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Abstract

Palinurids, also known as spiny lobsters, are high-value seafood, which is economi-

cally important for many European and Asian seafood trades. However, the reduction

of wild European spiny lobster populations produces a need for developing alterna-

tive renewable strategies to meet current and future demands. Aquaculture of spiny

lobsters has the potential to become of major economic importance in the coming

years with growing markets in Asia, Europe, and America, with Palinurus elephas being

a promising candidate species for use in the commercial culture and stock enhance-

ment of natural fisheries. This is due to its shorter larval periods and rapid growth to

the critical puerulus stage compared with other spiny lobster species. While we have

a basic understanding of the lifecycle and biology of P. elephas, much of this is based

on work undertaken on similar species globally. There are many gaps in our knowl-

edge that need to be addressed to make its aquaculture viable with appropriate feeds

being an immediate issue as well as many other husbandry-related factors. Previous

studies act as a platform providing a baseline for further research and highlighting

constraints. Developments in the use of P. elephas are promising due to realistically

bridgeable knowledge gaps, the likelihood of producing sustainable food and the high

commercial value of spiny lobsters. This review identifies our present state of knowl-

edge and outlines the scope for further research and necessary technological devel-

opments to make it a viable contribution towards crustacean aquaculture in Europe.
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1 | INTRODUCTION

Farmed decapods such as prawns, crabs and lobsters are economically

important seafood that supplied over 9 million tonnes to the interna-

tional market in 2019.1 Lobsters and, in particular, the high-value

spiny lobsters within the Palinurus genus, account for >700 tonnes in

capture fisheries.1 The European spiny lobster (Palinurus elephas) is

commercially important for many European coastal communities with

individuals selling for €40–120 kg�1.3 The species can be found in the

Mediterranean Sea, from the West of Turkey to the North-East Atlan-

tic Ocean, and from Morocco to Scotland.4 European spiny lobster

adults are typically found from the littoral zone to a depth of �200 m,
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while post-larvae settle at shallower depths of 5–15 m. Off the Irish

Atlantic Ocean coastline, typical increments in the growth of 12 mm

per moult were observed.5 After 2–3 years at 200 m depth, inhabiting

rocky and coralligenous substrates that provide holes and crevices for

protection, carapace lengths (CL) of �86 mm have been estimated for

wild European spiny lobster (P. elephas), with males weighing 0.455 kg

and females 0.510 kg.3 When individuals are 8–9 years old, females

have been reported to be 158 mm CL weighing 2.35 kg, while males

are 160 mm CL and weigh 2.68 kg. This is slightly larger in size and

growth rate than observed in the Mediterranean Sea.6 Adults tend to

be solitary, in pairs or small groups living around rocks and boulders

with gravel beds. They are more active at night when foraging occurs.

Juveniles, on the other hand, leave their crevices infrequently perhaps

due to their vulnerability to predation on the reefs.7 In the wild,

P. elephas are typically found in water temperatures between 13 and

18�C, with mortalities reported at temperatures above 24�C.8

The high demand and pricing of the European spiny lobster can

be ascribed to low wild stocks, a result of past fishing pressures.9,10

Consequently, this has led the species to be listed as a ‘vulnerable’
species on the International Union for Conservation of Natures

(IUCN) Red List.11 Another indication of fishing pressure is shown in

historical catch records where, for example, spiny lobster weight

landed in Spain has decreased from an average of 2.0 to 0.6 kg per

individual since the 1900s.12 Moreover, the impact of the predicted

increase in sea temperatures caused by climate change will reduce the

survival of spiny lobsters. A past study has shown that energy demand

from swimming would double with a temperature increase from 17 to

24�C, while migration time of pueruli is predicted to lengthen as tem-

perature increases resulting in more predation opportunities.13

Attempts to conserve and protect vulnerable wild lobster stocks

(including P. elephas) have led to national legislative fishing manage-

ment requirements on limiting the type of fishing gear being used and

prohibiting the taking of undersized, berried females (gravid), and v-

notched females. The latter being a predominately volunteer-based

approach relying on buy-in by fisherman, where for any berried

females caught, a notch in the shape of a ‘v’ is removed from the tail.

The female is released to prevent future removal until the notched tail

segment is grown back, thereby protecting reproductive females and

boosting egg release rates. This method has led to an increase in the

mean reproductive value of American clawed lobsters (Homarus

americanus) of 18%.14 The effects of V notching in tank-based setting

found no effect on the growth and health of individuals; however,

temperature stress resulted in reduced survivability.8

A more sustainable and long-term strategy to meet growing mar-

ket demands is to farm spiny lobsters.15 Furthermore, the production

of farmed juveniles could be used to restore wild populations through

stock enhancement programmes, such as schemes being carried out

using the common European lobster (H. gammarus).16 To date, there is

no equivalent European spiny lobster (P. elephas) restocking pro-

gramme or commercial aquaculture venture for this species. Much of

this is due to the lack of biological knowledge (e.g., complex larval

stages) and underdeveloped farming practices for the species and not

due to a lack of demand.6 The lack of knowledge on European spiny

lobsters has required that the authors draw parallels with research

undertaken on similar species. The insight provided by research on

related spiny lobster species such as those from southern rock lobster

(Jasus edwardsii),17 western rock lobster (P. cygnus),18 and ornate lob-

ster (P. ornatus)19 could be extremely valuable.20 The caveat to this is

that although parallels are drawn from published studies on similar

species, species differences exist, and further research will be required

to define the optimum requirements/parameters relevant for

P. elephas. This review will focus on the potential of farming European

spiny lobster (P. elephas) and evaluate the knowledge gaps in the ani-

mal's lifecycle, nutritional requirements and potential production bot-

tlenecks, such as diseases. The review will also discuss the economic

viability of culturing European spiny lobsters as a commercially farmed

species and creating a viable stock enhancement programme. To the

authors' knowledge, the last extensive review carried out on

European spiny lobster (P. elephas) was by Goni and Latrouite,6 which

evaluated its biology, ecology and fisheries. The present review will

seek to go beyond the previous review by examining the spiny lobster

as a potential farmed species to meet consumer demand but also for

wild stock enhancement.

2 | BIOLOGY AND LIFECYCLE OF
EUROPEAN SPINY LOBSTER

2.1 | Reproductive behaviour and mating

In the Atlantic Ocean, pre-reproductive onshore migration occurs in

spring and post-reproductive offshore migration in late autumn.5 The

size at which sexual maturity is reached in European spiny lobster is

unclear for either sex with various studies suggesting sizes ranging

from 76–95 mm CL.21 Mating occurs between June and October in

the Atlantic Ocean, which takes place between the intermoult of indi-

viduals, a few weeks after the female has moulted. The male places

two white gelatinous spermatophores below the female reproductive

openings found on both sides of the sternum at the base of the third

pair of pereiopods.22 The spermatophores do not harden as seen in

other palinurids and only remain for a maximum of 10 days.5,7 Shortly

after mating oviposition occurs, the eggs are released over the sper-

matophores on the female's sternum, the female uses the fifth pereio-

pod to scratch open the spermatophores releasing the spermatozoids

and the eggs are fertilised (Figure 1).5,7 The eggs are then held at the

pleopods by a protein matrix, where embryonic development occurs

until hatching.

2.2 | Egg incubation and larval stages

Egg incubation duration can vary in the wild and span over 9 months

in the Atlantic Ocean and 5 months in the Mediterranean Sea. The

eggs hatch in the summer and spring, respectively. The difference in

egg development is most likely due to the temperature difference

between the coastal regions. This is consistent with the water

2 YEAP ET AL.HiiiMiiiMi1Miii1ii·rT--------------------------------------



temperature effect on embryo development in the ornate spiny lob-

ster (Panulirus ornatus), where embryonic development to the point of

hatching was �14 days shorter at 30�C than 24�C.24 An indication of

temperature effect was also observed in artificially reared conditions.

For P. elephas, hatching can be completed within 24 h5; however,

Karlovac (1965) reported hatching to take as long as 8 days.25

The P. elephas larvae are larger than other similar Palinuridae spe-

cies and hatch at a length of 2–3 mm23 (Figure 1). The number of

P. elephas phyllosoma (the distinct larval form of spiny, slipper and

coral lobsters) instars is not known, between six and nine instars is

generally accepted23,26 (Figure 2). At the pueruli phase, the lobsters

possess developed pleopods, abdomen and carapace. The pueruli

moult become juveniles, which are visually comparable to the settled

adult stage. From the hatching to the juvenile stage typically takes

5–6 months in the Mediterranean Sea and can be as long as a year in

the Atlantic Ocean.6,7,27 This could be the result of higher average sea

temperatures in the Mediterranean Sea compared with the Atlantic

Ocean, which would allow development to advance more rapidly. An

effect of temperature in shortening the development stages would be

beneficial for future farming efforts as an effective husbandry applica-

tion so long as it does not lead to deformities or decreased survival.28

Once hatched, the planktonic European spiny lobster (P. elephas)

larvae are transparent, apexed oval shape and relatively well devel-

oped.29 Under aquaria conditions, at least six larval instars before

metamorphosis into pueruli, in this case taking 65–69 days

(Figure 2).26 Although this differs from the earlier estimates of nine

instars being observed.23 Other comparisons cannot be drawn due to

limited published or peer-reviewed information on the instar stages.

Most recently, research carried out on P. elephas larval development

found a similar time frame, where it took 83 days to develop from

post-hatching to juveniles and there was a 50% survival rate to the

final larval stage.30

The early stage larvae are often found near the coast due to lar-

vae hatching happen inshore.3 As the larvae are planktonic, they are

subject to ocean currents, which affect the distribution of the

European spiny lobsters and the gene flow between populations. The

long planktonic stages allow the larvae to travel thousands of

kilometres in the currents before settling to the seafloor.31 There are

known genetic differences in European spiny lobster populations from

the Atlantic Ocean and the Mediterranean Sea. The cause of this has

been attributed to restricted gene flow through the Strait of Gibraltar.

Other differences between Brittany and Ireland-Scotland populations

are believed to be due to the Gulf stream dividing into a northern and

southern flow south of Ireland.27 The understanding of P. elephas lar-

val dispersal is challenging as it is near impossible to decipher where

the larvae originate or follow their movement for months at sea.31

3 | THE POTENTIAL OF FARMING
EUROPEAN SPINY LOBSTER

To the authors' knowledge, there are no known commercially oper-

ated European spiny lobster farms in service. However, in Asia, the

ornate spiny lobster species are commercially grown and in Vietnam,

the aquaculture of spiny lobster (Panulirus spp, inc. P. ornatus) was

631 tonnes in 2010 rising to 1100 tonnes in 2018, with a value of

F IGURE 1 (a) Female berried European spiny lobster (Palinurus elephas) at the later stage of egg maturation. ‡Indicates the eggs, §—abdomen,
†—5th pereiopod. (b) Well developed P. elephas eggs prior to hatching. Indicates egg envelope, —eye spot, II—pigment. Magnification 0.75�.
(c) P. elephas phyllosoma 2–9.5 mm (John Mercer/Carna Research Station image library, size from Kittaka & Ikegami23). ¶indicates fouled setae
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USD 30.9 million.1 The comparative absence of European spiny lob-

ster farms is not due to a lack of technology transfer or economic

drive to produce lobsters but is based on specific farming practices.

For instance, all farmed ornate spiny lobsters (P. ornatus) are wild-

caught at their post settling stage, rather than reared from eggs. They

are subsequently placed in sea cages for on-growing (except for an
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F IGURE 2 Key morphological changes during the larval instar stages of European spiny lobster (Palinurus elephas, adapted from Kittaka et al.26)
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Australian farm, ornatas.com.au). This is only possible in countries like

Vietnam, the Philippines, India, and Indonesia, as they have an abun-

dance of naturally settling lobsters (Figure 3b).32,33 Although collect-

ing wild ornate spiny lobster seedstock is currently successful in

Vietnam, it might not be a sustainable practice or desirable due to dis-

ease risk associated with wild stocks, lack of quality, quantity (varia-

tion in lobster settlement), and price variability of the annual

seedstock.34 Furthermore, there is also the risk of legislative changes

on wild seed stock collection. For example, in 2015, Indonesia intro-

duced a minimum landing size (>200 g) legislation to all lobster (inc.

P. homarus and P. ornatus) species which consequently led to 95%

reduction in grow-out productions.35

In European spiny lobster (P. elephas), post-settling and early juve-

nile stages are rarely seen and caught from the wild.4 Therefore, a

farmed hatchery supply of pueruli should be developed to ensure a

sustainable source for the development of spiny lobster captive rea-

ring. With P. ornatus this has been achieved in Australia as recent

developments in methods and equipment have closed the P. ornatus

life cycle from broodstock through to juvenile production.36 Further-

more, a larval diet has been produced along with mass culture sys-

tems, this may enable the aquaculture of other species like P. elephas

to be rapidly developed using these new technologies.37

Based on FAO Fisheries and Aquaculture data,1 the market price

of a lower quantity of fished P. elephas can be seen to match the price

of a larger quantity of cultured Panulirus sp. This suggests that

the aquaculture of P. elephas has a large margin for the expenses

associated with aquaculture while remaining profitable (Table 1). The

major economic costs of spiny lobster production that should be

considered are hatchery production of juveniles, which includes feed,

labour, the establishment of water filtration and treatment to maintain

high water quality, and culture infrastructure to produce large pueruli

volumes. While grow-out cost includes infrastructure, feed, labour,

and managing cannibalism/stocking density to achieve an optimal and

viable business enterprise. These costs would be present from the

hatchery through to the on-growing of the product. With increased

production from aquaculture, the value of P. elephas might drop as it

becomes more available; however, the demand is very high allowing

this to remain a lucrative industry. Aquaculture production of Pan-

ulirus lobster species has not been shown to have an impact on the

production from fisheries, at least as far as the global catch figures

(Table 1). This could be due to legislative restrictions on their landing

sizes from fisheries and bottlenecks remaining in their rearing in farms

(e.g., Asian ornate lobster farms relying on wild seedstocks with only

one known farm in Australia utilising hatchery-produced seedstocks).

4 | DIETARY REQUIREMENTS OF
EUROPEAN SPINY LOBSTER

4.1 | Natural diets

The diet of wild larvae is largely unknown. However, it is believed that

they are omnivorous, and their mouthpart morphology and append-

ages have allowed them to adapt to feeding on soft-bodied prey items

found in the water column, such as fish larvae, jellyfish, bivalves, and

polychaetes.9 Further evidence was found by Jeffs et al.,17 where

southern rock lobster (J. edwardsii) prey items were predominantly

gelatinous zooplankton. Adult European spiny lobster (P. elephas) are

benthic omnivores, they prey primarily on molluscs, echinoderms, and

crustaceans. While hard-shelled organisms are their main prey, they

also feed on ophiuroids and coralline algae and are opportunistic feeders

that alter their preference based upon prey abundance.39 It is possible to

infer that this species is adapted to high dietary protein, low in lipids, and

F IGURE 3 External clinical signs of tail fan necrosis in Palinurus
elephas (a) Dorsal view of the tail fan, †Indicates considerable erosive
lesion on the telson. (b) Close up of erosive lesion, dorsal view.
(c) Ventral view of telson, ‡Indicates initial melanisation on the
affected area (John Mercer/Carna Research Station image library)
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medium-high in carbohydrate foods. The latter can be based upon glyco-

gen being the major store of energy in molluscs, making up 14–24% of

the ash-free dry matter.15 A potential route towards gaining fundamental

knowledge in animal nutrition includes stable isotope analyses for deter-

mining trophic relationships and dietary patterns in wild stock. This

approach was successfully applied for both wild and captive P. elephas

specimens, where relative nutrient assimilation rates were related to a

differential enrichment ratio of 13C and 15N isotopes.40 The authors

found evidence in both captive and wild P. elephas of tissue-specific com-

position and function independent of diet history. Leg muscle appeared

to be the best tissue for analysing tropho-dynamics in this species as it

can regenerate after sampling offering scope for continuous feeding

studies under captive environments.

4.2 | General nutrient requirements based on
fundamental investigations

4.2.1 | Proteins, carbohydrates, and lipids

Published dietary requirement trials in lobster species suggest that a

feed composed of �50% crude protein and 6–10% lipid would likely

be the best dry diet for recently settled European spiny lobster

(P. elephas). However, specific requirements for this species remain to

be established. Analysis of the total composition, amino acid composi-

tion, and the macro minerals present in the muscle of adult market

size P. vulgaris (P. elephas synonym) has been conducted.41 The total

composition of P. elephas was 77.13 ± 0.08% moisture, 0.63 ± 0.03%

lipid, 19.95 ± 0.68% protein, and 0.15 ± 0.01% carbohydrate and 2.14

± 0.01% ash. The essential amino acids phenylalanine (2.321 g 100 g�1),

and lysine (1.439 g 100 g�1) were found in the highest concentrations.42

These findings were within a small sample size of only four individuals

therefore a small amount of inaccuracy can be expected.

It has been reported that the optimal dietary carbohydrate to lipid

ratio for J. edwardsii should ideally be 2:1 in their post-larval stages.43

While studies on the American clawed lobster (H. americanus) con-

firmed its ability to utilise some dietary carbohydrates.42 with

European clawed lobsters (H. gammarus), a ratio of 50:25:12, protein,

carbohydrate and lipid were suggested for formulated diets in order

to yield optimum growth. It is likely that a similar ratio will exist for

the European spiny lobster, although further research is required to

identify this. Lipids are utilised for energy purposes in the early larval

stages as shown for wild western rock lobster (P. cygnus), and lipid

reserves become depleted as larvae progress in development from

phyllosoma to juveniles.18 This is the case for most crustacean species

as they transition to a predominantly protein mode of nutritional

dependency. The bioenergetic significance of this was reported in the

juvenile stage of green rock lobster (Sagmariasus verreauxi) primarily

utilising protein for energy to drive maintenance and growth require-

ments and protein accretion.44 It was found that 50% dietary protein

was optimal for reducing protein catabolism for energy purposes

while allowing maximum retention. Post-prandial measurements relat-

ing to routine metabolism and specific dynamic action associated with

protein catabolism and biosynthesis provided an insight into this com-

plex use of nutrients and could be applied to P. elephas.

Lipids are the major sources of essential fatty acids in storage fats

and as phospholipids within cell membranes of tissues. Crustaceans

have been shown to have a dietary dependency with regards to lipids

TABLE 1 Total global wild fisheries production of European spiny lobster (Palinurus elephas) in comparison with aquaculture spiny lobsters
(inc. Panulirus ornatus) in the past decade.

Year

European spiny lobster Palinurus elephas Panulirus sp

Fisheries Aquaculture Fisheries

Min.

(USD)a
Max.

(USD)a
Production

(tonnes)

Value

(USD)a
Production

(tonnes)

Value

(USD)a
Production

(tonnes)

2018 16,198 48,595 363 46,164 1694 704,806 25,912

2017 19,590 58,770 439 60,800 3035 721,371 26,521

2016 18,162 54,486 407 34,047 1619 685,521 25,203

2015 17,225 51,675 386 30,064 1563 600,739 22,086

2014 16,466 49,399 369 30,607 1563 746,966 27,462

2013 11,825 35,476 265 29,139 1632 887,182 32,617

2012 13,119 39,358 294 25,200 1329 785,753 28,888

2011 16,912 50,737 379 22,668 1035 678,150 24,932

2010 22,446 67,338 503 23,086 1031 606,832 22,310

2009 25,792 77,378 578 14,014 1406 431,609 15,868

2008 17,492 52,478 392 11,084 1084 541,388 19,904

Note: European spiny lobster (as ‘common spiny lobster’ in the FAO statistics) value was determined using the values ranges €40 (min) and 120 kg�1

(max),3 1 tonne = 907 kg, Euro to USD exchange rates from 1999 to 2021 were used,38 1:1.23, all values were rounded down to the nearest thousand.

Note: European spiny lobster price per tonne is USD$ 44,600–133,800.
Note: Global Panulirus sp inc. ornatus (excluding Europe) price per tonne is USD 27,200.
a�10.3 Statistical data collected from FAO 2022.1,2
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such as essential fatty acids, phospholipids, and sterols.45 It was

reported that radiolabelled eicosapentaenoic acid (C20:5n-3) and

docosahexaenoic acid (C22:6n-3) were primarily incorporated into

phospholipids rather than neutral glycerides in the tissues of the

Japanese spiny lobster (P. japonicus). In comparison, analysis of lipids

and fatty acid profile in zooplankton that is a likely food source for

J. edwardsii larvae was predominantly polar lipids (phospholipids), with

triacylglycerols, free fatty acids and sterols following in descending

order.46 Furthermore, the major fatty acids measured were C22:6n-3

(docosahexaenoic acid), C16:0 (palmitic acid), C18:1n-9c (oleic acid)

and C20:5n-3 (eicosapentaenoic acid). Fatty acid profiles shifted from

predominantly saturated (i.e., C16:0 and C18:0) and monounsaturated

(i.e., C16:1n-7 and 18:1n-9c) to polyunsaturated fatty acid dominate

profile (i.e., C20:5n-3 and C22:6n-3) as the larvae developed into the

settled juvenile form. In a recent study on wild European spiny lobster

(P. elephas), the fatty acid profile was somewhat different,47with satu-

rated (i.e., C16:0 and C16:0) and monounsaturated (i.e., C16:1n-7,

C18:1n-9, and C18:1n-7) the dominant fatty acids in the muscle tissue

comprising 42.67% and 32.30%, respectively of the total measured.

Only 25.38% of the fatty acids were made up of polyunsaturated fatty

acids with omega 6 (23.14%) being more dominant than omega 3 fatty

acids (2.24%). However, the study did not specify what size class or

sex the lobsters were but presumably from the collection gear stated

these were mature adult individuals.

4.2.2 | Cholesterol

Like many other decapods, cholesterol is an important dietary required

nutrient in spiny lobsters, as they cannot synthesise it de novo. This vital

micronutrient is used as the precursor to produce ecdysteroid, a

hormone that is primarily responsible for moulting, growth development

and survival.48 Earlier work in juvenile American clawed lobsters (H.

americanus) showed that �0.5% cholesterol was the optimum level for

this species in giving the highest growth and survival.49 More recent

work on the dietary cholesterol requirement of juvenile and sub-adult

P. ornatus lobsters indicated that a dietary level of 0.35% cholesterol in

the presence of 2.5% phospholipid is adequate for optimal growth and

high survival.50 Noted in the study, phospholipid plays a key role in the

nutritional uptake of cholesterol as it acts as an emulsifier and facilitates

transport in the body. It will be important to define the precise choles-

terol requirements for P. elephas, especially during its critical juvenile

stages of development to reduce mortalities.

4.2.3 | Macro and trace element requirements for
spiny lobsters

The macro and trace element requirements for most lobster species

have not been fully elucidated due to the difficulties in undertaking

effective investigations to date. Consequently, we have very limited

knowledge in this area that could apply to larval diets and on-growing

stages of P. elephas culture. The earlier review by Allen and Gatlin51

provides a good basis for fundamental nutritional requirements,

including the function of macro and trace elements for crustaceans in

general. Although, this is mainly for marine shrimp, such as those in

the penaeid species.

In seawater, significant transient mineral uptake may be expected

from gill and intestinal routes apart from dietary contributions. Cal-

cium, phosphorus and trace metals, such as zinc, copper, iron, molyb-

denum, manganese and iodine, are essential for growth and metabolic

function in decapods. Much could be learned from comparative tissue

analysis of P. ornatus during key stages in the life cycle and profiling

these tissues would provide indicative data on the nutritional require-

ment of key elements.40

The analysis of metal content in the European spiny lobster found

that selenium and iodine were present in concentrations of �0.805

and �0.086 mg kg�1.42 The inclusion of selenium in the diet is crucial

as it is an antioxidant and important in enzyme functions.52 From the

muscle tissue content, it can be assumed that the diet will need to

consist of reasonable levels of the essential minerals as they cannot

be synthesised, therefore, they must be ingested from the environ-

ment and food.53 Further experiments are required using specific diets

to ascertain the base level mineral requirements of the European

spiny lobster.

4.2.4 | Vitamins

There is no known definitive vitamin requirement information avail-

able for P. elephas, and data are scarce for the full water-soluble and

fat-soluble vitamins for most lobster species. There is little, if any,

direct information on the vitamin requirements of spiny lobsters, but

requirements determined for marine shrimp will be a useful guide until

more specific information is available for lobsters.54 All classes of vita-

mins will be required as essential cofactors for cellular metabolism

and must be supplied in the diet. These include the B-complex, vita-

min C (ascorbic acid) and vitamins A, D, E and K. The various phases

of production from larval, grower and brood stock will need to be

investigated but will pose significant research challenges.

4.2.5 | Carotenoids

Carotenoids are a necessary part of the diet in crustaceans and are

utilised in important metabolic function and behavioural adapta-

tions.55 Among these are their important capacity for colouration,

antioxidant role protection against oxidative reactive species in cell

metabolism and photo-protection. They are typically deposited in the

carapace and underlying epithelium esterified to proteins (car-

otenoproteins and crustacyanin) and lipids as a storage source for

transportation to other tissues and organs (epithelial chromatophores)

and particularly translocated to the gonads and ova during maturation.

However, crustaceans are unable to synthesise carotenoids de novo

and therefore are dependent on their diet to meet their demands but

may transform specific carotenoids into other forms.
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In decapods, astaxanthin is the predominant carotenoid and is

more efficiently used by crustaceans than β-carotene. For Japanese

spiny lobster (P. japonicus), these carotenoids (i.e., astaxanthin, ado-

nixanthin, and pectenolone) are found as fatty acid esters form.56 It is

worth noting that in most crustaceans, β-carotene can be converted

to astaxanthin and may be regarded as a precursor molecule to retinal

(vitamin A).15,57 Algae, and in particular microalgae, can be a dietary

source of these natural carotenoids. For instance, Dunaliella salina is a

microalga that is high in β-carotene and has been incorporated into

crustacean aquafeeds.57 Likewise, microalgae such as Chlorella and

Haematococcus are also high in astaxanthin and used by commercial

aquafeeds.58 Nevertheless, astaxanthin was seen to have no

impact on the growth or survival of juvenile P. ornatus.34 However,

it improved both parameters in juvenile black tiger prawn (Penaeus

monodon).59 It seems more likely that the European spiny lobster

will respond similarly to P. ornatus. Although, it is possible that the

lack of dietary carotenoids could reduce the growth and survival in

P. elephas. Additionally, a diet without astaxanthin supplementa-

tion may result in a lack of shell pigmentation, this could reduce

the market value of the product. Furthermore, astaxanthin is an

important antioxidant, its presence improves recovery to thermal

and osmotic stress in crustaceans and appears to be involved in

immunocompetence.15,60 As a parallel, the suggested dietary

astaxanthin level is 50 mg kg�1 (dry weight) for the common

European lobster (H. gammarus).61 A dietary level of 50 mg kg�1

free astaxanthin (equivalent to �80 mg kg�1 of carotenoid) was

also found to be optimum in juvenile ornate lobsters (P. ornatus)

which gave good carapace colouration.32 From a commercial point

of view, the inclusion of carotenoids may add to the cost of the

feed; however, the benefits would outweigh the economic costs

and should be added into the diets of spiny lobsters.

4.3 | Diets used in captivity

4.3.1 | Larval diets

To the author's knowledge, there are no published formulated diets

suited for spiny lobster larvae or juveniles. However, there has been a

bespoke diet kept under commercial confidentiality for P. elephas lar-

vae between stages 1 and 562 and another for the Moreton Bay bug

(Thenus australiensis36). These bespoke diets are stated in reports

rather than cited in validated peer-reviewed scientific publications to

date.63 The P. elephas feed is claimed to possess an attractiveness

duration of >15 h with pellets at an optimal size that is nutritionally

appropriate for P. elephas.62 The mouthpart morphology and its inter-

preted use in respect to diet are consistent between scyllarids-slipper

lobsters (e.g., Thenus australiensis) and palinurids (e.g., P. elephas),

which may allow for developed feeds to be applicable in both

species.9

An appropriate feeding regime for larval European spiny lob-

sters (P. elephas) has yet to be determined. In previous cultivation

studies, Kittaka23 trialled Artemia nauplii during the larval stages

and used blue mussel (Mytilus edulis) when the lobster larvae were

more advanced in their development.64 The author noted that

there were high mortality rates due to the deterioration in water

quality and particulate interference from the mussel flesh on the

pereiopods, i.e., fouling. In later studies, Japanese sandfish

(Arctoscopus japonicus) larvae and blue mussel (M. edulis) gonads

were used as larval diets for many spiny lobster species, due to

their high essential amino acids and fatty acids levels.9,26 In partic-

ular, the use of Japanese sandfish (A. japonicus) larvae, which are

high in lipids, reduced the time for P. elephas to reach puelurus

from 132 days to 65–72 days. Long-chain polyunsaturated fatty

acids, such as eicosapentaenoic (C20:5 n-3) and docosahexaenoic

acid (C22:6 n-3), are 8 and 500 times, respectively, higher in

Japanese sandfish larvae than those found in Artemia nauplii.26 The

survival to puerul was 0.005% using Japanese sandfish larvae,

whereas it was 0.001% using mussel gonads. In comparison, in the

earlier P. elephas study by Kittaka and Ikegami the survival rate was

less than 1%.23 However, it is worth noting that larval feed tech-

nologies have advanced substantially due to the demands in fish

aquaculture with many commercial enrichment diets available in

classically used larval live feeds, i.e., rotifers and artemia.

A previous investigation conducted by Limbourn & Nichols18

has collated the research on the nutritional requirements of the lar-

vae in several spiny lobster species. Although this work did not

include P. elephas, it could allow parallels to be drawn. This study

also analysed the protein content of P. cygnus at three developmen-

tal stages, i.e., newly metamorphosised puerulus, pigment develop-

ing pre-moult puerulus and post-moult juvenile. The subsequent

protein contents were found to be �80, �100 and �70 mg g�1 (dry

weight), respectively. The protein decrease during development has

been attributed to the production of a new exoskeleton post-

moult. Furthermore, the study investigated the lipid content of the

final stage phyllosoma of P. cygnus. The levels were reported as

238.5 ± 11.1 mg g�1 of lipid (dry weight), which decreased to

121.4 ± 4.3 mg g�1 after metamorphosis into puerulus, and further

reduced to 53.6 ± 2.7 mg g�1 when moulting to the juvenile stage.

These phases include intermoult periods where there is a cessation

of feeding. However, late stage phyllosoma must attain a specific

polar lipid (phospholipid) content and composition to facilitate

growth and survival through the puerulus phase to a first feeding

juvenile phase. These larval lipid profiles are expected to be similar

in P. elephas. Therefore, a diet supplying these nutrient levels will

be a prerequisite when considering larval rearing strategies in the

hatchery.

4.3.2 | Juvenile diets

Similarly, little is known about the specific nutritional requirements of

juvenile European spiny lobster (P. elephas). Studies on the protein

and lipid requirements of similar species, such as P. cygnus,65

P. ornatus66 and J. edwarsii,67 have been undertaken (Table 2).

These experiments consisted of trialling dry pelleted feeds of 35–
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60% crude protein in increasing amounts, with either 6 or 10%

total lipid content on early juvenile lobsters. A diet of either

opened/cracked blue mussels (M. edulis), or commercial kuruma

shrimp (Marsupenaeus japonicus) feed (Lucky Star, Taiwan Hung

Kuo Industrial Co., I-Lan, Taiwan), was used as a comparison

against formulated pelleted feeds. Overall, these studies indicate

that the ideal protein level ranges between 47 and 55%, and an

ideal lipid level at 6–10% in formulated diets. The trial carried out

on P. cygnus did not yield an optimum dietary protein requirement

because the highest specific growth rate occurred in the treatment

with the highest protein content. It is worth noting that these lob-

ster trials were carried out in different temperature ranges

(i.e., 18–28�C) which can affect feed digestibility and thus the opti-

mal requirement of proteins and lipids.

In addition, Williams15 speculated that (1) each species of spiny

lobster may have different lipid and protein requirements, requiring

species-specific feed; and (2) the optimum feeds produced less growth

than the mussel/shrimp, and less than observed in nature. Therefore,

these experiments may not provide an accurate insight into the die-

tary requirements of the lobster.

4.4 | Improving nutrition and feeding technologies

The greatest cause of mortalities in many spiny lobster cultures is

nutritional deficiencies.9 For any form of stock enhancement or

aquaculture to be successful, an appropriate diet is needed that

provides all the essential nutrients throughout all developmental

stages. To develop a successful feed for spiny lobsters, other attri-

butes besides nutritional content need to be considered including

palatability, hardness, rate of degradation (durability), size, shape

and digestibility. There are several artificial diets available on the

market that serve the needs of shrimp, and in particular penaeid

shrimp, from the hatchery to grow-out and especially for the

Pacific white legged (L. vannamei). There are also bespoke diets for

various species of crab and crayfish. Recent work by Hinchcliff

et al. presented a novel European claw lobster (H. gammarus) dry

feed developed from the flocculation of shrimp wastewater, this

dry feed yielded the greatest SGR when compared with other

experimental diets while performing marginally worse to the con-

trol wet feed consisting of shrimp.69 Such commercial diets may

suffice, but to the authors' knowledge, these have not been investi-

gated for P. elephas. While feed studies have been conducted in

other Palinurids species, this is not guaranteed to meet the same

nutritional specifications for this European species. To bridge some

fundamental knowledge gaps in P. elephas nutrition, baseline stud-

ies of the nutrient composition of the various larval and juvenile

stages should also be addressed in parallel studies. In the meantime,

propriety diets should be considered as a preliminary route to

achieving feasible P. elephas production in any farmed system. This

will aid in developing a suitable dietary regime by elucidating essen-

tial nutritional requirements. Such studies are typically based on a

linear dose–response design, i.e., increasing nutrient level or an

ingredient in the feed that would yield an ideal or highest

favourable response. However, mixture design studies could offer

an alternative method in finding the optimum nutrition requirement

that would both reduce study time and resources being expended.

This would involve several nutrients of interest being included

within the same feed. By testing different permutations of the vari-

ous nutrient inclusion levels, it is possible that response surface

statistics could discern the ideal nutrient requirements.70 Such

studies have been carried out on fish species in the past, for

instance, Hamre and Mangor-Jensen71 investigated the potential of

optimising the dietary requirement of protein, lipid and carbohy-

drate in Atlantic cod weaning diets using a three-component feed

study design (Gadus morhua).

TABLE 2 Protein and lipid requirements of juvenile lobster species and their impact on specific growth rates using dry and fresh feeds

Western rock Lobster Ornate spiny lobster Southern rock lobster European lobster

Panulirus cygnus Panulirus ornatus Jasus edwardsii Homarus gammarus

Optimum

dry feed Mussel

Optimum

dry feed

Kuruma

shrimp diet

Optimum

dry feed Mussel

Optimum

dry feed Krill

Mean starting weight; g 0.54 0.56 3.80 3.90 3.58 3.60 0.86 0.86

Mean Final weight; g 0.93 2.00 5.10 6.60 7.11 10.28 – –

Trial length; days 42 – 84 – 84 – 32 –

SGRa 2.78 6.11 1 2 0.82 0.92 �0.65b �1.20b

FCR 2.50 – – – 3.76 2.46 – –

Optimum level

Protein (%, dw) ≥55 – 53 – 47 – 54.37 69.36

Lipid (%, dw) 6 – 10 – 9 – 9.38 11.44

References 65 66 67 68

Note: Food conversion ratio (FCR) = g dry feed consumed / g wet weight gain.
aSpecific growth rate (SGR) = ([ln final weight - ln initial weight] � 100 days�1). Mussel, Mytilus edulis; Krill, Euphausia superba.
bApproximations are due to interpretation of the figure results.
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4.4.1 | Improving larval nutrition

It has been suggested that dry diets are unsuitable for the phyl-

losoma stages of spiny lobsters. As a more suitable alternative, a

gelatinous diet with 60–80% moisture content may be more appro-

priate and better represent natural prey.63 Furthermore, diets with

high moisture content are believed to release more chemo attrac-

tants than dry feed and this could lead to a higher feeding response

and less fouling of the water column. This has certainly been

observed with stage 1 southern rock lobster (J. edwardsii), where

high moisture diets did not foul their maxillae as seen in the dry

diets.72 Past research has shown that xanthan gum, acacia and

even gelatine could be used to provide a gelatinous texture to diet

but also give higher moisture content without affecting palatabil-

ity.63 A neutrally buoyant feed would be preferable as this would

increase the availability of the food in the water column. This is

especially important during their phyllosoma stage, while a more

negatively buoyant feed is needed for their settled stages to

reduce leaching time in the water column. The use of microencap-

sulation can be used to limit leaching in dry diets. However, with

moist diets, double encapsulation could also be used to increase

nutrient bioavailability.73 Ultimately, microencapsulation feed

technology can reduce the deterioration in water quality by

stabilising the nutrients and lead to higher survival rates through

lower incidences of disease outbreaks and fouling.

The diets that have been used in early P. elephas larval rearing

have consisted primarily of Artemia nauplii,64 although a later study

had shown sailfin sandfish (A. japonicus) larvae and mussel gonads

were also possible (M. edulis).26 Feeding copepods could be a

means by which to deliver the necessary nutrients such as Acartia

tonsa nauplii that are <100 μm to the lobster larvae and easily

digestible.74 Furthermore, copepods have a higher content of poly-

unsaturated fatty acids such as eicosapentaenoic (C20:5n-3) and

docosahexaenoic acid (C22:6n-3), which are potentially responsi-

ble for reducing the time to puerulus in P. elephas from 132 days to

65–72 days.26,75 It should be noted that these lipids are stored in

the form of wax esters rather than triglyceride as found in fish oils.

Therefore, in terms of the enrichment of artemia and other live

foods, wax esters are better assimilated in the larval stages of most

marine organisms by using copepod.76 As such, the nutritional

value of copepods can be altered based on the microalgae fed to

them, and in turn, delivering the necessary nutritional requirement

of the lobster larvae.77 In addition, there are a number of copepod

species that are commercially used in larval feeding.78 Specifically,

Apocyclops royi is believed to be promising species as population

density is not limiting a factor, where culturing densities can be

brought up to 10,000 individuals per litre.79 Researchers and

hatcheries should be mindful that even though live feeds can

deliver the necessary nutritional requirements to the phyllosoma

larvae, they can also be a source of bacterial contamination that

could lead to production losses. As such, the long-term goal for any

commercial larval production units would be to develop and use

formulated feeds that are free from this issue.

4.4.2 | Improving juvenile nutrition

Improving feed intake in culture systems will mitigate the impact of

waste feed degradation, thereby, reducing costs and water quality

deterioration. It has been observed that J. edwardsii handling and mac-

eration of pellet feeds can result in up to 50% in food wastage, how-

ever, presenting an appropriate size pellet can reduce this wastage by

19%.80 For juvenile P. ornatus with a body weight of 2 g, a pellet 10–

15 mm long with a diameter of 1 mm is most suitable. While 60 g indi-

viduals, a pellet of 10–20 mm long with a 3 mm diameter was found

to be optimal at reducing wastage.19 In comparison, Hoang and

Huong81 found 60 g P. ornatus juveniles had the lowest mortalities

when fed with noodle-shaped pellet feeds with a diameter of 1.5 mm

diameter. Another method to optimise formulated feeds is to use stoi-

chiometric bioenergetics to determine metabolic energy substrate

use, this will improve feeding regimes and therefore protein-sparing

and growth performance. Stoichiometric bioenergetics consist of mea-

suring nitrogenous excrement and respiratory gas levels, this can then

be used to determine metabolic energy substrate use.82

Furthermore, the inclusion of krill meal has been favourable when

incorporated into P. ornatus feeds. Krill has high levels of carotenoid

pigments and high free amino acids and peptides content that

increase the visual attractiveness of the feed. Moreover, krill have

similar fatty acid and amino acid profiles to P. ornatus, therefore, pro-

viding essential nutrients.83 Similarly, the use of probiotics, prebiotics

and symbiotics need to be investigated for the beneficial effects they

can provide. Their inclusion in H. gammarus diets has been extremely

positive with significant increases in growth, survival and stress

resistance.84

4.5 | Nutrient digestibility

The consumption of formulated feed by juvenile southern rock lobster

(J. edwardsii) is seemingly limited by the small foregut found in many

spiny lobsters, the expansion of feeds post-immersion and the long

digestion time. These limitations result in a daily food consumption

amounting to a single foregut which is approximately 2–3% of the lob-

sters' body weight.20 If this physiological trait is similar in P. elephas,

improving the digestibility and utilisation of proteins, carbohydrates

and lipids will be vital in producing an effective feed. Protein solubility

has been suggested as a key factor in J. edwardsii protein digestion,

with methods such as freeze-drying or low-temperature drying

(<60�C) to increase fish meal solubility also proposed. The initial

assessment of carbohydrate suitability in formulated feeds for spiny

lobsters should be the postprandial glycaemic response as it is a quick

method for obtaining nutritional information on carbohydrates.85 The

carbohydrates most digestible in J. edwardsii are carboxymethyl cellu-

lose and the polysaccharides dextrin, mussel glycogen and gelatinised

starches.86 This suggests carboxymethyl cellulose could be used as a

binding agent in spiny lobster formulated feeds.87 Although develop-

ing an appropriate feed has been the major barrier to successful spiny

lobster aquaculture, there are also other areas (e.g., health, stocking
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conditions, tank designs) that require attention to maximise survival

and growth rates.

5 | HEALTH AND WELFARE
MANAGEMENT OF PALINURUS ELEPHAS

Maintaining the health and welfare of farmed animals is necessary

for meeting legislative requirements and consumer demands. Poor

farming practices often manifest themselves as physical damages

and/or disease outbreaks in the animals. Unlike other species

(e.g., fish and shrimps), lobsters, in general, are traded as a live food

source. Physical damages, deformities and discolouration on the

shell can often impact consumer acceptability and market value.

Correct stocking densities can reduce these issues, especially in

lobsters that exhibit cannibalism and aggressive behaviour in a

social environment.88 For P. elephas, individuals can naturally live in

solitary or in small groups,6 which differs from the locally found

clawed lobster, H. gammarus. This trait could allow for greater

stocking densities with P. elephas, with less risk of cannibalism or

physical damage as seen in H. gammarus.89

5.1 | Infectious diseases

Most of the infectious diseases identified in the different life stages

of spiny lobsters are opportunistic infections (Table 3). It is also

possible that pathogens could be conveyed into a production facil-

ity by wild specimens, such as establishing a brood stock or collec-

tions of seedstock, e.g., ornate lobsters with latent infections.

These diseases occur when lobsters are either injured during

moulting, post-moulting, inadequately fed, poor nutrition or/and

under stress.86 The latter include poor water quality, sudden tem-

perature change, salinity, handling, transportation, sound and high

stocking densities.90,91 To avoid the onset of infectious conditions,

it is important to provide good water quality during the rearing pro-

cess, but also minimise chronic and acute sources of stress. In addi-

tion, disease surveillance as part of the hatchery and on-growing

facilities' shellfish health management plan and meeting the nutri-

tional requirement of the reared lobster will further prevent disease

outbreaks.92

5.1.1 | Bacterial infections

Bacterial infections are commonly reported in farmed operations and

can lead to high mortalities.93 The early stages in lobster development

are often the most susceptible to bacterial infections, particularly to

Vibrio and Aquimarina pathogen species.92,94

Hatchery vibriosis

Vibriosis refers to any infectious disease caused by the genus Vibrio

(Table 3). It is mainly observed in early life stages and adversely

impacts the survival rate during the hatchery phase. Opportunistic

pathogens, including Vibrio sp., have been described as the causa-

tive agents of phyllosoma vibriosis in Palinurid lobsters.95,96 A sig-

nificant proliferation of potential pathogens in the hatchery may

result in phyllosoma vibriosis.97 There are four main compartments

from the larval rearing system that contribute to bacterial growth,

including pathogenic Vibrio species: water column in the tank, bio-

film formation, the use of live feeds such as Artemia, and the phyl-

losoma themselves.95 Phyllosoma vibriosis can occur in all the six

larval instars of P. elephas.26 The disease occurs fast as Vibrio

grows inside the phyllosoma, leading to larval death.98 Transmis-

sion routes include cannibalism of infected larvae and ingestion of

contaminated food sources.92 It has been reported that high mor-

tality rates of �90% have been observed 2 to 4 days post-

infection.99

Tail fan necrosis

Tail fan necrosis, also known as tail infection, is a common form of

shell disease in both juvenile and adult spiny lobsters, including

P. elephas (Table 3). This condition was predominantly described in an

aquaculture research facility by Mancuso et al. (2010). It starts with a

lesion or abrasion on the carapace caused by an injury.100 The infec-

tion is characterised by the appearance of melanised and erosive

lesions on the tail fan (Figure 3). Microscopically, an inflammatory

response occurs associated with melanisation, as well as pseudo-

membrane formation.100,101 The natural microbiota of the lobster

body is believed to be responsible for causing shell diseases, acting as

opportunistic pathogens.101 Chitinolytic bacteria are recognised as

causative agents of this shell disease.93,100 Mild cases of tail fan

necrosis commonly do not lead to death. However, secondary infec-

tions increased the chance of mortality and morbidity. The unattrac-

tive aspect of a damaged carapace negatively affects its market price.

Whereby rather than being sold as a live animal, the damaged animal

is classed as a lower grade for prepared meals, preserved or

canning.102

Other bacterial infections

Despite not being described in P. elephas, other bacterial infections

may be a potential health risk for farmed European spiny lobster. Sur-

veillance programmes and good health practices should be in place to

avoid the spread of potential pathogens in the European spiny

lobster.

Milky haemolymph disease (MHD) has affected tropical, juvenile

and adult spiny lobster species, particularly in P. ornatus, P. homarus

and P. stimpsoni.103 Four rickettsia-like bacteria species has been

recognised as the causative pathogens.104 High turbidity and milky

appearance of the haemolymph of infected animals can be observed

when a high loading of the pathogen invades the haemolymph.103,104

Affected lobsters often become lethargic and anorectic, and individ-

uals soon die after the clinical signs are displayed.103 Although the dis-

ease has so far been reported in farmed lobsters in Vietnam. Other

diseases may also lead to milky haemolymph, e.g., Panulirus argus virus

1 and protozoan infections.93,105
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The so-called Gaffkemia (or red tail disease) is a systemic infec-

tion that has primarily been reported in homarid lobsters

(e.g., H. americanus and H. gammarus, Table 3).93 The condition is cau-

sed by the bacterium Aerococcus viridans (var.) homari and is associ-

ated with the low health status of the larvae, inadequate water quality

and high stocking densities.106 Palinurid lobster species are believed

to be highly resistant to A. viridans (var.) homari infections, as observed

in challenge infections in the Caribbean (P. argus) and California spiny

lobsters (P. interruptus).93,96

5.1.2 | Viral infections

Viral diseases in Palinurid lobsters are rarely reported. It has been

suggested that the limited viral diseases found in lobsters including

Palinurid are because it is receiving limited research attentio.93

Although so far, two viruses are known to infect Palinurid lobsters.

Panulirus argus virus 1

The P. argus virus (PaV1) is a lethal, naturally occurring pathogen in

juvenile and adult Caribbean spiny lobster (P. argus). The virus can

be found widespread on the Western coast of the Atlantic Ocean,

from Bermuda to Brazil, with a prevalence ranging from 5 to

37%.107,108 The infection has been reported in two culture facili-

ties in the state of Florida, USA. The disease is observed in benthic

juveniles, which die due to metabolic exhaustion after 5 to 7 days

displaying the clinical signs.108 After 30 to 80 days post-infection,

mortalities can reach up to 100%.109 Although the virus pathogen

affects spiny lobsters, it has been reported that adult lobster indi-

viduals in different species are commonly asymptomatic car-

riers.108 It has been identified that disease transmission primarily

occurs through direct contact, waterborne, ingestion of infected

tissue and inoculation. Avoidance behaviour can be observed in

uninfected lobsters, which chemically detect and avoid proximity

to diseased lobsters. Such avoidance behaviour occurs as soon as a

lobster individual becomes infectious.93

White spot syndrome

Spiny lobsters, including P. elephas, are not a natural host to the

white spot syndrome virus (WSSV). Nevertheless, WSSV has been

identified in different organs (inc. epidermis, gills, hepatopancreas,

stomach) in experimentally infected Palinurid lobster species

including P. homarus, P. longipes, P. ornatus, P. penicillatus and

P. versicolor.93 Natural infections have been described in

P. longipes, P. ornatus, P. polyphagus and P. versicolor.110,111

Infected lobster individuals did not present clinical signs of disease

for over 70 days.110 As such, both European Food Safety Authority

(Council Directive 2006/88/EC) and the World Organisation for

Animal Health-OIE112 declared that all decapod crustaceans are

susceptible host species. Furthermore, it has been suggested that

Palinurid lobsters (inc. P. elephas) may be a reservoir of the virus

and an asymptomatic carrier.93

5.1.3 | Fungal infections

Despite few studies devoted to marine fungi, this group of potential

pathogens are found in all marine habitats, and their biomass is hypo-

thesised to surpass even the level of bacterial biomass in the

wild.113,114

Fusarium sp.

Fusarium sp. is a terrestrial fungal genus with opportunistic pathogenic

species (e.g., F. solani) that can infect adult spiny lobsters, leading to

death just before or during moulting.91 The fungus invades the lobster

body through damaged cuticles or dead tissues.91,115 The condition is

mostly observed in farmed lobsters; however, it has also been

described in wild individuals, e.g., P. cygnus.91,116 Proximity to wood

and poor water quality especially in high organic load is believed to

induce the disease.

Oomycetes

Oomycetes are saprophytic fungus-like eukaryotic microorganisms

that are widespread in different ecosystems. A small number of patho-

genic marine oomycetes are known to infect palinurid lobsters. They

mainly infect the lobster eggs and larvae and are rarely reported in

adult animals.93 One of these pathogens, Haliphthoros mildfordensis,

has been associated with mortalities in spiny lobster aquaculture facil-

ities.116 To the authors' knowledge, oomycetes have not been

reported infecting the European spiny lobster (P. elephas).

Microsporidiosis

Microsporidians have been found in wild spiny lobsters, e.g., P. argus,

P. cygnus and P. ornatus.116,117 The microsporidians can infect the

muscle tissue. The typical clinical sign of the disease is a milky muscle

with a cooked appearance due to the heavy microsporidia infection.

For this reason, the condition is also known as ‘white tail’ or ‘cotton
disease’.117,118

5.2 | Farming welfare

5.2.1 | Farming-related stressors

Farm machinery and equipment such as tank circulation pumps, pro-

tein skimmers, air blowers or aeration paddles can all emit an array of

sounds and vibrations into the water column and rearing tanks. This

could potentially have implications on farmed animals' growth perfor-

mance, health and survival. For instance, it has been observed that

lobsters have a higher locomotive activity when exposed to the boat

and other underwater noises.129 Subsequent analysis on noise-

exposed animals' total haemocyte counts (e.g., hyalinocytes,

semigranulocytes and granulocytes) showed these were up to 30%

lower than non-audio stimuli animals. The embryonic development in

spiny lobsters was not affected by the noise or vibrations.130 Never-

theless, sensitivity to underwater noise in the on-growing of
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P. elephas means that farms will need to be strategically designed and

built to minimise or even eliminate noise and vibrations-induced

stresses.

Similarly, photoperiods, light intensity, nutrient loading, tempera-

ture and other water parameters, e.g., dissolved oxygen will need to

be optimised to maintain a health and welfare status in the farmed

populations. For example, at a low temperature of 10.5�C, the early

stage of J. edwardsii development did not progress beyond phyllosoma

stage II.131 Juvenile southern rock lobster (J. edwardsii) exposed to

constant light or darkness suppressed animal activity and lower food

consumption rates compared with a lighting regime of 12:12, light:

dark photoperiod.132

5.2.2 | Stocking density and rearing conditions

Another aspect of good animal husbandry is achieving the optimal

stocking density and stocking conditions for the specific species. This

includes stocking density management, as well as providing an envi-

ronment in which animals feel safe and free from threat.

Spiny lobsters can be reared at high densities; however, it is

advised that suitable habitat is set up within tanks to ensure peaceful

and stress-free cohabitation. The optimum stocking density of spiny

lobsters is unknown for many spiny lobster species, including the

European spiny lobster. For the ornate spiny lobsters, they can toler-

ate high stocking densities with �80 adult individuals being reported

in a single sea cage (4 � 4 m).133 Furthermore, communal rearing has

even been seen to increase the specific growth rate in juvenile ornate

spiny lobsters.79 Trials have also shown that under farm raceway con-

ditions, ornate lobsters can tolerate densities from 14 to 43 kg m�2,

without compromising survival rates.78,134

It is widely accepted that in the wild, P. elephas favours a habitat

with an abundance of holes, crevices and overhangs in which to take

shelter. Díaz et al. (2001) monitored the preferred substrate of juve-

nile spiny lobsters after settlement in the western Mediterranean

Sea.4 Results indicated that recently settled juveniles were primarily

found in holes carved into the rock by date mussels (Lithophaga lit-

hophaga) on surfaces that were either vertical or had a significant

overhang. As individuals grew, however, the size of date mussel holes

made them a less suitable shelter, thus it has been reported that adult

lobsters upgrade from small holes to larger spaces for shelter

(e.g., under rocks and boulders). European spiny lobsters have also

shown a strong preference to shelter shape and size. It was found that

55% of captive juvenile spiny lobsters favoured a semi-circular shelter

shape, compared with 16.5% for square and 11% for circular shel-

ters.135 Further tests found a positive linear trend between the diame-

ter of the favoured shelter and carapace length. The study also

determined that 63% of individuals favoured a shelter inserted into an

overhang of 35� vs. a shelter inserted into a vertical structure. It may

be of benefit to incorporate natural substrate to mimic a wild environ-

ment. For P. homarus juveniles, there was a preference for triangular-

shaped shelter over PVC piping, square and tube-shaped shelters.136

Other studies have shown that shelters suspended in the water

column at open-water sea sites significantly increased survival rates in

spiny lobsters.17,137,138 Adding shell and sand into the rearing systems

of European claw lobster (H. gammarus) has been shown to aid their

claw development during stages 5–7.139 This technique of environ-

mental enrichment could also be applied to P. elephas resulting in

healthier and hardier individuals.

High mortalities have been observed in captive crustaceans sub-

jected to unsuitable handling and housing conditions.140 Thus, a suit-

able shelter must be available in the rearing environment of both the

correct shape and size to facilitate wild type behaviour and reduce the

potential for stress on housed individuals. This could be achieved by

providing hides made from plastic piping and earthenware,141 which

would not only provide shelter but also create an artificial reef habitat

by enabling microflora to settle.142 In addition, sufficient space should

be left clear for individuals to carry out foraging behaviour.

5.2.3 | External shell fouling

Shell fouling typically affects lobster larvae, including Palinurid's phyl-

losoma stage. For example, the filamentous marine bacterium Leu-

cothrix mucor is recognised as one of the main agents for shell fouling.

Other microorganisms may be associated with the condition, such as

the protists (Zoothamnium sp., Vorticella sp. and Acinata sp.), filamen-

tous bacteria (e.g., Thiothrix sp.) mesomycetozoeans, cyanobateria

(e.g., Lyngbya sp.), parasites and eco-symbionts (e.g., Lepas sp., cestode

larvae, copepods, nematodes, worms), and fungi.116,118,143,144 Fouling

organisms are typically evident in the gill chamber of lobsters before

moult occurs or at the terminal moulting stage (Figure 1C).118 The

consequences of fouling are lower oxygen uptake and increased ener-

getic demand for swimming.91 Additionally, the condition impairs the

phyllosoma feeding ability by interfering with food capture and the

mastication process. Overall, this has a negative impact on the ani-

mal's nutrition, prolonged inter-moult stage, and favours the prolifera-

tion of opportunistic pathogens.96

In the wild, Palinurid lobsters live primarily in oligotrophic waters,

with little dissolved organic matter or suspended solids. Thus, if there

is an increase in the particulate organic matter (e.g., due to low feed

quality) or silt in the water column, this could potentially foul the setae

on the thoracic appendages during larval stages.96 Consequently, a

heavy bloom of fouling organisms would impact larval locomotion and

their ability to stay in the water column, leading to the phyllosoma

slowly sinking and ultimately death. Fouling organisms can be com-

monly found in seawater systems and phyllosoma cultures. As such, it

has been suggested that appropriate system water treatment

(e.g., seawater pasteurisation for algal cultures, UV, or ozonation) and

effective system designs are used to prevent bloom formation.92

As particulates can foul the setae during phyllosoma stages, water

low in particulates should be used in the aquaculture of this species

such as that achieved through microfiltration membranes.145 The use

of ozonation as water treatment has been reported to have detrimen-

tal effects by causing deformities in P. elephas larvae and subsequent

mortalities. It has been suggested that this is maybe due to a
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reduction in essential nutrients, e.g., oxidation of unsaturated fatty

acids and vitamins.63

To reduce biofouling and settlement of the early larval stages, it is

imperative that the larvae remain suspended in the water column, but

more importantly, that contact with other larval individuals is reduced

as they are prone to cannibalism and their appendages clumping

together. At least six different tank designs have been examined for

their suitability for phyllosoma rearing, including:

(a) Horizontal gyre,

(b) Vertical upweller – cone,

(c) Vertical upweller – column,

(d) Vertical kreisel,

(e) Raceway and,

(f) Parabolic tank.

These designs have incorporated different directions of water

flows, current speeds, flow rates, recirculation and flowthrough provi-

sion of water, static and periodic bulk water exchange.96 The primary

aims of these system parameters are (1) increasing the availability of

food, (2) maintaining larval suspension in the water column, (3), and

ensuring larvae separation to avoid cannibalism. The horizontal gyre

has a circulating water flow maintained by airlift pumps, this keeps

feeds suspended in the water column and larvae evenly dispersed.146

The use of aeration may not be beneficial as it can damage larvae

while not providing enough circulation resulting in the larvae aggre-

gating at the bottom of the tank.147 It has been reported that

J. edwardsii larvae have been reared in a vertical upweller—column

with some success.148 This design uses vertical water flow to maintain

the larvae in suspension and is appropriate for live feeds, survival was

>60% to late-stage larvae. Murakami et al.149 used a vertical kreisel to

rear P. japonicus, the advantage of which is that it increased the

encounters of the larvae with the mussel gonad feed. Unfortunately,

it also increases the contact between larvae. Compared with the

bowl-shaped tanks previously used, the survival rate almost tripled

but the number of larvae with damaged limbs also increased. Mass

mortalities of H. gammarus have occurred for unknown reasons using

parabolic tanks and therefore given there are other options their use

in larval rearing seems ill-advised.150

5.2.4 | Gut health

The gut microbiome plays a critical role in the overall health of the

host organism. This has major implications that include impacts on

growth, digestion, immune response and resistance to pathogens.94

The core gut microbiome of P. ornatus is dominated by Tenericutes

and Proteobacteria, with Vibrionaceae also being commonly found in

the intestinal tract, which likely plays a role in digestion.151 In-depth

studies on P. elephas gut microbiota are however limited, but infer-

ences can be made with other species where data exists from recent

investigations. Microbial colonisation of the gut is derived from the

surrounding environment.152 A recent study by Holt et al.153 com-

pared the microbial gut communities in H. gammarus cultured on land

and at sea. The sea-based lobsters had gut microbiota with

significantly higher species richness and diversity. Gut microbiota can

notably affect the overall health of the host. H. gammarus individuals

lacking diversity in gut microbiota were found to be more susceptible

to the viral pathogen H. gammarus nudivirus (HgNV). This suggests

that sea-based aquaculture could potentially be beneficial to the

health of organisms and that for land-based systems providing a

diverse diet for juveniles to seed the gut microbiota may be neces-

sary.154 We can also assume that more attention could be given in

future to the use of functional feed additives such as prebiotics and

probiotics in formulated diets, that may assist in promoting robustness

and performance in the rearing to P. elephas. This is comparable to

commercial shrimp farming where functional ingredients that act upon

the gut health and microbiome structure are already being widely

employed.

6 | CREATING A SUSTAINABLE LOBSTER
FARMING MODEL

Ranching is the stocking of an organism with the explicit interest of

removing the organisms after it has grown, this differs from stock

enhancement that seeks to increase wild stocks.154 The ranching of

European spiny lobsters could be financially feasible, with current

trading market prices potentially offsetting the time and resource

investment in such commercial rearing. This method has been

implemented with H. gammarus where released individuals were suc-

cessfully recaptured above the no catch size limits.155 The cost–

benefit of ranching lobsters has been questioned, the primary concern

being that overall recapture rates from these projects were below

5%.156 Given the difficulties previously mentioned (wild juvenile avail-

ability etc), we believe the most sustainable option is to create a

closed production model, requiring a hatchery to facilitate year-round

production of eggs and larvae. For a hatchery to be successful it will

require appropriate diets, suitably designed systems and the ability to

maintain high water quality.

From this basis, a breeding programme could be formed. To

develop a breeding programme for P. elephas, wild broodstock should

be captured and on-reared in a hatchery facility. These should be

screened to ensure there is a broad genetic base upon which to build

the programme. The conditions in broodstock tanks (e.g., temperature,

pH, salinity, dissolved oxygen, photoperiod, stocking densities, hides/

shelters, male: female ratio) must be optimised to prevent stress.

Furthermore, adult lobsters require conditioning (optimal nutrition

over the period where gonads develop) to ensure optimal gonadal

maturation, which must also be investigated to understand species-

specific requirements. This should include evaluations of steroid

hormones and fatty acids requirements.

In parallel, genetic samples should be taken to establish if produc-

tion/harvest traits of economic value can be selected into the breed-

ing line. These traits have been estimated, in crustaceans, to improve

by up to 10% per generation through selective breeding.157

Vijayakumaran et al.158 developed a broodstock programme for

P. homarus. By modifying the nutrition and rearing conditions, they
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were able to increase the average number of viable spawnings per

female from <2 to 4 per year. Before selective breeding and genetic

improvement can commence it will be necessary to:

(1) Produce F1 and F2 cohorts of lobster, i.e., close the production

loop. F1 cohorts are lobsters bred from wild lobsters, F2 cohorts are

bred from two F1 lobsters.

(2) Estimate genetic variation within the broodstock (to determine

effective population size).

(3) Calculate heritability estimates of key traits.

Once these have been established it will be possible to selectively

plan breeding cycles to produce genetically superior lobsters with the

desired traits. This is an essential part of producing a sustainable aqua-

culture system as it does not rely upon extracting spiny lobsters from

the natural environment, which is currently the norm in other parts of

the world, to provide for the industry.133

To add further justification in creating a long-term farm

broodstock for aquaculture is the fact that some European countries

prohibit the capture of berried females. While others, like the UK,

explicitly prohibit the landing of European spiny lobsters while the

females are berried (UK Statutory Instrument 2000 No.874), except

for exclusively used in research and restocking purposes.159 This

could ultimately have implications for countries that do not have the

legal mechanism to allow wild individuals to be used as broodstock

and a stock enhancement programme.

The production of settled lobsters from a hatchery operation will

lead to the on-growing stage into market size adult lobsters. The tech-

nical challenge will be to grow the lobsters using an economically via-

ble method, particularly feeding, as it takes 2–3 years to grow into the

market size, such difficulties have been seen in H. gammarus on-grow-

ing.161 With further information (e.g., on biology and economics), it

will be possible to calculate specific growth rates and feed conversion

ratio parameters to optimise cost-effectiveness and predict trajecto-

ries for attaining harvest-size spiny lobsters (Figure 4, 2b). On-growing

of ornate spiny lobster in Vietnam typically uses ‘trash’ fish

(e.g., trimmings or low-value fish) to feed the animals; however, this

can have an impact on water quality, disease transmission risk and

poor growth performance.133 For low-value fish, the FCR was calcu-

lated between 12 and 25 depending on the year and affected by the

nutrient variability/limitations in low-value fish being fed to the lob-

sters.162 In addition to diet, the design of the production facility needs

to be considered if the farming operation is to be economically viable,

biosecure and overall fit for purpose. While it may also warrant

F IGURE 4 (a) The potential of European spiny lobster (Palinurus elephas,). Times were measured from the point of hatching, except for the
egg incubation period. Duration of developmental stages taken from previous published studies.5,6,23,26 The time to Market size adults and
broodstock was based upon wild growth rates, average fecundity size6,26 and minimum size legislation.160 Production cycle; (b) in comparison
with current farmed ornate spiny lobster (Palinurus ornatus). Time to market size adult is from on-growing in captivity.133 Potential inputs (1 and
4) and outputs of this farming cycle (2a, 2b and 3)
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cultivating spiny lobster in a communal setting to improve growth per-

formance and behaviour, as this was observed in Sagmariasus ver-

reauxi spiny lobsters.163

The use of recirculating aquaculture systems (RAS) has been highly

advocated as the future for the aquaculture industry, growing aquatic

species in a controlled manner to mitigate disease risk, wastewater

effluent impact, environmental impact through the potential of farming

closer to the consumer demand (e.g., towns and cities) and an array of

other benefits.89,164 Overall, there is a higher degree of control for opti-

mising the production system. However, the initial capital investment

(e.g., capital RAS equipment and equipment consumables) and running

cost (e.g., heating/chilling the water, electricity demand for circulation

pumps, ozonation, ultraviolet light sterilisation) are typically higher than

on-growing in sea cages.165 The use of robotics and artificial intelli-

gence could reduce labour costs and maximise feeding. In Norway, this

has been put into practice with the production of European lobsters

(H. gammarus). This technology is used for the feeding of individual lob-

sters, welfare control, tracking moulting rate and monitoring survival,

growth, and harvest time.166 This approach should guarantee a more

uniform and consistent product at a more stable price than that of sea-

sonal and unpredictable wild catches. Moreover, with continuing refine-

ments such as the development of more efficient lobster production

techniques and an increase in survival rate to market size, the farmed

lobster wholesale price could be comparable or lower than wild fished

individuals.

In contrast, farming lobsters out at sea could require less capi-

tal investment, but they would also be exposed to potential disease

outbreaks, toxic algal blooms and reduced growth caused by lower

seasonal sea temperatures during the winter months. An integrated

multitrophic aquaculture (IMTA) system is the concept of co-

rearing at least two trophic levels of aquatic organisms where there

is intentionally managed energy exchange (i.e., food) within the

same water body. There is a fed species (e.g., finfish) cultivated

alongside extractive species such as suspension or deposit

feeders.167 IMTA can be coastal or offshore with suggestions that

the latter has less concentrated environmental impacts.168 The on-

growing of lobsters at sea in an IMTA model could compensate for

the reduced growth performance with several advantages. Subse-

quently, the potential rearing of spiny lobsters adjacent to fish sea

cages (e.g., seabass, salmon and sea bream) could allow passive

feeding of the lobsters with the fish waste, e.g., uneaten food and

faecal matter. This is economically beneficial as the cost of feeding

is reduced and lessens the environmental impact by transforming

waste residues into a valuable co-product. This can be illustrated

by a recent study where common juvenile European lobsters

(H. gammarus) were held for 319 days close to salmon sea cages.169

The study showed that the lobsters utilised the salmon waste resi-

dues as a food source through stable isotope analysis; however,

growth performance was not improved or decreased by this farm-

ing strategy. The co-culture dependency would add to the produc-

tion time scale to achieve the optimal harvest weight of lobsters

and would likely be challenging in practice, e.g., disease outbreaks

and treatments on the salmon and changing water temperatures.

Ultimately, any uptake of technologies by the farmer such as a new

method of cultivating practice will need to have a socio-economic

consideration such as local support, acceptance and willingness to

adopt the practice.170

7 | CONCLUSION

In summary, there is a clear justification for farming this species due

to their higher economic value in comparison with many other shell-

fish found in Europe and beyond, but also there are limited wild

stocks. There are more reported wild observation studies than aqua-

culture research for this species. Consequently, this has created

knowledge deficits that would otherwise allow the full realisation of

spiny lobster farming. To address this issue, future studies need to

focus on advancing several crucial areas through the following des-

cending priorities:

Fundamental understanding

1. A comprehensive understanding of P. elephas biology.

2. Closing the P. elephas life cycle, especially the larval stages.

3. Determining the fundamental nutrient requirements of P. elephas

at all stages of the life cycle and applying this knowledge to formu-

lating practical diets for their culture

Establishing commercial productions

4. Novel rearing methods of P. elephas to increase survival rates, wel-

fare and animal robustness to disease and stress.

5. Creating a P. elephas broodstock that is optimised for farming

conditions.

Improving production levels and sustainability

6. Employing novel technologies in culturing P. elephas to enhance

survival, e.g., tank designs and time-release/microencapsulation of

feed nutrients.

7. Use of IMTA and RAS technologies to sustainably rear P. elephas.

While the aquaculture of P. elephas is not currently feasible due to our

incomplete knowledge base to date, targeted research into the afore-

mentioned areas would progress this goal. Given the similar biological

traits of P. elephas to P. ornatus, the authors are confident that the

rearing improvements observed for P. ornatus in recent years can also

be applied to P. elephas. This would result in the addition of a promis-

ing high-value crustacean species to Mediterranean, European and

indeed global markets.

AUTHOR CONTRIBUTIONS

Adam Lien-Kym Yeap: Conceptualization; data curation; formal analy-

sis; investigation; methodology; project administration; visualization;

writing – original draft; writing – review and editing. Cecilia Souza

Valente: Conceptualization; methodology; project administration;

supervision; validation; writing – original draft; writing – review and

editing. Finnian Hartnett: Conceptualization; data curation;

18 YEAP ET AL.HiiiMiiiMi1Miii1ii·rT--------------------------------------



investigation; methodology; validation; visualization; writing – original

draft; writing – review and editing. Ellie Conneely: Data curation; for-

mal analysis; validation; writing – original draft; writing – review and

editing. Majbritt Bolton-Warberg: Conceptualization; data curation;

formal analysis; methodology; supervision; writing – original draft;

writing – review and editing. Simon J Davies: Conceptualization; for-

mal analysis; investigation; methodology; project administration;

resources; supervision; validation; visualization; writing – original

draft; writing – review and editing. Mark Johnson: Formal analysis;

investigation; project administration; supervision; visualization; writing

– original draft; writing – review and editing. Alex H L Wan: Concep-

tualization; data curation; formal analysis; investigation; methodology;

project administration; resources; supervision; validation; visualiza-

tion; writing – original draft; writing – review and editing.

ACKNOWLEDGEMENTS

The authors would like to dedicate this review to the late Dr John

Mercer† (former Director of the Shellfish Research Laboratory,

now Carna Research Station) who carried out the pioneering

work on European spiny lobsters. Furthermore, the authors

would like to acknowledge the declared images used in this

review were from Dr John Mercer† and Carna Research Station's

image library.

CONFLICT OF INTEREST

The authors would like to declare that there is no conflict of interest

relating to the content of this review.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available from the

corresponding author upon reasonable request.

ORCID

Adam L. K. Yeap https://orcid.org/0000-0001-6237-476X

Cecília de Souza Valente https://orcid.org/0000-0001-5389-7809

Ellie-Ann Conneely https://orcid.org/0000-0002-6139-9444

Majbritt Bolton-Warberg https://orcid.org/0000-0002-9030-7991

Mark P. Johnson https://orcid.org/0000-0002-5078-1410

Alex H. L. Wan https://orcid.org/0000-0003-1703-3725

REFERENCES

1. FAO. Global Aquaculture Production. Food and Agriculture Organi-

zation of the United Nations, FAO, Rome, Italy 2021. Available from

https://www.fao.org/fishery/en/collection/aquaculture

[26/11/2021].

2. FAO. Global Capture Production. Food and Agriculture Organization

of the United Nations, FAO, Rome, Italy. 2022. Available from

https://www.fao.org/fishery/statistics-query/en/capture/capture_

quantity [Accessed on 17/02/22]

3. Groeneveld JC, Goñi R. Diaz D. In: Phillips BF, ed. Lobsters: Biology,

Management, Aquaculture and Fisheries. Blackwell Scientific Publica-

tions, Oxford; 2013:326-356.

4. Diaz D, Mari M, Abello P, Demestre M. Settlement and juvenile habi-

tat of the European spiny lobster Palinurus (Crustacea: Decapoda:

Palinuridae). Sci Mar. 2001;65:347-356.

5. Mercer J.P. Studies on the Spiny Lobster (Crustacea, Decapoda,

Palinuridae) of the West Coast of Ireland, with Particular Reference

to Palinurus elephas Fabricius 1787. PhD Thesis, University College

Galway, Galway, Ireland. 1973.

6. Goñi R, Latrouite D. Review of the biology, ecology and fisheries of

Palinurus spp. species of European waters: Palinurus elephas

(Fabricius, 1787) and Palinurus mauritanicus (Gruvel, 1911). Cahiers

de Biologie Marine. 2005;46(2):127-142.

7. Hunter E. Biology of the European spiny lobster, Palinurus elephas

(Fabricius, 1787) (Decapoda, Palinuridea). Crustaceana. 1999;72:

545-565.

8. Mallol S, Díaz D, Sobrado F, Goñi R. First V-notching experience of a

spiny lobster: V-notch recovery and impact on health and growth of

Palinurus elephas. J Crust Bio. 2014;34(1):25-30.

9. Cox S, Johnston D. Feeding biology of spiny lobster larvae and impli-

cations for culture. Rev Fish Sci. 2010;11:89-106.

10. Cau A, Bellodi A, Cannas R, et al. European spiny lobster recovery

from overfishing enhanced through active restocking in fully protec-

ted areas. Sci Rep. 2019;9(1):1-11.

11. Goñi R. Palinurus elephas The IUCN Red List of Threatened Species

2014: e.T169975A1281221. 2014.

12. Spanier E, Lavalli K, Goldstein J, et al. A concise review of lobster

utilization by worldwide human populations from prehistory to the

modern era. ICES J Mar Sci. 2015;72(1):i7-i21.

13. García-Echauri L, Liggins G, Cetina-Heredia P, Roughan M,

Coleman M, Jeffs A. Future Ocean temperature impacting the sur-

vival prospects of post-larval spiny lobsters. Mar Environ Res. 2020;

156:104918.

14. Xu C, Schneider DC. Efficacy of conservation measures for the

American lobster: reproductive value as a criterion. ICES J Mar Sci.

2012;69(10):1831-1839.

15. Williams K. Nutritional requirements and feeds development for

post-larval spiny lobster: a review. Aquaculture. 2007;263(1–4):1-14.
16. Ellis CD, Hodgson DJ, Daniels CL, Boothroyd DP, Bannister RCA,

Griffiths AG. European lobster stocking requires comprehensive

impact assessment to determine fishery benefits. ICES J Mar Sci.

2015;72:i35-i48.

17. Jeffs AG, James P. Sea-cage culture of the spiny lobster Jasus

edwardsii in New Zealand. Mar Freshw Res. 2001;52(8):1419-

1424.

18. Limbourn AJ, Nichols PD. Lipid, fatty acid and protein content of late

larval to early juvenile stages of the western rock lobster, Panulirus

cygnus. Comp Biochem Physiol B Biochem Mol Biol. 2009;152:

292-298.

19. Smith MD, Irvin JS, Mann D. Optimising the physical form and

dimensions of feed pellets for tropical spiny lobsters. In: Williams KC

(eds). Spiny Lobster Aquaculture in the Asia-Pacific Region Proceedings

of an International Symposium held at Nha Trang, Vietnam, December

9- December 10, 2008. Canberra, Australia: Australian Centre for

International Agricultural Research (ACIAR), pp. 157–162.
20. Perera E, Simon C. Digestive physiology of spiny lobsters: implica-

tions for formulated diet development. Rev Aquac. 2015;7(4):

243-261.

21. Goñi R, Quetglas A, Reñones O. Size at maturity, fecundity and

reproductive potential of a protected population of the spiny lobster

Palinurus elephas (Fabricius, 1787) from the Western Mediterranean.

Mar Biol. 2003;143:583-592.

22. La MJ. langouste rouge: biologie et exploitation. Pêche Maritime.

1985;64:105-113.

23. Kittaka J, Ikegami E. Culture of the palinurid Palinurus elephas from

egg stage to puerulus. Nippon Suisan Gakkaishi. 1988;54(7):1149-

1154.

24. Sachlikidis NG, Jones CM, Seymour JE. The effect of temperature

on the incubation of eggs of the tropical rock lobster Panulirus

ornatus. Aquaculture. 2010;305:79-83.

YEAP ET AL. 19OfiiMiiifoiiiifiii/iii+ITTt------'---

e 
e 

e 
e 

e 
e 

https://orcid.org/0000-0001-6237-476X
https://orcid.org/0000-0001-6237-476X
https://orcid.org/0000-0001-5389-7809
https://orcid.org/0000-0001-5389-7809
https://orcid.org/0000-0002-6139-9444
https://orcid.org/0000-0002-6139-9444
https://orcid.org/0000-0002-9030-7991
https://orcid.org/0000-0002-9030-7991
https://orcid.org/0000-0002-5078-1410
https://orcid.org/0000-0002-5078-1410
https://orcid.org/0000-0003-1703-3725
https://orcid.org/0000-0003-1703-3725
https://www.fao.org/fishery/en/collection/aquaculture
https://www.fao.org/fishery/statistics-query/en/capture/capture_quantity
https://www.fao.org/fishery/statistics-query/en/capture/capture_quantity


25. Karlovac O. Contribution à la connaissance de la biologie de la lan-

gouste commune (Palinurus elephas Fabr.) (Note préliminaire). Rap-

ports et Procès-Verbaux Des Réunions du CIESMM. 1965;18:181-184.

26. Kittaka J, Kudo R, Onoda S, Kanemaru K, Mercer J. Larval culture of

the European spiny lobster Palinurus elephas. Mar Freshw Res. 2001;

2:1439-1444.

27. Palero F, Abell�o P, Macpherson E, Gristina M, Pascual M. Phy-

logeography of the European spiny lobster (Palinurus elephas): influ-

ence of current oceanographical features and historical processes.

Mol Phylogenet Evol. 2008;48(2):708-717.

28. Goncalves R, Lund I, Gesto M. Interactions of temperature and die-

tary composition on juvenile European lobster (Homarus gammarus,

L.) energy metabolism and performance. Comp Biochem Physiol A

Mol Integr Physiol. 2021;260:111019.

29. Cunningham JT. On the development of Palinurus vulgaris, the

rock lobster or sea crayfish. J Mar Biolog Assoc U K. 1892;2:

141-150.

30. Stella Mare Platform. Stela Mare Platform Press Kit, Laboratorie Stella

Mare 3514 Press Kit. University of Corsica, 2021. Available from

https://www.universita.corsica/wp-content/uploads/2021/06/

Stella-Mare_Press-Kit_may-2021.pdf [Accessed on 01/11/21]

31. Whomersley P, Van der Molen J, Holt D, Trundle C, Clark S,

Fletcher D. Modelling the dispersal of spiny lobster (Palinurus

elephas) larvae: implications for future fisheries management and

conservation measures. Front Mar Sci. 2018;5:58.

32. Priyambodo B, Jones CM, Sammut J. Assessment of the lobster

puerulus (Panulirus homarus and Panulirus ornatus, Decapoda:

Palinuridae) resource of Indonesia and its potential for sustainable

harvest for aquaculture. Aquaculture. 2020;528:735563.

33. Barclay M, Irvin S, Williams K, Smith D. Comparison of diets for the

tropical spiny lobster Panulirus ornatus: astaxanthin supplemented

feeds and mussel flesh. Aquacult Nutr. 2006;12:117-125.

34. Hai ATN, Speelman S. Involving stakeholders to support sustainable

development of the marine lobster aquaculture sector in Vietnam.

Mar Policy. 2020;113:103799.

35. Jones CM. Progress and obstacles in establishing rock lobster aqua-

culture in Indonesia. Bull Mar Sci. 2018;94:1223-1233.

36. Ornatus. Innovate to grow. 2021. Available from https://ornatas.

com.au/science-and-research/ [Accessed 4/6/2021]

37. Smith GG. A dream soon to become a reality? Sustainable farming of

lobsters. In International Aquafeed. Cheltenham, UK: Perendale Pub-

lishers Ltd; 2017;20(7):34–35.
38. Statista. Euro (EUR) to U.S. dollar (USD) exchange rate from January

1999 to December 8, 2021. 2021. Available from https://www.

statista.com/statistics/412794/euro-to-u-s-dollar-annual-average-

exchange-rate/ [Accessed on 01/11/21]

39. Goñi R, Quetglas A, Reñones O. Diet of the spiny lobster Palinurus

elephas of the marine reserve of Columbretes Islands. J Mar Biolog

Assoc U K. 2001;80:1-3.

40. Salud D, Tor A, Díaz D, Mallol S, Goñi R. Isotopic fractionation in

wild and captive European spiny lobsters (Palinurus Elephas). J Crust

Biol. 2012;32(3):421-424.

41. Ansell AD, Robb L. The spiny lobster Palinurus elephas in Scottish

waters. Mar Biol. 1977;43:63-70.

42. Özden Ö, Erkan N. A preliminary study of amino acid and mineral

profiles of important and estimable 21 seafood species. Br Food J.

2011;113(4):457-469.

43. Johnston DJ, Calvert KA, Crear BJ, Carter CG. Dietary

carbohydrate/lipid ratios and nutritional condition in juvenile south-

ern rock lobster. Jasus Edwardsii. Aquaculture. 2003;220(1–4):
667-682.

44. Wang S, Carter CG, Fitzgibbon QP, Codabaccus BM, Smith GG.

Effect of dietary protein on energy metabolism including protein

synthesis in the spiny lobster Sagmariasus verreauxi. Sci Rep. 2021;

11:11814.

45. Kanazawa A, Koshio S. Lipid nutrition of the spiny lobster Panulirus

Japonicus (Decapoda, Palinuridae): a review. Crustaceana. 1994;

67(2):226-232.

46. Wang M, MacKenzie AD, Jeffs AG. Lipid and fatty acid composition

of likely zooplankton prey of spiny lobster (Jasus edwardsii) phyl-

losomas. Aquac Nutr. 2014;21(4):385-400.

47. Kampouris TE, Asimaki A, Klaoudatos D, Exadactylos A,

Karapanagiotidis IT, Batjakas IE. Nutritional quality of the European

spiny lobster Palinurus elephas (JC Fabricius, 1787)(Achelata,

Palinuridae) and the non-indigenous northern brown shrimp Penaeus

aztecus Ives, 1891 (Dendrobranchiata, Penaeidae). Foods. 2021;

10(10):2480.

48. Mykles DL. Ecdysteroid metabolism in crustaceans. J Steroid Biochem

Mol Biol. 2011;127(3–5):196-203.
49. Castell JD, Mason EG, Covey JF. Cholesterol requirements of juve-

nile American lobster (Homarus americanus). J Fish Board Can. 1975;

32(8):1431-1435.

50. Irvin SJ, Williams KC, Barclay MC, Tabrett SJ. Do formulated feeds

for juvenile Panulirus ornatus lobsters require dietary cholesterol

supplementation? Aquaculture. 2010;307(3–4):241-246.
51. Allen DD, Gatlin DM III. Dietary mineral requirements of fish and

marine crustaceans. Rev Fish Sci. 1996;4:75-99.

52. Dörr AJM, Pacini N, Abete MC, Prearo M, Elia AC. Effects of a

selenium-enriched diet on antioxidant response in adult crayfish

(Procambarus clarkii). Chemosphere. 2008;73:1090-1095.

53. Wuest DM, Hou S, Lee KH. In: Moo-Young M, ed. Comprehensive

Biotechnology. 2nd ed. Academic Press; 2011:621-622.

54. NRC. Nutrient Requirements of Fish and Shrimp. Animal Nutrition

Series, National Research Council of the National Academies. Vol 376.

The National Academies Press; 2011.

55. Wade M, Gabaudan J, Glencross B. A review of carotenoid

utilisation and function in crustacean aquaculture. Rev Aquac. 2017;

9:141-156.

56. Takashi M, Akimoto N. Carotenoids and their fatty acid esters of

spiny lobster Panulirus japonicas. J Oleo Sci. 2008;57(3):145-152.

57. Chien Y-H, Jeng S-C. Pigmentation of kuruma prawn, Penaeus

japonicus bate, by various pigment sources and levels and feeding

regimes. Aquaculture. 1992;102:333-346.

58. Kim D-Y, Vijayan D, Praveenkumar R, et al. Cell-wall disruption and

lipid/astaxanthin extraction from microalgae: chlorella and

Haematococcus. Bioresour Technol. 2016;199:300-310.

59. Pan C-H, Chien Y-H, Cheng J-H. Effects of light regime, algae in the

water and dietary astaxanthin on pigmentation, growth and survival

of black tiger prawn Penaeus monodon post-larvae. Zool Stud. 2001;

40:371-382.

60. Chien Y, Pan C, Hunter B. The resistance to physical stresses by Pen-

eaus monodon juveniles fed diets supplemented with astaxanthin.

Aquaculture. 2003;216:177-191.

61. Kristiansen TS, Drengstig A, Bergheim A, et al. Development of

methods for intensive farming of European lobster in recirculated

seawater: results from experiments conducted at Kvitsøy lobster

hatchery from 2000 to 2004. 2004. Available from https://imr.

brage.unit.no/imr-xmlui/bitstream/handle/11250/112621/fh_

2004_06.pdf?sequence=1&isAllowed=y Accessed on [26/11/2021]

62. Fletcher D. Commercial culture of the European spiny lobster - will

it be viable? In: Shellfish Association of Great Britain Annual Confer-

ence, Fishmonger's Hall, London, UK. May 19–May 20 2015.

63. Francis DS, Salmon ML, Kenway MJ, Hall MR. Palinurid lobster

aquaculture: nutritional progress and considerations for successful

larval rearing. Rev Aquac. 2013;6:180-203.

64. Kittaka J. In: Phillips BF, Cobb JS, Kittaka J, eds. Spiny Lobster Man-

agement. Fishing News Books, Oxford, UK; 1994:402-423.

65. Glencross B, Smith M, Curnow J, Smith D, Williams K. The dietary

protein and lipid requirements of post-puerulus western rock lob-

ster. Panulirus Cygnus Aquaculture. 2001;199:119-129.

20 YEAP ET AL.HiiiMiiiMi1Miii1ii·rT--------------------------------------

https://www.universita.corsica/wp-content/uploads/2021/06/Stella-Mare_Press-Kit_may-2021.pdf
https://www.universita.corsica/wp-content/uploads/2021/06/Stella-Mare_Press-Kit_may-2021.pdf
https://ornatas.com.au/science-and-research/
https://ornatas.com.au/science-and-research/
https://www.statista.com/statistics/412794/euro-to-u-s-dollar-annual-average-%20%20%20%20%20%20%20%20exchange-rate/
https://www.statista.com/statistics/412794/euro-to-u-s-dollar-annual-average-%20%20%20%20%20%20%20%20exchange-rate/
https://www.statista.com/statistics/412794/euro-to-u-s-dollar-annual-average-%20%20%20%20%20%20%20%20exchange-rate/
https://imr.brage.unit.no/imr-xmlui/bitstream/handle/11250/112621/fh_2004_06.pdf?sequence=1&isAllowed=y
https://imr.brage.unit.no/imr-xmlui/bitstream/handle/11250/112621/fh_2004_06.pdf?sequence=1&isAllowed=y
https://imr.brage.unit.no/imr-xmlui/bitstream/handle/11250/112621/fh_2004_06.pdf?sequence=1&isAllowed=y


66. Smith D, Williams K, Irvin S, Barclay M, Tabrett S. Development of a

pelleted feed for juvenile tropical spiny lobster (Panulirus ornatus):

response to dietary protein and lipid. Aquacult Nutr. 2003;9:

231-237.

67. Ward L, Carter C, Crear B, Smith D. Optimal dietary protein level for

juvenile southern rock lobster, Jasus edwardsii, at two lipid levels.

Aquaculture. 2003;217:483-500.

68. Goncalves R, Lund I, Gesto M, Skov PV. The effect of dietary pro-

tein, lipid, and carbohydrate levels on the performance, metabolic

rate and nitrogen retention in juvenile European lobster (Homarus

gammarus, L.). Aquaculture. 2020;525:735334.

69. Hinchcliffe J, Powell A, Langeland M, et al. Comparative survival and

growth performance of European lobster Homarus gammarus post-

larva reared on novel feeds. Aqua Res. 2020;51:102-113.

70. Cornell JA. Experiments with Mixtures. 2nd ed. Wiley; 1990.

71. Hamre K, Mangor-Jensen A. A multivariate approach to optimization

of macronutrient composition in weaning diets for cod (Gadus

morhua). Aquacult Nutr. 2006;12(1):15-24.

72. Johnston MD, Johnston DJ. Stability of formulated diets and feeding

response of stage i western spiny lobster, Panulirus cygnus.

Phyllosomata J World Aquac Soc. 2007;38(2):262-271.

73. Tsai C-C, Jong H, Chen Y-L. Preparation of double-encapsulated

microcapsules for mitigating drug loss and extending release.

J Microencapsul. 2001;18(6):701-711.

74. Barroso MV, De Carvalho CVA, Antoniassi R, Cerqueira VR. Use of

the copepod Acartia tonsa as the first live food for larvae of the fat

Snook Centropomus parallelus. Aquaculture. 2013;388:153-158.

75. Rasdi NW, Qin JG. Improvement of copepod nutritional quality as

live food for aquaculture: a review. Aquacult Res. 2014;47(1):1-20.

76. Williams KC. Nutritional requirements of juvenile Panulirus ornatus

lobsters. ACIAR Proceedings Series. 2009;2009(132):131-146.

77. Hernández M, Lajonchère A. Culture experiments with Oithona

oculata Farran, 1913 (Copepoda: Cyclopoida), and its advantages as

food for marine fish larvae. Aquaculture. 2003;219(1–4):471-483.
78. Drillet G, Frouël S, Sichlau MH, et al. Status and recommendations

on marine copepod cultivation for use as live feed. Aquaculture.

2011;315:155-166.

79. Jepsen PM, van Someren Gréve H, Jørgensen KN, KGW K,

Hansen BW. Evaluation of high-density tank cultivation of the live-

feed cyclopoid copepod Apocyclops royi (Lindberg 1940). Aquacul-

ture. 2021;533:736125.

80. Sheppard JK, Bruce MP, Jeffs AG. Optimal feed pellet size for cultur-

ing juvenile spiny lobster Jasus edwardsii (Hutton, 1875) in

New Zealand. Aquacult Res. 2002;33(12):913-916.

81. Hoang DH, Huong LL. In: Jones CM, ed. Spiny Lobster Aquaculture

Development in Indonesia, Vietnam and Australia. Proceedings of the

International Lobster Aquaculture Symposium, Lombok, Indonesia:

ACIAR; April 22–April 25 2014, 2015;87–91.
82. Wang S, Carter CG, Fitzgibbon QP, Smith GG. The use of stoichio-

metric bioenergetics to elucidate metabolic energy substrate use

and specific dynamic action in cultured juvenile spiny lobsters (Sag-

mariasus verreauxi) of different nutritional status. Aquaculture. 2021;

532:736021.

83. Marchese G, Fitzgibbon QP, Trotter AJ, Carter CG, Jones CM,

Smith GG. The influence of flesh ingredients format and krill meal on

growth and feeding behaviour of juvenile tropical spiny lobster Pan-

ulirus ornatus. Aquaculture. 2019;499:128-139.

84. Daniels CL, Merrifield DL, Ringø E, Davies SJ. Probiotic, prebiotic

and synbiotic applications for the improvement of larval European

lobster (Homarus gammarus) culture. Aquaculture. 2013;416-417:

396-406.

85. Radford CA, Marsden ID, Davison W, Taylor HH. Haemolymph glu-

cose concentrations of juvenile rock lobsters, Jasus edwardsii, feed-

ing on different carbohydrate diets. Comp Biochem Physiol Part A Mol

Integr Physiol. 2005;140(2):241-249.

86. Simon CJ. Identification of digestible carbohydrate sources for inclu-

sion in formulated diets for juvenile spiny lobsters. Jasus Edwardsii.

Aquaculture. 2009;290(3–4):275-282.
87. Simon CJ. The effect of carbohydrate source, inclusion level of

gelatinised starch, feed binder and fishmeal particle size on the

apparent digestibility of formulated diets for spiny lobster juveniles.

Jasus Edwardsii Aquaculture. 2009;296:329-336.

88. Romano N, Zeng C. Cannibalism of decapod crustaceans and implica-

tions for their aquaculture: a review of its prevalence, influencing fac-

tors, and mitigating methods. Rev Fish Sci Aquac. 2017;25(1):42-69.

89. Drengstig A, Bergheim A. Commercial land-based farming of

European lobster (Homarus gammarus L.) in recirculating aquaculture

system (RAS) using a single cage approach. Aquac Eng. 2013;53:

14-18.

90. Philips BF, Smith RM, Kay MC. Velázquez AV. In: Philips BF,

ed. Lobsters: Biology, Management, Aquaculture and Fisheries.

United Kingdom; 2013:289-325.

91. Evans L. Rock lobster autopsy manual. Aquatic Science Research

Unit: Curtin University of Technology. 2003. Available from https://

espace.curtin.edu.au/bitstream/handle/20.500.11937/38734/

19681_downloaded_stream_199.pdf?isAllowed=y&sequence=2

[Accessed on 12/12/21]

92. Souza Valente C, Wan AHL. Vibrio and major commercially impor-

tant vibriosis diseases in decapod crustaceans. J Invertebr Pathol.

2021;181:107527.

93. Shields JD. Diseases of spiny lobsters: a review. J Invertebr Pathol.

2011;106(1):79-91.

94. Ooi MC, Goulden EF, Trotter AJ, Smith GG, Bridle AR. Aquimarina

sp. associated with a cuticular disease of cultured larval Palinurid

and Scyllarid lobsters. Front Microbiol 2020;11:1-14.

95. Bourne D, Høj L, Webster N, et al. Microbiological aspects of phyl-

losoma rearing of the ornate rock lobster Panulirus ornatus. Aquacul-

ture. 2007;268:274-287.

96. Hall MR, Kenway M, Salmon M, Francis D, Goulden EF. Høj L. In:

Allan G, Burnell G, eds. Advances in Aquaculture Hatchery Technology.

UK; 2013:289-328.

97. Webster NS, Bourne DG, Hall M. Vibrionaceae infection in phyl-

losomas of the tropical rock lobster Panulirus ornatus as detected by

fluorescence in situ hybridisation. Aquaculture. 2006;255(1–4):
173-178.

98. Jones CM. In: Burnell G, Allan G, eds. New Technologies in Aquacul-

ture: Improving Production Efficiency, Quality and Environmental Man-

agement. Woodhead Publishing; 2009:822-844.

99. Goulden EF, Hall MR, Bourne DG, Pereg LL, Høj L. Pathogenicity

and infection cycle of vibrio owensii in larviculture of the ornate

spiny lobster (Panulirus ornatus). Appl Environ Microbiol. 2012;78:

2841-2849.

100. Mancuso M, Costanzo MT, Maricchiolo G, et al. Characterization of

chitinolytic bacteria and histological aspects of shell disease syn-

drome in European spiny lobsters (Palinurus elephas)(Fabricius 1787).

J Invertebr Pathol. 2010;104(3):242-244.

101. Porter L, Butler M IV, Reeves RH. Normal bacterial flora of the spiny

lobster Panulirus argus and its possible role in shell disease. Mar

Freshw Res. 2001;52(8):1401-1405.

102. Jeffs AG, Gardner C. Cockcroft a. In: Philips BF, ed. Lobsters: Biology,

Management, Aquaculture and Fisheries. United Kingdom; 2013:

259-288.

103. OIE. Milky haemolymph disease of spiny lobster (Palinurus spp.).

Office International des Epizooties, Paris, France. 2008. Available

from https://www.oie.int/fileadmin/Home/eng/Internationa_

Standard_Setting/docs/pdf/Milky_20haemolymph_20disease_20of_

20lobsters_20card_20_9-04-08_.pdf [Accessed 12/11/020]

104. Nunan LM, Poulos BT, Navarro S, Redman RM, Lightner DV. Milky

hemolymph syndrome (MHS) in spiny lobsters, penaeid shrimp and

crabs. Dis Aquat Organ. 2010;91(2):105-112.

YEAP ET AL. 21OfiiMiiifoiiiifiii/iii+ITTt------'---

https://espace.curtin.edu.au/bitstream/handle/20.500.11937/38734/19681_downloaded_stream_199.pdf?isAllowed=y&sequence=2
https://espace.curtin.edu.au/bitstream/handle/20.500.11937/38734/19681_downloaded_stream_199.pdf?isAllowed=y&sequence=2
https://espace.curtin.edu.au/bitstream/handle/20.500.11937/38734/19681_downloaded_stream_199.pdf?isAllowed=y&sequence=2
https://www.oie.int/fileadmin/Home/eng/Internationa_Standard_Setting/docs/pdf/Milky_20haemolymph_20disease_20of_20lobsters_20card_20_9-04-08_.pdf
https://www.oie.int/fileadmin/Home/eng/Internationa_Standard_Setting/docs/pdf/Milky_20haemolymph_20disease_20of_20lobsters_20card_20_9-04-08_.pdf
https://www.oie.int/fileadmin/Home/eng/Internationa_Standard_Setting/docs/pdf/Milky_20haemolymph_20disease_20of_20lobsters_20card_20_9-04-08_.pdf


105. Quintana YC, Canul RR, Martínez VMV. First evidence of Panulirus

argus virus 1 (PaV1) in spiny lobster from Cuba and clinical estima-

tion of its prevalence. Dis Aquat Organ. 2011;93(2):141-147.

106. Radhakrishnan EV, Kizhakudan JK, Vijayakumaran M, Vijayagopal P.

Koya, M. In: Radhakrishnan EV, Phillips BF, Achamveetil G, eds. Lob-

sters: Biology, Fisheries and Aquaculture. Singapore; 2019:409-517.

107. Shields JD, Behringer DC Jr. A new pathogenic virus in the Carib-

bean spiny lobster Panulirus argus from the Florida keys. Dis Aquat

Organ. 2004;59(2):109-118.

108. Kibenge FSB. In: Kibenge FSB, Godoy MG, eds. Aquaculture virology.

Academic Press, Amsterdam, The Netherlands; 2016:34-48.

109. Behringer DC, Butler MJ IV, Shields JD. Ecological and physiological

effects of PaV1 infection on the Caribbean spiny lobster (Panulirus

argus Latreille). J Exp Mar Biol Ecol. 2008;359:26-33.

110. Clark KF. Nimaviruses of crustaceans. In: Kibenge FSB, Godoy MG,

eds. Aquaculture Virology. Academic Press, Amsterdam, The

Netherlands; 2016:397-413.

111. Nha VV, Hoa DT, Khoa LV. Black gill disease of cage-cultured ornate

rock lobster Panulirus ornatus in Central Vietnam caused by fusarium

species. Aquac Asia. 2009;14(4):35-37.

112. OIE. White Spot Disease. Office International Des Epizooties. Paris,

France: Office International Des Epizooties; 2009. Available from

https://www.oie.int/fileadmin/Home/eng/Health_standards/aahm/

2009/2.2.05_WSD.pdf [Accessed 12/11/020]

113. Amend A, Burgaud G, Cunliffe M, et al. Fungi in the marine environ-

ment: open questions and unsolved problems. MBio. 2019;10(2):

e01189-e01118.

114. Gladfelter AS, James TY, Amend AS. Marine fungi. Curr Biol. 2019;

29:R191-R195.

115. Raghukumar S. Animals in coastal benthic ecosystem and aquacul-

ture systems. Production. In: Raghukumar S, ed. Fungi in Coastal and

Oceanic Marine Ecosystems. Springer; 2017:163-183.

116. Radhakrishnan EV, Kizhakudan JK. Health Management in Lobster

Aquaculture. In: Radhakrishnan EV, Phillips BF, Achamveetil G, eds.

Lobsters: Biology, Fisheries and Aquaculture. Springer; 2019:571-601.

117. Kiryu Y, Behringer DC, Landsberg JH, Petty BD. Microsporidiosis in

the Caribbean spiny lobster Panulirus argus from Southeast Florida,

USA. Dis Aquat Organ. 2009;84(3):237-242.

118. Ross EP, Behringer DC, Muñoz A, Díaz D, Bojko J. A histological

atlas for the Palinuridae (Crustacea: Decapoda: Achelata): a guide to

parasite discovery and spotting the abnormal in spiny lobsters.

J Invertebr Pathol. 2019;163:21-33.

119. Sang HM, Fotedar R. Effects of mannan oligosaccharide dietary sup-

plementation on performances of the tropical spiny lobsters juvenile

(Panulirus ornatus, Fabricius 1798). Fish Shellfish Immunol. 2010;

28(3):483-489.

120. Kim A, Seid C, McElhiney A, Tlusty M. Treatment of a laboratory-

based model of shell disease in hatchery raised American lobsters

(Homarus americanus). Bull Mar Sci. 2018;94(3):923-943.

121. Zha H. Pathology of tail fan necrosis in the spiny lobster, Jasus

edwardsii. Aspects of the Biology of Tail Fan Necrosis in Spiny Lobster

(Doctoral Dissertation). The University of Auckland; 2018.

122. Davies CE, Wootton EC. Current and emerging diseases of the

European lobster (Homarus gammarus): a review. Bull Mar Sci. 2018;

94:959-978.

123. Karreman GA, Gaunt PS, Endris RG, Saint-Erne N. Therapeutants for

fish. In: Smith S, ed. Fish Diseases and Medicine. CRC Press; 2019:

321-348.

124. Govinfo. Part 529—certain other dosage form new animal drugs.

Federal Register, USA, 2016;81(248)94991–95025. Available from

https://www.govinfo.gov/content/pkg/FR-2016-12-27/pdf/2016-

31083.pdf [31/11/21]

125. Herrera-Salvatierra N, Pascual-Jiménez C, Huchin-Mian JP, et al.

Nutritional and immunological evaluation of juvenile spiny lobsters

Panulirus argus (Latreille, 1804) (Decapoda: Achelata: Palinuridae)

naturally infected with the PaV1 virus. J Crust Biol. 2019;39(2):

162-171.

126. Diggles BK. A mycosis of juvenile spiny rock lobster, Jasus edwardsii

(Hutton, 1875) caused by Haliphthoros sp., and possible methods of

chemical control. J Fish Dis. 2001;4(2):99-110.

127. Kitancharoen N, Hatai K. A marine oomycete Atkinsiella panulirata

sp. nov. from philozoma of spiny lobster, Panulirus japonicus.

Mycoscience. 1995;36(1):97-104.

128. OIE. Infection with Aphanomyces Astaci (Crayfish Plague). Office

International des Epizooties, 2019. Available from https://www.oie.

int/fileadmin/Home/eng/Health_standards/aahm/current/chapitre_

aphanomyces_astaci.pdf [Accessed 12/11/020]

129. Filiciotto F, Vazzana M, Celi M, et al. Behavioural and biochemical

stress responses of Palinurus elephas after exposure to boat noise

pollution in tank. Mar Pollut Bull. 2014;84(1–2):104-114.
130. Day R, McCauley R, Fitzgibbon Q, Semmens J. Seismic air gun expo-

sure during early-stage embryonic development does not negatively

affect spiny lobster Jasus edwardsii larvae (Decapoda:Palinuridae).

Sci Rep. 2016;6:22723.

131. Bermudes M, Ritar AJ. Response of early stage spiny lobster Jasus

edwardsii phyllosoma larvae to changes in temperature and photo-

period. Aquaculture. 2008;281:63-69.

132. Crear BJ, Hart PR, Thomas CW. The effect of photoperiod on

growth, survival, colour and activity of juvenile southern rock lob-

ster. Jasus Edwardsii Aquac Res. 2003;34:439-444.

133. Jones C. Tropical rock lobster aquaculture development in Vietnam,

Indonesia and Australia. J Mar Biol Assoc India. 2010;52:304-315.

134. Jones CM, Linton L, Horton D, Bowman W. Effect of density on

growth and survival of ornate rock lobster, Panulirus ornatus

(Fabricius, 1798), in a flow-through raceway system. Mar Freshw

Res. 2001;52:1425-1429.

135. Gristina M, Fiorentino F, Garofalo G, Badalamenti F. Shelter prefer-

ence in captive juveniles of European spiny lobster Palinurus elephas

(Fabricius, 1787). Mar Biol. 2009;156:2097-2105.

136. Adiyana K, Zulkarnain R, Thesiana L. Physiological response and

growth performance of spiny lobster (Panulirus homarus) juvenile

rearing in recirculating aquaculture system with various shelter type.

Mar Res Indonesia. 2020;45:67-74.

137. Geddes MC, Bryars SR, Jones CM, et al. Determination of the Opti-

mum Environmental and System Requirements for Juvenile and

Adult Rock Lobster Holding and Grow-out. Fisheries Research and

Development Corporation. Report. 2001.

138. Simon CJ, James PJ. The effect of different holding systems and

diets on the performance of spiny lobster juveniles, Jasus edwardsii

(Hutton, 1875). Aquaculture. 2007;266(1–4):166-178.
139. Agnalt AL, Grefsrud ES, Farestveit E, Jørstad KE. Training camp—a

way to improve survival in European lobster juveniles? Fish Res.

2017;186:531-537.

140. Fotedar S, Evans L. Health management during handling and live trans-

port of crustaceans: a review. J Invertebr Pathol. 2011;106:143-152.

141. Eggleston DB, Lipcius RN. Shelter selection by spiny lobster under

variable predation risk, social conditions, and shelter size. Ecology.

1992;73:992-1011.

142. Fitzhardinge RC, Bailey-Brock JH. Colonization of artificial reef

materials by corals and other sessile organisms. Bull Mar Sci. 1989;

44(2):567-579.

143. Payne MS, Hall MR, Sly L, Bourne DG. Microbial diversity within

early-stage cultured Panulirus ornatus phyllosomas. Appl Environ

Microbiol. 2007;73(6):1940-1951.

144. Spanier E, Lavalli KL. In: Philips BF, ed. Lobsters: Biology, Manage-

ment, Aquaculture and Fisheries. Wiley-Blackwell; 2013:414-466.

145. Castaing J, Masse A, Sechet V, et al. Immersed hollow fibres

microfiltration (MF) for removing undesirable microalgae and

protecting semi-closed aquaculture basins. Desalination. 2011;276:

386-396.

22 YEAP ET AL.HiiiMiiiMi1Miii1ii·rT--------------------------------------

https://www.oie.int/fileadmin/Home/eng/Health_standards/aahm/2009/2.2.05_WSD.pdf
https://www.oie.int/fileadmin/Home/eng/Health_standards/aahm/2009/2.2.05_WSD.pdf
https://www.govinfo.gov/content/pkg/FR-2016-12-27/pdf/2016-31083.pdf
https://www.govinfo.gov/content/pkg/FR-2016-12-27/pdf/2016-31083.pdf
https://www.oie.int/fileadmin/Home/eng/Health_standards/aahm/current/chapitre_aphanomyces_astaci.pdf
https://www.oie.int/fileadmin/Home/eng/Health_standards/aahm/current/chapitre_aphanomyces_astaci.pdf
https://www.oie.int/fileadmin/Home/eng/Health_standards/aahm/current/chapitre_aphanomyces_astaci.pdf


146. Sandifer PA, Zielinski PB, Castro WE. A simple airlift-operated tank

for closed-system culture of decapod crustacean larvae and other

small aquatic animals. Helgoländer Wissenschaftliche Meeresunter

suchungen. 1974;26(1):82-87.

147. Calado R, Narciso L, Morais S, Rhyne AL, Lin J. A rearing system for

the culture of ornamental decapod crustacean larvae. Aquaculture.

2003;218:329-339.

148. Illingworth J, Tong LJ, Moss GA, Pickering TD. Upwelling tank for

culturing rock lobster (Jasus edwardsii) phyllosomas. Mar Freshw Res.

1997;48(8):911-914.

149. Murakami K, Jimbo T, Hamasaki K. Aspects of the technology of

phyllosoma rearing and metamorphosis form phyllosoma to puerulus

in the Japanese spiny lobster Panulirus japonicus reared in the labo-

ratory. Bull Jp Fish Res Ed ag. 2007;20:59-68.

150. Beard TW, Wickins JW. Techniques for the Production of Juvenile Lob-

sters (Homarus gammarus). Fisheries Research Technical Report 92.

MAFF Directorate of Fisheries Research. MAFF, Lowestoft, UK; 1992.

151. Goulden EF, Hall MR, Pereg LL, Høj L. Identification of an antagonis-

tic probiotic combination protecting ornate spiny lobster (Panulirus

ornatus) larvae against vibrio owensii infection. PLoS One. 2012;7:

e39667.

152. Rajeev R, Adithya KK, Kiran GS, Selvin J. Healthy microbiome: a key

to successful and sustainable shrimp aquaculture. Rev Aquac. 2021;

13:238-258.

153. Holt CC, van der Giezen M, Daniels CL, Stetinford GD, Bass D. Spa-

tial and temporal axes impact ecology of the gut microbiome in juve-

nile European lobster (Homarus gammarus). ISME J. 2020;14:

531-543.

154. Leber KM, Kitada S, Blankenship HL, Svasand T. Stock Enhancement

and Sea Ranching: Developments, Pitfalls and Opportunities. 2nd ed.

John Wiley & Sons; 2008.

155. MAFF. Lobster Stocking: Progress and Potential. Significant results

from UK lobster restocking studies 1982–1995. MAFF Directorate

of Fisheries Research, Lowestoft 1995;11.

156. Bannister RCA, Addison JT. Enhancing lobster stocks: a review of

recent European methods, results, and future prospects. Bull Mar

Sci. 1998;62:369-387.

157. Jerry D, Purvis I, Piper L. Opportunities for genetic improvement in

crustacean species. Proc Assoc Advmt Anim. 2001;14:55-59.

158. Vijayakumaran M, Murugan TS, Remany MC, et al. Captive breeding

of the spiny lobster, Panulirus homarus. N Z J Mar Freshwater Res.

2005;39(2):325-334.

159. Gov UK. Catching or Landing of Berried Lobsters and Crawfish in

England. Marine management organisation, UK government; 2017.

Available from https://www.gov.uk/government/publications/

catching-or-landing-of-berried-lobsters-and-crawfish-in-england/

catching-or-landing-of-berried-lobsters-and-crawfish-in-england

[Accessed 07/10/2020]

160. Kampouris T, Koutsoubas D, Milenkova D, Economidis G,

Tamvakidis S, Batjakas I. New data on the biology and fisheries of

the threatened Palinurus elephas (Fabricius, 1787) (Decapoda,

Achelata, Palinuridae) from the north-West Aegean Sea. Greece

Water. 2020;12:2390.

161. Hinchcliffe J, Agnalt AL, Daniels CL, et al. European lobster Homarus

gammarus aquaculture: technical developments, opportunities and

requirements. Rev Aqua. 2021;14:919-937.

162. Petersen E, Susanti E, Oktaviani R, Jones C, Diedrich A. Bio-

economics of tropical spiny lobster farming in Indonesia. Aquac Fish

Studies. 2020;2:1-10.

163. Tuzan AD, Fitzgibbon QP, Carter CG, Battaglene SC. Is individual

variation in metabolic rate related to growth of spiny lobster in cul-

ture and what is the influence of social interaction? Aquaculture.

2019;508:66-75.

164. Badiola M, Basurko OC, Piedrahita R, Hundley P, Mendiola D.

Energy use in recirculating aquaculture systems (RAS): a review.

Aquac Eng. 2018;81:57-70.

165. Martins CIM, Eding EH, Verdegem MC, et al. New developments in

recirculating aquaculture systems in Europe: a perspective on envi-

ronmental sustainability. Aquac Eng. 2010;43(3):83-93.

166. Norwegian-lobster-farm. Cracking the lobster farming code!. 2021.

Available from https://norwegian-lobster-farm.com/production/

[Accessed 22/7/21]

167. Troell M, Joyce A, Chopin T, Neori A, Buschmann AH, Fang J-G.

Ecological engineering in aquaculture—potential for integrated

multi-trophic aquaculture (IMTA) in marine offshore systems. Aqua-

culture. 2009;297(1–4):1-9.
168. Buck BH, Troell MF, Krause G, Angel DL, Grote B, Chopin T. State

of the art and challenges for offshore integrated multi-trophic aqua-

culture (IMTA). Frontiers in marine. Science. 2018;5:1-21.

169. Baltadakis A, Casserly J, Falconer L, Sprague M, Telfer TC. European

lobsters utilise Atlantic salmon wastes in coastal integrated multi-

trophic aquaculture systems. Aquac Environ Interact. 2020;12:

485-494.

170. Diedrich A, Blythe J, Petersen E, et al. Socio-economic drivers of

adoption of small-scale aquaculture in Indonesia. Sustainability.

2019;11(6):1543.

How to cite this article: Yeap ALK, de Souza Valente C,

Hartnett F, et al. Barriers in European spiny lobster (Palinurus

elephas) aquaculture: What we know so far? Rev Aquac. 2022;

1‐23. doi:10.1111/raq.12693

YEAP ET AL. 23OfiiMiiifoiiiifiii/iii+ITTt------'---

https://www.gov.uk/government/publications/catching-or-landing-of-berried-lobsters-and-crawfish-in-england/catching-or-landing-of-berried-lobsters-and-crawfish-in-england
https://www.gov.uk/government/publications/catching-or-landing-of-berried-lobsters-and-crawfish-in-england/catching-or-landing-of-berried-lobsters-and-crawfish-in-england
https://www.gov.uk/government/publications/catching-or-landing-of-berried-lobsters-and-crawfish-in-england/catching-or-landing-of-berried-lobsters-and-crawfish-in-england
https://norwegian-lobster-farm.com/production/
info:doi/10.1111/raq.12693

	Simon Davies Barriers
	Reviews in Aquaculture - 2022 - Yeap - Barriers in European spiny lobster  Palinurus elephas  aquaculture  What we know so
	Barriers in European spiny lobster (Palinurus elephas) aquaculture: What we know so far?
	1  INTRODUCTION
	2  BIOLOGY AND LIFECYCLE OF EUROPEAN SPINY LOBSTER
	2.1  Reproductive behaviour and mating
	2.2  Egg incubation and larval stages

	3  THE POTENTIAL OF FARMING EUROPEAN SPINY LOBSTER
	4  DIETARY REQUIREMENTS OF EUROPEAN SPINY LOBSTER
	4.1  Natural diets
	4.2  General nutrient requirements based on fundamental investigations
	4.2.1  Proteins, carbohydrates, and lipids
	4.2.2  Cholesterol
	4.2.3  Macro and trace element requirements for spiny lobsters
	4.2.4  Vitamins
	4.2.5  Carotenoids

	4.3  Diets used in captivity
	4.3.1  Larval diets
	4.3.2  Juvenile diets

	4.4  Improving nutrition and feeding technologies
	4.4.1  Improving larval nutrition
	4.4.2  Improving juvenile nutrition

	4.5  Nutrient digestibility

	5  HEALTH AND WELFARE MANAGEMENT OF PALINURUS ELEPHAS
	5.1  Infectious diseases
	5.1.1  Bacterial infections
	Hatchery vibriosis
	Tail fan necrosis
	Other bacterial infections

	5.1.2  Viral infections
	Panulirus argus virus 1
	White spot syndrome

	5.1.3  Fungal infections
	Fusarium sp.
	Oomycetes
	Microsporidiosis


	5.2  Farming welfare
	5.2.1  Farming-related stressors
	5.2.2  Stocking density and rearing conditions
	5.2.3  External shell fouling
	5.2.4  Gut health


	6  CREATING A SUSTAINABLE LOBSTER FARMING MODEL
	7  CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES





