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ABSTRACT 

The objectives of the work undertaken were to: (1) 

rear Octopus cyanea and Octopus maya through all stages of 

the life cycle in the laboratory; (2) measure growth rates; 

(3) determine energy budgets; (4) examine the effects of 

temperature, size and age on food intake, growth, metabo-

lism and conversion efficiency; and (5) determine life-spans 

of the two species. 

Attempts to rear Q. cyanea through the planktonic stage 

were unsuccessful and data were obtained on feral animals in 

the laboratory. o. maya was reared through four generations 

from eggs collected at Campeche, Mexico. 

Animals were fed ad libitum on living crabs. Weights 

were recorded at IS-day intervals and food intake was quan

tified. Dry matter, ash and caloric content of crab and o. 

cyanea samples were determined. 

Animals grew exponentially for the first third of their 

benthic life, doubling their weight every 11-13 days at 220 

- 27 0 C. The exponential growth phase was followed by a per

iod of logarithmic growth which terminated at full sexual 

maturity. Average maximum sizes attained by the two species 

were comparable (3.2 kg for Q. ~aya and 3.6 kg for Q. 

cyanea). o. cyanea settles from the plankton at an esti

mated weight of 0.3 g and attains maximum size about 10.5 

months later. o. maya hatched as benthic juveniles weighing 

iii 



0.1 g and grew to maximum size in about 8.5 months. Maximum 

size attained by both species varied from several hundred 

grams to several kilograms depending on food availability. 

Assimilation efficiency of o. cyanea was very high 

(95%) and independent of animal size and food ration size. 

Gross growth efficiency of both species averaged about 

40% on a wet weight basis and was independent of size (old 

animals excluded) and temperature. The relationship between 

food intake and growth was linear in both species and showed 

no sign of decrease at high ration level. 

Material budgets indicated that on a wet weight basis, 

40% of ingested food was used in growth, 55% in maintenance 

and 5% was not absorbed. Energy budgets on a caloric basis 

indicated that 60% of ingested energy was used in growth, 

36% in total metabolism and 4% voided as feces. 

Rates of food intake, growth and metabolism were about 

twice as high at 300 as at 200 C. 

Females of both species died after brooding their eggs 

and males died at about the same age. o. cyanea had a life

span of 12-15 months from settlement and Q. maya lived an 

average of 10 months from hatching in the laboratory. 

Low light intensity and elevated temperature in the 

laboratory were thought to produce early spawning and hence 

short life-spans in laboratory animals. 

iv 



A theory is presented to explain large variations in 

size at spawning and lack of seasonality. Growth, differen-

tiation, maturation and spawning are viewed as programmed 

events in the life cycle. Light, temperature and food de

termine the rate at which the program runs and hence size 

and age at spawning. Senescence and death are viewed as 

events occurring after the program is completed. 
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INTRODUCTION 

This study deals with growth and bioenergetics of two 

sub-tropical octopuses as whole, individual organisms. It is 

autecological in nature and does not deal with population, 

cellular, or biochemical aspects of growth and bioenergetics. 

Most of the data were obtained in the laboratory, and not in 

the field. 

Obj ecti ves were to: (1) rear octopuses through all stages 

of their life history; (2) measure growth rates; (3) quantify 

the relationship between food intake and growth; (4) examine 

the effects of temperature, size and age on growth and energy 

budgets; and (5) determine the life~spans of the two species 

studied. 

The first species studied was Octopus cyanea (Gray, 1949) . 

Attempts to rear this species from eggs laid in the labora

tory were unsuccessful and led to importation and successful 

rearing of o. maya (Voss and Solis, 1966). Both species are 

large inshore predators and have some commercial value. 

Octopus cyanea is found throughout the Indo-Pacific 

(Robson, 1929) and in Hawaii is commonly known as the "day 

squid" or "he'e". The commercial fishery is small (about 

3,000 kg annually, according to State Fish and Game Records) 

but sports fishermen probably take three to four times the 

co~~ercial catch (personal observation). 

Octopus cyanea is one of the better known octopods. 

LeSouef and Allen (1933, 1937) recorded egg brooding and 
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hatching of the planktonic young and Dew (1959) described 

brooding, hatching, and the larvae in somewhat more detail. 

Van Heukelem (1966) recorded aspects of ecology, feeding, 

courtship, agonistic and spontaneous behavior of O. cyanea. 

Oxygen consumption at 24.5 - 27. 50 C was reported for individ

uals of this species ranging from 0.59 to 2500 in weight 

(Maginniss and Wells, 1969). Van Heukelem (1970) published 

photos of courtship displays and mating and Wells and Wells 

(1969, 1972a, b) demonstrated hormonal control of sexual ma

turity in Q. cyanea. Yarnall (1969) recorded growth and be

havior in a semi-natural environment and Wells and Wells 

(1970) raised newly settled young obtained from a long-line 

buoy and recorded growth and 'behavior in the laboratory. 

Rates of feeding and digestion at 300 C were studied by 

Boucher-Rodoni (1973) and a portion of the present study deal

ing with growth, food intake, reproduction and life-span of 

O. cyanea has already been published (Van Heukelem, 1973). 

Less is known about the other species used in this re

search. Q. maya was described in 1966 by Voss and Solis. At 

that time the species was known only from the Bay of Cam

peche, on the north shore of the Yucatan Peninsula,· Mexico. 

The known range of the species now extends around the south

ern tip of the Yucatan Peninsula to Isla Mujeres (Solis, 

personal comm., Nov., 1972). General aspects of the biology 

and fisheries of Q. maya were reported by Solis (1967). 

Walker, Longo and Bitterman (1970) reported on laboratory 



maintenance, handling and train Lng of Q.. !t~~j'_~ and included 

some information on food intake and growt.h. 
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The major difference between the two species is egg size 

(Voss and Solis, 1966). Eggs of Q.. 9yanea are 3 mm long and 

t.he young hatch as planktonic larvae. o. ~ya has large 

eggs (up to 17 nim) and hatches as a benthic juvenile. Both 

are inshore species and attain similar adult sizes. 

Several species of Octopus have been reared to sexual 

maturity in recent. years. o. jO\~ini was )::'eared by Boletzky 

and Bo1etzky (1969), Thomas and Opresko (l973), and Opresko 

and Thomas (1975). Wolterding (l97l) reared Q.. bri·art:us f 

and the Australian blue-ringed octopus, Hapalochaena ~nac:~

los a , was reared by Tra11'ter erne1- ln1gns-ti:1lC>- (:191Jh Labora·- .. 

tory rearing of Eledone moschat.::~, a deep \-la-tar octopus r was 

recently reported by Boletzky (1975). All of these species 

have large eggs and hatch as benthic juveniles. 

Octopus vulgaris has small (3 mm long) eggs and hat:ches 

as a planktonic larva. Itami ~-t:. ale (1963) successfully 

reared this species to settlement and reported on post

settling growth up to a weight of 40 g. Recently, however, 

Mangold and Boletzky (1973) were unable t:o rear O. yulg~ris 

through the planktonic stage. 

A number of decapod cephalopods have also been reared 

from the egg. Choe (1966a, b) reared ~epiot:euthis lessoni<:..na, 

Euprymna berryi and three species of SeE.i~: Richard (1966) 

and Schroder (1966) reared Sepi:~ 9fficil~lj:.§_ and Boletzky et 



al. (1971) and Boletzky (1975) raised five species in the 

subfamily Sepiolinae. Sepioteuthis sepioidea was reared by 

LaRoe (1971), and Arnold, Singley and Arnold (1972) raised 

Euprymna scolopes. Boletzky (1974) recently reviewed work 

on laboratory rearing of cephalopods. 

4 

Laboratory rearing studies have clarified the life his

tories of inshore Cephalopods. The pattern is similar in all 

species reared to date; all grow rapidly to maturity, have 

short life-spans, and semelparous life histories (single re

production, followed by death). Unfortunately, food intake 

was not quantified in any of the octopus rearings cited 

above and only Choe (1966b) and LaRoe (1971) measured food 

intake of the decapods reared. 

The importance of measuring food intake is that growth 

can only occur after an animal has ingested enough food to 

maintain itself (metabolism, activity, etc.). The quantity 

of food ingested in excess of maintenance requirements will 

largely determine the rate of growth and efficiency of food 

conversion. Temperature influences the rate of chemical re

actions and hence rates of metabolism and growth of poikilo

therms. In order to compare and evaluate the growth of cepha

lopods then, temperatures and food intake must be measured in 

addition to growth. A concise review of bioenergetics and 

growth theory may be found in Warren (1971), Chapter 11. 

Nixon (1966, 1969a) and Mangold and Boletzky (1973), 

working with feral o. vulgaris in the laboratory, have pre-
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sented more detailed information on food intake, grmvth and 

conversion efficiency than that presented by the authors 

concerned primarily with rearing cephalopods. A drawback in 

using feral animals is that the effect of age and previous 

history on growth and conversion efficiency is unknm"n. 

Information on metabolic rates is desirable for under-

standing growth and energy budgets. Maginniss and Wells (1969) 

studied oxygen consumption in Q. cyanea and Borer and Lane (1971) 

noted the effect of temperature on metabolic ra-te of o. briareus. 

Borer (1971) reported that o. briareus ingested twice as 
,... n 

much food when temperature was increased from 20~C to 30~C. 

The approach taken in the present study was to feed the 

animals 5ld libitum, quantify the amount ingested and the re-

suIting weight gain of the animals. The growth rates obtained 

represent maximum growth rates for both species at specified 

t.emperatures and provide basic data for future, more detailed 

studies of octopus growth. The relationships bet~.;reen food in-

take, temperature, size, age, growth, food conversion effi-

ciency I and energy budgets are discussed for both species. o. 

maya was successfully reared through four genera tions. Attempts 

to culture o. cyanea were unsuccessful and data were ob

tained on feral animals brought to the laboratory for study. 

Because of the length and topical differences in this 

work, discussion and literature compa~iscns will be pre-

sented along with presentation of results and a final gen-

era1 discussion section will follow the results section. 



METHODS AND MATERIALS 

Collection of Animals 
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Specimens of o. cyanea were collected at depths of I to 

3 meters in Kaneohe Bay, Oahu, by squirting a few milli-

liters of a dilute (20% saturated) solution of copper sul-

phate into their "lairs" and capturing the emerging animals 

in a hand net. Animals were transported to the Hawaii In

stitute of Marine Biology (H.I.M.B.) in a live well of a 

skiff or in plastic garbage pails. 

Eggs of five ~maya were collected in depths of 2 to 5 

meters at Campeche, Campeche, Mexico with the aid of biolo

gists Manuel Solis Ramirez and Rogelio Santiago Villalobos 

! i and two octopus fishermen. After collection, eggs were 

maintained with aeration until they were packed for ship

ment. On November 17, 1972 eggs were placed in 1 liter 

plastic bags, each containing about 500 cc of sea water and 

500 ec of pure oxygen. Two or three egg strings (about 100 

eggs total) were placed in eaeh bag and tops of the bags 

were twisted and sealed with rubber bands after filling with 

oxygen. Filled bags were packed in styrofoam boxes and 

shipped as baggage. They were taken to Merida, Yucatan by 

jeep and traveled by air from Merida to Honolulu, via Mexico 

City and Los Angeles. Total transit time from Campeche to 

H.I.M.B. was 24 hours. 

At H.I.M.B. eggs were placed in 15 em glass funnels 
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with ~ater supplies attached to the stems. Perforated 

plexiglass cylinders, 15 cm tall, were fixed to the tops of 

funnels to keep eggs contained. Water supplies were ad-· 

justed so that the eggs tumbled slowly and rubbed against 

one another, keeping the surfaces clean and free of fungus. 

Eggs were maintained in these incubators until embryos used 

up all external yolk. At this stage they were placed in 30 

cm glass bowls and allowed to hatch spontaneously or hatched 

manually by pinching between thumb and forefinger. 

Rearing 

O. cyanea Rearing Attempts 

A variety of methods were used in attempts to rear the 

planktonic young of O. cyanea obtained from eggs laid at the 

laboratory. Although none of the methods were successful, 

they are summarized briefly here so that future workers may 

know what has been tried. 

Containers employed were: 1-3 1 beakers on a shaker 

table; 3 1 beakers with paddles for stirring, 12 1 plastic 

bags filled with filtered sea water and suspended in tanks 

of running sea water; 250 u. and 500 u. mesh floating nets 

suspended in the lagoon at H.I.M.B. and provided with night 

lights to attract food organisms; glass cylinders of 8-40 1 

capacity; aquaria of various sizes; and "plankton kreisels" 

(Greve, 1968), and modified plankton kreisels (utilizing 

cartridge filters instead of sand) in sizes ranging from 8 1 
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- 5,000 1, used as either open or closed systems. 

Lighting employed with various containers included: 

natural daylight, artificial 12 hour light cycle; constant 

illumination; circular, standard and standard plus long wave 

u.v. fluorescent, incandescent and mercury vapor lamps. 

Water treatment included: untreated H.I.M.B. water; 

H.I.M.B. water passed through one to three "cuno" filters; 

filtered and UV .. treated H.I.M.B. water; recirculated UV 

treated water; "oceanic" water collected outside Kaneohe 

Bay; all of the above treated with 50 ppm Penicillin G, 50 

ppm Streptomycin, a combination of 50 ppm each of Penicillin 

and Streptomycin, Polymyxin B (10-25 ppm), Keflin, Erythro

mycin, Neomycin or Chloromycitin; changing water every 3rd 

day, every day, and running filtered water; bubbling pure O2 

through the water, ozone treatment of water; and adding phy

toplanktron cultures to the water. 

Temperature regimes included: ambient (22-260 ); 200 C 

and 6 and 12 hour cycles in which water was alternately 

heated and cooled from 200 to 250 or 300 C. 

Food organisms included: Artemia salina nauplii, juve

niles and adults; mysis larvae of Macrobrachium rosenbergii 

and Leander debilis; freshly hatched zoea larvae of Podop

thalmus vigil, Portunus sangulinolentus, Thalamita crenata 

and various xanthid crabs; and zoo-plankton collected in 

plankton nets or with nightlight and pump. Food organisms 

were rinsed in filtered sea water and in some experiments 



were treated with antibiotics prior to feeding. 

Various densities of octopus larvae and prey organisms 

were used in different experiments. 

Octopus maya Rearing 
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The benthic young of O. maya were reared in water 

tables 150 x 60 x 30 cm deep or in 30 - 120 1 aquaria for 

the first three months. Rearing containers were provided 

with pieces of coral skeletons, gastropod shells, or PVC 

pipe for the young animals to hide in. All tanks were sup

plied with running sea water. Tanks were outside but shaded 

from direct sunlight. Drains were screened and water levels 

kept low (15 cm in water tables) to prevent escape of ani-

i I mals. Animals were fed the following foods ad libitum twice 

daily: bits of frozen crab meat and viscera; frozen shrimp 

(Heterocarpus ensifer); frozen Artemia; live Artemia nau

plii; juvenile and adult Artemia reared on yeast and phyto

plankton; live gamarid and capre11id amphipods; isopods; and 

a variety of zooplankton collected with a night-light and 

pump. 

Rearing Older Animals of Both Species 

Animals weighing more than 10 g were reared either in 

30 and 400 liter aquaria singly or in groups of four or in 

larger groups in 2.4 m circular pools. Drains were screened 

and aquaria provided with lids to prevent escape. Water 

depth in pools was maintained at a low level (SOcm) to pre-
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vent escape. 

Data Collection 

Branding. 

Some animals were heat branded for identification pur

poses using copper wire bent into numerical shapes and 

heated in a Bunsen burner flame. Some individuals of o. 

cyanea were released on Coconut Island reef for growth stud

ies in the field. Itami (1964) used a similar method to 

mark o. vulgaris which he released and recaptured. 

Temperature. 

Temperatures were recorded by hand daily or obtained 

from H.I.M.B. records. 

In constant temperature experiments, water was cooled 

by passing it through a coil of polyethylene tubing in a 

water bath controlled by a "minnow cool" refrigeration unit. 

Heated water was obtained in a similar manner using a R.F.L. 

Industries proportional temperature controller and "thermo

quartz" 1500 watt heater to maintain the temperature of the 

bath. 

Growth. 

Animals of both speci.es were anesthetized and weighed. 

at 15 day intervals. The use of 0.5% Urethane anesthesia 

facilitated draining the mantle cavity and inspection of 

animals for degree of sexual maturation. 



! I I 

11 

Food Intake. 

All animals used in determining food conversion effi

ciency were fed live crabs ad libitum. Small xanthid crabs 

were collected at low tide by turning over rocks; larger 

crabs (portunids) were obtained primarily by trapping. Small 

octopuses up to 500 g were fed xanthid crabs and larger oct

opuses were fed primarily Podothalmu~ vigil but were given 

Portunus sanguinolentus or Thalamita crenata when supplies 

of ~. vigil were insufficient. The amount of food ingested 

was determined by subtracting the weigh·tof uneaten exoskel

etons from the weight of whole, living crabs fed. 

Energy Budgets. 

The oxygen consumption data of Maginniss and Wells 

(1969) were used as representing standard metabolism. Using 

their closed system method some O2 consumption data were 

also obtained on o. maya. 

Fecal wastes and shed sucker cuticles from six o. 

cyanea kept in isolated tanks were collected, weighed, and 

dried. 

Dry weights of octopuses, octopus eggs, fecal wastes, 

sucker cuticles and crab tissues were obtained by drying at 

600 C to constant weight. 

Caloric content of samples was determined using a Phil

lipson micro-bomb Calorimeter. Ash content was determined 

from separate sub-samples ashed in a muffle furnace at 500oC. 
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RESULTS 

Rearing Attempts - Octopus cyanea 

Attempts to rear the planktonic larvae of O. cyanea 

were made using larvae from 23 separate broods spawned at 

HoI.M.B. None of the attempts were successful or even prom

ising and I will only briefly describe methods that seemed 

more beneficial than others. 

Newly hatched o. cyanea larvae were photo-positive and 

geo-negative. They were 3 mm long at hatching and began 

feeding within a few hours of hatching on any appropriate 

sized crustacean offered. Artemia of various sizes from 

nauplii to adult were all eaten. Larvae of various crabs 

and shrimp were attacked and eaten readily as were adult 

mysids, copepods, and Lucifer sp. Octopus larvae would not 

attack larval polychaetes, chaetognaths or larval fish 

(Abudefduf abdominalis). 

Feeding could be observed directly with the larger prey 

organisms (e.g. mysids) and larvae that had fed could be 

distinguished by the orange color of the mid-gut gland (hep

atopancreas) visible through the mantle wall. The area 

later occupied by the hepatopancreas remained white (yolk ?) 

in unfed specimens. 

Swimming larvae maintained a 450 angle in the water and 

remained at, or within, a few cm of the surface except when 

feeding. Prey organisms were attacked from a distance of 1 
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to 4 cm in a rapid rush with arms spread. Prey were usually 

attacked at a 45° angle from above, but a few horizontal, 

lateral attacks were seen. Misses were frequent, and accu

racy seemed to decrease rather than improve with age. (No 

attempt was made to quantify the proportion of successful 

attacks at any age.) Exoskeletons of prey were not in

gested; only the internal tissues were removed. 

Little growth was noted in any of the experiments. A 

maximum length of 3.6 rom was attained at 10 days after 

hatching, but no arm growth was evident, and no more than 

three suckers per arm, present at hatching, were ever ob

served. In O. vulgaris, the only octopus having planktonic 

young that has been reared r Itami et ale (1963) noted a 

steady increase in the number of suckers on each arm, from 

three at hatching to 25 at settlement. 

Unfed o. cyanea larvae died within four or five days. 

The longest survival of fed larvae was 21 days attained in 

an open system "Kreisel" of 400 1 capacity, at 220 - 240 C, 

with constant light and a combination of Macrobrachium and 

Artemia larvae as food. 

In closed systems, use of streptomycin and penicillin 

at 50 ppm each increased survival 2 - 3 days over controls, 

while polymyxin B (10-25 ppm) and chloromycitin (50 ppm) 

decreased survival. 

Methods used included the same methods successfully 

employed by Itami et ale (1963), and by Dr. K. Kutsutani of 
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the Okayama Prefectural Fisheries Experimental Station (per-

sonal communication, 1972) to rear planktonic young of o. 

vulgaris. o. vulgaris larvae are also 3 mm long at hatching 

and Itami et ale used shrimp larvae (Palaemon setifier) as 

food, while Katsutani used "wild plankton". Settlement was 

o 0 attained in 25 - 40 days at 21 - 27 C by these workers. 

Recently, Mangold and Boltzky (1973) failed to rear o. 

vulgaris to settlement although they attained survival to 35 

days. Their animals grew to about half the recorded size of 

this species at settlement but ceased growth at about 25 

days. Food organisms included various crustacean larvae and 

half-grown Artemia. Rearing temperatures were 200 to 230 C. 

My impressions from the results of my rearing attempts 

are that a running water system holds the greatest promise 

for rearing o. cyanea. Ammonia build-up and oxygen deple-

tion were rapid in closed systems. The presence of sulfur 

bacteria was indicated by pink areas on the walls of all 

rearing vessels and changing rearing containers at 2-3 day 

intervals might improve survival. Food may not have been 

nutritionally adequate although it was supplied in abun-

dance. The larvae appeared to burn up most of their food 

energy just swimming to stay at the surface. Larvae were 

denser than sea water and the mean sinking rate of anesthe

-1 tized larvae was 1.3 cm/sec, • I suspect that a lipid rich 

food source might increase buoyancy so that more energy 

could go into growth. Perhaps copepods fed on diatoms con-
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taining oil droplets could serve as this type of food. 

During the study period, regular, weekly plankton tows 

were made by the larval fish study group at H.I.M.B. Only 

newly hatched o. cyanea larvae were taken in Kaneohe Bay and 

these only in the Sampan Channel, on incoming tides. None 

of the larvae that I examined had fed. O. cyanea larvae 

thus seem to develop only in oceanic, as opposed to bay sea 

water. 

Rearing Octopus maya 

Approximately 2,000 eggs were obtained from five brood

ing female O. maya at Campeche. Of these, about 1,100 sur

vived shipment and hatched. The eggs were of various ages 

: i I and hatched between 30 November 1972 and 5 January 1973. 

Egg mortalities were apparently due to fracture of the yolk 

of very early stages when maintained with aeration before 

shipment from Campeche. Aeration prior to formation of the 

yolk epithelium apparently resulted in splitting the yolk 

and inclusion of only part of the yolk within the yolk epi

thelium as development proceeded. The resulting embryos 

developed abnormally and died. Maintaining eggs of later 

generations in funnels with steady, gentle water supplies in

dicated that up to 90% hatch of fertilized eggs could be 

expected. 

Behavior of the newly hatched O. maya was typically 

adult in form. Food organisms were attacked with a rapid 
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pounce and the young octopuses remained hidden in bits of 

coral, or any other cover provided, when not actively seek

ing food. 

Cannibalism was the major source of mortality but was 

not a problem if animals were fed ad libitum on food that 

they preferred. Up to 200 young o. maya could be reared in 

a 20 1 aquarium for the first month, given a preferred food, 

and adequate cover. 

Live, half-grown Artemia, zooplankton, gammarid and 

caprellid amphipods, isopods and bits of frozen crab meat 

and viscera all appeared to be equally good food for the 

first 45 days of rearing. Feeding frozen brine shrimp, 

squid, or fish resulted in slower growth and higher canni

balism than the first listed foods. Several commercial dry 

fish foods were also tried, including several pet shop vari

eties, but all resulted in little or no growth and much can

nibalism. 

The young octopuses grew rapidly, and within one month 

were large enough to capture crabs 5-10 mm in carapace width. 

Small xanthid crabs were the primary food of o. maya used in 

growth and energetics studies. Hermit crabs were an accept

able food for small Q. maya also, but growth was slower than 

that attained when xanthids were used. 

Gastropods (Littorina sp. and Cypraea caputserpentis) 

and clams (Tapes sp.) were foods accepted by 2 - 4 month old 

octopuses, but were not eaten if living crustaceans were 
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present in the tanks. O. maya would not eat oysters and 

offering only fresh oyster meat and viscera (Ostrea gigas) 

to one group for a two week period resulted in heavy canni

balism. 

Sources of mortality other than cannibalism were all 

accidental, e.g. water system failure and escape from tanks 

with insecure lids or too high water level. 

Newly hatched O. maya seem easier to rear than O. 

briareus and O. joubini. These latter two species will not 

accept brine shrimp as food and must be hand fed for the 

first 2-4 weeks by touching the arms with fresh crab meat 

(Wolterding, 1971 and Thomas and Opresko, 1973). O. joubini 

would not accept live brine shrimp, gammarid or caprellid 

amphipods or isopods (Thomas and Opresko, 1973). In a later 

study, Opresko and Thomas (1975), found that newly hatched 

Q. joubini would attack and eat very small Uca (2 - 4 mm 

carapace width) but these must be difficult to obtain com

pared to the easily reared Artemia that Q. maya will immedi

ately accept as food. Tranter and Augustine (1973) found 

that Hapalochlaena maculosa would not accept live crabs for 

the first four weeks but reported that Mr. J. Green of the 

Australian Reptile Farm fed sand-hoppers to this octopus 

within three days after hatching. 

An unusual behavior of young O. maya weighing less than 

one gram is that they hung upside-down from the surface of 

the water when water flow was insufficient, e.g. when a 
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valve clogged. Hungry young animals also exhibited this 

behavior in response to the presence of an observer (who 

usually fed them). The animals apparently held on to the 

surface of the water by spreading the oral surface of the 

arms over the under surface (tension) of the water. Their 

ability to do this may provide an energy-saving, planktonic 

means of dispersal for an otherwise slow-moving benthic ani

mal. The water surface at Campeche is often glassy smooth, 

so the behavior seems a possible, although seemingly risky 

(because of exposure to predators) means of dispersal. 

Growth and Life-span 

Introduction 

,I I Many ways of representing growth are presented in the 

literature and a complete model describing growth of poi

kilotherms would include terms representing all of the vari

ables influencing growth. In the present study, evidence 

will be presented that growth of octopuses depends on age, 

size, maturity, food intake, metabolism, temperature, and 

(very likely) light. The interactions between these varia

bles are not at present understood and I feel that different 

environmental conditions will affect not only the rate of 

growth but also maximum size and age attained by octopuses. 

I have not, therefore, attempted to fit octopus growth data 

to equations which incorporate physiolqgical and environ

mental factors such as that of von Bertalanffy (1938). 
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Maximum size attained by octopuses is not limited by skele-

tal structures and growth appears to be non-asymptotic. 

Maximum size is probably limited by sexual maturation, which 

is probably controlled by light, temperature, and food 

availability. For these reasons, I have not used equations 

which incorporate an asymptotic weight factor. For early 

growth, I used the equations of Brody (1945) presented be-

low. 

Exponential growth in relation to time and size can be 

represented by the exponential equation 

(1) 

where W2 = final weight, WI = initial weight, e = the base 

of natural logarithms, t = time, and k = the instantaneous 

coefficient of growth. The logarithmic form of this equa-

tion is 

(2) 

The coefficient k can be calculated from body weights at two 

times: 

k = InW - InW / t - t 
212 1 

(3) 

1DOk is the instantaneous relative growth rate or percentage 

increase per unit time. The time required for an animal to 

double its weight may be calculated by dividing the natural 

log of 2 by k: 
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doubling time = .693 / k (4) 

The velocity of growth at any weight is kW, and k remains 

constant as long as growth is exponential. Exponential 

growth rarely continues for long periods but k calculated 

for short intervals of non-exponential growth is a useful 

description of growth at any size and age (Brown, 1957). 

The exponential growth phase is characterized by a 

straight line when data are plotted on semi-logarithmic 

paper. In the octopuses studied, a second growth phase, 

from the end of exponential growth to the onset of sexual 

maturity was characterized by a straight line on double

logarithmic paper described by 

(5) 

or in logarithmic form, 

lnW = Ina + blnx (6) 

where a is the elevation, b is the slope of the line and x 

is the age in days. 

A third growth phase, from the onset of sexual maturity 

to maximum size, and a fourth (negative) phase from maximum 

size to death were also noted but not described by equations 

because of their variable nature probably influenced more by 

environmental conditions than by time and size. 

For convenience, I used the average growth rate (W2 -
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WI / t) in most calculations. When plotted against the 

average weight over the time interval (W2 + WI / 2) this 

description of growth is nearly identical to kW for the 15 

day time intervals used. 

Growth of Octopus cyanea. 
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Since I was unable to rear o. cyanea through the plank

tronic larval stage, it was necessary to arrive at an age

weight relationship through indirect means described below. 

Feral O. cyanea were brought to the laboratory, fed ad 

libitunl on living crabs and weighed at 15 day intervals for 

periods of one to 4.5 months. Of these animals, thirteen 

were maintained in isolation and sixteen were kept in groups 

of four to eight animals in pools 2.4 m in diameter. As 

little difference in growth was noted between group-reared 

and isolated animals, the data were pooled for calculation 

of the growth curve. 

The smallest animal captured weighed 67 g and attained 

a weight of 1337 g after 90 days. Wells and Wells (1970) 

reared newly settled Q. cyanea (obtained from the bottom of 

a buoy) to a weight pf 250 g, but did not feed the animals 

ad libitum (M.J. Wells, personal comm.)· and their fastest 

growing animal required about 130 days to reach a weight of 

67 g. Itami et ale (1963) reared newly settled Q. vulgaris 

to a weight of about 40 g at 50 days post-settlement. Using 

these data as guides, I set the age of my 67 g animal at 100 
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days and plotted its growth on logarithmic paper as this 

gave a straight line. Data from three larger animals were 

plotted on the same graph by setting the initial weight of 

each on the line given by the next smallest animal. These 

four animals covered the entire size range studied (67 to 

6580 g). A line fitted by eye to these points (upper por

tion of Figure 1) was used as an initial estimate of the 

age-weight relationship for the other 25 animals used. Only 

the rapid growth phase of each animal was used in construct

ing the growth curve. Data from maturing females, old males 

and other animals that were not well fed or did not feed 

well, were omitted. The age of each animal at capture was 

estimated by comparing its weight to the line in Fig. 1. 

Successive age-weight data sets were obtained at 15 day 

intervals when the animals were weighed. For example, an 

animal weighing 504 g at capture was estimated to be 155 

days old and when weighed 15 days later, was considered to 

be 155 + 15 = 170 days old. In this way, 152 data sets of 

age-weight estimates were obtained and a regression line was 

fitted to these yielding 

(7) 

as the line of best fit (where W = the body weight in grams, 

and x = the age in days). The correlation coefficient for 

this fit was r = .984. In its logarithmic form (7) becomes 
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Figure 1. The growth of four o. cyanea (2 males, 0 ande; 
two females, «> and e.) on an ad libitum diet of crabs for 90 
day periods is shown as a linear relationship on a double 
logarithmic grid. Triangles indicate the most rapid growth 
of o. cyanea reported by Wells & ~lells (1970). Squares in
dicate the average growth of laboratory reared o. vulgaris 
(Itami et al., 1963). The heavy dashed line depicts the 
probablegrowth of o. cyanea if fed ad libitum from settle-

ment to 67 grams (Van Heukelem, 1973). 
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In W = In 1.25 x 10-6 + 3.92 Inx ( 8) 

The calculated regression estimated the weight at 100 days 

to be 86.8 g (compare with my original estimate of 67 g 

which the regression places at 93.6 days). 

Early growth from settlement appeared to be exponential 

from Wells and Wells (1970), so I obtained an age-weight re-

lationship for the first 100 days after settlement by draw-

ing a straight line on semi-logari-thmic paper from the esti-

mated weight at settlement (0.33 g, Wells and Wells, 1970) 

to the regression estimate of 86~8 g at 100 days. Points 

taken from this line fit the exponential expression 

or: 

W2 = W e .0559x 
I. 

In W2 = In WI + .0559x 

(9) 

(10) 

The heavy dashed line in Figure 1 was obtained from this 

equation; data from Wells and Wells (1970) and Itami et a1. 

(1963) are included for comparison. An arithmetic plot of 

the 152 data sets is shown in Figure 2 along with the fitted 

regression line (7). Nixon's (1969b) estimate of o. 

vulgaris growth is shown for comparison. Nixon (1969b) used 

data of Itami et a1. (1963) for early growth and plotted her 

larger animals and those of Mango1d-Wirz (1963) from that 

point on. Mangold and Bo1etzky (1973) were unable to dup1i-
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Age fmonlh,) aflef' setl'-t 

Figure 2. The growth curve of Q. cyanea at 25.6o C obtained 
by plotting weights of 29 individuals (14 6d, 15 ~~) at 15 
day intervals is shown. The solid line represents the fitted 
curve described by W = (1.28 x 10-6 ) (x)3.92 where W is body 
weight (g) and x is the age in· days. The dotted line rep
resents the growth of o. vulgaris (redrawn from Nixon, 
1969b) where there is a seasonal depression of feeding (and 
hence growth rate) by water temperature. (From Van Heukelem, 

1973.) 
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cate the very rapid growth obtained by Itami et ale (1963). 

They reported that two small animals grew from 3.9 to 9.0 g 

in 18 days and 15 to 80 g in 28 days at 20 to 230 C. These 

values give instantaneous growth rates (100 k) of 4.79% and 

-1 5.98% day respectively. Dr. K. Katsutani (pers. cornrn.) 

reared o. vulgaris to 20 g in 75 days from settlement (6.14% 

day-I). The growth reported by Itami et ale (1963) was 

10.6% day-l at 23 - 270 C and seems very high in comparison 

to that reported by other workers. Wells and Wells (1970) 

-1 
obtained growth rates of 3.0 to 3.5% day for O.cyanea 

from settlement up to 250 9 but as mentioned earlier, did 

not feed their animals ad libitum. I obtained values rang-

-1 ing from 3.82 to 4.05% day for o. cyanea with initial 

weights of 109 to 235 g fed ad libitum for 15 day intervals. 

As weight specific growth generally decreases with increas

-1 ing size (Medawar, 1945), my estimate of 5.59% day (100 k 

from (9» seems reasonable and in line with early growth of 

o. vulgaris reported by Mangold and Boletzky (1973) and 

Katsutani. Nixon (1966 and 1969a) obtained growth rates of 

-1 
3.65 to 4.47% day for Q. vulgaris with initial weights of 

47 to 76 g. As o. vulgaris and o. cyanea seem to grow at 

very similar rates under similar conditions of feeding and 

temperature (Van Heukelem, 1973), I reconstructed Nixon's 

(1969b) growth curve omitting the data of Itami et ale 

(1963). This is shown in Figure 22 in the discussion, and 

the similarity to o. cyanea growth is striking. 
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Table 1 

o. cyane~ Age versus ~veight 
and Growth Rates 

Age Doubling 
(Days after Weight 100 k kw time 
Settlement) (g) (% day-I) (g day-I) (days) 

1 0.33 
15 0.74 5.8 .031 11.9 
30 1.7 5.5 .068 12.6 
45 4.0 5.7 .162 12.2 
60 9.2 5.6 .370 12.4 
75 21.2 5.6 .851 12.4 
90 49.1 5.6 1.97 12.4 

105 105 5.1 3.91 13.6 
120 175 3.4 4.77 20.4 
135 281 3.2 7.20 21.7 
150 425 2.8 9.74 24.8 
165 618 2.5 13.1 27.7 
180 869 2.3 16.9 30.1 
195 1188 2.1 21.4 33.0 
210 1588 1.9 26.8 36.5 
225 2081 1.8 33.0 38.5 
240 2680 1.7 . 40.2 40.8 
255 3398 1.6 48.0 43.3 
270 4251 1.5 57.0 46.2 
285 5253 1.4 67.0 49.5 
300 6422 1.3 78.2 53.3 

Values calculated as follows: 

Weights from 15 to 90 days calculated from equation 
(10); weights from 105 to 300 days calculated using 
equation (8); values of k = In w2/t2-t1; kw = k (wI 
+w2/2) and doubling time = °In 2/k-= • 693/k-. 
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all fed ad libitum and reared under conditions similar to 

those under which the data on O. cyanea were obtained. In

dividual growth records presented in Figures 3 and 4 also 

indicate more variation in o. cyanea growth than is seen in 

Figure 2. 

I also want to stress that equation (8) describes 

growth under nearly ideal conditions. Animals were fed live 

crabs ad libitum, meaning that live crabs were available to 

each animal 24 hours per day, Octopuses were in aquaria 

which rarely exceeded twice their armspread in dimensions 

and therefore had to expend little energy to obtain food. 

Estimates of age of wild animals made using this equation 

are properly near the minimum age that the animals could be 

at a specified weight. Nevertheless the equation seems to 

have some validity in the real world as evidenced by the 

growth of branded animals released on Coconut Island reef 

and recaptured later. Those data will be presented in a 

later section, following the discussion of life-span. 

Reproduction and Life-Span of Octopus cyanea 

That the death of female octopods follows a single 

spawning is well established. Opresko and Thomas (1975) 

reviewed evidence for eight species, including that pre

sented for o. cyanea by Van Heukelem (1973). Females of all 

species die within about 60 days of the hatching of their 

young and usually die much sooner. Although Mangold and 
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Figure 3. The "growth and life-span of female O. cyanea aged 
by their weight at capture. All except nos. 36 and 42 were 
fed ad libitum. Triangles indicate the estimated age when 
spawning occurred. Nos. 2 and 3 died in the act of spawn
ing; their gonads represented 21% and 15% of their total 
body weights respectively. Food intake decreased and even
tually stopped as the gonad matured; hence there was a slow
down in growth and often a loss in weight before spa,..,ning. 
The final point for each animal indicates the age and weight 

at death. (From Van Heuke1em, 1973.) 
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Figure 4. The growth and life-span of male Q. cyanea aged 
by their weight at capture. The last point for each animal 
is the weight at death. Nos. 7, 36, and 46 are examples of 
males that had enlarged suckers when captured and thus could 
not be aged properly by weight. Triangles indicate the 
weights at which sucker enlargement was first noticed. 

(From Van Heukelem, 1973.) 
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Boletzky (1973) obtained surviva1 of a female for 6 months 

after spawning, this case seems an exception rather than the 

rule and was perhaps possible due to low water temperatures 

and consequent low metabolic rate (these authors note that 

egg development requires 125 days at 130 C as opposed to 25 

days at 250 C). 

After spawning, female octopuses rarely eat (Nixon, 

1969b; Wolterding, 1971; Mangold and Boletzky, 1973; Thomas 

and Opresko, 1973; Trantor and Augustine, 1973; Van 

Heukelem, 1973; and Opresko and Thomas, 1975). O. briareus 

seems to be an exception in that it will feed heavily during 

brooding (Wo1terding, 1971; Opresko and Thomas, 1975) but 

Wolterding notes that females that fed deteriorated as 

rapidly as those that did not feed. 

Van Heuke1em (1973) presented data on 14 female o. 

cyanea that spawned in captivity, and five additional ani-

ma1s spawned at H.I.M.B. since that report. The general 
, 

picture of female life-spans is that the animals feed.heav-

i1y and grow rapidly until the onset of sexual maturity, 

when food intake decreases and eventually stops, as does 

growth. In O. cyanea, feeding and growth stop before egg 

laying and the animals lose weight before spawning occurs. 

(The eggs are cemented in clusters to a surface and the 

female broods them until they hatch.) The female continues 

brooding behavior until death. In O. cyanea egg development 

requires 20 .to 36 days, depending on temperature, and the 
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female usually dies within 10 days of the last hatch. 

Brooding behavior does not depend on the presence of eggs as 

females whose eggs were taken continued brooding behavior 

even when placed in another aquarium with no access to the 

former nest site. Such animals died after about the same 

time interval as animals allowed to brood their eggs. Feed

ing and growth cease before spawning, and the animals lose 

weight before spawning occurs. Females deprived of male 

contact laid. infertile eggs, brooded them until they deteri

orated, and died about the same length of time after spawn

ing as normal females with fertile eggs. 

Individual growth patterns of six females that matured 

in captivity are shown in Figure 3. The two largest animals 

(nos. 2 and 3) died with mature ovarian eggs. Their gonads 

(including oviducts and oviducal glands) accounted for 21.4 

and 15.1% of their total body weight. Both animals began 

laying behavior by secreting cement (used to attach eggs to 

the substratum) on the walls of the nesting chamber but 

neither laid eggs. 

O. cyanea does nbt e~hibit seasonal reproduction. 

Spawning ?f captive animals occurred in every month of the 

year except October and I believe October was not repre

sented only because the sample size was too small (total of 

19 spawnings). Animals were maintained under low light con

ditions (tanks were under a roof) and this may have accel

erated maturation and induced precocious spawning in the 
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laboratory but catch data (see below) support the absence of 

seasonality in this species. Both day length and intensity 

of light have been shown to influence sexual maturation in 

cephalopods (Richard, 1967, 1968; Richard and Lemaire, 1975) 

but I believe that the control system acts only to delay 

spawning until a large somatic size has been attained rather 

than timing reprod*ction to a season. This topic wl11 be 

treated in detail in the discussion and I will not elabo

rate it here. 

Nixon, 1969b thought that male octopuses out-lived 

females since there is no evidence that their death is re

lated to copulation. Van Heukelem(1973) showed that male 

o. cyanea have about the same life-span as females. Death 

of the male is not related to copulation but neither is that 

of the female. Both sexes'can and do mate many times with 

as many partners as are available from an age of about four 

months on. Males are sexually mature at 200 g (Wells and 

Wells, 1969) and although the females' eggs are not mature 

until just before egg-laying at 10-12 months of age, she can 

receive and store sperm long before the ovary enlarges. 

Sperm can be stored in the oviducal glands (mid-way up the 

oviducts) for at least three months, as evidenced by females 

that laid fertile eggs even though they were isolated from 

males for three months prior to egg-laying. Wodinsky (1972) 

reported a similar sperm storage time by O.vu1garis females, 

and Dew (1959) reported a similar time for o. cyanea. 
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Individual growth records for male o. cyanea, fed ad 

libitum until death in the laboratory, are shown in Figure 

4. with the exception of a major weight loss at spawning 

shown by females, the picture of decreasing food intake and 

weight loss with advancing age was similar for both sexes. 

Males develop extra large suckers on the arms at about 

7 - 9 months of age (Van Heukelem, 1973). These occur at 

the level of the seventh and eighth pair of suckers from the 

mouth and are most obvious on the third pair of arms. These 

are secondary sex characteristics of unknown function in 

this species but can be used as an aid in aging o. cyanea 

males (Van Heukelem, 1973). The presence of enlarged 

suckers on a male indicates that it is at least 7 months 

old, regardless of its size. Thus, animal no. 7 in Figure 4 

was at least 7 months old at capture even though it weighed 

only 700 g. Animals such as this were probably food limited 

in the field. 

After sucker enlargement, males decrease food intake 

and growth, just as females do as the ovary enlarges. Se

nescing animals of both sexes show similar degenerative 

changes including lack of feeding, weight loss, general 

lethargy, and loss of ability to change color. The life

span of both sexes appears to be 12-15 months from hatching 

allowing 30 days for the planktonic larval phase (Van 

Heukelem, 1973). 

Thomas and Opresko (1973) and Opresko and Thomas (1975) 
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found similar life-spans for both sexes of o. joubini which 

lives about 8 months. Wolterding (1971) also found that 

males and females of o. briareu~ had similar life-spans 

(about one year). 

Maximum size attained by o. cyanea was extremely vari

able. Females ranged from about 600 g to 4800 g at spawning 

and males reached maximum sizes of 400 g to 5600 g. This 

large size variation probably depends largely on food avail

ability during a life-span of programmed duration, i.e. ani

mals that get a lot to eat reach large sizes while less for

tunate animals attain smaller sizes by the time the program 

runs out. The concept of programmed life-spans will be 

dealt with in more ·detail in the discussion. 

Growth of Free, Branded Octopus cyanea 

Nineteen o. cyanea were branded and released on Coconut 

Island reef. Eleven of these were recaptured within 30 m of 

their release points. Some of these animals had been held 

in captivity for 26 to 107 days and were not well-fed during 

this time period. Their condition at the time of release 

was not comparable to those fed ad libitum in the laboratory 

but their growth while free was comparable to growth at

tained by well-fed animals in the laboratory. At the time 

of release it was not known that males with enlarged suckers 

were old animals and would not grow as fast as younger males 

of the same size. Table 2 presents growth data obtained 



Table 2 

Growth of Free, Branded o. cyanea 

Predicted 
Days Release Recapture Recapture 

Octopus # Sex Free Weight Weight Weight 

20* M 14 430 598 603 
76* F 14 467 654 663 
48 F 15 510 731 727 
37 F 26 589 952 1051 
28 M 30 623 1132 1188 
49 F 15 701 894 967 
77** M 74 707 1860 2904 
62* F 14 712 1039 967 
47 M 15 783 1017 1073 

4 M 14 809 1046 1096 
50*** M 14 1218 1403 1588 

* Lost weight between initial capture and release time. 

** Suckers enlarged when recaptured. 

*** Both * and ** 

% 
Difference 

-2.9% 
-4.6 

'+1.8 
-21.4 
-9.9 

-27.4 
-47.5 
+28.2 
-19.3 
-17.4 
-50.0 

Age at 
Recapture 

170 
201 
176 
187 
195 
187 
245 
220 
191 
224 
332 

w 
~ 
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from these animals and compares their actual weight at re

capture with that expected if they had grown according to 

equation (8). The two animals (nos. 77 and 50) differing 

most from the expected growth were both found to have en

larged suckers when recaptured, and were therefore past the 

age of maximum growth. Age at recapture was estimated by 

adding age at capture (calculated from (8» + -time in cap

tivity + time free. Animal no. 50 was past the age at which 

these animals normally stop growing (see figs. 3 and 4). 

That growth of free animals was similar to growth of 

captive animals fed ad libitum indicates that food was not 

limiting to growth in the field and lends credibility to the 

method of estimating the age of o. cyanea by their weight at 

capture. 

Some of the data in Table 2 were presented in Van Heu

kelem (1973). A few minor errors were found when adding new 

data and these have been corrected here. 

Catch Data (Octopus cyanea) 

In support of my contention that o. cyanea is not a 

strictly seasonal spawner, catch data are presented in Fig

ure 5. Sample sizes for anyone year period were small and 

sampling was not regular in time or space. In general, ani

mals were collected as needed for laboratory studies. The 

1968 data are from Molokai, all other animals were collected 

in Kaneohe Bay. Animals larger than 1.5 kg were usually 
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Figure 5. Catch data for O~ cyanea are shown (1964-1966 
from Van Heukelem (1966), 1968 from Molokai, all other data 
from Kaneohe Bay). Each symbol represents the weight of an 
octopus at capture. The calculated growth curve (8) for 
this species, obtained from laboratory growth studies, is 
placed arbitrarily for comparison with the size distribution 

shown. 
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collected in the southern area of the bay (Coconut Island 

reef and adjacent reefs) while the smaller animals were 

found on the barrier reef, e.g. near Kipapa Island. Sampl

ing was not selective to the extent that all animals encoun

tered were collected (except for a few really tricky ones 

that got away). The data are presented chiefly to show that 

small animals are present most and probably all of the year 

(few collections were made in December, January, February, 

April and May). The growth curve for this species (8) is 

placed arbitrarily and its shape indicates that recruitment 

must occur throughout most of the year as small animals 

probably do not stay small for long. Gaps in the data re

flect lack of collection rather than lack of animals. It is 

generally known by fishermen that octopuses are more abund

ant in the fall (especially large ones) and this is also my 

impression although I did not collect data in a manner that 

would demonstrate seasonal abundance or size distribution in 

time. 

Of the 311 animals shown in Figure 5, 150 were females 

and 161 were males. Only one female was found with eggs in 

the field and this animal was found at a depth of about 20 m 

outside Kaneohe Bay. All the other animals shown were col

lected in .5 m to 3 m and none of the females had enlarged 

ovaries when captured. 



I I I 

41 

Food Habits (Octopus cyanea) 

O. cyanea feeds almost entirely on crustaceans. Two 

methods of hunting are known. Crabs seen by an octopus are 

pounced on and captured (Van Heukelem, 1966; Yarnall, 1969). 

The second method involves speculative hunting in which an 

octopus envelops coral heads, rocks or clumps of algae with 

the interbrachial web and explores the enveloped object with 

the tips of the arms (Yarnall, 1969). 

Crabs captured by the first method are generally large 

(2 cm and larger carapace width) and the exoskeletons are 

discarded outside the lair after a meal. Examination of 

"middens" of five o. cyanea on Coconut Island reef indicated 

that xanthid crabs were the principal food in that locale 

(Van Heukelem, 1966). Remains of 58 crabs were found be-

longing to 7 species. Of these, 34 were xanthids, 19 were 

portunids and 2 were Calappa hepatica. Food habits probably 

depend more on what crabs are abundant in the area rather 

than selection by the octopus as the sand-burrowing portu

nids and Calappa were found at lairs near sandy areas, while 

the xanthids were found at lairs surrounded by hard substra

tum (Van Heukelem, 1966). 

Examination of crop and stomach contents of 59 o. 

cyanea from the south reef platform of Molokai revealed the 

type of food items (small, crevice dwelling animals) prob

ably obtained by the ",speculative" huntin:g method de

scribed by Yarnall (1969). Forty-nine (83%) of the animals 

contained food items listed in Table 3. The animals ranged 
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Table 3 

Crop and Stomach Contents of 49 o. cyanea 
From Molokai 

July 23 - November 10, 1968 

Item # Animals Found In % Animals Found 

Crab remains 44 89 

Stomatopods 20 41 

Alpheid shrimp 13 27 

Isopod 1 2 

Fish bones 5 10 

Moray eel 1 2 
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in size from 190 to 2970 g. Examination of a few individ-

uals from Kaneohe Bay revealed a similar diet with a pre-

ponderance of small xanthid crabs, stomatopods (Gonodactylus 

~.), and alpheid shrimp. Another animal from Kaneohe was 

captured with a small, paralyzed moray eel in its arms (the 

octopus weighed 2850 g and the eel measured 30 cm). The 

crustaceans were ingested with the exoskeleton but were bit-

ten into small pieces and usually the only intact parts were 

the large dacitylae of chelipeds. The high proportion of 

animals with food again indicates that food is abundant for 

o. cyanea in the field as was indicated by the growth of 

marked animals presented previously. 

The finding that even large animals weighing about 3 kg 

feed on very small crustaceans suggests that in this species 
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of octopus the adaptive value of a semelparous life history 

(death after a single reproduction) may lie in eliminating 

large animals as food competitors with the small animals of 

the same species. 

Growth of Octopus maya 

Newly hatched young of o. maya were reared to sexual 

maturity by taking precautions to prevent escape, providing 

abundant food and adequate hiding places. 

Some eggs hatched from each of the five batches col

lected and a total of 1100 young o. maya was obtained. It 

was not possible to rear the entire hatch of 1100 animals 

due to lack of food and space. The oldest group of 27 ani-

i : mals was studied most intensively and data presented here 

were obtained from this "group A" unless othervTise speci

fied. Although 27 animals seems a small subsample of the 

entire hatch, rearing these few animals to sexual maturity 

required about 280 kg of live crabs (roughly 5500 crabs if 

50 g is taken as the mean weight of each crab). My ability 

to gather adequate supplies of live crabs thus limited the 

number of animals that could be reared. 

The animals comprising group A hatched on December 1, 

1972 + 2 days and those that died a natural death of old age 

lived an average of 299 days. Twenty of the 27 animals were 

reared to sexual maturity. The seven mortalities were all 

due to accidents such as animals escaping from tanks with 
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insecure lids or water system failure. Barring such acci

dents, I have no doubt that all of the animals could have 

been reared to a natural death from old age. 
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The animals were reared in containers of various sizes. 

They were started in "Murphy baskets" (15 x 15 em plexiglass 

cylinders with 250 urn mesh nitex bottoms) suspended in a 

seawater table. As they grew-they were transferred to 20 1 

aquaria and then to 400 1 aquaria. Five animals were reared 

in isolation for the final five months. Others were kept in 

groups of four or five in 400 1 tanks until they outgrew 

these and were then moved to a larger oval pool (2.4 x 4 m). 

The mean growth of group reared animals was similar to that 

of isolated animals but within a group, size differences 

seemed to spread rapidly (perhaps due to the establishment 

of dominance hierarchies). For this reason, groups of ani

mals were rearranged periodically (all the smallest were put 

in one tank, the largest in another, etc.). Data from all 

27 animals were pooled in calculating growth summaries. 

Table 4 presents growth data for this group of o. maya 

at ambient temperatures. The range in size is presented both 

as the actual difference in weight between the largest and 

smallest animal and as a relative difference (largest

smallest/smallest x 100 = % difference). Note that the great

est relative difference between animals occurred at 105 days 

(417%) but the largest actual range in size occurred at 240 

days (2187 g) when the relative difference was only 125%. 



Table 4 

Growth of ~. maya (Group A) 

Age Mean Range 
N (Days) Weight (g) s.d. (%) 

11 0 .093 .0054 22 
10 12 .150 .025 66 
14 26 .410 .066 84 
27 41 .747 .15 107 
27 56 2.10 .55 200 
27 60 2.85 .69 203 
27 75 6.67 2.04 396 
27 90 15.5 4.78 382 
27 105 33.8 9.72 417 
26 120 73.7 19.25 340 
24 135 140 33.1 261 
24 150 272 63.0 242 
24 165 508 112 239 
23 180 846 201 192 
23 195 1280 288 144 
22 210 1863 353 105 
21 225 2434 486 149 
21 240 2916 530 125 
15 255 3231 488 77 

Range 
(g) 

.018 

.070 

.264 

.543 
2.19 
2.78 
8.86 

19.8 
43.0 
79.7 

147 
270 
537 
828 

1096 
1229 
1903 
2187 
1712 

x Water 
Temperature 

23.4 
22.9 
23.4 
23.4 
23.4 
21.8 
22.2 
22.0 
23.3 
22.9 
23.8 
24.7 
25.8 
26.2 
26.3 
26.7 
26.7 
26.7 

~ 

U1 
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These animals were fed ad libitum on live zooplankton, 

Artemia, gammarid and caprellid amphipods, and bits of 

frozen crab meat and viscera for the first month and on liv-

ing crabs thereafter. The .spr~ad in size observed (see Table 

4) was surprising in view of the fact that the animals were 

siblings reared under identical conditions of food and tem-

perature. Group rearing of some of these animals may have 

accentuated differences in growth due to social interactions 

(larger animals were clearly dominant over smaller animals). 

Since animals were shifted between groups to keep intra-

group sizes uniform, data were not obtained on the growth 

differences between group and isolated rearing. 

As temperature is known to affect growth rates of poi-

kilotherms and temperature fluctuated during the rearing 

period, I adjusted the growth data from this group to what 

it would be at 2SoC assuming a QlO of 2.0 for rate of gain 

(g day-I). This was done primarily for later comparison of 

growth rate with metabolic data but the adjusted mean data 

are shown in Table 5 for immediate comparison to the ambient 

temperature data presented in Table 4. 
-- -------

Walker et al. (1970) presented growth data for O. maya 

over a l3-week period. Their animals were about 300 g ini-

tially and reached about 800 g by the end of this period. 

This growth is considerably slower than I obtained (4 weeks 

for the same weight change) even though their animals were 

fed ad libitum. No dates or temperatures were specified but 



Graphic!a11y 
Smoothed 

Age Ambie6t 
(Days) Weight I (g) 

1 1 
15 23 
30 54 
45 1 25 
60 2 9 
75 6h 
90 15 J 5 

105 33 ~ 8 
120 73 J7 
135 140 
150 272 
165 508 
180 846 
195 1282 
210 1863 
225 2434 
240 2916 i 

255 3231 

Table 5 

Growth of o. maya (Group A) 
. Adjusted to 250 C 

25°C 25°C 
25°C 100 k % Gain in 

Weight (g) (% day-I) 15 days 

.1 

.25 6.5 150 

.62 6.1 148 
1.5 5.9 142 
3.8 6.2 153 
9.7 6.3 155 

24.7 6.2 155 
58.0 5.7 135 

124 5.1 114 
249 4.6 100 
462 4.1 86 
766 3.4 66 

1159 2.8 51 
1648 2.4 42 
2173 1.8 32 
2638 1.3 21 
2992 .84 13 
3262 .58 9 

kw 
(g day-I) 

.0114 

.0265 

.0625 

.164 

.425 
1. 07 
2.36 
4.64 
8.58 

14.6 
20.9 
27.0 
33.7 
34.4 
31.3 
23.6 
18.1 

Doubling 
time (days) 

10.7 
11. 4 
11.7 
11.2 
11. 0 
11. 2 
12.2 
13.6 
15.1' 
16.9 
20.4 
24.8 
28.9 
38.5 
53.3 
82.5 

119.5 

~ 
-..J 
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temperature can be assumed higher at Campeche, where they 

worked (temperatures varied from 30.50 C at the surface to 
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29.50 C at 3 m when I collected eggs at Campeche in mid

November, 1972). The differences in' growth might be attrib-

utable to different maturational states of their animals (as 

opposed to mine) as egg-laying occurred in one of their ex-

periments. It is unclear whether animals that spawned were 

the same ones for which growth data were reported. 

For comparisons with equations describing o. cyanea 

growth (at 25.6o C, Van Heukelem, 1973) presented earlier, I 

fitted regressions to the 25°C Q. maya data of Table 5. The 

equation obtained for the exponential phase from 1 to 105 

days was: 

w - W e· 612x 
2 - 1 (11) 

For the logarithmic phase (120 to 240 days) the regression 

was: 

(12) 

Equation (11) is offered for comparison with (9) and (12) is 

Ior -comparrS-OIiwitJi en. In both cases the exponents are 

higher for o. maya, indicating more rapid growth of this 

species. Tables 5 and 1 can also be compared directly. Am-

bient growth data from Table 4 yield a 100 k value of 5.60% 

day-l from hatching to 105 days while o. cyanea growth was 

estimated at 5.54% day-l from settling to 105 days. 
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Figure 6 compares early growth of o. ~aya with the 

estimates of o. cyanea growth presented earlier. Mean 

weight, range and standard deviation are shown for the first 

4.5 months (0. maya only). Later growth of the two species 

is compared in Figure 7 in which the data for o. cyanea pre

sented in Figure 2 are reproduced for comparison with the 

range and standard deviation (from 5 months on) of the O. 

maya data. Weight and age at death are also shown for both 

species. Mean maximum size and age (from settlement) data 

for o. cyanea were calculated from the maximum weights and 

estimated ages of O. cyanea grown in the laboratory and de

termined dead from old age (no other apparent cause). O. 

maya hatched at about one-third the weight of newly settled 

o. cyanea but by 6 months the two species attained the same 

weight. Since early growth of o. cyanea was not measured, a 

more realistic comparison is shown in Table 6 in which val

ues of 100 k for both species are given for growth actually 

measured. Again, o. maya grew faster until the onset (earl

ier) of sexual maturation. 

As growth is more dependent on size than age (Warren, 

1971), tl'iebest.comparison is probably that shown in. Figure 

8 comparing rate of gain (g/day) of the two species plotted 

against size. Data from o. cyanea are presented independent 

of the fitted regression (8), i.e. each point represents the 

average rate of gain of an animal over a 15 day interval 

plotted against its average size during that interval. o. 
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Figure 7. Age "and weight data of o. maya (mean, standard 
deviation and range) are compared with the regression es
timate of o. cyanea age and weight (thin solid line fitted 
to dots). The final two standard deviations with dashed 
range lines" indicate maximum size and age of wild o. cyanea 

grown in the laboratory. 



Table 6 

Comparison of Instantaneous Growth Rates 
O. cyanea and o. maya 

Age (da:is ) 
105 120 135 150 165 180 195 

o. cyanea (% day-1) 5.1 3.4 3.2 2.8 2.5 2.3 2.1 

o. maya (% day-1) 5.2 5.2 4.3 4.4 4.2 3.4 2.8 

210 225 

1.9 1.8 

2.5 1.8 

240 

1.7 

1.2 

255 

1.6 

0.7 

U1 
N 
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maya rates were adjusted to 250 C to make them comparable 

with. theQ.. cyanea. data obtained at an average temperature 

o of 25.6 C. Viewed in this way, o. maya still appears to 

grow faster until the pre-maturational slow-down in growth 

at weights above 1 kg. This group of o. maya spawned 8 to 9 

months after hatching, whereas o. cyanea spawned at esti~ 

mated ages of 9.5 to 12.5 months from settlement. It ap-

pears then that o. maya grows faster than o. cyanea under 

the same conditions but that O. cyanea continues growing 

longer and tends to reach larger sizes. The maximum weight 

attained by o. maya was 5,760 g. This animal was a male 

from a different group (B) and the weight was recorded after 

it died at 282 days from hatching. The maximum size at-

tained by o. cyanea was 6580 gr a female estimated to be 310 

days old (#3 in Figure 3). 

Life History of o. maya 

Table 7 presents mean age and weight data at various 

events in the life history of Group A. The hectocotylus of 

males began developing at 3.5 months and by 4 months the 

sexes could be separated with some certainty. (The hectoco-

tylus is the tip of the third right arm of male octopuses, 

modified for transmission of spermatophores to the female.) 

At 4.5 months, when I was confident that I could sex the 

animals accurately, there were 15 females and 9 males sur-

viving. (In another group (B), there were 81 survivors at 
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(Months 

Table 7 

Mean Size and Age of o. maya, Group A, 
at Various Stages in-the Life Cycle 

Age Weight 
from Hatching) (grams) Event 

4 74 external sexual 
differentiation 
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6 842 first mating behavior 

8.5 2896 spawning (females) 

10 2872 death from old age 

4.5 months and 38 were females, 43 were males; indicating an 

equal sex ratio among siblings.) The sexes were maintained 

separately after they could be distinguished. On weighing 

days, at 5, 5.5, and 6 months of age, the largest males and 

females were put together for 2 hours. Mating did not occur 

until 6 months when all of the 4 pairs tested began mating 

within 10 minutes after recovery from anesthesia. At 7.5 

months, 7 of the remaining 12 females had enlarging ovaries 

and by 8.5 months, 5 had spawned. The first spawning oc-

curred at 242 days and the last at 272 days of age. Egg de-

velopment required about 45 days. Females died 45 to 61 

days after spawning (x = 50) at an average age of 305 days. 

The oldest male died at 360 days but the mean life-span of 

males was 295 days. The oldest female was 329 days at death 

(data are from 7 females and 9 males of group A) • 

Group B o. maya, mentioned above, was reared at ele-
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o vated temperatures (25.5 - 27.7 c, as opposed to 21.8 -

23.4o C for Group A) for the months 2 - 3.5 from hatching. 

Females from this group spawned at 6.5 to about 7 months of 

age (later spawnings were not well documented). Their mean 

weight at 6.5 months was 667 g (268 - 1291 g). They were 

not fed live food but instead were fed bits of frozen crab 

meat and viscera twice each day. Group B grew faster than 

Group A and attained a mean weight of 52.3 9 at 105 days as 

opposed to the mean weight of 33.8 g attained by Group A at 

the same age. When switched back to ambient temperatures at 

3.5 months, their growth rate declined. They apparently 

spawned earlier and at a smaller size than Group A due to the 

period of rearing at elevated temperature. 

Nearly all the males of this group were lost at five 

months due to a water stoppage. Of ten animals examined, 4 

had ripespermatophores at this age. The rest had fully 

formed testes but no spermatophores. 

Groups A and B spawned from June 27 through August 30, 

1973. Their progeny spawned from April 19 through June 16, 

1974. The next generation spawned from about December 5, 

1974 through January 10, 1975 and the fourth generation (2 

surviving females, no males) spawned on December 10 and 23, 

1975. Mr. Gerald Akiyama of H.I.M.B. reared the second and 

third generations to maturity. As in Q. cyanea, spawning 

did not appear to be related to season in the laboratory. 

O. maya does appear to be a seasonal spawner in its 
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native habitat at Campeche. Solis (1967) recorded spawnings 

in December 1964, January and February 1965, and November 

1966. Data from catch records (Solis, 1967) also indicate 

seasonal spawning at Campeche with a peak in November and 

December. 

Eggs of most females were 11 mm long <excluding the 

stalk) and 3.9 mm wide at the greatest width when laid, and 

grew to 17 mm long at hatching. Some of the smaller fe

males, however, laid small eggs 6-8 rnm long which developed 

normally producing smaller, benthic hatchlings (not weighed). 

Small eggs of this size were laid by three females of Group 

B weighing less than 300-500 g at spawning. In general 

larger females produced more eggs than smaller ones but 

counts were not made. Visual estimates of clutch sizes 

ranged from 300 for the smallest animals to 5000 for the 

largest. Solis (1967) reported 1500-2000 as the number laid 

by animals in the field. o. maya that I saw in the field at 

Campeche in November 1972 had 500-1000 eggs each but most 

animals were small (500-800 g estimated). 

Like O. cyanea, Q. maya females laid and brooded infer

tile eggs if denied access to a male, indicating that sexual 

contact had no influence on maturation, egg laying, or 

brooding. Such females also died after a single spawning. 

The general pattern of life history of o. maya was sim

ilar to that of o. cyanea. Animals grew rapidly to sexual 

maturity, ceased feeding, reproduced and died. o. maya 
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continued feeding up to a few days before spawning but at a 

reduced rate. After spawning they would occasionally eat 

small quantities for the first two weeks but eventually 

ceased feeding entirely. Food intake was not measured after 

spawning occurred. Solis (1967) also found that female o. 

maya would not feed after egg-laying. 

Degenerative chang-es occurring during senes-c-ence of 

both sexes were similar to those noted for o. cyanea. 

Catch Data (Octopus maya) 

On November 13 and 14, 1972, BioI. Manuel Solis and I 

weighed and sexed 372 o. maya at fisheries weighing stations 

in Campeche, Ceybaplaya and Champoton, Campeche, Mexico. 

I I I Mean weight of females was 591 g .(range 150-1170 g. standard 

deviation 186 g). Males weighed 672 g (range 250-1550 g, 

standard deviation 280 g). The largest animal ever seen by 

Solis was about 2.5 kg (Manuel Solis R., Personal comm., 

November 1972). 

The females were all approaching maturity (gonad en

largement noticeable) and the males were sexually mature. 

The fishing method was probably selective in favor of males. 

Animals were caught by fishermen who drift over the shallow 

(5 - 15 m) waters of the Campeche banks, trailing up to 40 

lines, each with a crab tied to it. octopuses grab the 

crabs and hang on while the fisherman pulls in the line. As 

fully mature females and those that had already spawned are 

far less likely to feed, the method probably is biased 
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towards catching males during the spawning season. For the 

same reason, the method would select smaller (lesi mature) 

females and therefore the sex ratio and weight data should 

not be taken as being representative of the entire popula

tion. What is noteworthy is the smaller overall size of ma

ture wild animals compared with my Group A. I suspect this 

was due to a combination of higher field temperatures and 

lower food availability. The weights of mature animals at 

Campeche were similar to those I reported for Group B above. 

Food Habits (Octopus maya) 

Solis (1967) examined gut contents of 47 o. maya and 

found crustaceans in all. Eight of the octopuses contained 

I I fish scales in addition to crustaceans. Solis (1967) re~ 

ported that the crustaceans were fragmented and therefore 

impossible to identify, as I found when examining o. ~yanea 

gut contents. Bivalves and gastropods were also reported as 

possible foods since their empty shells were often found 

outside octopus dens (Solis, 1967). 

In the animals I reared, there was no indication that 

O. maya selected crabs or shrimp by species, and there is 

every indication that the two species would compete for the 

same food resources if they were sympatric. 

The small crustaceans that Solis (1967) found frag

mented in the guts of adult Q. maya indicate that they would 

compete with juveniles for food. Again, this suggests the 

adaptive value of a semelparous life history in octopuses, 
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as I suggested earlier for o. cyanea. 

BIOENERGETICS 

Introduction 

The study of bioenergetics can be undertaken at many 

levels. At the organismic level of this study it is ba

sically a quantification of what the organism does with 

energy and materials acquired from its environment. The 

simplest approach is to measure food intake and growth over 

some time interval. From these two measurements, the effi

ciency at. which an animal uses its food can be determined 

(gross growth efficiency = weight gain / weight of food in

gested x 100). This is the approach I used. 

Food not used in growth is used in respiration which 

can be further subdivided into: (1) Standard metabolism; 

(2) Specific dynamic action (" .•. energy degraded in the 

course of digestion, assimilation, and storage of materials 

consumed «SDA» ..• ", Warren, 1971); and, (3) additional 

energy (above standard metabolism) used in activity. I made 

no attempt to quantify these various subdivisions of meta

bolic costs and used the oxygen consumption data that 

Maginniss and Wells (1969) reported for o. cyanea as repre

senting routine or standard metabolism of both o. cyanea and 

o. maya. 

Some ingested food is not used and is voided as feces, 

urine and through the skin and gills of aquatic animals 
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(Warren, 1971). I measured fecal wastes in a few Q. cyanea 

but did not attempt to quantify nitrogenous wastes or dis

solved organic losses. 

In addition to weight gain, some production may occur 

in the form of secretions such as mucus produced in the skin 

of octopuses and that used to "package" their feces in a 

mucous envelope. No attempt was made to quantify energy lost 

as mucUs in the present study. 

Another energy loss, which is actually production, is 

the constant renewal of sucker cuticles by octopuses. Shed 

sucker cuticles were collected daily in some feeding experi

ments in an attempt to quantify this "lost" production. 

As an easily usable measure for those working with live 

octopuses, wet weight of octopuses and food is used in most 

of the discussion here. For comparison with other animals 

and for actual energy budgets, dry weight, ash free dry 

weight and caloric units are also given. As water and ash 

content can vary considerably between different biological 

materials, an :energy budget expressed in one unit may dif

fer considerably when expressed in another unit. As a 

standard, ash-free calories per unit weight is most suitable 

for comparisons between species (Paine, 1971a). 

Food Intake 

The amount of food ingested by octopuses was determined 

by subtracting the wet weight of uneaten exoskeletons from 
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the weight of live crabs fed. I will refer to this quantity 

as the "ingested portion" of live crabs. In analyzing these 

data, it became apparent that this method underestimated the 

amount ingested by small octopuses because gross growth ef

ficiency (Gil) appeared higher in small animals when the in

gested portion was used in the calculations, but not when 

the whole, live weight of crabs fed was used to calculate 

efficiency. Octopuses were fed crabs appropriate to their 

size. Small animals received small xanthid crabs and large 

octopuses were fed larger, portunid crabs. Wet weight data 

indicated that only 45% of. xanthid live weight was con

sumed by octopuses while 63% of live portunid weight was 

ingested. 

To resolve these discrepancies, I determined dry 

weights of whole xanthid and portunid crabs. Exoskeletons 

of both types were taken from octopus tanks and their wet 

and dry weights were also determined. Examination of these 

data indicated that both food sources contained about the 

same "ingested portion". Visual inspection of exoskeletons 

recovered from the tanks indicated that tiny appendages of 

xanthid exoskeletons were cleaned of meat as were the larger 

portunid appendages. The discrepancy in the wet weight data 

was, I believe, due to water retained by capillary action in 

the small diameter appendages, while the larger portunid ap

pendages gave up their water during the pre-weighing drain

ing process that all received. 
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I decided to use the average "ingested portion" of por

tunid crabs for all c~lculations of food intake as octopuses 

were fed increasingly larger xanthids as they grew and a 

transition period occurred in the growth history of each 

animal, during which it received crabs of both families. I 

applied this "across the board" factor to all food intake 

data as more precise correction would be unduly burdensome. 

Summing mean ingested portions of 54 feeding periods, each 

15 days long, gave a grand mean of 62.7% + 3.7 (s.d.) as the 

portion of live portunid weight ingested by octopuses. I 

did not sum the number of crabs but as octopuses generally 

ate about three portunids per day, the total number of crabs 

used in this determination was roughly 2400. The figure 

agrees roughly with Nixon's (1966 and 1969a). figure of 67% 

of Carcinus sp. live weight ingested by o. vulgaris deter

mined from four crabs fed to octopuses. 

Food intake of O. maya and o. cyanea of all sizes was 

calculated by multiplying live weight of crabs eaten by 

0.627. Wet and dry weights, ash and caloric content of in

gested portions were determined for portunids only and I 

assumed that xanthid·crabs were equivalent in these respects 

to portunid crabs. 

Food Intake vs. Size 

Small octopuses ingest more food in proportion to their 

size than large octopuses (Figures 9 and 10; Van Heukelem, 
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Figure 10. Food intake expressed as a percentage of body 
weight is shown as related to size for o. maya and O. 
cyanea. Before the onset of sexual maturity, o. maya 

ingests larger relative rations than o. cyanea. 
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1973). As small animals also grow faster and have higher 

metabolic costs, on a weight specific basis, higher relative 

food intake was to be expected. In Q. maya food intake was 

measured in smaller animals than o. cyanea and, surprisingly, 

there was an early period during which relative food intake 

remained nearly constant at about 14% of the body weight per 

day (data adjusted to 250 C). I find this difficult to in

terpret as presumably metabolic costs show the highest size

relative rate of change in small animals and I expected 

weight-specific food intake to parallel weight-specific met

abolic costs. This period of constant relative food intake 

corresponds to the early exponential growth rate which ends 

at 60 - 100 g (3.5 - 4 mos.). I did not measure food intake 

in very small animals (0.1 - 5.0 g) but suspect that it 

would also be about 14% per day as relative growth rate was 

constant from hatching to about 60 g. 

In the section on growth, evidence was presented that 

O. maya grew faster than Q. cyanea. In this section evi

dence will be presented that the relation between food in

take and growth was identical in the two species. The effi

ciency of food conversation was also found to be equal in 

the two species (see below). These findings suggest that 

the only way O. maya could grow faster than O. cyanea would 

be by ingesting more food in relation to its body weight. 

Figure 10 indicates that this was indeed the case - relative 

food intake was consistently higher in o. maya of comparable 
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sizes up until the weight of sexual maturation. Each point 

in Figure 10 represents the average relative food intake for 

an octopus (some points are for small groups of o. maya) 

over a IS day interval plotted against its average weight 

over the interval. Data for O. maya were adjusted to 2SoC 

to make them comparable to the Q. cyanea data collected at 

an average temperature of 2S.6oC. Another purpose in ad~ 

justing the data to a constant temperature was to see if a 

linear relation between food intake and weight would result. 

As can be seen from Figure 10, the relation was still curvi

linear after temperature correction. 

Food Intake and Growth 

i I As stated in the introduction and by various authors 

(Needham, 1964; Warren, 1971), an animal can grow only after 

ingesting enough food to maintain the body at its present 

weight. At rations above the maintenance level the rela-. 

tionship between food intake and growth appeared to be lin

ear in both species of Octopus studied (Figures 11 and l2). 

The picture is obscured somewhat due both to the size range 

of animals used and to variability between animals of com

parable size. In order to clarify the relationship between 

food intake and growth, animals of the same size, age, and 

genetic stock would have to be held on different ration 

levels for one to two week periods (Warren, 1971). Given 

available data, however, it does appear that in octopus this 
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relationship.is linear - i.e. growth increased in proportion 

to food intake. 

The two species showed nearly identical growth res

ponses to relative food intake. For all sizes of o. maya 

shown in Figure 12 (N = 105 measurements) the regression was 

Y = -20.9 + 10.9X (13) 

where Y = % weight change in 15 days and X = % body weight 

ingested per day, with a correlation coefficient of .93% and 

variation (Sy.x) of 14.5. 

For O. cyanea, N = 99 measurements and the regression 

was 

Y = -15.5 + 10.3X (14) 

with r = .920 and Sy.x = 9.84. 

The difference between species is even less when small 

O. maya (less than 100 g) are excluded from the calculations. 

The 82 measurements taken on o. maya weighing more than 100 

g gave the following regression: 

Y = -14.9 + 9.79X (IS) 

with r = .938 and Sy.x = 11.8. Considering that no o. maya 

measurements were taken at below maintenance (zero weight 

change) levels, the agreement between (14) and (15) seems 

very close. 

Equation (14) differs from that given by Van Heukelem 
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(1973), Y = -22.5 + l2.8X, because (14) was calculated on 

the basis of 62.7% of crabs fed as the ingested portion 

while Van Heukelem (1973) used actual, measured data on food 

intake. More recent data were also included in (14) and 

further changed the constants of the regression. Figure 11 

was reproduced from Van Heukelem (1973) unchanged and shows 

that regression (see above). 

The intersection of the regression line with the zero 

weight change line in Figure 12 estimates the maintenance 

level for all sizes but the size range used in Figure 12 for 

o. maya confounds the clarity of the relationship due to 

differing metabolic costs of different sized animals. Main

tenance costs for various sizes were not determined experi-

I! I mentally but can be estimated from oxygen consumption data. 

Oxygen consumption data at the "standard" level generally 

underestimate maintenance costs, but Maginniss and Wells 

(1969) data probably over-estimate standard metabolism. From 

Maginniss and Wells (1969) data on oxygen uptake vs. size 

(0. cyanea) and from measurements of energy content of 

crabs, I calculate «using (16» that at 10 g, j.6% of the 

body weight must be ingested per day to meet maintenance 

costs, while at 100 g only 2.4% is needed and at 1000 g only 

1.6% of the body weight need be ingested to maintain the 

same weight. Thus, if 10 g animals were maintained on vari

ous ration sizes from below maintenance to ad libitum feed

ing, the regression should intercept the zero weight change 
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line at 3.6% while 100 g and 1000 g animals treated simi

larly would show no weight change at rations of 2.4% and 

1.6% respectively. 
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Approximate metabolic costs (in terms of relative food 

intake) can be calculated for any sized octopus from: 

M = 5.24W-0 • 168 (16 ) 

where M = % body weight per day of crab tissue assimilated 

and W = octopus body weight in grams. 

To get estimated maintenance costs for an octopus of 

weight W in terms of grams of crab tissue per day, the fol

lowing expression may be used: 

Mg = .0522W· 833 (17) 

where Mg = grams of wet crab tissue assimilated per day to 

equal metabolic costs, and W = the octopus weight (wet) in 

grams. 

Equations (16) and (17) were obtained from the oxygen 

consumption data that Maginniss and Wells (1969) presented 

for o. cyanea. Oxygen consumption (ml O2 hr- l ) data were 

converted to crab tissue units (g) using the following equa

tion (Van Heukelem, 1973): 

Mw = ( 2 4) (4. 8 9) (6. 9) (y) / 4 4 04 (18) 

where Mw = the maintenance ration in grams (wet weight) of 

crab tissue ingested per day for an octopus of weight Wi 24 
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= hours (to convert y to a daily rate); 4.89 = Cal/ml 02' 

the oxy-caloric coefficient of Winberg (1956) used to con

vert oxygen consumption data to calories; 6.9 = a conversion 

factor (dry weight to wet weight of crab tissue; and y = 

0.279WO. 833 = ml 02/hr (Maginniss and Wells, 1969). This 

equation reduces to: 

Mw = ° .184y (19) 

Using (19) I transformed oxygen consumption data and ob

tained (17) as the regression on the transformed data. A 

further transformation (100 Mw/W) produced data to which 

another regression (16) was fitted. 

The "growth ration" shown in Figure 12 was obtained by 

subtracting the amount of food not used in growth from the 

total amount ingested. This is the basic relationship be

tween food intake and growth, i.e. growth rate = food intake 

- total metabolism (Winberg, 1956; Paloheimo and Dickie, 1965). 

As calculated in Figure 12, growth ration assumes that all 

food not used in metabolism, or excreted, or not absorbed (fe

cal wastes) is used for growth at 100% efficiency. This was 

identical to plotting the average rate of gain divided by 

the average weight over the time interval x 100 against the 

% gain in 15 days. No biological significance should be 

attached to this line as one doesn't even need an animal 

or data from an animal to calculate the exact same line 

(facts which became obvious after performing the calcu-
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lations)., The purpose of this manipulation was to reduce 

the scatter and see if the relation between food intake and 

growth as plotted in Figure 12 was linear or curvilinear. 

When the manipulation was performed, all the points shown on 

Figure 12 fell tightly on the line indicated. This line is 

not linear but if calculated using the instantaneous coeffi

cient of growth to obtain rate of gain instead of using the 

average rate, the relationship is linear. This simply means 

that the non-linearity shown in the growth ration line was 

due to the biased method of using an average rate as opposed 

to an instantaneous one, as explained by Brody (1945) at 

some length. It also means that the same bias is in the 

points plotted, but the small divergence from linearity in-

I I I dicated in the growth ration does not warrant recalculating 

the % body weight ingested per day. This would require cal

culating cumulative food intake for each animal and calcu

lating k for each successive 15 day cumulative total using 

equation (3). 

The data shown in Figure 12 were adjusted to 250 C and 

weight ranges of animals are indicated by different symbols. 

The greater relative food intake and greater relative weight 

gain of small animals are evident. That growth is propor

tional to the relative amount of food ingested is also evi

dent for both species of octopus (Figures 11 and 12). 

Parker and Larkin (1959) and Paloheimo and Dickie 

(1965) derived growth equations for fish which assume that 
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growth rate is proportional to some power function of body 

weight between 0.5 and 1.0. Warren and Davis (1967) and 

Warren (1971) suggested that rates of food intake, growth, 

and total metabolism are all proportional to some mean power 

of weight which is about O.S. The weight exponent for res

piration obtained by Maginniss and Wells (1969) on O. cyanea 

was close to this value (0.S33), and was unaltered in trans

forming their data to food units (17). To see if the rela

tionship suggested by Warren and Davis (1967) was supported 

by my data, I plotted rates of food intake and growth of O. 

maya against the mid-point weight of the animals at each 

measurement and included the transformed data (17) of Magin

niss and Wells (1969) for comparison. As can be seen in 

I I I Figure 13, the proportionality is not constant over the en

tire weight range. 

Growth rates and food intake rates were adjusted to 

250 C to eliminate curvilinearity due to changing tempera

tures through the rearing period. But, as can be seen, the 

rates were not rectified by adjustment to constant tempera

ture. The sharp drop in food intake and growth occurred as 

animals reached reproductive maturity. Ignoring data of ma

turing animals and of the smallest animals, one can see that 

rates of feeding and growth do roughly parallel the meta

bolic rate but they are still concave. Food intake was not 

measured for animals weighing less than 10 g but would be 

expected to parallel growth as it did in larger animals (see 
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Figure 13. o. maya growth and food intake rates adjusted to 
250 C are plotted against the average weight over the time 
interval of each measurement. Oxygen consumption data of o. 
cyanea (Maginniss and Wells, 1969) transformed to equivalent 

food units are also shown with a fitted regression. 
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Figure 13). The parallel relation between food intake and 

growth over the entire range of growing animals indicates 

that food conversion efficiency was independent of size un

til the animals decreased food intake at sexual maturity. 

This indication was supported when efficiencies were calcu

lated (see below). 

The contention of Warren and Davis (1967) that all 

three rates shown would be proportional to the same power 

function of body weight is not strictly supported by the O. 

maya data but I hasten to add that they did not suggest this 

was an inveterate rule. Warren (1971) suggests the useful-

ness of relating the rates to weight lies in developing en

ergy budgets in rate terms. This usefulness is evident in 

I I I Figure 13 in which one can see that food intake is (as it 

must be) always higher than metabolic rate in growing ani

mals. One can also see that growth rate and metabolic rate 

are about equal in small animals and that in the 10 - 500 g 

weight range-, growth rate exceeds metabolic rate by a consid

erable amount (52 g day-l for growth and 24 g-day for meta

bolism as read from the original graph). Hm"ever, values of 

metabolic rate on this graph were obtained from O. cyanea 

data (Maginniss and Wells, 1969) and not from o. maya. The 

few oxygen consumption data obtained on O. maya (see below) 

indicate a parallel slope but the elevation may be higher. 
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chore as no standard has been adopted by all, and values 

must, in most cases, be recalculated for comparison no mat

ter what definition one chooses. I used total food ingested 

in calculating gross growth efficiency and re-calculated 

values from the literature when necessary for drawing com

parisons. 

On a wet weight basis, the-gross growth efficiency of 

o. cyanea was 38.3% + 10.9 s.d. for 76 measurements. A 

total of 95 measurements on o. maya gave a mean gross growth 

efficiency of 39.5% with s.d. = 5.7. The measured effi-

ciencies for 15 day intervals of both species are plotted 

against weight in Figure 14. A linear regression of the o. 

maya data is also shown and was indistinguishable from one 

calculated for o. cyanea. Coefficients for the regression 

on o. maya data were: a = 41.82; b = .00356 with r = -.445 

and Sy.x. = 5.13. For O. cyanea, a = 41.98; b = .00241 with 

r = .306 and Sy.x = 10.39. Size of o. maya ranged from 14 

to 2793 g (mid-point weight) and o. cyanea ranged from 91 -

6191 (mid-point weight). Data from old males and maturing 

females were not included as efficiency declines when such 

animals decrease food intake. 

These data indicate that there was no difference in 

gross growth efficiency between the species nor between 

sizes within or between species when maturing animals were 

eliminated. The larger variation in the Q. cyanea data is 

not surprising as they were all wild, captured animals 
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brought to the laboratory for study while the o. maya were 

siblings, hatched and reared in the laboratory. A double 

logarithmic plot was used to spread out the size data for 

visual presentation and not because of any logarithmic rela

tion. This method tends to visually minimize variation but 

the variation can be observed if one keeps this in mind. 

Gross Growth Efficiency vs. Ration Size 

In fishes, gross growth efficiency tends to decrease 

with increasing size of food rations. Paloheirno and Dickie 

(1965, 1966a, 1966b), on re-analysis of published work, 

found that growth efficiency was highest at a low feeding 

level and declined with increasing rations. They refer to 

the decline in efficiency at high ration levels as the 

"K_linephenomenon". Warren (1971) pointed out that this 

cannot be so, as efficiency must increase from zero at the 

maintenance level of ration to some maximum level at inter

mediate rations before it can decline. Kerr (1971) con

firmed that except for an initial positive phase at low ra

tions, declining efficiency with increasing food rations did 

occur and is probably the general rule for fishes. Warren 

and Davis (1967) and Brett et ale (1969) observed decreasing 

growth efficiencies at high ration levels in fish and sug

gested that decreasing assimilation efficiencies accounted 

for this phenomenon (i.e. a smaller proportion of energy was 

extracted from the food as rations increased). Kerr (1971) 
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acknowledged that assimilation efficiency declined with 

increasing rations, but rejected this as an explanation of 

decreasing growth efficiency with increase in ration size. 

Instead, he proposed that increasing metabolic costs due 

to spontaneous activity induced by increasing ration size 

caused the phenomenon. 
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That octopuses may not exhibit the "K line phenomenon" 

is suggested by the linear relation between ration size and 

growth shown in Figures 11 and 12. Warren (1971) notes that 

when this is the.case (no examples given), gross growth 

efficiency must increase as~~ptotically from zero at the 

maintenance ration toward the partial growth efficiency 

(G/I-M) value, with increasing ration size. He also indi-

cates that net efficiency must remain constant and the pro-

portion of food materials appearing as waste products, SDA, 

and activity must remain constant with increasing ration 

size (Warren, 1971). 

Although I do not have direct measurements of metabolic 

costs, nitrogenous wastes, or activity, enough data are 

available to suggest the Octopus conforms to the restric

tions that Warren (1971) places on an animal that exhibits a 

linear relation between food intake and growth and therefore 

exhibits no decline in gross growth efficiency with ration 

size. 

Figure 15 was prepared using data obtained from large 

animals only (1000 - 6191 g, midpoint weights). This size 
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Figure 15. Gross growth efficiency of octopuses weighing 
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were fed ad libitum. Maintenance costs (zero efficiency) 
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similation efficiency, o. cyanea. 
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range was used to reduce differences in maintenance costs, 

as estimated by (16), between large and small octopuses. 

Maintenance costs for a 1000 g animal are estimated at 1.6% 

of its body weight day-l while a 6191 g animal requires 1.2% 

of its body weight day-I. There is much scatter in the data 

but the suggestion of an asymptotically increasing relation 

can be visualized keeping in mind that conversion efficiency 

should be zero at the maintenance ration level between 1.2 

and 1.6% day-I. The maximum growth efficiency should lie in 

the 66 - 73% range. If partial growth efficiency (which 

sets the upper limit) is calculated using G/I=M, where M is 

I-{G+F)r I is total food intake and G is growth with G/I x 

100 = 40%, the lower value (66%) is obtained. If only 

I I I assimilated (absorbed = I-F) rations are used in the calcu-

lation (method of Brown, 1957), the higher value (73%) 

results. 

Assimilation efficiency of o. cyanea is shown at the 

top of Figure 15 and appears constant over the range of ra-

tions at which estimates were obtained. Assimilation effi
I -F ciency was calculated from: I where F = feces {see 

below} • 

Data of o. maya seem skewed to the right as compared to 

o. cyanea data in Figure 15. This suggests that metabolic 

costs may be higher in the Mexican species. 

The spread in the data is such that a satisfactory fit 

could not be found in the sense that none showed x-intercept 
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values close to the estimated maintenance costs. Attempts 

were made to fit the data to linear, exponential, logarith-

mic and parabolic equations. The logarithmic equation was a 

better fit than the others but still indicated a maintenance 

-1 cost of only 0.1% day • 

Animals of the size used in Figure 15 (1000-6191 g) are 

nea:.r-ing the ~nd of their life-span and much is going on in 

terms of reproductive maturity and the onset of senescence. 

Clearly, more data are needed, using young animals of similar 

sizes (e.g. 200-500 g) held at different ration sizes, in 

order to elucidate the relationship between gross growth 

efficiency and ration size. 

The constant assimilation efficiency and linear rela-

tion between food intake and growth do indicate, however, 

that in octopuses, gross growth efficiency increases with 

increasing ration size. No data are available on increased 

spontaneous activity with increasing rations, but my impres-

sion was that the opposite occurs - i.e. well-fed animals 

were quite inactive and corne out of their "homes" only to 

capture food, while hungry animals wandered restlessly 

around the tanks. Increasing spontaneous activity at higher 

rations was suggested as the major cause of decreasing 

growth efficiency in fishes (Kerr, 1971) and declining as-

similation efficiency with increasing ration size would have 

a similar effect (Warren, 1971). Neither of these suggested 

causes appeared to obtain in the octopuses studied, and it 
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can be inferred again that gross growth efficiency does not 

decline at high feeding levels in octopus. 

Material and Energy Budgets - Octopus cyanea 

A crude material budget can be constructed at this 

point using the gross growth efficiency data. Using 40% of 

the ingested portion as the average gross growth efficiency, 

the budget is 100% = 40% + 60% where 60% of the ingested 

portion represents all categories of food not used in growth 

(standard metabolism + SDA + nitrogenous wastes + dissolved 

and particulate organic losses + activity + fecal wastes). 

Fecal wastes were determined for o. cyanea (see below) as 

representing about 5% of the ingested ration. When fecal 

wastes are segregated from the other costs listed above, the 

material budget becomes: 100% = 40% + 55% + 5%. This is 

the basic material budget, on a wet weight basis, that I 

obtained considering all the food intake and growth data 

collected for both species. 

Estimates of standard metabolism can be obtained from 

the oxygen consumption data of Maginniss and Wells (1969) 

and the remaining category then represents nitrogenous 

wastes + dissolved and particulate losses + SDA + activity. 

No data were obtained on these latter categories. Figure 13 

indicated that the portion of ingested food used for stand

ard metabolism does not remain constant over the entire size 

range of growing animals even though gross growth efficiency 
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did remain constant. For the moment, using a 500 g animal 

as an exan~le and calculating standard metabolism from (17), 

the wet weight material budget for o. cyanea and Q. maya 

(assuming equal respiratory rates) is estimated as follows: 

I = G + R + X + F (20) 

or, 100% = 40% + 22% + 33% + 5% where I = total ingested 

ration, G = growth, R = standard metabolism, F = fecal mate

rial and X = the remainder, all calculated in grams wet 

weight. 

Material budgets for individual o. cyanea were deter-

mined and those data are presented below. Dry weight, ash 

content, and caloric determinations were also made and en

ergy budgets utilizing this information will be presented 

after the presentation of those data. 

Food intake, growth, fecal wastes and shed sucker cuti

cles of three o. cyanea were measured for 15 day intervals. 

Fecal wastes, food intake and growth, but not shed sucker 

cuticles, were measured for an additional three animals. In 

four animals these measurements were performed for two suc

cessive 15 day intervals while data were collected for only 

one interval on the two remaining animals (nos. 8 and 9). 

Animals were fed ad libitum and empty crab exoskeletons were 

removed and weighed daily. Fecal wastes and shed sucker cu

ticles were collected, drained, and weighed daily, and were 

accumulated in a drying oven maintained at 60oC. Daily 
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collections of fecal wastes and sucker cuticles were pooled 

for each animal and a single dry weight of each material was 

determined for each animal representing the total production 

over the 15 day period. The dried, pooled samples were pow

dered and thoroughly mixed with mortor and pestle and sub

samples were taken for ash content and caloric determination. 

The wet weight data collected for these animals are tabu

lated in Table 8, where WI = initial weight, W2 = final 

weight, I = total food intake, G = growth (W2 - WI)' F = 

fecal wastes and S = sucker cuticles (all values in grams). 

Slight discrepancies in the figures are due to rounding num

bers for presentation, e.g. G for animal #1, first run, is 

101 g while W2 - WI = 100 g. The value for I of 529 g given 

I· I in parenthesis for the first measurement on animal no. 26 

was calculated as described earlier (weight of crabs eaten x 

.627) because this animal was fed xanthid crabs and the sub

traction method of determining ingestion was shown earlier 

to underestimate ingestion of xanthid crabs. Other values 

of I are presented as measured (total live weight of crabs 

eaten - wet weight of uneaten remains). 

Data on % dry matter, % ash, and caloric content of the 

fecal material and sucker cuticles collected are presented 

in Table 9. Not all samples collected were utilized in the 

determination, e.g. only two of the ten samples of fecal 

wastes were used to determine ash and caloric content, due 

to time restrictions. Values in parentheses were not used 



Table 8 

Food Intake, Growth, Fecal Material and Shed Sucker 
Cuticles of o. cyanea for 15 day Periods 

Octopus # Sex WI W2 I G F S -
1 M 1007g 1107g 398g 101g 22g 22g 

2 M 738 1024 1509 286 32 16 

3 M 1715 1855 1574 140 45 44 

1 M 1107 1170 .312 63 17 34 

2 M 1024 1165 512 142 31 34 

3 M 1855 2010 723 155 38 66 

8 F 1458 1958 1466 500 76 

9 F 2774 3293 1636 519 92 

(529) 
26 M 344 585 437 241 22 

26 M 585 808 517 223 24 

Means 1261 1498 668 237 40 36 

(X) 

1.0 
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in calculating means. The number of sub-samples and stand

ard deviations of results are given for ash content and 

caloric determinations. Ash content of fecal wastes was 

high and examination of samples indicated that this was due 

to bits of ingested crab exoskeleton. Paine (1966) suggests 

that a correction for endothermy should be applied when sam

ples contain a large amount of carbonates. The 4% correc

tion required (Paine, 1966) is small in the context of the 

total energy budget as fecal wastes account for only about 

5% of ingested energy. The correction was therefore ne

glected. Ignition of both fecal wastes and sucker cuticles 

was often difficult using the Phillipson microbomb calori

meter and benzoic acid was mixed with some of the samples 

! I I to obtain results. 

Two specimens of the hawaiian crab, Podopthalmus vigil 

were used to obtain information on energy content of food. 

One was a male (81.0 g)~ the other a female (72.7 g). An 

effort was made to make these samples representative of what 

the octopus ingests by obtaining samples as described below. 

Crude, aqueous extracts of Octopus posterior salivary glands 

were prepared by maceration in seawater. Extracts were 

clarified by centrifuging and injected into the crabs at 

membranous joints on the large chaelae and at the body. 

Crabs were weighed before injection and died within five 

minutes following injection. After 30 minutes the meat and 

viscera were easily pulled intact from the exoskeleton. Some 
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fluid was lost in the process of cleaning the crab and this 

was accounted for by difference between total weight of the 

crab before injection and the total weight of the parts af

ter dismemberment. The difference was added to the weight 

of meat and viscera obtained to determine total wet weight 

of the "ingested portion." 

Gills of crabs were not ingested by octopuses and 

therefore not included in the samples. 

Ash and caloric content of Q. cyanea was determined 

from two whole animals and one sample of meat (arms) only. 

One of the whole animals was a post-spawning female and had 

high water content (sample # 4). This animal had brooded 

her eggs and was near death. The % dry matter used in later 

calculations was that from sample #6, the mean value of 5 

whole octopuses (124 - 261 g) dried to constant weight 

(600 C). The values obtained for sample #5 (arms only) were 

not included in calculating the mean values (underlined 

values) used later in calculating energy budgets. Values 

underlined in Table 9 are mean values later used in convert

ing wet weight data to dry, ash-free dry, and caloric units 

used in energy budgets. Values given for octopus egg sam

ples were obtained to estimate the amount of energy expended 

in reproduction. The eggs used were obtained the day they 

were laid. Eggs had an unusually high dry matter content. 

A sample of 2. maya eggs was also dried with similar (42% 

dry matter) but lower results. No caloric determinations 



Table 9 

Dry Matter, Ash and Caloric Value of Crab and Octopus Samples 

% drx matter % Ash Calls Cal/g 
# Material N - sd N x sd N S{ sd Ash Free x -, 

1 P. viSil 1 13.1 4 13.2 1.1 4 4579 62 5275 
2 P. viSil 1 15.8 5 13.7 0.8 4 4393 186 5090 

x 14.5 13.5 4486 5183 

3 Q. cyanea (whole) 1 (23.8) 2 10.2 0.4 6 4560 150 5072 
4 Post-spawning 1 (9.9) 2 12.2 1.3 3 4528 73 5151 
5 Arms only 1 (19.3) 3 (7.1) 1.9 5 (4456) 161 (4797) 
6 o. cyanea (~hole) 5 21.3 1.9 

x 21.3 11.2 4544 5112 

7 o. cyanea feces 5 46.6 0.7 3 1858 84 3479 
8 o. cyanea feces 7 45.3 6.6 6 1869 302 3417 
9 o. cyanea feces 9 28.1 4.3 

x 28.1 46.0 1864 3448 

10 o. cyanea sucker 
cuticles 4 8.2 .98 4 4588 497 4998 

11 sucker cuticles 4 10.7 1.38 2 4491 286 5029 
12 sucker cuticles 5 (4.8) .69 3 4955 364 5199 
13 sucker cuticles 6 3.03 

x 3.03 7.9 4678 5075 

14 Q. cyanea eggs 1 53.1 7 6.0 2.2 7 5490 210 5840 
15 O. cyanea eggs 1 57.7 8 5.0 1.9 7 5236 319 5512 

\D 

x 55.4 5.5 5363 5676 tv 
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were made on o. maya tissues due to lack of time. 

Using underlined values obtained from Table 9, gross 

growth efficiency and assimilation (absorption) efficiency 

were calculated from the wet weight data presented in Table 

8. Results are tabulated in Table 10 to show differences 

obtained when the efficiencies were calculated from wet 

weight, dry weight and calories per gram. The increase in 

gross growth efficiency when calculated on a dry weight or 

caloric basis was due primarily to difference in water con-

tent of crab and octopus (14.5% dry matter for crab and 

21.3% for octopus) as, on a dry weight basis, energy content 

of the two materials was quite close. Crab and octopus dif

fer considerably in caloric content on a wet weight basis 

but little on a dry weight basis. The gross growth effi-

ciency based on crab and octopus wet weights of these ani

mals was, on the whole, low compared to the average of 38.3% 

obtained for rapidly growing ~. cyanea. Relative food in

take (% body weight day-l ingested) was also low for many of 

the animals. In looking back through my records, I found 

that these were old animals (except for no. 2 and no. 26) 

which in part explains the low values obtained, as older 

animals eat less than younger animals of the same weight. 

Daily disturbance of animals when collecting sucker cuti

cles, feces and crab remains perhaps also depressed feeding 

rates. 

Values in parentheses for animal No. 26 in Tables 8, 



Table 10 

Gross Growth Efficiency and Assimilation Efficiency of 
O. cyanea on wet weight, dry weight, and caloric basis 

Gross Assimilation 
Ration Growth Effici(~ncy Efficiency 

Octopus # % Body wt day-l Wet Dry Cal Wet Dry Cal 

1 2.5% 25.4% 37.3% 37.8% 94.5% 89.3% 95.6% 

2 4.6 49.0 68.9 69.9 94.7 89.8 95.8 

3 2.5 20.8 30.5 30.9 93.3 87.1 94.6 

1 1.8 20.2 29.6 30.0 94.6 89.4 95.6 

2 3.1 27.7 40.7 41. 3 93.9 88.3 95.1 

3 2.5 21. 4 31.5 31.9 94.7 89.8 95.8 

8 5.7 34.1 50.1 50.7 94.8 89.9 95.8 

8 3.6 31. 7 46.6 47.2 94.4 89.1 95.5 

(45.6) (67.0) (67.9) (95.8) (90.5) (96.7) 
26 6.3 55.1 81. 0 82.0 95.0 90.2 95.9 

26 5.0 43.1 63.3 64.2 95.3 91.1 96.3 

Means: 3.8% 32.9% 48.0% 48.6% 94.5% 89.4% 95.6% 
(32 .0) (46.6) (47.2) 

\0 

""" 
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10 and 11 were calculated using .627 of the weight of crabs 

eaten as the ingested portion and is probably more accurate 

as mentioned previously. 

I - F 
Assimilation efficiency ( 1 x 100) was remarkably 

free of variation and appeared to be independent of animal 

size and amount of food ingested. 

Energy budgets for each animal were calculated using 

data presented in Tables 8 and 9 and oxygen consumption data 

of Maginniss and Wells (1969). An oxy-caloric coefficient 

of 4.89 cal per ml O2 (Winberg, 1956; Warren and Davis, 

1967; Warren, 1971) was used to convert oxygen consumption 

data to calories hr- l and these values were multiplied by 

24 hours to get a daily rate. Average weight over the time 

interval (WI + W2/2) was used to calculate oxygen consump

tion of each animal. 

Conversion factors were obtained from data in Table 9 

to speed calculations from wet weight data to calories per 

gram ash free dry weight. For example, cal. per gram ash 

free dry weight of crab = (wet weight) (.145) (.865) (5183), 

which reduces to 650 (wet weight). Similarly, wet weight 

was multiplied by 967 for whole octopus, by 523 for fecal 

wastes, and by 142 for sucker cuticles. Conversion factors 

for cal. per gram dry weight are identical as are energy 

budgets on this basis, e.g. for crab cal. per gram dry 

weight = (wet weight) (.145) (4486) = 650 wet weight, as above 

for the ash free caloric value. 
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Energy budgets calculated as described are presented 

for each animal in Table 11. All values are expressed as 

percentage of energy in ingested food. Numbers in parenthe

ses for animal #26 were calculated from I = .627 (live 

weight of crabs eaten) and mean values in parentheses were 

calculated using these values for #26 rather than measured 

values. The energy budget shown has. the following. compo

nents: 

I = G + R + F + S 

where R = standard metabolism (other symbols as previously 

defined). Substituting numerical values for the symbols, 

the average budget was: 

102.7% = 48.6 + 48.2 + 4.4 + 1.5. (21) 

All of these budgets are too high (except perhaps the one 

for No.8) as they leave little or no room for energy lost 

as nitrogenous wastes, dissolved and particulate organic 

matter, SDA, or activity. Presumably, the error lies in the 

estimate of R as the other components (I, G, F, and S) were 

measured directly.- I have some evidence tha.t-the method em

ployed by Maginniss and Wells (1969) to determine oxygen 

consumption yields high values. When I used their method to 

obtain estimates of oxygen consumption for larger animals 

than they measured and for different temperatures, I noticed 

that although animals remaining quiet in respiration 



Table 11 

Energy Budgets of Q. ~yanea 

Octopus # til + W2 ~ x 100 ~ x 100 ~ x 100 ~ x 100 Total 
~-

1 1057 37.8% 63.9% 4.4 1.2 107.3 

2 881 69.9 35.9 4.2 0.6 110.6 

3 1785 30.9 58.4 5.4 1.4 96.1 

1 1139 30.0 86.7 4.4 2.4 123.5 

2 1095 41.3 51.2 4.9 1.5 98.9 

3 1933 31.9 58.1 4.1 2.0 96.2 

8 1708 50.7 25.9 4.2 80.8 

9 3034 47.2 37.4 4.5 89.1 
(69.9) (24.2) (3.3) 195~L,1) 

26 465 82.0 29.4 4.1 115.5 

26 697 64.2 34.8 3.7 102.7 

Means: 1397 48.6 48.2 4.4 1.5 102.1 
(47.2) (47.6) (4.3) (100.1) 

Sum of means: 48.6 + 48.2 + 4.4 + 1.5 = 102.7 
(47.2) + (47.6) + (4.3) + (1.5) =(100.6) 

\0 
-....J 
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chambers removed oxygen at a steady rate, their ventilation 

rates and amplitude of respiratory movements were increased 

over those of undisturbed animals observed in their home 

tanks. Observations of amplitude of respiratory movements 

were subjective, but the rates of similar sized animals were 

24 per minute for undisturbed animals and 32-40 per minute 

for "quiet" animals in the respiration chamber. Octopuses 

were able to remove oxygen at a steady rate in a closed sys

tem by increasing ventilation rate as oxygen concentration 

declines (Borer and Lane, 1971). The rates mentioned above 

were, however, taken before oxygen concentration fell appre

ciably below the starting level and were probably attribu

table to the behavioral stress of moving an octopus from its 

home tank to a strange new place. In view of these observa

tions it seems that determining R by difference is the 

method of choice at the present. R determined by difference 

would include standard metabolism, nitrogenous wastes, SDA, 

dissolved and particulate organic losses, and activity. 

Values of R calculated from oxygen consumption data of 

Maginniss and Wells (1969) overestimate standard metabolism 

but appeart~ es~imate this l~ ~ t - G - F) category rather 

well. Large imbalances such as the total value of 123.5% 

for the energy budget of animal number 1 (second determina

tion) may be due to reduced metabolism and low feeding 

levels in old age. This animal ingested 1.8% of its body 

weight per day and gained 63 grams over the 15 day interval. 
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Normal average values for animals this size are 4.4% per day 

for food intake and about 400 g for growth. Low feeding 

levels are known to depress metabolism in fish (Brown, 1957) 

and decreased metabolic rate associated with old age might 

be expected as old octopuses are lethargic as compared to 

young, growing animals. 

Food intake and gross growth efficiency were low in 

these animals (in Tables 8 and 9), and another estimate of 

an energy budget can be made for a normally growing, average 

animal of the same mean weight (1379 g). Average growth ef-

ficiency for "young" o. cyanea was found to be 38.3%. From 

a graph of rate of food intake vs. size, an average value of 

60 g/day was obtained for I. In rate terms then G = (60) 

(.383) = 23.0 g/day and F = (60) (.055) = 3.3 g. Shed sucker 

cuticles were found to be related more clearly to size than 

to food intake and were shed at an average rate of 0.16% per 

day-l of the body weight which is 2.21 g day-l for the aver

age animal. R was again calculated from equation (17) 

yielding 21.5 g/day of crab tissue needed for respiration. 

On a wet weight basis the energy budget was as follows: 

I = G + R + F + S + X; 

in grams day-l this yields: 

60 = 23.0 + 21.5 + 3.3 + 2.21 + 10.0; 

or in %: 
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100 = 38.3 + 35.8 + 5.5 + 3.7 + 16.7; (22) 

in calories/gram dry weight: 

39000 = 22241 + 13496 + 1383 + 314 + 1566; 

or as %: 

100% = 57.0 + 34.6 + 3.5 + 0.8 + 4.0 (23 ) 

The value of X was determined by difference between I and 

the sum of G + R + F + S in each budget. The value of R in 

-1 cal/gram dry weight was calculated from R = Rl (4.89) (24), 

where In Rl = In .279 + .833W, the equation of Maginniss and 

Wells (1969) and 4.89 is the oxy-caloric coefficient of 

I I I Winberg (1956). Substituting Rl for an octopus weighing 

l379g, 

R = (115 ml O2 hr- l ) (4.89 cal/ml 02) (24 hrs.) (24) 

yields 

R = 13496 cal. day-I. 

Obviously, many manipulations are required to convert 

wet weight data to calories and to subdivide the "total 

metabolism" category into its various components. Many 

sources of error are possible in determinations and many 

different answers can be obtained depending on assumptions 

about what level of metabolism is represented by measured 

oxygen consumption data. 
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For the time being, measured rates of ~ood consumption, 

growth and egestion on a wet weight basis, are the best data 

I have. Major sources of error in converting these data to 

caloric values are dry weight and caloric content determina

tions. The theoretical range of caloric values for organ

isms is 4100 to 9500 cal/ash-free gram with an expected 

average close to 5100, the average value for protein (Cum

mins and Wuycheck, 1971). The values I determined were 5183 

for crab tissue ("ingested portion") and 5112 for whole oct

opuses. I was able to find only one value for octopus in 

the literature, determined from a juvenile o. vulgaris with 

a dry weight of 110.8 mg (no wet weight given), ash content 

of 8.7% of the dry weight, and caloric value of 5412 cal/g 

ash-free (Wissing et al., 1973). 

Component analysis data on octopus are available from 

two sources. Solis (1967) gave values of 82.4% water 

(=17.6% ~ry matter), 1.6 gash (= 9.1% of dry matter), 0.32 

9 protein (= 1.8% of dry matter), and 12.61 9 fat (= 71.6% 

of dry matter). I assume the values for fat and protein 

were mixed, i.e. protein = 71.6% of dry matter. Paine 

(1971)·· gives conversion factors Of-4-:rO-,9.4-5,arid5.65 k . 

cal/g ash-free dry weight for carbohydrate, fat, and protein 

respectively. Applying these factors to Solis' data (analy

sis performed by the Institute of Nutrition of Mexico on 

Octopus ~) for which no carbohydrate value was given, the 

caloric value was 4641 cal/g ash free. The analysis was 
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performed on 100 g fresh octopuses and assuming this was 

meat only, the caloric value is close to my determination 

for o. cyanea arms only (4797 cal/g ash free). My dry mat

ter content was 19.3% while the Mexican figure was 17.6%. 

Watt and Merrill (1963) (Composition of Foods, U.S. Agricul

ture Handbook No.8) give the following figures for 100 g 

raw octopus, edible portion: 0 refuse, 82.2% water (=17.8% 

dry matter); protein = 86% of dry matter, fat = 4.49% of dry 

matter, carbohydrate = 0% of dry matter, and ash = 8.43% of 

dry matter. Converting these data to calories, I got 5768 

calories/g ash free, considerably higher than my value and 

that calculated from the analysis in Solis (1967). My dry 

weight value for whole octopus was 21.3% + 1.9 s.d. deter

mined from five whole octopuses dried at 60°C and weighed 

until two successive weighings were consistent. Separate 

samples of mid-gut gland were dried and found to be 37.5% 

dry matter (very oily) and have an ash content of 2.2% and 

caloric content of 6675 + 54 cal/gram, or 6825 cal/grarn ash

free (N = 4 sub-samples). Although this organ only accounts 

for 2% of the octopus' live weight, its high dry matter and 

caloric content prohi3.bly·account for much of the decrease in 

% dry matter and caloric content of arms only over whole 

octopuses in my samples. 

Data on crab caloric content are also difficult to find 

in the literature. Cummins and Wuycheck. (1971) give a mean 

value for decapod crustacea of 5314 cal/gramash free. Golly 
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(1961) and Paine (1971) reported 4400 cal/gram ash free for 

whole crabs and Paine (1971) adds 71 calories to this value 

to correct for endothermy (ash content = 51%). The Univer

sity of Hawaii Nutrition Department did an analysis of 

Podopthalmus vigil meat and reported the following values: 

meat = 46% live weight; dry matter = 16.67%; ash = 14% of 

dry matter; protein = 71.3% of dry matter, fat = 10.3% of 

dry matter, and carbohydrate = 4.4% of dry matter. Applying 

conversion factors to these data, I calculated a value of 

5963 cal/gram ash free. This is much higher than my value 

of 5183 for the ingested portion. 

A possible source of error in my gross growth effi

ciency determinations is that octopuses may not ingest some 

I I I of the fluid included in my II ingested portion II determina';", 

tions. To estimate the possible effect of fluid loss on 

gross growth efficiency, I fed three crabs (~. vigil) to 

octopuses and took them away 15 minutes after the octopuses 

caught them. The crabs were then dismembered and allowed to 

drain into a beaker. The average fluid loss of these crabs 

was 6.2% of the "inge~ted portion". If octopuses did not 

ingest this fluid the average gross growth efficiency of o. 

cyanea would be 41.3% rather than 38.3% on a wet weight ba

sis. Similarly, average gross growth efficiency would in

crease from 39.5% to 42.6% for o. maya if crab fluids were 

not ingested. The fluid lost contained 4.9% dry matter and 

assuming that this dry matter was equal in caloric content 
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to crab tissue, gross growth efficiency on a caloric basis 

for £. cyanea would be 58.9% rather than 57.0%, and for o. 

maya efficiency would be 60.8% instead of 59.5%. In short, 

if crab fluids were not ingested by octopuses, both wet and 

caloric gross growth efficiencies would be slightly higher 

than my determinations indicate. I've considered this in

formation at length because, on a caloric basis, the gross 

growth efficiencies I obtained are the highest that I have 

found in the literature on energetics. Examination of my 

data indicates that if % dry matter of octopus and crab were 

the same, wet and caloric conversion efficiencies would be 

equivalent since caloric content of the two materials is 

similar on a dry basis. Octopus and crab samples were both 

dried to constant weight at 60oC. My method of cleaning the 

crabs yielded 54.4% and 66.0% of the live weight as "in

gested ll portions of the two crabs used in calorimetry, val

ues in the range of those obtained when the ingested por

tions were determined from crabs fed to octopuses (62.7% ~ 

3.7 s.d. for about 2400 crabs, see page 63) and the dry mat

ter content should have been lower than that obtained for 

"meat" by the Nutrition Department, as more body fluids 

would be included by my method and in my measurement of oct

opus intake of crabs (my value was 14.5% dry matter; U.H. 

Nutrition Department, 16.7%). My caloric determinations 

were all performed on the same machine which was calibrated 

against benzoic acid every tenth run. I therefore am quite 
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Figure 16. Average material budgets of three sizes of o. 
maya fed ad libitum at 250 are shown. Small animals ingest 
more food relative to their body weight than larger octo
puses. The clear portion on the top of each bar represents 
the portion of food used for growth (40%). Cross hatching 
represents the portion of ingested food used for mainte
nance (55%). The black area of each bar represents fecal 

w~st~§ f~_QI1l the inge~ te<LfQQd (5 % >_0____ __ _ 
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ing the animals there was nothing to suggest that assimila-

tion efficiency was different from that of o. cyanea. Val

ues of I were obtained from an original graph of Figure 13. 

For the two smaller sizes, average values were chosen, but a 

higher than average value was used for the 2500 g size since 

food intake and growth were declining in the average animal 

this.size-. The top part of each histogram (G) represents 

40% of I for each size and the bottom (E) represents 5% of 

I. The middle portion, obtained by difference, represents 

the total metabolism category and is 55% of I. Values ob

tained from Figure 13 were in rate terms (g day=l) and were 

converted to weight specific values (% body weight day-I) to 

demonstrate the higher turnover rate in small animals. The 

histograms indicate that on a weight specific basis, a 25 g 

animal must take in 3.2 times more food than a 2500 g animal 

in order to grow at 40% efficiency. The result is that the 

25 g animal grows at 3.2 times the rate of the 2500 g octo-

pus. Numbers to the right of each bar indicate relative 

amounts in %. (I = 14.4% of the body weight day-l and "to-

tal metabolism", including fecal wastes here, amounts to 
- --------- - -- - - ------- --- - -- - - ------

8.6% of the body weight per day at 25 g. Growth of the 

small animal is then 14.4 - 8.6 = 5.8% per day and the large 

animal grows at 4.5 - 2.7 = 1.8% per day. These are not in-

stantaneous rates but the ratio between them should be about 

the same as for 100 k values (see Table 5).) Over 15 day 

intervals, the relative weight gains of the three sizes 
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shown would be 150% for the smallest, 100% for the inter

mediate and 30% for the largest animal. I consider that all 

three animals grow at the maximum average potential for 

their size (at 2SoC in the figure), as the values are based 

on unrestricted food availability and maximum average growth 

efficiency for the species. 

The histograms also reflect higher food requirements 

and capacities of different sized animals on a weight speci

fic basis. The small animal used 8.6% day-l of its body 

weight in food just to cover costs of total metabolism and 

presumably would not grow if it could only obtain this 

"amount, while the largest animal would not or could not even 

ingest this quantity and required only 2.7% day-l to cover 

the same costs. (Actually total metabolism as used here 

would be reduced at the lower ration - less material to ex~ 

crete and egest, and lower SDA - so the small animal could 

still grow on a ration of 8.6% day-l but at a very reduced 

rate and low efficiency.) 

The lower relative food intake of large animals might 

be explained by allometric growth - i.e. the viscera of 

small animals· represehtsa· large propc)]:·-ti6n of oedy size 

while in large animals the arms represent the major part of 

the body weight. One could assume then that a small animal 

has a relatively large digestive system as compared to a . 

large animal. However, larger relative capacity does not 

explain faster rate of turnover which must be due to an 
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ability of small animals to process food much faster. Faster 

digestive rate suggests different enzymes or isozymes as a 

possible mechanism. As a satisfactory explanation has yet 

to be found for the higher metabolism of small versus large 

animals (Larimer, 1974), one can only speculate at present 

on the mechanisms involved in faster rate processes in small 

animals. 

Boucher-Rodoni (1973) studied digestion rate of o. 

cyane~ at 300 C and found that direction was completed 12 

hours after capture of crabs and this time was independent 

of octopus size (630-2250 g) and size of the meal. The ab~ 

solute quantity of food digested hr- l was directly propor

tional to the absolute quantity of food ingested (Boucher-

I I I Rodoni, 1973), i.e. larger meals stimulated faster digestive 

rates per unit food. How this was accomplished is unknown 

but it suggests that a greater secretory rate of digestive 

enzymes might be involved in the faster digestion of larger 

meals. 

Relationsltips Between Metabolism l Size and Energy Budgetp· 

Referring back to Figure 13 again, the proportion of 

ingested food energy used in standard metabolism is much 

higher in very small animals (.1 - 1.0 g). Although the 

elevation of the line representing metabolism is uncertain 

(it was derived from Q. cyanea data), the few oxygen con

sumption data I obtained on o. maya suggest a nearly ident

ical slope, with an elevation somewhat higher (but also 
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biased by behavioral stress, see above} for o. maya (see 

section on temperature, growth, and bioenergetics below). 
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At any rate, the higher proportion of food energy used in 

standard metabolism while maintaining constant gross growth 

efficiency (strongly suggested by Figure 13) means that the 

other components of total metabolism (SDA, nitrogenous 

wastes, dissolved and particulate organic losses and activ

ity) must be reduced. The SDA component is most suspect of 

these. SDA (specific dynamic action) or the calorgenic ef

fect of food (Brody, 1945; Kleiber, 1961) is still poorly 

understood. Warren (1971, p. 142) states: "It is now gen

erally accepted that SDA mainly results from the utilization 

of oxygen necessary to deaminate amino acids not to be used, 

for whatever reasons, in the formation of protein in growth 

or tissue repair." Although animals are usually unable to 

benefit from this heat loss, homeothermic animals can use it 

to maintain body temperature when environmental temperatures 

are low, and deamination can provide energy necessary for 

work in active versus inactive animals (Warren, 1971). The 

following statement is perhaps relevant to the rapid growth 

of small animals versus larger animals~ "If the rate of in

gestion of amino acids is greater than their rate of utili

zation in protein synthesis, excess amino acids must be de

aminated permitting excretion of the amino fractions ••. " 

(Warren, 1971, p. 143). This information suggests that when 

rate processes are high, as in small animals, energy lost to 



III 

SDA will be low and perhaps explains the increasing depar

ture of growth rate from metabolic rate seen in Figure 13, 

i.e. as weight increases, weight specific rates decrease and 

SDA increases and is perhaps represented by the difference 

between growth and metabolic rates. 

Perhaps the calculation of energy budgets will clarify 

these thoughts. The elevation or level of the standard 

metabolism line is uncertain and is likely to be too high 

due to behavioral stress and the use of fed animals in de-

termining oxygen consumption rates. For present purposes 

I'll assume that the rates of standard metabolism and growth 

are equal at hatching. On the graph (Figure 13) this gives 

a common origin (at a weight of 0.1 g) of about .006 g day-I. 

I I I Using a slope of .833 from Maginniss and Wells (1969) exten

sive data, this will result in an elevation of about .04 

read from the graph) and the equation for calculating R in 

terms of grams of crab tissue (17) becomes: 

Mg = .04 w· 833 (25) 

or: 

In Mg = In .04 + .833 In W (26) 

Reading I values from the graph and calculating R from (26), 

material budgets for animals weighing .1, 1.0, 10. and 100 g 

were calculated assuming G = .4 I and F = .05 I. Results 

are shown below in % of I. 
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I = G + R + F + X 

at 0.1 g: 

100% = 40 + 39 + 5 + 16 (27) 

at 1.0 g: 

100. = 40 + 27-+ 5 + 28 (28 ) 

at 10.0 g: 

100% = ~o + 19 + 5 + 36 (29) 

at 100 g: 

100%· = 40 + 14 + 5 + 42. (30) 

Inspection of Figure 13 indicates that I reaches its 

maximum difference from R at about 100 g and declines after 

that. The decreasing percentage of R in the energy budget, 

as I and G increase, reflects the idea implicit in the gen

eralization that an animal can only grow after ingesting 

enough food to maintain the body at its same weight, i.e. 

"th4;LI1\Q~~_tbey~gtabQJTg J[1aint_en~mce, __ the. more they grow." .

The increasing values of X suggest increasing costs attrib

utable to increases in SOA, nitrogenous wastes, and dis

solved and particulate organic matter. These increasing 

costs of the X category limit gross growth efficiency to 40~ 

for if they remained a constant fraction of I, growth effi-
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ciency would increase as the difference between rate of food 

intake and standard metabolism increased, up to a maximum at 

a body weight of about 100 g. This would be about 66% ac-

cording to the scheme presented (adding the 26% difference 

between X at 100 g and X at 0.1 g to the gross growth effi-

ciency category). 

The basic material budget on a wet weight basis is the 

same as that presented before the presentation of caloric 
, 

data. The sum of R and X is 55% in each of the four budgets 

last presented. Converting to calories the general energy 

budget for o. maya at 100 g is: 

I = G + R + F 

8775 = 5222 + 3200 + 353 ( 31) 

100% = 59.5 + 36.5 + 4 (32) 

where R was determined by difference (R = I - G - F). A 

rough idea of the energy partitioned between standard metab-

olism and other costs included in the R category in (32) can 

be obtained by calculating R from oxygen consumption data. 

Maginniss & Wells' (1969) formula estimated standard metabo

lism too high for o. cyanea, but o. maya appears to have a 

somewhat higher rate which is about the same at 200 C as that 

o 0 
measured for o. cyanea at 24.5 - 27.5 C (see below). Using 

Maginniss and Wells' (1969) formula then, represents about a 

50% reduction from the estimate (high) of the standard rate 

when applied to o. maya. The following energy budget 
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results when R is calculated using Maginniss & Wells' equa

tion (1969). 

I = G + R + F + X 

in cal/gm: 

8775 = 5222 + 1517 + 353 + 1683 (33) 

in %: 

100% = 59.5 + 17.3 + 4.0 + 19.2 (34) 

The values of G, F, and (R + X) in this budget should be 

close to reality. The partitioning of R in R and X is 

strictly an estimate but may "be fairly representative of the 

actual situation. Warren (1971) presented unpublished data 

of Averett (1969) in histogram form which indicated that at 

unrestricted feeding levels, the same category represented 

by X in (34) was about twice the amount R. These data were 

from Coho salmon in which gross growth efficiency drops with 

increasing ration size due to increases in egestion, nitro

genous wastes, SDA and activity. At the level of food in

take representing maximum gross growth efficiency (the level 

most comparable with (34» the X category was about equal to 

standard metabolism as in (34) (see Figure 11-8 in Warren, 

1971). 

Muir and Niimi (1972) obtained a direct estimate of SDA 

in the aho1eho1e by measuring the increase in oxygen con-
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sumption after a meal. Increased oxygen consumption lasted 

up to 48 hours following a meal and amounted to an estimated 

16 - 19% of energy in the ration. As the X category in (34) 

includes nitrogenous wastes and dissolved and particulate 

organic losses in addition to SDA, my estimate of R may 

still be too high or octopuses lose less energy to SDA than 

fish do. 

Octopus Efficiencies Compared with Other Animals 

Leaving speculation and estimates aside, the general 

budget for o. maya on a caloric. basis with R determined by 

difference (32) indicates very high gross growth and assim

ilation efficiencies. Welch (1968) compiled 29 energy bud-

I I I gets from 15 sources. Animals represented were all aquatic. 

Herbivores, carnivores, invertebrates and vertebrates (fish) 

were included. The highest gross growth efficiency listed 

was 53.5% for fish larvae (based on carbon-data of Sorokin 

and Panov, 1966); the next highest was 37% for soil amoebae 

(based on weight-data of Heal, 1967), and the third highest 

was 31% for carp and for Tubifex tubifex (based on energy 

data of Ivlev, 1939a and 1939b). The highest assimilation 

efficiency noted in the compilation of Welch (1968) was 88% 

for Euphausia pacifica (based on carbon data of Lasker, 

1966). Welch (1968) generalized from the data available 

that "the lower the assimilation efficiency of an animal, 

the higher is its net growth efficiency •.•. ". Octopus does 
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not fit this generalization. When calculated by his method, net 

growth efficiency = G ~ R where R = I - (G +F). This is 62% for 

octopus on a caloric basis. (Note that this "net growth effi-

ciency" is very different from tha t of Brody (1945) and Brown 

(1957) which was I ~ M where M = standard metabolism for octo

puses this net efficiency value is 71. 9% based on (34).) 

Table 12 was compiled in an effor-t to give some compar-

ative data on gross growth efficiency, assimilation effi

ciency and net ( ~ ) growth efficiency (reported since 

Welch's (1968) review. The stUdies chosen represent aquatic 

animals. Only a few of the many works on carnivorous fish 

are represented and with the exception of Paine (1965) I did 

not include works summarized by Welch (1968). Carnivores, 

herbivores, and detritivores are represented among the in-

vertebrates. In many cases values were recalculated to con-

form to my definitions, e.g. Pandian (1967a, b) and Carefoot 

G (1967, 1970) used A for "conversion efficiency" and "crude 

growth efficiency." Many authors reported differing effi-

ciencies depending on diet, ration size, temperature, animal 

size, and season. In general I chose the highest value of 

~ reported and the values of ~ and ~ were obtained for the 

same ~ value, e.g. if assimilation efficiency declined with 

increasing ration but gross growth efficiency increased, I 

h th h ' h t G 1 d th d' G d A A c ose e 19 es I va ue an e correspon 1ng A an f. s 

G can be seen, none of the I values are as high as those I ob-

tained from octopuses on a caloric basis. Among the ~ values 



Table 12 

Gross Growth Efficiency, Assimilation Efficiency and Net Growth Efficiency 
of Various Aquatic Animals 

Animal Food G/I A/I G/A Parameter Author 
FISH 

Ophiocephalus Shrimp (whole) 39 92 44 calories Pandian (1967a) 
striatus 

Megalops Shrimp (whole) 42 91 44 calories Pandian (1967a) 
cyprinoides 

Megalops Fish (Gambusia) 37 93 40 calories Pandian (1967b) 
cyprinoides 

Esox lucius Minnows ad lib 44 wet wt • Adelman & Smith 
. (Pike) --- (1970) 

Limanda limanda Fish (flesh) 47 calories Pandian (1970) 
(Flat fish) 

Oncorhynchus Prepared 25 calories Brett et al. 
nerka (sockeye) (1969) -

Serio1a quinquer- Prepared 42 calories Takeda et al. 
adiata (yellowtail) (1975-) -

Gobius minutus worms and shrimp 35 calories Healey (1972) 
(sand goby) 

Tilapia Tubifex 24 80 44 dry wt. Pandian & Rag-
mossambica huraman (1972) 

Ti1apia Fish (Gambusia) 33 calories Raghuraman 
mossambica (1973) (in 

Pandian (1975) 
Cyprinus carpio Worms 34 wet wt. Hama:da et a1. 

(Carp) (Limnodri1us) (1975-) ..... ..... 
-.J 



Table 12 (Continued) 
Gross Growth Efficiency, Assimilation Efficiency and Net Growth Efficiency 

of Various Aquatic Animals 

Animal 
MOLLUSCS 

Navanax inermis 
Aplysia punctata 

Archidoris 
pseudo argus 

Dendronotus 
frondosus 

Aplysia 
dactyomela 

Aplysia juliana 

Tegula funebralis 

Physa gyrina 

Helisoma tri
vol vis (wild) 

Helisoma tri
vol vis (albino) 

Mytilus edulus 

ECHINODERMS: 
Strongylocentrotus 

intermedius (1 yr) 
Strongylocentrotus 
droebachiensis 
(first year) 

Food 

Opisthobranchs 
Ulva 

Sponge 

Hydroid 

Enteromorpha 

Ulva 

Benthic algae 

Lettuce 

Lettuce 

Lettuce 

Flagellate 

Algae 

Kelp 

G/I A/I G/A Parameter 

30 
21 

43 

21 

45 

28 

17 

18 

32 

53 

20 

4.3 

62 
74 

52 

86 

68 

84 

70 

89 

73 

60 

74 

70 

62 

49 calories 
39 dry wt., wet 

wt., calories 

64 dry wt., wet 
wt., calories 

28 Dry wt., wet 
wt., calories 

67 calories 

33 calories 
24 calories 

calories 

24 calories 

55 calories 

68 calories 

29 calories 

7.8 calories 

Author 

Paine (1965) 
Care foot (1967) 

Care foot (1967) 

Care foot (1967) 

Carefoot (1970) 

Care foot (1970) 
Paine (1971) 

Studier, et al. 
(1975) --

Studier, et al. 
(1975) --

Studier, et al. 
(1975) --

Thompson & Bayne 
(1974) 

Fuji (1967) 
(in Kinne 1970) 

Miller & Mann 
(1973) I-' 

I-' 
CD 



Table 12 (Continued) 

Gross Growth Efficiency, Assimilation Efficiency and Net Growth Efficiency 
of Various Aquatic Animals 

Animal 

CRUSTACEANS 

Metamysidopsis 
elongata 

Palaemon serratus 

Pandalus platyceros 

Pontogammarus 
maeoticus 
(amphipod) 

Ligia pallasii 
(isopod) 

Hyalella azteca 
(amphipod) 

INSECTS 

Acroneuria 
californica 
(stonefly nymph) 

Pteronarcys 
scotti 
(stonefly mymph) 

HYDROID 

Clavia multi-cornis 

Food 

Artemia (nauplii) 

Prepared 

Prepared 

filamentous 
algae 

Ulva 

Lake surface 
sediment 

Insect larvae 

Leaf detritus 

Artemia nauplii 

Gil All GIA Parameter 

29 90 

92 

76 

24 80 

78 

2.3 18 

47 12 

7 16 

40 35 

32 calories 

calories 

calories 

30 calories 

calories 

13 calories 

54 calories 

41 calories 

56 calories, dry 
wt., (cal. I 
cal-dry wt.) 

Author 

Clutter & Thei
lacker (197q) 

Forster & Gabbot 
(1971) 

Forster & Gabbot 
(1971) 

Soldatova (1970) 

Care foot (1973) 

Hargrave (1971) 

Heiman & Knight 
(1975) 

McDiffett (1970) 

Paffenhofer 
(1968) (in 
Kinne, 1970) 

I-' 
I-' 
~ 
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several are higher than that for octopus (62%). This ratio 

measures the amount of absorbed food used in growth and re-

production (I included energy of spawn or gonad growth in 

the G category in Table 12) and is perhaps a less biased 

ratio to use when comparing animals that ingest varying 

amounts of indigestible material. Since octopus efficiency 

as measured did not include whole prey, the- animals were in-

gesting food that was almost completely digestible. The 

gross growth efficiency of o. maya was only 24.9% + 3.45 

s.d. (wet weight) for 93 measurements using live weight of 

whole crabs in the calculation. 

Animals with net growth efficiencies (~) exceeding 60% 

are all invertebrates in Table 12. This was true in the 

table presented in Welch (1968) also. That fish do not ex-

hibit such high efficiencies is probably due to their rela-

tively higher rate of standard metabolism. Fry (1971) gen-

eralized that n ••• over the biokinetic range of a species (of 

fish) the metabolic rate is approximately 75 ml/0 2/hr for a 

100 g individual at the mid range." For comparison, a 100 g 

octopus consumes 12.9 ml/0 2/hr using Maginniss and Wells' 

(1969) data which was previously seen to over-estimate 

standard metabolism for o. cyanea. 

Net efficiencies (£) above 60% represent maximum at
A 

tainable efficiencies on theoretical grounds. At the bio-

chemical level, the thermodynamic efficiency of converting 

metabolizable food to body substance is similar in all ani-
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mals and is about 60 - 70% (Krebs and Kornberg, 1957). In 

the tabulation of Welch (196B) several values exceeding 70% 

were listed for net efficiency and one value of 90.7% was 

presented. In view of the limits set by internal efficiency, 

values above 70% for G are unrealistic. 
A 

The high assimilation efficiency (95.6%) of o. cyanea 

was not attained by any of the animals listed in Table 12. 

Pandian (1967a and 1967b) obtained maximum values of 92% and 

93% for fish but these figures are too high as he collected 

fecal material 7 - 10 days after the beginning of feeding 

experiments. Johannes and Satomi (1966) found that 50 - 55% 

of organic carbon was lost in 4 days from fecal pellets of 

the shrimp Palemonetes pugio. Assuming a 50% loss, Pan

dian's highest value would be reduced to 86%. The loss was 

probably more than this given the long time before collec-

tion and the fact that his experiments were performed at 

28 0 C. The assimilation efficiencies obtained by Forster and 

Gabbott (1971) for prawns are the most comparable with octo-

pus data. Their highest mean value for experiments was 92% 

attained on a diet of white fish meal and dextrin mixed in 
-

equal quantities. These authors also studied assimilation 

of total nitrogen from food containing 60% of single pro-

teins. They reported mean values of 75.4% to 97.7% with 

many values in the mid 90% range. On a caloric basis the 

assimilation efficiency of o. cyanea is higher than that 

known for any aquatic organism and is comparable to the 
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The "Conover ratio" (Conover, 1966) has been used by 

some workers to estimate assimilation efficiency (e.g. 

Thompson and Bayne, 1974). Use of this ratio assumes that 

the ash fraction of food is not absorbed and is all voided 

in the feces. This assumption is not supported by the o. 

cyanea data. On a dry weight basis 14.5 9 crab tissue (100 

g wet) contains 1.96 g ash. Ingestion of 100 g wet weight 

results in 5.5 g of feces (wet) or 1.55 g dry containing 0.7 

g ash, i.e. 64% of the ash ingested was absorbed. Consider

ing that the "ingested portion" as measured (See pages 61 

and 90) contained no exoskeleton while most of the dry 

weight of feces was due to exoskeleton, the estimated 64% of 

ash absorbed is a low value. My assimilation efficiency 

values were based on the assumption that no exoskeleton was 

ingested and since a large part (undetermined) of the feces 

was exoskeleton, my wet and dry assimilation efficiency val

ues are lower also, but the ash-free caloric estimate should 

be free of this error. Similar results were reported by 

Forster and Gabbott (1971) who found that prawns absorbed 

32% of the ash in compounded diets and concluded that Con

over's method should not be used to determine assimilation 

efficiency. 

Needham (1964) notes that growth efficiency is as high 

as 60% in the embryos of some animals where the parent has 
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paid the cost of synthesis. He also notes that a few ani

mals grow at 60% efficiency and that the food organisms had 

already paid the cost of synthesis for such highly efficient 

animals (Needham, 1964). 

Octopuses are able to grow at high efficiencies by in

gesting highly digestible food and using space in the gut 

optimally by not ingesting the hard parts of larger prey. 

Their gross growth efficiency in nature must be lower when 

ingesting whole crabs and shrimp (as indicated by gut con

tents) but the comparable growth rates of marked animals in 

the field indicates that growth efficiency in nature can be 

as high as that attained under laboratory conditions. 

Ener~y Used in Reproduction 

As octopuses have semelparous life histories, in the 

final analysis, 100% of the energy accumulated in a life

time goes into producing the next generation. There is, 

however, a carcus left after egg brooding is completed and 

an estimate of the caloric cost of spawning and brooding can 

be obtained for comparison with other animals. 

The post spawning female listed in Table 9 was a small 

animal weighing only 384 g at death. Her weight just prior 

to spawning was estimated at 600 g. She laid 185 egg 

strings totaling about 80 g wet weight. Assuming that her 

pre-spawning dry matter content was similar to that of grow

ing octopuses (21.3%) her dry weight before spawning was 
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(9.6 - 20.1%). Weight losses due to egg laying and brooding 

totaled 25% in four individuals but dry weights were not de

termined and it is possible that water content of post

brooding o. maya was even higher than that of o. cyanea 

(since the brooding period is longer in O. maya). 

Although actual caloric measurements are lacking it ap

pears from wet weight data that the energy expended in repro

duction is similar in o. maya and o. cyanea; one animal pro

ducing a large number of planktonic young, the other producing 

roughly one tenth the number of larger, benthic young. 

Fields (1965) noted that female squid (Loligo opalescens 

lose up to 50% of their body weight at spawning and die 

after spawning is completed.' Wells (1964) noted that the 

ovary of o. vulgaris may weigh up to 20% of the body weight 

at maturity. O'Dor and Wells (1975) gave the range of ma

ture ovary weights as 10 - 20% of the body weight in o. 

vulgaris, a range comparable with that observed in both O. 

maya and o. cyanea. Squid expend more energy in egg produc

tion than octopuses but do not brood the eggs and die soon 

after spawning. 

A few comparisons of energy use in reproduction by mul

tiple spawning animals are possible. I have not looked ex

tensively for this information and am presenting only a few 

examples that are at hand. Clutter and Theilacker (1971) 

estimated that female mysids, Metamysidopsis elongata, used 

19% of assimilated energy in reproduction during their life-
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span. This was equal to energy used in somatic growth, i.e. 

throughout its life-span energy equivalent to 100% of that 

used in growth was expended in spawning, but was partitioned 

into about five separate spawnings. Paine (1971b) estimated 

that Tegula females lost 8.2% of their caloric value in an 

annual spawning but the number of spawnings in a life-time 

were not stated. Frank (1975) estimated ages -of these ani

mals of up to 31 years. The total energy expenditure in 

reproduction during a life-time of Tegula may then exceed 

its caloric content at anyone time by a considerable amount 

In sea urchins, Miller and Mann (1973) found that gonad 

growth amounted to 18.9%, 33.3%, 57.8%, and 72% of total 

growth energy in four successive year classes (values calcu

lated from data in Table 6; Miller and Mann, 1973). These 

three examples of multiple spawners point to a major advant

age of .iteroparous. life histories. By expending less en

ergy in smaller scale reproduction the animals are able to 

survive and spawn again and eventually, over their life

span, expend energy equal to or greater by several times the 

potential energy stored in the body at anyone time 

The relative advantages of i teroparous and semelparous 

Ijfe histories have been the subject of several papers in 

recent years (Frank, 1968; Murphy, 1968; Gadgil and Bossert, 

1970; Schaffer, 1974; Demetrius, 1975; Hirshfield and Tinkle, 

1975; and others). The data presented above obviously re

late to this problem, but I consider a thorough discussion 
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of the matter beyond the scope of the present work. 

Information bearing on another aspect of reproductive 

strategies, that of planktonic versus benthic young, has 

also been presented here. Vance (1973a; 1973b) suggested 

that given a limited amount of energy available for repro

duction, selection will favor the reproductive pattern pro

ducing the greatest number of reproducing offspring per 

calorie used in reproduction. o. maya, Q. cyanea, and O. 

vulgaris are comparable in all respects except for the pro

duction of benthic young by Q. maya. I presented evidence 

that energy devoted to reproduction was comparable in all 

three species. Pertinent to Vance's argument, o. maya and 

o. vulgaris are syrnpatric at Campeche (Solis, 1967) but o. 

maya is abundant while o. vulgaris is rare .. A fair compari

son is that Q. vulgaris produces 150,000 planktonic larvae 

and o. maya produces 1,500 benthic young from the same 

amount of energy. Assuming 99% mortality of planktonic young, 

the two species produce equal numbers of benthic young at an 

equal reproductive cost. o. vulgaris takes far greater 

risks in terms of potential loss and in a sense is only 1% 

efficient in producing benthic young while o. maya is 100% 

efficient. If we consider populations of the two species to 

be stable, only one pair from each brood will survive to re

produce. For an equal energy expenditure, the outcome is 

still the same although survival of planktonic young would 

be only .0013% compared to 0.13% for the benthic young of o. 
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maya. 

Which reproductive mode is best probably depends to a 

large extent on local environmental factors. If planktonic 

larval mortality from all possible biotic and abiotic 

sources results in fewer benthic juveniles of equal survival 

ability, the species with benthic development will have a 

clear advantage and will become the predominent species in 

the area. In the case of these two species, a single envi-

ronmental factor may account for the predominance of o. maya 

at Campeche. The Campeche banks are an extremely shallow 

(less than 10 m) habitat covering hundreds of square miles. 

In addition, turtle grass extends from the bottom up to 2 or 

3 m effectively making the water even shallower for plank-

tonic larvae. In such a situation, contact with a surface 

and associated predatory and/or physical mortality would 

likely be much higher than in a deep water environment. It 

is likely that the number of predators per cubic unit of 

space is much greater in a shallow water environment such as 

Campeche than in a deep water ·habitat and it is easy to see 

the advantage of producing benthic young directly in this 
-

situation. At Campeche, o. maya is at least 1000 times more 

abundant than o. vulgaris, but on a world-wide basis, the 

latter clearly has a much larger population and in the long 

run its risk of extinction is far smaller. o. vulgaris is 

found on both sides of the Atlantic, the Mediterranean Sea, 

and Japan, \o{hile o. maya is_ restricted to the Bay of Campeche 



i I I 

129 

(Voss', 1973). The advantage of producing benthic young in 

this particular situation seems clear but o. maya has given 

up the great dispersal ability afforded by planktonic young 

and all the advantages that that entails (ability to exploit 

more favorable environments, escape from local predator, 

competitor, and parasite populations, crowding, etc.). o. 

maya puts 100% of its available reproductive energy into 

producing its 1500 young while o. vulgaris could conceivably 

produce this many with only 1% of its total reproductive 

effort and under favorable circumstances could "make it big" 

in a variety of locations. The ideas expressed here briefly 

grew out of ideas in Vance (1973a, b), Gadgil (1971), Crisp 

(1974), and Thorson (1946, 1950, 1966) and are in general 

agreement with these authors that when planktonic sources of 

mortality become too great, a benthic (or mixed) developmen

tal strategy will be most successful. 

TEMPERATURE, GROWTH, AND BIOENERGETICS 

Octopus cyanea 

Effects of temperature on growth, food intake, gross 

grQ\\'~lleffic~~Il~y and oxygen _con~umption of 0._ cyanea were 

studied using the same approach applied to studies at am

bient temperatures. Use of water at four different tempera

tures from the thermal pollution study group at HIMB was ob

tained through the kindness of Mr. Paul Jokiel, who also 

supplied temperature data for the study period. Four fiber-
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glass tanks, each with a capacity of about 400 1, were set 

up to use drain water from the thermal pollution tanks. One 

octopus was placed in each tank (after weighing) and all 

were fed ad libitum on live xanthid crabs for the first 15 

day interval. During the second two week interval, animals 

received a mixture of xanthid and portunid crabs ad libitum. 

Crabs were weighed before putting them in the tanks and exo

skeletons were removed daily and weighed. An effort was 

made to keep the same number of crabs available to each oct

opus by adjusting numbers of crabs in the tanks at weighing 

times. Borer (1971) found that the number of crabs and 

weight of crab tissue ingested increased in proportion to 

the number of crabs offered to ~. briareus.even though the 

smallest number of crabs offered was more than the animals 

would eat. There is some reason to doubt the general appli

cability of her results. Size, temperature, season, and re

productive state of the animals were confounded in her study. 

Post-spawning females and old males were included, and the 

animals lost weight during experiments. In spite of the 

many variables, "Borer (1971) obtained consistent results in 

all 10 animals used, even though the lowest crab density was 

greater than the number of crabs the octopuses would con

sume. Crab density in my temperature experiments was con

trolled in order to eliminate the possible effect of this 

variable on results. 

In analyzing the results of this experiment, tempera-



iii 

131 

ture data for only part of the period (April 3 to April 22) 

were readily available. As there was little change in any 

tank from day to day in the data available, I averaged data 

for each tank for the periods April 3 - 14 and April 15 - 22 

and assumed this was the same as for the entire time period 

of my study (March 30 - April 14; April 15 - April 29). 

Temperature data supplied were for hourly intervals (457 

measurements at each temperature). I chose six hour inter

vals (0600, 1200, 1800, and 2400 hrs. respectively) for each 

day and averaged these for each time period. Thus 47 meas

urements for each tank for the first interval and 30 for 

each tank for the second period were obtained. 

Total range in temperature over the 19 days of avail

able data was 3.7°, 3.3°, 3.1°, and 3.50 C for the four tem

peratures in descending order. My tank #2 was ambient tem

perature, #1 was chilled water, and #3 and #4 were heated. 

Temperatures of Tanks 1, 3, and 4 followed ambient tempera

tures in daily variation but a nearly constant differential 

was maintained between each tank due to the nature of the 

system. 

Data obtained on growth, food intake and efficiency are 

presented in Table 13. Temperatures given are averages cal

culated as described above. The growth rat.e of each animal 

is given as % gain per day (100 k) and the average rate of 

gain over the time interval (g/day). The rate of food con

sumption is expressed in weight specific terms and was com-



Tank Temp. Initial 
No. (oC) Wt. (g) 

1 19.1 514 
2 22.8 516 
3 25.5 349 
4 27.5 338 

Tank Temp. Initial 
No. (oC) Wt. (g) 

1 19.1 615 
2 22.9 634 
3 25.4 512 
4 27.6 552 

Table 13 

Growth and Bioenergetics of O. cyanea 
at Four Temperatures-

March 30 - April 14, 1972 

Rate of % Body Wt. Gross Growth 
Final % Gain Gain Ingested Efficiency 

Wt. (g) /Day (g/day) Per Day (%) 

615 1.19 6.7 3.3 36.1 
634 1.37 7.9 5.8 23.5 
512 2.56 10.9 7.0 36.3 
552 3.28 14.3 9.4 34.1 

April 14 - April 29, 1972 

Rate of % Body Wt. Gross Growth 
Final % Gain Gain Ingested Efficiency 

wt. (g) /Day (g/daxl Per Day (%) 

761 1.42 9.7 3.3 43.6 
850 1. 96 14.4 3.9 49.9 
765 2.67 16.9 7.3 36.2 
916 3.37 24.3 8.5 38.8 

.627 
(Ingested) 

(23.3) 
(22.1) 
(27.9) 
(27.6) 

.627 
(Ingested) 

(36.9) 
(40.2) 
(33.3) 
(35.0) 

...... 
IN 
I\J 
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puted as described in the section on food intake (see above). 

Two values are given for gross growth efficiency - the 

higher values were obtained from direct measurement (weight 

of whole crabs eaten minus weight of exoskeletons) and the 

lower values by calculation as previously described. The 

lower values are considered more reliable as the animals 

were mostly fed xanthid crabs and the method of weighing 

exoskeletons was previously found to under-estimate food in

take when these crabs were used. As can be seen in Table 13, 

rates of food intake and growth were consistently higher 

with increasing temperature. Gross growth efficiency was 

not temperature dependent as the animals increased food con

sumption apparently in proportion to'increased metabolism at 

the higher temperatures. The low values of gross growth ef

ficiency in the first time interval are probably due to be

havioral stress. The animals were captured on March 13 and 

held in other (ambient) tanks until April 2 when they were 

put into the altered temperature tanks. Feeding d~pression 

and elevated metabolism (excitement) in all four tanks dur

ing the first time interval was attributable to an initial 

periocfof adjustment to new tanks and to the daily disturo

ance caused by exoskeleton recovery and crab density adjust

ments. 

Estimates of the magnitude of temperature induced rate 

changes were made using the standard formula for Q10. 
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10 (log kl - log k 2 ) 

tl - t2 
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( 35) 

where kl and tl are the higher rate and temperature. Six 

comparisons (t l - t 2 ) were possible and are shown in Table 

14 where the higher temperature tank is listed first in each 

case. Weight specific rates of growth and food intake were 

chosen to reduce differences due- to size. There was consid-

erable variation between comparisons, especially during the 

first 15 day interval. The magnitude of the variation in 

the 010 for growth rate was probably due in part to varia

tion in efficiency during the first interval. The lower 

average 010 during the second 25 day period indicates that 

the animals acclimated slightly to the different tempera

tures.The relatively high mean values over the 30 day per-

iod suggest, however, these these animals are largely tem-

perature conformers. 

On April 29, after weighing the animals, they were re-

turned to aquaria and deprived of crabs overnight. On April 

30 oxygen consumption was measured using the method of 

Maginniss and Wells (1969) with the modification that ani-
- - - - - ----- - --- ----- -- ------ - --- ---

mals were transferred to the respiration chamber (a five-

gallon plastic bucket) in the hollow concrete tile each had 

used as a "home" for the past 30 days. This was done to re-

duce behavioral stress and the" animals remained quietly in 

their homes after transfer. After obtaining oxygen consump-

tion rates for animal and home, a second determination was 

done on the home without octopus as there was considerable 
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Table 14 

Q10 of Growth and Food Intake of o. cyanea 

March 30 - April 14, 1972 

t1 - t Q10 Growth Q10 Food Intake 
Comparison (oC) 2 (100 k) (% day-I) 

2-1 3.7 1.46 4.59 
3-1 6.4 3.31 3.24 
4-1 8.4 3.34 3.47 
3-2 2.7 10.13 2.01 
4-2 4.7 6.41 2.79 
4-3 2.0 3.45 4.37 

Means 4.68 3.41 

April 15 - April 29, 1972 

I I I Comparison 
t1 - t2 

(oe) 
Q1~ Growth 

( 00 k) 
Q10 Food Intake 

(% day-I) 

2-1 3.8 2.34 1.55 
3-1 6.3 2.72 3.53 
4-1 8.5 2.76 3.04 
3-2 2.5 3.44 2.51 
4-2 4.7 3.17 5.25 
4-3 2.2 2.88 2.00 

Means 2.89 2.98 
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algal and animal growth on some of the tiles. These flblank" 

runs were continued for the same time interval used for each 

animal. Tiles from tanks #1 and #2 produced oxygen. The 

tile from #3 used oxygen and the one from #4 produced no 

change. Additional runs were done after each tile blank to 

check for probe and meter drift - all were negative (no 

drift) and appropriateadjustmen_ts were made to the measured 

rate of oxygen consumption of each animal. 

Oxygen consumption rates for each octopus are given in 

Table 15 with the temperature at the time of the measure

ment. Animal weight and % weight lost overnight are also 

given. Curiously, animal #4 lost the least weight, indicat

ing a weighing error or perhaps it was retaining urine. 

Weight loss of the other animals was as expected - greater 

at higher temperature. Oxygen consumption rates showed a 

clear dependence on temperature with a mean QlO of 2.4, con

siderably lower than the values for growth rate and food in

take. The QIO value of 2.14 can be considered as the fully 

acclimated value as the animals had lived at their respec

tive test temperatures for 30 days. A temperature conform

ing pfijiiology is agairi ~~ggested as above. 

Four animals, one at each temperature, is a small sam

ple on which to base such far-ranging conclusions. However, 

I decided that the data were worth presenting. Krogh's ex

tensive generalizations grew out of experiments performed 

. on a solitary goldfish and the general applicability of his 
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Tank 

1 
2 
3 
4 

Table 15 

Oxygen Consumption and Q10 of Oxygen 
Consumption of Q. cyanea at 4 Temperatures 

April 30 - O2 Consumption 

Temp. Weight O2 Consumption 
(%) (g) % Loss (cc/hour) 

19.5 729 4.2 56.7 
24.3 811 4.6 94.4 
26.3 721 5.8 102.3 
28.2 883 3.6 133.6 

Q10 
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cc/g/hour 

.078 

.117 

.142 

.151 

Oxygen Consumption 
Comparison 

t1 - t2 
April-30, 1972 cc/g/hr 

2-1 
3-1 
4-1 
3-2 
4-2 
4-3 

4.8 
6.8 
8.7 
2.0 
3.9 
1.9 

Mean 

2.33 
2.41 
2.14 
2.63 
1.92 
1.38 

2.14 
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results has-been confirmed many times (see Ursin, 1967). 

O. ~aya (Temperature, Growth and Bioenergetics) 

Twenty O. maya were chosen from a larger group (B-2) 

reared at ambient temperatures on bits of frozen crab meat 

and frozen brine shrimp for the first 75 days after hatch

ing. The animals were visually chosen for relative size 

uniformity and split into two subgroups •. Individuals were 

weighed and one group of ten was put in a tank maintained 

at 20 0 C with running sea water; the other group of ten was 

put in a tank maintained at 300 C with running sea water 

(temperature control devices were described in Methods) . 

Temperatures were recorded three times each day and main

tained within +loC of chosen temperature by adjusting con

trol devices. The tanks were identical and had capacities 

of about 100 1 each. The 200 C group ranged from 3.03 g to 

7.63 g (x 4.33, s.d. 1.34) and the 300 group weighed 2.54 to 

5.00 g (x 3.74, s.d. 1.01). Both groups were fed weighed 

amounts of live xanthid crabs for thirty days. All animals 

were weighed on the 15th and 30th days of the experiment. 

Crabs that died were removed daily and their weight ~as sub

tracted from the weight fed. Octopuses were fed ad libitum 

and crab density was held constant at the two temperatures. 

The octopuses at low temperature consumed 144 crabs in the 

first 15 days (x crab weight = 0.94 g) while those at 300 C 

consumed 306 crabs (x weight = 1.24 g) in the same time. 
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Octopuses were given larger crabs in rough proportion to 

size attained by the octopuses during the experiment. Dur

ing the second 15 day period, 186 crabs (1.28 g each) were 

consumed in the 200 e tank and 449 crabs, averaging 2.28 g 

each were consumed in the 300 e tank. No octopus mortalities 

occurred during the 30 day period of the experiment. By 

thirty days, the animals in the- 300 e tank were judged too 

large to continue for another fifteen days in the 100 1 tank 

(they were over 10 times the starting weight) and two ani-

mals close to the mean size were selected from the group to 

continue the experiment. These two animals died on the 53rd 

day (due to a clogged water line) and were replaced with two 

animals of similar size from another group (B-1). At 75 

days one animal was removed because of the large size at

tained and the single remaining animal was continued until 

it outgrew the tank at 120 days. Similar reduction in num

bers was done in the 200 tank as I had the notion that com

petition might be more important than animal size (relative 

to tank size) in influencing growth and therefore wanted to 

keep numbers in the two tanks equal. Two animals were, how

ever, kept in the :iOOtank until 90 days (15 days longer 

than at 300 e). 

Food intake of the two groups was calculated from the 

average percentage of crab live weight ingested by other 

octopuses as before. 

Data obtained on growth, food intake and conversion 
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efficiency of the two groups are presented in the upper por

tions of Tables 16 and 17. Food intake and efficiency were 

averaged for the 45-60 day period at 300 during which two 

animals died and were replaced. 

In general, growth rate and food intake rate were 

about twice as high at 300 as at 20oe. Food conversion 

efficiency 'was not clearly related to temperature but tended 

to be lower at 300 after the initial 30 days. variation in 

gross growth efficiency at ambient temperatures (39.5 +5.7 

s.d. - see page 79( was such that the difference between 

efficiency at 200 e and 300 e on the basis of 2 animals at 

each temperature is probably not significant. A tempera-

I I I ture of 300 e may be slightly above the optimum for growth 

of o. maya. On two occasions, several weeks apart, temper

atures of 3l.Soe were observed in the 300 tank and the 

animals were obviously in stress. Oxygen concentration in 

the water was not determined, however, and could have 

caused the observed stress also. As mentioned earlier, 

habitat temperatures at eampeche in mid-November, 1972 were 

29.5 - 30.So C, indicating that if the observed stres~ at 

3l.Soe in growth experiments was due only to temperature, 

these animals live very close to their upper lethal limit 

in nature. 

The temperature experiment just described began on 

February 22, 1973 using siblings from the eggs brought from 
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Table 16 

Growth, Food Intake and Gross Growth Efficiency 
of O. maya at 200 C 

First Generation 

Food Intake 

141 

(Days) N WI W2 100 k (% day-I) Gil x 100 -
0-15 10 4.33 7.49 3.65 9.6 37.2 

15-30 10 7.49 14.5 4.40 9.1 46.8 
30-45 2 16.8 29.0 3.64 8.0 44.1 
45-60 2 29.0 48.7 3.46 7.2 46.8 
60-75 2 48.7 84.8 3.70 9.5 37.8 
75-90 2 84.8 152 3.89 9.9 38.2 
90-105 1 158 250 3.06 6.7 45.7 

105-120 1 250 343 2.11 5.1 41. 0 
120-135 1 343 501 2¢53 5.4 46.2 
135-150 1 501 684 2.08 3.7 56.2 
150-195 1 684 1233 1.31 

Second Generation 

Time Food Intake 
(Days) N WI W2 100 k (% day-I) Gil x 100 

0-15 20 .117 .191 3.27 
15-20 20 .191 .331 3.67 
30-45 20 .331 .592 3.88 
45-60 20 .592 1.13 4.33 
60-75 20 1.13 1. 86 3.30 
75-90 20 1.86 3.68 4.55 
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Table 17 

Growth, Food Intake and Gross Growth Efficiency 
of O. maya at 300 C -

First Generation 

Time 
WI W 

Food Intake 
(Days) N 2 100 k (% day-I) Gil x 100 -

0-15 10 3.74 12.9 8.25 19.0 38.6 
15-30 10 12.9 39.6 7.48 16.3 40.9 
30-45 2 38.0 88.6 5.64 16.0 33.2 
45-53 2 88.6 143 5.98) 16.0 33.6 
53-60 2 155 207 4.13} 
60-75 2 207 446 5.12 13.6 35.7 
75-90 1 511 817 3.13 10.5 29.3 
90-105 1 817 1239 2.78 8.6 31.7 

105-120 1 1239 1542 1. 46 4.8 30.1 

I I 
I Second Generation 

Time Food Intike 
JDays) N WI W2 100 k (% day- ) Gil x 100 -

0-15 20(18) .115 .328 6.99 
15-30 18(17) .329 1.17 8.48 
30-45 17(11) 1.17 2.79 5.79 
45-60 11(12) 2.79 10.4 8.77 



I I I 

143 

Mexico. I refer to these as the first generation of labora-

tory reared O. maya. Animals from the second generation 

were also used in temperature experiments beginning on Octo-

ber 11, 1973. These second generation animals were progeny 

of an A-group father and B-group mother. They hatched be-

tween October 2 an4 9 and were therefore a few days old when 

the experiment began. Forty animals were chosen from the 

group of about 450 hatchlings. All 40 were chosen on the 

basis of having visible internal yolk and were probably all 

about 2 days old. The animals were split into groups of 20 

each and were put in the same tanks at 200 and 300 that were 

used for the first generation animals. Food in.take was not 

monitored in these groups but they were fed ad libitum. For 

the first 15 days they received live zoo-plankton and half-

grown Artemia. Hermit crabs were used as food for the next 

30 days and xanthid crabs thereafter until the experiment 

ended. All animals at 300 C were killed due to a clogged 

water line shortly after the weighing at 60 days. The ani

mals in the 200 tank were continued for 90 days when the 

experiment was terminated. 
- -

Growth data on these second generation animals are pre-

sented in the bottom parts of Tables 16 and 17. The ob-

served growth rates were very similar to those of the first 

generation animals at the same temperature, and an overall 

QIO of 1.98 is indicated for the exponential growth period. 

The growth data at both temperatures are presented 
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graphically in Figure 17 with weight ranges and standard 

deviations at each weighing period. Data for the first gen

eration were transposed in time as shown by the dashed hori

zontal lines. The distance of each transposition was deter-

.mined without reference to the smaller, second generation 

animals. Position (age) of the first generation animals on 

the graph was determined by the posi-tion- of -slopes .drawn 

parallel to the original data (open and closed circles) but 

having a common origin at a weight of O.lg. First genera

tion animals were plotted as if they were zero days old 

(rather than 2 days) at the beginning of the experiment. The 

linearity of the age-weight data on this semilogarithmic 

plot indicates constant exponential growth to an age of 

about 75 days at 300 C while exponential growth continues to 

about 165 days at 20oC. The weights at which exponential 

growth ends are similar at both temperatures. 

The shapes of th~ age-weight curves in Figure 17 sug

gest that the animals at lower temperature would mature la

ter, grow larger, and live longer than those at higher tem

peratures - a phenomenon commonly believed to occur on the 

basrs6fla:tlttidlrfarsl.:ze· distribueionsof species (see Liu

and Walford, 1972; Frank, 1975). Unfortunately the size and 

capacities of the temperature controlling devices limited 

the experiments and no direct data were obtained on this as

pect of lifespans in octopuses. 

A few data were obtained on oxygen consumption rates of 
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o. maya at 200 C and 300 C using small animals in the second

generation temperature-growth experiment. Larger animals 

(from earlier hatches) were also used and were acclimated 

overnight at the test temperature before determinations were 

made. All animals were allowed access to food up until the 

time they were placed in the respirometer. The method of 

Maginniss and Wells (1969) was again employed and data ob

tained are presented in Table 18 and Figure 18. Two values 

are reported for the .619 g animal at 200 C. The second 

value, in parenthesis, was omitted in calculating the. re

gression. This low value was obtained in a second run on 

the same animal after flushing the respirometer with running 

sea water; 

The ·first determination on this animal was made during 

the time interval from 15 to 50 minutes after introducing 

the animal to the chamber. The second value was obtained 

after the animal had been in the respirometer for 90 minutes 

and probably represents _a more "calm" rate of oxygen con

sumption. Time constraints did not permit obtaining such 

"calm" rates for other animals.· 

The following regression fittec1 the 200 data: 

In y = In .283 + .829W (36) 

The fit to the 300 data was: 

In y = In .440 + .848W (37) 
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Table 18 

Oxygen Consumption of O. 
at 20° and 300 C-

maya 

20°C 30°C 

Weight Oxygen Consumption Weight Oxygen Consumption 
(a) cc/hour cc/a/hour (a) cc/hour cc/g/hour 

• ", r " ...... " - '<-

.580 .182 .314 .378 .206 .545 

.619 .196 .317 .438 .217 .495 

(.619) ( • 124) (.200) .584 .234 .401 

19.1 3.00 .157 9.60 3.14 .327 

25.5 3.71 .145 24.8 8.48 .342 

63.8 9.11 .143 31.6 7.86 .249 

69.4 10.7 .154 35.4 10.3 .291 

I I 67.2 14.6 .217 

136.8 23.6 .173 



I I 

z 
o 

A O. maya 30·C 
.. O. maya 20"C 

a O. briar", 30'C 
• O. bri",..... 20'C 

, 
..... , , 

" A .... ' 
A,': 
.... , , 

• 
• •• • • 

•• 
• 

148 

, , Ll ..... , 
, , 

, , , 
, 6" , 

0' 

, 
, , , 

, , , , 
" , 

.... ' 
A.i£ A 

.1 L~_~/.---'-I _A:--:-'::--___ --'-_~-----J~~----L----I 
J 1.0 10 100 1000 

WEIGHT (9) 

Figure 18. Oxygen consumption of o. maya at 200 C and 300 C 
is shown. The dotted line is a regreSSIOn fitted to the 
300 C data. The solid line is the regression Maginniss and 
Wells (1969) obtained for o. cyanea at 25.6 - 27.SoC shown 
for its close fit to the 20°C o. maya data. Data of Borer 
and Lane (1971) on o. briareus-are also shown for comparison. 
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Correlation coefficients were .999 and .998 for 200 C and 

30°C data respectively. Equation (36) is almost identical 

to that obtained by Maginniss and Wells (1969) for 28 o. 

cyanea weighing 0.57 g to 2300 g with oxygeri consumption 

measured at 24.5 to 27.50 C. Their regression was: 

In y = In .279 + .833W (38) 

and is shown in Figure 18 to demonstrate its close fit to 

the O. maya data at 20oC. The low value of the second de

termination on the .619 g o. maya is also shown but was not 

included in computing (36). As the methods used to obtain 

(36), (37), and (38) were identical and had the same bias 

(behavioral stress of the animals), the data indicate that 

o. maya has a metabolic rate about 50% higher than O. cyanea. 

A low QIO of 1.6 is indicated by the elevations of (36) and 

(37). o. cyanea temperature data also indicated a lower QIO 

for respiration than for food intake and growth. However, 

more data are needed on both species before firm conclusions 

can be made. 

Data obtained by Borer and Lane (1971) on oxygen con

sumptionof O. briareus are shown for comparison with the O. 

maya data in Figure 18. Values were calculated from the 

weight specific data presented in their Table 1. Borer and 

Lane (1971) reported an average QlO of 2.18 for these data. 

The lower rate (than o. maya or o. clanea indicated by the 

position of their data on Figure 18 may not be representa-
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tive of growing animals of that species. Although not 

stated by them it is obvious from comparison of collection 

dates and dates of oxygen consumption experiments that these 

were the same nine post-spawning females used in crab den

sity experiments in Borer (197l). The rates are therefore 

probably low as compared to young growing animals of the 

species. 

From the food intake and growth data in Tables 16 and 

17, and from the oxygen consumption data in Figure 17, ma

terial budgets of o. maya at 200 and 300 C can be obtained. 

Figure 19 shows budgets for the two temperatures in histo

gram form. These budgets were obtained from data of the 

first generation animals (IO in each group) for the first 15 

day interval. Respiration costs were estimated by taking 

values for the average mean weight of animals over the time 

interval and reading O2 consumption rate from an original 

graph of Figure 18. Oxygen consumption (cc/hour) was con

verted to units of crab tissue (g/day) as previously de

scribed. The "nitrogenous wastes, etc." category was ob

tained by difference and fecal wastes were assumed to be 5% 

of I. Values in % at the left of each column are weight 

specific expressions of food intake rate and all other costs 

expressed as % body weight per day (the lower figures). In 

percentage terms the budgets are: 

I = G + R + X + F 
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or, at 200 C: 

100% = 37.2 + 36.4 + 21.4 + 5 (39) 

100% = 38.7 + 33.7 + 22.6 + 5, (40) 

and I consider them- identical to e-ach other and to the gen-

eral energy budget for o. maya presented earlier. Given 

abundant food, these animals were able to compensate for 

increased metabolic costs with increasing temperature by 

taking in more food. Gross growth efficiency was unchanged 

because all rate processes were affected proportionally by 

temperature differences. Growth rate was about twice as 

fast (010 = 2.26) at the higher temperature. Over the fif

teen day interval, the mean increase in size was 244% at"300 

but only 72% at 200 • 

If food intake was restricted at the higher temperature 

but not at the lower temperature, the animals at 200 could 

grow at the.same rate or faster than those at 300 C (depending 

on the degree of restriction)~ For example, if animals this 

size could only obtain 15 grams of food per day, the ones at 

300 C would barely grow and efficiency would be very low 

while those at 200 would grow at their maximum rate and ef-

ficiency. A situation similar to this may explain the large 

size attained by my Group A animals as opposed to sizes at-

tained by wild animals at Campeche. Temperatures at 
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Campeche are in the 300 range and food is not likely present 

in unlimited quantities. 

Borer (1971) found that o. briareus doubled food intake 

in response to a temperature change from 200 to 30oC. Man

gold and Boletzky (1973) found that rates of food intake and 

growth were higher at elevated temperatures (constant tem

peratures of 1_00 , ISo and 200 were used) for o. vulgaris. 

These later authors also found that food conversion (Gil) 

was very similar at all three temperatures. From Nixon's 

(1966) food intake and growth data, it is also obvious that 

gross growth efficiency was independent of temperature and 

animal size in o. vulgaris'. 

Boletzky et al. (1971) found that growth was not tem

perature dependent in five species of sepiolid squid. These 

authors were unable to supply food ad libitum and the lack 

of temperature dependence found could have been related to 

food supply. Recently, however, Boletzky (1975) supplied 

these squid with food in "superabundance" and again noted 

that growth was independent of temperature. 

Richard (1966a, b) found-clear temperature dependent 

growtIl.lil -sepia officinalis. After 7 months- of rearing- a-f. 

constant temperatures of 100 , 150, and 200 C, cuttlefish at

tained weights of 25, 50, and 337 g respectively (Richard,\ 

1966b). 

The generalization that all ectothermic organisms are 

at the mercy of their environment has been disproven many 
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times in the las·t 25 years (Wieser, 1973; Precht, 1973). 

The ability of many poikilotherms to compensate metaboli-

cally, as temperature changes, has been shown time and 
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again. Some species have clear, narrow temperature optima, 

e.g. sockeye salmon (Brett et al., 1969; Brett, 1971); 

others can compensate to varying degrees (Precht's types 1, 

2, and 3) with changes in temperatures,and still others are 

truly at the mercy of their environments so that no general-

ization that includes the responses of all ectothermic or-

ganisms to temperature change can now be made (Laudien, 

1973; Wieser, 1973). 

My data on octopuses clearly show the dependence of 

food intake, growth and metabolic rates on temperature. 

Octopuses would then be classified as Precht. type 4 organ

isms (Precht, 1973) showing no compensation for temperature 

change. Poikilotherms that are able to compensate metabol-

ically as temperature changes are able to maintain their 

functions at more or less ideal levels in spite of changes 

in body temperature. Precht (1973) and Newell (1973) have 

pointed out that therein lies'~he adaptive significance of 
--- -- -- ------ - -- -- -- --

temperature compensation. In octopuses, it is obvious that 

as lopg as food is available in unlimited quantities, rate 

processes are "ideal" throughout at least a lOoe temperature 

range, i.e. food is used at constant efficiency for growth 

and the animals grow at their maximum potential at the limit 

set by environmental temperature. Perhaps only organisms 
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that are seldom food limited in nature can afford to react 

to temperature this way.· Under conditions of unlimited 

food, the main advantages of growing fast would lie in out-

growing predators and superior competitive ability. If food 

were limiting, smaller maximum size and concomitant reduced 

fecundity might result with increasing temperature. There 

is some indication that food is limiting, temperatures are 

high, and o. maya attains small final size at Campeche. Re

productive success of o. maya is, however, high enough so 

that the species remains abundant in spite of increasing 

fishing efforts. Solis (1967) reported steadily increasing 

annual catches of o. maya starting at 71 metric tons in 1966. 

In 1972, the annual catch was about 2,000 metric sons (Solis, 

personal comm., Nov. 1972). This species exhibits several 

potential methods of regulating its own numbers. Brood size 

generally increases with animal size. Thus, if food is 

abundant, the population could increase due to greater fe

cundity. If populations become too large and food scarce, 

cannibalism is likely to occur, insuring survival of the 

faster growing individuals. With reduced final size, fe-

males may produce smaller eggs and thus increase their 

otherwise reduced fecundity. Perhaps these potential 

methods of regulating population size have permitted o. maya 

to succeed without the ability to metabolically compensate 

for temperature. 
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DISCUSSION 

I adopted a format in the text that allowed discussion 

of results concurrently with their presentation. This was 

done for two reasons: first, because the length and topical 

differences in the text would make referral back to the re

sults burdonsome for the reader if all discussion was con

fined to this section; and second, because in the process of 

analyzing the data, a unifying theory on the control of 

cephalopod lifespans emerged and I wanted to devote most of 

the discussion to presentation of that theory. 

This discussion will be divided into sub-sections which 

summarize the major findings on growth and energetics and 

I I emphasize results that are unusual or differ from those of 

other authors working with different organisms. The mari

culture potential of cephalopods will be discussed after 

discussion of octopus growth and efficiency. In another 

section, cephalopod growth and lifespans will be compared 

and in the final section the theory of lifespan control will 

be presented. 

Growth 

Both octopuses studied grew rapidly to sexual maturity, 

stopped growing, and died after reproduction was completed. 

Early growth was characterized by a long exponential growth 

phase in which weight specific growth was quite constant. 

In. the o. maya data adjusted to 25 0 C (Table 5), 
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instantaneous growth rates for the first 105 days varied 

from 5.7% day-l to 6.5% with an average of 6.1% for this 
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time period. Values of 100 k, kw, and weight vs. age from 

Table 5 are presented graphically in Figure 20. The instan-

taneous relative growth rate, 100 k, was plotted as the 

average over the first 90 days to emphasize its constancy. 

The duration of this exponential phase is very long in com-

parison to most organisms. It represents more than one-

third of the growth period and the animals completed 9 suc-

cessive doublings in weight during this time. Only 15 suc-

cessive doublings would be required to attain the maximum 

size, and the exponential phase included 60% of the required 

number of doublings. Octopus early growth obviously does 

not follow Medawar's fourth "law" of growth which states 

that " ••• the specific acceleration of growth is always nega-

tive ••• living tissue progressively loses a power to repro-

duce itself at the rate at which it was formed" (Medawar, 

1945). Exponential growth is unusual for multicellular or-

ganisms and is generally only found in tissue cultures or 

single celled organisms (Medawar, 1945). Bertalanffy (1960) 

listed exponential growth only in insect larvae (Orthoptera) 

and land snails (Helicidae) but noted that growth was inter-

rupted by metamorphosis or seasonal cycles. The duration of 

the exponential growth phase in Q. maya is clearly related 

o to size rather than time. At 30 C Q. maya would grow expo-

nentially to an age of about 75 days at an average rate of 
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7.8% day-I, doubling its weight about every 8.9 days. At 

20°C doubling time would be constant at about 16.9 days for 

a period of 165 days, an average growth rate of 4% day-I. 

There was some indication that exponential growth ceased at 

a smaller size at higher temperatures but as the temperature 

and growth data were obtained using two generations, the 

first growth at ambient temperatures to 75 days, more data 

are needed to confirm this suggestion. (Calculations here 

are based on Figure 16.) 

Few authors give growth data from which comparisons can 

be made. In the literature on fish growth, weight specific 

growth rates decline rapidly from high values immediately 

after feeding commences to low values at the end of a growth 

stanza (see Brown, 1957; Warren, 1971). Growth of fishes 

is, in general, considerably slower than that of cephalopods 

(Packard, 1972). For fingerling sockeye salmon, Brett et 

ale (1969) reported a maximum rate of 5.05% day-l during an 

initial, pre-experiment period of two weeks. Young salmon 

in experiments attained maximum growth rates of about 2.5% 

day-l at the optimum temperature of l50 C when fed excess ra-

-fions.u 

- AU-fisn ut-fiat-does -gr-6w --rapidTy, -the- carp-CYPrinl:H:f-

carpio, was studied by Hamada et ale (1975). These authors 

fed carp ad libitum with Limnodrilus and obtained very high 

growth rates. From data in their table 3, I calculated 

rates of 53%, 36%, 34%, 21% and 14% day-l for their first 

five intervals of five days each of growth after hatching. 
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Weight specific growth was very high in these fish but 

dropped off rapidly with increasing size and by the time 

they attained 20 g wet weight the growth rate was 7.5% day-l 

and decreased to 3.2% day-l after a weight of 170 g was 

reached. These are the highest growth rates I have seen for 

fish. The carp reared by Hamada et al. (1975) hatched at 

weights of about .002 g and weighed over 1 kg after 100 

days. 

Rats grow at a constant rate of 12% day-l for the first 

10 days after birth but this drops to 4% day-l for the next 

20 days and to 3% day-l for the next 35 days (Brody, 1945). 

Post-natal growth of fowl is 5% day-l for the first month 

and 3% day-l for,the next seven weeks (Brody, 1945). These 

comparisons indicate that growth rates of octopuses are not 

unusually rapid but the long duration of the early exponen~ 

tial growth rate is unusual. 

From Figure 20 one can see that the velocity of growth 

(kw) of o. maya increases rapidly up to a maximum of about 

~5 g day-I. This rapid increase demonstrates the multipli-

cative nature of growth summarized by Medawar's second "law" 

of growth: "What results from biological growth is itself 

typically, capable of growing." The abrupt peak and rapid 

decline to zero shown by the velocity of growth in Figure 20 

are again unusual and result from the decreased food intake 

and eventual cessation of feeding in mature octopuses. 

Th~se animals first began mating behavior at six months of 
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age, shortly before the velocity of growth began to slow 

down. 

The very abrupt peak in the weight versus age curve (W) 

is also unusual as animals generally approach a final size 

asymptotically (Medawar, 1945; Berta1anffy, 1960; Needham, 

1964). The shape of this curve in Figure 20 suggests that 

growth is abruptly shut off and this appears to be what hap-

pens with the onset of sexual maturity in octopus, a point I 

will return to later. 

That there is no uniform "specific" final size in o. 

maya was shown by the variable size at reproduction of o. 

maya groups A and B and the small size of mature animals in 

Campeche. A similar situation was found in o. cyanea (see 

figs. 3 and 4). 

Summers (1971) noted that growth of the squids Loligo 

vulgaris and L. pea1ei was also non-asymptotic as catch data 

indicated that the oldest animals were still actively grow

ing. 

"Walford plots" are sometimes used to estimate the max-

imum size of animals from growth data (Ricker, 1958; Ebert, 
---------------- -------------- ------ -- ----- --------------- - -- --- --- - - -- ----

1975). The method involves plotting wI versus w2 and in 

general the slope obtained indicates an intercept with a 45 0 

diagonal at the final size. When octopus growth data are 

plotted this way, a slope that diverges from the 450 diago-

nal with increasing animal size is seen if data for maturing 

animals are omitted. This type of slope on a Walford plot 
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indicates indeterminate growth i.e. no limiting size. When 

data of maturing animals are included, slopes of individuals 

drop abruptly at maturity and intersect with 450 diagonal at 

widely differing points, again suggesting that growth is 

shut off by sexual maturation. 

Growth of octopuses was clearly temperature dependent 

over the 200 - 300 range of rearing "temperatures and was 

fastest at the highest temperatures. Faster growth was 

clearly related to greater food intake and examination of 

energy budgets showed that food must be abundant in order 

for growth rate to increase at higher temperatures. With 

the possible exception of sepiolid squid (Boletzky, 1975) 

growth of other cephalopods is also temperature dependent 

(Richard, 1966a, b1 Nixon, 19661 Mangold and Boletzky, 

1973). These latter authors also reported that higher food 

intake at elevated temperatures was responsible for faster 

growth. Borer (1971) noted a doubling of food intake in o. 

briareus with a 100 rise in temperature, as I found for o. 

~aya, but she did not report growth rates. 

Efficiencies of growth and food absorption found for o. 

cyanea and o. maya are remarkable in that they are among the 

highest reported in the literature. I pointed out earlier 

that space in the gut is used optimally by octopuses since 

little indigestible matter is ingested. This is in part 
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responsible for the high assimilation efficiency exhibited 

by these animals. Another feature of digestion resulting in 

high absorption efficiency is that regardless of size of the 

meal, 95% of it is absorbed. This seems to be an unusual 

characteristic of these animals. Other molluscs studied do 

not exhibit this constancy of food absorption. Paine (1965) 

found that when Navanax ingested an unusually large meal, 

much of it was passed undigested in the feces. In Mytilus 

edulis, "Assimilation efficiency is a decreasing linear 

function of food concentration." (Thompson and Bayne, 1974). 

In fish, decreasing assimilation efficiency with ex

cess food intake seems to be the rule (Warren and Davis, 

1967; Warren, 1971). 

The highly efficient conversion of absorbed food (about 

62% on a caloric basis) into somatic material by octopuses 

compares with that of fish embryos. Brett (1970) noted the 

declining efficiency with size in fish and commented that 

growth efficiency was highest in embryonic growth and fre

quently exceeded 60%. 

I commented earlier that such high efficiencies were 

only found in irivertebrat-es ·ahd -sUggested- that relatively 

lower metabolic costs might make this possible (in compari

son to fish). 

My average wet weight values (about 40%) for gross 

growth efficiency are somewhat lower than those reported by 

other authors working with cephalopods. I suspect that my 
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use of a constant in calculating food ingested is responsi

ble for this. When actual data were used (live weight of 

crabs minus uneaten remains) to determine food intake, some 

values in the 65 - 75% range were obtained for octopuses fed 

small xanthid crabs. Values in this range are unreasonable 

as they would estimate gross growth efficiency at 95 - 112% 

when converted to calories. Water retained in empty append

ages of the small xanthids was thought to be responsible for 

the error, and a constant (62.7%) based on the amount of 

larger crabs ingested was applied to all data to correct for 

this. 

Another remarkable feature of octopus growth efficiency 

is its constancy with size of the animal. Data for o. maya 

indicate that with ad libitum feeding, gross growth effi

ciency is constant at about 40% on a wet weight basis over a 

size range covering almost four and a half orders of magni

tude. The same situation is probable for o. cyanea but 

measurements were obtained on a smaller size range (67 g -

6500 g). 

Measurements of gross growth efficiency of o. vulgaris 

(Nixon, 1966, 1969; Mangold and Boletzky, 1973) indicate 

that conversion efficiency iSoindependent of size in this 

species also. 

In mussels, gross growth efficiency is highest in small 

animals (Thompson and Bayne, 1974) and optistobranchs also 

exhibit declining efficiency with size (Carefoot, 1967). 
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In fish, gross growth efficiency decreases with size 

(Pa10heimo and Dickie, 1965; Brett, 1970; Warren, 1971). 

Data of Hamada et a1. (1975) clearly show declining gross 

efficiency of carp with increasing size over a weight range 

of .3 g to 170 g. Pandian's (1967a, 1967b) data on conver

sion efficiency of carnivorous fish also show decreasing 

gross growth efficiency with size. 

That gross growth efficiency was independent of temper

ature in octopuses was also evident in my results. This is 

probably true only over a limited range but the limits were 

not determined. Mangold and Boletzky (1973) obtained simi

lar results for O. vulgaris in experiments conducted at 100 , 

150, and 200C. From Nixon's (1966 and 1969a) data tempera

ture independence of gross growth efficiency is also obvi-

ous. 

Carnivorous fish generally show a narrow optimum tem

perature range at which growth efficiency is highest (exam

ples in Brett, 1970; Warren and Davis, 1967; Pandian, 1970). 

The carp, Cyprinus carpio, on the other hand, showed no tem

perature dependence of gross growth efficiency in the 160 -

360 (:- range studied (Hamada et a1., 1975). 

Paloheimo and Dickie (1966b) found, on re-analysis of 

published work on growth and efficiency of fishes, that 

efficiency of conversion was independent of temperature. 

These authors noted some exceptions to this rule and others 

were pointed out above. 
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Among aquatic invertebrates temperature optima for 

growth efficiency appear to be the rule (except cephalopods). 

The hydroid, Calava multicornis, is more efficient at 6° and 

110C than at l60 C (Paffenhofer, 1968; in Kinne, 1970). 

Widdows and Bayne (1971) found that during warm accli

mation, MytiluE edulis was stressed (zero growth efficiency) 

but the animals attained a "balanced" energy budget with en

ergy left for growth after a period of acclimation. From 

their histograms it appears that in acclimated animals, 

growth efficiency was highest at the lowest temperatures. 

The carnivorous stonefly n.ymph, Acroneuria californica, 

exhibited different optimal temperatures for growth effi

ciency at different seasons (Heiman and Knight, 1975). 

Laudien (1973) in a comprehensive review, concluded 

that several types of responses of conversion efficiency 

were found in relation to temperature and no generalization 

could therefore be made. 

Increasing efficiency of food conversion in octopuses 

with increased food intake was dealt with extensively in the 

text. No decline in efficiency with increased rations was 

. found. Assoc:i.ated with thlsflridIng were constant assimila

tion efficiencies over a range of ration sizes, gross growth 

efficiency that asymptotically approached a limiting level, 

a linear relationship between food intake and growth, and 

decreased activity of well-fed animals. 

Davis and Warren (1968) give three examples of fish 
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that exhibit similar relationships (sculpins, cut-throat 

trout, and largemouth bass). However, in these fish a lin

ear relation between food consumption and growth was only 

found at certain seasons or temperatures, and the more com

mon phenomenon of decreasing efficiency at high ration lev

els was found under other conditions. 

Decreasing efficiency of growth at high food consump

tion levels appears to be the general rule in fishes (Palo

heimo and Dickie, 1965, 1966a, 1966b; Brett et al., 1969; 

Kerr, 1971; Pandian and Raghuraman, 1972). This effect, 

which Paloheimo and Dickie (1965) termed the K-line phenome

non, has been explained in various ways. Warren and Davis 

(1967), Davis and Warren (1968), and Warren (1971) hold that 

I I I decreasing assimilation efficiency and increasing metabolic 

costs at high ration levels account for the decline in effi

ciency. Kerr (1971) suggested that increased spontaneous 

activity at high food consumption rates explained the K-line 

phenomenon. 

Thompson and Bayne (1974) found the K-line phenomenon 

in mussels. Examination of their data suggests that de

creased assimilatioh efficiency at high feeding levels is 

responsible for the decline in gross growth efficiency. 

Octopuses appear to be quite lmique in showing no sign 

of the K-line phenomenon, but few invertebrates have been 

investigated in a manner that would demonstrate its exist-

ence. 
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Aquaculture Potential 

Several authors (Choe, 1966a, 1966b; Nixon, 1969a; La 

Roe, 1971: Van Heukelem, 1973; Voss, et ale 1973) have 

noted that cephalopods have mariculture potential. 

The results of my research reported here support and 

strengthen: .. this~ contention. Of all cephalopods raised in 

captivity to date, o. maya appears to be- the best candidate 

for mariculture. o. cyanea could not be reared through its 

planktonic larval stage. o. vulgaris, which has similar 

sized eggs and larvae (to o. cyane~was reared in Japan 

(Itami et al., 1963), Katsutani, pers. comm., 1972). The 

species was reared repeatedly over a ten year research per

iod but success in numbers was small and government support 

was withdrawn. Studies terminated in 1970 (Katsutani, pers. 

comm.). Mangold and Boletzky (1973) were unable to rear o. 

vulgaris through the planktonic stage. 

o. joubini and Haplochlaena maculosa have large eggs 

which hatch as benthic juveniles. These species have been 

reared but both are very small as adults and brood sizes are 

too small (50 - 200) to produce large numbers of juveniles. 

Both species also require hand feeding for the first few 

weeks. o. joubini was reared by Boletzky and Boletzky 

(1969), Thomas and Opresko (1973), and Opresko and Thomas 

(1975). The latter authors indicate a maximum size for o. 

joubini on the order of 15 g. H. maculosa, reared by 

Tranter and Augustine (1973) is the australian "blue ringed" 
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octopus famous for its lethal bite, a characteristic which 

excludes it from consideration except for study purposes. 

o. briareus was reared by Wolderding (1971). This 

species has a favorable adult size (about 500 g), and 

lays up to 500 eggs which hatch as benthic juveniles. The 

young must be hand fed for the first two weeks and cannibal

ism was a major problem (Wolderding,- 1911). Solis (1967) 

indicates that this species is unpalatable and is not eaten 

in the Antilles, has no commercial value in Puerto Rico and 

is somewhat toxic in Cuba. 

o. bimaculoides has eggs comparable in size to those of 

o. maya (Voss and Solis, 1966) and has been reared from the 

egg (Underhill, pers. corom.). This Pacific Coast species 

has a rather small clutch size in comparison to O. maya 

(about 100-200 eggs, which makes it less suitable for propa

gation in large numbers. 

The squid and cuttlefish reared by Choe (1966a, b) and 

LaRoe (1971) require vast numbers of live mysids for early 

rearing and as these mysids must be captured from the sea 

the suitability of these species for mass culture is, at 

present, limited. 

Large O. maya (my Group A animals) lay 4,000 - 5,000 

eggs. Of these, at least 90% can be expected to hatch. 

Newly hatched animals will immediately feed on live or 

frozen brine shrimp, live "pump" plankton or bits of crab, 

shrimp or fish. They can be reared in high densities if 
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food is supplied in abundance and adequate hiding places are 

provided (cannibalism is high if food and hiding places are 

inadequate). No disease problems were noted and the animals 

withstood considerable handling with no ill effects. The 

rapid growth and high conversion efficiency of this species 

have been dealt with at length and it would be difficult to 

find a species with equally favorable characteristics. 

Spawning is not seasonable and is amenable to manipulation 

in such a way that eggs could be produced every month of the 

year if so desired (see below). Brood size is large which 

means relatively few females need be grown past the most 

efficient part of their life cycle to provide continuing 

stock. As efficiency is constant with size and temperature 

until maturity, animals could be grown to large (2 kg) sizes 

if desired with no increase in food costs. Turnover rate 

(doubling time) is fastest in small animals, however, and 

this suggests harvest soon after the end of the exponential 

growth phase at 100 g or so. This practice would yield the 

highest quantity of protein in the least amount of time and 

space. If a cheap source of warm water were available (e.g. 

power plant effluent) this could be used to decrease turn-

over time and thus increase yield per unit time at no in-

crease in feeding costs (due to the temperature independence 

of efficiency). 

Difficulties to be overcome before large scale, econom-

ical production could be achieved include development of a 
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cheap, easily storable food. I have no doubt that this 

could be achieved in a short time by an experienced fish 

culturist with a good background in nutrition and a fair 

amount of insight. Such people do exist in areas where 

fresh water fish are cultured. The animals readily accept 

freshly dead and/or frozen bits of food (crab, shrimp, fish 

- including shark - and clams) indicating that live food is 

not a requirement. Individual hand feeding as described by 

Thomas and Opresko (1973) for O. joubini is not requited. 

The food need only be scattered throughout the tank and the 

animals will readily take it. At present, economical cul-

ture of O. maya could be undertaken in Mexico by utilizing 

its vast resources of pelagic red crabs, Pleuroncodes plani-

~. This "crab" is not suitable for human consumption be-

cause of its small size. Kato (1974) reported mid-water 

trawl catches of red crabs of over 3,000 lbs. in a 38 min. 

tow and suggested that catch could be doubled using a proper 

trawl. Red crabs are currently used to give cultured Paci-

fic salmon their "natural" reddish tint which they do not 

obtain from compounded foods (Kato, 1974). Other possible 
-- - - - ---

food sources immediately available are shrimp heads (com-

monly thrown overboard by commercial fishermen) and "trash" 

fish not normally used for human consumption. Until devel-

opment of a dry food, these fresh food sources would have to 

be stored in a frozen state which limits the mariculture po-

tential of octopus due to high storage costs. 
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As an aid to economic feasibility, o. maya cultures 

could be started at densities far too great to be carried to 

market size in space available. Slower growing individuals 

could be sold to the aquarium trade at a far greater profit 

than the species would bring as a food item. 

As a food item, o. maya has several favorable charac

teristics. About 85% of the live weight is edible. Byerly 

(1967) reported that under optimal conditions, livestock 

(cattle, sheep, poultry) convert about a third of digestible 

protein in their feed into "tissue protein" of which we use 

about half as food. The component analyses mentioned in the 

text indicated that octopus flesh is high protein and low in 

fat (72 - 86% protein and 1.8 to 4.5% fat on a dry matter 

basis). 

Cephalopod fisheries have not developed extensively in 

the U.S. partly because Americans are unaccustomed to and 

apprehensive towards cephalopods as food. Voss et ale 

(1973) noted that low U.S. prices and production exist be

cause the major fishing companies are unaware of the poten-

tial world market. 

Octopus retail prices are high in Hawaii (currently up 

to $3.00 a pound for octopus imported from Japan) which sug

gests some economic potential. However, restricted market 

size and high costs of food, labor, and space make octopus 

culture apparently untenable in Hawaii. It was reported at 

the Pacific Aquaculture Conference, February 1973, that the 
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Japanese trawl fishery operating off the east coast of 

Africa, could land octopus in Japan at a cost of IO¢ per lb. 

If this is so, no conceivable mariculture scheme could com

pete with this fishery. 

Interest and research in developing new or alternative 

protein sources through maricul ttire began partly, with 

idealistic humanitarian notions of filling a worldneed'for 

protein. Fishing trends had indicated that populations of 

food fishes were not inexhaustible. Concern was also voiced 

about the diminishing land available for agriculture due to 

the rapidly increasing density of humans. In recent years, 

however, it has become apparent that the U.S. and other de

veloped nations are still profit rather than service 

oriented. Given this situation, mariculture of cephalopods 

will probably never be undertaken as a food source regard

less of how efficient and nutritious they are. Luxury foods 

such as shrimp will be cultured in a profit oriented society 

in spite of the incredible amount of refuse produced in pro

portion to the edible portion. However, in spite of ideals, 

I must admit that I too would choose to eat shrimp if pre

sented with a choice between octopus and shrimp and, in the 

long run, our decendents will, no doubt, be forced to the 

ecological expediency of eating plant protein. 

Cephalopod Growth and Life-Span Comparisons 

In analyzing and comparing my results with those of 
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other workers, I was struck by the similarity of octopus 

growth rates. An exception to this general similarity is 

the growth of laboratory reared o. vulgaris from settlement 

at a weight of 0.2g to 40 g at fifty days past settlement 

(Itami, et al. 1963). Katsutani (pers. comm.) found that a 

weight of 20 g was attained by Q. vulgaris in 75 days past 

settlement. Growth reported by Katsutani is equivalent to 

an average rate of 6.14% day-l (100 k). The average growth 

reported by Itami et al. (1963) is equivalent to 10.57% 

-1 day and ranges from 7.08% to 15.66% for the five intervals 

reported. For the exponential growth phase of o. maya, a 

maximum average rate of 7.78% day-l was obtained at 300 e and 

at 200 e the average rate was 4.09% day-I. Growth rates ob-

tained by other workers on Q. vulgaris and o. joubini and my 

data on o. cyanea generally fall between the average rates 

of o. maya at 200 and 300 e. In Figure 21, I plotted my own 

data and values obtained by other workers for comparison. 

As can be seen, growth reported by Itami and co-workers is 

outstandingly high. A logarithmic scale was used for the X 

axis to spread out early growth data that would otherwise be 

obscurred. The left hand scale is the instantaneous rela-

tive growth rate and the right hand scale gives the equiva-

lent doubling time. Values of 100 k are plotted against the 

average weight (WI + W2/2) over the time interval of growth. 

o. cyanea rates were taken from my regression estimates and 

the curve is therefore quite smooth in comparison to the 
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other ones shown. Rates shown forO. maya at ambient tem

peratures (solid squares) were calculated froIn data given in 

Table 4 while the 200 and 300 rates were obtained from data" 

in Tables 16 and 17. As can be seen there is considerable 

variation in rates during the exponential growth phase dur-

ing which rates oscillate around average values determined 

by rearing temperatures. This--v.ariation is a little sur-

prising in that values shown are averages for groups of ani-

mals (except for Mangold and Boletzky's and Nixon's data 

which are for individual animals). With the exception of 

the 30° o. maya data, all rates were obtained at tempera

tures in the 200 - 270 C range, and animals were fed ad libi

tum or nearly so (Nixon, 1966, fed animals during the day 

but removed excess food in the evening). 0." joubini, reared 

by Opresko and Thomas (1975) is the only small species shown 

and it attains a maximum weight of only 15 g or so. The 

other three species are quite comparable in size range at 

maturity and in maximum size attainable. 

Another octopus, Eledone moschata, reared recently by 

Boletzky (1975a) grew at 6.6% day-l for the first month past 

hatching and at 3.6% day-l for the next three months. These 

animals weighed 0.3 g at hatching, 2.2 g at 1 month and 55 g 

at 4 months. 

The growth of o. vulgaris reported by Itami et ale 

(1963) is clearly not in the same range as that reported by 

other workers. Nixon's (1969b) growth curve for o. vulgaris 
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used the data of Itami et ale (1963) for early growth and a 

combination of her own laboratory studies (1966 and 1969a) 

and catch data of Mangold-Wirz (1963) for later growth. 

This derived curve is shown in my Figure 2 and indicates 

that o. vulgaris grows much faster at small sizes than O. 

cyanea. In view of the discrepancy between the data of 

Itami and co-workers and results of other workers, I recon

structed Nixon's curve for O. vulgaris growth using only the 

data supplied by Katsutani (pers. co~~., 1972), Nixon (1966 

and 1969a, 1969b), and Mangold and Boletzky (1973) for 

growth up to 200 g. The curve beyond this point, indicated 

by triangles in Figure 22, is the same as Nixon's (1969b) 

growth curve but it is displaced 57 days to the right to 

align it with the early growth estimate. 

Growth comparisons in Figure 22 are from weight at set

tlement for Q. cyanea and o. vulgaris which have planktonic 

larvae. Weight at hatching was used for initial points in 

the curves for o. maya and o. joubini, which hatch as ben

thic juveniles. 

The three large species all grow at comparable rates 

under similar rearing conditions as can be seen in the fig

ure. The curve for Q. cyanea is based on my regression 

estimates of age and weight presented earlier. The O. maya 

curve is based on my Group A animals reared at ambient tem

peratures. Data of Itami et a1. (1963) are again shown for 

comparison with the other curves. 
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Squid and cuttlefish grmvth rates reported by Choe 

(1966a) and LaRoe (1971) are much faster than those reported 

for octopuses (excepting Itami et ale (1963». Choe re

ported a rate equivalent to 18.5% day-l for Sepioteuthis 

lessoniana for the first 17 days past hatching and 11.3% 

day-l for the followi~g 25 days. LaRoe (1971) found that S. 

sepioidea grew at 11.7% day-l for the first nine days and at 

7.2% and 4.2% for the following 32 and 104 day periods. 

LaRoe was not able to feed his animals ad libitum all the 

time due to high food requirements of these squid. He found 

that they would eat as much as 183% of their body weight per 

day but were usually fed 40 - 50%. Growth rates of four 

other decapods reared by Choe (1966a) were also very high. 

Maximum rates ranging from 11.5% to 17.8% day-l were re-

ported (my calculations) during the early growth periods of 

these animals. 

Squid of the genus Loligo seem to grow slower than oct-

opuses but growth data are available from catch records only. 

Fields (1965) studied Loligo opalescens on the California 

coast and reported that they reached a maximum weight of 
-

about 140 g. Fields thought that this species lived about 

three years but as the species spawns in every month of the 

year and recruitment also occurs throughout the year, accu-

rate growth data were difficult to obtain from length fre-

quency analysis. Summers (1971) suggests that Fields was 

dealing with an annual species. Summers studied the common 
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Atlantic Coast species, L. pealei, and found that it was 

mainly an annual species. His data indicate that the ani-

mals double their weight about every four months - a very 

slow growth rate compared to octopuses. L. forbesi was 

studied by Holme (1974) and his data indicate a growth rate 

of 1% to 2% day-I. This species of Loligo reaches larger 

sizes than the other two species-mentioned -above. Males of 

L. forbesi attain a maximum weight of 2700 g and females may 

reach 1200 g. This species also appears to be annual 

(Holme, 1974). p.ost-spawning mortality is well documented 

for L. opalescens (Fields, 1965) and is strongly indicated 

by catch data on L. pealei (Summers, 1971) and L. forbesi 

(Holme, 1974). 

All cephalopods appear to be short-lived creatures. The 

three squid just discussed are all thought to live about one 

year although some may. live up to 20 months (Summers, 1971). 

Sepiolid squid reared by Boletzky et ale (1971) reached ma

turity in 110 - 220 days (range for five species). Euprymna 

scolopes, another sepiolid, reached maturity in 183-202 days 

(Arnold et ale 1972). Sepia officinalis lives about 2 years 

(Richard, 1966). ~Choe (1966a, b) reared four decapods to 

nearly mature sizes in 67 to 113 days. Sepioteuthis 

sepioidea was reared to adult size in 146 days (LaRoe, 

1971) • 

Mangold-Wirz (1963) estimated the lifespan of o. 

vulgaris females as about 2 years. Nixon (1969b) concluded 
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that the minimum lifespan of £. vulgaris females was about 

15 months. Mangold and Boletzky (1973) contend that 18 

months is the minimum lifespan of o. vulgaris females. Male 

Q. vulgaris were thought to live 3-4 years (Mangold-Wirz, 

1963) as they attained somewhat larger sizes. Nixon (1969b) 

suggested that male o. vulgaris live longer than females but 

did not estimate how much longer. Mangald-Wirz (1963) esti

mated age at sexual maturation for female Eledone cirrosa, 

E. moschata, Bathypolypus sponsalis and Pteroctopus tetra

cirrhus from catch data. Her estimates range from 17 to 24 

months for the maximum age at maturity of these species and 

from 8 to 21 months for minimum age at maturation. I esti

mated the lifespan of o. cyanea as 12-15 months (Van 

Heukelem, 1973). 

Several species have now been reared throughout their 

lifespan in the laboratory. Wolterding (1971) found that O. 

briareus lived about one year but some individuals lived as 

long as 500 days. Q. joubini lives about 6 - 8 months 

(Thomas and Opresko, 1973). Hapalochlaena maculosa has a 

lifespan of about 7 months (Tranter and Augustine, 1973). 

My B-1 group o. maya, reared at elevated temperatures for 

part of their life, lived about 9 months. o. maya reared at 

ambient temperatures (Group A) lived an average of 10 months 

and a maximum of 360 days. Boletzky (1975a) reared Eledone 

moschata and obtained spawning at 10 months which would 

place the lifespan at about one year (allowing 2 months for 
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brooding) • 

In general, the larger cephalopod species discussed 

have longer lifespans, e.g. Sepia officinalis, o. vulgaris, 

o. cyanea, O. maya, and smaller species have shorter life

spans. Small octopuses like o. joubini and H. maculosa 

probably go through two generations a year (Thomas and 

Opresko, 1973; Opresko and Thomas, 1975; Trantor and Augus-

tine, 1973). Likewise small sepiolid squid produce two gen-

erations a year (Boletzky et al., 1971; Boletzky, 1975; 

Arnold et al., 1972). Although the various species have 

characteristic lifespans, a single reproduction marks the 

end of life in all. 

Control of Reproduction and Life-span in Octopus. 

I have pointed out the obvious connection between re-

production and life-span of octopus several times. Given 

this connection it follows that factors which determine the 

age at reproduction determine life-span in these animals. 

Wells and Wells (1959) showed that gonadal maturation in o. 

vulgaris was controlled by secretion of the optic glands. 

The optic glands are paired, non-neuronal structures lying 
- - - - -- - -- - --- - - -- -------

on the optic tracts on either side of the brain and their 

activity is controlled by an inhibitory nerve supply from 

the subpedunculate lobe of the brain. Blinding, inhibitory 

nerve section, or subpedunculate lobe removal result in pre-

cocious maturation of the gonad (Wells, 1964). In Sepia 
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officinalis, photoperiod control of gonadal maturation has 

been demonstrated (Richard, 1967) whereas it is only sus

pected in octopus from the results of blinding (Wells and 

Wells, 1959). A concise review of research on the optic 

gland - gonad system in cephalopods may be found in Golding 

(1974) • 

I automatically connected "photoperiod" with seasonal 

timing of reproduction and as I saw no evidence of seasonal 

spawning in my animals I suggested that age was the most im

portant factor for determining maturation in o. cyanea (Van 

Heukelem, 1973). I also suggested that large size differ

ences of mature animals could be explained by food avail

abili,ty during a limited amount of time for growth, i. e. 

I I I large animals would result if food was abundant while lim

ited food availability would allow an animal to attain a 

smaller size before time ran out. 

Other workers have also found size differences and lack 

of seasonality in octopus. ,Wodinsky (1972) found that o. 

vulgaris spawned all year around and that size at spawning 

was much smaller at Bimini than previously reported for Med-

·iterraneanuand-Japanese o. vulgaris. Wodinskynoted the 

contrast between his animals that spawned at less than 500 g 

and the contention of several authors that Q. vulgaris is 

not sexually mature at less than 1000 g, but did not suggest 

reasons for the size discrepancies or lack of seasonality. 

Lack of seasonality and large size differences in 
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mature animals have led French workers to seek involvement 

of factors other than light as important in sexual matura-

tion of cephalopods. These workers reason as I did that 

photoperiod control should result in seasonal spawning. In 

Mangold et ale (1975) the dilemma is stated thus: n ••• how 

can light be the responsible factor in species that do not 

have-an annual or bi-annual reproduction. cycle (spawning to 

spawning) or in those that lay eggs throughout the year?" 

Spawnings of my laboratory-reared o. maya at less than 

one year of age and subsequent spawnings unrelated to season 

in later generations, forced me to reconsider my contention 

that photoperiod was unimportant and that chronological age 

alone determined time of spawning in octopuses. Campeche 

and Hawaii lie at the same latitude and o. maya exhibits a 

fairly sharp annual reproductive peak at Campeche (Solis, 

1967). I therefore expected my animals to spawn at one year 

of age. My B-group began spawning at 7 months of age and 

Group A spawned from 8-9 months of age. The most likely ex-

planation for these early spawnings is that the animals were 

reared under low light intensities. Rearing was outside but 

under a shed. The animals were therefore exposed i:Oa nat-

ural photoperiod rhythm but at very reduced light intensi-

ties. This contention was suggested by the results of 

Richard (1967, 1968, and Richard and Lemaire, 1975) who 

found that darkness accelerated maturation of Sepia but a 
3 kt 

minimum of 6 hours of life was required to induce spawning 
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of mature Sepia. High light intensities resulted in de

creased latency to egg laying of ripe Sepia when compared to 

low light levels (Richard, 1968). Richard (1971) found that 

wave length was also important in the control of maturation. 

The blue portion of the spectrum was effective in inhibiting 

maturation but green and red light were ineffective. 

The results obtained by Wells and Wells (1959) that to

tally blinded animals (optic nerve section), with intact in

hibitory nerves from brain to optic gland, mature preco

ciously, suggest that a rhythmical light-dark cycle is not 

required for maturation. Richard's (1967) finding that one 

hour of light out of 24 produced faster maturation than 6 or 

12 hours also suggests that light is simply inhibitory to 

maturation. Richard's longest photoperiod was 23 hours 

light and 1 hour dark which resulted in almost no maturation 

after four months. 

Comparing the octopus optic gland system with the pitu

itary system of vertebrates, Wells and Wells (1959) and 

Wells (1964) pointed out that both systems act to delay sex

ual maturity " ••• by withholding a necessary gonadotrophin 

from a gonad that is a.Treadycompeterit to resporidlong be
fore the normal onset of sexual maturity." (Wells, 1964). 

Wells and Wells (1969) referred to the optic gland as a pi

tuitary analogue partly on the basis of a single male that 

had grossly enlarged optic glands 36 days after removal of 

the testes - suggesting a negative feedback system from gonad 
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control optic gland activity. I think the grossly enlarged 

optic glands of their single male Q. cyanea cited above 

(Wells and Wells, 1969) can be explained as being due to low 

light intensity in the laboratory. Wells and Wells (1972a) 

noted that keeping octopuses in dimly lit laboratory tanks 

eventually leads to gonad enlargement (which m~st be pre-

ceded by optic gland enlargement) but they did not make the 

connection with their single o. cyanea result and left it 

"unexplained" (see Wells and Wells, 1972a, p. 82). A major 

difference between the vertebrate pituitary-gonad system and 

the octopus optic gland-gonad system is lack of gonadal 

feed-back to the cerebral gland (Wells and Wells, 1972a, 

1972b). Sepia may differ from octopus in this respect (See 

Richard and Lemaire, 1975). 

The key to the puzzle stated by Mangold et ale (1975) -

that photoperiod cannot be important in control of matura-

tion in species that spawn without regard to season - lies 

in the obvious simplicity of the optic gland system. As 
-

Wells indicated, it is a delay system that utilizes light to 

affect the delay. Light is inhibitory and bright light is 

more inhibitory than dim light. The system has nothing to 

do with timing reproduction to season. The system behaves 

as if optic gland secretion is only allowed at night and un-

der dim light. There appears to be some difference in the 
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way secretion is regulated in males and females but this is 

not yet clear. Males have ripe spermatophores at a small 

size and are capable of mating for several months while in 

females the gonad matures in an all-or-none manner. This 

suggests that in males, low levels of secretion are per-

mitted over a relatively long time period (Wells and Wells, 

1959) while in females secretion is apparently released 

later in life in a comparatively massive fashion. However, 

small females can mate and store sperm in the oviducal 

glands (the oviducts and oviducal glands are dependent on 

optic gland secretions) and this suggests long-time low level 

secretion in females as well as males. In birds, gonadotro-

pin secretion is restricted to specific times of the day 

(Follett and Sharp, 1969) so the system proposed here for 

cephalopods is not unprecedented. 

The processes of optic gland enlargement, secretion and 

resulting gonad enlargement are rate processes. The rates 

of these processes are under primary control of light as 

mediated through the brain. The rate at which these proc-

esses run is modulated by temperature just as rates of meta-
--- --- -- --- -- -- -- -

bolism, food intake, and growth are influenced by tempera-

ture. Richard (1966a) found that Sepia raised at 200 C at-

tained a size in 8 months equivalent to that attained by 

wild squid in 2 years. Eight months of rearing at l50 C re-

suIted in Sepia equivalent in size to one year old animals 

in the sea and growth of squid at 10° was analogous to that 
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indicated by catch data. Light, oxygen and nutrition were 

held constant at the different rearing temperatures (Richard, 

1966a). Sexual maturation had also been accelerated along 

with growth and Sepia reared at 200C spawned at 7 months of 

age while those reared at 150 and lOoC were still immature 

(Richard, 1966b). The interaction of light and temperature 

can produce seasonal spawning even though light alone would 

not lead to seasonality under the system proposed. Richard 

(1968) suggested an interplay of several factors which regu

late the age at spawning in Sepia. Young Sepia migrate from 

Manche in the English Channel to the edge of the Atlantic in 

the autumn, presumably seeking warm water, and remain in 

deep water until spring when they return inshore (Richard, 

1966a, 1968). Long nights and low light intensity favor 

gonad maturation in deep water during the winter so that in 

the spring when the squid return inshore, egg laying is re

leased by long days and high light intensity in shallow 

water. Younger animals, hatched late in the previous sea

son, have incompletely developed gonads and long days in

hibit maturation upon their first return to shallow water 

and they migrate again in the fall returning inshore to 

spawn the following spring (Richard, 1968). As spawning 

lasts 4-6 months in the English Channel, animals hatching in 

the spring grow rapidly during the summer and may spawn at 

11-13 months of age the following spring. Squid hatching in 

the fall are below a somatic threshold necessary for full 
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maturation and migrate a second time to deep water, return-

ing inshore to spawn at 19-23 months of age (Richard, 1968). 

The optic glands can be stimulated to full secretory activ-

ity in very young Sepia. Defretin and Richard (1967) split 

a batch of one month old squid into two groups and reared 

one group under continuous light for two months while the 

other group was allowed only two hours of light each day. 

Optic glands of the three month old squid were examined by 

electron microscopy and those from animals reared under con~ 

stant light were inactive while glands from Sepia reared un

der 22 hours of darkness each day were in full secretory 

activity. Using organ culture techniques, Durchon and 

Richard (1967) found that cultured optic glands from imma-

ture Sepia began secretory activity shortly after release 

from the inhibitory nerves of the brain. Ovarian explants 

from young animals (oocytes less than 0.3 mm) did not re

spond to secretions of optic glands cultured with them but 

oocyt~s in fragments of ovaries from older animals doubled 

their size after 20 days of culture with optic glands. These 

in vitro results obtained by Durchon and Richard (1967) con-
----------------- ---- --- -- -- - -------

firmed the in vivo findings of Wells andWeiis(I959),- that. 

optic glands released from their inhibitory nerve supply 

began secreting. Wells (1960) also found a minimum somatic 

size (less than 60 g) below which precocious maturation of 

females could not be induced in 0 ~ vulg ari s • 

Recently Wells and Wells (1975) reported that optic 
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glands transplated from one Q. vulgaris to another caused 

gonad enlargement regardless of the sex of donor or recipi-

ent and regardless of the secretory state of the optic 

glands at the time transplants were done. Glands from 

Eledone moschata and o. macropus were as effective as those 

from o. vulgaris when transplanted into the latter species. 

Optic glands from Sepia and Loligo were ineffective in pro

ducing gonad enlargement in o. vulgaris. Again, simple re

lease from the inhibitory nerve supply of the brain resulted 

in secretion of optic glands followed by gonad maturation. 

My own findings indicate that food supply is most 

likely responsible for the large size variation in octopuses 

at spawning. Restricted food supply could result in spawn-

ing at the same age but smaller size than animals well fed, 

if the restriction occurred after the gonad developed to a 

state at which it was competent to respond to optic gland 

secretions. Restricted food supply early in life could re-

tard development of the gonad so that a longer period would 

be required for attainment o'f competence, and these animals 

would spawn at a greater age than well fed animals reared 
--- - - ----- -- --- - - - --- - -- - ------

under equal conditions of light. and-temperature: "Both types 

of effects have been well documented in mammals (rats, 

guinea pigs, pigs and man) (see review by McCance and Wid-

dowson, 1974). Boletzky (1975b) reported some evidence that 

spawning of sepiolid squid could occur at a considerably 

later age due to undernourishment at an early age. A single 
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female was underfed for 135 days, then:fed ad libitum until 

its death at 303 days when the animal had mature ovarian 

eggs. These animals normally spawn at 5-6 months of age. 

The large size discrepancy between the size of my A 

group Q. maya and the natural population at Campeche when 

both were sexually mature can be explained by food limited 

growth of field animals. Some of my O.maya, fed poorly, 

spawned at sizes as low as 300 g. O. cyanea spawned at 

weights varying from 500 to 5800 g. Wodinsky (1972) found 

that some of his lab-reared (feral) o. vulgaris spawned at 

much smaller sizes than previously reported for this species 

in Europe and Japan. Wodinski's animals were fed gastropods. 

O. vulgaris drills a hole in gastropods (Arnold and Arnold, 

1969; Wodinsky, 1969) and it takes them several hours to do 

so. Although he states that he fed his animals "close to an 

ad lib amount" the long time required to drill a gastropod 

combined with high temperatures would result in restricted 

food intake in comparison to an ad lib diet of live crabs. 

Temperatures in his study were often in the 280 - 330 C range 

(Wodinski, 1972). 

My data a.lso indicatethc:l1: even under condl tions of ad 

libitum feeding and identical light conditions, elevated 

temperature results in spawning at a smaller size and 

younger age. This probably occurs because the gonad de

velops to a point of competency earlier and rates of optic 

gland secretion and response of the gonad are faster at 
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higher temperatures. 
i"t:J 

A differential response ~ temperature 

could exaggerate this effect, i.e. if optic gland secretion 

and gonad maturation exhibit a QIO of 3 while somatic growth • 

has a QIO of 2, elevating temperature will result in early 

spawning at a small size. 

This effect of temperature alone, with abundant' food 

and light equal, implies thatCampeche animals (where tem

peratures are higher than Hawaii) should spawn at younger 

ages as well as smaller sizes. This would be so, but it 

seems likely that the animals are food limited in the field, 

which would delay the age at which the gonad attained compe-

tence to respond to optic gland secretions thus delaying 

spawning until about 12 months of age. A regular, seasonal 

source of mortality acting on young animals could also pro-

duce an annual spawning peak but this seems unlikely to me. 

In addition to food limitation, field light intensities are 

probably much greater in the shallow (3 - 5 rn) Campeche hab-

itat than under the roof where I raised my animals and the 

greater intensity would inhibit maturation longer. 

The environmental factors (light, temperature, and 

food) implicated in control of reproduction in cephalopods 

are known to affect seasonal spawning of most marine inver-

tebrates (Barnes, 1975). Light varies in duration, inten

sityand wavelength and is therefore the most complex of the 

variables. Throughout the life of the organisms all three 

variables are acting all the time. There is no published 
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information on a fourth possible factor, endogenous rhythms 

in cephalopods, so I will not consider their possible 

(though improbable) role in age and size at reproduction. 

The three factors; food, light, and temperature, can 

act in complimentary (additive or multiplicative) ways or in 

opposition to each other to produce a continuum of sizes and 

ages at maturity in octopus. In Table 19 I have separated 

the factors into two categories showing how they could act 

together to produce either large, longevious octopuses or 

small, short-lived animals. The extremes of day length 

would be constant dark or constant bright light. They could 

and probably do act in opposing ways also - e.g. the accel

erating effect of short days and low light intensity would 

be opposed by low temperatures and low feeding levels. The 

interplay of these factors on migrating Sepia has already 

been discussed. Mangold-Wirz (1963) documented a migration 

of O. vulgaris to deep water during the winter in the Medi

terranean. Deep water (low intensity light) and short days 

would promote winter spawning in this species but the re

straining effect of temperature on developmental rates leads 

to spawning in the warmer months of the year. o. vulgaris 

spawns from March to October in the Western Mediterranean 

Sea (Mangold and Boletzky, 1973). 

There is some recent evidence that starvation of adult 

cephalopods or low nutrition may lead to earlier maturation. 

Mangold and Boucher-Rodoni (1973) found that the smallest 



Table 19 

Factors Affecting Sexual Maturation 
and Life-span in Octopus 

Factors leading to late spawning 
and large final size 

1. Ad libitum feeding 

2. Long day length 

3. High light intensity 

4. Low temperature 

Factors leading to early spawning 
and sm~ll final size 

1. Restricted feeding 

2. Short day length 

3. Low light intensity 

4. High temperature 

..... 
~ 
01:>0 
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Eledone cirrosa in batches maintained under the same condi-

tions matured earliest. Animals were of equal sizes at the 

start of experiments and the size differences at the end of 

experiments were interpreted as the result of differential 

food intake due to the establishment of dominance hier-

archies. These authors also reported that different periods 

of illumination had no effect on sexual maturation although 

enlargement of optic glands always preceded gonad matura-

tion. These results are difficult to interpret in view of 

the extensive documentation of Wells and Wells and Richard 

that activity of optic glands is controlled by light. The 

animals used by Mangold and Boucher-Rodoni (1973) were wild 

and thus of unknown age. Mangold and Boletzky (1973) have 

emphasized the inaccuracies of assigning an age to o. vul

garis based on size. Decreased feeding of cephalopods with 

the onset of sexual maturity has been reported by many au-

thors as already noted, and including Mangold and Boletzky 

(1973). Animals of different ages but the same size at cap-

ture would produce the effect shown even in the absence of 

dominance hierarchies, i.e. older animals would cease feed-

ing earlier and thus spawn at a smaller size. Their animals 

also carne from depths of 60 - 70 m and deep water cephalo

pods might well react to light differently than littoral 

forms. In Hawaii, a small octopus Scaeurgus unicirrhus 

caught at 100 m or so, always spawns within a month or two 

after being brought to the laboratory (personal observation). 
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No studies on the effects of pressure change on the optic 

gland system have been done. Another complicating fact.or is 

the unknown effects of bringing field animals to the labora

tory to study. A number of environmental changes occur when 

this is done and the effects of behavioral stress on repro

duction are also unknown. I have noticed a peculiar ten

dency of o. cyanea to spawn in the laboratory about 100 days 

after capture. The same tendency is evident in Wodinsky's 

(1972) o. vulgaris spawnings. I suspect low light intensi

ties in the laboratory are responsible for the "100 day 

phenomenon" in O. cyanea and O. vulgaris but for animals 

captured at 60-100 m this is less likely to be true. 

Rowe and Mangold (1975) reported that starvation of the 

·squid Illex illicebrosus leads to precocious maturation of 

the ovary. These are pelagic animals and cannot be main

tained in the laboratory for long. At any rate, the data 

presented by these authors do not show consistent or clear

cut r~sults and are confounded by change in light intensity, 

age, maturity, and seasonal effects. 

Lauber-Bonichon and Mangold (1975) reported contradic

tory results after keeping O. vulgaris males in various 

light regimes for periods of 3 to 69 days. Animals kept in 

constant dark were clearly more mature than a sample of wild 

animals as would be expected from Wells and Wells' (1959) 

results of blinding. Lauber-Bonichon and Mangold (1975) re

ported that animals kept under 16 hours of illumination per 
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day had more spermatophores than wild animals or those il-

luminated 8 hours per day. Only five animals were kept un-

der the short day regime while 41 were held under long-day 

conditions and their conclusion seems unfounded after exami-

nation of their tables. The number of spermatophores in any 

animal seems most clearly related to size and length of time 

in captivity in their tables. Light intensities are not 

given and I feel that dim light, such as fluorescent light, 

even if continuous, would give results closer to constant 

dark or short days than to natural daylight. Again, these 

authors were working with feral animals brought to the lab-

oratory and the age and previous nutritional history were un-

known. 

The effects of food, light, and temperature on matura-

tion need to be studied in long term experiments using lab-

oratory reared animals as Richard did with Sepia. The use 

of wild animals of unknown age and environmental background 

cannot result in unequivocal findings due to the many vari-

abIes involved and discussed above. 

Within my A and B o. maya groups there was no indica-
-- ----- - - -- -- -- ---- ----- - -- ------- - ------- ---

tion that the smallest animals spawned first as would be the 

case if under-nutrition due to dominance hierarchies led to 

early spawning as suggested by Mangold and Boucher-Rodoni 

(1973) and Mangold et al. (1975). 

Boletzky (l975a, 1975b) has done some experiments with 

constant light in rearing sepiolid squid and Eledone 
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moschata. He used fluorescent light of unstated intensity 

and very few animals survived to the end of the experiments. 

Animals did mature under his constant light conditions but 

at an older than normal age. Unfortunately, his work suf

fered from mechanical breakdowns in addition to low numbers 

of animals, poor survival, and changes in some experimental 

parameters during the course of experiments. 

Programmed Life-spans 

The concept of development as a series of programmed 

events is firmly established in developmental biology and 

has been extended to include senescence (see reviews by 

Cristafalo, 1974; Moment, 1975; Hayflick, 1975; Finch, 1975; 

I I I Leopold, 1975). Everitt (1973) postulated a "death clock" 

in the hypothalmic-pituitary system of vertebrates based on 

evidence that most of the hormones secreted by the anterior 

pituitary, gonads, thyroid and adrenal cortex accelerate as

pects of physiological aging. 

I prefer to not include senescence within the develop

mental program as in semelparous species such as octopus it 

_is especially difficult toexplaiu_its eVQlution bynaturaJ,. 

selection. Several authors have pointed out that events oc

curing after completion of reproductive life are "beyond the 

reach of natural selection" (see Leopold, 1975).· It seems 

unnecessary to include senescence within a genetic program 

that determines life-span. Only the developmental events 
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leading to and including reproduction need be "programmed." 

Senescence and death from old age are then simply events 

that occur after completion of the program - "exhaustion of 

program" was the term used by Comfort (1964). Strehler and 

Barrows (1970) refer to senescence as a by-product of the 

developmental program. After a programmed period of repro

ductive life which may include one to many reproductions, 

depending on the species, the program runs out or is de

pleted, maintenance systems are no longer necessary, and a 

loss of homeostasis occurs resulting, eventually, in death. 

(See also Comfort, 1970; Finch, 1971; Franks, 1974). 

The rate at which the program runs in octopus is 

clearly determined by light, temperature, and food. If 

these environmental variables act together to run the pro

gram at its fastest rate, a short life-span will result. If 

the opposite occurs, resulting in running of the program at 

its slowest rate, a life-span several times longer might be 

achieved. 

Control of the system in cephalopods seems unusually 

simple at the present state of our knowledge. It seems to 

depend on a "simple Ii quantiflcati6riof ligliEor dark - like 

the "hour-glass" principle which clearly does not-apply to 

birds (see Follett, 1973; Lofts and Lam, 1973; Short, 1973). 

Wells (1964) pointed out that cephalopods " .•• owe their 

ascendancy in a large measure to their brains .•• The emphasis 

is on individual adaptation and survival rather than on a 
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massive reproductive rate and the genetic accumulation of 

experience .•.• selection for capacity to profit from individ-

ual experience can only occur if individuals survive for a 

comparatively long time before breeding. 1I 

Viewed in this way, long lived octopuses would be se-

lected for because tho-s'e most.capable of learningwQu'lcd likely 

live the longest and survive to reproduce. I see other ad-

vantages in delaying reproduction which relate to larger 

size attainable during a longer life-sFan. Increased fe

cundity of the individual seems a likely advantage of large 

size, as does some immunity from predation. Lower weight 

specific metabolism of large females is another advantage 

conferred by the attainment of large size. The slower 

draining of accumulated energy reserves might insure that 

the female lives until egg brooding is completed. If she 

dies before her eggs hatch it is unlikely that they will 

survive. In addition to death from fungus, siltation, and 

lack of circulating water, predation by fish would likely 

destroy her entire clutch of eggs. I found myself in fierce 

competition for o. maya eggs after removing brooding females 
- - ---- - -

from their lairs at Campeche. My competitors were chiefly 

small labrid fishes and it was clear that they would make 

short work of an unguarded brood of eggs. 

That the optic gland is the essential link in cephalo-

pod reproduction seems clear. It also seems clear that the 

optic gland is analogous to Everitt's (1973) IIdeath clock" 
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in that feeding and growth seem suddenly shut down by the 

onset of sexual maturity, especially in females. Evidence 

is accumulating to this effect. O'Dor and Wells (1973) 

noted that blood protein synthesis was apparently depressed 

by optic gland activity while yolk protein synthesis within 

the ovary was stimulated (see also Wells, O'Dor and Buckley, 

1975; O'Dor and Wells, 1975). Mangold and Froesch (in 

press) suggest that the optic gland is responsible for de

gradation of haemocyanin which is apparently metabolized 

into lipofuscin by optic gland cells. A marked decline in 

digestive enzymes in the liver and posterior salivary glands 

of post-spawning female O. vulgaris was reported by Saka

guchi (1968) and ~iells and ~vel1s (in press) suggest "wide

spread" effects of optic gland hormone on cephalopod metabo

lism. 

I wonder if removal of optic glands from young animals 

might not result in "eternal octopuses". The form of growth 

prior to the onset of sexual maturity suggests that it is 

indeterminate and is "shut off" by optic gland secretions. 

There is no evidence that the glands are necessary for any

thing but maturation of the gonad. Wells has removed them 

in many short-term experiments with no apparent adverse ef

fects to the animals (Wells and Wells, 1959, 1972a, 1972b; 

O'Dor and Wells, 1973). The opposite effect - precocious 

spawning, which presumably would be followed by early death 

- has been achieved many times in these same experiments. 
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Curiously, the study of growth has often led to an in

terest in senescence. Minot (1908, in Comfort, 1964) in 

noting the rapid decline in specific growth rate, concluded 

that aging was most rapid in early life - a conclusion that 

Needham (1964) referred to as "Minot's grotesque paradox". 

No one subscribes to Minot's view today but other students 

of growth (Medawar, Bertalanffy and Needham, for example) 

all exhibited some interest in senescence. 

The apparent simplicity of the Octopus optic gland sys

tem seems an ideal place to start anew on what Moment (1975) 

refers to as "the Ponce de Leon Trial." Many authors have 

noted the lack of a major breakthrough in research on aging 

in spite of an incredible amount of effort. The elucidation 

of factors controlling the life-span of a single animal has 

not been accomplished to date. The study of relatively sim

ple organisms in biology has proved to be an extremely use

ful method of getting at processes occurring in more complex 

animals. Perhaps the octopus will provide a key to hormonal 

control of aging that cannot readily be seen in organisms 

such as ourselves that have complex hormonal feed-back 

systems. 
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SUMHARY 

1. Attempts to rear o. cyanea through the planktonic larval 

stage were unsuccessful. Larvae fed and survived up to 

21 days but did not grow. 

2. o. maya was reared through four generations in the lab-

oratory from eggs collected in Campeche, Mexico in 

November, 1972. Benthic juveniles hatched from the 

large eggs at a weight of 0.1 g and attained weights of 

up to 4 kg within 8 months of hatching. 

3. Growth of feral o. cyanea brought to the laboratory for 

study was followed from 67 to 6500 g. Males and females 

reached maximum sizes at an estimated age of 10.5 months 

i I I from settlement. Average maximum size attained by this 

species was 3600 g. Final size attained by individuals 

was extremely variable (ca. 700-6500 g) and was probably 

determined largely by nutritional history of animals 

prior to capture. 

4. Female Q. cyanea ceased growth after the gametes ma

tured. Males stopped growing after maximum enlargement 

of specialized suckers at the base of the web occurred. 

Both sexes died at about the same age (12-15 months from 

settlement) after completing a single period of repro

duction. Mating was promiscuous by both sexes and unre

lated to spawning of the female or death of either sex. 

The same pattern of rapid growth and single reproduction 
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followed by death was found in o. maya. 

5. Branded o. cyanea released on Coconut Island reef and 

recaptured after 14 to 74 days exhibited growth compar

able to laboratory animals fed ad libitum indicating 

that food was abundant in the field and a reasonable 

estimate of age could be obtained from weight at cap-

ture. 

6. Cut contents of o. cyanea indicated that a large part of 

the diet of even the largest o. cyanea was composed of 

tiny crustaceans probably extracted from coral heads. 

The high percentage (83%) of animals containing food in-

dicated that prey were abundant in nature. Small size 

of prey in gut contents of adult octopuses suggested an 

adaptive advantage of semelparous life histories in 

these animals since longevious adults would compete with 

small animals for the same food items. Stomach contents 

of o. maya (Solis, 1967) indicated a similar situation 

for that species in nature. 

7. Growth of both species was characterized by a long per

iod of exponential growth·during which animals doubled 
----- --- - -- --

their weight every 11-13 days. The exponential growth 

phase covered roughly the first third of the growth per-

iod and was followed by a period of logarithmic growth. 

Growth appeared to be non-asymptotic and was abruptly 

terminated at full sexual maturity. 

O. maya grew slightly faster than o. cyanea due to 
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higher relative food intake of the former. o. cyanea 

settles from the plankton at about 0.3 9 while o. maya 

hatches at about 0.1 g. After six months of benthic 

life both species attained average weights of about 

850 g when fed ad libitum. 

8. Two stages of sexual maturity could be distinguished in 

9. 

both species. In the first stage both· sexes could mate 

- the males could presumably pass spermatophores and 

the females could presumably store viable sperm for up 

to 100 days. The second stage of sexual maturity was 

characterized by enlargement of specialized suckers of 

males and full maturation of ova in females. A de-

crease and eventual cessation of feeding and growth 

accompanied the second stage of sexual maturity. 

Spawning of o. maya occurred 6.5 to 9 months after 

hatching depending on rearing temperatures. Sexes were 

distinguishable externally at 4 months and first mating 

behavior was observed at 6 months from hatching. Maxi

mum observed longevity of o. maya was 360 days but ani

mals reared at ambient temperatures (21.8° - 26.70 C) 

lived an average of 299 days. 

10. Average maximum size of o. maya was 3200 g attained at 

255 days from hatching. Males and females grew at sim-

ilar rates and attained comparable maximum sizes. Size 

at spawning and maximum size attained varied from 300 g 

to 5760 g depending largely on nutrition. 
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11. Non-seasonal spawning of both species was noted in the 

laboratory. Animals were reared outside but under a 

roof. They were thus exposed to a natural photoperiod 

but at very reduced light intensities. Low light in-

tensities were thought to be responsible for early 

spawning of both species in the laboratory. 

12. The presence o£ small O. cyanea throughout the year in-

dicated by catch data suggests that spawning in nature 

occurs throughout the year also. A broad peak of 

spawning activity from September through February is 

thought to occur but has not been well documented. 

13. Catch data indicate seasonal spawning (November - Feb-

ruary) of Q. maya at Campeche (Solis, 1967). Since 

Hawaii and Campeche lie at about the same latitude and 

thus have the same photoperiod, early spawning in the 

laboratory was attributed to low light intensities and 

ad libitum feeding in the laboratory. 

14. Rates of food intake, growth and metabolism were tem-

perature dependent and 010 values of these rates ranged 

from 1.6 - 3.0 in fully acclimated animals of both 

species. 

15. Gross growth efficiency of both species averaged about 

40% in growing animals on a wet weight basis. Growth 

efficiency of animals fed ad libitum on living crabs 

was independent of temperature (20 - 30oC) and animal 

size (maturing animals excluded). 
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16. Assimilation efficiency of O. cyanea was very high 

(95%) and independent of ration size and animal size. 

High assimilation efficiency was associated with inges-

tion of highly digestible food. 

17. Growth was proportional to food intake and no decline 

in gross growth efficiency was detected at high food 

intake levels. 

18. Dry weight, ash and caloric content of O. cyanea and 

crab samples were determined. Similar values were as-

sumed for o. maya but no determinations were made. 

19. On an ash-free caloric basis, gross growth efficiency 

was 60% and conversion of absorbed food (net growth ef-

ficiency) was 63%. These values are ~ong the highest 

reported in the literature and are near the maximum 

values theoretically attainable by animals. 

20. Average wet weight material budgets for growing animals 

of both species indicated that 40% of ingested food was 

used in growth, 55% was used in maintenance (respira-

tion, excretion, etc.) and 5% was not absorbed. On a 

caloric basis these figures were 60%, 36% and 4% re-

spectively. 

21. Total energy expended in reproduction by O. cyanea fe

males was estimated at 72% of accumulated energy. Eggs 

accounted for 40% of accumulated energy and an addi- . 

tiona 1 32%, was used in brooding. No estimates of male 

reproductive effort were made. Wet weight data on O. 
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maya females indicated a similar expenditure and pub

lished ovarian weights of mature O. vulgaris indicate 

similar reproductive costs. In the final analysis, 

100% of energy accumulated during a life-time is de

voted to reproduction in cephalopods, as a single 

spawning marks the end of life in all species studied 

to date. 

22. On a weight specific basis, early growth of all octo

puses studied to date is similar. The three large 

species (C. vulgaris, O. cyanea, and O. maya) were 

found to have comparable growth curves under similar 

rearing conditions. 

23. The aquaculture potential of cephalopods '.was discussed 

and o. maya appeared to be the best candidate on the 

basis of clutch size, somatic size, and ease of rear

ing. Economical culture of O. maya could probably be 

undertaken in Mexico at present utilizing as food sea 

products not directly consumed by man, e.g. pelagic red 

crabs. Economic and social factors make cephalopod 

mariculture untenable in·the United States at this 

time = 

24. Life-span of octopuses is determined by age at repro

duction and is therefore controlled by the same factors 

that influence age at reproduction. Large final size 

variations and non-seasonal spawning can be explained 

by the interaction of day length, light intensity, tem-
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perature and nutrition. 

Both duration and intensity of light are thought 

to be important in determining age at spawning and 

hence life-span. Light does not, however, time repro-

duction to a season in octopus. Light, acting through 

the eye-bra in-optic gland pathway, inhibits maturation, 

allowing attainment of large somatic size. Bright 

light and long day length are more inhibitory than dim 

light or short day length - thus maturation occurs ear-

lier under conditions of less light. Temperature con-

troIs the rate at which growth, optic gland secretion, 

and gonad maturation can occur and thus may accelerate 

or slow down the effect of light quantities acting on 

the maturational system. Level of nutrition, influenc-

ing growth rate, may influence size and age at maturity 

also and may either add to or act against the effects 

of light and temperature. 

The combined effects of low light intensity, short 

day length (extreme = constant dark), high temperature 

and ad libitum feeding should result in early spawning 
- ----- -- --- ---- --- -- -- -- - -

and short life-span. Long day length, bright light 

(extreme = constant bright light), low temperature and 

restricted food availability should result in the long

est life-span due to the combined inhibitory effect on 

sexual maturation. 

Growth, differentiation, maturation and spawning 
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may be thought of as progranuned events in the octopus 

life cycle, while senescence and death from old age are 

viewed as events occurring after the program is com

pleted. 

This theory of factors controlling reproduction 

and life-span in octopus grew out of my findings on 

qrowth and spawning as interpreted in the light of pub

lished work on the optic gland system of cephalopods. 

As set forth it is largely hypothetical and as yet un

tested. The theory is testable and should be tested 

using laboratory reared animals to eliminate variables 

of age, size, previous environment history, and unknown 

effects of light change and stress associated with 

bringing wild animals to the laboratory for study. 



I I I 

211 

LITERATURE CITED 

Adelman, I.R. and L.L. Smith. 1970. Effect of oxygen on 
growth and food conversion efficiency of Northern Pike. 
Prog. Fish-Culturist. April (1970). 93-96. 

Arnold, J.M. and K.O. Arnold. 1969. Some aspects of the 
hole-boring predation by Octopus vulgaris. Amer. Zool. 
9:991-996. 

Arnold, J.M., C.T. Singley, and L.D. Williams-Arnold. 1972. 
Embryonic development and post-hatching survival of the 
sepiolid squid Euprymna scolopes under laboratory con
ditions. The Veliger 15:361-364. 

Averett, R.C. 1969. Influence of temperature on energy and 
material utilization by juvenile coho salmon. Ph.D. 
Thesis, Oregon State University, Corvallis, 74 pp. 

Barnes, H. 1975. Reproductive rhythms and some marine in
vertebrates: an introduction. Pubbl. Staz. Zool. 
Napoli. 39 Supp., 8-25. 

'Bertalanffy, L. von. 1938. A quantitative theory of or
ganic growth. (Inquiries on growth laws. II.) Human 
BioI. 10:181-213. 

Bertalanffy, L. von. 1950. Principles and theory of growth. 
pp. 137-259. In: Fundamental Aspects of Normal and ,Ma
lignant Growth7 (W.W. Nowinsky, Ed.) Amsterdam, 1025 pp. 

Boletzky, S. von. 1974. E'levage de cephalopodes en aquar
ium. Vie Milieu 24:309-340. 

, 
Boletzky, S. von. 1975a. Le developpment D'Eledone , , 

moschata (Mollusca, Cephalopods) elevee au laboratoire. 
Bull. Soc. Zool. France 100:361-367. 

I391E3tzkYl S. von._ 1975b. .. The reproductive cycle of the 
sepiolidae. PUbbl. Staz. Zool. Napoi 39 Suppl.: 84-95. 

Boletzky, S. von and M.W. von Boletzky. 1969. First re
sults in rearing Octopus joubini Robson, 1929. Verh. 
naturf. Ges. Basel. 80:56-61. 

Boletzky, S. von, M.W. von Boletzky, D. Frosch and V. Getzi. 
1971. Laboratory rearing of sepiolinae (Mollusca: 
Cephalopoda). Mar. BioI. 8:82-87. 

Borer, K.T. 1971. Control of food intake in Octopus briareus 
Robson. J. Compo and Physiol. Psych. 75: 171-185. 



I I I 

212 

Borer, K.T. and C.E. Lane. 1971. Oxygen requirements of 
Octopus briareus Robson at different temperatures and 
oxygen concentrations. J. EXp. Mar. BioI. Ecol., 
7:263-269. 

Boucher-Rodoni, R. 1973. Vitesse de digestion d'Octopus 
cvanea (Cephalopoda: Octopoda). Mar. BioI. 18: 237-
242. 

Brett, J.R. 1970. Temperature. pp. 515-560. In: Marine 
Ecology, Vol. 1. Environmental factors Parr-l (0. 
Kinne, Ed.). New York. 681 pp. 

Brett, J.R. 1971. Energetic responses of salmon to temper
ature. A study of some thermal relations in the physi
ology and freshwater ecology of sockeye salmon 
(Oncorhynchus nerka). Am. Zool. 11:99-113. 

Brett, J.R., J.E. Shelbourn, and C.T. Shoop .. 1969. Growth 
rate and body composition of fingerling sockeye salmon, 
Oncorhynchus nerka, in relation to temperature and 
ration size. J. Fish Res. Bd. Canada 26:2363-2394. 

Brody, Samuel. 1945. Bioenergetics and Growth. New York. 
1023 pp. 

Brown, M.E. 1957. Experimental studies on growth. p. 361-
400. In: The Physiology of Fishes, Vol. 1. Metabo
lism. --(M. E. Brown, Ed.) New York. 447 pp. 

Byerly, T.C. 1967. Efficiency of feed conversion. Science 
157:890-895. 

Carefoot, T.H. 1967. Growth and nutrition of three species 
of opisthobranch molluscs. Compo Biochem. Physiol. 
21:627-652. 

Carefoot, T.H. 1970. A comparison of absorption of utili
zation of food energy in two species of tropical 
Aplysiau. J .. E:x:p.u Mar~ 13iol._EC::9J..5: 47-62. 

Carefoot, T.H. 1973. Feeding, food preference, and the 
uptake of food energy by the supralittoral isopod Ligia 
pallasii. Mar. BioI. 18:228-236. 

Choe, S. 1966a. On the eggs, rearing, habits of the fry, 
and growth of some Cephalopoda. Bull. Mar. Sci. Gulf. 
Caribb. 16:330-348. 

Choe, S. 1966b. On the growth, feeding rates and the 
efficiency of food conversion for cuttlefishes and 
squids. Korean J. Zool. 9:72-80. 



I I I 

213 

Clutter, R.I. and G.H. Theilacker. 1971. Ecological effi
ciency of a pelagic mysid shrimp: estimates from 
growth, energy budget, and mortality studies. Fishery 
Bull. 69:93-115. 

Comfort, A. 1964. Ageing: The Biology of Senescence. 
London. 365 pp. 

Comfort, A. 1970. Basic research in gerontology. 
Gerontologia 16:48-64. 

Conover, R.J. 1966. Assimilation of organic matter by 
zooplankton. Limno1. Oceanogr.--2:338-345. 

Crisp, D.J. 1974. Factors influencing the settlement of 
marine intertebrate larvae. pp. 177-265. In: Chemore
ception in Marine Organisms. (P.T. Grant and A.M. 
Mackie, Eds.) New York. 295 pp. 

Cristofa10, V.J. 1974. Aging. In: Concepts of Develop
ment. (J. Lash and J.R. Whittaker, Eds.) Stamford, 
Conn. 469 pp. 

Cummins, K.W. and J.C. Wuycheck. Caloric equivalents for 
investigations in ecological energetics. Mitt. intern. 
Verein. theor. angew. Limno1. 18:158 pp. 

Davis, G.E. and C.E. Warren. 1968. Estimation of food con
sumption rates. pp. 204-225. In: Methods for Assess
ment of Fish Production in Fresh Waters. (W.E. Ricker, 
Ed.) International BioI. Programme Handbook 3. 
Oxford. 313 pp. 

Defretin, R. and A. Richard. 1967. Ultrastructure de 1a 
glande optique de Sepia officina1is L. (Moll usque 
Cepha10pode). Mise en evidence de 1a secretion et de 
son contro1e photoperiodique. C.r. hebd. Seance Acad. 
Sci. Paris 265:1415-1418 • 

... RC:I1\~t_riJ.ls, _1,_. __ J~}_!5. Reproductive strategies and natural 
selection. Am.N-at .l()9: 24 j~2-49-.-·- ..-----.... - ... 

Dew, Barbara. 1959. Some observations on the development 
of two Australian octopuses. Proc. Roy. Soc. N.S.W. 
1957-1958:44-52. 

Durchon, M. and A. Richard. 1967. Etude, en culture organ
otypique, du role endocrine de 1a glande optique dans 
lamaturation ovarienne chez Sepia officina1is L. 
(Mollusque Cepha1opode). C.r. hebd. Seance Acad. Sci., 
Paris 264:1497-1500. 



I I I 

Ebert, T.A. 1975. Growth and mortality of post-larval 
echinoids. Amer. Zool. 15:755-775. 

214 

Everitt, A.V. 1973. The hypothalamic pituitary control of 
aging and age-related pathology. Exp. Geront. 8: 265-
277. 

Fields, W.G. 1965. The structure, development, food rela
tions, reproduction, and life history of the squid 
Loligo opalescens Berry. Calif. Fish and Game Fish. 
Bull. 131. 

Finch, C.E. 197~. Comparative biology of _senescence: 
evolutionary and developmental considerations. In: 
Animal Models for Biomedical Research IV. National 
Acadm. Sci.,. Washington. pp. 47-67. 

Finch, C.E. 1975. Neuroendocrinology of aging: A view 
of an emerging area. BioScience 25:645-650. 

Follett, B.K. 1973.. Circadian rhythms and photoperiodic 
time measurement in birds. J. Reprod. Fert.; Supple 
19:5-18. 

Follett, B.K. and P.J. Sharp. 1969. Circadian rhythmicity 
in photoperiodically induced gonadotrophin release and 
gonadal growth in the quail. Nature, Lond. 223:968-
971. 

Forster, J.R.M., and P.A. Gabbott. 1971. The assimilation 
of nutrients from compounded diets by the prawns 
Palaemon serratus and Pandalus platyceros. J. mar 
bioI. Ass. U.K. 51:943-961. 

Frank, P.W. 1968. Life histories and community stability. 
Ecology 49:355-357. 

Frank, P.W. 1975. Latitudinal variation in the life his
tory features of the black turban snail Tegula funebra-

__ __ lJ_s Jl'r9§QJ:>.t"Cl.Ilc:l1iCl.L_T:r:o~1l.i.~ae1 "- Ma.r __ Biol: ___ 3_l_:18l-l92. 

Franks, L.M. 1974. Ageing in differentiated cells. 
Gerontologia 20:51-62. 

Fry, F.E.J. 1971. The effect of environmental factors on 
the physiology of fish. pp. 1-98. In: Fish Physiolog~ 
Vol. VI. Environmental Relations ana-Behavior. (W. S. 
Hoar and D.J. Randall, Eds.). New York. 559 pp. 



215 

Fuji, A. 1967. Ecological studies qn the growth and food 
consumption of Japanese common littoral sea urchin, 
Strongylocentrotus intermedius (A. Agassiz). Mem. Fac. 
Fish Hokkaido Univ. 15:83-160. 

Gadgil, M. 1971. Dispersal: Population consequences and 
evolution. Ecology 52:253-260. 

Gadgil, M. and W. Bossert. 1970. 
quences of natural selection= 

Life historical conse
Am= Nat. 104:1-24. 

Golding, D.W. 1974. A survey of neuroendocrine phenomena 
in non-arthropod invertebrates. BioI. Rev. 49:161-224. 

Golley, F.B. 1961. Energy values of ecological material. 
Ecology 42:581-584. 

Greve, W. 1968. The "planktonkreisel," a new device for 
culturing zooplanktron. Mar. BioI. 1:201-203. 

Heal, O.W. 1967. Qualitative and quantitative feeding 
studies on soil amoebae. J. Anim. Ecol. 36:60-61. 

Healey, M.C. 1972. Bioenergetics of a sand goby (Gobius 
minutus) population. J~ Fish. Res. Bd. Canada 29:187-

I I I 194. 

Hamada, A., T. Ida, T. Tsuda, and T. Kariya. 1975. Studies 
on the growth structure of fishes. I. Maximum growth 
of carp. Bull. Jap. Soc. Sci. Fish. 41:147-154. 

Hargrave, B.T. 1971. An energy budget for a deposit-feed
ing amphipod. Lirnnol. Oceanog. 16:99-103. 

Hayfl±ck, L. 1975. Cell biology of aging. BioScience 25: 
629-637. 

Heiman, D.R. and A.W. Knight. 1975. The influence of tem
perature on the bioenergetics of the carnivorous stone

... fly.nymph, Acrooeuria. californicaBa.n.ks; _ {Pl.~90pt~!:,a: . 
Perlidae~. Ecology 56:105-116. 

Hirshfield, M. F. and .D.·W. Tinkle. 1975. Natural selection 
and the evolution of reproductive effort. Proc. Nat. 
Acad. Sci. U.S.A. 722:2227-2231. 

Holme, N.A. 1974. The biology of Loligo forbesi Steenstrup 
(Mollusca: Cephalopoda) in the Plymouth area. J. mar. 
BioI. Ass. U.K. 54:481-503. 

Itami, K. 1964. (Marking and release study in the Octopus. 
Aquiculture 12: 119-125. (In Japanese.) 



216 

Itami, K., Y. Izawa, S. Maeda, and K. Nakai. 1963. Notes 
on the laboratory culture of the octopus larvae. Bull. 
Jap. Soc. scient. Fish. 29:514-520. 

Iv1ev, V.S. 1939a. Balance of energy of carps. Zool. Z. 
18:303-318. 

Iv1ev, v.s. 1939b. Transformation of energy by aquatic 
animals. Int. Rev. ges. Hydrobio1. 38:449-458. 

Johannes, R.E. and M. Satomi. 1966. Composition and nutri
tive value of fecal pellets of a marine crustacean. 
Lirnno1. & Oceanog. 11:,191-197. 

Kato, S. 1974. Development of the pelagic red crab 
(Ga1atheidae, P1euroncodes p1anipes) fishery in the 
Eastern Pacific Ocean. Mar. Fish. Rev. 36:1-9, Paper 
1091. 

Katsutani, K. 1972. Personal communication. 

Kerr, S.R. 1971. Analysis of laboratory experiments on 
growth efficiency of fishes. J. Fish. Red. Bd. Canada 
28:801-819. 

I I Kinne, O. (Editor) 1970. Marine Ecology, Vol. 1. Environ
mental factors. Part 1. New York. 681. pp. 

Kleiber, M. 1961. The Fire of Life, an Introduction to 
Animal Energetics. New York. 454 pp. 

Krebs, H.A. and H.L. Kornberg. 1957. Energy transforma
tions in living matter. Physio1. Bio1. Chern. and EXp. 
Pharm. 49:212-298. 

Larimer, J. 1974. 
Dubuque, Iowa. 

Introduction to Animal Physiology. 
165 pp. 

LaRoe, E.T. 1971. The culture and maintenance of the 
- _u _____ m ---loliginid_ squids __ SepLo_te_uthisu_se~ioidea __ andOQryteuthis 

p1ei. Mar. Bio1. 9:9-25. 

Lasker, R. 1966. Feeding, growth, respiration, and carbon 
utilization of an Euphausiid crustacean. J. Fish. Res. 
Bd. Can. 23:1291-1317. 

Laubier-Bonichon, A. and K. Mangold. 1975. La maturation 
sexue11e chez 1es males d' Octopus vulgaris (Cephalo
pods: Octopoda), en relation avec 1e ref1exe photo
sexue1. Mar. Bio1. 29:45-52. 



I I I 

217 

Laudien, H. 1973. Changing reaction systems, pp. 355-399. 
In: Temperature and Life. (H. Precht, J. Christopher
sen, H. Hansel, and W. Larcher, Ed.) 

Leopold, A.C. 1975. Aging, senescence, and turnover in 
plants. BioScience 25:659-662. 

LeSoueff, A.S. and J.K. Allen. 1933. Habits of the Sydney 
octopus (Octopus cyaneus) in captivity. Aust. Zool. 
7:373-376. 

LeSoueff, A.S. and J.K. Allen. 1937. Breeding habits of a 
female octopus. Aust. Zool. 9:64-67. 

Liu, R.K. and R.L. Walford. 1972.- The effect of lowered 
body temperature on lifespan and immune and non-immune 
processes. Gerontologia 18:363-388. 

Lofts, B. and W.L. Lam. 1973. Circadian regulation of gon
adotrophin secretion. J. Repro. Fert. Supple 19:19-34. 

McCance, R.A. and E.M. Widdowson. 1974. The determinants 
of growth and form. Proc. R. Soc. Lond. B. 185:1-17. 

McDiffitt, W.F. 1970. The transformation of energy by a 
stream detritivore, Pteronarcys scotti (Plecoptera). 
Ecology 51:975-988. 

Maginniss, L.A. and M.J. Wells. 
tion of Octopus cyanea. J. 

1969. The oxygen consump
Exp. BioI. 51:607-613. 

Mangold-Wirz, K. 1963. Biologie des Cephalopodes benthi
ques et nectoniques de la Mer Catalane. Vie Milieu 
(Suppl.) 13:1-285. 

Mangold, K. and R. Boucher-Rodini. 1973. Role du jeune 
dans l'induction de la maturation g~nitale chez les 
femelles d'Eledone cirrosa (Cephalopoda: Octopoda). 
C.R. Acad. Sc. Paris D 276:2007-2010. 

Mangold, K. and S. von BoleEiky: 19-73. Newclata-onrepro';; 
ductive biology and growth of Octopus vulgaris. Mar. 
BioI. 19:7-12. 

Mangold K., D. Frosch, R. Boucher-Robini and V.L. Rowe. 1975. 
Factors affecting sexual maturation in cephalopods. 
Pubbl. staz. Zool. Napoli. 39 Supple 260-267. 

Mangold, K. and D. Froesch. In press. A reconsideration of 
factors associated with sexual maturation in cephalo
pods. Symp. Zool. Soc. Lond. 



I I I 

Medawar, P.B. 1945. Size, shape, and age. pp. 157-187. 
In: Essays on Growth and Form. (Le Gros Clark and 
~B. Medawar, Eds.) London, 408 pp. 

218 

Miller, R.J. and K.H. Mann. 1973~ Ecological energetics of 
seaweed zone in a marine bay on the Atlantic coast of 
Canada. III. Energy transformations by sea urchins. 
Mar. BioI. 18:99-114. 

Minot, C.S. 1908. The Problem of Age, Growth, and Death: 
A Study of Cytomorphosis. New York, 280 pp. 

Moment, G.B. 1975. The Ponce de Leon trail today. Bio
Science 25:623-628. 

Muir, B.S. and A.J. Nimi. 1972. Oxygen consumption of the 
euryhaline fish Aholehole (Kuhlia sandvicensis) with 
reference to salinity, swimming, and food consumption. 
J. Fish. Res. Bd. Canada 29:67-77. 

Murphy, G.I. 1968. Pattern in life history and the 
environment. Am. Nat. 102:391-403. 

Needham, A.E. 1964. The Growth Process in Animals. London. 
522 pp. 

Newell, R.C. 1973. Factors affecting the respiration of 
intertidal invertebrates. Amer. Zool. 13:513-528. 

Nixon, M. 1966. Changes in body weight and intake of food 
by Octopus vulgaris. J. Zool. Lond. 150:1-9. 

Nixon, M. 1969a. The time and frequency of responses by 
Octopus vulgaris to an automatic food dispenser. J. 
Zool. Lond. 158:475-483. 

Nixon, M. 1969b. The lifespan of Octopus vulgaris Lamarck. 
Proc. Ma1ac. Soc. London. 28:529-540. 

Qr P9J;", R._:K ___ Ci~t(lM.~_._ W§:!11 El • ___ J..9 73.. Yolk protein synthesis 
in the oviry of Octopus vuJ..gci£is--ancfTtsUcontro!-oYUl:heu 
optic gland gonadotropin. J. Exp. BioI. 59: 665-674. 

OrDor, R.K. and M.J. Wells. 1975. Control of yolk protein 
synthesis by Octopus gonadotropin in vivo and in vitro. 
Gen. Compo Endocrinol. 27:129-135.------

Opresko, L. and,R. Thomas. 1975. Observations on Octopus 
joubini: some aspects of reproductive biology and 
growth. Mar. BioI. 31:51-61. 



I I I 

219 

A 
Packard, ft. 1972. Cephalopods and fish: the limits of con

vergence. BioI. Rev. 47:241-307. 

Paffenhofer, G.A. 1968. Nahrungsaufnahme, Stoffumsatz and 
Energiehaushalt des marinen Hydroidpolypen Clava multi
cornis. Helgolander wiss. Meeresunters 18:1-44. 

Paine, R.T. 1965. Natural history, limiting factors and 
energetics of the opisthobranch Navanax inermis. 
Ecology 46:603-619. 

Paine, R.T. 1966. Endothermy in bomb calorimetry. Limnol. 
Oceanog. 11:L26-l29. 

Paine, R.T. 1971a. The measurement and application of the 
calorie to ecological problems. Ann. Rev. Ecol. & 
Systematics 2:145-164. 

Paine, R.T. 1971b. Energy flow in a natural population of 
the herbivorous gastropod Tegula funebralis. Limnol. 
Oceanog. 16:86-98. 

Paloheimo, J.E. and L.M. Dickie. 1965. Food and growth of 
fishes. I. A. growth curve de~ived from experimental 
data. J. Fish. Res. Bd. Canada 22:521-542. 

Paloheimo, J.E. and L.M. Dickie. 
fishes. II. Effects of food 
relation between metabolism 
Res. Bd. Canada 23:869-908. 

Paloheimo, J.E. and L.M. Dickie. 
fishes. III. Relations among 
growth efficiency. J. Fish. 
1248. 

1966a. Food and growth of 
and temperature on the 
and body weight. J. Fish. 

1966b. Food and growth of 
food, body size, and 
Res. Bd. Canada 23: 1209-

Pandian, T.J. 1967a. Intake, digestion, adsorption and 
c"onversion of food in the fishes Megalops cyprinoides 
and Ophiocephalus, striatus. Mar. BioI. 1:16-32. 

- ---- - - - - -- --- -- -- --

Pandian, T.J. 1967b. Transformation of food in the fish 
Megalops cyprinoides. I. Influence of quality of 
food. Mar. BioI., 1:60-64. 

Pandian, T.J. 1970. Intake and conversion of food in the 
fish Limanda limanda exposed to different temperatures. 
Mar. BioI. 5:1-17. 

Pandian, T.J. 1975. Mechanisms of heterotrophy. pp. 61-
249. In: Marine Ecology. Vol. II, Part I. (0. Kinne, 
Ed.). lNew York. 449 pp. 



I I I 

220 

Pandian, T.J. and R. Raghuraman. 1972. Effects of feeding 
rate on conversion efficiency and chemical composition 
of the fish Ti1apia mossarnbica. Mar. BioI. 12:129-136. 

Parker, R.R. and P.A. Larkin. 1959. A concept of growth in 
fishes. J. Fish. Res. Bd. Can. 16:721-745. 

Phillipson, J. 1966. Ecological Energetics. London. 
57 pp. 

Precht, H. 1973. Limiting temperatures of life functions. 
pp. 400-440. In: Temperature and Life. (H. Precht, 
J. Christophersen, H. Hensel, and W. Larcher, -Eds.). 
New York. 779 pp. 

Rughuraman, R. 1973. 
in some fishes. 

Studies on food intake and utilization 
Ph.D. Thesis. Manga10re University. 

Richard A. 1966a. Le temp~rature, facteur externe essen
tiel de croissance pour Ie C~pha10pode Sepia offici
na1is. L.C.r. hebd. Seance Acad. Sci. Paris 263D:1138-
1141. 

Richard, A. 1967. Role de 1a photop~riode dans Ie det~r
m~n~sme de 1a maturation genita1e feme11e du C~pha10-
po de Sepia officina1is L. C.r. hebd. S~anc. Acad. Sci. 
Paris 264D:1315-1318. 

Richard, A. 1968. Mise en evidence de l'action de 1a 
1umiere dans Ie d~terminisme de 1a ponte chez Ie Cepha-
10pode Sepia officina1is L. C.r. hebd. Seance Acad. 
Sci. Paris 267:2360-2363. 

Richard A. 1970. Differenciation sexue11e des c~pha10podes 
en culture in vitro. Ann. BioI. 9:169-175. 

Richard, A. 1971. Action qualitative de la lurniere dans Ie 
determinisme au cycle sexual chez Ie cephalopode Sepia 
officina1is L. C.r. hebd. Seance Acad. Sci. Paris: 
_~'Z2P:lQ6 ... :I.Q_9 • 

Richard, A. and L. Lemaire. 
enciation sexuelles chez 
(Mol1osque C~pha10pode) 
Suppl:574-594. 

1975. D~termination et differ
la seiche Sepia officinalis L. 
Pubb. Staz. Zool. Napoli 39 

Ricker, W.E. 1958. Handbook of computations for biological 
statistics of fish populations. Fish. Res. Bd. Canada 
Bull. 119. 300 pp. 

Robson, G.C. 1929. A Monograph of the Recent Cephalopoda. 
Vol. I. Octopodinae. London. 236 pp. 



I I I 

221 

Rowe, V.L. and K. Mangold. 1975. The effect of starvation 
on sexual maturation in Illex illecebrosus (LeSueur) 
(Cephalopoda: Teuthoidea). J. EXp. Mar. BioI. Ecol. 
17:157-163. 

Sakaguchi, H. 1968. Studies on digestive enzymes of devil
fish. Bull. Jap. Soc. Sci. Fish. 34:716-721. 

Schroder, W. 1966. Beobachtungen bei der Zucht von tinten
fischen (Sepia officinalis L.) Sber. Ces. naturf. 
Freunde (N.F.) 6:101-107. 

Shaffer, W.M. 1974. Selection for optimal life histories: 
the effects of age structure. Ecology 55:291-303. 

Short, R.V. 19.73. General discussion of the effects of .the 
environment on reproduction. (Preface.) J. Reprod. 
Fert., Supple 19:ix-xiii. 

Snedecor, G.W. and W.G. Cochran. 
Sixth Edition. Ames, Iowa. 

Statistical. Methods. 
593 pp. 

Soldatova, I.N. 1970. The energy balance of the amphipod 
Pontogammarus maeoticus. Oceanology 10:129-138. 

Solis Ramiriz, -M.J. 1967. Aspectos biologicos del pulpo 
Octopus maya Voss y Solis. Inst. Invest. BioI. Pesq., 
Publ. No. 18:1-90. 

Sorokin, J.I. and b.A. Panov •. 1966. The use of C14 for the 
quanitative study of the nutrition of fish larvae. 
Int. Rev. ges. Hydrobiol. 51:743-756. 

Strehler, B.L. and C.H. Barrows, 1970. Senescence: cell 
biological aspects of aging. pp. 266-283. In: Cell 
Differentiation (O.J. Schjeide and J. de Vellis, Eds.) 
New York. 606 pp. 

Studier, E.H., K.E. Edwards, and M.D. Thompson. 1975. Bio
energ-et_ic.s. io_ twop\11IDorl9.j;_~§nai:I.~., Helisoma and Physa. 
Compo Biochem. Physiol. 5lA:859-86l.- -_. 

Summers, W.C. 1971. Age and growth of Loligo pealei, a 
population study of the common Atlantic coast squid. 
BioI. Bull. 141:189-201. 

Takeda, M., S. Shimeno, H. Hosokawa, H. Kajiyama and T. 
Kaisyo. 1975. The effect of dietary calorie-to-protein 
ratio on the growth, feed conversion and body composi
tion of young yellowtail. Bull. Jap. Soc. Sci. Fish. 
41:443-447. 



! I I 

222 

Thomas, R.E. and L. Opresko. 1973. Observations on Octopus 
joubini: Four laboratory reared generations. The 
Nautilus 87:61-65. 

Thompson, R.J. and B.L. eayne. 1974. Some relationships 
between growth, metaholi$m and food in the mussel 
Mytilus edilus. Mar. BioI. 27:317-326. 

Thorson, G. 1946. Reproduction and larval development of 
Danish marine bottom invertebrates. Medd. Komm. 
Danmarks Fisk. Og Havundersog. sere Plankton 4:523 pp. 

Thorson, G. 1950. Reproduction and larval ecology of marine 
bottom invertebrates. BioI. Rev. 25:1-45 •. 

Thorson, G. 1966. Some factors influencing the recruitment 
and establishment of marine benthic communities. Neth. 
J. Sea. Res. 3:267-293. 

Tranter, D.J. and o. Augustine. 1973. Observations on the 
life history of the blue-ringed octopus Hapalochlaena 
maculosa. Mar. BioI. 18:115-128. 

Ursin, E. 1967. A mathematical model of some aspects of 
fish growth, respiration and mortality. J. Fish. Res. 
Bd. Canada 24:2355-2453. 

Vance, R.R. 1973a. On reproductive strategies in marine 
benthic invertebrates. Am. Nat. 107:339-352. 

Vance, R.R. 1973b. More on reproductive strategies in 
marine benthic invertebrates. Am. Nat. 107:353-361. 

Van Heukelem, W.F. 1966. Some aspects of the ecology and 
ethology of Octopus cyanea Gray. M.S. Thesis. 
University of Hawaii. 103 pp. 

Van Heukelem, W.F. 1970. Mating games octopi play. Life 
69:48-53. 

Van Heuke-lem, W.F. 1973. Growth arid Tife;""span of Octopus 
cyanea (Mollusca: Cephalopoda) J. Zool., Lond. 169: 
299-315. 

Voss, G., L. Opresko and R. Thomas. 1973. The potentially 
commercial species of octopus and squid of Florida, the 
Gulf of Mexico, and the Caribbean area. University of 
Miami Sea Grant Program. Sea Grant Field Guide Series 
No.2. 33 pp. 



I I I 

223 

voss, G.L. and M.J. Solis Ramirez. 1966. Octopus ma~, a 
new species from the Bay of Campeche, Mexico. Bull. 
Mar. Sci. 16:615-625. 

Walker, J.J., N. Longo, and M.E. Bitterman. 1970. The 
octopus in the laboratory. Handling, maintenance and 
training. Behav. Res. Meth. & Instru. 2:15-18. 

Warren, C.E. and G.E. Davis. 1967. Laboratory studies on 
the feeding, bioenergetics, and growth of fishes. pp. 
175-214. In: The Biological Basis of Freshwater Fish 
Production-.- (S.D. Gerking, Ed.) Oxford, 495 pp. 

Warren, C.E. 1971. 
Philadelphia. 

Biology and Water Pollution Control. 
434 pp. 

Watt, B.K. and A.L. Merrill •. 1963. Composition of Foods. 
Agriculture Handbook No.8. U.S. Dept. Agriculture. 
Wash. 190 pp. 

Welch, H.E. 1968. Relationships between assimilation 
efficiencies and growth efficiencies for aquatic con
sumers. Ecology 49:755-759. 

Winberg, G.G. 1956. (Rate of Metabolism and food require
ments of fishes.) Nauchnye Trudy Belorusskovo Gosudar
stuennovo Universiteta im. V.I. Lenina, Minsk. 235 pp. 
(Fish. Res. Bd. Can. Transl. Ser. 194.) 

Wells, M.J. 1960. Optic glands and ovary of Octopus. 
Symp. zool. Soc. Lond. 2:87-107. 

Wells, M.J. 1964.. Hormonal control of sexual maturity in 
cephalopods. Bull. National Inst. Sci. India 27:6l~77. 

Wells, M.J., R.K. O'Dor and S.K.L. Buckley. 1975. An in 
vitro bioassay for a molluscan gonadotropin. J. expo 
BioI. 62:433-446. 

Wells;,_M.J.and J. Wells. 1959. Hormonal control of sexual 
maturi tyUin 6ctopus-... J.- exp.- :8],61.-36: 1':"33. 

Wells, M.J. and J. Wells. 1969. Pituitary analogue in the 
octopus. Nature. London 222:293-294. 

Wells, M.J. and J. Wells. 1970. Observations on the feed
ing, growth rate and habits of newly settled Octopus 
cyanea. J. Zool., Lond. 161:65-74. 



I I 

224 

Wells, M.J. and J. Wells. 1972a. Optic glands and the 
state of the testes in Octopus. Mar. Behav. Physiol. 
I: 71-83. 

Wells, M.J. and J. Wells. 1972b. Sexual displays and mat
ing of Octopus vulgaris Cuvier and Q. cyanea Gray and 
attempts to alter performance by manipulating the 
glandular condition of the animals. Anim. Behav. 20: 
293-308. 

Wells, M.J. and J. Wells. 1975. Optic gland implants and 
their effects on the gonads of Octopus. J. EXp. BioI. 
62:579-588. 

Wells, M.J. and J. Wells. In press. 
endocrinology of reproduction. 

Optic glands and the 
Symp. Zool. Soc. Lond. 

Wieser, W. 1973. Temperature relations of ectotherms: a 
speculative review. pp. 1-23. In: Effects of Temper
ature on Ectothermic Organisms. --(We Wieser, Ed.) New 
York. 289 pp. 

Widdows, J. and B.L. Bayne. 1971. Temperature acclimation 
of Mytilus edulis with reference to its energy budget. 
J. mar. biola Ass. U.K. 51:827-843. 

Wissing, T.E., R.M. Darnell, M.A. Ibrahim, L. Berner, Jr. 
1973. Caloric values of marine animals from the Gulf 
of Mexico. Contrib. Mar. Sci. 17:1-7. 

Wolterding, M. 1971. The rearing and maintenance of 
Octopus briareus in the laboratory with aspects of 
their behavior and biology. M.S. Thesis. Univ. of 
Miami. 120 pp. 

Wodinsky, J. 1969. Penetration of the shell and feeding on 
gastropods by Octopus. Am. Zool. 9:997-1010. 

Wodinsky, J. 1972. Breeding season of Octopus vulgaris. 
Mar. BioI. 16:59-63. 

Yarnall, J.L. 1969. Aspects of the behavior of Octopus 
cyanea Gray. Anim. Behav. 17:747-754. 




