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Abstract: A total of 77 giant Pacific octopus, Enteroctopus dofleini, tissue samples were 

collected from the Oregon Coast (OR), Neah Bay Washington (NB), Puget Sound 

Washington (PS) and the southeast coast of Vancouver Island, British Columbia, Canada 

(BC) for genetic analyses. A suite of eight variable microsatellite markers developed from 

giant Pacific octopuses were amplified in these samples to determine population diversity, 

structure, relatedness and paternity. The majority of loci met Hardy-Weinberg equilibrium 

expectations within each population. We found moderate genetic diversity (average observed 

heterozygosity = 0.445, range = 0.307–0.515 and average expected heterozygosity = 0.567, 

range = 0.506–0.696) and moderate population structuring with distinct separation of groups 

(FST values ranged from 0.101 between BC and PS to 0.237 between BC and NB). Several 

egg strings from the BC population were collected from three female octopus dens for 

relatedness and paternity analyses. Results suggest strong support for multiple paternity 

within one egg clutch with progeny sired by between two to four males. 
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1. Introduction 

Octopuses are found within every ocean throughout the world [1]. They belong to the phylum 

Mollusca, the class Cephalopoda, the order Octopoda, the family Octopodidae and are closely related to 

squid and cuttlefish and distantly related to clams, mussels and snails [1]. As a group they are thought to 

be highly intelligent and have been described as one of the most highly evolved invertebrates having lobed 

and folded brains similar to intelligent vertebrates [2,3]. The giant Pacific octopus, Enteroctopus doeflini, 

is found in the east Pacific Ocean along the Pacific Rim from Baja, California to Korea [4]. This is the 

largest octopus species, growing up to a maximal length of 9 m and a verified weight of 71 kg and an 

unverified weight of 272 kg [5,6]. The giant Pacific octopus is thought to have one of the longest lifespans 

of any octopus living between 3–5 years [1]. It is a terminal phase spawner with the female laying 

between 120,000 and 400,000 eggs at the end of her life cycle [1]. The female stops eating during this 

final phase to care for her eggs until they hatch in approximately six months [6]. At hatching the larvae are 

about the size of a grain of rice and it is thought that out of the hundreds of thousands that hatch only one 

to two survive to adulthood [6]. Their growth rate is one of the fastest in the animal kingdom with hatchlings 

starting out weighing less than a gram and growing approximately 0.9% per day to end up an average of 

20–40 kg at adulthood [6]. Because of its large size and interesting behaviors, it is also one of the most 

popular species for display in public aquariums [7,8]. Although observations of both captive and wild 

giant Pacific octopuses have illuminated many aspects of its biology, behavior and husbandry [8–10], 

the population genetics of this higher invertebrate in many areas of it’s range remain relatively unknown. 

Population genetic studies have, however, been conducted on other species of octopuses. Several 

microsatellite markers have been isolated and characterized for the common octopus, Octopus  

vulgaris, [11] and used to evaluate the genetic structure of its populations along the northwest coast of 

Africa [12], the Mediterranean Sea [13], the Iberian Peninsula and the Canary Islands [14], and off the 

coast of Brazil [15]. All of these studies have reported relatively high genetic diversity and most report 

significant population structuring among sampled groups. However, Cabranes et al. (2008) [14] found 

no significant differences between populations separated by approximately 200 km around the Iberian 

Peninsula and the Canary Islands. Other octopus species that have been investigated using microsatellite 

markers include the western Pacific common octopus, Octopus minor, in Korea and China [16] and the 

Mexican four eyed octopus, Octopus maya, along the Yucatan Peninsula [17]. Both studies demonstrated 

significant stock structuring among sampled groups. 

In addition to population diversity and structure, a small number of studies have investigated multiple 

paternity within cephalopods. Quinteiro et al. (2011) [18] sampled egg clutches of the common octopus, 

O. vulgaris, and found evidence of between two to four males contributing to each clutch. Voight and 

Feldheim (2009) [19] sampled young of the deep-sea octopus, Graneledone boreopacifica, and found at 

least two genetically distinct sires contributed to the hatchlings analyzed. Finally Squires et al. (2011) [20] 

also found evidence of multiple paternity in dumpling squid, Euprymna tasmanica, egg clutches. 
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In 2012, eighteen microsatellite molecular markers were developed for use in giant Pacific Octopuses 

with many found to be sufficiently diverse and thus favorable for use in population genetics, individual 

identification, and parentage studies [21]. In this study we used a subset of the microsatellite markers 

developed by Toussaint et al., 2012 to measure genetic variability within and between giant Pacific 

octopuses captured and sampled from Oregon (OR), the south side of the Strait of Juan de Fuca near 

Neah Bay (NB), throughout central Puget Sound (PS) and the southeast coast of Vancouver Island, 

British Columbia, Canada (BC). Specific questions were: how much genetic variability do giant Pacific 

octopuses within these regions have, what is their population structure, and are eggs from a female’s 

clutch fertilized by multiple males? 

2. Experimental Section 

A total of 77 giant Pacific octopus samples were collected from the Oregon Coast (OR, N = 15); Neah 

Bay, Washington (NB, N = 5); Puget Sound, Washington (PS, N = 11); and the southeast coast of 

Vancouver Island, British Columbia, Canada (BC, N = 46). For the paternity analysis, eggs (N = 43) 

from multiple strings, and three adults (two resident females and one resident male) were sampled at 

Wain Rock in Saanich Inlet, within a fjord just north of Victoria on the east side of Vancouver Island, 

British Columbia. A total of three dens were sampled (den 1, den 7 and den 9) with only one female and 

one male sitting in or near dens sampled. Catch locations for octopuses sampled from OR, NB and PS 

were not recorded as specific sites but rather general sampling regions such as off the Oregon Coast, 

near Neah Bay or within Central Puget Sound. 

Octopuses are invertebrates and thus not subject to the standard regulations that apply to sampling of 

vertebrates. Thus this work was not subject to review by an Institutional Animal Care and Use 

Committee (IACUC) or equivalent animal ethics committee and the work was not required to be 

reviewed by governmental agencies responsible for the management of octopuses in the wild. Samples 

for population genetics analysis were taken from captive animals held at the Seattle Aquarium for display 

(OR, NB and PS regions) and from wild octopuses that were sampled after natural death (BC). 

Collections of octopuses were permitted under the Washington Department of Fish and Wildlife 

(WDFW), the Oregon Department of Fish and Wildlife (ODFW), and the Canadian Department of Fish 

and Oceans (DFO) fishery regulations which allow taking of octopuses for recreational and scientific 

purposes. Specifically wild octopuses from OR were collected as a result of by-catch from crab pots 

after which they were placed in captivity at the Seaside Aquarium in Oregon or the Seattle Aquarium in 

Washington. Wild octopuses from Washington waters (NB and PS) were collected for public display by 

hand via SCUBA divers per WDFW fishery regulations and the Seattle Aquarium scientific collecting 

permit issued annually from WDFW. Wild octopuses and egg strings from Canadian waters (BC) were 

sampled after death or before hatching per DFO fishery regulations. All tissue sampling was either  

non-invasive in nature (such as the collection of naturally sloughed sucker molts while held in captivity), 

occurred after the animals died of natural causes or, as in the case of the sampled eggs, before hatching 

and after the adult stopped caring for them. 

Tissue samples were preserved in 100% ethanol or frozen at −20 °C or −55 °C until analysis. DNA 

was extracted from tissue using the standard methods described by the manufacturer in the DNeay Blood 

and Tissue Kit (QIAGEN, Valenica, CA, USA). A suite of eight variable microsatellite markers 

developed previously for this species were amplified in octopus tissue to determine population diversity, 
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structure, and paternity [21]. Loci included in this study were Edou6, Edou11, Edou110, Edou118, 

Edou122, Edou124, Edou129 and Edou216. 

Microsatellites were amplified using a GeneAmp PCR 9700 thermocycler (ABI Life Technologies, 

Grand Island, NY, USA). Polymerase chain reaction (PCR) was performed on 10 µL samples that 

contained 1 µL of 100–250 ng/µL purified genomic DNA, 1 µL each of 0.5 µM/µL forward and reverse 

primers, and 7 µL Taq polymerase (Promega) mastermix containing manufacturer supplied buffer 

including dNTPs and MgCl2. There was no multiplexing of loci. The amplification profile for all loci 

was as follows: DNA was denatured at 94 °C for 4 min followed by thirty-five cycles of 94 °C (30 s), 

53° (1 min), 72 °C (30 s), followed by a final polymerization step of 5 min at 72 °C. PCR products were 

analyzed on an ABI 3100 16-capillary system in GeneScan mode. Forward primers of these sets were 

labeled using fluorescent dyes compatible with the ABI GeneScan system and the filter wheel installed 

in the ABI 3100. Allele scoring for each locus was performed using Peakscanner software, version 2.0 

(ABI). Tests for departures from Hardy-Weinberg equilibrium (p values) was performed using GenePop 

3.1 software [22]. The FIS was calculated according to Weir and Cockerman (1984) [23] using GenePop 

software [22]. Observed and expected heterozygosities, number of alleles and population structure such 

as FST values and Principal Coordinates Analysis (PCoA) was determined using GenAlEx [24]. 

Significance of FST vales was calculated using FSTAT [25]. STRUCTURE [26] software was also used 

to determine population assignment and structure. Ten trials for each possible number of populations 

(K, ranged from 1–4) were run with a burn in period of 10,000 and 100,000 MCMC repetitions. Finally 

Colony [27], Gerud [28] and MLRelate [29] was used to measure relatedness and multiple paternity 

within and among octopus egg strings. 

3. Results and Discussion 

The authors recognize that sample sizes for this analysis were small thus population genetics estimates 

for these four populations should be considered preliminary. The majority of the eight loci sampled 

within the populations were found to be within Hardy Weinberg Equilibrium (HWE) using Genepop 3.1 

(when related individuals were excluded from analyses such as in BC) except for Edou11 and Edou216 

within both OR and PS and Edou216 within PS. Since these loci were in HWE in the other populations, 

and since analysis run without them did not significantly change the results, these two loci were included 

in all analyses. Genetic diversity results from GenAlEx were moderate: Number of alleles (A) over all  

eight loci was 4.219 (range = 2.875–6.000), average observed heterozygosity (Ho) was 0.445 (range =  

0.307–0.515) and average expected heterozygosity (He) was 0.567 (range = 0.506–0.696, Table 1). 

The moderate genetic diversity within giant Pacific octopuses measured here fall within the range 

measured in microsatellites within other octopuses. Genetic diversity within other octopus species has 

been found to range between 0.647 and 0.987 [11,15]. The genetic diversity measured within giant 

Pacific octopuses in this study is lower but within the range measured by Touissant et al. (2012) [21] 

(Ho range of 0.069 to 0.930 and He range of 0.131–0.968) and is similar to the low end of the range 

reported for the common octopus. This is encouraging for giant Pacific octopuses in the Northeast Pacific 

as it is legal to harvest them throughout this region yet they do not appear to have suffered a significant 

loss of genetic diversity from mortalities associated with the targeted or incidental catch. However the 

differences between the diversity found here and that found within Prince William Sound by  

Touissant et al. (2012) requires further analysis potentially with larger sample sizes. 
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Table 1. Diversity measured within giant Pacific octopuses. 

POP BC NB OR PS 
A 6.000 2.875 3.000 5.000 
N 46.000 5.000 15.000 11.000 
Ne 2.817 2.446 2.286 3.837 
Ho 0.514 0.515 0.307 0.444 
He 0.559 0.508 0.506 0.696 

uHe 0.568 0.542 0.540 0.749 
Fis 0.142 0.448 0.788 0.488 

p value 0.069 0.337 0.105 0.086 

A = number of alleles; N = sample size; Ne = number of effective alleles; Ho = observed heterozygosity;  

He = expected heterozygosity; uHe = unbiased expected heterozygosity; Fis = average fixation index;  

p value = average p value for fixation index. 

Population structure analyses results from GenAlEx suggests moderate population structuring among 

the four sampled groups. FST values were high to moderate ranging from a high of 0.237 between BC and 

NB to a low of 0.101 between BC and PS (Table 2). All FST values were found to be significant using FSTAT. 

Table 2. Population structure: FST matrix for sampled populations. 

 BC NB OR PS 
BC *    
NB 0.237 *   
OR 0.218 0.168 *  
PS 0.101 0.182 0.112 * 

Population structuring is visually represented with distinct groupings in the Principal Coordinate 

Analysis (PCoA) graph from GeneAlEx describing 57.11% of the genetic variation and suggesting four 

distinct clusters. Even though there were four distinct groupings there was also overlap of individuals 

between all groups most notably with the NB cluster overlapping all other groups although distinct in its 

own segment of the graph (Figure 1). 

 

Figure 1. Principal coordinate analysis similarity matrix (PCoA) accounting for 57.11% of the 

genetic variation. Note four distinct clusters but with NB overlapping over the other three. 
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In addition to the PCoA analysis STRUCTURE also suggested four distinct populations (lowest 

LnP(d) of all possible K values = 4) with some similarity between groups, primarily within PS, as 

indicated by the shared color schemes representing unique genetic signatures (Figure 2). 

 

Figure 2. STRUCTURE analysis bar plot. This program assigns unique genetic variation a 

color code. Populations with one solid color that is not shared by another group are genetically 

distinct. Populations that share colors are more similar. Note dominant colors in sampled 

populations: BC = Red; NB = Yellow; OR = Blue; PS = Green. Within PS two individuals 

were similar to NB (yellow), one was similar to Oregon (blue) and two were a mixture of 

signatures suggesting geneflow between PS and the other groups. 

The evidence of significant population structuring among the sampled populations reported here is 

not unique for octopuses. Most studies of population genetics within octopuses report significant population 

structure among groups [11,13,15]. This is not surprising due to the relatively sedentary nature of adult 

octopuses. Sampling areas in this study were separated by 144 km (PS-BC), 200 km (PS-NB) and up to 

550 km (PS-OC). Even though these distances are rather small in the oceanic realm, the structure 

observed here may be explained by the behavior of adult giant Pacific octopuses found to move less than 

10 km throughout their lifetimes [30]. A study on den utilization and movements of tagged octopuses 

discovered they moved an average of only 13.2 m between den sites and were sedentary most of the time 

showing high preferences to small home ranges [31]. Indeed the greatest dispersal of octopuses is 

thought to occur during their planktonic phase which may last between one to six months during which 

they drift with oceanic currents and may move long distances ([32–34] and Cosgrove unpublished data). 

It is unknown how far larval planktonic giant Pacific octopuses disperse throughout the sampled study 

region. However the oceanic currents along the outer west coast of Oregon and Washington are known 

to be dominated by the California Current System (CCS) which changes direction based in part on wind 

and atmospheric pressures. During the winter when the coasts are dominated by low atmospheric 

pressure the currents primarily run northward, while during the summer when the weather is dominated 

by high atmospheric pressure the currents primarily run southward [35]. In addition just off the northwest 

coast of Washington the Juan de Fuca eddy runs counterclockwise and is the dominant current during 

the summer [35]. Unlike the open ocean currents, the currents in the inland waterways of the Strait of 

Juan de Fuca, the Strait of Georgia and Puget Sound are dominated by daily tidal currents with flow 
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changing direction (incoming flood currents and outgoing ebb currents) four times daily [36]. Current 

flows throughout these straits and estuaries are known to be complex with multiple nearshore eddies 

occurring throughout. Drift cards released at many points throughout this system have been found 

beached throughout the waterways as well as in the Strait of Juan de Fuca moving westward towards the 

open ocean [36]. Thus the dispersal of planktonic larval giant Pacific octopuses throughout this system 

is likely complex and driven by many factors such as season, weather and tides. More work should be 

done to track movements of early life stages of this species. 

Even with minimal movements as adults and unknown dispersal rates and distances as juveniles one 

study by Cabranes et al. (2008) [14] found no significant structuring among octopus groups separated 

by as much as 200 km. In contrast this study found structure between the two PS and BC octopus 

populations separated by only 144 km. However we also found similarities between groups sampled 

such as the smaller FST between BC and PS (Table 2), the overlap in samples between groups such as 

NB on the PCoA plot (Figure 1), and the genetic similarities found in the STRUCTURE analysis 

particularly within PS and the other groups (Figure 2). How geneflow between the populations sampled 

here occurs is unknown. Migration is most likely due to distribution of larvae in ocean currents and/or 

mixing between adjacent populations over time allowing for some genetic connectivity along the northeast 

pacific coast. More sampling is needed at a finer geographic scale not only to increase sample sizes but 

also to determine boundaries between adjacent populations and document geneflow among groups. 

Finally this study revealed multiple paternity or polyandry as a reproductive strategy in giant Pacific 

octopuses. MLRelate and Colony analyses suggest a mixture of full sibings (FS) and half siblings (HS) 

within each female octopuses egg clutch with an average of 64% of fertilized embryos full siblings and 

38% half siblings (Table 3). At the individual egg string level Gerud analysis suggest polyandry of 

between two to three males fathering a female’s eggs within a string and up to four males in total 

contributing to the progeny within the sampled eggs from a single females clutch or den. In addition 

Colony analysis suggested that not all males were equally successful with one male thought to have sired 

progeny in all three dens sampled (male 4), two males siring progeny in two dens (males 1 and 3), and 

two other males represented in only one of the dens (males 2 and 9). While polyandry was found in all 

three dens only one female’s clutch was sired by four males (Den 9 was sired by males 1, 3, 4 and male 

9, the one resident adult male sampled). 

Table 3. Proportional relatedness among eggs sampled at three octopus dens (1 = 100%). 

MLRelate FS HS Pot. Males 

Den 1 0.46 0.64  
Den 7 0.67 0.33  
Den 9 0.69 0.31  
Ave 0.61 0.43  

Colony FS HS  

Den 1 0.72 0.28 1 and 4 
Den 7 0.67 0.33 2, 3, and 4 
Den 9 0.63 0.37 1, 3, 4 and 9 * 
Ave 0.67 0.33  

Ave overall 0.64 0.38  

* = male samples for analysis near Den 9. 
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Previously it was thought that giant Pacific octopuses employed a polygynous mating system with 

only the males mating with more than one female [5]. In this study we did find polygyny with more than 

one male contributing to more than one female’s egg clutch and also polyandry, females mating with 

more than one male, or multiple paternity within each female’s egg clutch. Giant Pacific octopuses lay 

their eggs in strings of connected eggs. Our collection procedure allowed us to determine that multiple 

paternity is present even within individual strings, as opposed to a string representing fertilization by a 

single male. Polyandry as a mating strategy is not a surprising tactic given the large numbers of eggs 

laid, the fact that females are known to store spermatophores after mating, and given that octopuses are 

terminal phase spawners allowing just one chance to produce viable offspring [4,34]. Thus females that 

allow more than one male’s sperm to sire their progeny may increase the chance that at least one of the 

pairings will produce viable offspring. Finally multiple paternity is not unique within cephalopods has 

been documented in other octopuses and squid [18–20]. 

4. Conclusions 

Giant Pacific octopuses sampled in Oregon, Neah Bay, Puget Sound and Vancouver Island have 

moderate genetic diversity; moderate population structure suggesting limited geneflow between groups; 

and three females egg clutches showed evidence of multiple paternity and suggest the females employ a 

polyandrous mating system. Due to the significant local population structuring found here, we believe 

conservation measures and fishery management policies should incorporate geographic and population 

specific goals to ensure the long term preservation of local giant Pacific octopus populations throughout 

their range. 
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