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ABSTRACT 54 

This work brings together the view of different specialists in the areas of larviculture, 55 

physiology, ecology, nutrition and animal health, regarding how to deal with the 56 

aquaculture farming of species with complex life cycles in a multidisciplinary way, using as 57 

models the octopus and the muricid C. concholepas, with the aim of reducing the gap 58 

between the experimental and the industrial culture of species that are relevant for the 59 

diversification of aquaculture, particularly in Chile. Although these species are similar in 60 

their difficulty to reach the terminal planktonic phase prior to juvenile, they differ in the 61 

bottlenecks they have to overcome to reach it. Relevant aspects of study to achieve juvenile 62 

production from early life stages rearing, whether for repopulation or for ongrowing, are:  63 

1) Replacement or supplementation of live diets with inert diets to achieve significant 64 

survival values over the first stages of life. 65 

2) Physiological approaches to establish cultivation conditions evaluating the individual 66 

responses to several rearing conditions, specially the interaction between temperature, 67 

dissolved oxygen and acidity. Studies of urgent character due to the global warming 68 

scenario.69 

3) Genomic studies associated with the effect of ontogenetic development, environment, 70 

health and nutrition on gene expression to understand, in an integrated way, the key 71 

processes for the development and growth of immature stages. 72 

4) Studies on the control of reproduction, the quality control of the ova, the genetic 73 

structure of reproductive populations, and the characterization of diseases are also 74 

necessary to achieve efficient hatchery technologies.   75 



INTRODUCTION  76 

77 

The fishery of marine resources at global level are having serious impacts (FAO 2016), with 78 

potential negative effects in the medium and long terms, on the availability of these resources 79 

of high-quality protein for humans. During the last decades, a reduction in fisheries captures 80 

from some carnivorous mollusks with high market values have been reported (FAO 2016).  81 

In this regard, aquaculture can compensate and mitigate the fisheries effects. For example, 82 

by restocking natural banks with juveniles produced under controlled hatchery conditions to 83 

maintain or increase the production of endangered fishery species, supporting the 84 

development of coastal communities that have traditionally relied on these resources, as well 85 

as providing high quality food. This strategy requires an in-depth study of the management 86 

conditions of these juveniles in the wild to achieve a real restocking effect. Alternatively, the 87 

production of ongrowing up to commercial size of overexploited species, either on land or at 88 

sea, from juveniles produced in hatchery could partially or totally replace the fishery of that 89 

species. This challenge requires strategies to change artisanal fishermen, who are extractors, 90 

into small-scale growers.   91 

In this regard, the Chilean and Peruvian predatory muricid gastropod Concholepas 92 

concholepas, locally known as “loco” (marketed abroad as “Chilean abalone” but it is a false 93 

abalone), shows an even more dramatic fishery pattern (Fig. 1) where the highest catches 94 

took place during the 80s followed by a collapse due to overfishing, and populations are still 95 

far from recovery in most places. Particularly, the Chilean government has emphasized the 96 

urgency of giving sustainability to artisanal fishery by producing an innovative strategy of 97 

restocking, based on hatchery production of juveniles to restock along Chilean coast. 98 



Octopuses, like other benthic predatory mollusks, often have a complex life cycles that 99 

include indirect development through an immature planktonic stage prior to juveniles 100 

(merobenthic octopuses), which includes parental care of the eggs and, in some cases, very 101 

complicated feeding and territorial behaviors. Such characteristics make these species 102 

considerable vulnerable to overfishing. Therefore, in many populations around the world 103 

there is a risk of resource overexplotation if the fishing management practices do not 104 

improve. In this review, the two commercial species of octopus in Chile, Octopus mimus and 105 

Enteroctopus megalocyathus, are compared with another two species that have been 106 

thoroughly studied for their development in aquaculture at global level, Octopus vulgaris and 107 

Octopus maya, through the evaluation of their production of juveniles under controlled 108 

conditions. 109 

Potentially, commercial production of these species under controlled conditions, or the re-110 

stocking with aquaculture-produced juveniles, could contribute to satisfy the market 111 

demands, reducing the pressure on wild populations.  Considering that these are carnivorous 112 

species, from an ecological and economic perspective it could be more appropriate to restock 113 

natural populations. This would allow both re-gaining a natural trophic food web balance, 114 

and providing more high quality seafood and livelihood opportunities for coastal small scale 115 

fisheries. Altough restocking presents important environmental challenges including the 116 

potential genetic disruption of natural populations, it may be one relevant solution to 117 

overexploited coastal fisheries (Bell et al 2008, De Silva, 2016). 118 

Many research efforts have focused on the culture of different octopus species around the 119 

world, and the gasteropod C. concholepas in Chile.  Despite the investment in infrastructure 120 

and research, the production of early life stages from these carnivorous mollusks is still the 121 



major bottleneck for their mass production (Villanueva et al. 2014; Manríquez & Castilla 122 

2011). 123 

The candidates for commercial aquaculture production proposed for protecting overexploited 124 

fishery worldwide include: O. vulgaris, O. maya, O. mimus, E. megalocyathus, and C. 125 

concholepas. The last three ones are found in Chile. 126 

The common octopus, O. vulgaris, is a cosmopolitan merobenthic species that inhabits the 127 

tropical and subtropical coasts of the Atlantic, Indian, and Pacific Oceans and the 128 

Mediterranean (Sanchez et al. 2015).  It inhabits the coastal waters with a vertical distribution 129 

from the surface and up to 200 meters from the coast (Sanchez et al. 2015).  In nature, 130 

commercial size octopuses reach an average weight of 2 to 3 kg.  O. vulgaris is the most 131 

demanded octopus species worldwide and the continuous reduction of wild captures makes 132 

imposible to sustain its fishery (FAO 2016, Fig.2).  A wide range of artisanal gears for their 133 

catch can be found, including traps, pots and fyke nets in the Mediterranean Sea, that may 134 

constitute up to 30-45% of the captures in Spanish or Greek harbours (Tsangridis et al. 2002) 135 

and in Portugal (Pereira 1999). Thus, there is an increasing interest in the development and 136 

improvement of the culture techniques for O. vulgaris (Barnabé 1996; Iglesias et al. 2004, 137 

2007; Socorro et al. 2005), but the high mortalities observed during the paralarvae stage 138 

strongly limited the development of commercial production of juveniles from this species. 139 

The Mayan octopus (Octopus maya) is an endemic holobenthic species that develops in 140 

shallow waters during all stages of life, and with a restricted distribution into the 141 

continental shelf of Yucatán Peninsula located at the entrance of the Gulf of Mexico (Solís 142 

-Ramírez et al. 1997; Solis-Ramirez 1967; Voss & Solis-Ramirez 1966).  This species 143 

inhabits the shallow waters from the Yucatan platform to a maximum depth of 60 m (Solís-144 

Ramírez & Chávez 1986).  They reach a maximum age of 12 to 18 months (Solís 1998), 145 



achieving up to 1 m total length (Rosas et al. 2013) and a maximum average weight of 3.5 146 

Kg (Santos-Valencia & Re-regis 2000).  With a production that exceeds the 20,000 ton/year 147 

(Fig.2), it is the most exploited Octopus species in Latin America (Rosas et al. 2014). Since 148 

this species have a direct development without the paralarvae stage, it is   easier to start 149 

their nutrition research and feeding from the newly settled juveniles up to further stages. 150 

151 

Enteroctopus megalocyathus, the Patagonian red octopus, is a merobenthic species with 152 

planktonic paralarvae, inhabits the southern end of South America, in the shores of the 153 

Pacific and Atlantic oceans (Ibáñez & Chong 2008; Ibáñez et al. 2009).  In Chile, it was 154 

caught under the name of "common octopus" along with the species Octopus mimus, 155 

resulting in an overfishing followed by a fishery closure between 2008 and 2011 (Fig.3).  156 

Currently, their fishery is affected by an annual reproductive fishing-ban between spring 157 

and summer.  It is necessary to overcome the current bottleneck in the paralarvae stage to 158 

achieve the production of juveniles from paralarvae, either for ongrowing or restocking 159 

purposes (Uriarte & Farías, 2014). 160 

Octopus mimus is also a merobenthic species distributed from the north of Peru (Tumbes: 161 

3°34′S80°27′W) to the Central Region of Chile (Talcahuano: 36°43′S73°07′W), living in the 162 

rocky coastline and also at 30 m deep (Cortéz et al. 1995; Guerra et al. 1999; Olivares et al. 163 

1996).  This species provides the main octopus fisheries in Chile (70% of total landing with 164 

about 2200 ton. year-1), and is vulnerable to overexploitation due to its high demand in 165 

international markets (Fig.3). The production of juveniles from paralarvae reared under 166 

controlled conditions has not been successful in this species (Zúñiga et al. 2014). A 167 

possibility to protect this species, considering its high fecundity, could be the permanent 168 

repopulation of planktonic paralarvae by means of a control and protection system of mature 169 



females in captivity, considering the vulnerability of the females either to predators or 170 

fishermen who extract them during the incubation period. 171 

The muricid C. concholepas is an endemic species from the Southeast Pacific coast, 172 

distributed from tropical (Lobos Afuera Island, 6°S) to sub Antarctic habitats (Cape Horn 173 

56°S), including Juan Fernández Island (Cárdenas et al. 2008).  C. concholepas is a key-stone 174 

species component of rocky intertidal and subtidal ecosystems along the Chilean coast 175 

(Castilla, 1999) with high economic importance for the industry due to its high demand 176 

worldwide (Bustamante & Castilla 1987; Leiva & Castilla 2002). At present, the access to 177 

its fishery has been controlled and restricted, but in order to protect this and other species, 178 

and recover them for the future generations, territorial use rights in fisheries (TURFs) are 179 

granted to artisanal fishermen to enhance the sustainability of small-scale fisheries (González 180 

et al. 2006; Gelcich et al. 2017).  However, these management plans for the resource do not 181 

seem to be enough to ensure its sustainability, thus encouraging the culture of this species.  182 

Although there has been significant progress on the understanding of various biology spects 183 

of C. concholepas, there are not standardized technologies yet that allow a full control over 184 

the life cycle in captivity (DiSalvo 1988; DiSalvo & Carriker 1994; Campos et al., 1994). 185 

The production of early life stages of these five species has not been very successful due to 186 

high mortalities making difficult to achieve sufficient quantities of juveniles for commercial 187 

ongrowing or restoking (Table 1).  Moreover, isolated efforts to develop the culture 188 

techniques required for each species have been insufficient and, with different degrees of 189 

success for each. Possibly, the exchange of information, coordinated research and joint 190 

actions could facilitate solving specific knowledge gaps to successfully develop and maintain 191 

early life stages. 192 



Similarly, species with paralarvae/larvae stages show high mortalities that are associated to 193 

numerous factors related to the characteristics of the species in their natural ecosystems and 194 

that are very difficult to replicate under production conditions (Lee 2003; Villanueva & 195 

Norman 2008; Burnell & Allan 2009).  A multidisciplinary approach is therefore required to 196 

solve these complex problems and obtain better early life stage performances. The 197 

homeostasis of these first stages of life is difficult to maintain under controlled conditions, 198 

especially during long incubation or rearing periods, to develop their tissues, organs and 199 

systems with the associated physiological changes to achieve a fully mature juvenile stage. 200 

Frequently, larval stages are the most vulnerable, showing high mortality rates (Pechenik et 201 

al. 1998; Cahu & Zambonino 2001; Lee 2003; Li & Leatherland 2012).  Thus, a thoughtful 202 

knowledge of a species is required, from the early stages of life to the maturation process.  203 

This task involves the joint work of specialists on rearing technology, nutrition, physiology, 204 

molecular biology, health, among others, to standardize larvae culture to obtain juveniles for 205 

the on-growing up to commercial size organisms. For this reason, multidisciplinary 206 

knowledge has been the key for continuous innovation in aquaculture, where the synergy of 207 

different disciplines will enhance the production processes. 208 

For all the reasons mentioned above, the culture of juveniles and even the culture of all the 209 

stages of the life cycle will be key for both productive sustainability and the adaptation to 210 

climate change of coastal communities that depend on complex benthic resources, such as 211 

octopus and C. concholepas. The aim of this work was to review the progress of different 212 

research lines addressing the rearing of the early and juvenile life stages of these species, as 213 

well as other similar species, to establish a prioritization on the research strategies to achieve 214 

as soon as possible the production of juveniles under controlled conditions of cultivation. 215 

216 



1. – Current knowledge on culturing early stages 217 

218 

1.1. The common octopus Octopus vulgaris219 

The common octopus is the most studied and standardized species under conditions of 220 

controlled reproduction and paralarval culture (Iglesias et al. 2014). The single spawning of 221 

this species may occur at different times of the year. Females spawn between 100,000 and 222 

500,000 eggs measuring an average of 2.7mm (Mangold & Boletzky 1973; Villanueva 223 

&Norman 2008), forming several clusters of about 700 eggs each (Villanueva et al. 1994).  224 

During the spawning and egg care the female stops eating, usually dying from anorexia at 225 

the end of embryonic development, as in all octopus species (Mangold 1983).  Upon 226 

completion of the embryonic development, the planktonic paralarvae hatch, and this stage 227 

lasts from nine to twelve weeks before adopting the benthic life (Villanueva et al., 2002; 228 

Villanueva & Norman 2008; Iglesias & Fuentes 2014). 229 

The total length of paralarvae reaches between 2 to 3 mm, while the average dry weight of 230 

the newly hatched paralarvae is 0.36 mg (Moxica et al. 2002). They feed on the zooplankton 231 

found in the natural environment, mainly on different crustacean species (Roura et al. 2012; 232 

Lourenço et al. 2017). Under captivity, the massive paralarvae mortalities have hampered its 233 

commercial production (Iglesias et al. 2007, 2014) and thus, unappropriate feeding is a main 234 

cause that constrains standardization of paralarvae culture, although progress is being made 235 

with the use of new technologies (Garrido et al. 2016a). Nowadays, successful paralarval 236 

rearing is a bottleneck for the development of the culture of the species at industrial scale 237 

(Vidal et al. 2014; Villanueva et al. 2014; Garrido et al. 2016a). The brine shrimp Artemia, a 238 

typical live prey used in marine larval cultures, has incomplete nutritional quality for this 239 

species in terms of fatty acids and other micronutrients (Villanueva & Navarro 2003; Seixas 240 



et al. 2010; Estefanell et al. 2013; Navarro et al. 2014), thus producing massive mortalities 241 

in paralarval cultures. The most successful rearings and higher survival rates have been 242 

obtained using marine planktonic organisms like Grapsus grapsus zoeae, or in co-feeding 243 

schemes using Artemia and Maja squinado zoeae (Iglesias et al. 2004). Higher survival rates 244 

(31.5% at 40 dph) have been obtained using M. squinado zoeae (Iglesias et al. 2004, 2014; 245 

Garrido et al. 2016a). Villanueva et al. (1994) also obtained relevant results with Liocarcinus246 

and Pagurus (73% at 25 dph). However, rearing paralarvae using crustacean zoeae is 247 

impractical at commercial scale (Villanueva 1994). Until today it is difficult to successfully 248 

trespass the barrier of 30 days of paralarval culture (Berger 2010; García-García et al. 2014; 249 

Iglesias et al. 2004; Iglesias & Fuentes 2014, Garrido et al. 2017).  In fact, the effects of 250 

different live preys (Artemia and crustacean zoeae) and/or Artemia enrichment protocols in 251 

the paralarval growth have been studied by using a meta- analysis approach by Garrido et al. 252 

(2016a). The study found statistical confirmation of the better suitability of crustacean zoeae 253 

with respect to Artemia, highlighing a beneficial effect of marine phospholipids which is 254 

probably related to the content of DHA and polar lipids in the food, pointing at the essential 255 

role of these lipid components in octopus paralarval physiology.  256 

Globally, it can be concluded that FA profiles change dramatically with age, feeding and 257 

husbandry conditions (Navarro et al. 2014; Garrido et al. 2016b). Under culture, paralarval 258 

development is associated to a decline in long-chain polyunsaturated FA paralleled by an 259 

increase in linolenic acid (18: 3n-3), which is very abundant in certain types of Artemia, and 260 

accumulates preferably in their neutral lipids (Viciano et al. 2011, Navarro et al. 2014). There 261 

is also an increase in total lipids during development, associated to an accretion of 262 

triglycerides (TG) from the lipid-rich Artemia (Navarro & Villanueva 2000, 2003; Navarro 263 

et al. 2014). Besides, FA profiles have been associated to variations in origin (wild stocks) 264 



or feed differences, and the study of biomarkers of stress and condition under different 265 

feeding scenarios reveal that initial size (dry weight) and metabolic status of paralarvae are 266 

probably related to the geographical origin of the broodstock (Garrido et al. 2017). Although 267 

an undeniable correlation between biomarkers of metabolism and stress, and the diet supplied 268 

to paralarvae has been found (Varó et al. 2013, Varó et al. 2017), potential overriding effects 269 

of unknown factors other than the quality and quantity of the lipid composition may play a 270 

role. To further deepen on the subject, the nutritional stress of paralarvae under culture 271 

conditions is being studied by means of proteomic approaches, with the aim of defining 272 

"proteomes" of the paralarvae associated to both the quantity and quality of their food 273 

(Garrido et al. 2017). 274 

A substantial effort has been recently carried out to clarify the nutritional requirements of the 275 

O. vulgaris from the viewpoint of the essential lipids. The molecular and functional 276 

characterization of key enzymes in fatty acid (FA) metabolism has been undertaken (Monroig 277 

et al. 2012a, 2012b, 2017). A stearoyl-CoA desaturase (Scd) exhibiting ∆9 activity, and a 278 

fatty acyl desaturase (Fad) exhibiting Δ5-desaturase activity on both saturated and 279 

polyunsaturated fatty acyl substrates have been isolated (Monroig et al. 2012b; 2017). 280 

However, O. vulgaris seems to be unable to perform ∆6 or ∆8 desaturations, indicating that 281 

EPA and ARA must be indeed dietary essential FA for the species. Besides, the Scd is 282 

potentially implicated in the biosynthesis of NMI FA (Monroig et al 2017). 283 

With regard to the elongases (Elovl), an Elovl with high homology to the vertebrate Elovl2 284 

and Elovl5, consequently named “Elovl2/5” has been characterized (Monroig et al. 2012a). 285 

The octopus Elovl2/5 efficiently elongates C18 and C20 PUFA substrates, but has no activity 286 

towards C22 PUFA, being not itself capable of performing the elongation steps required for 287 

DHA (Sprecher, 2000). Finally, an Elovl4-like elongase involved in the biosynthesis of very 288 



long-chain (>C24) PUFA, has also been cloned and functionally characterized (Monroig et 289 

al. 2017). 290 

The results outlined above, pointing at the essentiality of PUFA for the species, are consistent 291 

and complementary with those performed “in vivo” on hatchlings by Reis and co-workers 292 

(Reis et al. 2014, 2016). Using radio tracer studies, these authors have shown that the 293 

esterification pattern of radiolabeled FA substrates is highly specific, with DHA and C18FA 294 

being preferably esterified into phosphatidylcholine (PC), and ARA and EPA into 295 

phosphatidylethanolamine (PE). Besides, ARA seems to be a key FA for the species (Reis et 296 

al. 2015; Estefanell et al. 2017; Lourenço et al. 2017). Radio tracer studies show that ARA it 297 

is the most efficiently incorporated FA, as well as the least transformed, and its highest 298 

content is found in PE rather than PI (as is usual in other species), irrespective of the 299 

phospholipid in which it was initially supplied (either PC or PE) (Reis et al. 2016). Thus, the 300 

nutritional requirements of O. vulgaris hatchlings in terms of FA seem to be highly specific 301 

and so, taken as a whole, contradicting former results (Seixas et al. 2010), these results 302 

provide evidence confirming that certain PUFA (i.e. ARA, DHA) are essential nutrients that 303 

must be supplied in the diets of O. vulgaris paralarvae to guarantee survival and normal 304 

development. 305 

306 

1.2. The Mayan octopus, Octopus maya307 

The Mayan octopus spawns only once in its lifetime just like other octopuses, between 308 

February and March or July (Arreguín-Sánchez et al. 2000).  Reproduction takes place near 309 

the coast where each female lays on hard and rocky bottoms between 1,500 and 2,000 large 310 

eggs of 17 mm long and 4.5 mm wide (Solís-Ramírez 1967; Solís-Ramírez & Chávez 1986). 311 

The embryonic development of this species varies from 50-65 days (depending on the water 312 



temperature) in the wild (Solís-Ramírez 1967). Hatched embryos seem to be similar to adults 313 

and become active predators almost immediately, and in turn, they occupy the same substrate 314 

as its conspecific (Arreguín-Sánchez et al. 2000). Development concludes during the post-315 

embryonic stage of early juvenile (around 20d after hatch at 25°C), the digestive gland 316 

matures and the mechanisms of selective predation are activated (Martinez et al. 2011; 317 

Moguel et al. 2010; Portela et al. 2014).  318 

The conditions for pre-ongrowing, ongrowing and reproduction in a controlled environment 319 

have already been established for O. maya (Rosas et al. 2014). In those studies a culture 320 

density of 25 hatchlings m-2 was recommended (Rosas et al., 2014) when animals are 321 

maintained in 22 m2 external ponds (Domingues et al., 2012). In those ponds, hatchlings 1 d 322 

old are fed with amphipods that are offered as initial preys, along with an artificial diet 323 

designed for this species (Martínez et al., 2014).  In a semi-pilot scale of production (ponds 324 

of 22 m2), a 50% survival can be obtained when hatchlings of O. maya with 100 mg ww are 325 

cultivated until 250g ww. That crop weight can be reached in 4 -5 months at 26-28°C. A 326 

series of nutritional studies under controlled conditions have shown that the Mayan octopus 327 

is unable to digest alginate in formulated diets and they have a low protein digestibility of 328 

protein processed at high temperatures near to 100ºC (Domíngues et al. 2007; Rosas et al. 329 

2007; Rosas et al., 2011; Rosas et al. 2008; Rosas et al. 2013). Currently, research on the 330 

digestive physiology of O. maya, O. vulgaris, O. mimus, and E. megalocyathus have shown 331 

that these species share similar limitations regarding the digestion of some ingredients (Farías 332 

et al. 2010; García-Garrido et al. 2010; Domíngues et al. 2010; García-Garrido et al. 2011a,b; 333 

Cerezo et al. 2012).   In this sense, specific processed food has been successfully developed 334 

for the ongrowing of this species (Martínez et al. 2014).  335 

336 



1.3. The Patagonian red octopus, Enteroctopus megalocyathus (Gould, 1852)337 

The fecundity from this species under controlled conditions reaches up to 5,500 ± 948 eggs 338 

per female, these eggs measure between 7.0 to 11.5 mm and they spend 4 to 5 months in 339 

embryonic development until hatching (Uriarte et al. 2014), only 75% of the eggs are 340 

successfully fertilized (Uriarte & Farías 2014). The paralarval development to benthic 341 

settlement takes between 90 to 114 days (Uriarte & Farías 2014). The longer incubation and 342 

extended paralarval rearing are the most relevant differences between the Patagonian red 343 

octopus with the other octopus species of this review. However, during the ongrowing period 344 

this coldwater species showed similar growth rate to the tropical O. maya (Farías et al. 2009). 345 

Therefore, Patagonian red octopus takes two and a half years to complete the period from the 346 

reproductive phase of conditioning, through the stages of incubation of eggs, paralarval 347 

culture, settlement, and culture of juveniles until adult stages with an average weight of 2.5 348 

kg (Uriarte & Farías 2014).  It has been shown that during the egg incubation, the absence of 349 

the female does not affect the offspring, while the incubation period can decreased in 25 days 350 

by managing the temperature, improving their performance (Uriarte et al. 2016).  Still, the 351 

main limiting factor is the survival of paralarvae, with maximum values of 0.46% of total 352 

incubated eggs.  This period is critical and it has been the subject of numerous studies, 353 

describing the requirements for preferential and critical temperatures in early paralarvae 354 

(Uriarte et al. 2017), and feeding with live enriched Artemia (Farías et al. 2016).  Recent 355 

nutritional studies have shown that vitamins like ascorbic acid and alpha tocopherol 356 

contained in the yolk are used during embryo development and their levels increase in 357 

paralarvae from hatching depending on the exogenous feed (Hernández et al. 2017). 358 

Nutritional knowledge on this species should be the starting point to formulate inert diets that 359 

could improve survival by either substituting or complementing the Artemia based diet. 360 



Several studies have been conducted on ongrowing juveniles regarding the protein/energy 361 

ratio in diets (Gutiérrez et al. 2015), digestibility of different ingredients and different 362 

formulated diets (Farías et al. 2010; Martínez-Montaño et al. 2016).  In adults the presence 363 

of Δ 5 and Δ 9 desaturase have been studied (Manríquez et al. 2013), indicating its importance 364 

in this coldwater species that are able to synthesize the long chain polyunsaturated fatty acids 365 

(LC-PUFAs) in the presence of its precursors in the diet. 366 

367 

1.4. The Eastern South Pacific octopus, Octopus mimus368 

The controlled conditions for broodstock in captivity, allows the females to spawn at any 369 

time of the year (Zúñiga et al. 2014).  To date, all studies made on O. mimus used wild and 370 

inseminated females collected from a depth of 20 m off the coast of Antofagasta, Chile (23º 371 

lat.S.).   Single spawn contains up to 400,000 eggs, measuring an average length of 2.14 mm. 372 

After 55 -60 d embryos hatch as planktonic paralarvae with a mantle length of 2.21 ±0.07 373 

mm (Baltazar et al. 2000; Warnke 1999; Zuñiga et al., 2014).  Even if the female starvation 374 

still promotes the gonadal development, the female fecundity may decrease, whereas the 375 

quality of progeny in terms of paralarvae survival is not affected in comparison with fed 376 

females (Olivares unpublished results).  The nutritional requirements of broodstock females 377 

and its impact on paralarval quality is still unknown due to the limited period of paralarvae 378 

survival (7 days).  At this age, the yolk reserves have been completely exhausted, because 379 

the internal yolk sac has been consumed between the fourth and fifth day after hatching 380 

(Zúñiga et al. 2014). Therefore, it would be necessary to study the reproductive success at 381 

different temperatures evaluating the efficient use of nutrients from the food reserve.  382 

Although this species is considered to have a good potential for aquaculture, there are still 383 

significant challenges ahead to understand its physiology and nutrition to complete the 384 



paralarval culture up to the juvenile stage (Linares et al. 2015; Olivares et al. 1996; Uriarte 385 

et al. 2012; Zúñiga et al. 1995; Zúñiga et al. 2013). 386 

387 

1.5 The muricid gastropod Concholepas concholepas, loco or false abalone 388 

C. concholepas are dioecious organisms with internal fertilization, and they differentiate 389 

from octopuses by being able to reproduce many times in their lifetime. During breeding 390 

seasons, these whelks form large aggregations of several adults (Castilla & Cancino 1976; 391 

Manríquez & Castilla 2001). Fecunded females lay their capsules in the low rocky intertidal 392 

and shallow subtidal areas (Manríquez & Castilla 2001). A single female can deposit 393 

ovicapsules for several weeks, where each capsule may contains between 2,000 and 10,000 394 

eggs (Ramorino 1975; Castilla & Cancino1976; Manríquez & Castilla 2001).  Unlike other 395 

muricid gastropods, in this species the encapsulated embryos do not have ovophagia or 396 

adelphophagia (Gallardo 1973). Spawning times vary with latitude and temperature, being 397 

possible to find capsules at the bottom of the rocky intertidal and/or sub tidal from May to 398 

December (Fernández et al. 2007). In general, large females lay larger capsules containing a 399 

higher number of larvae (Manríquez & Castilla 2001), although significant differences in the 400 

average number of larvae per unit area of capsule (mm2) have been found along the latitudinal 401 

gradient, being significantly lower in the northern range of distribution of the species 402 

(Fernández et al. 2007).  At the end of the period of embryonic development, veliger larvae 403 

are released from the capsules and stay for several months in the water column before settling 404 

(Manríquez & Castilla 2001). In some cases, the larvae can be released up to 12 months as 405 

reported in southern Chile fjords and inland seas (Molinet et al. 2005). 406 

The competent larvae, ready to complete metamorphosis, is observed between autumn and 407 

winter in southern Chile (Region XI, 45°lat. S; Molinet et al. 2005, 2008). The 408 



metamorphosis occurs when competent larvae reach a size of 1.4 to 1.7 mm, and occupies 409 

the surface layer of the water column or neustonic layer (Di Salvo 1998, Molinet et al. 2006).  410 

After metamorphosis, the settlement process occurs in the rocky intertidal zone, specifically 411 

in tide pools (Reyes & Moreno 1990), as well as in the sub tidal zone (Arias 1991; Stotz et 412 

al. 1991). The settlement in southern Chile occurs in winter (Moreno et al. 1993; Molinet et 413 

al. 2005, 2008) in the low tide area of the splash zone, associated with the presence of sea 414 

anemones. Individual marking has shown that at 8 mm in total length, the post-larval 415 

juveniles can move towards the mid and upper intertidal (Molinet et al. 2005, 2008).  Juvenile 416 

growth from 1 to 6 months after metamorphosis, animal growth range from 0.022 mm day-1417 

up to 0.058 mm day-1 in the Region of Los Ríos (39° lat. S; Reyes & Moreno 1990), while in 418 

the Aysén Region (45° lat. S.) these values reach up to 3 mm month-1 (Molinet et al. 2006).  419 

In experimental cage systems in the Aysén Region, with densities of 9 newly settled juveniles 420 

m-2, juveniles reach 3.5 cm in total length during the first year (Molinet et al. 2005), while at 421 

the end of the second year it is possible to obtain reproductive adults sizes from 7 to 9 cm. 422 

On the other hand, in Valparaíso Region (33° lat. S.) there are cage systems that have reported 423 

growths that would allow reaching the commercial size of 10 cm in 1.65 years (Manríquez 424 

et al., 2008). The obtention of harvest-sized adults within two years shows that it is a resource 425 

growing more than true abalones (Pérez, 2010), therefore it has a potential for aquaculture.  426 

Under controlled laboratory conditions it is possible to achieve reproductive conditioning for 427 

oviposition, hatching of veliger larvae, and even larviculture to produce competent larvae to 428 

the further production of juveniles for ongrowing (DiSalvo, 1988; DiSalvo & Carriker 1994; 429 

Campos et al. 1994, Manríquez & Castilla 2011). According to the laboratory experiences 430 

with this species two critical problems need to be solved to upscale to commercial production 431 

of juveniles: a) Low larval survival rates until their settlement and metamorphosis; b) 432 



Insufficient quality and quantity of live prey to feed the post-metamorphic juveniles from 433 

settlement to juvenile size of 2 cm.  434 

435 

2.- Larviculture challenges 436 

437 

2.1. Optimal nutrition for broodstock and early life stages 438 

Given the different nutritional requirements of early life stages, pre-ongrowing and breeding 439 

stages, it is necessary to carry out experimentation based on different types of food in 440 

interaction with various environmental, demographic and developmental variables. 441 

Broodstock nutrition in octopuses has been tested by the chemometric analysis of eggs, 442 

embryos and larvae to generally define the characteristics that broodstock food should have 443 

(Navarro & Villanueva 2003, Hormiga et al. 2010, Farías et al. 2011, Navarro et al. 2014; 444 

Caamal-Monsreal et al., 2015; Quintana et al. 2015). However, fresh diets, mainly crabs, are 445 

still used as the best choice during the reproductive conditioning, a fact that needs to be 446 

changed to sustain its culture. The spawn quality was generally correlated to parental diets 447 

containing high quality protein, lipid clases like EPA, DHA, phosphatidylethanolamine, 448 

phosphatidylcholine, cholesterol and triacylglycerol. In this sense, Tercero et al., (2015) 449 

demonstrated that high quality fatty acids included in an elaborated diet improve the spawns 450 

and embryo growth and survival of O. maya at hatching.  451 

There are no reports of nutrition studies on the reproductive conditioning and larval culture 452 

of C. concholepas. However, Vargas et al. (2006) examine the spectrum of food sizes and 453 

food types consumed by the larvae of this species, showing that veligers are omnivorous 454 

grazers, incorporating significant fractions of heterotrophs in their diets. Newly hatched C. 455 



concholepas larvae also consumed picoplankton cells, while competent larvae of this species 456 

ingested mostly the largest phytoplankton cells and heterotrophic protozoans. 457 

The nutrition and feeding of paralarvae are similar to that of marine fish larvae, and advances 458 

have been made in the development of larval food for the latter (Kolkovsky 2013; Takeuchi 459 

& Haga 2015, Olmos et al. 2017).  A recent progress on this field has been the replacement 460 

of Artemia, the most commonly used live food in marine larviculture, by copepods. Even if 461 

copepods are somehow superior than Artemia in their essential nutrient content, at present 462 

their culture has not been adequately controlled, so far without achieving success in octopus 463 

paralarvae (Roura et al. 2012).  Nevertheless, in E. megalocyathus, the paralarval 464 

development using Artemia has been successfully performed (Uriarte & Farías 2014), 465 

although a co-feeding with formulated diets or other live preys is required to improve survival 466 

until settlement and metamorphosis stages in different cephalopod species (Olmos et al. 467 

2017). 468 

In a recent study using molecular tools, Olmos et al. (2017) describe the identity of octopus 469 

and squid paralarvae prey in their natural environment. The authors identified that the diet of 470 

wild O. vulgaris paralarvae is composed by decapods, copepods, euphausiids, amphipods, 471 

achinoderms, mollusks and hydroids, with seasonal and space variability. However, under 472 

control conditions, despite all the current efforts for the development of marine larvae feed, 473 

live food has not been entirely replaced by formulated feeds for marine species (Dhont & 474 

Dierckens 2013). The main difficulty for Artemia replacement, as well as any other live food, 475 

is their high content of free amino acids, peptides and phospholipids, all easily leachable 476 

compounds. Thus, in order to be replaced and delivered correctly they have to be 477 

encapsulated (Kolkovski et al. 2009). However, the microcapsules are generally made of 478 

complex carbohydrates or lipids with a low digestibility that reduces their use in marine 479 



larvae with an immature digestive tract (Cahu & Zambonino 2001).  Nontheless, the pre-480 

digestion process described in octopus paralarvae (Nande et al. 2017) and early juveniles of 481 

C. concholepas before food intake in comparison to fish larvae, can be seen as an advantage 482 

for the use of microcapsules (Ronnestad & Morais 2008). In this way, the generation of 483 

formulated food for octopus paralarvae may apply with innovative strategies of molecular 484 

assembly to produce technologically advanced feeds.  These feeds must combine 485 

thermodynamic aspects of the molecules to be assembled (thermal stability, photosensitivity, 486 

water affinity, stability and dynamics of molecular aggregates with different 487 

physicochemical characteristics, etc.), with kinetic aspects (hydration status, hydration rate, 488 

leaching out of the formulations, controlled or sustained release of nutrients over time, etc.).  489 

In addition, they should consider physiological aspects of the early larval stages including an 490 

inmature digestive system that hinder the absorption and bioavailability of nutrients with 491 

high molecular weight, such as proteins, or hydrophobic compounds, such as triglycerides 492 

and cholesterol (Ronnestad & Marais 2008; Tocher et al. 2008).  Therefore, the most 493 

technologically advanced formulations will consider physicochemical activity with 494 

enzymatic activity, biocompatibility and non-toxicity ingredients, which can also regulate 495 

the color, shape and size to resemble the prey preferred by larvae. The particle kinetic, 496 

dynamic behavior (buoyancy and trajectory) and palatability of the feed are decisive to 497 

promote larval intake and requires a deep knowledge of the physiology of the species at 498 

different developmental stages. The challenges that these scientific and technological 499 

developments represent should be addressed with the aid of new analytical technologies, and 500 

knowledge in the management of the molecular interactions to enable the molecule 501 

assemblies to meet various and simultaneous requirements (Binsi et al. 2017). Undoubtedly, 502 

the achievement of objectives associated with the generation of formulated diets for marine 503 



larviculture requires a multidisciplinary approach to generate significant advances in 504 

larval/paralarval feeding technology. Besides, there are behavioral factors linked to nutrition 505 

which also affect the survival and growth of these immature stages of development, 506 

highlighting cannibalism mainly when the feed/prey does not fulfill the requirements, and 507 

during the first days of juvenile life in both octopuses (Moguel et al. 2010, Martínez et al. 508 

2011, Miranda et al. 2011) and C. concholepas (Manríquez et al 2008). However, 509 

cannibalism could be triggered by stress and not necessarily by nutrition problems (Espinoza 510 

et al. 2017a). Starvation studies in paralarvae have highlighted the importance of catabolism 511 

of fatty acids and amino acids for energetic purposes (Speers-Roesch et al. 2016; Espinoza 512 

et al. 2017b). 513 

Studies carried out on nutrition of octopus juveniles to establish the digestive dynamics and 514 

the effects of environmental variables, primarily temperature and dissolved oxygen, have 515 

shown which culture conditions and types of food are more suitable for the different species.  516 

Energy balance studies conducted in E. megalocyathus and O. maya suggest that cold water 517 

species could be more efficient in transforming the energy intake than the tropical species, 518 

partly explaining why E. megalocyathus reaches larger sizes than O. maya (Farías et al. 519 

2009).   520 

Digestive physiology studies have shown how octopuses digest, absorb and assimilate 521 

nutrients from food. For example in O. mimus and O. maya the digestion is carried out in two 522 

stages: the first one is characterized by the transit of soluble nutrients to the hepatopancreas 523 

that are immediately transported to muscle to be assimilated. The second stage include the 524 

digestive process of more complex nutrients, like those derived from myofibrillar protein, 525 

that require being broken into the stomach with a high enzyme activity. When O. mimus526 

(temperate habitat) and O. maya (tropical habitat) were compared, it was evident that the 527 



timing of the digestive process and the type of digestion changed with the species, being 528 

more important the digestion of lipids in the case of temperate species and of protein in 529 

tropical ones (Gallardo et al. 2017).  This process affects the content of AA in blood and the 530 

synthesis of complex molecules in the muscle (glycogen and protein), indicating the 531 

importance of soluble nutrients and complex nutrients in the design of complete feeds for 532 

these species (Martínez et al. 2012, 2014).  533 

Until now, the number of nutritional studies on octopus paralarvae and C. concholepas larvae 534 

are limited compared to nutrition studies on juvenile octopus, probably due to the lack of 535 

success due to the rejection of inert feeds by the paralarvae. However, as stated before, the 536 

bioavailability of nutrients in paralarvae are mandatory to estimate the absorption capability 537 

of nutrients and its retention (protein accretion). Reis et al. (2014, 2015) studied the 538 

composition and metabolism of fatty acids using radioactively labeled molecules in Octopus 539 

vulgaris and Sepia officinalis. In particular, they concluded that LC-PUFAs and phospholipid 540 

must be considered essential dietary nutrients in O. vulgaris hatchlings. Later on, Reis et al. 541 

(2016) found that cuttlefish hatchlings may have the capability for the first steps in the 542 

biosynthesis of ARA and EPA from the 18:2n-6 and 18:2n-3 as precursors; also suggesting 543 

the presence of desaturases. The use of radioactive 14C molecules requires particular 544 

protocols, being difficult sometimes to practice in aquatic environment laboratories.  545 

However, the use of stable isotopes in bulk makes it possible to trace the food or feed from 546 

the origin to its destination using the isotopic value of the diet. This can be done by using in 547 

bulk (with the whole sample) or by Compound Specific Stable Isotopes by searching per AA 548 

or fatty acids (FA). Instead, from bulk samples and using mix models, it will be possible to 549 

comparatively study the assimilation per AA (Martínez del Río et al. 2009). In larvae 550 

nutrition, it is possible to track the contribution of nutrients from live and inert feeds 551 



regarding its retention as growth through the use of stable isotopes (δ13C and δ15N), 552 

according to Peters et al. (2012). Furthermore, when various nutrient sources or processes 553 

are being employed in the diet, the stable isotopes can be efficiently used to directly track its 554 

differential retention in larvae food (Le Vay & Gamboa-Delgado 2011). By using the stable 555 

isotopes of δ15N and δ13C enrichment, it is possible to establish the nutrient requirements 556 

compared to those that are being used as energy instead of growth (Martínez del Río & Wolf 557 

2005), even for larval diets (Gamboa-Delgado et al. 2008). Continuous sampling of larvae 558 

for bulk analysis will allow the estimation of the protein turnover rate caused by different 559 

food or feeds, besides the environmental controlled conditions such as temperatures. This 560 

kind of studies will be usefull for tracking the nutrients in a more precise way (Martínez del 561 

Río et al. 2009). Using different nutrient sources or inert microencapsulates composition will 562 

allow the measurement of digestibility success from microcapsules or different inert food 563 

processes. The retention efficiency from the different sources will be established to provide 564 

information and design the food needed per species throughout the entire stages of culture.  565 

566 

2.2. Environmental effects: Climate Change 567 

Climate change, in addition to distribution and reproductive behavior, may reduce juvenile 568 

recruitment. The early stages of theses species have been characterized by the narrowest 569 

ranges of thermal tolerance (Pöertner & Farrell 2008).  Besides, as marine carnivorous 570 

species, their natural preys are being also affected by the climate change making them 571 

locally or seasonally not available (Pöertner & Farrell 2008, Noyola et al. 2015), a risk that 572 

could be minimized by producing juveniles for restocking under culture conditions. 573 

Some authors have shown that climate change could produce a mismatch between the time 574 

of larval release and food availability in the plankton with consequences for reproductive 575 



phenologies in the north Atlantic and North Sea, affecting the recruitment processes in fish 576 

and invertebrates (Richardson 2008, Genner et al. 2010, Poloczanska et al. 2016), a 577 

comparable situation than can be expected for other latitudes and regions. Therefore, the 578 

study of the climate change effect is needed to understand the biology of theses species and 579 

its interaction with environmental factors, at least until the species are totally domesticated.  580 

Further interdisciplinary and synergistic approaches are needed to enhance the knowledge.  581 

As mentioned earlier, species with complex life cycles undergo critical processes when going 582 

from one ontogenetic stage to another, representing bottlenecks that are especially sensitive 583 

to environmental factors. Remarkable critical processes are fertilization, spawning, hatching 584 

and metamorphosis.  In aquaculture, these critical processes take place in the Hatchery where 585 

environmental conditions are controlled. However, attempting to establish a rearing or 586 

cultivation protocol setting values for environmental parameters should consider adaptation 587 

from natural environmental levels. When this information from nature is scarce, 588 

physiological approaches to establish cultivation conditions are particularly helpful 589 

evaluating the individual responses to several rearing conditions.  Special attention should be 590 

paid to the interaction between different environmental factors since many of them show 591 

synergistic effects, such as the combination of temperature, salinity and dissolved oxygen.592 

Therefore, the studies performed on cephalopods’ rearing represent a valuable tool to 593 

anticipate the effects of climate change on both wild populations and potential cephalopod 594 

farming (Repolho et a. 2014). 595 

Studies conducted throughout the life cycle of O. maya have reported it is high temperature 596 

sensitive, observing that embryos do not develop when temperature is higher than 27°C 597 

(Caamal-Monsreal et al. 2016). That result was later explained as an inability of embryos to 598 

neutralize the radical oxygen species (ROS) produced under high temperatures (Sánchez-599 



García et al., 2017). Also, it was observed that O. maya juveniles present a maximum growth 600 

rate at temperatures of up to 26°C, suggesting that a thermal limit could exist around that 601 

temperature in this octopus species (Noyola et al., 2013). In females of O. maya it was also 602 

noted that animals do not spawn when the temperature is higher than 27°C (Juárez et al. 603 

2015). In that study was also observed that embryos and offspring from temperature stressed 604 

females are smaller than those from non-stressed females, denoting the epigenetic effect of 605 

temperature on offspring characteristics (Juárez et al. 2016).  This could also be due to the 606 

higher energy expenditure from females exposed to higher temperatures being unable to store 607 

sufficient reserves. In sub-polar species such as E. megalocyathus it has been observed that 608 

it is possible to increase embryo growth up to 15°C (Uriarte et al. 2016), and the thermal 609 

tolerance of paralarvae can be modulated by the acclimation temperature between 6 and 610 

18°C, with paralarvae showing little tolerance at these extreme temperatures and a high 611 

mortality at 18 º C (Uriarte et al. 2017).  In C. concholepas it is highly probable that 612 

temperature might be playing a preponderant role controlling the biochemical reactions to 613 

determine the performance of these organisms during embryonic development (Fernández et 614 

al. 2007).   615 

The increasing content of CO2 in the athmosphere and in the marine environment causing 616 

acidification of the oceans will have negative effects on the overall physiology of the species 617 

(Lardies et al. 2014), especially mollusks and other invertebrates with exoskeleton. A fact 618 

that can also be detrimental for eggs and early developmental stages, and the control of pH 619 

in laboratory conditions could be most relevant. 620 

621 

2.3. Reproductive physiology and gamete quality622 



The reproductive physiology of these carnivorous mollusks is not well understood.  During 623 

gonadal maturation, oocytes accumulate proteins and lipids, determining the quality of the 624 

egg and, in turn, a better survival (Ibáñez et al. 2008; Caamal-Monsreal, et al., 2013, Tercero 625 

et al., 2015). In fish, vitellogenesis is the most studied process. During this phase the 626 

lipoprotein vitellogenin is incorporated into the oocyte, being stored as proteolytic products 627 

(lipoviteline and phosphovitine) providing the AA and phospholipids for embryonic 628 

development. The expression of different types of vitellogenins during growth and 629 

maturation of the oocyte is considered a determinant of the final egg quality (Williams et al. 630 

2014), whereas the amount of reserves is affected by the broodstock diet (Tocher et al. 2008, 631 

Tocher 2010).  When E. megalocyathus and O. maya females received a restricted diet the 632 

fecundity was reduced without decreasing the oocyte quality (Farías et al. 2011, Caamal-633 

Monsreal et al. 2015). In the O. maya study, it was also observed that females fed mixed diets 634 

apparently used energetic amino acids (AAs) and saturated and polyunsaturated fatty acids 635 

(FAs) in the diet to provide yolk with a combination of FAs and AAs that allowed hatchlings 636 

a better performance during the first days of culture. For that reason, mixed diets for O. maya 637 

females was recommended as a form to give to the animals the nutritional components to 638 

satisfy nutritional requirements for reproduction (Caamal-Monsreal et al., 2015). 639 

An importance aspect in oocyte quality is the maternal transfer of innate immunity system, 640 

as in the case of vertebrates (Zhang et al. 2013; Li & Leatherland 2012). Even if this had 641 

not been tested on the species here presented, studying this aspect will be relevant. 642 

According to Zhang et al. (2013) the vitellogenin, lipoviteline and phosvitine also have 643 

antimicrobial activity, and besides their nutritional role these lipoproteins may contribute to 644 

defend the organism, a subject that needs further research for the development of 645 

larviculture. On the other hand, in fish the maturation of the oocyte is synchronized by sex 646 



steroids, which include maturation inducers. These hormones provide information on the 647 

maturity status of females, allowing to program diets with special nutrients to avoid 648 

damages in the process of vitellogenesis or poor quality oocytes (Hachero et al. 2007).   649 

Variations in progesterone (P4) and testosterone (T) levels in the gonad of Octopus maya 650 

were investigated by radioimmunoassays and regarding four gonad maturation stages (GMS) 651 

and the reproductive cycle (Avila-Poveda et al., 2015). According to the GMS and the 652 

maturity indices, the reproductive season of O. maya from Yucatan occurred from February 653 

to June. In females, P4 and T displayed the same pattern; in contrast, P4 and T in male gonads 654 

displayed a different pattern, where T concentrations were relatively stable throughout the 655 

study. In that study was showed that gonadal P4 levels were elevated during gonadal 656 

maturation stage III (GMS-III) and GMS-IV (i.e. periods of vitellogenic oocytes), where the 657 

characteristic aspect is an ovary with very high oocyte diameters, with the primary follicle 658 

cells deeply infolded in the ooplasm for yolk synthesis. These results suggested a synchrony 659 

between P4 and the process of folliculogenesis, and in turn, vitellogenesis. In other study, 660 

Avila-Poveda et al (2016) found that synchrony is regulated seasonally suggesting that, as 661 

expected, natural thermal fluctuations are the key environmental factor modulating the 662 

reproduction of this octopus species (Angeles-González et al., 2017). 663 

Since octopus species are semelparous, reproducing only once in their lives (Rocha et al. 664 

2001), it would be critical to differentiate on time the moment when the reproductive period 665 

will take place, to adopt adequate decisions depending on the aim of the production.  666 

Spermatogenesis is a cyclical process strongly affected by temperature, with seasonal 667 

variations linked to environmental signals in species of high latitudes (Schultz et al. 2010). 668 

Therefore, the spermatogenic factors that can alter the fecundity and survival of the embryos 669 

of these species must be studied. It is necessary to establish whether spermatogenesis has a 670 



complete development just prior to the females spawning, as is the case of fish (Campbell et 671 

al. 2003). Results obtained in O. maya females exposed at high temperatures indicated that 672 

animals maintained above 27°C had less fecunded eggs, suggesting that temperature could 673 

affect the viavility of the sperms stored in oviducal gland of this octopus species (Juárez et 674 

al., 2015).  675 

On the other hand, knowing the plasma level of steroid hormones during male gonadal 676 

maturation would provide information on the increase peaks associated with the spawning 677 

season (Schultz et al. 2010), which is especially relevant in semelparous species such as 678 

octopus, in order to handle the organisms according to ongrowing or breeding purposes. 679 

Blood samples could be obtained from the cephalic aorta (following Castellanos- Martinez 680 

et al., 2014) but it will be necessary to develop molecular tools for detecting male and 681 

female hormones from available samples without sacrificing octopuses (Larson & 682 

Anderson 2010). 683 

684 

2.4. Genetic characteristics 685 

Knowledge on the population genetical structure is essential to develop zootecnology 686 

practices to maintain the genetic variability and the biological adequacy of organisms (Toro 687 

et al. 2004a; Toro & González 2009; Astorga 2012; Sykes et al. 2017) for broodstock 688 

selection. This information will be helpful for the selection of stocks, for mass production in 689 

the laboratory, and to follow programs for genetical improvement (Toro et al. 2004b). The 690 

mass production of juveniles requires control over the complete life cycle of any organisms 691 

to allow the application of conventional breeding programs using genes that influence the the 692 

desired traits (body weight, genetic resistance to diseases, etc) (Martínez 2012; Toro & 693 

Oyarzún 2012). However, at present, it is not possible to perform in-breeding programs on 694 



octopus species with paralarval stage or C. concholepas because F1 has not been achieved. 695 

As a starting point, it will be important to characterize genetically the different wild groups 696 

or populations of these species, providing the basis for breeding at the beginning of the 697 

productive cycle in a controlled environment. Further control of adequate levels of genetic 698 

variability would allow a high response capacity of the offspring produced in the hatchery. 699 

On the contrary, the inbreeding will decrease the genetical variability affecting the overall 700 

performance of both species, octopuses and gastropods (Cianelli et al. 2013). Also, the 701 

genetic knowledge of the main mollusks produced by aquaculture is still insufficient (Astorga 702 

2014). For this purpose, it is relevant to know the genetic diversity levels and to estimate the 703 

population genetic structure of these carnivorous mollusks, through the use of molecular 704 

markers.  705 

DNA sequencing studies can also facilitate the development of molecular markers, such as 706 

single nucleotide polymorphic or single nucleotide polymorphisms (SNP) markers. These 707 

markers will then be available to achieve massive production of juveniles under controlled 708 

conditions, maintaining genetic variability while implementing breeding programs. 709 

In C. concholepas, efforts have been made to improve the genetic knowledge at various 710 

levels. Firstly, there are research initiatives aiming to increase genetic tools for the species, 711 

including molecular markers such as microsatellites, transcriptome databases and the 712 

development of the complete mitochondrial genome (Cárdenas et al. 2007; Cárdenas et al. 713 

2011; Núñez-Acuña et al. 2013).  These types of studies have been useful in different ways, 714 

such as species distribution in relation to the current climatic and environmental changes 715 

(Hajibabaei et al. 2011) and distribution according to environmental changes (temperature, 716 

salinity, upwelling, community structure, among others). At present, there is evidence of 717 

isolation by distance between populations of C. concholepas (Garavelli et al. 2014, Cárdenas 718 



et al. 2016). The study of reproductive strategies of a commercially important species such 719 

as C. concholepas is key for the development of adequate conservation strategies for natural 720 

populations and is a milestone for aquaculture management. One of the main challenges is to 721 

determine a precise method to quantify reproductive success. A recent and simple method of 722 

paternity based on microsatellites for C. concholepas demonstrate the occurrence of multiple 723 

paternities in this species, showing that an ovigerous female can be fertilized by more than 724 

one male (Morales et al. 2016). This would imply that within a capsule mostly half brothers 725 

would be found, a mechanism of post-mating sexual selection that could allow the female to 726 

select only some sperm for fertilization (Morales et al. 2016). Ten polymorphic microsatellite 727 

DNA loci have been isolated from O. maya in an attempt to characterize the wild population 728 

that is used as a source of wild broodstock (Juárez et al., 2013). These loci represent the first 729 

microsatellites isolated from O. maya and are currently being employed in a number studies, 730 

that will allow the testing of hypotheses relating to phylogeography, population genetics and 731 

paternity in this species. 732 

Multiple paternities in O. vulgaris is an issue that needs to be taken into account for 733 

population and conservation genetics, since it affects the effective population size (Sugg & 734 

Chesser 1994; Karl 2008).  In addition, multiple paternity is relevant in the design of 735 

culture conditions and management to get an adequate male:female ratio for broodstock 736 

selection. Restocking strategies for the depleted octopus fisheries, considering a male-737 

biased contribution will increase the effective size (Sugg & Chesser 1994). Multiple 738 

paternities can therefore maximise the genetic recombination with multiple males in a 739 

single reproductive event. The exhaustive egg care during reproduction will warrant a 740 

successful survival rate of genetically diverse offspring (Quinteiro et al. 2011). On the other 741 

hand, some studies on genetic diversity and population genetic structure in O. vulgaris from 742 



the Mediterranean Sea (De Luca 2016) have reported on differentiation and isolation 743 

between populations. Therefore, it is important to know what happens to these species in 744 

their distribution ranges, ensuring the adequate maintenance of variability levels in the 745 

natural populations or broodstock for aquaculture. 746 

747 

2.5. Pathology and diseases 748 

Reports on histology and histopathology of cephalopods are scarce. The few available studies 749 

are mainly on the reproductive (López-Peraza et al. 2013; Avila-Poveda et al. 2016), 750 

digestive (Fernández-Gago et al. 2017; Roo et al. 2017), and central nervous (Wild et al. 751 

2015) systems. A study of the ontogenetic development of circulatory, respiratory, nervous, 752 

and digestive systems in O. vulgaris paralarvae up to 75 dph has been recently conducted 753 

(Fernández-Ardiles et al. 2016). Similarly, there are publications on certain parasitic diseases 754 

of importance in cephalopods and their histopathology (Gestal et al. 1998, 2002a, 2002b, 755 

2007, 2008, 2015; Pascual et al. 2007; Castellanos-Martínez et al. 2013a, 2013b, 2014; 756 

Castellanos-Martínez & Gestal 2013a, 2013b; García-Fernández 2016, 2017). Most 757 

emerging disease problems in mollusk are associated with species for which there is 758 

negligible reference material of normal and abnormal conditions. The farming of species with 759 

complex life cycle need to have health profiles established, as well as the environmental 760 

parameters associated with pathology at the tissue level (McGladdery et al. 2006; Aranguren 761 

& Figueras 2016). Few studies are available worldwide in this subject, and local information 762 

needs to be gathered to create a baseline from which the parameters of normality can be 763 

known in order to recognize the alterations that might be associated with disease and/or 764 

mortality events. In this way, it will be possible to establish cause/effect associations and take 765 



preventive or corrective measures to minimize losses, thus achieving a sustainable culture of 766 

species with complex life cycle. 767 

768 

769 

3.- New metabolic and molecular research tools 770 

Defining the associated genes expression with the different stages of the life cycle, and those 771 

associated with the ability to survive, develop and grow is a promising scenario to detect the 772 

metabolic pathways connected to survival success and the metamorphosis of larvae, among 773 

other relevant aspects (García-Cañas et al. 2010; Huan et al. 2012; Niu et al. 2016; García-774 

Fernández et al. 2017; Varó et al. 2017). The study of these complexes interactions requires 775 

the development of advanced methods of analysis together with bioinformatics, proteomics 776 

and metabolomics to elaborate an adequate integration of the information provided by these 777 

disciplines (García-Cañas et al. 2010; Huan et al. 2012).  778 

The overall study of the innate system by molecular tools will be important to identify 779 

possible recognition receptors for pathogens, such as the Toll-like receptors (TLRs) 780 

molecules that are responsible for this recognition and are located on the outer membrane 781 

and endosomes (Akira et al. 2006), or the Pattern Recognition Receptors (PRRs) that 782 

recognize Pathogen-Associated Molecular Patterns (PAMP). Functional analysis of new 783 

TLRs in aquatic animals is essential for the understanding of comparative immunology since 784 

recent reports have highlighted the additional functions of TLRs in adaptive immunity (Rauta 785 

et al. 2014). A large number of TLRs have been identified in various aquatic animals 786 

including fish, annelids, mollusks, arthropods, echinoderms and chordates (Kawai & Akira 787 

2010). An atypical Toll-like receptor (HcToll-2) has been identified in the pearl mussel 788 

Hyriopsis cumingii (Ren et al. 2014).  The HcToll-2 messenger (mRNA) was detected in the 789 



hepatopancreas and is overexpressed when challenged by Escherichia coli and 790 

Staphylococcus aureus. This expression is related to the expression of theromacin, which is 791 

an antimicrobial peptide (AMP) rich in cysteine. This research is the first report of a TLR 792 

that is both atypical and involved in antibacterial immunity through the induction of AMP 793 

expression (Ren et al. 2014), and further investigations are needed on the presence and 794 

activity of TLRs in mollusks at different stages of their life cycle, and also their relationship 795 

to the expression of antimicrobial peptides.  796 

A recent study on C. concholepas described immune related genes based on a transcriptome 797 

study by exposing adult individuals to the pathogenic bacterium Vibrio anguillarum (Detree 798 

et al. 2017). The mapping of C. concholepas transcriptome revealed 61 immune-related 799 

transcripts related to immune function but also involved in numerous other biological 800 

processes such as oxidative stress, signal transduction, recognition of non-self, cell cycle and 801 

apoptosis. More studies like these are urgent to increase our understanding of the molecular 802 

basis immunity in these gastropods. 803 

Besides, lysozyme and reactive oxygen species (ROS) are essential components of innate 804 

immunity of mollusks and part of their main antibacterial defense mechanisms. For example, 805 

lysozyme activity has been described in some species of cephalopods, mainly in Sepia 806 

officinalis, and it is associated with the integumentary, circulatory and epithelial systems, 807 

where its high levels of activity are probably related to the constant exposure to a large 808 

number of opportunistic water pathogens, as described for the skin of teleosts (Vidal et al. 809 

2014; Ghafoori et al. 2014). Integumentary location of lysozyme is consistent with 810 

descriptions of bivalve mollusks, indicating the lysozyme activity role in the neutralisation 811 

of pathogenic agents after injuries or bacterial infections. While viruses, fungi, and bacteria 812 

can infect cephalopods, the latter cause the biggest problems in octopuses (Uriarte et al. 813 



2011). In fact, cephalopods are susceptible to bacterial skin infections, as a result of 814 

secondary infection of wounds by opportunist pathogens (Castellanos-Martínez & Gestalt 815 

2013), especially Vibrio spp., which is mainly found in epidermis and ulcerations. 816 

Haemocytes are part of the first defense barriers in these mollusk species due to phagocytosis 817 

of foreign pathogens and particles, which are then destroyed through production of enzymes 818 

such as lysozyme, as well as the presence of ROS and nitric oxide (NO) radicals (Gestal & 819 

Castellanos-Martínez 2015). All these defence strategies have recently been studied in S. 820 

officinalis and O. vulgaris (Gestal & Castellanos-Martínez 2015, Castellanos-Martínez et al. 821 

2014a, 2014b), which opens other study strategy to determine the effect of diets, productive 822 

management, and stress, on the innate immunity of cephalopods. 823 

Defining the baseline of health markers for this species at an early life stage should consider 824 

multiple indicators of the immune system, stress or infection. Attempts have being made to 825 

evaluate the potential markers for the oxidative stress as bio-indicators of the metabolic 826 

capabilities of O. vulgaris paralarvae, as well as route alterations that might have been 827 

produced due to the different nutritional treatments (Garrido et al. 2017). The methodologies 828 

exist, as reported by Speers-Roesch et al. (2016) and Capaz et al. (2017) in cuttlefish and 829 

Morales et al. (2017) in octopus, to assess the enzyme activities of intermediary metabolism 830 

such as: octopine dehydrogenase (ODH, exclusive of cephalopods) and lactate 831 

dehydrogenase (LDH), both indicative of anaerobic metabolism; citrate synthase (CS), 832 

indicative of aerobic metabolism; glucose-6-phosphate dehydrogenase (G6PD) as an indirect 833 

indicator of lipid synthesis; and ß-hydroxyacyl CoA dehydrogenase (HOAD), indicative of 834 

fatty acid oxidation. In a recent study was observed that antioxidant defense mechanisms of 835 

O. maya embryos were evident once the branchial hearts start their activity, reaching their 836 

maximum activity in stages XVIII, when the last turn of the embryo occurs (Sanchez-García, 837 



et al., 2017). The authors demonstrated that in embryos and early juveniles glutathione-s-838 

transferase (GST), total glutathione (GSH) and catalase (CAT) can be used as indicators of 839 

the antioxidant condition of octopus embryos when they are exposed to temperatures higher 840 

than their thermal range. 841 

The survival of marine invertebrates that are constantly exposed to pathogens rely 842 

exclusively on their robust innate immune system, which is mainly composed of hemocytes 843 

and antimicrobial peptides. In octopus, the haemocyanin has a clear antimicrobial activity, in 844 

addition to the primary function of oxygen transport (Martínez-Montaño et al. 2016). Thus, 845 

hemocyanin from E. megalocyathus inhibits growth of gram-negative bacteria containing 846 

profeniloxidase activity, and is responsible for the synthesis of melanin that has 847 

bacteriostatic, antiviral and wound repairing activities (Hernández et al. 2014a). Using a 848 

mussel Choromytilus chorus as a comparative model, it has also been reported a protein in 849 

the hemolymph with antimicrobial activity against both gram negative and positive bacteria. 850 

This antimicrobial activity is complementary to that of antimicrobial peptides present in the 851 

hemolymph of the Chilean mussel (Hernández et al. 2014b). The aforementioned examples 852 

allow to delineate the components of the innate immune system in marine invertebrates to 853 

contribute with the objectives of generating relevant knowledge on the innate immunity 854 

system along the whole life cycle of the species here presented. 855 

Epigenetics and transcriptomics can determine the nutritional conditions that allow the best 856 

development and survival of the species through the nutrient/gene relationship, as well as the 857 

moment within the ontogenic development when diet can make important contributions to 858 

ensure the optimum use of the nutrients (Tammen et al. 2013, Zhang 2015). In species as 859 

complex as C. concholepas, involving a filtration/herbivory behavior prior to metamorphosis 860 

which is then replaced by a post-metamorphosis carnivorous habit, it is key to elucidate the 861 



timely sequence of nutrients that trigger the ontogenetic process. Epigenetic modifications 862 

encompass changes in gene expression profiles that occur without alterations in the genomic 863 

DNA sequence (Jaenisch & Bird 2003). Changes of the cellular metabolism affecting the 864 

chromatin modifying enzymes will make interesting subjects of study. The metabolites 865 

expressed will be the epigenetic marks for several physiological processes (Katada et al. 866 

2012). In egg-laying organisms, for example fish, the gene coding for vitellogenin (vg) is 867 

transcribed in the female, but epigenetically it is quenched by hypermethylation of the vg 868 

promoter in males (Stolzenbach et al. 2014). 869 

After the long-term effect on molecular markers of growth due to exposure to an acute 870 

nutritional stimulus in early stages of life was demonstrated, it is critical to determine the 871 

essential nutritional window during development, because it could have an impact on the 872 

permanent change of growth and post-hatching health. Currently, the patterns and function 873 

of methylation in invertebrates are unclear. In organisms with complex life cycles there are 874 

stages of high nutritional plasticity during embryogenesis and early larval development. 875 

Recently, it has been reported that in O. vulgaris the genome appears to be widely methylated 876 

and that the overall methylation pattern changes with development (Díaz-Freije et al. 2014). 877 

The strong morphological changes after hatching involve silencing and activation of genes 878 

where DNA methylation probably plays an important role.  879 

880 

4.- Sustainable management of mollusk resources  881 

882 

The sustainable development of aquaculture requires that this productive activity turn into an 883 

efficient, cost effective process carried out without affecting the environment. The culture of 884 



native species represents a challenge to produce commercial size organisms under 885 

sustainable basis to release the pressure of fishery. 886 

The farming of a species with complex life cycle requires high efficiency at all production 887 

stages to reduce technical and economic vulnerability and to increase its resilience to climate 888 

change. This requires a multidisciplinary approach where biological, sociological and 889 

economical sciences collaborate to make this production possible. 890 

The production of juveniles for restocking must ensure that the genetic diversity of the 891 

species is maintained. The knowledge of possible epigenetic changes generated by captivity 892 

and controlled production exists, and therefore measures should be taken if restocking 893 

programs are done with captive species in order to avoid a genetic alteration of species in 894 

their natural environment. For example, in the case of C. concholepas, it is considered the 895 

capture of wild competent larvae for rearing under controlled conditions and obtaining 896 

optimal juveniles to restocking. 897 

898 

5.- Link the juveniles production with ongrowing culture of marine carnivorous 899 

mollusks 900 

901 

The commercial ongrowing of the species discussed in this review can start with wild 902 

juveniles or with juveniles produced from hatchery, whether in ponds on land or in cages 903 

suspended on the sea. It is proposed that ongrowing technology of C. concholepas could be 904 

based on obtaining wild juveniles to restock TURFs areas by ranching. In the case of the 905 

common octopus O. vulgaris there is a significant advance in the development of cages, 906 

feeding strategies and nutritionally tested diets only for wild juveniles (Rey Méndez et al. 907 

2003, García–García et al. 2014; Cerezo & García-García 2017, Cerezo et al. 2017). In the 908 



case of O. maya the studies are performed only with juveniles produced under controlled 909 

conditions (hatchery), preferably in ponds, and important progress has been made regarding 910 

feeding strategies and the development of nutritionally studied diets. In both species, there is 911 

already a basic formulated diet that can replace the fresh refrigerated diet that has been used 912 

traditionally.  913 

The results for E. megalocyathus and O. mimus are based on experimental ongrowing of wild 914 

juveniles. Particularly, in E. megalocyathus there have been advances in ongrowing nutrition 915 

but the search remains for a diet that can replace the fresh diet (Gutiérrez et al, 2015, 916 

Martínez-Montaño et al. 2016). Since the use of formulated feeds is one of the critical steps 917 

to move towards sustainable aquaculture (FAO 2016), the ongrowing of these complex 918 

species is still at an experimental stage. The Mayan octopus in an excellent model to progress 919 

in the cultivation of these species for ongrowing or restocking. The production of juveniles 920 

for ongrowing requires a focus centered on the quality and quantity of the post-settled 921 

organisms for greater economic return, where the culture of the post-settled organisms is a 922 

tecnological constituent that must be added to the hatchery technology. 923 

In Mexico, ongrowing cultures from laboratory-produced O. maya juveniles have been 924 

successfully developed by women's organizations, who are the wives of artisanal fishermen 925 

(Vidal et al. 2014). In Chile, artisanal fishermen who currently manage benthic resources 926 

under TURFs have shown to have a high capacity and interest in developing cultures as a 927 

way to make their subsistence production more predictable (Gajardo & Ther 2011; Salinas 928 

& Ther 2011), therefore, encouraging the cultivation of octopus or loco in these communities 929 

could be a potential success.  930 

Currently it is not possible to provide the necessary production of juveniles in hatchery for 931 

ongrowing, the supply of juveniles from the fisheries is not predictable, and there is not yet 932 



a commercial feed rendering high performance (García García et al. 2014; Vidal et al. 2014). 933 

Besides, there is a risk for the sustainability of the natural populations of marine carnivorous 934 

mollusks when their recruits are used for ongrowing operations, making it a research priority 935 

to solve the bottlenecks that brake the production of juveniles of these complex marine 936 

species (with larval phase) under controlled hatchery conditions 937 

938 

Conclusions 939 

940 

The priorization of research to close the gaps in larviculture to achieve control and success 941 

in the juvenile production of the reviewed species must be linked with criteria for an 942 

intensive and sustainable production.943 

This work brings together the view of different specialists in the areas of larviculture, 944 

physiology, ecology, nutrition and animal health, on how to deal with the aquaculture 945 

farming of species with complex life cycles in a multidisciplinary way using as models the 946 

octopus and the muricid C. concholepas, with the aim of reducing the gap between the 947 

experimental culture and the industrial crop of species that are relevant for the diversification 948 

of aquaculture, particularly in Chile. 949 

Research should be prioritized to standardize the production of early juveniles of octopus 950 

and C. concholepas from paralarvae and larvae cultures, respectively. This standardization 951 

must come primarily from the behavioral, physiological, nutritional and genomic 952 

knowledge of these species. 953 

The current technology for producing juveniles from paralarvae or larvae is based on them 954 

being fed live prey that is either unsuitable or scarcely available, under non-optimized 955 

conditions of rearing. The reason behind this is the insufficient knowledge on the species-956 



specific that does not allow sufficient survival of immature stages, in quantity and quality, to 957 

overcome the limited success of hatchery production for octopuses and C. concholepas. 958 

The feeding and nutrition of octopus paralarvae requires the replacement or supplementation 959 

of live diets with inert diets (microencapsulated, among others), to achieve significant 960 

survival values. The production of C. concholepas juveniles not only faces a nutritional 961 

problem, it is also urgently necessary to improve the technological factors of larviculture that 962 

allow a correct physiological performance of the larvae. Therefore, although all species have 963 

difficulties reaching the final planktonic phase prior to juvenile, they differ in the type of 964 

bottleneck they face to reach it. For example E. megalocyathus and C. concholepas are 965 

characterized as species with the longest first stages of life compared to the other 3 species 966 

covered by this review. Out of all species, E. megalocyathusis is probably the only one with 967 

5 months of embryonic development. Besides, all species except the Mayan octopus present 968 

difficulties in the survival of the early life stages. 969 

Moreover, temperature is another factor that determines the growth and distribution of these 970 

species, a factor that is limiting especially during egg incubation and the period of immature 971 

planktonic organisms, larvae or paralarve. There are no studies on the physiology of larvae 972 

and early juveniles of loco associated with the effect of temperature and global warming, 973 

whereas in E. megalocyathus, O. mimus and O. maya this type of studies has already begun. 974 

Studies on these subjects are a matter of utmost urgency to the global warming scenario that 975 

could affect recruitment and survival of species. 976 

Studies on reproductive physiology in octopus and C. concholepas, are currently 977 

insignificant if compared to this type of research on fish. Its relevance increases to an aspect 978 

of great interest when these values are crossed with the results of the state of genetic erosion 979 

of the species in wild communities. From a genetic point of view, there is relevant 980 



information on molecular markers and characterization of the natural populations of loco, 981 

while it is quite scarce on octopus.  982 

The health status of these resources in wild populations and potential diseases due to captivity 983 

(or cultures in confined environments), have been further investigated in Europe for O. 984 

vulgaris, where it has been cultured for longer. The lack of health management and 985 

biosecurity information on native species of octopus and loco needs to be corrected promptly 986 

All these marine resources require the study of genomics associated with the innate immune 987 

system and the effect of nutrition and environment on gene expression, to understand in an 988 

integrated way the key processes for the development and growth of immature stages, 989 

reducing mortalities significantly and in the short term. Perhaps molecular biology is the 990 

most important tool to delovelop for the study of the larviculture of marine species with 991 

complex life cycle, due to the high quantity, quality and sensitivity of the information that 992 

can be produced from a small sample. 993 

The requirements to develop standardized and cost effective juvenile production technology, 994 

whether for restocking or ongrowing, will allow to overcome the challenges of global 995 

warming and the overexploitation of wild stocks of these species. 996 
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Table 1.- Challenges for massive production of juveniles under controlled conditions for reviewed species.   

SPECIES (and 
distribution) 

LIFE 
SPAN 

REPRODUCTI
ON 
STRATEGY 

TYPE OF 
HATCHLING 

FECUNDITY 
/HATCHING RATE        

MAIN CHALLENGES FOR MASSIVE 
JUVENILE PRODUCTION 

AUTHORS 

O. vulgaris 
Cosmopolitan 
species of 
Mediterranean, 
and eastern, 
northeastern 
and 
southwestern 
Atlantic 

1-1.5 years  Semelparous  Planktonic 
Hatchling of 3 
mm TL 

High fecundity      
(100.000-500.000 
eggs/female) 

Hatching rate 
20% 

Food for paralarvae that can improve the 
survival to reach the total period of 47-52 
days.  

Food for early juveniles 

Set-up of appropiate biotechnologies 
tools to understand the development of  
larvae 

Villanueva et al 
1997, Villanueva 
& Norman 2008, 
Hormiga et al. 
2010, Vidal et al. 
2010, Iglesias & 
Fuentes 2014, 
Garrido et al. 2017

O. maya
Endemic 
species of 
Yucatán 
Peninsula 
(México)  

2 years  Semelparous  Direct 
development 
Hatchling of
146±20 mg 
wet weight 

 Moderate fecundity 
(746±78 eggs/female) 

Hatching rate 
92% 

Food for early juveniles that can be 
produced at industrial level and can be 
stored and transported in a cheap form 

Set-up of appropiate biotechnologies 
tools to understand the development of  
larvae 

Arreguín-Sánchez 
1992, Rosas et al. 
2014, Caamal-
Monsreal et al. 
2015 

E. 
megalocyathus 
Endemic 
species of 
southern tip of 
South America 
(southern Chile 
to southern 
Argentina, 
including the 
Malvinas 
Islands and 
Burdwood 
Bank) 

 2,5 year  Semelparous  Planktonic 
Hatchling of 
14.1±0.35 mm 
TL, 
148.7±10.6 
mg wet weight 

 Moderate fecundity 
(1.000-5.000 eggs/female) 

Hatching rate 
15% ±8 
38% ±3 

Food for paralarvae that can improve the 
survival to reach the total period of 90-
110 days.  

Food for early juveniles 

Reduction of cannibalism behaviour 

Set-up of appropiate biotechnologies 
tools to understand the development of 
larvae 

Production of juveniles for restocking 
ensuring maintenance of the genetic 
diversity 

Uriarte et al. 2014, 
Uriarte & Farías 
2014, Uriarte et al. 
unpublished 
results 



 O. mimus 
Endemic 
species of 
Southeast 
Pacific 
(northern Perú 
to central 
Chile) 

   Semelparous  Planktonic 
Hatchling of 
2.0-2.42 mm 
TL 

 High fecundity (60.000-
400.000 eggs/female). 

Hatching rate 
75% 

Standardized zootechnical conditions 
that allow the complete paralarvae 
development. 

Warnke 1999, 
Castro el al. 2002, 
Zúñiga et al. 2014, 
Markaida et al. 
2017 

C. 
concholepas 
Endemic 
species of 
Southeast 
Pacific (central 
Peru to 
southern Chile, 
including the 
Juan Fernández 
archipelago) 

   Iteroparous  Planktonic 
Hatchling of 
0.25 mm TL 

 High fecundity 
(180.000 – 2.400.000 
eggs/female) 

Hatching rate 
58.8% 

Standardized zootechnical conditions 
that allow to obtain competent larvae at 
day 120. 

Food for early juveniles 

Set-up of appropiate biotechnologies 
tools to understand the development of 
larvae 

Production of juveniles for restocking 
ensuring maintenance of the genetic 
diversity 

Ramorino 1975, 
Disalvo 1988, 
Inestrosa et al. 
1990 



Figure Legends 1729 

Figure 1. Total loco (Concholepas concholepas) fishery production in Chile and Peru. Data 1730 

from FAO Fishstat 2016. 1731 

1732 

Figure 2. Octopus fishery in the main fishing countries for the species. Data from FAO 1733 

Fishstat 2016.  One to four species are clustered together 1734 

1735 

Figure 3. Total octopus fishery production of Octopus mimus (Chile and Peru) and 1736 

Enteroctopus megalocyathus (Argentina and Chile). Data from FAO Fishstat 2016.  One to 1737 

two species are clustered together 1738 

1739 

1740 
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Fig.2. 
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Fig.3. 
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