not show significant variations throughout the 388 

year and the slight increase in winter yields may be due to: 1) a greater diversity of fish 389 

species in winter fishing areas (shallow waters), or 2) fishermen found a better 390 

commercial use of the bycatch, because of a lack of target species.   391 

The oceanographic processes observed in this study allow us to infer some 392 

aspects of the spatial patterns of the Argentine hake. The winter decreases in CPUE may 393 
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be explained by the dispersion of individuals (searching for food) throughout the water 394 

column in response to the absence of an environmental structure of the water. 395 

Moreover, some pelagic species are important prey in the diet of the Argentine hake of 396 

all sizes (e.g. Euphausiidae and anchovy Engraulis anchoita Hubbs & Marini, 1935; 397 

Ocampo Reinaldo et al. 2011) and prey aggregations can be related 398 

to surface environmental parameters (Alemany et al. 2009; Spinelli et al. 2012), thus the 399 

distribution of hake may be coupled, in part, with the distribution of their prey.  400 

It is widely known that fish larvae should hatch into a realm with appropriate 401 

food and benign abiotic conditions (Hjort 1914; Cushing 1975, Lasker 1975; Bakun 402 

1996; Gotceitas et al. 1996; Bakun & Csirke 1998). Moreover, the timing of spawning 403 

is decisive, particularly in areas with large seasonal changes in temperature and daylight 404 

hours (Wooton 1998). The spawning of the Argentine hake coincides with the seasonal 405 

structure of the water masses (warmer and stratified waters) in the northern area of 406 

SMG, which creates positive conditions to concentrate food, serving as favourable first-407 

feeding sites for fish larvae (Bakun 1996). Therefore, the thermocline and 408 

environmental conditions should contribute to the timing of spawning of Argentine hake 409 

(González et al. 2010), and these areas could act as holding areas for eggs and larvae 410 

enhancing the reproductive success (Iles and Sinclair 1982; Macchi et al. 2004). 411 

Accordingly, the formation of the thermal front and the environmental patterns observed 412 

in this study may lead and modulate the reproductive strategy of the Argentine hake in 413 

SMG and the successful retention of hake recruits. In addition, the general circulation 414 

pattern of SMG in spring-summer is dominated by a cyclonic gyre, located at the 415 

northern half of the basin (Piola & Scasso 1998), which, in combination with the frontal 416 

system, determines the relative isolation of the northern water masses. The relative 417 

isolation of the northern waters contributes to the retention up to 40% of pelagic 418 
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particles in the pelagic dominion over 250 days (Tonini 2010). This phenomenon may 419 

promote the retention of eggs and larvae of hake, as well as other planktonic organisms 420 

on the basis of the trophic chains (i.e. Euphausiidae), which are the main source of food 421 

for fish at larval and post-larval stages (Spinelli et al. 2012). Overall, the oceanographic 422 

characteristics of SMG seem to explain the summer distribution pattern of the Argentine 423 

hake, which may adapt its reproductive strategy and foraging behaviour to the cyclic 424 

environmental processes observed in the gulf. In contrast, on the ACS (outside the 425 

SMG), the “northern stock” spawns over the entire year, with peaks of activity from 426 

May to July (Rodrigues & Macchi 2010), whereas the “Patagonian stock” spawns from 427 

November to March, with peaks in January (Macchi et al. 2004). In upwelling zones, 428 

the Chilean hake Merluccius gayi, for example, spawns in association with frontal 429 

structures to enhance offspring survival (Vargas  & Castro 2001), whereas the drift 430 

patterns of early larvae of the European hake Merluccius merluccius are a consequence 431 

of the local hydrographical processes (Alvarez et al. 2001; Olivar et al. 2003). In this 432 

respect, the duration of the pelagic larval phase of the Argentine hake is around 65 days 433 

(Buratti & Santos 2010). Therefore, the timing of spawning, the oceanographic 434 

phenomena and the topography observed in SMG seem to explain the isolation of this 435 

stock, supporting various new hypotheses about the importance of the Patagonian gulfs 436 

in the conservation of the aquatic resources (Machado Schiaffino et al. 2011). 437 

Tidal fronts are relatively short temporal scale systems, which have been shown 438 

to have a stronger influence on fish diversity, biomass and assemblage structure than 439 

permanent frontal areas (Alemany et al. 2009). Accordingly, our results showed that the 440 

absence of a water mass structure in cold months does not promote the shoaling of hake, 441 

which is reflected in the dispersal of the fishing fleet and low landings. Considering that 442 

there is a seasonal ban that protects the reproductive process of hake, it is interesting to 443 
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point out that the fleet captured a higher proportion of females in gonadal recovery stage 444 

in the warm months (after the seasonal ban, outside the closure area), obtaining the 445 

highest CPUE of the year. Although the winter catches showed mainly males and a low 446 

CPUE, the intense summer fishing may result in a high impact on the female 447 

population. This information is relevant to the design of new management tools (e.g. 448 

closures over the frontal zone or effort restrictions in summer) intended to provide 449 

biological sustainability to the Argentine hake fishery. It has been proposed that the 450 

ability of a population to rebuild itself in a closed area may depend on the fishing effort 451 

in that area before the closure (Babcock et al. 2005). However, it is also important to 452 

consider the effect of the displaced effort and, particularly in SMG, the seasonal 453 

concentration of fishing effort in the front area over segregated shoals of female hake.  454 

Remote sensors are excellent tools to complement biological information with 455 

large-scale environmental information (Platt et al. 2007; Stuart et al. 2011). Vessel 456 

Monitoring System data are appropriate for mapping the large-scale distribution of 457 

fishing effort and the area impacted (Gerritsen & Lordan 2011; Skaar et al. 2011; Saitoh 458 

et al. 2011). In this study, a generalized approach (VMS and landing records) was used 459 

to identify the areas of SMG where trawlers seasonally operate and to analyse the 460 

potential relationships between abundance of the species captured and oceanographic 461 

processes. 462 

Future research should focus in obtaining more in situ data about the seasonal 463 

distribution and abundance of species of intermediate trophic levels, as well as data of 464 

primary production, consumption and trophic relationships in the area of the frontal 465 

system. This information will contribute to a better understanding of the ecological 466 

processes that underlie the observed relationships between the physical ecosystem and 467 

fishery resources. Finally, the spatial management could be an interesting 468 
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complementary tool and may enhance the expected effects of non-spatial strategies, 469 

helping to prevent biases in trends caused by spatial heterogeneity of populations and 470 

communities (Babcock et al. 2005), and supporting the gradual development of 471 

ecosystem-based fishery management. 472 
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TABLES 698 

Table 1: Images free of clouds per month obtained from AVHRR (from 2004 to 2007) 699 

and SeaWiFS (from 2004 to 2006).  700 

 701 

Table 2: Categorized variables used in the test of independency. The pixels with SST 702 

gradients >0.1 in the SMG have been described as “frontal pixels” (Williams et al. 703 

2010). 704 

 705 

Table 3: Results of the Partial Mantel test (Euclidean distance, 999 permutations, 706 

Bonferroni’s corrected α=0.0084). The variables used to calculate the first and second 707 

distance matrix are shown. The third distance matrix used in all analyses was based in 708 

the geographical position of each pixel. Significant tests are shown in bold and p values 709 

between parentheses. 710 

 711 



 32 

Table 4: Results of the Pearson χ2 test of independency between CPUEsm and SST 712 

gradients (3x3 table, Bonferroni’s corrected α=0.0042). Significant tests are shown in 713 

bold. 714 

715 
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FIGURE CAPTIONS 716 

Figure 1: Location of the three stocks of Merluccius hubbsi in Argentine waters. There 717 

are 2 closure areas for trawlers in SMG (Río Negro Province): a seasonal one from 718 

October to November at north of parallel 41°30’S, and a permanent one (small 719 

polygon), which is an area reserved for artisanal longliners. The figure shows the 720 

relative position of the tidal front and the general circulation in the basin during 721 

summer. The big polygon (dotted line) shows the area sampled for the statistical 722 

analyses. NS: Northern stock; PS: Patagonian stock.   723 

 724 

Figure 2: Monthly climatological maps and fishing activity maps of the SMG. a) SST; 725 

b) SST gradients, c) Chl a, d) fishing activity. 726 

 727 

Figure 3: Frequency of fishing activity records from the SiMPO respect to the duration 728 

of the hauls registered by the FOP. 0: False negative (The SiMPO failure to register the 729 

fishing activity). 1, 2, 3: Indicate the number of SiMPO records per haul. The z-axis 730 

labels were rearranged to facilitate interpretation. 731 

 732 

Figure 4: Frequency distribution of the fishing depths of the SiMPO registers. The 733 

letters (a, b) indicate months without statistical differences between them (Kolmogorov-734 

Smirnov, α=0.05). ad: Average depth; se: standard error. 735 

 736 

Figure 5: Monthly CPUE of Merluccius hubbsi, Seriolella porosa and other species, 737 

grouped from 2004 to 2007. The largest effort (dotted line) was registered in August 738 

and September, because the fleet added additional night hauls to catch more silver 739 

warehou. 740 
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 741 

Figura 6: Average proportion of sexes in the catch of Merluccius hubbsi (number of 742 

females/number of males) per month, grouped for the years 2004 to 2007. Months have 743 

been distinguished with the presence of seasonal thermal front. The x-axis labels 744 

indicate the month of capture, the total number of individuals sampled and the number 745 

of hauls from which these individuals have been obtained. 746 

 747 

Figure 7: Gonadal stages of mature females of Merluccius hubbsi (>27 cm of total 748 

length) in monthly catches of the industrial fleet. The x-axis labels indicate the month of 749 

capture, the total number of individuals sampled and the number of hauls from which 750 

these individuals have been obtained. 1, 2, 3 and 4: Pre-spawning stages; 5: spawning, 6 751 

and 7: post-spawning and gonadal recovery. 752 

 753 

Figure 8: Hepatosomatic Index (HSI) of mature females of Merluccius hubbsi (>27 cm 754 

of total length) in the catches of the industrial fleet. The x-axis labels indicate the month 755 

of capture, the total number of individuals sampled and the number of hauls from which 756 

these individuals have been obtained. 757 

 758 

Figure 9:  Colour-coded pixels by CPUEsm and Gradients. In order to illustrate each 759 

season, are shown only the months of February (late spring-summer, an example of the 760 

“hake season”), May (autumn, “other species season”) and September (winter- early 761 

spring, “silver warehou season”). In September several pixels (purple) with a 762 

combination of “High CPUEsm” and “Low Gradients” were found. In this month “High 763 

Gradients” pixels were not found, in consequence, the combination (high gradients-low 764 

CPUEsm) was not possible. 765 
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