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ABSTRAcr 

My dissertation explores octopod ecoloy, morphology and evolution. Using 

an artificial shelter trap technique (Voight, 1988a), parameters of a wild 

population of Octopus digueti are monitored for one year. Octopus movement 

correlates with sea temperature but is reduced under full moonlight. Enlarged 

suckers reliably indicate male maturity in this species. This first definition of an 

age class in octopuses allows field growth rates to be compared to those from 

laboratory studies. Octopus digueti growth in the wild equals that in the lab; 

average life span may be only 6 months during which time individuals may grow 

from a hatching weight of 40 mg to over 40 g. Individuals show the uniparous life 

history documented in lab studies. Cohorts appear not due to reproductive 

synchrony, but to seasonal temperature fluctuations. Genetic differences probably 

control individual growth rate and life span. 

To test the reliability of morphology of preserved octopus specimens, In

transformed measurements are plotted versus In mantle length. Body 

measurements are strongly correlated with size; preservation does not therefore 

eliminate information contained in specimens. Principal component analysis 

reveals shallow water tropical octopuses vary primarily in arm length, mantle 

length and sucker diameter. Trans-Atlantic conspecific populations are 

morphologically indistinguishable. Hypothesized species relationships (Voight, 

1988b) are supported, despite considerable overlap 'among species. No secondary 

sexual dimorphism except enlarged suckers -is present in these species. Octopuses 

_____ . ___ .~_~ __ • "_'_', _'._' ___ "._~ ___ ' ___ " _._. ____ .r 



from rocky habitats have longer arms and smaller mantles than do those from 

sandy habitats. 
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In the Octopodidae, arm length, head width and sucker diameter contribute 

most size-free morphological variation. Sucker size correlates inversely with depth 

due to hydrostatic pressure. Arm length and head width variation correlate 

inversely with latitudinal distribution, and are associated with the number of 

sucker rows. Subfamilies defined by the number of sucker rows (Voss, 1988a), 

may represent overtly similar, paraphyletic groups. 

Cladistic analysis of the suborder Incirrata show that Voss' subfamilies are 

paraphyletic groups; Robson's (1932) subfamilies are supported. The Argonautida 

are the most primitive incirrate group, the Ctenoglossa and Octopodidae are sister 

taxa. The incirrate octopods may have evolved from a deep sea, rather than a 

shallow-water, ancestor. 
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INTRODUCTION 

Octopuses are economically important, models in learning studies and 

neurobiology and are remarkably convergent with vertebrates, yet we know very little 

about either their ecology or evolutionary history. Octopuses, highly mobile, 

intelligent predators could provide phylogenetically independent tests of apparent 

patterns in vertebrate evolution, or of patterns deduced from sessile invertebrates. 

However, until our knowledge of octopus biology becomes more complete, no paral

lels can be drawn. My dissertation encompasses research designed to discover 

parameters of Octopus biology in nature and patterns in the evolution of the group. 

Laboratory studies indicate that octopuses show the general cephalopod trend 

of semelparity or uniparous reproduction (Kirkendahl and Stensruth, 1985). Although 

female squids and cuttlefishes spawn over a few days, female octopuses produce a 

single clutch of eggs and brood them until they die, usually shortly after the eggs 

hatch. Hatchlings grow remarkably rapidly, increasing in body weight a thousand-fold 

in what can be a six month life span in the laboratory (reviewed by Forsythe and Van 

Heukelem, 1987), yet our knowledge of how octopuses live in the wild is so 

rudimentary that we cannot determine whether these laboratory-derived patterns of 

growth and life span are representative of octopuses in the wild. 

To gather detailed information on free-ranging populations of Octopus, I 

used a novel artificial shelter sampling technique (Voight, 1988a) to follow 

parameters of a popUlation of Octopus digueti through a one year period (Chap. 

1). Because of the unusual shelter limitation of this population of pygmy octopus, 



-

... 

my field study is the first to track movements, sex ratio, body size, growth, 

maturation and reproduction in a wild population. 
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Our knowledge of octopus life history suggests that species undergo 

extremely rapid generation turnover, a characteristic that may be associated with 

increased evolutionary rate. Nesis (1978) stated that evolution is so rapid in 

cephalopods that evidence of phylogenetic relatedness is eradicated in a few 

million years. If this is so, we· are unable to reconstruct patterns of octopod 

evolution or to extrapolate ecological, physiological or any other type of data 

between species because the pace of evolution will have undermined homologies. 

To re-examine Nesis' statement, I (Voight, 1988b) examined the species 

groups on which it was based, the Trans-Panamanian octopods. I found enough 

similarities between east Pacific and west Atlantic species to question the 

conclusion that evolution eradicates evidence of phylogenetic histories after only a 

comparatively brief interval, but was unable to fully refute that conclusion. The 

similarities I cite are subjective characters, e. g. coloration which cannot be 

quantified. Refutation of Nesis' hypothesis will require a complete cladistic 

analysis of the potential clades. 

However, current taxonomy and classification of octopuses is based largely 

on such subjective characters that are unable to contribute to cladistic analysis. 

Species of the Octopodinae, thought to be remarkably similar in morphology and 

anatomy (Roper and Hochberg, 1988), are often defined by differences in 

coloration and in male reproductive anatomy. To attempt to define the level of 

phenetic similarity within the species groups I hypothesized to be closely related, 
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and to define characters which could contribute to cladistic analysis, I explored the 

feasibility of using morphology in octopods. 

To demonstrate the value of morphology in taxonomy and systematics, I 

defined the extent of random morphological variation among these soft-bodied 

animals (Chap. 2), explored morphological variation among the octopuses of the 

shallow-water American tropical oceans (Chap. 3), and explored morphological 

shape variation within the Octopodidae as a whole, both to define the extent of 

variation and to address whether current taxonomic divisions represent convergent 

groups based in part on unrecognized phenetic similarities (Chap. 4). 

My morphometric analyses lead back to cladistic analysis (Chap. 5), not of 

the taxa which motivated the original question, but rather of all taxa comprising 

the suborder Incirrata, t<he lowest taxonomic group of octopods which has been 

shown by multiple characters to be monophyletic (Berthold and Engeser, 1987). 

Singular evolutionary novelties have formed the basis of octopod classification. 

This practice is known to create paraphyletic groups which obscure rather than 

clarify evolutionary histories. As suggested by morphometric analysis (Chap. 4), 

the current classification of the Incirrata defines paraphyletic groups. Although 

cladistic analysis fails to completely resolve the phylogeny, it offers hypotheses of 

relationships which are supported by multiple character state changes. It 

demonstrates that octopod evolution is not obscured within a few million years. 

The evidence of incirrate octopod phylogenetic history is recoverable and offers 

novel insight inh) the c:volution of marine invertebrates. 
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CHAPTER ONE 

THE BIOLOGY OF A SEMI-ANNUAL ANIMAL: 
A YEAR-LONG STUDY OF Octopus digueti 

SUMMARY 

Parameters of octopus ecology in nature are largely unknown due to sampling 

inadequacies and an inability to distinguish age classes. An intertidal population 

of Octopus digueti, Perrier and Rochebrune was monitored for one year in Choya 

Bay, Sonora, Mexico in the northern Gulf of California using an artificial shelter 

sampling technique, and the definition of a mature male age class by their 

possession of enlarged suckers. 

Each of the 805 captured octopuses was narcotized so that body weight, sex 

and reproductive condition could be recorded. Captures were more frequent in 

lower intertidal areas with more shell debris, potential octopus shelter. Capture 

rates, assumed to indicate octopus movement, were correlated with sea 

temperature and were reduced during full moon periods. The overall sex ratio 

was significantly male biased, possibly due to maturity-linked mobility differences 

between the sexes. Predation, measured by damaged arms or arm tips, affected 

over 26% of the octopuses handled. Anterior arms most often injured. 

The hypothesis that enlarged suckers accurately identify a mature male age 

class was tested and supported. Males with enlarged suckers were heavier than 

other males, maintained constant body weights, and had significantly longer ligulae 



than other males. Enlarged suckers may act as chemoreceptors to assist males 

locate receptive females. 
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Temperature in spring acts to synchronize hatching in egg clutches spawned 

from winter to early spring, despite a synchronous reproduction in the population. 

The resultant cohort allows growth and life span of males to be estimated in the 

wild. Growth of male cohorts identified by the presence of enlarged suckers was 

not different from that in laboratory studies. No eviderice of iteroparity was seen. 

INTRODUCTION 

In laboratory studies, octopuses nearly always display extremely rapid, 

exponential growth and semelparous reproduction (Hanlon and Forysthe, 1985); 

females produce a single clutch of eggs, brood them and die. The Pacific pygmy 

octopus, Octopus digueti, Perrier and Rochebrune, is the most rapidly growing 

octopus known, increasing body weight three orders of magnitude during a mean 

six month life span (DeRusha et al., 1987). The growth rate plateaus briefly 

before beginning a decline that terminates in senescence and death. Whether wild 

populations of octopuses also display extraordinarily rapid growth and senescence 

is uncertain. 

Two factors, sampling bias and an inability to diagnose the age of 

field-collected animals, have limited our knowledge of octopuses. The commonly 

used collection techniques, hand- collection and trawl captures, do not adequately 

sample all members of octopus populations (Boyle, 1983a; Hartwick et ai., 1984a). 

Even if adequate samples were available, no verified means of defining the ages of 
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field-collected individuals has existed. Without reliable separation of age classes, 

population age structures and life-span estimates could not be determined. 

Using a trapping technique to sample octopuses without bias (Voight, 

1988a), and the hypothesis that enlarged proximal suckers accurately indicate full 

maturity in males (Pickford and McConnaughey, 1949; Van Heukelem, 1973), this 

study traced growth and lifespan in a natural population of O. digueti, for 1 year. 

Laboratory data on growth, reproduction and life span (DeRusha et ai., 1987) are 

for the first time directly compared to those of a natural population. In addition, 

movement in and predation on the wild population were monitored. 

MATERIALS AND METHODS 

Study Area 

The study was conducted in the intertidal zone of Choya Bay, Sonora, 

Mexico in the northern Gulf of California (31° 20' N, 113° 40' W), 5 km northeast 

of Puerto Penasco. The northern Gulf is oceanographically unusual in having 

extreme annual temperature fluctuations (11-32° C) and tidal ranges of up to 7 m 

(Maluf, 1983). The tides are mixed, semi-diurnal. The extreme tidal ranges, 

coupled with the gentle slope of the bay create an intertidal zone of over 5 km2• 

Habitats of Choya Bay are characterized by FIessa and Ekdale (1987). The 

two outermost areas, those in the lowest intertidal zone, are of interest here. The 

outer flats are lowest in the intertidal zone. This area is characterized by coarse 

sand with abundant shell debris, and linear, long wave-length flood- oriented sand 

waves. Slightly higher in the intertidal zone are the innerflats. This area has finer 
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sand with comparatively little shell debris and reduced sand waves (Flessa and 

Ekdale, 1987). Sea surface temperatures during the one year study were recorded 

at the Centro Estudios Desiertos y Oceanos (CEDO), a research facility near 

Puerto Penasco, Sonora. 

Study Organism 

Octopus digueti lives in open sandy habitats throughout the Gulf of 

California. Individuals are relatively small and use the shelter provided by vacant 

gastropod and bivalve shells (Perrier and Rochebrune, 1894; Hochberg, 1980). 

Females produce large (6-8 mm long) eggs which are singly attached to the 

interior of a shell and brooded until hatching, typical of Octopus (Mangold, 1987). 

Hatchlings immediately assume the benthic lifestyle of the adults. Despite their 

small size, individual O. digueti are voracious and unusually aggressive predators as 

well as cannibals (DeRusha et al., 1987). Laboratory studies (DeRusha et al., 

1987) show O. diglleti to be short-lived; both males and females die between 5.5 

and 8 months of age when reared at 25° C. 

Octopus diglleti is considered closely related to the Atlantic pygmy octopus, 

O. jOllbbzi Robson (Pickford, 1945; Voight, 1988b). In addition to the traits above, 

enlarged suckers on males and long, pointed ligulae (intromittent organs) 

characterize the species (Robson, 1929). 

----~"---- ---
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Field Techniques 

Data available show other Octopus species to be highly vagile; individuals 

move between dens or shelters as frequently as once per day (Ambrose, 1982; also 

Mather, 1982a; Hartwick et al, 1984b; Aronson, 1989). Assuming o. digueti is also 

highly transient, a removal study was designed to sample the octopuses. Since natural 

shelters are assumed to be limiting, artificial shelters introduced to the habitat are 

predicted to be accepted and used as refugia by the octopuses. Octopuses resident in 

the artifical shelters are expected to accurately represent the population of mobile 

octopuses. 

Artificial shelters (brown glass bottles, commerically available filled with 

Corona beer, or vacant gastropod shells) were attached to monofilament lines at 

1 m intervals. Ten to 15 lines, each containing 10 shelters, were staked in the 

intertidal zone for the duration of the study, as described by Voight (1988a). 

Brown glass bottles were the most common shelter used throughout the study. 

All collections were made between -1.7 m and + 1.3 m tidal height. Most 

lines (7-10) were staked between outerflat sand waves at tidal heights of -.45 to -.7 

m, hereafter these lines are termed outerflat lines. A few (2-5) lines were placed 

at the intergradation of the outer- and inner-flats at -.3m to +.2 m. Hereafter 

these lines are refered to as innerflat lines as the substrate best characterized that 

area. A single line was placed in the innerflats proper at + 1.3 m. The placement 

of the lines allowed the octopuses' distribution in the intertidal zone to be 

inferred. Lines were shifted vertically at 8 week intervals depending on 



projections of future spring tidal series (Thomson, 1984; 1985). Lines were 

confined in a 135 m by 400 m area to facilitate study. 
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From May 1984 to May 1985, octopuses resident in the shelters were 

collected at 24 hour intervals on 3-7 consecutive days of 19 spring tide series. 

When possible, lines were cleared whenever the lower daily tide exposed areas at 

or below -.2 m. At each clearing, the number of resident octopuses and of 

available shelters at each line were recorded. Shelters that had broken free of the 

lines were sometimes recovered with resident octopuses. These octopuses were 

not included in the trap captures, but were included in the analysis of population 

parameters. 

When feasible, natural shelters (gastropod and bivalve shells) were 

randomly surveyed to estimate both the number of brooding females and octopus 

shell usage. Shells were examined in the field for octopuses; small shells were also 

collected. Exposing these small shells to air forced small resident octopuses out of 

the shells. Shells were identified to genus using Houston (1980) and the CEDO 

reference collection. 

Laboratory Techniques 

Octopuses were taken in their shelters to the marine biology laboratory at 

CEDO and placed in aquaria. Each individual was narcotized by immersion in a 

weak (2-4%) ethanol-seawater solution if captured betwen May and November, or 

by immersion in chilled (5° C) seawater if captured between December and May. 

The narcotizing agent was changed to speed the process and reduce stress to the 
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octopuses (Andrews and Tansey, 1981). Narcotization was judged to be sufficient 

when regular respiration ceased; the octopus was then removed from the 

anesthetizing agent. Excess water was drained from the mantle cavity and each 

animal was weighed on a triple-beam balance. Mantle length, mantle width and 

head width of each were also recorded. 

Because the skin of O. digueti becomes translucent when the octopus is 

narcotized, vivisection was not required to assess reproductive condition. 

Reproductive condition was instead assigned by the relative size of the 

light-colored gonad visible between the paired dark branchial hearts at the 

mantle's dorsal posterior tip. 

Males were identified by the ligula, the tip of the third right arm modified 

to transfer spermatophores; females and juveniles were identified by its absence. 

If the tip of the third right arm was missing, males were identified by the copu

latory fold, a small skin fold on the posterior third right arm. Ligula length, 

measured from the most distal sucker to the tip of the ligula, was recorded. Octo

puses weighing less than 10 g were considered to be juvenile if a ligula was not 

seen. Individuals without ligulae weighing 10 g or more were classed as females. 

The number and location of missing arms or arm tips was recorded for each 

individual as an indicator of non-lethal predation. As brooding females often are mis

sing all arm tips, possibly due to self-cannibalization, females with eggs, or those that 

appeared senescent due to flaccid skin or cloudy eyes, were not included in the tallies. 

The presence or absence of enlarged suckers was recorded in all 

individuals. Enlarged suckers are the 2 or 3 suckers near the web margin that 
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are disproportionately larger than adjacent suckers. As in most species in which 

they occur, enlarged suckers are generally resticted to male O. digueti (Robson, 

1929). Although most common on the second and third arms, they can be present 

on all arms. Suckers with diameters as little as 0.5 mm greater than adjacent 

suckers were conspicuous and considered to be enlarged. 

Individuals captured between June and November (N =500) were marked 

by a small elliptical cut on the epidermis. Epidermal injuries to the lesser 

octopus, Eledone cirrhosa, result in cicatrix in which pigment cells are absent, 

forming a permanent mark (Polglase et al., 1983). 

After data collection, octopuses were revived by immersion in fresh, 

well-aerated seawater and were released in the bay roughly 0.5 km from the 

capture sites at the next suitable low tide. 

Data Analysis 

Octopus movement was inferred from recruitment into shelters that had 

been cleared 24 hours earlier. Capture rates of all lines, except the highest line in 

the innerflats, were pooled within each tidal series to determine total capture rate. 

Because the highest innerflat line never captured octopuses, these shelters were 

deleted from the total number of available shelters prior to calculations. 

The numbers of octopuses that recruited into the shelters during the 24 

hour intervals between clearings were compared among sample periods. 

Octopuses resident at the initial clearing of each period may have recruited into 

the shelters during non-sample periods, which varied in length from 10-30 days. 
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As a result, residents at the first clearing were not directly comparable to animals 

taking up residence during the 24 hour intelVals. As the innerflat or outerflat 

environment was invariant during non-sample periods, total capture rates were 

compared between tidal heights. 

During February and late April, lines could not be cleared at 24 hour 

intelVals. During these sample periods, only data collected as described above 

were included in capture rate comparisons. 

Because Nixon (1971) reports the measurement mantle length varies 

with increasing nacotization, body weight in grams is used here as the measure 

of body size. 

Pickford and McConnaughey (1949) working on O. bimaculatus and 

O. bimaculoides and Van Heukelem (1973) studying o. cyallea suggested that 

enlarged suckers accurately indicate a mature male age class. These species both 

pertain to the apparent circumtropical clade of ocellated octopuses (Voss and 

Solis, 1966; Voight, 1988b), precluding them from independently testing this 

hypothesis. To fully test the hypothesis on a phylogenetically distinct species, male 

o. digueti with and without enlarged suckers were treated as separate age classes 

throughout the study. Capture rates, body weights, ligula lengths, and arm injuries 

were compared between the two groups of males. 

To determine whether the presence of cohort in the population was due 

to seasonal sea temperatures, as suggested for o. bimaculatus in California 

(Ambrose, 1988), development times for O. digueti embryos at sea 
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temperatures seen in this study were calculated using the equation of DeRusha 

et ai. (1987): 

development time in days= (7.74 x 104
) T CC) -2.35 

This equation, based on laboratory experiments conducted at 16 to 25° C, was 

extended to the full field range of 11 to 31° C, despite the likelihood that 

development slows at extreme temperatures, as is known in insects (Wagner et 

ai., 1984). Averaging ambient temperatures over 4 week intervals compensated 

for seasonality. Predicted hatching dates were plotted against hypothetical 

spawning dates spaced at regular 15 day intervals. The resultant plot was 

examined for a seasonal lack of correlation, which would indicate hatching 

synchrony of clutches spawned at different times. 

Maximum likelihood G-tests with the Williams Correction Factor (Sokal 

and Rohlf, 1981) were used to test for significant differences in arm injuries, 

capture rates and deviations from 50:50 sex ratios. Predictive regression analysis 

tested the correlation between sea temperature and arc-sine transformed capture 

rates. Whether octopuses captured in January and February differed in size 

distribution was tested with a 2-sample Kolmogorov-Smirnov (K-S) test (Sokal and 

Rohlf, 1981). Analyses of covariance (ANCOVA) compared field and laboratory 

growth rates of males (Sokal and Rohlf, 1981). 

RESULTS 

Of the 6724 traps checked over the one year period, 786 (11.7%) captured 

octopuses (Table 1). A total of 805 octopuses were handled. The tethered 
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TABLE 1. Octopus digueti collected and handled from Choya Bay from May 
1984 through May 1985. 

Date N %juv. % Males p % female wI % males wI 
of adults enlarged enlarged 

ovary testis 

May 29 10.3 88 < .005 33 100 

E.June 35 45.7 89 < .005 0 82.4 

L. June 71 21.1 76.8 < .005 6.3 37.2 

E.July 47 8.5 51 > .05 9.5 86.4 

L. July 103 18.4 54.3 > .05 13.5 84 

L. Aug. 80 13.8 44.9 > .05 56.8 100 

E. Sept. 17 47.1 11.1 < .025 0 100 

L. Sept. 57 22.8 18.2 < .005 6.5 0 

L. Oct. 45 2.2 65.9 < .05 13.3 35.6 

E.Nov. 34 2.9 75.8 < .005 11.1 100 

L. Nov. 29 0 58.6 > .05 8.3 100 

Dec. 41 9.8 51.4 > .05 31.3 89.5 

Jan./Feb. 33 9.1 66.7 > .05 50 100 

E. March 18 5.6 64.7 > .05 85.7 100 

L. March 43 4.7 68.3 < .025 61.5 100 

E. April 30 16.7 60 > .05 50 100 

L. April 40 2.5 59 > .05 62.5 100 

May 48 2.1 63.8 < .05 50 100 
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artificial shelters were so completely accepted by the octopuses that some females 

used them to brood eggs. 

Each tidal series represented a single sample period, with one exception. 

Data from January and February were combined due to small sample sizes 

(January, N=19; February, N=14). The weights of octopuses collected in these 

months did not differ significantly (K-S test; D=O.36; N=33; p>.20). 

MOVEMENT 

Capture rates, and presumably octopus density, varied with the vertical 

position of the lines. Total cap,tures, including the initial clearing, were more 

common in outerflat lines than innerflat lines (adjusted G=47.963; df=l; p<.005). 

No octopuses were captured at the highest (+ 1.3 m) line in the innerflats proper. 

Differences between the outerflats and the innerflats were not consistent 

throughout the study (Table 2). 

Sea temperature and moonlight also affected capture rates, presumably due to 

their influence on octopus movement. During sample periods coincident with full 

moon, significantly fewer octopuses were captured after the initial clearing than 

during sample periods coincident with new moon (adjusted G=23.993; df=l; p<.005). 

Since collections were restricted to spring tidal series, only the presence or absence of 

moonlight can be considered here. Lunar effects were significant both in the outer

flats (adjusted G=28.8629; df=l; p<.005) and in the innerflats (adjusted G=13.0588; 

df=l; p<.005). At the initial clearing, capture rates were not different between full 

and new moon tidal series, based on a comparison of 95% confidence intervals. 
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TABLE 2. Total captures of Octopus digueti at outerflat and inner flat lines. 

Oulcrfiat lines Innedlat lines 

Date Captures Traps % Captures Trnps % G P 

May 26 250 10.4 14 279 5.02 5.04 < 0.025 

E.June 14 280 5.00 16 222 7.21 0.982 > 0.05 

L. June 53 315 16.8 18 301 5.98 16.36 < 0.005 

E.July 25 277 9.03 27 431 6.26 1.718 > 0.05 

L.July 64 354 18.08 38 276 13.77 1.806 > 0.05 

L. Aug. 78 274 28.47 21 144 14.58 8.27 < 0.005 

E. Sept. 14 161 8.70 2 149 1.34 8.939 < 0.005 

L. Sept. 29 135 21.48 14 70 20.00 0.047 > 0.05 

Oct. 30 159 18.87 17 10 15.45 0.435 > 0.05 

E.Nov. 25 163 15.34 8 93 8.6 2.31 > 0.05 

L. Nov. 18 177 10.17 8 62 12.9 0.3006 > 0.05 

Dec. 27 224 12.05 6 66 9.09 0.408 > 0.05 

Jan./Feb. 28 390 7.18 2 136 1.47 7.35 <O.ot 

E. March 5 76 6.58 5 20.00 0.740 > 0.05 

L. March 33 189 17.46 6 42 14.29 0.2113 > 0.05 

E. April 31 161 19.25 2 21 9.52 1.133 > 0.05 

L. April 29 89 32.58 3 48 6.25 11.22 < 0.005 

May 31 220 14.09 8 62 12.90 0.049 > 0.05 
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Capture rates during new moon tidal series were significantly correlated 

with sea temperature (r=0.6903; N=l1; df=9; p<.OS); capture rates and 

temperatures during full moon tidal series were not significantly correlated 

(r=-0.52S; N=6; df=4; p>.20) (Figure 1). During new moon tidal series, capture 

rates at outerflat lines were correlated with sea temperature (r=0.6783; N = 11; 

p<.05), while captures at innerflat lines were not (r=0.4843; N=l1; p>.10). 

PREDATION 

Of all octopuses handled, 236 or 26.6% were missing or regenerating at 

least one arm or arm tip. Arm damage was attributed to non-lethal predation. 

Incidence of arm injuries was not significantly different among sampling periods 

(adjusted G=13.454; df=17; p>.05). Of the injured animals, 125 had a single arm 

affected, 52 had two arms affected, 21 had three arms affected and 15 were 

missing four or more arms. On average, each octopus had 0.44 stumps. 

Injuries did not affect all arms equally (adjusted G=30.658, df=7, p<.005). 

Anterior arms (I and II) were more frequently injured than posterior arms 

(adjusted G=23.74, df=l, p<.005). Injuries to right and left arms were not 

significantly different (adjusted G=2.177, df=l, p>.05). 

Incidences of arm injuries were not significantly different between males, 

females and juveniles (adjusted G=2.641; df=2; p>.lO). However, males with 

enlarged suckers had significantly more arm injuries than did males with normal 

suckers (adjusted G=27.933; df=l; p<.005). Among octopuses with arm injuries, 

the incidence of injuries to more than one arm was not significantly different 
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between males with enlarged suckers, males with normal suckers, females and 

juveniles (G=2.739; df=3; p>.05). 

SHELTER USAGE 
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Shell use by O. digueti in Choya Bay has been reported anecdotally (Voight, 

1987). Surveys of potential shelters showed small octopuses to use more 

taxonomically diverse shell genera than larger octopuses (Table 3). Few large 

gastropod shells were found that did not house an octopus. On occasion, large 

Muricanthus shells with the outer whorl abraded through to expose the columella 

were occupied by two O. digueti, each on opposite sides of the formerly continuous 

outer whorl. 

SEX RATIO 

Males significantly biased the overall sex ratio (415 males; 279 females; 

adjusted G=27.686, df=1, p<.OOl). Table 1 presents the proportion of males 

among adults in each sample period and significant deviations from equal 

representation of the sexes. The remaining animals, those lacking a ligula and 

weighing under 10 g, were classed as juveniles (n=111) (Table 1). 

Since laboratory males reared at 25° C develop a ligula between 5.66 and 

9.07 g body weight (DeRusha et al., 1987), using 10.0 g as the arbitrary 

demarcation of females from juveniles conservatively estimated the number of 

females handled. In addition to the 111 juveniles, 59 males with identifiable 

ligulae weighed less than 10 g. However, compensating for the 59 males under 10 

------ -.. --.--" .. --~--~--'------"'- ." - - .... 



TABLE 3. Mollusc shells and other shelters used by Octopus digueti in 
Choya Bay. 

ocropus SIZE CLASS 

Small Mid-sized Large Brooding Females 

Polinices Melongena Muricantlllls Muricanthus 

Conus Chione Ostrea Ostrea 

Turbo Hexaplex Pinna 

Olivella Pinna Melongella 

Turritella bottles & cans Chiolle 

Neorapana 

Oliva 

Solenosteira 

Strombus 

32 
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g by subtracting 59 from the total number of males does not affect the significant 

male bias (adjusted G=9.353; df=l; p<.005). 

DEFINITION OF AGE CLASSES 

Males with enlarged suckers (n=209) and males with normal suckers 

(n=206) were equally represented in the sample (adjusted G=0.0217; df=l; 

p>.05). Enlarged suckers were present on males weighing as little as 12 g and 

absent on males of up to 45.6 g. Diameters of enlarged suckers were as much as 

250% larger than those of adjacent suckers. 

On average, males with enlarged suckers were significantly heavier 

(Figure 2), had significantly more arm injuries, and had significantly longer ligulae 

than males with normal suckers (Figure 3). 

Considerably fewer females with enlarged ovaries were captured (n=84). 

Because of the small sample, no attempt was made to separate females into two 

age classes. The smallest female found brooding eggs weighed 11.6 g, while a 75 g 

female, captured in a tethered shell, showed only minimal ovarian development. 

GROWTH 

Body weights of the 805 octopuses handled during the year ranged from 0.6 

to 75 g. Histograms of the body weights of all octopuses handled during each 

sample period are presented in Figure 4. An apparent cohort of small individuals 

was identified in the first three sample periods, but was subsequently obscured. 

Direct monitoring of weight classes over time thus cannot define field growth 
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represent 95% confidence intervals. 
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rates. Of the 500 individuals marked, only 6 (1.2%) were recaptured once, 

eliminating the usefulness of mark-recapture in monitoring the population. 
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Separation of males into groups with and without enlarged suckers revealed 

distinct weight classes (Figure 2). As a class, males with enlarged suckers 

maintained a high and nearly constant body weight through the year. The body 

weights of males with normal suckers varied. As a class, males with normal 

suckers weighed least during sample periods when sexual differentiation (i.e., 

ligula development) among juveniles captured in previous sample period would be 

predicted. The mean weight of the males with normal suckers increased linearly 

over time and merged with the mean weight of males with enlarged suckers, as 

would be predicted if this division revealed a real cohort. 

If males with normal suckers in early June form a real cohort, growth of 

that cohort will be comparable to that of laboratory males studied by DeRusha et 

al. (1987). The June cohort was considered comparable to twelve-week-old 

laboratory males since both groups had the extremely small ligulas and similar 

body weights. The field cohort was defined as extending from males with normal 

suckers in June and early July, expanding to include males with normal and 

enlarged suckers in late July and ending with males with enlarged suckers in 

August (Figure 2). This cohort's apparent growth was not significantly different 

from that of laboratory-reared males between 10 and 20 weeks of age, after 

adjustment for the effects of temperature differences (ANCOVA; p<.50). 

Growth of a second male cohort, beginning with juveniles captured in late August, 

continuing as males with normal suckers in fall and finally as males with enlarged 



suckers late November and December, was also not significantly different from 

that of laboratory males between 12 and 22 weeks of age (ANCQVA; p<.lO). 

REPRODUCTION AND LIFE SPAN 

38 

Reproductively competent octopuses were present in nearly every sample, 

as seen in the distribution of females with enlarged ovaries through the study 

(Table 1). Females judged to have enlarged ovaries spawned within 2-6 weeks 

when maintained in captivity (N = 12). The similar onset of spawning in females 

with enlarged ovaries in O. digueti, O. maya (Van Heukelem, 1983a), and O. 

cyallea (Van Heukelem, 1983b) assures that external inspection accurately 

estimates gonad size. 

Nearly every captured male with a ligula over 2 mm long also had an 

enlarged testis, and could be considered mature on that basis. Males with 

enlarged testes were present in nearly every sample (Table 1). Exceptions 

occurred in early summer and early fall when many males demonstrated only 

slight ligula differentiation. Juveniles, individuals less than 10 g, were present 

nearly every month (Table 1). 

No evidence of iteroparity (i.e., of females producing more than a single 

clutch of eggs) was found. Females were brooding all egg clutches found. All 

females brooding late-stage eggs appeared senescent, having slack skin and cloudy 

eyes. Females were seen brooding eggs during all months of the year. However, 

spring with increasing sea temperatures, seemed to represent a peak intertidal 

spawning period. 

--_ ... _._._ .. -_ .. _ .. _----
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Figure 5 assumes that embyos develop as predicted by DeRusha et al. (1987) 

over the temperatures considered. It hypothetically asks when hatchlings will emerge 

from eggs laid at 15 day intervals over the year, given the temperature profile in the 

northern Gulf of California (Figure 1). Eggs are predicted to hatch in the order in 

which they were spawned from May through June, as temperatures rise to a summer 

maximum and decline to a minimum in winter. However, eggs spawned from 

February through May are predicted to hatch in a narrow two-month interval, without 

regard to which was spawned first. This synchrony creates apparent cohorts in the 

population. The predicted hatching peak extends from late May to mid-July, 

inconsistent with the peak seen in 1984. This inconsistency is attributable to unusually 

warm spring temperatures associated with the 1984 EI Nino. 

Because separating males into two classes reveals cohorts (Figure 2), life 

spans can be estimated. Despite the high variation in size and life span, growth 

data from individual octopuses show a correlation between life span and body size 

(DeRusha et al., 1987; unpubJ. data); short-lived animals mature at smaller body 

sizes than long-lived animals. If so, and if mature, non-growing males are 

identifiable by enlarged suckers, then within a cohort, males with enlarged suckers 

will, as a class, increase in body weight over time as males with different life spans 

reach maturity. Males with enlarged suckers in the early summer and fall cohorts 

show this pattern, although the differences are not always statistically significant by 

a comparison of 95% confidence intervals (Figure 2). If males weighing 5.5 g in 

June are assumed to be 12 weeks of age, members of the cohort reach maturity in 
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suckers late November and December, was also not sign as little as 14 weeks or as 

long as 30 weeks. Most probably mature at 24 weeks, or 6 months of age, with 

temperatures ranging from 24-3e C. 

Members of the second cohort, beginning with juveniles in August, again 

assumed to be 12 weeks of age, mature at up to 32 weeks of age, with sea 

temperatures of 31-11° C. Estimates of minimal life span in this cohort are 

prevented by the absence of mature males in September samples. Survival after 

reaching maturity remains probematical. 

DISCUSSION 

MOVEMENT 

Octopus digueti are highly transient. At least one animal moved into the 

shelters within 24 hours of clearing. However, in any given tidal series, more 

animals occupied shelters at the initial clearing than did subsequently. Because 

initial capture rates between full and new moon tidal series did not differ, 

moonlight did not affect movement into and residence in the shelters during 

non-sampling intervals. Apparently, at least some octopuses moved into the 

shelters during non-sampling periods and remained resident until removed at the 

next clearing. 

Captures, and thus presumably octopus density, were higher in the 

outerf]ats than in the innerflats. Octopuses were absent at the highest location 

(+ 1.3 m) sampled. This distribution may insure a moderated physical 

environment for the octopuses, but is probably attributable to the distribution of 
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shells the octopuses require for shelter. The density of O. joubilli, the sandflat 

octopus of the Gulf of Mexico and the Atlantic, increases in areas with increased 

shelter availability (Mather, 1982a). A similar pattern in O. digueti would account 

for a higher octopus density in the outerflats where shell debris is more abundant 

than in the innerflats. 

Capture rate differences between the outer- and inner-flat lines were not 

consistent through the study (Table 2). The significant differences between the 

areas in late August, early September and the pooled January-February sample 

are probably attributable to temperatures. Octopuses may have avoided the 

extreme temperatures of the intertidal zone by moving into deeper water. Why a 

significant difference is seen during new moon sample periods of May 1984, June 

and April remains uncertain, although these were also peak times of reproduction. 

Increased movement in the outerflats may have created the significant differences. 

In addition to temperature, moonlight also influenced octopus movement 

into the shelters. Full moonlight significantly reduced captures below those seen 

with little moonlight, and obliterated the expected increase in captures with 

increased sea temperatures (Figure 1). During new moon sample periods, capture 

rates showed the expected positive correlation between sea temperature and 

movement of these poikilothermic animals. 

Full moon may act in either of two ways to limit octopus movement. Light 

may directly reduce octopus mobility by increasing an individual's vulnerability to 

predation. Alternately, light may increase an octopus' foraging efficiency, 

------- ------



reducing its need to travel long distances and seek new shelter while foraging. 

With the present data, these hypotheses are not distinguishable. 
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The negative effect of moonlight on octopus mobility has not previously 

been reported. Kayes (1974), monitoring O. vulgaris presence and absence in dens 

during a brief study including full moon, stated that moonlight, or moonset, was an 

improbable cause of unusually intense nocturnal activity. Unfortunately, more 

recent studies of octopus movement (Ambrose, 1982; Hartwick et al., 1984b; 

Mather et al., 1985; Mather, 1988) fail to consider moonlight's potential influence 

on octopus movement. Given that a dark-adapted diver can distinguish an 

octopus in full moonlight without artificial light (Kayes, 1974), that squids avoid 

the sea surface during bright moonlight (Wormuth, 1976), and the present results, 

moonlight may influence octopus movement much more than has been expected. 

PREDATION 

Anterior arms (1 and II) were more likely to be injured in O. digueti than 

posterior arms, implying that octopuses were most often injured while near 

shelters. Captive octopuses within shelters reach out toward prey or disturbances 

with anterior arms (pers. obs.). Even when extending its mantle beyond the 

shelter, an octopus maintains its posterior arms within the shelter, perhaps 

insuring rapid return to it, but making anterior arms more vulnerable to injury. 

Equal injuries to males, females and juveniles' implied that non-lethal 

predation was not size-specific. However, if juvenile octopuses regenerate arms 

-----"---'-'-----""--- ". 
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faster than adults, as in Sepia officinalis (Feral, 1978), differences in predation on 

different age groups would be obscured. 

Only males with enlarged suckers showed an exceptional number of arm 

injuries. Two factors, both suggesting that these ~ales represent a mature age 

class, could create this difference. First, these males may be injured more 

frequently if they are comparatively more mobile in foraging or in seeking mates. 

Increased activity may lead to more encounters with predators, or with cannibals. 

Second, the incidence of injuries may be the same as in other groups, but each 

injury may regenerate more slowly. Males with enlarged suckers may be ap

proaching senescence, and as a result have a somewhat reduced ability to re

generate injuries (O'Dor and Wells, 1978). Reduced regeneration would give the 

appearence of sustaining more injuries, since each injury would remain detectable 

longer. Present data do not allow these hypotheses to be distinguished. 

The seemingly constant incidence of injuries through the year may relate to 

the correlation of basic metabolism with regeneration. In warm periods, injuries 

are expected to be more frequent, due to increased foraging. However, warming 

would also accelerate regeneration, as Feral (1978) reports in S. officbzalis. 

The lack of clear, reliable evidence of old injuries prohibits estimates of 

predation pressure. Hartwick et al. (1988) found more injuries in offshore (58%) 

than nearshore (23%) O. dojleilli, although an earlier study (Hartwick et al., 1978) 

reports 50% of nearshore O. dojlebzi suffer arm injuries. Aronson (1989) finds 

that comparatively few (10-15%) O. briareus sustain arm injuries in an anoma

lously predator-free saltwater lagoon. Neither study reports injuries to differ 

-_ .... _.-.--_ ... _.-._ .. -.------~ .. -. ------ ~ ..... -----.~- ... 
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between the sexes, or between size groups. Unfortunately, neither study details 

which arms are affected. Because relative rates of regeneration between species 

in Octopus are unknown, as are rates within species, such comparisons currently 

have little meaning. 

SHELL USAGE 

Two factors, availability and minimal volume, may determine shelter usage 

by octopuses. Octopus joubilli uses available shells in the field, regardless of lab 

preferences for a given shell type (Butterworth, 1982). As in O. joubilli and 

O. dof/eilli, (Butterworth, 1982; Mather 1982b; 1984; Hartwick et a/., 1988), shelter 

volume appears positively correlated with octopus size. 

In Choya Bay, small O. digueti used a wide range of shell taxa (Table 3), 

probably because many taxa offer appropriately sized shelter. Most taxa that 

shelter small octopuses reach comparatively small adult sizes. As the octopuses 

grow, they must switch shelter types. Because few large shells are available, 

shelter limitation affects large rather than small octopuses. 

As larger octopuses face greater shelter limitation, they may have been 

more likely to use the artificial shelters, explaining the higher captures of medium 

and large octopuses than small ones. Small octopuses are less shelter limited, due 

to the abundance of shelters available, they then are less likely to use the 

artificial shelters. Alternately, small octopuses may be less mobile since their 

small size exposes them to a higher predation risk. Tethered bottles and shells do 



not capture octopuses of significantly different sizes (Voight, 1988a), indicating 

that the sampling technique did not create a size bias. 

SEX RATIOS 
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The overall male-biased sex ratio reported here is an artifact of the 

sampling technique and behavioral differences between the sexes, especially 

between mature animals. As females become gravid, they are less mobile, 

consume fewer prey (Wodinsky, 1978) and stay near a shelter (DeRusha et al., 

1987) that may serve to brood their eggs. Males may become increasingly mobile 

with impending senescence, to seek sexually receptive females. As senescence 

approaches, the fitness cost of being preyed upon is less than that of not mating. 

Mature males then are the most mobile segment of the population, and mature 

females the least. Since the sampling teChnique used relies on octopuses moving 

into the shelters, male-biased sex ratios are not unexpected, especially during 

periods in which many animals are mature. Sample periods with significant male 

biases (late spring/early summer and late fall) coincided with periods in which 

many females were brooding eggs. 

Although a given sample of any species may show a sex bias (Smale and 

Buchan, 1981; Aronson, 1986; Hartwick et al., 1988; present study), overall the 

sexes are probably equally represented within Octopus spp. (Table 4). Van 

Heukelem (1983a) attributes the male bias in O. maya (Table 4) to maturity

linked behavioral differences which made males more susceptable to collection 

than females, as in this study and in Mangold-Wirz (1963). Octopus doflebli, 
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however, shows behavioral differences other than those attributal to maturity. 

Divers capture female O. doflebli significantly more often than males (Hartwick et 

al., 1984a; Hartwick et al., 1988), although the sexes are equally represented in 

trap captures from the same areas. Whether females are more prone to location 

by divers and the sexes are equally prone to trap capture is uncertain. The true 

representation of the sexes in the population is unknown. 

In this study, September showed a female sex bias and an unusual peak in 

juveniles (Table 1) among the octopuses captured. Sea temperatures peaked in 

September and many octopuses reached sexual maturity. The unusual compos

ition of the September sample may have been due to temperature stress. 

Although the upper lethal temperature of O. diglleti and its eggs has yet to be 

defined, intertidal pool temperatures of 36° C (unpub. field notes) may have 

forced gravid females to the subtidal zone to avoid heat stress detrimental to eggs 

and developing embryos. Reproductive males, perhaps attracted by chemical cues, 

may have followed females into the subtidal zone, leaving only immature 

octopuses in the intertidal population. 

AGE CLASS DEFINITION 

This study supports the hypothesis that the presence of enlarged suckers 

accurately indicates maturity in males (Pickford and McConnaughey, 1949; Van 

Heukelem, 1973). PicYJord and McConnaughey (1949) note a shift in the relation

ship between normal sucker diameter and arm length in male O. bimaclliallls and 
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TABLE 4. Sex ratios reported in Octopus spp. Data compiled from the 
literature, with G-Test applied to original data. 

Species #of # of Adjusted Reference 
males females G 

O. briareus 98 120 0.96 Aronson 1986 

O. cyanea 161 150 2.22 Van Heukelem 1983a 

O. dofleini 

Total 78 94 1,49 Hartwick et at 1988 

Diver-
collected 17 40 9,47*** 

Trapped 61 54 0,42 

O. maya 214 158 8,45*** Van Heukelem 1983b 

O. wlgaris 224 196 1.87 Smale & Buchan 1981 

O. wlgaris 584 434 22.05 Guerra & 
Manriquez 1980 

O. wlgaris 301 297 0.027 Guerra 1981 

O. wlgaris 3043 3094 0.42 Hatanaka 1979 

O. digueti 415 279 27.69*** present study 

'~**=p<.005 
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O. bimaculoides coincident with the occurrence of enlarged suckers. They suggest 

that sucker enlargement coincides with "puberty". Van Heukelem (1973) notes 

that in seven laboratory- reared male O. cyallea, sucker enlargement briefly 

precedes the zero and subsequent then negative growth phases indicative of 

senescence. He suggests enlarged suckers indicate impending senescence. 

In laboratory-reared male O. maya about 240 days post-hatching, suckers 

begin to enlarge (Van Heukelem, 1983a). Males have enlarged suckers for 

roughly 55 days, 19% of their 295 day life span. In comparison, females spawn 

between 242 and 272 days of age (Van Heukelem, 1983a). Females surviving an 

average of 305 days spend 48 days, or 16%, of the life span spawning or 

post-spawning. The similarity of the timing of sucker enlargement in males and 

spawning in females implies that they are comparable between the sexes. 

Laboratory animals and museum specimens suggest that in O. bimaculatus, 

O. bimaculoides, O. cyanea, and O. maya enlarged suckers indicate male sexual 

maturity. However, the phylogenetic relationship between these 4 species may be 

so close (Voss and Solis, 1966; Voight, 1988b) that they do not constitute 

independent tests of the hypothesis. Octopus digucti represents a distinct lineage 

(Voight, 1988b). As such, this species can be used to evaluate the hypothesis 

without potential historical artifacts. 

A field study, such as this, cannot document the specific age of sexual 

maturation, or of sucker enlargement. However, patterns observed in laboratory-
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rearing studies can be tested. If males approaching senescence are identifiable by 

enlarged suckers, males with enlarged suckers will be heavier than immature 

males that are still actively growing. Over time, they as a class, will have fairly 

constant body weights. They will also show reduced regeneration capacities 

(O'Dor and Wells, 1978). Each of these predictions has been tested here and 

supported. In addition, I predict that males with enlarged suckers will show 

evidence of their increased ability to find and be accepted as mates by females. 

Enlarged suckers may playa visual role in mate recognition (Packard, 

1961). Observing interactions between males and females, Packard interpreted 

the male's presentation of upturned arms to the female as a sexual display of the 

enlarged suckers. However, this display is similar to the typical octopus fighting 

posture in which one octopus extends its arms to confront another with the oral, 

suckered surface (Packard and Sanders, 1971). This similarity suggests that the 

display is not sexual, but rather is the standard, cautious approach taken by an 

octopus encountering a potential cannibal. If enlarged suckers did stimulate 

females to accept males as mates, animals not in visual contact would not 

copulate, as they are known to do (Wells and Wells, 1972; Forsythe and Hanlon, 

1988a). A sexual function has not been attributed to the sucker display again to 

my knowledge. 

Enlarged suckers probably are important in sex recognition, but more likely 

than a visual role is a chemoreceptor role. Sucker disks of octopuses contain 



apparent chemo-receptors (Graziadei, 1964; 1965; Graziadei and Gagne, 1976). 

Octopuses detect water-borne chemicals (Boyle, 1983b; 1986) and move toward 

the chemical's source (Chase and Wells, 1986). Suckers of even severed arms 

distinguished acceptable from tainted food by touch (Altman, 1971). 
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That octopuses use chemical cues in sex recognition and mating has been 

repeatedly suggested (Pickford and McConaughey, 1949; Wells and Wells, 1972; 

Woodhams and Messenger, 1974; Wells, 1978; Van Heukelem, 1983a; Mangold, 

1983). If receptive females release chemical cues to attract potential mates, 

thereby insuring fertilization of eggs, males whose suckers have a larger surface 

area may be more sensitive to those cues, and thus better able to locate receptive 

mates. Because sucker number appears to be a species-specific character (Toll, 

1988), increasing sucker diameter is the only available means to increase surface 

area. Sensitivity to chemical cues may confer direct survivorship benefits to males 

by reducing their probability of being cannibalized, as well as increasing their 

chances of mating. 

In this study, males with enlarged suckers were more mobile than males 

with normal suckers. As many males with enlarged suckers moved into shelters as 

did males with normal suckers. If suckers enlarge late in the male O. digueti life 

span, as they do in O. cyanea (Van Heukelem, 1973), and O. maya (Van 

Heukelem, 1983a), males with enlarged suckers are a small proportion of the 

population. Equal captures of males with enlarged Slickers and males with normal 
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suckers then indicate that males with enlarged suckers are more mobile than 

males with normal suckers. Increased mobility may be linked to attempts to 

locate receptive females. 
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Locating receptive females is critial to enhancing fitness, but mature males 

should also be confident of being accepted as mates. Male O. digueli with 

enlarged suckers had longer ligulas than males with normal suckers (Figure 3). In 

courtship, male O. diglleti display the ligula to the female (Voight, in prep.) and 

females may assess males as prospective mat~s on the basis of ligula length. 

Both ligula lengthening and sucker enlargement may increase male 

reproductive fitness. Enlarged suckers may increase the male's ability to locate 

receptive females; a long ligula may increase the male's acceptability to females. 

Females may prefer older males as mates since, by virtue of having survived to a 

maximum age, they may possess superior genes which may benefit offspring. 

Female octopuses have been observed to mate with males that by these 

standards are immature (Mangold, 1987). Perhaps by accepting available males as 

mates, young females insure fertilization of their eggs, since sperm can be stored 

up to 10 months in long-lived species (Mangold, 1987). Once adequate sperm is 

assured, females may become "choosier". Gravid female O. vulgaris are known to 

reject males as mates (von OrelIi, 1962; Mangold, 1987), as do E. mosclzata 

(Mather, 1985). 
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The current definition of mature males as those with an enlarged testis is 

uninformative in this study. Over 80% of all males in 16 of 19 samples showed an 

enlarged testis; in 10 samples, 100% had an enlarged testis (Table 1). Classifying 

males on this basis distinguished only males with small ligulae «2 mm), 

contributing no additional information. 

Alternate means of determining maturity in male octopuses have been sug

gested, but were not explored here. These methods include dividing the number 

of spermatophores stored in Needham's Sac by mantle length, creating a ratio of 

penis length to mantle length, a ratio of the goniduct and testis weight to body 

weight and a ratio of goniduct weight to goniduct and testis weight (Moriyasu, 

1983). The first method assumes that the number of spermatophores reflects 

energy expended in reproduction and that recent copulations do not significantly 

deplete stored spermatophores, an assumption that has not been tested. All 

methods require significant time expenditures, and sacrifice of each individual. 

GROWTH 

Laboratory studies characterize octopus lives us short and dominated by 

phenomenal growth rates which plateau only brietly before the animals senesce. 

Laboratory-determined Gross Growth Efficiencies in octopuses range from 40 to 

60% (Hanlon and Forsythe, 1985). Whether these laboratory growth rates 

accurately estimate patterns in free-ranging octopuses has been unknown. 
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Mark-recapture techniques, a potential means around these problems, have 

met with limited success. Van Heukelem (1973) recovered 7 marked O. cyanea 

initially weighing from 430 to 1197 g, from an enclosed reef. Deleting 2 

apparently senescent individuals, the growth of only one individual surpassed 

laboratory-based expectations; the other 4 gained 10-20% less weight that 

predicted. The results were thought to support the reliability of laboratory growth 

in wild populations. Freeranging tagged O. doJleilli show growth comparable to 

that in laboratory rearing involving other species (Robinson and Hartwick, 1986; 

Hartwick et ai., 1988), if one deletes animals showing negative growth after 

tagging. Weight loss in 41 of 122 animals in these studies is attributed to disease, 

injury and/or parasitism. Neither artifacts of tagging, nor impending senescence is 

suggested as a cause. An earlier study (Hartwick et a/., 1984a) did not find 

negative growth, but followed only 15 individuals. Of these, the smallest individual 

weighed 2.9 kg; two-thirds of the 15 individuals weighed over 10 kg. Laboratory 

growth data are not fully available for this species, eliminating direct comparisons. 

Studies attempting to trace populations by cross-sectional analysis are 

limited by inadequate sampling of the population, ami the inability to distinguish 

age classes or cohorts. Field studies often use size classes to perceive pattern. 

The size class interval used depends on the sizes of octopuses captured. For 

example, Hartwick et al. (1984a) classed animals with body weights under 5 kg as 



"small". In other cases (Ambrose, 1988) octopuses are placed in relative size 

classes (e.g., small, medium-small, medium, etc.) which are never quantified. 
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Despite the poor correlation between size and age, size classes are thought 

to adequately represent age groups, if sample sizes are sufficiently large (Guerra, 

1979). Variation in prey consumption and energy conversion, prey densities, 

sexual maturation, ambient temperatures (Mangold and Boletzky, 1973) and 

genetic variation (Smale and Buchan, 1981) are thought to obscure the 

relationship between size and age. A poor correlation between the two exists 

even in laboratory studies (Forsythe and Van Heukelem, 1987). 

Aging octopuses by other means such as growth annuli has been nearly 

impossible (Robinson and Hartwick, 1986). As a result, field studies have relied 

on approximate methods. Occasionally, adult status is assigned to octopuses 

larger than the smallest octopus found to have an enlarged gonad in the same sex 

(e.g., Smale and Buchan, 1981). More realistically, methods rely on the biology of 

the species studied. 

In some field studies of species with planktonic young, an unusual 

abundance of juveniles successfully recruit into the benthic, adult population in a 

short time. In these cases (Boyle and Knobloch, 1982; Ambrose, 1988), the 

cohort's distinctive peak can be followed over time in sufficiently coarse size 

histograms, and growth and longevity estimated. However, Mangold and 

Boletzky's (1973) prediction that distinct peaks will broaden over time, reducing 
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resolution is documented. Because large numbers of planktonic young cannot be 

laboratory-reared, these studies cannot directly compare large numbers of wild, 

unmarked octopuses with complete laboratory data, as done here. 

Growth of small individuals and of small species in the field has until now 

been impossible. In this study, using the artificial shelter technique to sample 

octopuses without bias (Voight, 1988a) and separating males into groups with and 

without enlarged suckers, eliminate problems that have plagued other studies. 

Tracing the rate of change of body weight of males with normal suckers as they 

reach the age class of males with enlarged suckers, allows estimation of growth 

rates. Field documented growth rates and laboratory growth rates (DeRusha et 

al., 1987) do not differ. This study is limited in that growth of individuals less than 

5 g (roughly 12 weeks of age in laboratory studies) cannot be addressed. 

However, males over 5 g grow as predicted by laboratory studies. Laboratory 

hatchlings grow from 40 mg to an average 40 g body weight in 6 months 

(DeRusha et al., 1987); similar rates are seen in the field data. 

Whether laboratory growth rates accurately estimate natural rates was 

questioned, since energy expended in foraging and predator avoidance are not 

considered in lab studies. However, laboratory conditions are often high-density 

(Forsythe and Van Heukelem, 1987), in marked contrast to the generally solitary 

wild Octopus species that may spend 16 of 24 hours resting (Mather, 1988). 



Laboratory stresses associated with crowding and handling may equalize energy 

expenditure between the laboratory and the field. 

REPRODUCfION AND LIFE SPAN 

Although two discrete cohorts are identified in this study with a third 

cohort assumed but largely obscured, reproduction is not synchronous in the 

population. Females brooded eggs every month of the study. Every sample 

contained reproductively competent individuals, whether females with enlarged 

ovaries present (Table 2), or males with enlarged suckers, apparently a mature 

age class (Figure 2). Juveniles were also present in virtually every sample 

(Table 1). Why then do distinct cohorts appear? 
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The highly seasonal temperatures of the northern Gulf of California may 

contribute to the formation of discrete cohorts. Embryos develop more slowly in 

low than in high temperatures, documented in O. digueli by DeRusha et al. (1987). 

The most distinct cohort this study discovered (Figure 2) occurred in early 

summer, a time of dramatic warming (Figure 1). Warming accelerated general 

metabolism, and the onset of maturity. Therefore many females spawned. 

Warming also increased the development of eggs. Eggs laid early in spring 

developed slowly, while those spawned in April should develop much more quickly 

(Figure 5). As a result, although spawned at different times, these hatchlings were 

comparably sized cohort by June. 
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The synchrony of this early summer cohort is then an artifact of the 

environmental temperature regime. The resolution with which this male cohort is 

seen from immatures in early June to September males with enlarged suckers 

allows the fall cohort to also be resolved, albeit not as clearly. The third cohort 

from December to May is largely inferred. The cohorts are comparatively poorly 

distinguished because they are unified only by environmental temperatures in 

spring, and octopuses are otherwise inherently variable. 

Variation in the onset of maturity is a product of reproductive biology and 

genetics in octopuses. Female O. digueti spawn a single brood over several weeks; 

single brood may hatch over a 3 week period (DeRusha et al., 1987). Even if the 

genetically programmed life spans and environments of the siblings were identical, 

the hatching interval would displace the timing of their lives. Descendent 

generations will spread reproduction over larger time intervals, reducing 

synchronization with each succeeding generation. 

Moreover, we know that life span is genetically influenced. Laboratory 

experiments have reared countless animals from hatching through senescence in 

uniform conditions. Despite uniform, carefully controlled environments and when 

possible use of individuals hatched on the same day, each laboratory study shows 

large temporal variation in senescence (Forsythe and Van Heukelem, 1987). The 

search for determinants of octopus life span has found only that starvation affects 

body size and temperature affects the timing of reproduction. This study shows 

temperature oscillations alone are sufficient to create apparent synchrony in 
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reproduction (Figure 5). There is no need to invoke additional environmental 

factors, such as light or food availability (Van Heukelem, 1979; Mangold, 1987) in 

the control of octopus reproduction. The role of these environmental cues is not 

experimentally supported in octopuses (Mangold and Froesch, 1977; Boyle and 

Thorpe, 1984). Given a genetically variable life span in a poikilothermic animal, 

temperature alone acts to create synchrony. Genetic variation in body size and its 

apparent correlate, life span, probably benefit the octopus population. 

If genetic variation were not present, growth within a cohort would be 

synchronized. Siblings would reach the same sizes at the same times. 

Synchronous growth would increase the shelter limitation that affects larger 

octopuses in this O. digueti population. High variation in body size partitions 

shelter availability within a population, reducing intraspecific competition for a 

limiting resource. In a population of a different species, it may act to partition 

prey. Variation in life span insures survival of the population if a catastrophic 

event eliminated a given size class. Octopuses of many size and age classes in the 

population at anyone time, makes the population is more resilient to change and 

less susceptable to extinction. 



CHAPTER TWO 

VARIATION IN OcrOPOD SPECIMENS: REASSESSING THE 
MORPHOLOGY OF SOFT-BODIED ORGANISMS 

SUMMARY 
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Octopod taxonomists have made little use of externaj morphology; 

individual variation between specimens, investigator bias, and especially 

preservation artifacts are thought to limit the reliability of data. However, within 

each of ten species, six log-transformed linear measurements are highly correlated 

with log mantle length (a commmonly used measure of body size), consistent with 

the hypothesis of minimal intraspecific shape variation. Fifty-six of the 60 

correlations are statistically significant (p<.05), with 48 being highly significant 

(p<.OOl). Octopod specimens exhibit comparatively little non-allometric variation 

in shape. Growth coefficients derived from regressions reliably estimate specific 

growth patterns. Reports of variation are probably due to the use of proportions 

in taxonomic studies. 

INTRODUCTION 

Octopods are soft-bodied, lacking any but the most rudimentary shell 

remnants and a small section of hyaline cartilage over the brain. Formalin fixation 

produces variable amounts of shrinkage (Nixon, 1971), and formalin can induce 

deformation of alcohol-preserved specimens after as many as 70 years in preserv

ation (Pickford, 1964). These physical characteristics, the lack of well-defined 
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anatomical points on which to base a system of measurements, and reported ex

tensive intraspecific variation (Robson, 1929) have limited the use of external 

morphology in octopod taxonomy. Increasingly, other characters, such as behavior 

and chromatophore patterning (Hanlon, 1988; Roper and Hochberg, 1988), are 

being sought to resolve taxonomic dilemmas. 

External morphology of octopods has conventionally been described by a 

set of indices, formally defined by Robson (1929), in which measurements of one 

body character are expressed as proportions of another. Ratios seem intuititively 

to correct for size differences and are used in octopod taxonomy to describe 

growth (e.g., Pickford, 1945; Mangold and Portmann, 1964; Burgess nee Alvina, 

1966). However, unsuspected biases have been shown in ratios in other groups, 

and may especially influence taxonomic accounts (Pearson, 1897; Pickford and 

McConnaughey, 1949; Christiansen, 1954; Minkoff, 1965; Blackith and Reyment, 

1971; Atchley et al., 1976; Strauss, 1985). Biases 'can be created by, among other 

things, differential growth rates of the body sections of interest, and by inevitable 

measurement error that is compounded by the calculation of ratios. 

Although innate variation in octopod morphology is widely bemoaned, and 

the potential for preservation-induced variation seems obvious, the extent of 

morphological variation in preserved specimens has not been quantitatively 

documented. This paper evaluates morphological variation in 10 species of 

shallow-water octopods from the western Atlantic and tests whether intraspecific 

growth patterns can be traced using preserved specimens. 

-~-- --~'--"-.-"- _ ... ---------------_ . .--
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MATERIALS AND METHODS 

Octopods grow at multiplicative rates; laboratory rearing experiments have 

documented nearly uniform exponential growth rates during most of the life cycle 

for the species studied (Table 5). Because exponential growth is documented, all 

data in this study were In-transformed prior to analysis. Ln-transformation both 

linearizes data without affecting allometric relationships and equalizes error of 

very wide size ranges, facilitating comparisons over the 30-fold size differences 

considered here. 

Defining the extent of morphological variation requires that a basic 

assumption be made: body components are assumed to grow at constant rates 

relative to one another (Laird et ai., 1965). If so, body components will show a 

In-linear relationship, and thus a correlation across all body sizes. The innate 

relationship between, for example, arm length and mantle length is expected to be 

highly correlated, defined by a line on a In-In plot. However, if either character 

varies independently of the other, the correlation will be obscured. Low 

correlations would demonstrate that unique variation in the characters eradicates 

the expected pattern of uniform growth, and would show that external morphology 

has little value in octopod taxonomy. High correlations would demonstrate that 

such variation is minimal and that increases in overall budy size are partitioned in 

an orderly manner over the body measurements considered. High correlations 

would support the use of external morphology in taxonomy. If intraspecific 

variation is minimal, that is if correlations are high, specimens of a wide size range 

can be used to model the average growth of the species over those sizes. 



Table 5. 

Species 

Octopus briareus 

Octopus joubini 
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Exponential Growth Rates of Octopus Species Reported in 
Laboratory Growth Experiments Measurements Made on Narcotized 
Individuals. w=wet weight t=time. 

Growth Rate r2 Reference 

w=(2.2S x 1O.7)t3.88 0.999 Hanlon 1983a 
w=(3.S9 x 1O.7)t3.76 0.986 Hanlon 1983a 

w=(9.48 x 1O.S)t2.31 0.991 Forsythe 1984 
w= (8.28 x 1O-6W.80 0.980 Opresko & 

Thomas 1975; r 
Hanlon 1983b 

w=(3.73 x 1O"")tL96 0.991 Forsythe & 
Hanlon 1981 

Octopus bimaculoides w=(2.59x 1O.7)t3.62 0.994 180 Forsythe & 
Hanlon 1988 

w=(5.65 x 1O.sW·79 0.975 230 Forsythe & 
Hanlon 1988 

Octopus digueti w=(6.78 x 10-6)e·13 0.989 DeRusha et ai. 
1987 



64 

Individual specimens at given sizes would act as proxies for the entire species at 

that size. Information on species-specific growth can perhaps distinguish species. 

The slope of the regression line on a In-In plot is the growth coefficient of 

the characters relative to each other. A slope of 1.00 represents isometric growth, 

showing that the growth rates of the two characters are equal. Slopes greater 

than 1.0 indicate positive allometry, that the character plotted on the Y-axis grows 

more rapidly than the one on the X-axis. In contrast, slopes less than 1.00 

indicate negative allometry. 

Standard octopod measurements (Table 6), defined by Roper and Voss 

(1983), were the basis for this study. Only external morphological characters 

common to both sexes were used. Data were primarily taken from published ac

counts of the best known American octopod fauna, that of the western Atlantic 

and the Caribbean (Table 7). To supplement the insufficient literature data 

available for Octopus maya and O. briarells, I measured laboratory-reared speci

mens (courtesy of UTMBI) with digital calipers. Data for Trans-Atlantic species 

include both New and Old World specimens (e.g., o. bunyi and O. vulgaris). A 

single specimen of the 350 treated was deleted from this analysis. It was ap

parently misidentified; both its morphology and collection depth were inconsistent 

with that of the species to which it was assigned. 

Use of published data avoids any personal bias implicit in my own data and 

acts conservatively against the colinearity hypothesis being tested. Pooling data 

from several authors for a single species, as in O. burryi, O. defilippi and O. 

macroptLS (Table 7), includes potential investigator biases, increasing the amount 



TABLE 6. Definitions and Abbreviation of Standard Octopod Measurements 
Used (Roper and Voss 1983). 
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MANTLE LENGTH (ML) distance from the posterior end of the mantic to the midpoint betwe~n 
the eyes. 

ARM LENGTH (AL) length of the longest arm from the beak to the arm tip. 

ARM WIDTH (A W) width of the stoutest (right) arm at its midpoint. 

HEAD WIDTH (HW) greatest width of the head including the eyes. 

MANTLE WIDTH (MW) greatest straight line dorsal width of the mantle. 

SUCKER DIAMETER (SO) diameter of the largest normal sucker (excluding any specially 
enlarged suckers), measured from outer rim to outer rim. 

WEB DEPTH (WD) Greatest depth of any web sector measured from the beak to the 
midpOint between two arms. 
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TABLE 7. The west Atlantic and Caribbean octopod Species included in this 
Study, with the Size Range (in mm ML), number of specimens and 
Literature Sources and for Each. 

SPECIES ML range N REFERENCES 

Octopus briareus Robson 6.3·92.9 41 Pickford 1945 n=11·; 
Rees 1950 n=l; 
Lab n=29 

Octopus bunyi Voss 21·65 16 Voss 1951b n=6; 
Pickford 1955 n= I"'; 
Adam 1960; 1961 n=8·; 
Palacio 1977 n=l· 

Octopus defilippi Verany 2.7·85.6 38 Voss 1964 n=7"'; 
Palacio 1977 n=4"'; 
Rees 1954 n=27 

Octopus hummelincki Adam 6·72 106 Alvina 1965 n=106 
( =0. filosus Howell) 

Octopus joubini Robson 11.5·54 20 Pickford 1945 n=32· 

Octopus macropus Risso 3.3·173 26 Pickford 1945 n=8·; 
Rees 1950; n= 1; Rees 
1955 n=11; Voss & 
Phillips 1957 n=2; 
Palacio 1977 n=3'" 
Adam 1951 n=1 

Octopus maya Voss & Solis 12.8·119 46 Voss and Solis 1966 
n=9; Lab n=37 

Octopus vulgaris Cuvier 13·185 48 Pickford 1945 n=37"'; 
Pickford 1955 n= 11 '" 

Octopus zonatus Voss 14·30 5 Voss 1968 n=5 

Euaxoctopus pil/sburyae Voss 17·24 4 Voss 1975 n=4 

'" indicates data presented as ratios & ML. Raw data back·calculated. 
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of variation expected in the results. In some cases (Table 7), data were reported 

only as ratios and mantIe lengths, requiring back-calculation of raw measurements. 

Back-calculation also increases the variation to be expected in this study due to 

the larger, compounded sampling error of the ratio with respect to the original 

measurements. 

Correlations between mantIe length (ML) and the 6 body measurements of 

Table 6 were calculated with NCSS (Number Crunching Statistical System, Hintze, 

1984) on an mM-compatib]e persona] computer. The regression equations re

ported here are functional regressions (Ricker, 1973). ML is the proxy for body 

size due to 1) its demonstrated high correlation with body weight in narcotized 

Octopus vulgaris, O. briareus and O. diglleti (Nixon, 1971; Smale and Buchan, 1981; 

Aronson, ]982; Voight, unpub. data), and 2) the fact that ML is the standard size 

measure and its raw value is reported in virtually all octopod studies, eliminating 

error that might result from using a standard measure of size back-calculated 

from reported ratios. 

Whether the regression slopes indicate positive or negative allometry, or 

instead cannot reject the null hypothesis of isometry, was determined by the 95% 

confidence interval of the slope. If the confidence interval included 1.0, growth is 

isometric relative to mantle lengthening. If the confidence interval included a 

value between 0.9 and 1.1, the hypothesis of isometry could not be fully rejected, 

and slight positive or negative allometry was indicated. A statistical analysis of 

investigator bias, whether intraspecific variation increases with the number of 



different investigators providing data, was prevented by the few specimens 

included in most reports and the limited size overlap between reports. 

RESULTS AND DISCUSSION 

The variation long attnbuted to octopod specimens has been exaggerated. 

The linear correlations between In-transformed MW (Fig. 6), HW (Fig. 7), AL 
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(Fig. 8), AW (Fig. 9), SD (Fig. 10), WD (Fig. 11) and In ML in nine of the ten 

species considered are highly significant (Table 8). Only EuaxoctopllS pillsbwyae, 

represented by four specimens of a small size range (Table 7), fails to consistently 

show significant correlations (Table 8). The meager data base for this species pre

vents a true test of the morphological relationships. With a slightly wider size range, 

the 5 specimens of O. zOllalllS generally show signit1cant correlations (Table 8). 

The high correlations of each of six measurements with ML (Table 8) 

demonstrate that these body components are tightly regulated throughout post

settlement life in western Atlantic octo pods. The correlations are so great that 

comparatively little intraspecific variation can be documented among preserved 

specimens. Apparently the treatment history of the specimen, the state and 

duration of preservation, and whatever vulgarities to which the specimen had been 

subjected, as well as potential biases of individual investigators contribute little to 

the relationships among body components within a species. Considering the poor 

anatomical definition of the measurements (Table 6), and that the measurements 

do not necessarily compare homologous points (MW, HW), or even homologous 

limbs (AW, AL, WD, SD), their consistency is remarkable. 
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Ln Head width VS • Ln Mantle length 
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Ln Arm Length VS. Ln Mantle length 

.' ",\:,;.,r 

.. 

~'.:,' . 

o. briOlOO3 

. \:., ....... 

., 
o Wlvl 

II y' .... 
,,'-------:':",,-----:; 

o. jaJllI" 

.... s· 

"j...!! ... !C,." ____ ,, ____ -:-: 

o tMClOOUS 

.~:.'.: 
u ~Ji 
II •• ,

,,' 
01 -----~ 

\I :11 .. 

O. dorU1C(j 

..1----------:-: 
o~rrdd " 

.' 

... , .. 1-
•• ~.;,.. I • 

1
1

•
1 

t 

",,1------,,-----:-: 
a mayo 

. ;: .. ;.-' 
V'.¥ 

• <1
0 
•• ..... 

o vuIQIlfl5 
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Ln Arm Width VS.· Ln Mantle length 
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FIGURE 9, Ln A W plotted versus In ML for eight Octopus spp. "s" indicates 
senescent specimens. 
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Ln Sucker diameter vs. Ln Mantle length 
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FIGURE 10. Ln SO plotted versus In ML for eight Octopus spp. "s" indicates 
senescent specimens. Male specimens of Octopus bunyi indicated by 
a solid dot. Note the significantly larger suckers in males compared 
to females, after a minimum ML. 
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Ln Web Depth VS. Ln Mantle length 
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TABLE 8. Correlations of the Six External Measurements with ML. 
Regression Lines Defmed as in Functional Regression. Asterisk 
indicates Senescent Female Removed from Data Before 
Correlations Analysis Performed. 

LOG MW versus LOG ML 

SPECIES N r CorreL Slope St. Error InCPL 
p value of slope 

briareus* 39 0.969 <.001 iso. 1.062 0.043 -0.5403 

ounyi 16 0.889 <.001 iso. 1.06 0.130 -0.579 

defilippi 36 0.966 <.001 neg? 0.913 0.034 -0.226 

hummelmeld 106 0.96 <.001 iso. 0.986 0.024 -0.252 

joubini 20 0.963 <.001 iso. 0.963 0.061 -0.237 

maeropus 24 0.984 <.001 iso. 0.959 0.038 -0.30 

maya 46 0.959 <.001 iso. 0.969 0.042 -0.343 

vulgaris 45 0.964 <.001 iso. 0.988 0.040 -0.333 

zonatus 5 0.895 <.05 iso. 0.797 0.206 0.365 

Euaxoetopus 4 0.982 <.05 neg. 0.544 0.073 0.928 

LOG HW versus LOG ML 

briareus· 39 0.964 <.001 neg? 0.918 0.040 -0.234 

bunyi 16 0.914 <.001 neg? 0.788 0.086 0.157 

defilippi 38 0.959 <.001 neg. 0.821 0.0357 -0.117 

hummelineld 106 0.857 <.001 neg? 0.871 0.0440 0.049 

joubini 20 0.970 <.001 neg. 0.696 0.0397 0.533 

maeropus* 24 0.982 <.001 neg? 0.863 0.0351 -0.145 

maya 46 0.954 <.001 neg. 0.727 0.033 0.217 

vulgaris 47 0.925 <.001 neg. 0.765 0.043 0.331 

zonatus 5 0.973 <.01 neg. 0.620 0.083 0.607 

Euaxoetopus 4 0.826 NS 

LOG AL versus LOG ML 

briareus· 39 0.974 <.001 pos. 1.363 0.051 0.317 

bunyi 15 0.928 <.001 pos.? 1.262 0.130 -0.052 
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Table 8 (continued) 

deftlippi 37 0.974 <.001 pos. 1.546 0.049 -0.116 

hummelineld 106 0.962 <.001 pos. 1.336 0.036 0.105 

joubini 19 0.940 <.001 iso. 1.134 0.094 0.405 

maeropus* 23 0.984 <.001 pos. 1.595 0.062 -0.989 

maya 42 0.977 <.001 pos. 1.197 0.040 0.253 

vulgaris 42 0.940 <.001 iso. 1.119 0.060 0.722 

zonatus 5 7 <.01 iso. 1.153 0.141 0.210 

Euaxoctopus 2 

LOG SD versus LOG ML 

briareus* 39 0.980 <.001 pos. 1.225 0.040 -2.63 

burryi 16 0.888 <.001 iso. 1.284 58 -3.31 

deftlippi 27 0.918 <.001 iso. 1.097 0.067 -2.74 

hummelineld 106 0.965 <.001 pos.? 1.136 0.029 -2.569 

joubini 19 0.968 <.001 iso. 0.933 0.056 -2.128 

maeropus* 25 0.988 <.001 pos? 1.089 0.036 -2.600 

maya 45 0.979 <.001 pos? 1.113 0.035 -2.800 

vulgaris 44 0.94~ <.001 iso. 1.025 0.054 -2.24 

zonatus 4 0.892 NS 

Euaxoetopus 4 0.604 NS 

LOG WD versus LOG ML 

briareus 37 0.959 <.001 pos. 1.267 0.061 -1.109 

burryi 15 0.959 <.001 pos. 1.290 0.102 -1.344 

deftlippi$ 9 0.897 <.001 iso. 0.932 0.160 -0.246 

hummelincki 106 0.956 <.001 pos. 1.314 0.038 -1.194 

joubini 19 0.846 <.001 iso. 1.105 0.143 -0.901 

macropus$ 11 0.979 <.001 iso. 1.006 0.064 -0.428 

maya 44 0.974 <.001 pos? 1.136 0.040 -0.930 

vulgaris 40 0.964 <.001 iso. 1.066 0.046 -0.532 

zonatus 4 0.994 <.001 neg. 0.717 0.056 0.450 

Euaxoctopus 4 -0.573 NS 
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Table 8 (continued) 

LOG A W versus LOG ML 

briareus* 35 0.941 <.001 pos. 1.304 0.077 -2.624 

burryi 7 0.987 <,001 iso. 1.136 0.081 -2.257 

defilippi$ 9 0.860 <.003 neg. 0.581 0.071 ·0.459 

Itummelincki 106 0.940 <.001 pos. 1.202 0.040 -1.919 

joubini 16 0.982 <.001 neg? 0.889 0.045 1.210 

macropus*S 11 0.977 <.001 iso. 0.919 0.0617 -1.414 

maya 46 0.968 <.001 pos? 1.184 0.045 -2.563 

vulgaris$ 23 0.953 <.001 iso. 0.995 0.066 -1.472 

zonatus 5 0.930 <.05 iso. 0.720 0.153 -0.860 

Euaxoctopus 4 0.966 <.05 iso. 1.299 0.238 -2.805 

S - sample size strongly reduced. 
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A single condition is seen here to deform specimens. Senescent octopuses, 

seen in O. joubini (Pickford, 1945, n=12), O. macroplts (Voss and Phillips, 1957, 

n=1), and O. briarells (unpub. data, n=2), show abnormally long MLs relative to 

other body parameters. Although senescent specimens of O. brim'ellS and 

O. macroptts are plotted with con specifics (Fig. 6-11), they were not included in 

the analyses reported in Table 8. Inclusion of senescent animals did not alter the 

significance of the correlations, but slightly changed the regression equations. 

Their deletion assures the reliability of the growth coefficients. Other specimens 

of O. deft/ippi and O. macropllS also appear to display abnormally long ML<;. 

However, the lack of independent data indicating that these specimens are indeed 

senescent prohibits their exclusion. 

Apparently the muscles of senescent and normal octopuses react differently 

to preservation and therefore create intraspecific differences. Radio-labelled 

leucine injected into the blood stream of reproductively maturing octopuses is not 

invested in muscle tissue as it is very quickly in immature octopuses (O'Dor and 

Wells, 1978). If reproductive maturity and subsequent senescence reduce protein 

synthesis in muscles deterioration of the somatic musculature results (O'Dor and 

Wells, 1978). When preserved, senescent octopuses do not respond as do 

immature octopuses and deformation results. 

Literature data (0. defllippi Robson, 1929; O. OI'llCl/tlS Voss, 1979; O. 

rapalZlli Voss, 1981) demonstrate that mantle and arm elongation may occur in 

less mature animals. No causal mechanism of deformation has been suggested to 

my knowledge, but collection technique is implicated. Most deformed specimens 
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of O. rapalZlli were collected with the fish poison Rotenone (Voss, 1979); how the 

deformed specimens of O. onzatus were collected was unreported (Voss, 1981). 

Some, but not all, specimens of eastern Pacific octopuses collected with fish 

poison show similar mantle and arm deformation (unpub. data). Whether 

chemicals used in collection or the treatment and preservation of poisoned 

octopuses create mantle and arm deformation requires experimental testing. 

Investigator bias could not be quantified here due to the few specimens 

within each report and little size overlap between reports. However, increasing 

the number of investigators contributing data for a single species did not reduce 

the correlations; O. macro pus with five investigators and O. defilippi with fou'r, 

both show high correlations. The correlation coefficients for O. bUl7yi, with data 

from 4 investigators, though still highly significant, are lower. These slightly lower 

correlations are more likely due to the few specimens of a narrow size range 

available (Table 7) than to investigator-induced variation. 

The highly significant correlations between body components allow the 

slopes of the regression lines to be interpreted as growth coefficients. Table 8 

shows general growth patterns. The mantle wiLlens at the same rate that it 

lengthens; that is, the two traits are isometric with respect to one another. The 

head generally widens more slowly than the mantle lengthens; growth is negatively 

allometric. Arm growth, in contrast, is generally positiveJy allometric relative to 

mantle lengthening. Growth rates of SD, WD and A W, diverge between species, 

suggesting that these traits may best distinguish species. 
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The growth patterns documented by painstakingly narcotizing and handling 

a small group of laboratory-reared animals (e. g. Forsythe, 1984; DeRusha et at., 

1987) compare well with the patterns derived from preserved specimens. The 

rapid arm lengthening and thickening in O. briareLlS are consistent with lab growth 

data (Hanlon, 1977). Positive allometric growth of the arms relative to the mantle 

in O. joubilli (Forsythe, 1984) is also seen in preserved specimens. Unfortunately, 

most lab-rearing experiments report growth as a function of wet weight or of time 

(Boyle, 1983; Hanlon and Forsythe, 1985; Forsythe and Van Heukelem, 1987), 

prohibiting direct comparison of lab-derived growth rates to those in this study. 

The growth allometries reported here predict species morphology; these 

predictions can be compared to species morphology reported in the taxonomic 

literature. OctopLlS deftlippi diverges strongly from the other species considered. 

Its mantle width is slightly negatively allometric with respect to mantle length, 

,while its head width, arm width have decidedly negative allometries. Sucker 

growth and web deepening are isometric. Only AL shows distinctly positive 

growth. These growth patterns result in a slender-bodied octopus with a shallow 

web and many small suckers on long, thin arms, consistent with the morphology 

reported by Voss (1964). In contrast, in O. Ill/mllle/illcki each of the 6 characters 

shows positive allometry, predicting a robust species with a broad mantle and 

head, a deep web and long, thick arms, bearing larger (and therefore probably 

fewer) suckers. This matches the species' overall morphology reported by Roper 

et al. (1984). 
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In the older literature (Mangold and Portmann, 1964; Burgess, 1966) ratios 

were used to analyze octopod growth. However, ratios can obscure relationships 

between characters. Ratios usually change with increasing size, due not to bio

logical reality but rather to statistical artifacts associated with ratios. As a result, 

statements describing growth derived from this type of analysis are confounded. 

This study found two types of ratio-induced error. First, ratios have 

obscured morphologic patterns. The sexual difference in sucker diameter of O. 

burryi has been undetected, despite that males have 3 mm (100%) larger suckers 

than do females after a certain body size (Fig. 10; Adam, 1961). Typically in 

Octopus spp. sexually dimorphic suckers are defined as 2-3 Slickers in males which 

are conspicuously enlarged relative to adjacent suckers. However, there are no 

conspicuous differences between adjacent sucker sizes in males of O. burryi; all 

suckers may enlarge simultaneously. Artifacts associated with ratios may have 

prevented this unknown and unsuspected pattern from being seen. 

The second type of error attributable to ratios is taxonomic 

misidentification. Bivariate plots of SD versus ML clearly revealed a specimen 

identified as O. defilippi (Palacio, 1977) based on the analysis of ratios, had 

exceptionally small suckers relative to other members of that species. The 

morphological inconsistency, coupled with the 800 meter collection depth (Palacio, 

1977), suggests that this specimen was misidentified, and is probably referable to 

Benthoctopus (R. B. Toll, pers. comm.). Bivariate plots then can facilitate 

taxonomy. The overtly similar O. deJilippi amI Ella.we/opus spp. are also clearly 



• 

separable by bivariate plots of sucker size versus mantle length, although Sucker 

Diameter Index values do not separate the taxa. 

82 

The widespread use of ratios in taxonomy has led to misidentifications, 

obscured morphologic patterns and has continued the erroneous assumption that 

octopods are excessively morphologically variable. Although intuitively a means of 

escaping size-bias, ratios are in fact reliable as indices of "shape" only in rare cases 

where the regression line passes through the origin (that is, when the intercept is 

zero on a In-In plot). Morphological relationships rarely exhibit such a pattern; 

only two of the 60 intercepts reported here approach this strict criterion (Table 8). 

Ratios calculated from data that violate this criterion are correlated, often strong

ly, with body size, as is known in the squid lllex (Mangold et ai., 1969) and has 

been recognized in Octopus (Pickford and McConnaughey, 1949). Because ratios 

are size-linked, they usually fail to distinguish species, but even when diagnostic 

they may reflect overall size differences rather than real biological differences. 

That morphological traits are highly correlated with body size in preserved 

octopuses has been previously reported (0. bil1laclI/oides and O. bimacuiaflls 

Pickford and McConnaughey, 1949; Macrolriloplls spp. (=0. dejllippi) Rees, 1954; 

O. hummelincld Burgess, 1966). The concept that octopods are extremely variable, 

reinforced by experience with conspecific specimens of very different textures and 

consistencies, may have prevented these investigators from realizing the signif

icance of the correlations they reported. 

Voss (1977) recommends re-evaluation of the basic tenets of cephalopod 

systematics. This study demonstrates the value of such research. External 

------_ .. _ .. -_ .. ---
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morphology of shallow-water octopods is sufficiently robust to provide a basis for 

taxonomy. Whether this reliability extends to other octopuses and soft-bodied 

organisms must be tested . 
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CHAPTER THREE 

AMERICAN TROPICAL SHALLOW-WATER OcrOPODINAE: 
A MORPHOLOGICAL STUDY 

SUMMARY 

. Morphologies of shallow-water « 50 m) tropical American octopuses are 

explored by multivariate analyses using only 6 or 7 characters. Little random 

morphological variation is present, possibly due to the muscular hydro-static 

skeleton. Proported conspecific Amphi-Atlantic populations are not 

morphologically distinguishable by locality, supporting their conspecific status. 

Hypothesized clades of Trans-Panamanian Octopus pp. are morphologically 

distinctive, but generally not unique. A close phylogenetic relationship within each 

of the four clades is not refuted. Morphological does not vary predictably among 

sympatric octopuses, indicating that morphology contributes little to niche 

partitioning. However, species occurring in hard substrates have longer arms and 

smaller mantles than those from soft substrates, perhaps a morphology which may 

facilitate use of narrow refugia. Among these octopodines, no overt secondary 

sexual dimorphism is present. 

INTRODUCTION 

Cephalopod biologists have long considered the morpholob'Y of preserved 

octopuses to be deformed by preservation artifacts, skewed by high intraspecific 

variation and obscured by significant investigator bias (Naef, 1923; Robson, 1929; 
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Roper & Voss, 1983; Vecchione et al., 1989). As a result, morphology has made 

only minimal contributions to cephalopod biology. However, within-species 

measurements of preserved octopus specimens are highly correlated with body 

size, as measured by mantle length (Chap. 2), indicating that size accounts for 

most morphologic variation. The extent of size-free variation, both within and 

among species, has yet to be explored. 

Morphology may contribute to our knowledge of octopus ecology and 

phylogeny. Interspecific morphological differences may relate to ecological role if 

occupation of a given niche is associated with a certain morphology. Documen

tation of this pattern would provide a framework on which to extrapolate eco

logical information. Morphology may also help elucidate patterns of octopod 

dispersal and phylogeny. Geographically remote conspecific populations may be 

morphologically indistinguishable, if gene flow is maintained between them. 

Closely related species are predicted to share similar but detectably different 

morphologies with increased phylogenetic distance evidenced by increasingly dis

similar morphologies. In addition, and regardless of ecological convergence, 

sexual dimorphism is expected to show similar trends within a lineage. 

This study descnbes the amount of shape variation in American tropical 

shallow-water octopuses. To address whether shape variation facilitates niche 

partitioning among sympatric octopus species, patterns of morphological variation in 

geographically distinct species assemblages are explored. Morphological divergence of 

remote proported conspecific populations is described, as is divergence among species 



groups (Voight, 1988b) hypothesized to be closely related. Patterns of sexual 

dimorphism and morphological changes associated with growth are also addressed. 

MATERIALS AND METHODS 
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Shallow water « 50m) octopuses of the tropical American oceans were 

used in this analysis. The western tropical Atlantic contains the world's best

known octopus fauna; morphological data for these species were largely taken 

from literature accounts (Chap. 2). All well-known octopuses of the eastern 

tropical Atlantic (0. vulgaris, O. bunyi, O. defilippi and O. macropus) range into 

the western tropical Atlantic. For these species, literature data from both east 

and west Atlantic specimens were included, both to increase the sample size and 

to test the morphological similarity of disjunct populations. 

Octopuses of the eastern tropical Pacific are as poorly known as those of 

the western Atlantic are well known. These were included because of their 

postulated phylogenetic relationships with western tropical Atlantic octopuses 

(Voight, 1988b). Data for most Pacific species were obtained from specimens at 

the United States National Museum and the University of Arizona Invertebrate 

Collection; Voss (1971) provided additional data. A complete specimen list is 

included in Appendix 1. 

Octopuses lack externally identifiable anatomical points, precluding 

measurements based on landmarks (sensu Bookstein et al., 1985). Standard 

measurements (Table 6) are however extremal distances (Bookstein 1978), defined 

by the geometry of the organism. Taxonomic accounts almost always include the 
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mantle length, mantle width, head width, greatest arm length, largest sucker 

diameter and deepest web depth of each specimen. This character set is hereafter 

termed the standard measurements and is used throughout this study. Some 

accounts report the raw value of only mantle length and express other characters 

as proportions of mantle length. In these cases raw measurements were back

calculated, despite possible magnification of error. 

When available data permitted, the measurements analyzed included the 

mean length, width and sucker diameter of each arm pair and mean depths of 

each redundant web sector, in addition to mantle length, width and head width. If 

an arm was missing or injured, the parameter was estimated by a single measure. 

Only characters unaffected by primary sexual dimorphism were included. Because 

males have a sexually modified third right arm, parameters of this arm pair were 

estimated in males by the third left arm. 

Use of literature data, in addition to restricting the characters available and 

increasing error from back-calculated values, also introduces possible bias from 

each of the seven investigators. However, use of literature data allows more 

species and specimens of a greater size range to be included. 

QUANTIFYING SHAPE VARIATION 

To estimate the amount of shape variation in the tropical American 

octopuses, the standard measurements for all species were pooled, logarithmically 

transformed and subjected to a Principal Components Analysis (PCA). PCA 

partitions the variation due to size and allocates it to the first Principal 
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Component (PCl). Shape variation, defined to be independent of allometric size 

variation, is expressed by Principal Components 2 and 3 (PC2 and PC3). The 

relative weights or factor loadings of each character on PC2 and PC3 reveal the 

contribution of each character to overall shape differences, and also the extent of 

covariation between the characters. Here, as in most comparable biological 

analyses, size is expected to be the primary source of variation because a large 

size range of specimens was included. 

TRANS-ATLANTIC CONSPECIFIC POPULATIONS 

To test whether ostensibly conspecific trans-Atlantic populations were 

morphologically distinguishable, within-species discriminant analysis was performed 

on each amp hi-Atlantic species for which sufficient data were available. Matrix 

manipulations in the algorithm require the number of specimens to exceed the 

number of variables. To eliminate potential size differences between the groups, 

residuals of the standard measurements were determined relative to a single size 

vector, PCl. Residual values were then entered into discriminant analysis. 

TRANS-PANAMANIAN SPECIES GROUPS 

To define the degree of overall similarity within five hypothesized clades of 

west Atlantic and east Pacific octopuses, the four clades which overlapped on PC 

plots, O. alacto - O. briarells, and the ocellated, pygmy and harlequin octopuses, were 

entered into a single size-free discriminant analysis. Species groups overlapping in the 

discriminant analysis were re-analyzed by separate, pair-wise comparisons. 
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SPECIES AsSEMBLAGES 

Species assemblages, or sympatric octopuses, were defined on the basis of 

literature accounts (Table 9). If morphology is asociated with niche partitioning) 

patterns of morphological variation should be repeated in each species as

semblage. To detect patterns of variation, Principal Components Analysis (PCA) 

was applied to the standard measurements of each species assemblage (Table 9). 

In addition, arm lengths, widths and sucker diameters of each arm pair and depths 

of each web sector were analyzed in eastern tropical Pacific assemblages. 

To visually compare how each character contributes to shape variation 

among the species assemblages, factor loadings of each character on PC2 and PC3 

were plotted as vectors. If these plots show similar shape variation, morphology 

will be considered to strongly influence octopus community composition. If the 

plots show seemingly random variation among the assemblages, ecological role will 

be considered to be only loosely associated with morphology. 

In addition, size-free discriminant analysis was used to examine 

morphological differences between species associated primarily with hard, reef or 

rock substrates and those associated with soft, sandy substrates. The habitat 

association of each species was defined by Roper et al. (1984) and Hanlon (1988). 

Species considered equally frequent in reef and sand habitats were excluded, as 

were those with uncertain habitat preferences. To control for possible effects of 

phylogenetic relatedness, hypothesized clades containing species from both rocky 

and sandy environments (the ocellated and pygmy octopuses) were analyzed by 

separate size-free discriminant analyses. 



TABLE 9. Species assemblages from the tropical Americas and the eastern 
tropical Atlantic 

WESTERN TROPICAL ATLANTIC REEFI REEF FLAT (Hanlon, 1983) 

O. burry; 

O. briareus 

O. macro pus 

O. vulgaris 

BAY OF CAMPECHE (Roper et al., 1984) 

O. burryi 

O. joubini 

O. maya 

O. vulgaris 

SOUTHWEST CARIBBEAN (VOSS, 1968; Voss, 1971) 

O. defilippi 

O. joubini 

O. vulgaris 

O. zonatus 

Euaxoctopus pillsburyae 

WESTERN TROPICAL ATLANTIC REEF/ REEF FLAT (Voss, 1968) 

O. hummelincki 

O. burry; 

O. briareus 

SOUTH FLORIDA (SAND MUD SUBSTRATE) (Voss, 1968) 

O. burry; 

O. deftlippi 

O. joubini 

O. vulgaris 
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TABLE 9 (continued) 

GULF OF PANAMA (Voss, 1971) 

O. balboai 

O. chierchiae 

O. selene 

O. penicillifer 

The Larger Pacific striped octopus 

Euaxoctopus panamensis 

CENTRAL GULF OF CALIFORNIA (Voight, in prep.) 

O. alecto 

O. digueti 

O. chierchiae 

O. hubbsorum 

NORTHERN GULF OF CALIFORNIA (Hochberg,1980) 

O. alecto 

O. bimaculatus 

O. digueti 

O. fitchi 

EASTERN TROPICAL A'fLAl\mC (Voight, in prep) 

O. burry; 

O. defilippi 

O. macro pus 

O. vulgaris 
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In reptiles, body elongation has been considered adaptive in using crevices 

and burrows as refugia (Gans, 1975). If octopodines of reef/rock habitats have 

more elongate bodies (narrower mantles and heads, longer arms) than species of 

soft substrates, the hypothesis will be supported in this group. 

SEXUAL DIMORPHISM 

Male octopuses are identified by the hectocotylus, the modified third right 

arm. Females are identified by the absence of modifications. 'Large' animals 

lacking a hectocotylus were considered to be female; individuals smaller than the 

smallest identifiable male were considered to be juvenile. This definition creates 

three classes, males, females and juveniles, allowing analysis of morphological 

differences between adults and juveniles, as well as between males and females. 

Without a verified means of identifying sexually mature octopuses, no further 

divisions could be made. 

To test patterns of sexual dimorphism, each species was subjected to within 

species PCA. These preliminary analyses were run with as many characters as 

possible for each species, although the small number of specimens limited the 

number of species which ould be analyzed in this manner. 

Size-free discriminant analysis tested for the presence of sexual 

dimorphism. Standard measurements for each species were regressed against 

PC1, the size vector, calculated from all available data. Calculation of a pooled 

PC1 assured the vector was robust, as it encompassed the complete size range; 

inconsistencies between species represented only by a narrow size range and those 
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with a large size range were also alleviated. The resulting residuals were 

subjected to within-species discriminant analysis. Species were defined as sexually 

dimorphic if the sexes did not overlap on discriminant plots with a minimum of 

four specimens represented each sex. 

Too few specimens were available to directly analyze all characters 

simultaneously; characters had to be pooled. Because each arm length was not 

expected to vary independently of other arm lengths, an attempt was made to 

discover covarying units and to calculate proxies for these units. The residual 

relative to the pooled PCl for each character was calculated as above. Four 

separate PCA's were run on the residuals of arm length 1-4, arm width 1-4, sucker 

diameter 1-4 and web sector A-E. Strikingly similar factor loadings on PCl and 

PC2 were used to define covarying units within each analysis. The varimax 

rotation in SAS was used to improve resolution of the units as necessary. 

Once covarying units were defined, the four arm lengths, four arm widths, 

four sucker diameters, and five web depths, were each transformed into proxies by 

mUltiplying each residual by the appropriate factor loading. The original four arm 

lengths, arm widths, sucker diameters could then be represented by two proxies, 

and the five web sectors by three. Roughly 10% of the variation PCA attributed 

to PC3 and PC4 was not recovered in this procedure. Seventeen variables were 

thus consolidated into nine, allowing analysis of species with insufficient specimens 

to directly analyze the 17 arm and web variables and the 3 body variables. 

These nine proxies, and mantle length, mantle width and head width were 

entered into a single puoled discriminant analysis of sex. The pooled data set may 
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have constrained this analysis to recognize only patterns of sexual dimorphism 

which were congruent among the species. 

RESULTS 

QUANTIFYING SHAPE VARIATION 

The 20 species of American shallow water Octopodinae show little shape 

variation. Size, expressed as PC1, accounts for 95.38% of the group's 

morphological variation; arm length variation, PC2, explains 2.46%, and mantle 

length and sucker diameter variation, PC3, explains 0.84%. Other components 

represent less than 1.5% of all morphological variation among these species. 
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Plots of species on PC2 and PC3 (Fig. 12) show few species to be 

morphologically unique; several, however, appear distinctive. Despite the low 

proportion of morphological variation contained in PC2 and PC3, the variation in 

arm length, sucker diameter and mantle length is nontrivial (Fig. 12). 

Species polygons on the PC plot (Fig. 12) appear to overlap broadly. 

However, often each species is characterized by a tight central cluster of points, 

with relatively extreme outlying individuals defining the boundary of the polygon. 

Whether these individuals represent true intra-specific variation, or are 

misidentified, cannot be currently resolved. 

TRANS-ATLANTIC CONSPECIFIC POPULATIONS 

Trans-Atlantic conspecific populations were not separable based solely on 

locality. West and east Atlantic specimens of O. vulgaris reported by Pickford 
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FIGURE 12. Plot of PC2 versus PC3 for the American shallow-water octopuses 
considered. Polygons reflect area on plot occupied by given species. 
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(1945; 1955) were not separable by the standard measurements. West and east 

Atlantic specimens of O. burryi (Voss, 1951; Adam, 1960; 1961 respectively) were 

also indistinguishable. These accounts reported indices rather than raw data, 

increasing the likelihood of error. Discriminant analysis of specimens of O. bunyi 

recorded by Pickford (1955), Palacio (1977), and myself revealed significant 

investigator differences. 

Insufficient data from post-settlement east Atlantic specimens O. deJilippi 

(n=3, two with only partial data) and O. macroplls (n=O) prevented discrimination 

of east and west Atlantic specimens of these species. 

TRANS-PANAMANIAN SPECIES GROUPS 

Of the five species groups hypothesized by Voight (1988b) to be closely 

related, only EllaxoctOPllS spp. is morphologically unique, although two, O. alecto

O. briareus, and the Harlequin octopuses, O. pellicilliJer and O. ZOllatus, are 

distinctive on PC plots (Fig. 12). The ocellated octopuses and the pygmy 

octopuses overlap nearly completely in this plot. 

Discriminant analysis of the above overlapping species groups shows that 

the harlequins and O. alecto-O. briaretls are morphologically wholly distinguished 

(Fig. 13). The other groups, though distinctive, overlap. Pairwise discriminant 

analysis fails to improve separation of these clades. However, despite the overlap 

in discriminant plots, group centroids differ significantly. A distinctive combination 

of characters separates each group. 
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FIGURE 13. Plot of size-free discriminant scores for the four clades hypothesized 
clades of Trans-Panamanian octopuses. Long-armed species (0. 
alecto; O. briarells), Harlequin species (0. pellicillifer, O. ZOlla/us, O. 
clzierclziae); Ocellated species (0. bimacll/a/Us; O. maya; O. 
Izummelblcki) Pygmy species (0. digueli; O. file/Ii; O. jOllbilli). 
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SPECIES ASSEMBLAGES 

PCA of species assemblages (Table 9) revealed that overall size, as 

measured by PC1, accounts for nearly 90% of the morphologic variation in each 

assemblage (Table 10). Among species assemblages patterns of shape variation 

are not predictable (Fig. 14). Arm length contributes most shape variation, but as 

the most variable character in the Octopodinae, its contribution is expected to be 

heavy. Morphology is not closely associated with ecoiogicai role among octopuses . 

In addition, characters do not covary on the shape axes PC2 and PC3 

(Fig. 14). Each character changes independently of others, once the effects of 

size are removed. 

Group centroids of species primarily associated with reef/rock habitats are 

morphologically distinguishable from those primarily associated with sandy 

environments. Rocky species have longer arms and shorter, longer mantles than 

do sandy species. The groups, however, overlap on discriminant plots. 

Among the proported clade of pygmy octopuses, specimens of O. Jitclzi of 

rocky habitats have broader heads and longer arms than do those of O. digueti and 

O. joubini of sandy habitats. Among the ocellated octopuses, specimens of O. 

maya from sand and seagrass habitats have longer mantles and narrower heads 

than do the hard substrate species, O. Izlllnmelbzcki and O. bimaculailis. 

SEXUAL DIMORPHISM 

Within species PCA failed to reveal overt patterns of sexual dimorphism. 

Within-species size-free discriminant analysis found that only in O. macropLls were 



TABLE 10. Percentage of total variation explained by each of three Principal 
Components for each of the species assemblages listed in Table 9. 
Except as otherwise noted, analysis performed with the 6 standard 
characters. 

ASSEMBLAGE PCI PC2 PC3 Total # ofspp. 

Gulf of Panama 87.54 7.65 1.99 97.19 6 
Cent. Gulf Calif 96.06 1.66 0.82 98.54 5 
Nort. Gulf Calif. 95.38 1.82 0.98 98.17 4 
Carib. Reef Hanlon 94.26 2.61 1.22 98.08 4 
carib. reef Voss 9i.i9- 1.00 0.62 98.81 3 
Bay of Campeche 97.72 0.77 0.49 98.97 4 
Sand/mud WTA 93.66 4.51 0.66 98.82 4 
SW Caribbean 92.41 5.86 0.72 99.00 5 

Eastern tropical Atlan. 

92.39 4.91 0.92 98.21 4 

Northern Gulf of California: with all variables 

92.14 2.48 2.17 96.79 4 

Central Gulf of California: all variables except A W 

95.09 2.27 1.18 98.54 5 

--------._- -_. 
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the sexes separate on plots (Fig. 15). In all other species, males and females 

overlapped on discriminant plots, indicating that they are morphologically 

identical. Centroids of the sexes were, however, generally significantly different. 

Table ll1ists characters that correlate with discriminant factors that significantly 

separate sex centroids. 

Pooled discriminant analysis, with arm-length and web-depth proxies, also 

failed to discriminate the sexes, except in O. hubbsontm and O. selene. The same 

characters correlate with the discriminant factor in these species. Pooled 

discriminant analysis using three body characters and nine proxies for arm length, 

sucker diameter, arm width and web depth found the sexes are not significantly 

different in any species. 

Proported species groups, O. digueti-fitchi-jollbilli and O. Izummelincki-maya 

do not show congruent patterns of sex differences. Definitive conclusions about 

sexual dimorphism may be premature. However, overt secondary sexual 

dimorphism is not observed in these octopuses. 

Juveniles overlapped with adults on discriminant plots. Characters that 

best correlate with discriminant factors between juveniles and adults (Table 12) 

fail to show universal trends. As with sex discrimination, pooled discriminant 

analysis did not improve the resolution of age classes and discovered only 

congruent patterns. Only in O. maya were juvenile and adult centroids 

significantly different in all three discriminant analyses. However, in this species, 

the characters which correlated with discriminant facturs varied among the 

analyses; many characters contribute subtle differences. 

~-"-.~-------'- -._-._------------------ .----_.- -
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FIGURE 15. Plot of size-free discriminant scores for males and females of Octopus 
macro pus. No characters were significantly correlated with the 
discriminant axis. 
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TABLE 11. Results of discriminant analysis based on sex. Only species with 
more than 3 individuals of the rarer sex included. Upper case: 
increased in females relative to males, lower case decreased in 
females relative to males. 

SpeCies WITHIN SP. 

burryi NOT SIGN. 
f=6 
m=lO 

digueti 
f=7 
m=lO 

fitchi 
f=l1 
m=7 

hubbsorum 
f=5 
m=8 

hummelincki 

MW AW 

MWsd 

NOT SIGN. 

f=45 wd hw SD 
m=40 

joubini 
f=12 NOT SIGN. 
m=4 

macro pus 
f=4 
m=4 

maya 
f=24 
m=13 

selene 
f=18 
m=l1 

vulgaris 
f=l1 
m=8 

no overlap 
no correlation 

aw 

sd MWWD ml 

sd AL hw 

--- ---.-.- .--.. 

POOLED POOL ALL PROX. 

NOT SIGN. NOT SIGN. 

NOT SIGN. NOT SIGN. 

mwSD NOT SIGN. 

NOT SIGN. NOT SIGN. 

MWsd ML 
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TABLE 12. Results of discriminant analysis of juveniles from adults in species 
with sufficient sample sizes. Upper case in increased in juveniles; 
lower case decreased in juveniles. 

species within species POOL all prox 

briareus 
j=24 aw MLal 
m=7 
f=4 

fitchi 
J=3 
f=l1 ? SD ml mw NOT SIGN. 
m=7 

hubbsorum 
J=8 
f=5 HW Not SIGN. AW 
M=8 

hummelincki 
J=21 
F=45 al aw wd 
M=40 

maya 
J=4 
M=9 al WD SD SDmlmw aw ml mw LF2 
F=23 

------------------



DISCUSSION 

QUANTIFYING SHAPE VARIATION 
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Principal Components Analysis accounts for over 98% of the morphological 

variation in these 20 species of octopuses primarily as size and allometry-related 

variation; little random variation in morphology exists. Thus this study suggeests 

that octopod morphology is not deformed by preservation, not highly variable and 

is not subject to extraordinary investigator biases, despite poorly defined 

measurements and what can be three dimensional distortion of specimens. 

The morphologic reliability is probably attributtal to histological uniformity 

of octopuses. Cephalopods do not have a traditional skeleton, whether endo-, 

ecto-, or hydro-static; rather, the musculature creates its own system of support by 

antagonistic contractions (Kier and Smith, 1985). As a result, the octopod body is 

composed of histologically uniform muscle. If preservation artifacts are largely 

due to tissue-specific responses to preservation, the histologically uniform octopod 

body should express little preservation artifact. 

Given that a live octopus is not constrained to a specific shape by a hard 

skeleton, an individual octopus may temporarily alter its morphology through 

simple muscle contractions. Morphological flexibility and dexterity characterize 

organs composed of muscle, as in vertebrate tongues (Kier and Smith, 1985) and 

characterize octopuses. Possession of the "st!lnd"rrj" octopus morphology may not 

be a hinderance; rather, this shape be the general default in a system capable of 

nearly infinite variation. 
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The apparently overwhelming proportion of variation attributed to size is 

due to the large size range of specimens included, not necessarily to a lack of 

shape variation. The 473 specimens included varied in mantle length from 6 to 

180 mm; shape variation is low in contrast. Arm length and sucker diameter are 

the primary sources of shape variation among octopuses, as Naef (1923) noted. 

The usefulness of these morphological measurements to taxonomy could be 

defined by re-examining the outlying specimens within each species to determine 

whether they were properly identified. Multivariate analyses of morphology may 

assist in future studies of taxonomy. 

TRANS-ATLANTIC CONSPECIFIC POPULATIONS 

Available data do not discriminate east and west Atlantic populations of O . 

vulgaris or O. burryi, supporting conspecific status for the populations. Each 

amphi-Atlantic species is characterized by planktonic hatchlings, which may 

disperse across the Atlantic, as Voss (1951a) suggested in Scaeurglls llllicbrlzus. 

The young of O. deftlipp; are exceptionally modified for existence in the water 

column (Hanlon and Hixon, 1983). No available data indicate that these 

populations are genetically isolated. 

TRANS-PANAMANIAN SPECIES GROUPS 

Because Octopus spp. are not morphologically unique, in terms of the 

measurements used here, the phenetic similarity within hypothesized clades 

(Figs. 12; 13) provides only weak support for the phylogenetic hypotheses. 
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However, each clade can be typified morphologically and centroids of each group 

are significantly different. No data refute the hypothesis of close relationships 

within these species groups. 

SPECIES AsSEMBLAGES 

Morphology appears to contribute little to niche partitioning between 

sympatric octopuses. The lack of morphological divergence among sympatric 

octopuses (Fig. 14) suggests other factors contribute to their diversification and 

coexistence. Octopuses partition west tropical Atlantic reef habitats physically and 

temporally (Voss, 1968; Hanlon, 1983) and differ behaviorally (Hanlon, 1988). 

Temporal habitat partitioning has been suggested for Hawaiian reef octopuses 

(Houck, 1982). 

The morphological difference between octopuses of rocky and sandy 

habitats, though subtle, is significant. Mantle reduction and arm elongation in 

species of hard substrate may facilitate their use of narrow, hard-sided refugia. 

Sandy areas offer refugia such as vacant gastropod and bivalve shells which do not 

impose morphological strictures. Fossorial habits apparently are not associated 

with morphological changes in Octopus. Individuals of OClopUS vulgaris, typified by 

a stocky morphology, bury in sand as do individuals of the exceptionally elongate 

species, O. defilippi and the much more robust-bodied O. burryi. Within the 

apparent clade of pygmy octopuses the hypothesis is clearly supported. However 

in the ocellated clade, the results are more ambiguous. Rocky substrate species in 

this clade have broader heads than species of sandy substrates, contradicting the 
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hypothesis. These species typically are more ecologically diverse in ranging from 

rocky reefs to patch reef habitats. 

SEXUAL DIMORPHISM 

Based on size-free discriminant analyses, no overt secondary sexual 

dimorphism in morphology occurs in the Octopus species considered. The 

presence or absence of what may be sexually dimorphic enlarged suckers in males 

has not been considered here. In several speCies, significant differences between 

centroids show that males and females trend toward distinguishable morphologies, 

yet overlap on discriminant plots, and therefore are morphologically inseparable. 

Our inability to distinguish sexually mature from immature animals may have 

contributed to the present lack of resolution. If only the most mature stages of the 

life cycle exhibit subtle sexual dimorphism, pooling animals of various stages 

obscure any pattern. However, current data do not allow improved resolution. 

Of the characters that correlate with sex discriminant factor (Table 11), two 

may be spurious. Increased mantle width in females may be better attributed to 

ovarian enlargement than to secondary sexual dimorphism. The relatively smaller 

sucker diameter in female of O. Jitelzi and O. VUlgaris may be attributed to 

enlargement of suckers adjacent to the specially enlarged suckers in males of these 

species. 

In earlier studies based on ratios, sexual dimorphism has been reported in 

these species. Burgess (1966) stated that male O. Izummelbzkci have narrower 

mantles, smaller suckers and shorter arms than females (females lack the enlarged 
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suckers seen in males). This study, using the same data, agrees only in that males 

have smaller suckers than do females. In addition, females have subtly shorter 

webs and narrower heads than males, patterns Burgess was unable to detect. 

Some differences based on ratios are supported. Males of O. selene have longer 

mantles and larger suckers than females (Voss, 1971); males of O. vulgaris have 

broader heads than females Robson (1929). Despite these differences, in Octopus 

male morphology cannot be fully separated from that of females. 

Based on analysis of ratios, young octopuses are reported to generally have 

deeper webs (Burgess, 1966; Pickford, 1945), a pattern not supported here. This 

study finds juveniles of three of the four species to have relatively shorter arms 

than adults. The traditional expression of web depth (Roper and Voss, 1983) as a 

percent of arm length may have contributed to the appearance deeper webs in 

smaller, shorter armed octopuses. Generalities concerning morphological 

transition from juvenile to adult in these octopuses cannot be drawn. 
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CHAPTER FOUR 

Morphological patterns in the Octopodidae: 
Convergence versus phylogeny 

SUMMARY 

Morphometric analysis of octopods has not previously been attempted 

because preservation was assumed to deform specimens. However, preserved 

octopodid specimens are highly reliable indicators of morphology, as documented 

by the extraordinarily high (92.5%) proportion of morphological variation 

attributable to size by principal component analysis. Arm length, mantle and head 

width and sucker diameter contribute most to size-independent shape variation in 

the family. 

The four subfamilies defined by Voss (1988a) are each morphologically 

distinctive; however, morphological variation tracks latitudinal and depth 

distributions. Arm length decreases with increasing latitude. Sucker diameter 

decreases with increasing depth throughout the family, as predicted by hypotheses 

of sucker functional morphology. Morphological similarities within the subfamilies 

may be cited as support for Voss' classification; however, with data from 

functional morphology, these morphological patterns suggest that the subfamilies 

are phenetic groups. 
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INTRODUCfION 

Octopod taxonomists have long assumed that the soft bodies of octopuses 

allow deformation to eliminate information contained in the sizes and shapes of 

preserved specimens (Cuvier, 1817; Tryon, 1879; Naef, 1923; Robson, 1929; 

Maddock and Young, 1987). Recently, this assumption was falsified (Chap. 2; 3), 

allowing morphometric analyses of the Octopodidae, a cosmopolitan group 

distributed from the littoral zone to the abyssal plains. 

Voss (1988a) provided a new classification of the Octopodidae, defining 

four subfamilies based primarily on two characters, the number of sucker rows on 

each arm and the presence or absence of the ink sac: Octopodinae with two 

sucker rows and a normal ink sac; Bathypolypodinae with two sucker rows and no 

ink sac; Eledoninae (=Pareledoninae) with one sucker row and a normal ink sac 

and the Graneledoninae with one sucker row and no ink sac. This study examines 

morphological patterns within the Octopodidae in light of Voss' classification and 

in reference to latitudinal and depth distributions. 

MATERIALS AND METHODS 

Morphological data were taken from all literature accounts that reported 

measurements as standardized by Robson (1929). A total 510 specimens of 65 

species were included, 27 species in the Octopodinae, 17 in the Bathypolypodinae, 

12 in the Eledoninae and nine in the Graneledoninae. The only genus excluded, 

Ve/odona, lacked complete data. The Octopodinae is represented by American 

shallow-water species, which include the most speciose and well known Octopus 

---'._-- -----
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fauna; by the west Pacific and Indian Ocean genera Hapalochlaena,- Cistopus and 

Robsonel/a; and by Scaeurgus and Pteroctopus, with circum-tropical, deep water 

distributions. Because a recent revision of the species in Hapalochlaena (Roper 

and Hochberg, 1988) cited years of taxonomic confusion in the genus, no attempt 

was made to identify species in this genus. Appendix 1 lists the data sources. 

Morphological analysis was restricted to the six standard (Robson, 1929) 

variables, mantle length, mantle width, head width, arm length, sucker diameter 

and web depth; often only these data were available in literature accounts. If data 

were reported as mantle length and ratios of other body characters, raw data were 

back-calculated (Chap. 2). All values were logarithmically transformed prior to 

analysis. Log transformation maintains allometries, equalizes error over a large 

size range and reduces the effects of outlying data points. 

The family and each subfamily were analyzed by principal component 

analysis (PCA). Character loadings on the shape components PC2 and PC3 were 

plotted as vectors to determine how the characters changed in each group and 

whether they covaried. To test whether the characters found by PCA to account 

for most'variation are those that best distinguish groups, discriminant analysis was 

used to test for size-independent differences between subfamilies. To insure that 

discrimination was based on size-independent shape differences rather than on 

differences in mean size, Principal Component 1 (PCl) was calculated from the 6 

morphologic characters and was used as a multivariate size factor. Each character 

was then regressed against this size component and residual values were 

calculated. These residuals were analyzed by discriminant analysis. 
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Within the Octopodinae, the same method was used to test for 

discrimination between each of the genera EuaxoctOPllS, Robsollella, Cistopus, 

Hapaloclzlaella and Scaeurgus and the genus Octopus and species which were 

morphologically most similar. Insufficient data were available to consider genera 

in other subfamilies. Octopodid genera, other than Octopus with 160+ species, 

often contain only 1-3 species. Genera are often defined by a single 

autapomorphy, e. g. water pores on the web of Cistopus, this analysis tests whether 

morphology contributes to their singular taxonomic status. 

To examine the correlation of morphology with geographic distribution, mean 

latitude and depth records for each species (Robson, 1929; Voss, 1971; Voss, 1988b; 

unpubI. data), listed in Appendix 1, were correlated with specimen scores on PCZ and 

PC3, the principal components representing the most shape variation. Because 

specimens from different areas were not equally represented, no formal attempt was 

made to test the correlation of body size and geographic distribution. 

RESULTS 

In the Octopodidae as a whole, as well as within each subfamily, size 

contributes an overwhelming proportion of the morphological variation observed 

(Table 13). The uniformly high character loadings on PC1, the size vector, 

indicate that the data represent the octopodid form accurately. Any random 

variation in the specimens will be attributed to other components, decreasing the 

significance of PCl. Despite the limited (7.47%) shape variation remaining after 

size variation has been removed, and the potential confounding factors such as 

------------- ---_ .. -----... -.--- -.---
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TABLE 13. Principal Component Analysis results for each higher order taxon 
considered. PC1 represents size variation; PC2 and PC3 represent 
shape variation. The absolute value of character loadings within each 
taxon reveal the extent each character contributes to shape 
variation. Asterisks indicate primary sources of shape variation. 

Taxon PC1 PCZ PC3 

OcrOPODIDAE 

% variation 92.53 3.39 2.11 

Character loadings 

Mantle Length 0.979 0.055 0.014 

Mantle Width 0.967 0.215* -0.006 

Head Width 0.948 0.261* -0.025 

Arm Length 0.951 -0.277* -0.121 

Sucker Diameter 0.943 -0.111 0.309'~ 

Web Depth 0.977 0.047 -0.110 

OcrOPODINAE Genera 

Included: 

% variation 94.90 2.52 1.00 Octopus 

character loadings Hapa/och/aena 

ML 0.981 0.082 0.061 Scaeurgus 

MW 0.974 0.166 0.093 Pteroctopus 

HW 0.969 0.170 -O.OlD Cis/opus 

AL 0.962 -0.269* 0.035 Robsonella 

SO 0.977 0.022 -0.2lD'~ Euaxoctopus 

WD 0.984 0.030 0.031 
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Table 13 (continued) 

BATHYPOLYPODINAE Genera 

Included: 

% variation 78.87 11.34 4.72 Bathypolypus 

character loadings Benthoctopus 

ML 0.922 -0.037 -0.042 Teretoctopus 

MW 0.938 0.278 -0.070 

HW 0.889 0.372 -0.069 

AL 0.832 -0.532* 0.119 

SD 0.878 0.238 0.355* 

WD 0.910 -0.110 -0.317 

P ARELEDONINAE 

% variation 94.45 2.48 1.34 Pareledone 

character loadings Eledone 

ML 0.970 0.093 -0.057 Tetracheledone 

MW 0.972 0.138 0.091 Vosseledone 

HW 0.956 0.160 0.223* 

AL 0.988 0.004 -0.071 

SD 0.980 0.064 -0.148 

WD 0.961 -0.269* 0.051 

GRANELEDONINAE 

% variation 92.35 2.74 2.3 Graneledone 

ML 0.945 0.248* -0.124 Tlzallmeledone 

MW 0.964 0.120 0.161 Bentlzeledone 

HW 0.958 0.034 -0.215 

AL 0.973 -0.221 * -0.048 

SD 0.973 0.069 0.013 

WD 0.930 0.006 0.320* 
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investigator biases and specimen deformation, shape differences between sub

families are evident. Illustrations of specimens in Figure 16 emphasize this 

morphological variation. Each subfamily shows distinctive, but not entirely unique 

morphological variation (Fig. 16). 

The Octopodinae and Bathypolypodinae, each with paired sucker rows, 

have the longest arms and narrowest heads and mantles in the family. Arms are 

short and vary little in the Eledoninae and Graneledoninae, taxa with only a single 

sucker row. These subfamilies have relatively wide heads and mantles. The 

Bathypolypodinae and Graneledoninae, generally from the deep sea and polar 

latitudes, have smaller suckers than the Octopodinae or the Eledoninae, generally 

from shallower, tropical and temperate waters. 

Vector plots of character loadings on PC2 and PC3 (Fig. 17) show that in 

addition to inverse changes in arm length and body components, sucker diameter 

varies inversely with web depth in the Octopodidae. Among the subfamilies, only 

in the Bathypolypodinae and Eledoninae, groups in which sucker diameter and 

web depth variation both contribute to shape variation, is the pattern evident. 

Web depth variation loads as a shape component on PC4 (accounting for 0.97% 

of the morphological variation of the family) but plots of PC4 reveal no taxonomic 

or geographic patterns. 

Characters contributing to size-free discriminant analysis of subfamilies are the 

same as those PCA reports as sources of shape variation. Although subfamilies 

overlap on discriminant plots (Fig. 18), sucker diameter, head width, arm length and 



LARGE 

TRO Ie 

Suckers 

SMALL 

Octopodlnae 

LONG 
NARROW 

DEE P 
Arms 
Head 

SHORT 
WIDE 

117 

R 

FIGURE 16. Graphic presentation of scores on PC2 (horizontal axis) versus scores 
on PC3 (vertical axis). Geographic correlates to morphological variation 
and subfamily groupings are indicated. Representative drawings of 
species demonstrate that although PC2 and PC3 contain a low 
percentage of the total morphological variation, that variation in shape 
is significant. 
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FIGURE 17. Vector plots of character loadings on PC2 and PC3. A) Octopodidne. 
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FIGURE 18. Plots of size-free discriminant analysis of the four octopodid subfamilies 
of Voss. 
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mantle width are the characters best correlated with the two discriminant factors 

which significantly separate·the centroids of all four subfamilies (Table 14). 
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Within the Octopodinae, each genus can be characterized by a 

distinguishable morphology (Table 15). Centroids of genera were significantly 

separable, except Hapalochlaena spp. which are inseparable from Octopus bunyi 

(Table 15). However, the genera considered were never wholly distinct from 

other taxa, i. e. taxa overlapped on discriminant plots. Each of the six 

morphological measurements contribute to separation of the genera. 

Morphology is indicative not only of taxonomic groups, but also of 

geographic distributions. PC2, representing arm length and head and mantle 

width variation, correlates significantly with latitudinal distributions (r=0.61123; 

n=65, p<.OOOI) Because latitudinal distributions are correlated with depth 

distributions (r=0.409; n=62, p<.OOI), that is comparatively few shallow-water 

octopuses occur outside the tropics, the correlation of depth and PC2 had to be 

re-assessed. PC2 is correlated with depth when the effects of latitude are held 

constant (partial correlation r=0.2995; n=62, p<.008). Regardless of taxonomic 

groupings, shallow-water octopuses of low latitudes have longer arms and 

narrower heads than do deep water, high latitude species. Deep sea and high 

latitude species are morphologically similar, with short arms, and broad heads and 

mantles. PC3, a measure of sucker diameter, is inversely correlated with depth 

(r=-0.5603; n=62, p<.OOOI). 

-----.---------------~-.--~. 
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TABLE 14. Character correlations with discriminant factor 1 and discriminant 
factor 2 for the subfamilies of the Octopodidae from size-free 
discriminant analysis. n=510 

DFI PC loading DF2 

MantIe Length 0.005 0.202 

MantIe Width 0.525 PCZ 0.728 

Head Width 0.750 PC2 0.520 

Arm Length -0.231 PC2 -0.758 

Sucker Diameter -0.866 PC3 0.346 

Web Depth 0.368 -0.451 

---_._---_._----
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TABLE 15. Characters correlated with discriminant Factors between taxa. 

Octopus spp. 

most similar 
species 

other 

Octopus spp. 

most similar 
species 

other 

----------_. ----

Upper case means taxon at column head relatively larger; lower case 
that taxon relatively smaller. 

Euaxoctopus spp. 
AL sd hw 

O. defilippi 

hwsdMWMLAL 

Benthoctopus januari 
MWSDwd 

Hapalochlaena spp. 
sdWD 

O. bunyi 
not significant 

Amer. Harlequin spp. 
WDALmw 

Cistopus 
mlAL 

O. briareus 
O. bimaculatus 
ml 

Scaeurgus spp. 
sdMW 

Robsonella spp. 
alHWMW 

O. vulgaris 

hwsd 

Hapalochlaena spp. 
MWsd 

Pteroctopus (n=2) 
SDwdhwML 



123 

The scores of the various taxonomic groups relative to PC1, the size vector, 

show no indication that body size correlates with geographic distribution, given 

that few specimens are available from the high latitudes and deep sea. 

DISCUSSION 

External octo po did morphology is highly reliable at the family level. Voight 

(Chap. 2) suggests that the muscular-hydrostat skeleton (Kier and Smith, 1985) is 

responsible for the near absence of preservation artifact in octopuses. This 

skeletal system consists nearly entirely of muscle arrayed in three-dimensions. As 

the dominant type of tissue in the octopod body, if the muscles of a given 

specimen respond to preservation uniformly, no net preservation artifact will 

result. The high loadings on PC1 show that the gelatinous bodies of some 

Bathypolypodinae and Graneledoninae and the cartilaginous tuberculations of 

Graneledoninae are as immune to significant preservation artifact or deformation 

as are the uniformly firm-bodied Octopodinae (Chap.3). The octopodids 

characterized as soft or subgelatinous by Voss (1988a) have small suckers and 

broad heads, though neither character is exclusive to soft octopuses. Apparently 

muscles of these taxa respond as in more firm-bodied taxa and the less substantial 

tissue conforms to the configuration defined by the musculature. 

Discriminant analysis of the subfamilies shows that the characters which 

contribute most shape variation as measured by PCA, are also those which best 

discriminate the subfamilies (Table 14), although they do not necessarily have the 

same rankings. Morphology, per se, has not been cited in the diagnosis of these 
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higher-level taxa (Voss, 1988a). Morphological patterns unifying the subfamilies, 

independent of the characters which formally define the groups, may be 

considered as additional support for the monophyly of these taxa. 

Although only four characters contribute to shape variation in and 

discrimination among higher order taxa, each of the six characters used here assist 

in the discrimination of octopodine genera (Table 15). The discriminant analysis 

supports both the reliability and usefulness of even these few broadly defined 

measurements in octopod taxonomy. More detailed measurements may, in the 

future, further enhance discrimination and taxonomy. 

Discriminant analysis indicates that these genera are no more 

morphologically unique than are species within Octopus. Singular autapomorphies 

(Cistopus, water pores in web; Robsollella, double penial diverticulum; 

Euaxoctopus, hectocotylus either right or left; Scaeurglls and Pteroctopus, 

hectocotylus on left and distinctive skin textures) remain the only characters 

defining these genera. 

In addition to morphology characterizing subfamilies, octopodid 

morphology is correlated with geographic distribution. Generally, shallow-water 

tropical and temperate species with paired sucker rows, the Octopodinae, have 

comparatively large suckers and long arms. Exclusively tropical species in this 

group, Cistopus indictlS, O. macropllS, O. briarellS, and O. alecto, have much longer 

arms than do RobsolZella spp., O. vulgaris and O. bimaculafllS from temperate 

latitudes. Octopodines with deeper water distributions, Scaeurglls (25-500 m) and 

Pteroctopus (50-700 m), have shorter arms and smaller suckers, comparable to 

---- _ ... _--- .•.. _ .. _ .... 
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those of the shallow water bathypolypodine Bemhoctopus thieie and Eledoninae 

with a single sucker row. Benthoctopus januarii with two sucker rows is 

exceptional; it occurs to 730 m and has nearly the longest arms of the species 

considered. Regardless of the number of sucker rows or latitudinal distributions, 

deep water taxa have small suckers. 

The tropical shallow-water octopodines, the American harlequin octopuses, 

represented here by Octopus peniciiiifer, the blue-ringed octopuses, Hapaioc/ziaella 

spp. and O. bunyi are exceptions to the geographiC pattern. These taxa have short 

arms broad heads and bodies and small suckers. The toxicity of the blue-ringed 

octopuses is well known (Sutherland and Lane, 1969), and may also provide a defen

sive mechanism (Hwang et ai., 1989). Evolutionary acquisition of potent toxins may 

have allowed secondary reduction of the arms, suckers, and ink sac (Robson, 1929), 

paralleling changes in deep water forms. The conspicuous chromatophore organ 

system of Hapaiochiaella (Roper and Hochberg, 1988) suggests that the group 

evolved in the euphotic zone where chromatophores would provide maximum benefit 

(Hanlon and Messenger, 1988). Potent toxins have also been suggested for the 

morphologically similar .'\merican harlequin octopuses (Roper and Hochberg, 1988), 

although at present little is known about toxins in this group. The phenetic similarity 

of these groups with O. bunyi has not been noted. 

The tropical Octopodinae despite the significant inverse correlation of arm 

length with latitude, then contains morphologically extreme species. However, Voight 

(Chap. 3) found no evidence of morphological differentiation associated with niche 

partitioning among sympatric octopuses. The diverse morphologies in the tropics may 

-----_ .... _- ....... . 



simply be due to a sampling artifact; most species are found there. Abele et aZ. 

(1981) concluded that a simila.r explanation refuted the hypothesis (Vermeij, 1977) 

that tropical crabs have larger and stronger chelae due to biotic interactions. 
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In this study, twice as many species were included from Octopodinae and 

Bathypolypodinae as from Eledoninae and Graneledoninae, respectively. 

Although a sampling bias may be suspected of having influenced the present 

results, the number of species included here reflects the species-level diversity of 

each subfamily (see Robson, 1929; 1932; Voss, 1988a). Also, peA will detect pat

terns of shape variation even if only a single specimen is morphologically unique. 

The pattern of decreased sucker size with increasing depth through the 

family was unexpected and has not been previously documented. Robson (1932) 

reported that each species considered presently to be in the Bathypolypodinae, the 

Eledoninae and the Graneledoninae has small to very small suckers. However, he 

failed to recognize or comment on the general pattern. 

Recent work on octopus sucker functional morphology (!Ger and Smith, in 

press) predicts that sucker size will correlate inversely with increasing depth as a 

result of the increase in ambient pressure. Attachment force of a sucker is the 

product of sucker area and the maximum pressure differential. Pressure 

differential is limited by the pressure at which water cavitates, a limit independent 

of ambient pressure. Therefore, at depth, the maximum pressure differential is 

much greater than at the surface, allowing the same attachment force to be 

generated with a smaller sucker, assuming the musculature can generate an equal 

force. The morphological patterns reported here support this hypothesis; sucker 
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diameter is smaller in deep sea relative to shallow water octopodids. Robson 

(1932) noted that the basal sucker musculature in Bentlzoctopus piscatontm and 

Bathypolypus spollsalis appear reduced. Despite this increased variability, sucker 

size is inversely correlated with depth. 

Although the significant correlation of sucker size and depth has gone 

unnoticed, previous workers (Robson, 1932; Voss, 1967; 1988a) have repeatedly 

attributed a deep web to taxa from the deep sea, a pattern only suggested in the 

present analysis. Because taxonomic accounts have traditionally reported web 

depth as a percentage of arm length, the shorter arms of deep water octopodids 

appear to have deeper webs than do the longer arms of shallow-water octopodids. 

Web depth contributes to shape variation in three of four subfamilies, yet does not 

separate taxa at the family level, nor is it correlated with depth distributions as is 

sucker diameter. 

Overall body size, as measured by the multivariate size component PC1, 

does not differ among octopodids regardless of depth or latitudinal distributions. 

However, uneven sampling may have obscured any such pattern. 

PHYLOGENETIC IMPLICATIONS 

The morphological distinctiveness of Voss' (1988) subfamilies (Fig. 16) may 

be attributed to independent phylogenetic histories because subfamilies were 

defined without reference to the morphologic characters considered here. Voss' 

proported sister groups, unified by the number of sucker rows, the Octopodinae

Bathypolypodinae (with two sucker rows on each arm) and the Eledoninae-



Graneledoninae (with only one row) show internally consistent patterns of 

morphological variation. The first group expresses variation primarily in arm 

length and sucker diameter; in the second group other characters provide more 

morphological variation (Table 13). 
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The Bathypolypodinae and Graneledoninae are defined by parallel loss of 

the ink sac, a loss considered adaptive in the deep sea (Voss, 1967; 1988a). 

Sucker reduction in these groups, the character which creates their morphological 

distinctiveness, is also shown to be adaptive in the deep sea. Because the 

characters which support separation of the Bathypolypodinae from the 

Octopodinae and the Graneledoninae from the Eledoninae can be attributed to 

parallel reductions, the Bathypolypodinae and the Graneledoninae cannot be 

shown to represent monophyletic groups. 

The question to be addressed is whether the number of sucker rows can be 

used to define monophyletic groups. Voss (1988a) considered the doubling of 

sucker rows to be a major event in the evolution of the suborder Incirrata. This 

event apparently is associated with morphologic diversification of the family 

because most shape diversity, seen on PC2, is congruent with the change in sucker 

number. The morphological variation observed here appears to be so closely 

associated with the number of sucker rows that it cannot serve as an independent 

test of this classification; it provides only circular support. 

In addition, the morphological patterns correlate with latitudinal and depth 

distributions, suggesting that morphology and perhaps the number of sucker rows, 

provides more information on geographic variation and adaptation than on 

-----------
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phylogenetic history. These ambiguities require that octopodid systematics be re

evaluated. Morphologic similarities among Voss' subfamilies suggest they comprise 

phenetically similar, paraphyletic groups. 
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CHAPTER FIVE 

A CLADISTIC ANALYSIS OF THE INCIRRATE OcrOPODS 

SUMMARY 

Hypothesized phylogenetic relationships of the Incirrate (finless) octopods, 

a group containing epipelagic, bathypelagic, and benthic taxa, have been based on 

singular characters. Using genera to serve as operational taxonomic units, this 

study, the first cladistic analysis of the suborder Incirrata, applied parsimony 

algorithms to 76 characters taken primarily from literature accounts to reconstruct 

the best (shortest) cladogram for the group. Each major lineage, the Argonautida, 

the Ctenoglossa (containing Vitreledollella), and the Octopodidae, is monophyletic. 

The Ctenoglossa and Octopodidae are sister taxa. Within the Argonautida and 

Ctenoglossa the most recent systematic arrangements are generally supported. 

Two primary lineages exist within the Octopodidae which are generally consistent 

with the subfamilies Octopodinae and Bathypolypodinae of Robson (1932). 

Octopodid subfamilies of Voss (1988a) are paraphyletic assemblages defined by 

pleisiomorphies and homoplasmic characters. 

INTRODUCTION 

The Incirrate octopods constitute a monophyletic group (Berthold and 

Engeser 1987), but relationships within the group are poorly known. The 

comparatively speciose Octopodidae exemplifies the 'type' concept of octopus, 

benthic animals grouped by their possession of eight arms bearing suckers, large 

eyes and an ink sac. However, these are primitive characters, pleisiomorphies 



which fail to define evolutionary lineages. The presence of single apomorphies 

has been used to define higher order taxonomic groups. 
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Although the three radically ditIerent groups within the Incirrata (the 

Argonautida, Ctenoglossa, and Octopodidae) have each been considered to be 

monophyletic based on ostensible autapomorphies (Berthold and Engeser 1987), 

these apomorphies may also be interpreted as secondary reductions. For example, 

the soft jaws of Ctenoglossa and the arrested corneal development of the 

Argonautids may be derived from octopodid characters. The elaborate male 

reproductive anatomy characterizing the Argonautida show uncertain homologies. 

Berthold and Engeser (1987) did not consider the effect of reversals on Incirrate 

evolution, nor did they attempt to resolve relationships within the Incirrata. 

Earlier systematic treatments (Naef 1923; Robson 1932) define the Octopodidae 

as a paraphyletic group. 

This study re-evaluates the current systematics of the Incirrate Octopods. 

With genera serving as operational taxonomic units (OTUs), the definition of 

outgroups, and the application of parsimony algorithms, relationships among 32 

incirrate octopods are explored and the potential for determining a reliable 

phylogeny with available data is tested. Primary goals are to examine relationships 

among major Incirrate groups and to assess relationships within the Octopodidae. 

MATERIALS AND METHODS 

Currently accepted generic divisions within the Incirrate octopods (Table 

16) generally comprised the ingroup; however, EllIeruc/ojJllS, Robsol/ella and Benya 

-_._---_._--------_.---



were deleted because they are not currently thought to represent evolutionary 

lineages (R.B. Toll, G.L. Voss pers. comm.). 
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Ambiguities in some recent taxonomic descriptions forced the division of 

several genera into two OTUs each. Bell/hoc/opus and Ba/Izypolypus each contain 

species having distinctly different crop morphologies (Toll, 1981; 1985). Because 

Voss (1988a) hypothesized crop morphology to be a key character in Octopodid 

evolution, I treated Bemhoctopus oregonae, Belllfzoc/opus jamwrii, Batltypo!ypus 

faeroensis and Batlzypolypus spp. (primarily B. spollsalis and B. prosclzi) as separate 

lineages. Voss (1988a) similarly thought Belllfzoctopus to contain two lineages, 

represented by these species. Gralleledolle contains species with radically different 

radular dentition (Voss, 1976); I use G. macro/yla and G. all/arc/ica as OTUs. 

These six species were chosen to serve as lineages because recent taxonomic 

treatments provide detailed data, not because they are the only species in their 

respective genera. 

Outgroups are represented by a hypothetical squid, Vampyrotellihis (a 

monotypic order) and by the Cirrata which, together with the suborder Incirrata, 

form the order Octopoda. Berthold and Engeser (1987) defined relationships 

among these taxa and between them and the Incirrata, simplifying the task here. 

Because characters that define relationships among the Cirrata do not pertain to 

the Incirrata (e.g., shell anatomy), this suborder was treated as a single taxon. 

Characters variable in state within polytypic taxa were coded as unknown. 

Literature data provided the basis for the present analysis. The complete 

dataset is listed in Appendix 2. Use of literature data somewhat weakens the 

conclusions reported here due to biases in descriptions by many authors and to my 



TABLE 16. Current taxonomy of the Incirrate octopods (Clarke and 
Trueman, 1988). 

Order Octopoda Leach, 1818 

Suborder Incirrata Grimpe, 1916 

Family Bolitaenidae Chun, 1911 

Bolitaena Steenstrup, 1859 

Japetella Hoyle, 1885 

Eledonella Verrill, 1884 

Dorsopsis Thore, 1949 

Family Amphitretidae Hoyle, 1886 

Amphitretus Hoyle, 1885 

Family Idioctopodidae Taki, 1962 

Idioctopus Taki, 1962 

Family Vitreledonellidae Robson 

Vitreledonella Joubin, 1918 

Family Octopodidae Orbigny, 1845 

Subfamily Octopodinae Grimpe, 1921 

Octopus Lamarck, 1798 

Cistopus Gray, 1849 

Scaeurgus Troschel, 1857 

Pteroctopus Fisher, 1882 

Hapalochlaena Robson, 1929 

Euaxoctopus Voss, 1971 

133 



Table 16 (continued) 

Genera not included in this analysis: 

*Enteroctopus *Danoctopus *Robsonella *Benya 

Subfamily Eledoninae Grimpe, 1921 

Eledone Leach, 1817 

Pareledone Robson, 1932 

Tetracheledone Voss, 1955 

Vosseledone Palacio, 1978 

Velodona Chun, 1915 

Subfamily Bathypolypodinae Robson (as modified by Voss) 

Bathypolypus Grimpe, 1921 

Benrhoctopus Grimpe, 1921 

Tereloctopus Robson, 1929 

Subfamily Graneledoninae Voss, 1988 

Graneledone Joubin, 1918 

Thaumeledone Robson, 1930 

Bentheledone Robson, 1932 

Family Tremoctopodidae Brock, 1882 

Tremoctopus Delle Chi a je, 1829 

Family Argonautidae Naef, 1912 

Argonauta Linnaeus, 1758 

Family Ocythoidae Gray, 1849 

Ocytlloe Rafinesque, 1814 

Family Alloposidae Verrill, 1882 

Alloposus Verrill, 1880 
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own possible misinterpretation of reports; however, real lineages within the 

suborder wiIl be resolved if character states are consistently reported. Characters 

used here represent a broad spectrum of anatomical features (Table 17). 

Characters were not weighted; those which acted only as autapomorphies of a 

single taxon were excluded. 

Characters were used as reported in the literature, with the exception of 

brain-lobe volumes. Raw values for brain-lobe volumes were back-calculated from 

percentage data (Maddock and Young, 1987). The raw volume measures were 

then logrithmically transformed and entered into Principal Components Analysis 

(PCA). PCA revealed that the optic and subfrontal lobes contribute most size

free variation among Octopod brain lobes. Weights of these lobes on PC2 and 

PC3 were gap-coded and used as characters in this analysis. 

The largest potential problem with 76 characters included is that 22 of 

them represent evolutionary reductions and losses. Because of their 

preponderance, such characters cannot be ignored in reconstructing octopod 

evolution. Reduction or loss of cirri, tentacles, fins and all but the rudiments of a 

shell define the suborder Incirrata (Berthold and Engeser, 1987; Engeser and 

Bandel 1988). 

Analysis was performed with PAUP 2.4.1 on an IBM-compatible personal 

computer. Characters were entered into the analysis unordered, since outgroup 

relationships had been established (Berthold and Engeser, 1987). Global branch

swapping with the MULPARS option were used to determine the most 

parsimonious tree(s). In addition, "user" trees were input to insure the most 

parsimonious trees were discovered. 
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TABLE 17. Characters and character states used in cladistic analysis. 

BODY CHARACTERS 

1 Optical density of musculature: opaque as in most squid (0): transparent/semi-transparent (1). 

2 Body Consistency: firm (0): gelatinous or semi-gelatinous (1). 

3 Gelatinous coat: absent (0): present (1). 

4 Mantle water pores: absent (0): present (1). 

5 Neck constriction: absent (0): present (1): strongly present (2). 

6 Shell: present within mantle (0): stylets (1): loss of stylets (2) (Engeser and Berthold 1988). 

7 Fins: present (0): absent (1) (Berthold and Engeser 1987). 

8 Third arm pair: arms equal length (0): third arm pair singularly the longest (1). 

9 & 10 Arm formula: equal length as in sessile arms of squid (00): arm length ordered from 

anteriormost to lateral to posteriormost I.II.I1I.IV (10): from anterior to posterior to lral 

I.IV.II.III. (01). 

WEB CHARACTERS 

11 Web depth: shallow as on sessile arms of squid (0): to arm tips (1). 

12 Ventral web extensions: symmetric web (0): asymmetric web extensions along ventral arm 

surface (1). 

13 & 14 Web formula: five nearly equal web sectors (00): elongation of lateral sectors BC>DAE 

(10): elongation of anterior sector A>BCDE (01). 

SUCKER CHARACTERS 

15 Number of sucker rows: one sucker row on each arm (0): two rows (1) (Voss, 1988; Engeser 

and Bandel, 1988). 

16 Membrane connecting arm suckers: although Naef (1923) argued that this membrane is not 

homologous between Argonautida and squid, he did not justify that statement; they are 

considered homologous here. Present (0): absent (1). 



Table 17 (continued) 

17 Sucker height: suckers stalked or pedunculate (0): sessile (1): embedded in arm tissue (2) 

(Engeser and Bandel 1988). 

18 Sucker spacing: I assume suckers stalked and well spaced ancestrally (0): dense suckers (1). 

19 Sucker density: equal along arm length (0): more dense at web insertion (1). 

20 Sucker number: equal on all arms (0): unequal (1). 

21 Cirri: present (0): absent (1) (Engeser and Bandel 1988). Included as cirri here are the 

hectocotylus fringe of Alloposus and Tremoctopus. 

SKIN CHARACTERS 

22 Skin texture: Smooth (0): papillose or warty (1). 

23 Peripheral keel: absent (0): present (1). 

24 Cartilaginous tubercles on skin: absent (0): present (1). 

BRAIN CHARACTERS 

2S Photosensitive vesicles: on brain (0): on stellate ganglion (lateral wall of the mantle) (1) 

(young, 1977). 

26 Giant nerve fibers: present (0): absent (1) (Young, 1977) 

27 Subfrontallobe of the brain: small (0): medium (1): large (2) (Maddock and Young 1987). 

28 Optic lobe of the brain: large as in squid (0): medium (1): large (2) (Maddock and 

Young 1987). 

29 Suprabrachial commissure: absent (0): present (1) (Young, 1977). 

30 Magnocellular lobe: small (0): large (1) (Young, 1977). 

31 Anticristae: Several (0): one (1) (Young, 1977). 

EYE CHARACTERS 
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32 Eye type: Oegopsid-type (0): Myopsid-type with closed cornea (1) (Berthold & Engeser, 1987) 

33 Eye size: large (0): medium (1): small (2) (Naef 1923). 
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Table 17 (continued) 

34 Pupil shape: round (0): sickle shape (1): slit-like (2). 

MANTLE CLOSURE 

35 Mantle closure apparatus: two mantle components and one funnel component as in squid and 

cuttlefish (0): loss of superior extension of mantle component (1): further loss or 

reduction (2). 

36 Shape of Funnel component of mantle closure apparatus: straight or down-curved (0): upward 

curve (1) (Naef 1923; Robson 1932). 

37 Funnel valves: present (0): absent (1) (Berthold and Engeser, 1987). 

38 Fusion of funnel and mantle opening: funnel and mantle aperture free from head (0): funnel 

fused to head (1): medial fusion of mantle aperture (around the funnel) (2). 

39 Median Mantle Adductor: extends length of mantle cavity (0): restricted to anterior mantle 

cavity (1). 

FUNNEL ORGAN CHARACTERS 

40 Funnel organ form: linear (0): globular (1). 

41 Funnel organ parts: one or two parted as in squid (0): four parted (1). 

42 Funnel organ lateral limbs: present (0): absent (1). 

GILL CHARACTERS 

43 Gill number: > 13 gill filaments per demibranch as in squid (0): 11-13 (1): 6-11 (2); <6 (3). 

Groups determined by gap-coding. 

44 Inner gills: roughly equal to outer gills (0): fewer filaments (1). 

BEAK CHARACTERS 

45 Lower Beak profile: high as in squid (0): elongate (1): squat (2) (Clarke, 1986). 

46 Rostrum present: yes (0): no (1). 



Table 17 (continued) 

47 Rostrum width: broad as in squid (0): extremely 'pinched in' (1) (Clarke 1986). 

48 Rostrum hook: strong as in squid (0): outward curve (1): inward curve (2). 

49 Beak hood: comparatively small as in squid (0): enlarged (1). 

50 Beak texture: hard, dark colored (0): light colored (1): soft (2). 

RADULAR CHARACTERS 
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51 Radula dentition: homodont (0): heteroglossan (1): ctenogIossan (with seven multicuspid teeth) (2). 

52. Radular reductions: Seven teeth, 2 marginal plates (0): loss of marginal plates (1); loss of 

marginal and lateral teeth (2). 

53 First lateral tooth: single cusp (0): two cusps (1) (Ctenoglossan condition not applicable). 

54 Shape of the Marginal plate: rectangular as in squid (Naef, 1923) (0): square (1). 

55 Rachidian tooth: Unicuspid as in squid (0): multicuspid (1): serriated (variable cusp 

arrangement repeating every 3-5 teeth) (2). 

DIGESTIVE SYSTEM CHARACTERS 

56 Rotation of the viscera: Internal anatomy as in squid (0): 1800 displacement of viscera (1) 

(Thore, 1949). 

57 Posterior salivary glands: small (0): large (1). 

58 Esophageal Crop: dilation (0): diverticulum (1) (Voss, 1988). 

59 Stomach: muscular (0): thin-walled (1). 

60 Size of cecum: equal or smaller than stomach (0): larger than stomach (1). 

61 Cecum morphology: spiral (0): reduced spiral (1). 

62 Intestine: simple, undifferentiated (0): dilated (1). 

63 Anal flaps: present as in squid (0): absent (1). 

--~------ ----
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Table 17 (continued) 

INK SAC CHARACfERS 

64 Ink sac relative to digestive organ: remote from digestive organ as in squid (0): superficial in 

digestive organ (1): deep (2). 

65 Ink sac size: large as in squid (0): reduced (1): absent (2). 

REPRODUCTIVE SYSTEM CHARACfERS 

66 Sexual dimorphism apparently due to male neotony: absent (0): present (1). 

67 Distal oviduct: slender distal oviduct (0): broad (1). Many squid and cuttlefish have external 

seminal receptacles; distal oviduct enlargement may be associated with internal 

fertilization. 

68 Eggs: with heavy coat (0): brooded (1). 

69 Hectocotylized arm: one of the third arms is modified for spermatophore transfer; I assume 

right arm (0): left arm (1). 

70 Primary sexual dimorphism present only as enlarged suckers on third arm pair: no (0): yes (1). 

71 Hectocotylus pouch: absent (0): present (1): pouch inverts around hectocotylus (2) 

(Naef, 1923). 

72 Hectocotylus with distal enclosed spermatophore sac: no (0): yes (1) Naef (1923). I include 

here the penis sac of Oeythoe which appears homologous. 

73 Penial filament: absent (0): present (1). 

74 Spermatophore groove: restricted to distal arm (0): groove running full arm length (1). 

75 Ligula elongate distal to calamus: yes (0): no (1). 

76 Spermatophore production: many (0): comparatively few (often large) (1) Voss (1988). 
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Examination of the holotype of Tetracheledolle spillicinus at the Museum of 

Comparative Zoology, Harvard recorded the presence of an intestinal dilation in 

that OTV. That datum was entered (changing the character state from unknown 

to present) and the complete data set was re-analyzed. 

RESULTS AND DISCUSSION 

Nine equally parsimonious trees were found in this analysis (expressed as a 

strict concensus tree in Fig. 19) of the literature data set. The minimum tree 

length was 251 steps, with a consistency index of 0.378. At 252 steps, over 650 

trees are found. Table 3 lists character state changes at each node. Inclusion of 

the single datum for Tetracheledolle increases the number of steps by two and the 

number of most parsimonious trees to over 2000 (Fig. 20). The equally 

parsimonious trees from Fig. 19 are among those in Fig. 20. 

The monophyly of the Incirrata (Node A to B) is demonstrated by the loss 

of the shell, fins, funnel valves and giant nerve fibers, by the reduction in the 

number of anticristae, and by the appearance of the crop diverticulum and 

maternal care of eggs.Although Grimpe defined the Incirrata as lacking cirri, the 

filamentous appendages on the lateral adoral arm surfaces, my analysis does not 

support this definition. I include the hectocotylus "fringe" of Alloposus and 

Tremoctopus as cirri. The threadlike filaments which constitute the fringe occupy 

the same location as cirri, and may serve a sensory function. No data demonstrate 

that the structures are not homologous nor, to my knowledge, has the literature 

addressed the issue. Loss of cirri, in this analysis, is a synapomorphy of the 

Ctenoglossa and Octopodidae and of Argonallta and Ocytlzoe rather than a 

synapomorphy of the suborder. 
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FIGURE 19. Strict consensus tree from 9 equally parsimonious trees for Incirrate 
octopods based exclusively on 76 characters taken from literature 
data. 252 steps; Consistency Index 0.378. 

--------------
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FIGURE 20. Strict consensus tree from 2000 equally parsimonious trees for 
Incirrate octopods. Based on 76 characters from literature data and 
a sin~le character state taken directly from a specimen. 253 steps; 
ConsIstency Index 0.377. 
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The traditional view of Incirrate phylogeny is that the Argonautida and the 

Octopodidae are closely related (Robson 1932); Naef (1923) considered the 

Argonautida derived from an Octopus s. s. ancestor. The Ctenoglossa have been 

perceived as a distinct, primitive group distinguished from the major Octopod 

lineage by their unique radula. Vitreledo1!ella has been problematic. Provisionally 

placed in the Ctenoglossa by Naef (1923: 650), the genus has since been 

considered a highly derived Octopodid (Naef 1923: 666; Robson, 1932), 

convergent with the Ctenoglossa in all characters except the radular dentition 

(Naef, 1923; Robson 1932; Thore, 1949). 

In this analysis, the Argonautida, Ctenoglossa, and Octopodidae each 

represent discrete Octopod lineages (Fig. 19). Argonautida is the most primitive 

Incirrate group, contradicting Naefs (1923) suggestion that these four distinctly 

different epipelagic octopods are derived from an OctOjJllS ancestor. Naef defined 

the tribe Heteroglossa to include the Argonautida and Octopodidae, based on 

their comparatively simple radula in contrast to the elaborate radula of the meso

and bathy-pelagic tribe Ctenoglossa. This analysis indicates that the characters 

Naef cited as synapomorphies between the Argonautida and Octopodidae (two 

sucker rows, ink sac, radula and the general body form) are in fact convergences 

and sympleisiomorphies. The tribe Heteroglossa is para phyletic. The 

Argonautida should be formally recognized as a monophyletic tribe and assigned 

that name. The Octopodidae should also be formally rc::cognized as a 

monophyletic, monotypic tribe, the Octopodoidea. 



The Ctenoglossa and Octopodidae are sister groups, unified by eight 

synapomorphies, including brain, digestive system, sucker and respiratory 

characters (Table 18). 
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The Argonautidu share 11 synapomorphies (Table 18), only 4 of which relate 

directly to their reproductive biology, traditionally the primary character suite invoked 

to demonstrate their monophyly. The presence of the mantle closure apparatus in 

this group, although considered a synapomorphy here, may be attributal to parallel 

reductions in Vampyroteutlzis and the Cirrata. As suggested by Naef (1923), AllopOSliS 

is the most primitive member of the Argonautida; Argol/all/a and OCYI/zoe are sister 

taxa. 

The Ctenoglossa and the Vitreledollella form a monophyletic group. 

Although Naef erected the tribe Ctenoglossa based solely on the characteristic 

radula, these taxa share eight additional synapomorphies (Table 18). 

Relationships of Vitreledollella have been uncertain, but Vilreledollella displays all 

Ctenoglossan apomorphies except the radular dentition. 

Although Fig. 20 shows relationships within the Ctenoglossa to be 

unresolved, the relationships in Fig. 19 most closely agree with those of traditional 

treatments and these will be discussed below. 

The Ctenoglossa contains Bolilaella, a clade formed by Eledollella, Japetella 

and Dorsopsis of the Bolitaenidae and a clade containing Vilreledollella, Idioctopus 

and Amplzitretus. Relationships of Boli/aella are uncertain; it forms a trichotomy 

with the other genera considered members of the Bolitaenidue, the Amplzilrellls 

clade, and as the most primitive of the Ctenoglossa. However, additional data 



146 

suggest the Bolitaenidae s. s. is monophyletic. Mouthlites, which may be 

associated with the internal glands Thore (1949) reported in gravid female 

Eledonella and Japetella, are known in gravid Eledollel/a, Bolilaella and Japetella 

(Robison and Young, 1981; Herring et ai. 1987). Without comparable data for 

other Ctenoglossa this character could not be used in this analysis. Incomplete 

data also eliminated the usefulness of the character optic nerve length. I 

tentatively retain Bolitaclla in the Bolitaenidae with Eledollel/a, Jape/ella and 

Dorsopsis. Relationships within the Ctenoglossa support those suggested by Taki 

(1962) and Thore (1949). 

The clade containing Amplzi/re/l~~ ldioe/opus emd Vilreledol/el/a (all 

monotypic families) shares apomorphies of the rotation of the viscera and 

restriction of the spermatophore groove to the distal hectocotylus. Limited data 

suggest the small posterior salivary gland and "pinched in" rostrum with an inward 

curve may also unify the group. Despite what may be major evolutionary changes 

associated with the rotation of the viscera, this character is unweighted. 

Systematists have consistently treated the Octopodidae as monophyletic. 

Even Naef (1923), who stated that the Argonautida arose from within the group, 

did not note that he thus defined the OctopodicJae to be paraphyletic. Within the 

family, however, taxonomy has followed two divergent views. Robson (1932) split 

the family into the Octopodinae and Bathypolypodinae. The latter group includes 

Bathypolypus, Graneiedone, and Tlwwneledolle, abyssal octopodicJs lacking an ink 

sac and crop, with a very narrow mantle aperture, squat body with short arms, 

large distal oviducts and eggs and large spermatophores which are few in number. 
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TABLE 18. Character state changes at nodes indicated in Figure 1. 

Vampyroteuthis to Node A: Defines the Order Octopoda 

Funnel organ linear 
Beak elongate 
Magnocellular lobe enlarged 

Node A to B: Defines the Incirrata 

Crop diverticulum present 
Fins lost 
Anticristae reduced to one 
Funnel valve lost 

Node B to C: Defines the Argonautida 

1\vo sucker rows 
Mantle closure apparatus present 
Multicuspid rachidian tooth 
Web sector A deepest 
Unequal number of suckers on the 

four arm pairs 
Hectocotylus in a pouch 

Node C to D: Defines the Argonautida ingroup 

Mantle water pores 
Gelatinous consistency 
Membrane between the suckers 
Mantle adductor muscle in 

anterior mantle cavity 

Node D to E: Defines Argonauta & Ocythoe as sister taxa 

Heetocotylus sac inverts 
Thin stomach 
Crop absent 
Ink sac more superficial 

in digestive organ 

Photosensitive vessicles on mantle 
Suprabrachial Commissure present 

Rostrum hook reduced 
Giant nerves lost 
Eggs brooded 

Sexual dimorphism 
Penial filament present Nonserriated 
Few spermatophores 
Dorsal arms longest; ventral shortest 

All shell rudiments lost 

Soft beaks with a pinched-in rostrum 
Square marginal plates 

No cirri on the hcclocotylus 
Ventral arms lengthen 



Table 18 (continued) 

Node B to F: Defines Ctcnoglossa & Octopodidae as sister taxa 

Simple intestine 
Gill filaments 
Funnel free from the mantle 
Large posterior salivary gland 

Node F to G: Defines the Ctcnoglossa 

Transparent bodies with 

Reduced optic lobe of brain 
Cirri lost 
Stalked suckers lost 
Small eycs 
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gelatinous coating 
Reduced inner gill 
Sucker density increased at web insertion 
Shell rudiments lost 

Lateral limbs of the funnel organ lost 
Soft jaws 

Ligula long distal to the calamus, 
often with suckers 

Node G to H: Defines the AmphiJretus clade 

Viscem rotated 
Spermatophore groove restricted 

to distal hectocotylus 

Ctenoglossan radula 

Node H to I: Defines Jdioctopus & Amphitretus as sister taxa 

Deep web 
Beak hood small 

Subfrontal brain lobe large 
Mantle aperture fused medially 

Node G to J: Defines the Bolitaenidac including BoliJaena 

Drastic reduction in gill filaments 
Funnel fused to head 
Hectocotylus restricted 

to enlarged suckers 

Globular funnel organ 
Suckers embedded in the arms 

Node J to K: Defines Eledonella, Japetella & Dorsopsis clade 

Suckers equally dense along arm length 
Third arm pair longest 



Table 18 (continued) 

Node J to K: Defines Dorsopsis & JapeleUa as sister taxa 

Slender oviduct 
Rostrum absent 
Anterior web sector deepest 

Node F to M: Defines the Octopodidae 

Fully closed cornea 
High beak with reduced beak hood 
Loss of anal flaps 
Elongation of the lateral web sectors 

NodeMtoN 

Medium eyes Warty Skin 

NodeNto 0 

Ink sac more superficial in digestive gland 

Node 0 to P 

Intestinal dilation 

NodeP to Q 

Ventral web extensions 
Cartilaginous tubercles 

Node Q to R: Defines the Bathpolypodinae Robson 

Few spermatophores 
Small posterior salivary gland 
Ink sac lost 

NodeR to S 

Cartilaginous tubercles lost 

Node S to T 

Small eyes Cecum not spiral 

Dense suckers 
Large eyes 

Sub frontal lobe of the brain enlarged 
Slit-shaped pupil 
Dense suckers 

Firm texture 

Large eyes 

Gelatinous texture 
Lateral arms shorter 

Peripheral keel 
Crop absent 

Neck slightly constricted 

Two sucker rows 
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Table 18 (continued) 

Node T to U: Defines lJaJhypolypus spp. 

Suckers widely spaced 

NodeTto V 

Thin stomach 
Hectocotylus on left arm 
Suckers embedded 

NodeVtoW 

One sucker row 

Node 0 to X 

Suckers embedded 
Distant suckers 

NodeXtoY 

Beak hood enlarged 

Slender distal oviduct 
Serriated, multicuspid radula 

NodeYto Z 

Two sucker rows 

Node Z to a 

Strongly constricted neck 

Node a to b 

Ventral web extensions 
Funnel component of mantle closure 

apparatus straight 

Node b to c 

Light beak 
Smooth skin 

Reduced inner gills 
Subfrontal lobe 

reduced 

Small optic lobe 

Radula reduced 
Anterior web sector deep 
Arms equal length 

Gill filaments reduced 

Neck slightly constricted 

Web sectors equal 

Sessile suckers 

Ink sac deep in digestive gland 

Lateral arms shorter 
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Table 18 (continued) 

Node c to d: Defines Bendwctopus spp. and Teretoctopus 

Ink sac lost 

Noded to e 

Intestinal dilation 
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The Octopodinae contains the remaining Octopodids. This contradicts divisions of 

the family based primarily on the number of sucker rows on each arm. 

Compared to the distinctive taxa within the Argonautida and Ctenoglossa, 

members of the Octopodidae are strikingly similar. The number of sucker rows is 

the most obvious difference between species in the family and has been used as a 

basis for taxonomy by Fischer and Fischer (1892), Grimpe (1921) and Voss 

(1988a). Robson (1932) rejected the Eledoninae, defined by a single sucker row 

and large eggs, as a monophyletic group. He felt that its apomorphies were 

inadequate to refute his proposed subfamily Bathypolypodinae, which includes 

taxa with one and with two sucker rows. 

Thiele (1935) redefined Bathypolypodinae Robson to include Be1Zllzoctopus, 

abyssal octopodids with a crop, multicuspid, serriated radula, no ink sac and a 

generally narrow mantle aperture and reduced gill filaments. This genus was 

considered too similar to Batlzypolypus (both having two sucker rows and no ink 

sac) for them to be assigned to different subfamilies (Wirz, 1955). Voss (1988a) 

concurred. He erected four Octopodid subfamilies (Table 16) citing the single 

sucker row as unifying Eledoninae and Graneledoninae and the double sucker row 

as unifying his Bathypolypodinae (containing BelllilUclUplIS, Ba/!lypolypus and 

Teretoctopus) and Octopodinae. He attributed the absence of an ink sac in 

Graneledoninae and BathypoJypodinae to convergence between distinct lineages. 

Within-group variation in other characters (funnel organ, radula, crop, posterior 

salivary glands) cited in the definition of his subfamilies undermine the usefulness 

of these characters in defining groups. 



153 

My analyses reject the subfamilies of Voss and generally supports those of 

Robson (Fig. 19). The literature based analysis suggests that MegaleledolZe and 

Pareledone are the most primitive Octopodids. Mega/eledolZc Taki 1962, described 

from a single female and later an immature male (Kubodera and Okutani, 1986), 

is a poorly }.nown genus diagnosed by its large body size and the absence of 

marginal plates. Voss (cited as pers. comm. by Palacio, 1978) considered it 

synonymous with PareledolZe. PareledolZe contains octopod ids restricted to the 

Southern Hemisphere having a single row of suckers, normal intromittant organ, 

ink sac and radula, a variable rachidian tooth and marginal plates (Robson, 1932; 

Palacio 1978). This definition is so broad, and based on so many pleisiomorphies, 

that the genus may conceal a diverse set of evolutionary lineages. Relationships 

among these taxa cannot be resolved with current data. 

In regard to the Bathypolypodinae, this analysis shows that in addition to 

Graneledolle, 71zallmeledolZe and Bent/zdec/olle, the genera Vosseledolle, VelodolZa 

and Pteroctopus may also pertain to this clade. I attribute the placement of 

Pteroctopus in the Bathypolypodinae to an artifact of very limited available data. 

Additional information would, I suspect, show it to be a sister taxon of Scaellrgus. 

However, at present, the hypothesis that it pertains to B({lhypol)1JllS cannot be 

rejected. This group of deep sea species is unified by the presence of a dilation of 

the intestine. 

Examination of digestive system evolution in the Bathypo)ypodinae (Figure 

21a) shows repeated organ reduction and loss subsequent to the acquisition of the 



FIGURE 21a. 

FIGURE 21b. 
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Reductions and losses of characters pertaining to the 
digestive system subsequent to the evolution of the intestinal 
dilation in the Argonautoida. 

a) 
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Reductions and losses of characters pertaining to the 
digestive system subsequent to the evolution of the intestinal 
dilation in the Bathypolypodinae. 
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TABLE 19. A comparison of the Bellllzoctopus clade and the Bathypolypodinae 
at the basal node for each group. Derived conditions are italicized. 

Benthoctopus clade Bathypolypodinac Robson 
Node eto d QtoR 

Skin smooth warts tubercles 
peripheral keel 
Texture firm gelatinous 
Suckers 2 rows 1 rolV 

spread dense 
. Jaws light dark 
Rachidian Multicuspid Unicuspid 
tooth Serriated 
Posterior Large Small 

Salivary Gland 
Crop Diverticulum Dilation 
Intestine Simple Dilation 
Eyes Medium Large 
Web Sectors Equal Lateral deep 
Neck Constricted Weak 
Subfrontal Small Medium 
Lobe 
Inner Gills Reduced Equal to outer 
Distal Oviduct Slender Broad 
Spermatophores Many Few 
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intestinal dilation. In Octopus and Eledolle, the only Octopods for which digestive 

physiology studies are available, the intestine is a simple tube that does not absorb 

food (Boucaud-Camou and Boucher-Rodoni, 1983). These taxa have a strongly 

developed digestive system including a multicllspid rachidian tooth, large posterior 

salivary glands (which may allow external digestion of prey; Nixon, 1984), a crop 

diverticulum, a large muscular stomach and spiral cecum. In contrast, species with 

an intestinal dilation may have a reduced radula and posterior salivary glands, no 

crop, a thin stomach and non-spiral cecum (Fig. 21a). 

The intestine is also dilated in the Argonautida (Fig. 21b); the pattern of 

digestive system reduction in this lineage parallels that seen in the 

Bathypolypodinae. An intestinal dilation is also seen in the octopodines 

Bem/zoctoplls januarii and Teretoctopus; the latter genus has reduced posterior 

salivary glands (Voss, 1988a). This repeating pattern of reductions and losses in 

deep sea and open ocean taxa suggests that these groups have undergone major 

changes in digestive physiology. Perhaps these changes are adaptive in 

environments where periodic food limitation results in feast-or-famine feeding 

regimes. 

The other octopodid lineage is very similar in composition to Robson's 

Octopodinae. It is characterized by a multicuspid, serri,lted rachidian tooth. This 

character is unique in the suborder and may best define the lineage. Recognition 

of an intestinal dilation in Telraclzeledolle, however, undermines the dichotomy 

created by the rachidian tooth dentition and the intestinal dilation (Fig. 19; 20). 

The cladogram based strictly on literature data is obviollsly delicately balanced. In 
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part the balance was created by incomplete descriptions, uneven data availability. 

With additional study of specimens, these problems can be overcome. Currently, 

despite the loss of resolution, I have shown that members of Voss' 

Bathypolypodinae are at opposite ends of octopodid evolution (Fig. 19; 20; Table 

19). The taxon Bathypolypodinae as defined by Voss (1988a) is polyphyletic. 

This analysis suggests that character evolution within the Octopodidae is 

generally restricted to changes in suckers, web and neck constriction (Table 18). 

In part this may be attributable to my avoidance of characters pertaining directly 

to chromatophore organs. These organs appear to be most highly evolved in this 

lineage and doubtlessly contain information on phylogenetic history. 

Complete resolution of octopod phylogenies is impossible at this time 

(Fig. 20). However, I have shown errors which have plagued previous analyses. 

Elevating conspicuously different taxa to high taxonomic rank has created groups 

which constitute paraphyletic assemblages. Traditional octopodid genera often fail 

to represent monophyletic lineages (see Benthoctopus, Graneiedone, Fig. 19; 20) .. 

Definition of taxa by sympleisiomorphies, e.g,. the Eledoninae of Voss and the 

genus Octopus itself, also fails to create monophyletic taxonomic groups. These 

practices create liabilities for octopod systematics. This analysis itself is weakened 

by the use of possibly paraphyletic genera as OTUs. For this reason, the 

cladograms (Fig. 19; 20) must be viewed with caution; the methodology used 

cannot recognize an OTU as paraphyletic. 

I have demonstrated that, even in octopods, monophyletic groups can be 

defined by multiple apomorphies. Octopod systematics is ready to progress 
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beyond the level of alpha taxonomy. Although my results do not necessarily 

reveal the true evolutionary history of the Incirrata, they question Naefs statement 

(1923: 794, also cited by Voss, 1988a: 275) that "the development of the Octopoda 

will remain obscure forever". My results represent an explicit set of hypotheses, 

based on explicit character state changes, that will stimulate future research. 



159 

CONCLUSIONS 

This study encompasses diverse aspects of octopus biology and evolution. 

In reference to the field studies, enlarged suckers are shown to be an accurate 

indicator of male maturity in Octopus digueti. Documentation that this character 

permits recognition of a biological age class overcomes the largest single problem 

limiting the study of octopuses in the wild. Using this criterion to define age 

classes allowed me to be the first to estimate male growth rates in the wild and 

directly compare those data to laboratory-derived growth rates. No significant 

differences were found. 

In addition, ambient moonlight was found to significantly reduce octopus 

movements. A mechanism of mate choice reported here avoids size-associative 

mating, and therefore maintains high variance for body size and life span in the 

population, a requisite characteristic if this semel parous species is to survive 

periodic age- or stage-specific morality. 

In reference to studies of octopus evolution, the soft bodies of octopuses 

are shown to contain virtually no discern able preservation artifact, contradicting 

the centuries old assumption that deformation eliminates information contained in 

preserved specimens of octopods. Shallow-water octopuses are shown to vary 

principally in arm length, head width and sucker diameter. Apparent clades are 

morphologically distinguishable, but with the current level of resolution are not 

morphologically distinct. Species of rock/reef substrates have characteristically 
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longer arms and smaller mantles than do species of soft substrate environments. 

Overt sexual dimorphism exists in some of these members of the Octopodinae 

only in male enlarged suckers; other morphological characters do not reliably 

separate the sexes. 

Arm length, head width, mantIe width and sucker diameter are also the 

primary sources of shape variation in the Octopodidae. The patterns of 

morphological variation correlate with latitude and depth distributions. Shallow

water, tropical species have long arms, narrow heads and mantles and large 

suckers. Deep sea and high latitude species have short arms, small suckers and 

broader bodies. The correlation of morphological variation with geographic 

distribution, coupled with Voss' (1988a) definition of subfamilies by 

pleisiomorphies and characters adaptive in the deep sea, suggests these 

subfamilies represent phenetic groups. 

Cladistic analysis of the suborder Incirrata supports this suggestion. The 

Argonautida are the most primitive incirrate octopods; the Ctenoglossa and 

Octopodidae are sister taxa. Within the Octopodidae, Voss' (1988a) subfamilies 

are rejected as paraphyletic groups, those of Robson (1932) are supported. 

Morphological changes can be mapped onto the cladogram, offering an 

opportunity to examine undetected patterns of octopod evolution. The number of 

sucker rows is seen to double in four independent events in the Incirrata (Fig. 22). 

Studies of octopus sucker functional morphology (Kier ami Smith, in press) 

predict shallow water octopuses require the largest Slicker area to generate 



adhesive force. Doubling the number of sucker rows increases sucker area two 

fold, relative sucker diameter is not affected by the number of sucker rows. 

Therefore, two sucker rows are more efficient than is one sucker row. 
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The evolution of a double slicker row is convergent in the Argonautida and 

the Octopus lineage, the only shallow-water taxa in the suborder, and in 

Bathypolypus and Pteroctopus, both deep water taxa. 

The morphological change of arm lengthening, and head and mantle 

narrowing (characteristic of shallow-water reef species) when mapped onto the 

cladogram occur only once, in the Octopus lineage. This type of morphological 

evolution is suggested to be associated with the use of hard-sided refugia in 

vertebrates. The hypothesis is supported in the Octopodinae and in the 

Octopodidae. However, why should only the shallow-water species show this 

morphological pattern, when the ancestral form must have also appropriated 

shelter as a refugia from predation? 

One potential answer is that the ancestral octopodid, with one sucker row, 

short arms and a broad body, occupied deep water habitats on the continental 

shelf. The shallow-water octopuses with two sucker rows, long arms and thin 

bodies may represent a comparatively recent line;lge, "ble to colonize the low 

hydrostatic pressure environments of shallow waters only by virtue of their double 

sucker row. 

In the twilight environment of the continental shelf, crypsis may have been 

sufficient for the ancestral octopodid to reliably escape detection by predators. 
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However, in the euphotic zone, refugia from predators had to be found. The 

morphological trend seen in these shallow water octopodids is unique in the 

suborder and may constitute an apomorphy that with the acquisition of paired 

sucker rows allowed the ancestral deep sea octopod ids to colonize and radiate in 

the shallow waters of the world. 



APPENDIX 1. 
LIST OF SPECIES IN THE OCTOPODIDAE INCLUDED. 

Species included in principal components analysis with data source, sample size, mean latitude, mean depth and 
loadings on PC2 and PC3. 

SPECIES SOURCE N LATIT. DEPTH PC2 PC3 

Octopus alecto UA; pers.coll. 18 24 30 -1.54 -0.23 

Octopus balboai Voss, 1971 1 7 0.159 0.993 

Octopus bimaculatus UA; pers. coIl; 
Pickford & 
MacConnaughey, 
1949 13 33 30 -0.57 0.23 

Octopus briareus Pickford, 1945; 
UTMBI 38 12.5 20 -1.13 0.45 

Octopus bunyi Voss, 1951a; 
Pickford, 1955; 
Adam, 1960; 1961 15 18 105 0.377 0.374 

Octopus defilippi Voss, 1964a; 
Palacio, 1977; 
ANSP 9 16 58 -2.18 -0.87 

Octopus digueti UA; pers. coIl. 23 28 58 0.06 0.89 

Octopus fitchi UA; pers. colI. 22 26 25 -0.29 0.49 
J-l 
0\ 
.p. 



Octopus joubini Pickford, 1945 18 18 40 0.46 0.44 

Octopus hubbsorum VA; pers. coil. 23 24 15 -0.27 0.61 

Octopus hummelincki Alvina, 1965 44 10 100 0.1333 0.253 

Octopus macro pus Pickford, 1945; 
Adam, 1951; Voss & 
Phillips, 1957; 
Palacio 1977 10 15 15 -1.285 -0.309 

Octopus maya Voss & Solis, 
1966 UTMBI 41 10 25 -0.05 0.15 

Octopus penicillifer Voss, 1971 2 16 22 1.27 -0.48 

Octopus selene Voss, 1971 30 8 35 0.41 1.01 

Octopus veligero NMNH 1 33 90 0.6836 0.994 

Octopus vulgaris Pickford, 1945; 
1955; Adam, 19?? 33 4 100 -0.23 0.58 

Octopus zonatus Voss, 1968 4 5 53 0.73 0.15 

Robsonella fontaniana Pickford, 1955 5 28 60 0.36 0 

Robsonella australis Dell, 1952 8 28 60 0.1 0.27 

Robsonella huttoni Dell,1952 3 28 60 -0.43 0.21 

Cistopus indicus Voss, 1963 8 5 25 -1.26 0.18 
I-' 
0\ 
Vl 



Euaxoctopus panamensis Voss, 1971 5 10 45 -1.99 -1.38 

Euaxoctopus pillsbwyae Voss 1975 2 10 44 -3.04 -2.77 

Hapalochlaena spp. Adam, 1939; 1954 20 8 15 0.6194 -0.83 

Scaeurgus unicirrhus Robson, 1929; 
Voss, 1951; 
Adam, 1967 11 0 275 0.57 -0.71 

Pteroctopus tetraci"hus Robson, 1929 2 0 410 0.93 -3.03 

Bathypolypus arcticus Robson, 1932 4 55 772 1.0233 -1.153 

Bathypolypus faeroensis Russell, 1909; 
Toll, 1985 2 65 755 0.61 -1.05 

Bathypolypus obesus Robson, 1932 1 55 772 1.488 -1.457 

Bathypolypus salebros Robson, 1932 3 50 423 1.303 0.819 

Benthoctopus abruptus Robson, 1932 1 30 1074 0.685 -1.594 

Benthoctopus benyi Robson, 1932 1 39 2196 2.215 -3.234 

Benthoctopus ergasticus Robson, 1932 3 32 693 0.4262 -3.245 

Benthoctopus eureka Robson, 1932 2 50 0.1603 0.4856 

Benthoctopus hokkaidensis Robson, 1932 3 42 704 1.449 -0.559 

BentllOctopuS januarii Robson, 1932; 
Toll 1981 11 8 541 -1.17 -2.21 ....... 

0\ 
0\ 



Benthoctopus levis Robson, 1932 4 60 75 1.128 -1.285 

Benthoctopus lothei Robson, 1932 1 29 1365 1.097 -2.568 

Benthoctopus oregonae Toll 1981 7 10 860 0.55 -1.35 

Benthoctopus piscatorum Robson, 1932 3 60 1356 0.79 -0.87 

Benthoctopus profundorum Robson, 1932 3 35 2086 0.818 -1.947 

Benthoctopus thielei Robson, 1932 1 49 0 1.377 0.080 

Benthoctopus sp. A Adam, 1954 4 6 304 0.968 -1.259 

Eledone cirrosa MCZ 2 47 90 0.79 1.27 

Eledone massyae Voss, 1964b 2 63 115 1.04 0.42 

Pareledone adelieana Robson, 1932 1 67 538 1.694 -0.073 

Pareledone antarctica Robson, 1932 2 67 1.533 0.228 

Pareledone charcoti Robson, 1932 4 65 307 1.551 0.198 

Pareledone harrison; Robson, 1932 2 65 575 2.2405 0.511 

Pareledone polymorpha Robson, 1932 4 64 566 1.231 -0.172 

Pareledone turqueti Robson, 1932 4 43 571 1.517 0.417 

Pareledone umilaki Taki,1962; 
Kubodera & 
Okutani, 1986 2 68 655 2.089 0.188 f-4 

0\ 
.....,J 



Tetracheledone spinicirrus Voss, 1955 3 

Vosseledone charrua Palacio, 1978 3 

Megaleledone senoi Taki 1962; 
Kubodera & 
Okutani, 1986 3 

Teretoctopus indicus Robson, 1932 4 

Bentheledone rotunda Robson, 1932 1 

Bentheledone albilla Robson, 1932 1 

Thaumeledone brevis Robson, 1932 1 

Thaumeledone gunteri Robson, 1932 1 

Graneledone challengeri Robson, 1932 1 

Graneledone macrotyla Voss, 1976 1 

Graneledone antarctica Voss, 1976 3 

Graneledone verrucosa Robson, 1932 2 

24 364 

32 105 

68 655 

16 1356 

51 3596 

62 3111 

55 2366 

50 410 

29 1510 

57 1846 

57 1846 

38 1575 

1.8 

1.941 

1.868 

0.06 

1.946 

1.412 

2.7468 

2.922 

1.37 

1.95 

1.1842 

1.55 

-0.36 

0.379 

0.831 

-2.39 

-1.6162 

-1.1622 

-2.25 

0.4036 

-1.3 

-1.02 

-2.225 

-1.83 
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APPENDIX 2. 
DATA SET ENTERED INTO CLADISTIC ANALYSIS. 

Polymorphic characters (indicated here by POL) were entered in analysis as unknown (?). Literature reference 
coded by a letter, reference listed in latter part of Appendix. 

1 2 3 4 5 6 7 8 9/10 11 
SQUID OL OL OL OL OL OL OM OL OOL OM 
V AMPYROTEUTHIS OW Ip ? ? OW OW 00 Oq OOF 10 
CIRRATA POL lCm Om Om OCm OCn On Om OOCm In 
ALLOPOSUS 10 lL IX OL OD 2R IX OR OIL IX 
AMPHITRETUS lR IX IX OR OX 2R IX OX OOL IX 
ARGONAUTA OM ? OL ? OS 2R 1M OL lOR OM 
BATHYPOLYPUS Ono POL 00 ? IR ? In 00 O?Ko On 
BENTHELEDONE ? In OR ? lR ? In OR OOR On 
BENTHOCTO.OREGONAE OZ IZ OZ OZ lZ ? IZ OZ OIZ OZ 
BENTHOCTO. JANUARII OZ OZ OZ OZ 2Z ? IZ OZ OIZ OZ 
BOLTIAENA ? IX ? OR ? 2R IX OR ?? IX 
ELEDONE OL OH OH OL lHi ? lR OHg O?LHgi OR 
ELEDONELLA IX IX ? OX OX 2R IX IX ?? OX 
GRAN. MACROTYLUS 01 11 01 01 01 ? 11 01 ?? 01 
JAPETELLA IR lq IX Oq Or 2R IX IX ?? OX 
OCTOPUS OL OQ OQ OQ POL POL lQ OQ POL OQ 
PARELEDONE OU On ? OU ? ? IR OR OOUR OR 
OCYTHOE ? Oq OL IL ? 2R 1M OL lOL OM 
TERETOCTOPUS lR ? OR ? ? ? lR OR OOR OR 
TETRACHELEDONE Oe ? Of Ie ? ? If Of OOf Of 
TREMOCTOPUS POL POL L 2Y lY 1M OL OIL OM 
VELODONE OF ? OF ? OF ? lW OR OIR OW 
VITRELEDONE IX IX ? ? OX 2R IX OX ?? 0 
VOSSELEDONE ON ON ON ON ON ? IN ON DOn 0 
THAUMELEDONE OR In ? ? ? ? In OR OOR 0 
DORSOPSIS IX ? IX OX OX ? IX IX ?? 0 
CISTOPUS ? OP ? Oh 2h ? lR Oh Olh 0 
EUAXOCTOPUS Ojk Ojk Ojk Ojk 2jk ? Ijk Ojk ?? 0 f-' 

-...) 
f-' 



HAPALOCHLAENA OB OA OB OA lA ? lA OB OOB 0 
PTEROcrOPUS Of 11 ? Of ? lQ lL OQ OOQ 0 
SCAEURGUS ? OM ? ? ? ? lL OM OOL 0 
MEGALELEDONE OU lU OU OU ? ? lU OU OOU OU 
IDIOcrOPUS IV IV ? OV 2V ? IV OV ?? ? 
G.ANTARcrICA 01 11 01 01 11 ? 11 01 011 01 
BATHY. FAEORENSIS Oa 1a Oa Oa la ? 1a Oa 01A Oa 

12 13/14 15 16 17 18 19 20 21 22 23 24 25 26 

SQUID OL OOL IL OL OL OL OL ? De ? OL ? Op Op 
VAMP ? 00q OW ? ? 00 Oq 10 00 ? OW ? Op Op 
CIRRATA ? POL On 1m 2m 1 Om ? On Om OCm ? Ip Op 
ALLOPO ? POL 1q IX ? 0 1R ? OC OD OD Oq 1p Ip 
AMPHITRET ? OOR POL ? ? OX IX OS IX ? OX OW Ip Ip 
ARGO ? OIR 1L OL OL OL OL 1m 1M OL OL OL 1p Ip 
BATHY ? POL In 1R 1R OR 00 ? In 10K POL On Ip 1p 
BENTHELE ? OIR On 1R 1R ? OR ? In 1R ? OR 1p 1p 
B. OREG lZ OOZ 1Z 1Z 1Z OZ OZ OZ 1Z 1Z OZ OZ 1p Ip 
B.JANUAR IZ OOZ lZ 1Z IZ OZ OZ OZ lZ lZ OZ OZ Ip 1p 
BOLITAENA ? ?? OX ? ? OX IX ? IX ? ? ? 1p 1p 
ELEDONE OL POL On 1L 2Hg Oi OHg ? lR lL POL On Ip 1p 
ELDEONELLA ? OIX OX IX 2X OX OX ? IX OX OX OX Ip Ip 
G.MACR IL 101 01 11 11 11 01 ? ?n 11 11 11 Ip 1p 
JAPETELLA OX OIR Oq IX 2X Iq OX ? IX ? Oq Oq Ip 1p 
ocropus POL POL IL lQ lQ POL OQ Ob IR POL OQ On Ip Ip 
PARELEDONE ? ?? OU ? IR IR ? ? IR POL OR ? 1p Ip 
OCYTHOE ? ?? IL OL OL OM OL IL 1M ? ? lL 1p 1p 
TERETOcrO ? ?? In IR IR OR OR ? IR ? On On Ip Ip 
TETRACHELE ? lOf On If 2f ? Of ? If If If In Ip Ip 
TREM OY OIL IY OL OL OM OL 1M OM OY OY OY 1p Ip 
VELO In lOR On IR IF OF OR IF IW In OF In Ip pI 
VITRE ? OIR OX ? 1R OX IX ? IX OX OX OX Ip Ip 
VOSS ON ION On IN IN IN ON ? IN IN ON On Ip Ip' 
THAUM ? ?? On IR 2R IR OR ? IR In ? On Ip Ip I-' 

-..] 
N 



DORSP ? ?? OX ? ? IX OX ? IX ? OX OX Ip Ip 
CIST ? POL Ih ? ? OP ? Ob IP Ih Oh ? Ip Ip 
EUAX Ojk OOjk Ijk Ijk Ijk Ojk Ojk ? Ijk Ijk Ojk Ojk Ip Ip 
HAPAL OA OOR lA ? 2A OA OB OA lA la OA OA Ip Ip 
PTEROC ? OlQ lL ? 2Q ? ? Ob lL If If OL Ip Ip 
SCAEUR lL 00d lL ? ? ? ? Ob lL lL lL OL Ip Ip 
MEGAL ? IOU OU lU lU 10 OU OU lU OU OU OU lU 10 
IDO ? ?? OV IV IV ? ? ? IV OV OV OV IV IV 
GRAN 11 101 01 01 11 ? 01 ? 11 11 11 01 11 11 
FAEOR ? lOa la la la Oa Oa ? la la ? Oa la la 

27 28 29 30 31 32 33 34 35 36 37 38 39 40 

SQUID ? OJ Op Op Op OE OL ? OL ? OE OL ? lL 
VAMP ? OJ Op Op Op OW Oq ? 2W ? OE lL ? lL 
CIRR ? 2J Ip Ip Op ? POL ? 2C ? OE ? POL POL 
ALL OJ OJ Ip Ip Ip OE OX OL lLq IX IE lq OX OL 
AMPH 11 11 Ip Ip Ip OE 2X ? 2R ? IE 2X ? OX 
ARGO OJ OJ Ip Ip Ip OL OR OL OF OR IE lL lL OL 
BATHY 11 2J Ip Ip Ip IE POL ? 2K ? IE OK ? POL 
BENTHEL ? ? Ip Ip Ip IE 2R ? ? ? IE On ? In 
B.OREG OJ 11 Ip Ip Ip IE OZ ? ? ? IE OZ ? OZ 
B.JAN OJ 11 Ip Ip lp IE IZ ? ? ? IE OZ ? OZ 
BOLIT ? ? Ip Ip Ip OE ? ? OR ? IE ? OR IX 
ELEDONE 11 2J Ip Ip Ip IE lHg ? ? ? IE On OL OH 
ELEDONELL OJ 11 Ip Ip Ip OE 2X OX 2R ? IE IX IX IX 
G.MAC ? ? lp lp lp IE 11 21 21 ? IE 11 ? 01 
JAP ? ? Op lp lp OE OX 2q 2R ? IE lq OR IX 
OCTOPUS 11 11 lp lp lp IE POL 2Q 2Q OQ IE OQ OQ OQ 
PARELE ? ? lp lp lp IE IR ? ? ? IE ? ? OU 
OCYTH OJ OJ lp lp lp OL IR OL 1M IR IE lq lL ? 
TERET ? ? lp lp Ip IE ? ? ? ? IE ? ? In 
TETRACH ? ? lp lp lp IE If ? ? ? IE On ? In 
TREM OJ OJ lp Ip lp OF OR OL IY IR IE OM IL IL 
VELO ? ? Ip lp Ip IE OF IF IF IR IE On OF On ...... 

--.l w 



VI1RE OJ 11 Ip Ip Ip OE 2X ? ? ? IE OX OR OX 
VOSSEL ? ? Ip Ip Ip IE ON ? ? ? IE On ? On 
THAUM ? ? Ip Ip Ip IE ? ? ? ? IE On ? On 
DORSP ? ? Ip Ip Ip OE OX OX 2X ? IE OX OX IX 
CIST ? ? Ip Ip Ip IE ? ? ? ? IE ? ? OP 
EUAX ? ? Ip Ip Ip IE Ijk ? Ijk Ijk IE Ojk ? Ojk 
HAPAL ? ? Ip Ip Ip IE lA ? ? ? IE OB ? OB 
PTERO 11 11 Ip Ip Ip IE ? ? ? ? IE Of OL Of 
SCAEUR 11 11 Ip Ip Ip IE Id ? ? ? IE OQ ? OQ 
MEGAL ? ? lU Ip Ip IE 2U ? ? ? IE OU OU lU 
IDO ? ? IV Ip IV ? IV ? ? ? IE 2V ? OV 
GANT ? ? 11 Ip Ip IE 01 ? ? ? IE 01 ? 11 
FAEOR ? ? la Ip la IE 2a ? ? ? IE Oa ? ? 

41 42 43 44 45 46 47 48 49 50 51 52 

SQUID OL OL OL ? OG OG OG OG OG OG ? OM 
VAMP OL ? 00 00 OG OG OG OG IG OG OW OT 
CIRR ? ? POL ? IG OG OG OG IG OG ? POL 
ALLOPOSUS OL OL Oq ? 2G OG OG OG IG OG IX Oq 
AMPHI OX OX 2X IX 2W OX ? ? OW 2R 2X OX 
ARGO OL OL lR ? 2G ? 1G IG IG ? OB OB 
BATHY OK OK 2no OR IG OG OG 10 OG OG In OoK 
BENTHELE On POL 3n ? IG OG OG IG IG IG ? 2n 
B.OREG OZ OZ 2Z OZ lZ OZ OZ lZ OZ IG lZ OZ 
B.JAN OZ OZ 2Z OZ lZ OZ OZ lZ OZ IG lZ OZ 
BOLIT OX IX 3X ? ? ? ? ? ? OX 2X OX 
ELED OP OL 2Hgi OL IG OG OG IG OG OG In OHgi 
ELEDONELL OX IX 3X OX 2X OX ? IX IX 2XR 2X 01 
G.MAC 01 01 21 ? 11 01 01 11 01 01 11 OX 
JAPT Oq lq 2q Oq 2G IG OG ? 1G 2G 2q OR 
OCTO OQ OQ 2Q OQ IG OG OG 1G OG OG lQ OU 
PARELED OU OU 2n OU POL OU OU 2U OU 2R lU OM 
OCYTH lq lq Oq 2L IG OG 1G 1G IG 2G lL OM 
TERET In On 2n OR ? ? ? ? ? ? In ?n ...... 

'"'-l 
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TETRACH In On 2n De ? ? ? ? ? ? On Of 
TREM OY OY OY lL 2G IG ? ? 1G 2G IB OM 
VELOD On On 2n OF ? ? ? ? ? ? In On 
VITRE OX IX 2R lR 2X OG IG 2X IX 2G IX OX 
VOSSELED On On 2n ? ? OG OG 1G OG OG ? 2n 
THAUM On On 3n OR ? ? ? ? ? OR ? 2n 
DORSOP OX IX 3X IX ? ? ? ? ? 2X IX OX 
CISTO OP OP 2P IP ? ? ? ? ? ? IP ? 
EUAX Ojk Ojk Ijk Ojk Ijk Ojk Ojk Ijk Ojk Ojk Ijk Ojk 
HAPAL OB OB 2B OB lA OA OA lA OA 2A 2a OA 
PTERS Of Of 2Qf ? Ie OG OG IG OG OG ?Q ? 
SCAEUR OQ OQ Id ? ? ? ? ? ? ? 2q ? 
MEGALEL OU OU 1U OU lU OU OU 1U OU OU OU lU 
IDIO OV IV 2V OV 2V IV ? ? OV 2V ? OV 
GANT 01 01 21 ? 11 01 01 11 01 01 01 ? 
FAEOR Oa Oa 2a Oa la Oa Oa la Oa Oa ? Oa 

53 54 55 56 57 58 59 60 61 62 63 64 65 66 

SQUID OL OL OL OL ? OL ? ? OL ? OL OL OL OL 
VAMP OL IT OW OW Op ? ? ? ? ? ? ? 2Q OD 
CIRR ? ? ? Om ? Om POL OCm POL POL lCm ? 2m ? 
ALLOP IL Oq lq OX OX IX ? OX OX IX OX 2X OL IL 
AMPHI ? OW ? IX ? IX ? OX OX OX OX IX OX ? 
ARGO OL IB IB OR OR OR IR ? ? ? OL lR OL lL 
BATHY 00 00 On OoK On On OoK OoK 10 OoK 10K ? 2n ? 
BENTHEL ? OR On OR ON On ? OR ? In lR ? 2n ? 
BORE OZ OZ 2Z OZ lZ lZ ? OZ OZ OZ lZ ? 2Z OZ 
BJAN OZ OZ 2Z OZ lZ OZ OZ OZ OZ lZ lZ ? 2Z OZ 
BOLIT ? ? ? OX IX IX ? ? ? ? ? ? ? ? 
ELED OL OHi 2g OL In In OH OH OH OH OL OH On OH 
ELDELLA ? OX ? OX IX IX ? OX OX OX IX OX IX ? 
GMAC 0 01 21 01 01 01 ? 01 01 11 11 ? 21 ? 
JAPET ? Oq ? Oq lq Iq ? Oq Oq Oq Oq 2q O-X ? 
OCTO POL POL 2Q OQ IQ lQ ? ? POL POL ? 2Q OQ OQ ..... 

'-l 
Va 



PARELE 
OCYTH 
TERET 
TETRACH 
TREM 
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