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Abstract

The current understanding of the biology and ecology of octopuses has focused on
a limited number of species compared to the high diversity of species currently described.
Within the tropical — subtropical Pacific there have been multiple studies describing the
phylogenetic relationships among the near-shore octopus species, in particular within the
southern and eastern regions. As we start to better understand species diversity through
phylogenetic analysis, there is still limited information describing the biology and
ecology of these species. In this study the phylogenetic relationships of two unclassified
species of octopuses (Abdopussp. 1 “Crescent octopus” and Octopus cf. vitiens)s
inhabiting the near-shore coral reef ecosystem of Hawai‘i were compared to the octopus
diversity of the tropical — subtropical Pacific. In order to better understand the physiology
and biology of these two species, the growth rates of wild caught specimens and the
effect of temperature on the onset of hatching were observed. Finally '°N and §'°C
stable isotope analyses were used to compare the trophic niche of four octopus species
(Octopus cyanedCallistoctopus ornatusAbdopus spl, and Octopus cf. vitiens)ghat
utilize the near-shore coral reef habitat in order to determine if there is a difference
between species utilizing the same habitat. The results of the phylogenetic analysis
indicate that Abdopus spl is a distinct species and is closely related to Octopus laquesi
Octopus cf. vitiensis closely related to but distinct from Octopusoliveri, there were no
genetic sequences of the type specimen or other non-Hawaiian Octopusct. vitiensis
available to conduct comparisons to determine if the Hawaiian population is the same or
a distinct species. Growth observations of the two species indicate that Octopus. cf.
vitiensisis sexual dimorphic with males obtaining a smaller maximum mass and mantle
length (observed max 74.2¢g, 47.9mm) compared to females (observed max 133.0g,
60.0mm). There was no observed difference in size and mass between males and females
of Abdopus spl in this study, possibly due to small sample size. The timing of the onset
of hatching of the two species was negatively correlated with temperature, ranging from

27 days at 28°C to 57 days at 20°C for Octopus cf. vitiensiShere was no difference in



egg developmental time between species at corresponding temperatures. Results from
stable isotope analysis indicate that habitat/location has a greater effect on trophic niche
than octopus size for the species and sizes analyzed. Differences in 8'°N between species
were variable between habitats/locations. This indicates that these species are
opportunistic feeders, with prey selection based on what prey are more prevalent or easy

to capture in a specific location.
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Introduction

There are at least ten species of octopus utilizing the near-shore marine
ecosystems in Hawai‘i, and possibly more based on photos and undescribed material in

museum collections.

Described species
- Octopus cyaneéDay octopus)
- Callistoctopus ornatu@Ornate octopus)
- Callistoctopus luteuéStarry night octopus)
- Amphioctopus arenicolghort-arm sand octopus)

- Octopus oliveri

Unclassified species
- Octopus cf. vitiensis
- Abdopus spl (Crescent octopus)
- Thaumoctopus spPHawaiian long armed sand octopus)
- Octopus sp(Blue-ocellus octopus)

- Octopus sp(Hairy octopus)

With a least half of the known octopus species being unclassified and only O. cyanea
having been studied in regards to its ecology and biology there is a significant lack of
information in regards to the other species. In general octopus research has primarily
focused on medium to large species and those of commercial value with the smaller
species often being overlooked. This is also the case in Hawai‘i, where O. cyaneas the
largest and most studied species and is commercial and recreationally harvested.
Studying small species is difficult as they are often hard to find and difficult to catch
compared to the larger species. In the coral reef environment this may be made even
more difficult because the primary methods for octopus capture such as pots/traps do not
work well, as there is an abundant supply of natural holes/crevices in the reef for

octopuses to make dens.



The current knowledge base of the ecology and biology of octopuses in Hawai‘i
has come from research on O.cyaneawhich can be divided in several topics — movement
(Yarnell, 1969; Ivey, 2007), behavior (Yarnell, 1969; Mather and Mather, 2004), growth
(Wells and Wells, 1970; Van Heukelem, 1973; Van Heukelem, 1976), and prey choice
(Wells and Wells, 1970; Mather et al., 2012). In regards to its role in the coral reef
ecosystem O. cyaneds theorized to have a significant effect on the crustacean population
on the reef (Yarnell, 1969) and is an important prey item for many reef predators (e.g.
monk seals, Goodman-Lowe, 1998). For the other species in Hawai‘i, which have
attributes different than O. cyaneadncluding size, habitat, and activity patterns, there is
limited information on their phylogenetics, biology, and ecology. Some of these other
species could be endemic to the Hawaiian Islands and therefore represent important
genetic lineages and diversity for octopus in the Pacific. They may also play unique roles
in the ecology of the near-shore environment of the Hawaiian Islands as important

predators and prey (e.g. diversity of prey for monk seals--Goodman-Lowe, 1998).

In order to better understand the near-shore octopus diversity in Hawai‘i, aspects
of the biology, ecology, and phylogenetics of two of the undescribed species were further
studied. The first species has been listed in the scientific literature as Octopus cf. vitiensis
CLH-2009 (Genbank) and Octopus spl (Huffard et al, 2010). The second species has
been referred to by many names including the Crescent octopus (Houck, 1977), Abdopus
sp.1 (Huffard etal., 2010), and Abdopus spl CLH-2009 isolate Bigsuck87 (Genbank).
Although this species is tentatively attributed to Octopus hawiiensi®ctopus hawaiiensis
(Eydoux and Souleyet, 1852; Berry S. S., 1914; Goodman-Lowe, 1998; Hoover, 2006),
this assignment is not made with confidence given the poor condition of the juvenile type

material for O. hawiiensigC.L.H. Huffard, 2014,personal communication).

There have been only three studies involving these two species. Houck (1977)
showed that there was a separation in activity patterns between three Hawaiian species
(O. cyanea- diurnal, Callistoctopus ornatus nocturnal, Crescent octopus —

crepuscular). It is hypothesized that this separation is due to the species feeding on



different prey items that are active during different times of the day, the separation of the
use of the same habitat between species, and/or predator avoidance. Young et al., 1989
gave a description of the octopus paralarvae “Type E”, believed to be the Crescent
octopus, including body proportion, sucker number, tegumental chromatophores, and
extrategumental chromatophores. Huffard et al.(2010) conducted a phylogenetic
comparison of conspicuous facultative mimicry in shallow water octopuses, which
included both species, utilizing 16s and cox1 genetic sequences from one individual of
each species (Genbank - O. sp 1 cox1 — GQ900745.1, 16s — GQ900713.1; Abdopus spl
coxl — GQY900727.1, 16s — GQY00716.1). The phylogram produced showed a close
relationship between Abdopus spl and the other Abdopus sppncluded in the analysis,
it is also the first literature reference of this species as an Abdopuszenus. Of the species

analyzed O. sp.1 was most closely related to O. oliveri.

Determining evolutionary/systematic relationship between octopuses using
morphological characteristics is complicated due to many characteristics being
polymorphic and/or synapomorphic. The relatively recent use of genetic analysis has led
to the reclassification of many species (Guzik et al, 2005; Okutani, 2005, Strugnell and
Lindgren, 2007). Previous phylogenetic analysis of octopuses has primarily used the
mitochondrial cox1, cox3, and cytb and the nuclear 16s genes singularly, and in various
combinations (Guzik et al, 2005; Strugnell and Nishiguchi, 2007; Kaneko et al, 2011;
Dai et al., 2012). Cox1 has generally been used as a universal barcode loci for metazoan
species (Folmer et al, 1994; Strugnell and Lindgren, 2007). The analysis of a
combination of loci has been recommended to accurately separate closely related species
(Strugnell and Lindgren, 2007). The analysis of multiple loci at once increases the
number of parsimony-informative sites and allows for the use of loci with different rates
of evolutionary change, producing trees with high branch/node bootstrap/parsimony
values in both recent and past divergences. In Huffard et al (2010) the cox1 and 16s loci
were analyzed for the two unclassified species in this study. By incorporating a larger
dataset of potentially related octopus species into the analysis and utilizing multiple loci,

a better understanding of the species phylogeny can be obtained.



To better understand aspects of the ecology of the two octopus species, 8"°N and
8'°C stable isotope values were used as an approximation of trophic niche and recent site
and habitat use. Previous studies of octopus prey selection have been based on gut
content analysis, visual surveys, and analysis of prey midden piles (Jackson et al, 2007;
Mather, 2011; Mather et al, 2012). These methods can be difficult to conduct, may not
be possible for certain species that are rare or do not make midden piles, represent short
term prey selection, and possibly over or under estimate certain prey types (Mather,
1991; Jackson et al, 2007). For example, a congener of Abdopus spl does not leave
midden piles (Abdopus aculeaty$luffard 2007). The use of stable isotope (8'°C and
8'°N) profiles to interpret trophic ecology has been implemented in many ecosystems
(terrestrial, freshwater, and marine) to analyze the trophic niche of individual species and
trophic interactions within a food-web (Peterson and Fry, 1987). Its use in the analysis of
the trophic ecology of cephalopods in general has been relatively new and to this date
limited to only a few species (Jackson et al.2007). The use of stable isotope analysis
provides a better estimate of trophic niche, can indicate inter-species food competition,
shifts in habitat preference, and potential ontogenetic diet shift as values from muscle
tissue represent values of prey over an extended time period (Jackson et al, 2007). Also,
due to relative ease of use and the small tissue sample needed, this method facilitates
larger scale studies and is non-lethal. For determining habitat use the stable isotope
method was preferred to visual surveys as it minimized field time and some of these
species would be extremely difficult to survey or track as a result of their small size,
nocturnal activity, and the difficultly of surveying the locations due to sea state
conditions and remote locations. One of the main benefits of using stable isotope analysis
is that muscle tissue values are accumulated over time and do not change rapidly, this
allows the interpretation of trophic niche and habitat use for a longer time scale than the
other methods (Peterson and Fry, 1987). For rare species this is advantageous in that even
with a small sample size a long term average diet and habitat use trend can be determined

(Pain et al, 2004).

The use of 3'"°N values to determine trophic niche is a result of the relatively

consistent change in the heavy to light isotope ratio between consumer and prey. The



average change in 8"°N value between trophic levels is a ~3.4 %/ enrichment in 8"°N
with the value of the bottom of the food web being the starting reference point (Vander
Zanden and Rasmussen, 2001; Post 2002, McCutchan Jr. et al, 2003). Comparing 5'°N
values will indicate if A. sp. 1, O. cf. vitiensislong with the spatially sympatric O.
cyaneaand C. ornatusmight be feeding on different prey or at different trophic levels.
By using 5"°C values the habitat that the octopuses have been residing in can be
determined as there is minimal change in 8'"°C values between trophic levels and the
different primary producers which are often the bottom of the food web often have
different 8"°C between different habitats (Vander Zanden and Rasmussen, 2001; Post
2002, McCutchan Jr. et al, 2003). Analyzing differences in 8"°C values will assist with

differentiating octopuses that inhabit different locations and habitats.

Finally, by looking at growth curves and egg incubation period we gained insight
into the biology and physiology of the species including a better understanding of the life
history of the two species, for which there is no previous published information. Egg
incubation period at different temperatures have only been conducted on a few species of
octopus, including Octopus vulgarisOctgus cyanegOctopus rubescen®ctopus
bimaculatusOctopus tetricusand Octopus mimugéVan Heukelem 1973; Joll, L.M.,
1976; Ambrose, 1981; Sakaguchi et al. 1999; Osborn, 1995; Hamaaski and Morioka,
2002; Katsanevakis and Verriopoulos, 2006; Uriarte et al, 2012;). These studies can
provide important information on how changes in temperature can affect the timing of
larval dispersion, allowing the modeling of egg hatching time though out the year as
water temperature changes (Katsanevakis and Verriopoulos, 2006). Further, plotting body
weight versus mantle length of octopus species highlights differences in morphometrics
between closely related or similar looking species (Kaneko and Kubodera, 2005). By
monitoring animals in captivity, information about their potential maximum size and
potential sexual dimorphism can be determined without the large sample sizes needed for
in situ observation (Van Heukelem, 1976, Forsythe and Hanlon, 1988, Norman and Finn,
2001, Kaneko and Kubodera, 2005) by observing individual animals though time instead

of individuals at one time point.



The objectives of the study are to 1) determine the phylogenetic relationship of
these two unclassified species in Hawai‘i in comparison to a large dataset of near-shore
Pacific octopus species; 2) determine whether there are ecologically significant
differences in 8"°N values between multiple species of octopuses residing in the near-
shore environment of Hawai‘i Island, Hawai‘i and if by using 8'°C we can determine
habitat use within this environment, and 3) obtain baseline data on the growth and size

characteristics of the two described species, A. sp.1 and O. cf. vitiensis



Methods

SpecimerCollection and Captive Care

Octopuses were collected from three coastal sites on Hawai‘i Island, Hawai‘i
between 2011 and 2013. These sites were chosen based on personal observation of high
octopus population densities, multiple species of octopuses observed per site, and
relatively easy access. Onekahakaha (Site 1) and Richardson’s (Site 2) beach parks (Fig.
1) are located in Hilo on the east side of Hawai‘i Island. Puako (Site 3) (Fig. 1) is located
on the west side of the island. This allowed me to compare stable isotope profiles of the
octopuses at different locations with similar habitats as sites 2 and 3 had similar
characteristics and collection depths (3 - 12m) while site 1 was shallower (<2m) and
intermittently closed off from the ocean. Octopus were collected using hand nets and by

hand while wading in shallow water or on SCUBA for deeper areas (>2m depth).

After collection, octopuses were transported to the University of Hawaii at Hilo’s
Pacific Aquaculture and Coastal Resources Center (PACRC), where they were
maintained in either of two systems. System one consisted of nine, ~1m diameter 1000L
cylindrical tanks with flow-through water supplied by the PACRC’s saltwater well
(salinity 28-30 ppt, 20-21°C) at a flow rate of 3-5 L/min per tank. System two consisted
of six, 132L tanks set up as a recirculating system in which temperature was controllable
with a submersible heater. Salinity was maintained at ~28-30 ppt with temperature
ranging from 20-28°C, a flow rate of 2-4 L/min was maintained per tank and a 50-100%
water exchange was conducted on the system weekly. O. cf. vitiensisvere fed thawed
frozen shrimp three times a week and A. sp.1 was fed either frozen shrimp or various
species of live crabs (< 3 cm carapace width) ad libitumthree times a week. When
octopuses were weighed, mantle length measured, or arm-tip tissue sample taken
octopuses were first anaesthetized using an 18g MgCI/L of seawater solution (Messenger
et al.,1985). When weighing octopus after anaesthetizing they were suspended in a net to
remove excess water, ensuring water within the mantle cavity was evacuated. Mass was
measured to the nearest 0.2g. To determine mantle length, the distance from the end of
the mantle to halfway between the eyes was measured (Jereb et al., 2005) to the nearest

0.1mm using calipers. In order to take the tissue sample for stable isotope analysis once



anaesthetized and after weighing a 1-3cm length of the arm was cut from the tip of the
arm, placed in a vial and frozen at -20°C. For genetic analysis tissue samples were either
taken the arm-tip samples or when the animal died either mantle or arm-tip tissue was

taken.

DNA isolation

Arm tip or mantle tissue samples were taken from three individuals of A. sp.l and
O. cf. vitiensiaand two samples from O. cyaneand C. ornatusand either kept
refrigerated or placed in 100% ethanol until DNA extraction. Five voucher specimens of
A. sp. land O. cf. vitiensidncluding those used for genetic analysis were preserved in
5% formalin; preserved specimens and DNA samples are currently being kept at the
University of Southern Mississippi, Gulf Coast Research Laboratory Museum. Total
genomic DNA was extracted utilizing Qiagen DNeazy Blood and Tissue kit (Cat no.
69504, Qiagen, USA). Once extracted, DNA quality and quantity was determined using a
Nanodrop1000 Spectrophotometer (Thermo Scientific, USA).

Geneand primerselection

For genetic analysis three mitochondrial genes - cytochrome € oxidase subunit I
(coxD, cytochrome ¢ oxidase subunit III (cox3, and cytochrome b (cytb) rRNA gene -
were chosen due to their use in previous research for phylogenetic reconstruction of
shallow water octopus species in the Pacific Ocean (Guzik et al.,2005; Huffard et al.,
2010; Kaneko et al, 2011; Dai et al.,2012). Oligonucleotide primers (Integrated DNA
Technologies, San Diego, CA, USA) used for loci amplification were selected based on
those used in previous research papers (Folmer et al.,1994; Guzik et al.,2005; Huffard et
al., 2010) and are listed in Table 1.

PCR and Sequencing

Gene amplification was conducted using GoTaq"" Colorless Master Mix
(Promega, Madison, WI, USA) with 25uL total reaction volume, 12.5uL. GoTaq""
Colorless MasterMix (2X), 1uL of each forward and reverse primers, 2.5ul DNA

template (1/20 dilution), and 8.0 uL nuclease free water. Reaction mix was conducted in



a BIO-RAD C1000 Thermal Cycler using the protocols listed in Table 2 along with a
negative control. To determine that the proper loci was amplified and no contamination
occurred PCR products and negative control were then loaded on a 1.5% agarose gel (LE
Agarose, cat. no. 50000, Seakem) using 8uL. PCR product and 2ul. dye (Blue/Orange
Loading Dye (6X), Cat. no. G1881, Promega, Madison, WI, USA) alongside a 100-1500
base-pair ladder (DNAmark 100bp Ladder, Cat. no. 786-855, G Bioscience). Gels were
run at 75-100 volts for 45-60 min and then stained with ethidium bromide and visualized
under UV light. Once proper loci amplification was confirmed by presence of single
product of proper length, PCR product quality and concentration was then verified using
a Nanodrop1000 Spectrophotometer (Thermo Scientific, USA). PCR products were then
prepared for sequencing by removing excess primers and dephosphorylation of the 5°-
ends of the DNA by combining 2.25uL. PRC product, 0.25uL Exonuclease 1 (cat. no.
70073Z, Afftymetrix), 1.0uL Shrimp Alkaline Phosphatase Recombinant (cat. no. 78390,
Affymetrix), and 1.0uL SAP buffer (cat. no. 70103, Affymetrix). The solution was then
incubated in a BIO-RAD C1000 Thermal Cycler at 37°C for 60 min followed by 80°C
for 20 min. The final product was sequenced using an Applied Biosystems 3500 Genetic

Analyzer.

Phylogenetics

Selection of Specimens for Analysis

To determine the phylogenetic relationship of the two unclassified octopus
species within the near shore shallow-water octopuses of the Pacific Ocean, the cox1
gene sequences of a large number of octopus specimens representing the diversity of
octopuses inhabiting the near-shore habitat of the Tropical/Sub-Tropical Pacific Ocean
were analyzed along side the two species in question, which is referred to as the large
cox1 dataset (Table 3). For the fine-scale analysis of the placement of the two species
within their respective phylogenetic clade, as determined by the large cox1 dataset
analysis, a small cox1 and two concatenated datasets were analyzed (cox1 + 16s and cox1
+ cox3) for all available species within the clade that sequences were available for (Table

3). For the concatenated analysis individuals were only included in the analysis if



sequence data was available for both loci from the same specimen. Argonauta argqlarge
cox1 dataset) and Callistoctopus ornatuémall coxland concatenated datasets) were
used as the outgroups as these species always fall outside the groups being analyzed
(Guzik et al.,2005; Kaneko et al, 2011). Multiple sequences of the same species were
included in analyses when available to observe inter-specific sequence divergences and

minimize the potential for misidentified specimens and inaccurate sequences.

Data alignment

Sequence alignment for all loci was performed using ClustalX v2.1 with default
parameters. The aligned sequences were then analyzed using Mesquite v2.75 to confirm
alignment by visually aligning translated amino acid codons for cox1 and cox3 genes. All
sequences were then trimmed at both ends to produce equal length sequences with

minimal unknown bases.

Determining Substitution Model
To determine the proper substitution model the data set was analyzed using the
program Mega v6.06 using default values. The Akaike Information Criterion was used to

determine the best model.

Maximum Likelihood Analysis

Maximum likelihood analysis was conducted using Mega v.6.06 using a bootstrap
method with 2000 bootstrap replicates. The substitution model used was that determined
by the Mega v6.06 analysis. The site coverage cutoff was set to 95% with partial deletion
of gaps/missing data. The nearest neighbor interchange heuristic method was used with a
very strong branch swap filter. The initial tree was an automatically produced neighbor
jointing. Codons analyzed included the 1%, 2™, 3™, and non-coding except for analysis of
the 16s region of the concatenated dataset for which codons were not analyzed. Figtree
v1.4.1 was used to visually observe tree with accompanying bootstrap values and branch

lengths.

Bayesian Analysis



To estimate phylogeny in a Bayesian framework the aligned sequences for both
the large data set and the fine-scale data set, which included the small cox1, and
concatenated data sets (cox1 + 16s, cox1 + cox3) were analyzed using the program Mr.
Bayes v3.2.1 using the model selected in Mega. Argonauta argowas set as the outgroup
for the large scale cox1 dataset and Callistoctopus ornatugor the small cox1 and
concatenated analyses. Using default values the analyses were run for sufficient
generations so that over half of the average standard deviation of spit frequencies
(ASDSF) were below 0.01. The sample frequency was set to every 1000 generations.
The final parameters and tree was calculated with a burnin of 50%, allowing only values
below an ASDSF of 0.01 to be included. Figtree v1.4.1 was used to visually observe

consensus tree with accompanying posterior probability values and branch lengths.

Evolutionary Dvergencebetweerand withinSpecies

Using the large cox1 dataset, the evolutionary divergence between and within
species was determined. Using the program Mega v6.06 a pairwise estimate of
evolutionary divergence between sequences was performed using the maximum
likelihood model with a gamma distribution model (Mega v.6.06). The range of
divergence values between individuals of the species O. cyaneaO. vulgaris O. oliveri,
C. ornatusand A. marginatuswvas used to determine a range of within species values.
These species were chosen because of the large number of individual sequences for each
species, diversity of the species between each other, and the probability of correct

identification the species.

Massand Mantle Length relationshjigrowth curves

Octopuses caught after April 2012 were weighed at time of capture and bi-
monthly until death, with mantle length recorded at non-specific times. Octopuses
collected before April 2012 were weighed at irregular times. To determine the
relationship between the mass and mantle length of the two octopus species, the weight
was plotted in comparison to the mantle length of the octopus at the time of being
weighed. A fitted line regression was calculated for each species and sex with the best

equation (linear, cubic, or quadratic) determined by lowest p-value followed by highest



R-square (adj.) value. The average mantle length to mass ratio was compared between
sexes and species using an ANOVA and Tukey’s test. The masses recorded for each
individual of the different octopus species was plotted to analyze if maximum mass was
reached per species and if there was sexual dimorphism. Each mass was plotted against
time in captivity for individuals living for at least 60 days to compare growth rates and

maximum size (Van Heukelem, 1976).

Egg developmental time versus temperature

To determine the effect of temperature on egg development, when captive females
of each species laid eggs the festoons were removed daily. Individual eggs were then
separated from the festoon. Eggs from each female were separated into groups, of at least
100 eggs/group and placed into baskets submerged in temperature baths ranging from
20°- 28°C, after a three-hour acclimation time. Aeration was provided in the baths to
maintain high dissolved oxygen levels and provide a gentle water flow around the eggs.
Water baths were covered with opaque material to minimize algal growth and also
prevent premature hatching caused by sudden changes in light intensity. Eggs from A. sp.
1 were only used in three temperature trials (20°C, 24°C, 26°C). Eggs from O. cf.
vitiensiswere used in five temperature trials (20°C, 22°C, 24°C, 26°C, 28°C). The days
that eggs hatched in a group was recorded and plotted against temperature. Temperature
was monitored every 30min using HOBO temperature data loggers (Onset Computer
Corporation). After all eggs had hatched in a treatment the average temperature for the
duration of the trial was rounded to the nearest 1.0°C. Comparisons between the onset of
hatching between species and temperature was calculated using a Kruskal-Wallis and

Mann-Whitney analysis.

Comparison offrophic Niche ofour Octopus Species

Four species of octopus (O. cyaneaC. ornatus O. cf.vitiensis and A. sp 1) were
used for trophic niche comparisons. Within 24 hours of being collected, the octopuses
were weighed, mantle length recorded, and a small tissue sample taken from an arm-tip
and frozen at -20°C for analysis. In preparation for stable isotope analysis all tissue

samples were briefly rinsed in RO/DI water, dried at 60°C for 24 hours and then



homogenized using a ball mill. Between 0.5-1.0mg of ground tissue was weighed and
packed into 5 x 9mm tin capsules. All samples were analyzed for 8'°N and 8'°C isotopic
composition using an elemental analyzer coupled to an isotope ratio mass spectrometer
(Termo-Finnegan Delta V IRMS). Stable isotope results are presented in delta (5)
notation, defined as the parts per thousand (%/g) deviation from a standard material
(VPDB for °C and atmospheric N, for '°N) using the equation

8X= [(Rsample/Rstandara]-1) x 107
where R = °C/"2C or "N/"N. To determine if there were any significant differences (p <
0.05) in 3"°N and 3'"°C between species and sites a Kruskal-Wallis test was conducted,
followed by a Mann-Whitney analysis if more than two parameters were tested. A
fractionation of 2.0 - 3.4 for 8'°N and 0 - 1%, for 8'°C was used between trophic
levels (Vander Zanden and Rasmussen, 2001; Post, 2002, McCutchan Jr. et al 2003). To
evaluate the effect of mass on 8'"°N values of individual species a regression analysis was
conducted. 5"°N and §"°C values from our analysis were compared to other values of
octopus found in the scientific literature using a regression analysis to determine if there
is a relationship between mass and 8'°N regardless of species, and see how the values of

tropical near-shore coral reef associated species compare to other species/habitats.

Statistical Analysis
All statistical analysis were conducted using Minitab (v.16) with the level of

significance set at a p-value of 0.05.



Results

Phylogenetic Analysis

Sequences were obtained for all three loci from each of the five species, with
exception of cytb for C. ornatus Sequences were deposited into Genbank
(http://www.ncbi.nlm.nih.gov/genbank/) with accession numbers listed in Table 4 and
sequence lengths in Table 5. Cytb sequences were not included in any analysis because of
a lack of sequences for other octopuses for comparison. Analyzed sequences were
truncated after alignment to have consistent sequence length for all sequences in analysis
(Table 6). The best nucleotide substitution model produced by Mega (v6.06) and used for
all analysis was GTR+G+I.

The maximum likelihood and bayesian analysis of the cox1 large dataset (Figures
2 and 3) consistently show that A. sp.1 and O. cf. vitiensigeside in the clade that

includes O. vulgaris O. cyaneaand Abdopus sp.

Evaluation of the pairwise divergence analysis between individuals of the same
species (O. cyaneaO. vulgaris O. oliveri, C. ornatus and A. marginatu from the cox1
large dataset resulted in values ranging from 0.000 — 0.017 with a standard error range of
+0.000 — 0.005 (Table 7). Kaneko et al., 2011 obtained within species values of 0.00 to
0.07 with a mean of 0.02 (SD 0.02). While Dai et al. 2012 had within species values
ranging from 0.0 to 1.4 with a mean of 0.04. Pairwise divergence comparisons between
A. sp. 1 and O. cf. vitiensi®f this study and Huffard et al (2010) are 0.002 (+0.002) and
0.005 (£0.003). O. cf.vitiensisnearest related species based on pairwise divergence was
Octopus oliver(0.090 — 0.108, + 0.013 — 0.016). A. sp.1 was most closely related to one
of the Octopus laquesi(2) with a pairwise divergence of 0.93 + 0.014. O. lagueus(1) and
O. lagueis(2) had a pairwise divergence of 0.119 (+ 0.016). Meanwhile O. laqueug1)
had a pairwise divergence between it and A. aculeatug3) of 0.010 (+ 0.004).

The maximum likelihood (Figure 4) and bayesnian (Figure 5) analysis trees of the

small cox1 dataset indicate that A. sp. 1 falls into the clade containing Abdopus spp



Wunderpus photogenicuBhaumoctopus mimicu®ctopus laqueyOctopus spp The
placement of each of these species in relation to each other was not well defined based on
both bootstrap and posterior probability values with the exception of a branch containing
A. aculeatuq1) and (2) being separate from A. aculeatug3) and O. laqueuq(1). A.
aculeatuq'1) and (2) have a pairwise divergence of 0.000 (+0.000) and A. aculeatug3)
and O. laqueug(1) 0.010 (£ 0.004). The pairwise divergence between the two branches
ranged from 0.064-0.066 (+ 0.011). O. cf. vitiensisonsistently formed a branch with O.
oliveri with both forming a clade independent of O. vulgaris O. bimaculoidesand O.

mMimusin both the maximum likelihood and bayesian analysis trees.

The trees developed from the small cox1+16s concatenated data set utilizing the
maximum likelihood and bayesian analysis are shown in figures 6 and 7 with sequence
data listed in table 3. A. sp. “ward” consistently formed a branch separate from A.
aculeatus (1) and (2) and O. laqueus (1) (bootstrap value = 0.98, posterior probability
value = 1.00). A clade containing A. aculeatug1) and (2), A. sp.1, Octopus sp(2), O.
lagueug(1), and A. sp.“ward” consistently and with high bootstrap (0.82) and posterior
probability (1.00) values was separated from a clade containing A. sp, T. mimicusO. sp.
(3), and W. photogenicusBoth of these clades were independent of O. cyanegbootstrap
value = 0.79, posterior probability value= 0.99). The branching of O. oliveriand O. cf.
vitiensisfrom O. vulgarisand O. bimaculoidesvas shown but not highly supported
(bootstrap value = 0.53, posterior probability value = 0.56). The separation of O. oliver
and O. cf. vitiensisvas highly supported (bootstrap value = 1.00, posterior probability
value = 0.98) as was the separation of O. vulgarisand O. bimaculoidegbootstrap value =

0.89, posterior probability value = 0.99).

The maximum likelihood and bayesian analysis of the small cox1+cox3
concatenated data set is shown in figures 8 and 9 with sequence data listed in table 3. A
branch containing A. laqueug2) and A. sp.1 was separate from A. aculeatug3) and A.
abaculug(boostrap value = 0.97, posterior probability value = 1.00). Both of these groups
formed a clade separate of O. cyanegbootstrap value = 0.86, posterior probability value
=0.99). O. oliveri(1) and O. cf. vitiensig2) formed a group separate of O. vulgars and



O. bimaculoide$2) consistently (bootstrap value 0.85, posterior probability value =
0.95).

Mantle length tdVlassrelationship

There was a positive relationship between the mantle length (mm) and mass (g) of
both species and sexes. O. cf.vitiensishad a quadratic best fit regression line for both
sexes (Male Mantle Length = 15.97+0.8730*Mass-0.01174*Mass*+0.000071*Mass’,
Female Mantle Length = 8.975+1.193*Mass-0.01497°+0.000072*Mass’) with a R* (ad].)
of 0.877 (male) and 0.716 (female) and p-values < 0.000 as shown in Figure 10.

For A. sp. 1the best fit regression line equations for males (Mantle Length =
10.42+1.707*Mass-0.02927*Mass™ R* (adj.) = 0.813, p-value < 0.000) and females
(Mantle Length = 11.62+1.670*Mass-0.03312*Mass”, R* (adj.) = 0.709, p-value < 0.000)

was cubic (Figure 11).

The data for calculating the regression equation consists of 106 values from 21
individuals of O. cf. vitiensisand 36 values from 9 individuals of A sp. 1. The mean
mantle length (mm) to mass (g) ratio of males (2.1) and females (2.6) of A. sp 1 was not
significantly different (p-value = 0.086) (Figure 12). For O. cf. vitiensighe mean ratio
mantle length (mm) to mass (g) between sexes was different (p- value = 0.001) (Figure
12). There was a significant difference in mean mantle length and mass ratio between the

two species (p-value < 0.000).

Growth comparisons

Comparing the mass of O. cf. vitiensidy sex (9 males, 20 females) showed that
this species is likely sexually dimorphic with males in this study reaching a maximum
mass of 75.2g and females growing to at least 133g (Figure 13). The growth rate of
individuals (8 males, 9 females) that were maintained in captivity over 60 days indicated
that for males upon reaching 60-70 grams, their growth rate decreased. Females on the
other had continuously increased mass until egg laying (Figure 14). The range in mass of

females at the time of egg laying was 49 — 133 grams. Both sexes experienced



senescence at the end of their life, indicated by not eating and loss of mass. Females
would often stop eating about a week before laying eggs and would live until just after
the eggs hatched. For males the senescence period was less obvious; they stopped eating

approximately a week or two before dying.

There was no observed difference in the mass of A. sp.1 by sex (3 males, 4
females); the maximum size reached for a male and female was 22.0g and 23.5¢g
respectively (Figure 15). Plotting the mass of those individuals of both sexes (3 males, 4
females) that were maintained in captivity for over 60 days did not indicate that the
maximum size for either sex was reached, as most individuals lost mass while in captivity
(Figure 16). The smallest female to lay eggs weighed 8.8g. Her maximum recorded mass
was 9.8¢g at the time of capture. This species also went through senescence with females
ceasing to feed roughly a week before laying eggs and dying shortly after the eggs
hatched. Senescence in males was difficult to observe as most individuals lost mass

while in captivity.

Egg development vs. temperature

Eggs were obtained from three O. cf. vitiensisand one A. sp.1 (Table 8).
Comparing the incubation time of the eggs between both species at the same
temperatures (20°C, 24°C, 26°C) resulted in no significant difference between species
(20°C — adj. p-value = 0.508, 24°C — adj. p-value = 0.902, 26°C — adj. p-value = 0.229)
(Figure 17). Comparing incubation times versus temperature for O. cf. vitiensisresulted
in a significant difference (adj. p-value < 0.001) between temperatures. Comparisons
between temperatures resulted in all temperature trials being significantly different from
each other (20 v. 22°C adj. p-value <0.001, 22 v. 24°C adj. p-value <0.001, 24 v. 26°C
adj. p-value <0.001, 26 v. 28°C adj. p-value = 0.035) (Figure 18).

Trophic Niches of Octopuses

Four species from three sites (Table 9) were used in the trophic niche analysis
with specimens collected from May 2012 through September 2013. Comparing 5'°N
values between the three species (A. sp.1, O. cf. vitiensisand C. ornatug found at site 1



resulted in no significant difference (p-value = 0.064) between the species (Figure 19),
with median values for each species being 6.8% for A. sp.1, 7.0%¢ for C. ornatus and
6.4% for O. cf. vitiensis When comparing the 8"°N values of O. cf. vitiensisetween
site 1 (median = 6.8%/y0) and site 2 (median = 10.7%0) there was a significant difference
(p-value = 0.008) (Figure 20). Comparing the 5'°N of O. cyaneaetween sites 2 (median
= 8.7%0) and 3 (median = 9.6%) showed no significant difference (p-value = 0.285)
(Figures 20). When the 5'°N values of O. cf. vitiensis(median = 10.7%) and O. cyanea
(median = 8.7%0) at site 2 were compared there was no significant difference (p-value =
1.000) (Figure 22). When the 5"°C values for all species were compared between sites
there was a significant difference between sites (p-value <0.001), with site 1 (median = -
11.1%0) being different than sites 2 (median = -15.6%) and 3 (median = -13.2%)
(Figure 23). A comparison of 8"°N values of all individual of a species regardless of site
resulted in a significant difference (p-value = 0.002), with O. cyanegmedian = 9.5%0)
being significantly different than A. sp.1 (median = 6.8%), O. cf. vitiensigmedian =
6.5%/00), and C. ornatus(median = 7.0%o)(Figure 24). Comparing the effect of mass on
the 8'"°N values for each species resulted all species having R* values <0.001 and p-values
>0.05, with the exception of C. ornatus which had the highest adjusted R* value (.574),
although this was non-significant (p = 0.086) (Figure 25). Plotting the mean 5'"°N for
species in this study in combination with values for other species found in the literature
(Table 10) in relation to their estimated maximum mass resulted in an non-significant
regression (p-value = 0.952, R-sq(adj) = 0.000) (Figure 27). A. sp.1, O. cf. vitiensisand
C. ornatusform a group that has lower values than all other species. O.cyaneahad a
mean 3N value similar to other octopus species including O. vulgaris E. cirrhosa O.
salutii, and B. sponsaliswhile O. tehuelchéad a higher value than all other species.
When 8"°N was plotted versus 8'"°C for the species (Table 10, Figure 28) the octopuses
from site 1 formed an independent group. The octopuses from sites 2 and 3 formed a
separate group to which the values of both O. vulgarisand E. cirrhosawere similar. O.

teheulchewas an outlier based on its” high 3'°N value.



Discussion

The two unclassified species in question in this study are synonymous with
Abdopus spl and Octopus cf. vitiensis Huffard et al, 2010, based on genetic
similarities. Huffard et al, 2010 sequenced the cox1 and 16s loci from one individual of
both species. For this study we expanded on this dataset by sequencing the cox1, cox3,
and cytb for three individuals of each species. When comparing the cox1 gene of both
species across a large range of near-shore species of octopus inhabiting the tropical and
sub-tropical Pacific, we found that A. sp.1 is most closely related to O. lagueusnd is a
distinct species based on pairwise genetic divergence values. Our phylogentic analysis
used sequence data from two O. laqueusone from Kaneko et al, 2011 (AB430543) and
the other a direct submission on Genbank from Fukui and Furuya, 2008 (AB302176).
Our A. spl individuals and the sequence from Huffard et al., 2010 formed a group with
the O. laqueudrom Kaneko et al, 2011. Meanwhile, the O. laqueusrom Fukui and
Furuya, 2008 was most closely related to A. aculeausindicating that it is not related to
O. lagueusA. spl. What genus these two species fall into is still not fully understood.
Kaneko et al, 2011 placed O. laqueuswithin the genus Octopus while Huffard et al,
2010 placed A. sp. Iwithin the genus Abdopushased on phylogenetic relationships, but
also the presence of arm autotomy, a diagnostic feature of that genus. Our data indicates
that A. sp.1 and O. laqueudorm an independent branch within the Abdopus spgperoup
based on available genetic data. They share many morphological characteristics with the
genus Abdopuswith the main exception that O. laqueus lacks arm autotomy. The ability
of arm autotomy is currently considered diagnostic of AbdopugNorman and Finn, 2001),
but the results here suggest this assessment requires reevaluation. The ability of arm
autonomy for the octopus within the genus Abdopusmay have evolved after the split of
the A. spl and O. laqueudineage. Alternatively O. laqueusnay have lost the ability.
Based on current data, the placement within the genus Abdopuss the best fit, however
with future genetic and morphological analysis of the species falling within this group
and the possible discovery of new species within the group there may be reclassification

necessary.



O. cf. vitiensisvas found to be most closely related to O. oliveri, a result also
found by Huffard et al (2010). Due to O. vitiensis described from Fiji, not having any
genetic sequences available at this time to compare it is not possible to say if the species

in Hawai‘i is the same as O. vitiensisor a closely related species.

All of genetic phylograms constructed incorporating the species Thaumoctopus
mimicus Wunderpus photogeneticu3ctopus sp and Thaymoctopus splaced them
into a closely related group, indicating that they possibly could be consolidated into one
genus (Huffard et al., 2010). As also found previously, this group also formed a distinct
larger clade that included the Abdopuszenus along with O. laqueusnd A. spl.

The lack of genetic sequences of many octopus species from the central pacific
and other areas, especially from their type locations, inhibits the development of accurate
phylogenetic relationships and proper identification of species. The accuracy of genetic
analysis for octopuses is also inhibited because many of the sequences that are available
on public databases are from only one individual of a species, which may lead to a higher
chance of using inaccurate data. Future work with octopuses in the Pacific should put a
priority in obtaining genetic samples from species that are not represented in current

databases and sequencing using multiple loci (i.e. Col, Colll, 16s).

The mantle length to mass relationship has been shown to be positively correlated
for many species and is usually linear (Forsythe and Hanlon, 1988; Huffard, 2006). The
cubic and quadratic relationships determined for A. sp.1 and O.cf. vitiensisleviate from
this, however the curvature of both is minimal. The curvature could be due to changes in
body proportions between early (post settlement) juveniles, then transitioning into
reproductive adults, and finally egg senescence or animals being exposed to different
temperature regimes (Forsythe and Hanlon, 1988). It is possible that this study captured
important early life stages not previously represented in earlier studies. Between A. sp. 1
and O. cf. vitiensighere was a difference with A. sp. lhaving a higher average mantle
length to mass ratio. When comparing small specimens of both species it would be

difficult to differentiate the two solely based on this relationship due to the convergence



of the two at lower masses and possible inability to distinguish differences from errors in

measurement or variation.

The sexual size dimorphism seen in O. cf. vitiensisvith the females capable of
reaching a larger mass than males has been seen in other near-shore and pelagic
octopuses (Hanlon and Messenger, 1996; Voight, 2009; Aslves and Haimovici, 2011).
This occurrence of females reaching a larger size is thought to confer an evolutionary
advantage for females due to larger females having higher fecundity than small females
(Osborn, 1995, Alves and Haimovici, 2011). This would be important for these octopuses
since they are semelparous. For males, the evolutionary pressure for large size could be
attributed to competition between individuals for space/resources or mate competition, as
larger individuals of other octopus species have been shown to have a higher chance of
winning fights (Mather, 1980). Large size may not be as important for reproductive
output in these species due to males being able to mate multiple times within their
reproductive lifespan and possibly being able to replenish their sperm reserves. In the
case of O. tehuelchusa significant increase in the number of oocytes has been found
with increasing mantle length in females but there was no relationship between mantle
length and the number of spermatophores for males (Alves and Haimovici, 2011). For O.
vulgaristhere was a significant positive relationship in both oocyte and spermatophore
number with octopus length (Hernandez-Garcia et al, 2002). Similar increasing
fecundity with size relationships have also been seen for O. rubescenfOsborn, 1995), O.
pallidus(Leporati et al, 2008).

We did not observe sexual size dimorphism within A. Spl. The maximum size
was 23g for males and 24 g for females. However, this result possibly stems from either
sex or both not having reached their maximum size during this study. Kaneoko and
Kubodera (2005) potentially observed sexual dimorphism in O. laqueuswith the max
weight for a male caught in the study being 26g and 48.8g for a female. Houck, 1977 had
three females of the “Crescent octopus”, which most likely is A. spl, lay eggs and they
were all at or under 50g wet weight. The largest individual collected by Houck (1977)

was reported to be 89g with sex not mentioned. Based on these data it is possible that A.



sp. might be sexually dimorphic with females reaching a larger size than males with
sizes being similar to O. laqueusAbdopus aculeatya close relative to both O. laqueus
and A. sp. 1 has not shown to been sexually dimorphic (Huffard, et al., 2008)

The egg incubation time for octopuses has been shown to be inversely correlated
with temperature (Ambose, 1981; Hamasaki and Morioka, 2002; Katsanevakis and
Verriopoulos, 2006). This was shown to be the case with both species with the median
onset of hatching being significantly different within a temperature range from 20 to
28°C. With the monthly mean sea surface temperature in Hilo Bay, Hawaii from January
2008 to December 2012 ranging from 22.9 — 25.7°C (NOAA station ILOH1,
ndbc.noaa.gov) this would make the incubation time for O. cf. vitiensiggs between 30
and 40 days in the wild. For A. spl we had a smaller data set, but the incubation times
obtained were not significantly different than O. cf. vitiensis Houck (1977) had the
hatching time of the eggs of the “Crescent octopus” as 40 days with the incubation
temperature ranging from 20 to 24°C. The hatching time of 40 days is between the
values we obtained for the 20°C (52 days) and 24°C (34 days) trials for A. sp.1. We
conducted trials at 30°C for both species but the embryos did not survive at this
temperature, possibly as a result of a large change in temperature during acclimation or

that the temperature is at or near the thermal limit for egg development for the species.

8'°C signatures have been used to interpret habitat use in many cephalopods
including octopus, cuttlefish and squid ranging from benthic to pelagic species (Cherel
and Hobson, 2007; Jackson et al, 2007; Guerra et al, 2010; Chouvelon et al, 2011;
Chouvelon et al, 2012). These prior works have demonstrated that individuals occurring
at different habitats/locations can have distinct and different tissue and beak §'"°C values.
By sampling beak 3'°C values Cherel and Hobson (2005) demonstrated that as squid
moved between foraging areas the values shifted in response. However this is the first
time looking at octopus species inhabiting a tropical coral reef ecosystem and differences
between similar habitats that are within close proximity to each other. The 8'°C values of
arm tip tissue from octopuses collected at sites 2 (Richardson) and 3 (Puako), which

represent near-shore coral reef habitat (3-12m collection depth) showed no significant
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difference, although there was a small but insignificant difference with site 2 having a
slightly more depleted value. This indicates that the base of the food chain for the
octopuses is very similar between these two sites, with the primary consumers at site 2
possibly ingesting a higher percentage of ocean derived material (i.e. phytoplankton) than
site 3, as oceanic particulate organic matter in this area has a 8'°C value of ~ -20.7"%9

(Atwood et al, 2012).

The §"°C values of the octopus collected at site 1 were significantly different and
enriched compared to sites 2 and 3. This indicates that the tidal pool habitat of site 1 has
less oceanic derived nutrients compared to the other two sites, given the semi-enclosed
nature of the tidal pool (0-2 m collection depth) the base of the food web is most likely
benthic detritus, benthic macro and micro algae derived based on a median §"°C of -
11.1% which corresponds to similar values for shallow coral reef/lagoon habitat

(Kolasinski et al. 2011).

The trophic niche of the different octopus species as determined by 5'°N indicate
that A. sp.1, O. cf. vitiensisand C. ornatusare all feeding at roughly the same trophic
level at site 1 with median 8'°N values ranging from 6.4% to 7.0%0. These values
would be consistent with animals feeding between a secondary and tertiary (secondary
consumer) trophic level in a shallow marine coral reef habitat, given that macroalgae
8"°N values of this region/habitat range from ~ 0% to 3%o (Dailer et d., 2010; Lapointe
and Bedford, 2011) and a tropic fractionation of range of 2.0~3.4"/49 (Vander Zanden and
Rasmussen, 2001; Post, 2002, McCutchan Jr. et al 2003). For site 1 there was observed
to be a large population of crustaceans (shrimp and crab species, <5cm), which are
considered the preferred prey of octopuses (Van Heukelem, 1973). The small shrimp and
crabs were frequently observed scavenging on hard substrate and in the sediment for
food, their diet is unknown but they did not seem to be strictly carnivores as it looked as
they were at times possibly feeding on detritus or algae. At site 1 octopus mass did not
affect 5'°N levels except for possibly C. ornatus which had the largest mass range of the
three species. The increasing trend in 8'°N value with mass of C. ornatuscould be due to

a shift in prey type with size or a change in biochemical or physiological process with



age. The range of values seen at site 1 between and within species could be a result of
seasonal fluctuations in 8'°N due to varying light levels and day length (Umezawa et al,
2007) and changes in freshwater or marine input (Atwood et al, 2012). Shifts in prey
selection due to changes in availability could also shift the values of the food chain. The
difference in 8'"°N values of O. cf. vitiensisetween sites 1 and 2 could be caused by the
octopuses at site 2 feeding at a higher trophic level, or the 3'°N value of the base of the
food chain is more enriched at site 2. Atwood et al. (2012) recorded the 8"°N value of
oceanic particulate organic matter in the area of the study at ~3.5 %/po which is similar to
the values of macroalgae. The crustacean species at the depths we collected octopus at
site 2 were observed to be different than at site 1, indicating that differences in prey
might be the cause of the different '°N values. Based on these results, habitat and prey
availability are most likely the main drivers in determining an octopus’s 5'°N value as
there was a significant difference between the values of sites 1 and 2. Since many
octopuses are known to be opportunistic feeders (Mather et al, 2012), this result would
be expected as the types of prey at site 1 are different than site 2 and 3, while sites 2 and

3 are more similar.

The ability of octopuses to capture and eat a large size range of prey would
explain the lack of difference in 8'°N values of relatively different sized octopuses,
although the sizes of the prey available would also have to be taken account of as at site 1
large crab or shrimp species were rarely encountered. Different prey capture methods,
such as probing versus ambush, may allow for differences in prey selection of octopus
residing in the same habitat. For the species in this study only C. ornatuswas found
predominately in sand patches. As a long-arm species, having smaller webbing size, it is
more likely to probe small holes and borrows for prey; it has also been known to eat other
octopuses (Norman, 2003). O. cyaneand O. cf. vitiensigenerally were found in
rocky/coral covered areas. They have a larger web size relative to body size and have
been observed to envelope coral heads and rocks, trapping prey within their webs, and
using their arms to search for prey (Forsythe and Hanlon, 1997; pers. observ.). One
difference between the two species is that O. cyaneaends to be more active in the

morning and evening hours (Houck, 1982; Forsythe and Hanlon, 1997) with O. cf



vitiensisbeing active starting at dusk (Houck, 1982 Houck looked at crescent, which was
likely A. sp. 1; pers. observ.), potentially resulting in a difference of prey selection

between the two species.

Based on these results when comparing 8'°N values within or between species of
octopuses and other cephalopods changes may be due to the type of habitat and/or
changes in prey availability. If the 5"°C values are significantly different between the
samples it may not be possible to compare the 5'°N values without collecting the prey
items or primary producers from each location in order to standardize the differences. As
with the case of O. cf. vitiensist sites 1 and 2, without taking into account the change of
habitat and possibly prey type results could be interpreted that the animals at site 2 are
feeding at a higher trophic level. Additionally, if we compare O. cyaneao the other
species without taking habitat into account, results could also be interpreted as this
species is feeding at a higher trophic level. When we only compare O. cyaneand O. cf.
vitensisfrom site 2, we see that their trophic level is very similar. Caution should be
taken when analyzing 8'"°N values of animals collected in different habitats/locations as
any differences could be the result of the nitrogen source of the primary
producer/consumer and not a trophic shift or change in prey selection. In the case of O.
tehuechavhich has a high §'°N value compared to all the other species, the higher value
is most likely a result of the location (Patagonia, Argentinea) which has a high base 5'°N

value (Somes et al., 2010) compared to Hawai‘i and many other locations.

One reason that there was minimal difference in 8'°N between the species in this
study could be that there is little difference in the trophic level of the prey items at
sampled locations. Since it is believed that most species of octopuses predominately prey
on bivalves, gastropods, and crustaceans (Forsythe, and Hanlon, 1997; Anderson etal.,
2008; Silva Leite et al, 2009), which are mostly generalist filter-feeders or scavengers.
This causes difficulty in detecting a difference in prey selection between these species if

one existed unless the octopuses were highly selective towards one group of prey.



The role that these octopuses have within coral reef habitats is still not well
understood. Research has indicated that O. cyaneamay have a large impact on the
crustacean population on the reef (Yarnell, 1969), if these other species are also feeding
on the same or similar prey then the crustacean population on the reefs maybe greatly
influenced by the octopus density and species composition. The observation that the
different octopus species have slightly different activity patterns (Houck, 1977) suggest
that they are possibly separating resources. This maybe further validated in that although
the different octopus species observed at site 1 were close proximity to one another there
seemed some difference in micro-habitat preference for some of the species. The species
may also have different feeding behaviors based on personal observation. Although O.
cyaneais often thought of as the dominate octopus species in the near shore Hawaiian
reefs in terms of biomass, at sites 1 and 2 we observed O. cf. vitiensiat a higher
frequency, however the higher observed density might be biased due to our sampling

method and O. cyaneaeing harvested from these locations.

The fractionation of '°N and 8'°C between octopus and their prey is not known
although we used the standard values of 3.4%0 and 0%p. Preliminary data indicates that
for 8'°N the fractionation is less. Preliminary data also indicates that senescence affects
the stable isotope profile of the octopus by enriching the §'°N values, which would be
expected as they are metabolizing their own tissue/lipid reserves for energy. In order to
more accurately estimate trophic niche and prey selection a more accurate fractionation
amount needs to be determined along with how physiological processes may alter their
profile.

All of the locations sampled are utilized by humans for recreation and non-
commercial fishing to varying degrees. The area around site 1 is predominately a
swimming area with some fishing outside the area octopuses were collected at, this area
is also a popular place for collecting animals for personal aquariums. It is unlikely that
any of these activities influenced the octopuses and prey as the believed prey items were
plentiful and not ones targeted by fisherman or collectors. The collection of animals for
this project may have influenced octopus populations within the site 1 collection area as it

was small and a relatively large number of octopuses were collected from this location, in



particular O. cf. vitiensisAny impacts were probably short term, as the life span of
animals is believed to be roughly one year based on longevity in captivity supported by
the size and density of animals found at particular times of the year. In late spring, early
summer we started to observe octopuses of small size and the mass of animals collected
increased through the year until late fall early winter when we would rarely find any. All
species studied are small-egg species that have a pelagic paralarval stage the recruitment
at each site is most likely independent of that specific sites density. Site 2 is a popular
recreational and fishing area and as is locally known to be a good place for catching
octopuses. The majority of fishing for octopuses is for O. cyaneand C. ornatusthe
Hawaiian state fishing regulations for octopus is a minimum size of 11b for both species
with unlimited catch limits. This may have influenced the octopus density, species
assemblage and sizes at this location, as we did not find any large individuals (> 2kg) at
this location during the period of this study. In comparison site 3, which did not seam to
be as heavily fished, we found more O. cyaneger dive, but this disparity may be a result
of the timing of collecting and differences in habitat preference. The fishing for
crustaceans at sites 2 and 3 is thought to be minimal, as it was never directly observed,
except for lobster. Therefor the human fishing pressure probably did not influence prey
availability for the animals studied with the exception of larger O. cyaneahat would

possibly feed on lobster.



Conclusion

Genetic sequence analysis of different DNA and mtDNA loci has proven to be a
useful tool for discerning inter- and intra- level differences of species in relation to
evolutionary history. For the determination of species identification and phylogenetic
relationships of our species of interest we compared the genetic sequences of single and
multiple loci (cox1, cox3, 16s) from multiple individuals with a large dataset of other
Pacific octopus species. Results indicate that A. sp.1 is a separate species with only
confirmed sightings to date being from the Hawaiian Islands. The closest related
described species for which genetic data was available is O. laqueuswhich was collected
in Japan (Kaneko and Kubodera, 2005, Kaneko, N., T. Kubodera, and A. Iguchis. 2011).
We were not able to determine whether the species O. cf. vitiensidrom the Hawaiian
Islands is the same as the O. vitiensisfrom the South Pacific using genetic analysis as no
genetic data was available for O. vitiensisat the time. Its’ closest relative analyzed was O.
oliveri, which is distributed throughout the central pacific from Hawai‘i to New Zealand.
There are many undescribed and described species of shallow water octopuses found in
the Pacific region in which little to no genetic data is available for, complicating the
analysis of genetic data is that there were several instances of misidentification of species
for sequences on genbank. Until we can get more genetic data on the known and
unknown species from multiple individuals of a species it may be difficult to understand
the genetic histories of species and groups and produce accurate phylograms along with

correctly classifying the species.

There is no information about the general biology and physiology of either A sp.1
or O. cf. vitiensidn the scientific literature, except a brief excerpt about what is believed
to be A. sp. lin Houck (1977). To gain more insight into the life history of these species
the growth of multiple individuals of both species was monitored in captivity along with
observing egg development. Comparing the masses obtained between individuals of both
species, O. cf. vitiensigrew to a larger size and also exhibited sexual dimorphism, with
females having the potential to grow larger than males. We were unable to determine a

potential max size for A. sp.1 as few individuals grew once in captivity, but it is most



likely less than 100g based on the size of individuals collected by Houck (1977) and the
sizes reported for O. laques (Kaneko and Kubodera, 2005). We were unable to
determine if the species is sexual dimorphic, but the closely related O. laques is reported
to be (Kaneko and Kubodera, 2005).

Although A sp.1 and O. cf. vitiensisre not closely related and have different
morphometics they share several life history attributes, including similar hatching times
of their eggs and the effect of temperature on egg developmental rates. The
environmental conditions of the area in which the octopuses live is most likely driving
the two species to have the same onset of hatching times, eggs laid by O. cyanean
Hawai‘i seem to have similar hatching times in relation to temperature (Van Heukelem,

1973).

The use of 3'"°N stable isotope analysis to investigate trophic niche and potential
prey choice has been widely adopted in the ecology field but its use on octopuses has
been minimal. This method may lend itself to research involving octopus trophic
interactions, particularly as traditional methods such as visual observation and midden
pile analysis are time consuming and the data recorded maybe skewed or incomplete. Our
analysis of different species of octopuses (A. sp.1, O. cf. vitiensisO. cyanagand C.
ornatug inhabiting 3 sites indicate that prey choice was dictated by site/habitat as we
were not able to detect a significant difference between any species at the same site. For
the two species that were sampled at multiple sites, there was a significant difference
between O. cf. vitiensigollected at sites 1 and 2 but not for O. cyaneaollected at sites 2
and 3. As sites 1 and 2 are relatively different habitats (shallower and semi-closed, deeper
and open), while 2 and 3 are relatively more similar these results indicate that for the
species of octopuses studied differences in prey selection my be more influenced by
habitat and that individuals of different species residing in the same habitat have similar
diets or at least feed at the same niche level. Based on the observation that there seemed
to be differences in activity cycle, hunting strategy, and micro-habitat use between

species the possibility of there being small differences in prey selection that was not



detectable using the 8'°N method is likely. Further investigation may be necessary using

a more diet specific methods such as genetic analysis of stomach content.

Using 8"°C values to infer site and habitat use found that the values of species
living at site 1 were statistically different than those of sites 2 and 3, while octopuses at
sites 2 and 3 were not significantly different. This demonstrates that the comparison of
8"°C values is able to differentiate between octopuses living at different in-shore coral
reef habitats (shallower and semi-closed vs. deeper and open), but there are limitations as
differentiating between sites with similar habitats was not possible using our data.
Compared to other methods of tracking octopus movement, such as tagging or visual
observation, 8"°C is a valuable tool to consider, as it requires little time or effort in

relation to these other methods.

In conclusion this research offers one of the first in-depth looks at the
phylogenetics, biology, and ecology of O. cf. vitiensisand A. sp.1 in Hawai‘i and is the
first study to investigate the ecology of in-shore octopus species on Hawai‘i island.
Smaller species of octopus tend to be understudied, possibly because they do not have a
large commercial interest and they are more difficult to observe; however, they may play
important roles in the ecology of coral reefs and other habitats. The interactions between
multiple species of octopuses within a habitat is not often studied; further research may
give insight into possible niche partitioning among co-occurring species and the potential

causes of speciation.



Notes

Octopus collection was conducted under the authority of Hawaii Department of Aquatic
Resources collecting permits (#02012-74) and SCUBA diving was conducted under the
auspice of the University of Hawaii Diving Safety Program in accordance with the

American Academy of Underwater Sciences.
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Tables

Table 1 Primer sequences used for loci amplification.

Gene | Direction Primer Sequence

coxl F LCO1490 | GGT CAA CAA ATC ATA AAG ATA
TTG G

cox1l R HCO2198 | TAA ACT TCA GGG TGA CCA AAA
AAT CA

cox3 F Ooc3F CAA TGA TGA CGA GAT ATT ATY CG

cox3 R Ooc3R CTT CAA ATC CAA AAT GAT GTG A

cytb F CB1 TAT GTA CTA CCA TGA GGA CAA
ATA TC

cytb R CB2 ATT ACA CCT CCT AATTTATTA
GGA AT

Table 2 PCR cycling regime for the different primers.

Gene Initial Denaturation Annealing Extension | Cycles
Denaturation

Temp | Time | Temp. | Time | Temp | Time | Temp | Time
.(°C) | (sec.) | (°C) | (sec.) | . (°C) | (sec.) | . (°C) | (sec.)

coxl 94 180 94 30 | 52-59 ] 30 74 60 35

cox3 94 180 94 30 52 30 74 60 35

cytb 94 180 94 30 52 30 74 60 35




Table 3. List of specimens used for dataset analysis

GenBank Accession Numbers.

. Accession number corresponds to

. Accession #

Species col 165 colll
Abdopus abaculus AB430513 AB573184
Abdopus aculeatus (1) HM104254 | HM 104244
Abdopus aculeatus (2) GQ900726 | GQ900718
Abdopusaculeatus (3) AB430514 AB573185
Abdopus sp. 'ward' GQ900728 | GQ900718
Abdopus sp. 1 (1) GQ900727 | GQY00716
Abdopus sp. 1 (2) this study
Amphioctopus aegina (1) FJ800373
Amphioctopus aegina (2) AB430515
Amphioctopus arenicola GQ900729
Amphioctopus cf. neglectus AB385872
Amphioctopus cf. ovulum AB385873
Amphioctopus cf. rex AB385871
Amphioctopus cf. siamensis AB430516
Amphioctopus fangsiao (1) AB430519
Amphioctopus fangsiao (2) HQ846126
Amphioctopus fangsiao (3) AB430518
Amphioctopus fangsiao (4) AB430517
Amphioctopus kagoshimensis (1) | AB430520
Amphioctopus kagoshimensis (2) | HQ846122
Amphioctopus marginatus (1) HQB846138
Amphioctopus marginatus (2) AB430521
Amphioctopus marginatus (3) AB430522
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Amphioctopus marginatus (4) AB385870
Amphioctopus ovulum (1) AB430524
Amphioctopus ovulum (2) AB430523
Amphioctopus ovulum (3) HQ846156

Argonauta Argo ABI191273
Callistoctopus aspilosomatis AB430525
Callistoctopus cf. aspilosomatis GQ900733
Callistoctopus luteus (1) GQ900731
Callistoctopus luteus (2) AB430527
Callistoctopus luteus (3) AB430526
Callistoctopus luteus (4) AB385874
Callistoctopus minor (1) HQ846113
Callistoctopus minor (2) AB430541
Callistoctopus minor (3) AB430540
Callistoctopus ornatus (1) AB430528 AB573209
Callistoctopus ornatus (2) AB191279 | AB191114
Callistoctopus ornatus (3) HM104257
Callistoctopus ornatus (4) GQ900732
Callistoctopus ornatus (this study)

)

Callistoctopus sp. (1) AB385875
Callistoctopus sp. (2) AB385877
Callistoctopus sp. (3) AB385876

Cistopus cf. indicus AB385878

Cistopus chinensis HQ846128

Cistopus taiwanicus HQ846142
Hapalochlaena fasciata AB430529
Hapalochlaena lunulata AB430530
Hapalochlaena maculosa (1) AB430531
Hapalochlaena maculosa (2) HQ846163

Octopus bimaculoides (1) GQ900738 | GQY00714
Octopus bimaculoides (2) KF225006 KF225012
Octopus bocki GQ900739

Octopus californicus AF377968

Octopus cf. vitiensis (1) GQ900745 | GQ900713
Octopus cf. vitiensis (2)

Octopus conispadiceus AB430533

Octopus cyanea (1) GQ900740 | GQ900720




Octopus cyanea (4) AB430534 AB573223
Octopus cyanea (2) GQ900742 | GQ900721

Octopus cyanea (5) AB430535 AB573224
Octopus cyanea (3) GQ900741 | GQY00719

Octopus cyanea (this study) (6)

Octopus hongkongensis (1) AB430538

Octopus hongkongensis (2) AB430537

Octopus incella AB430542

Octopus laqueus (1) AB302176 | AB302177

Octopus laqueus (2) AB430543 AB573215
Octopus longispadiceus AB430539

Octopus mimus GU355925

Octopus nanhaiensis HQ846121

Octopus oliveri (1) AB430532 AB573226
Ocotpus oliveri (2) K(C848886

Octopus oliveri (3) GQ900744 | GQY00712

Octopus parvus AB430544

Octopus sp. (2) HQ846153

Octopus sp. (1) AB385879

Octopus sp. (4) HM377490

Octopus sp. (3) GQ900747 | GQ900724

Octopus sp. 2 HQ846160 | HQ846067

Octopus vulgaris (2) AB430547 AB73219
Octopus vulgaris (3) AB430548 AB73218
Octopus vulgaris (1) HQS846110 | HQ846021

Octopus vulgaris (4) AB430546 AB573217
Octopus wolfi AB430545

Thaumoctopus mimicus GQ900746 | GQ900725
Thaumoctopus sp. GQ900737 | GQY00722
Wunderpus photogenicus GQ900748 | GQ900723
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Table 4.Recovered sequence length range by species.

Sequence lengths (range)
Species (# oindividuals) cox1 cox3 cytb
Abdopus spl (3) 660 - 661 476 - 487 433
Octopus cf. vitiensi&) 637 - 644 489 - 496 430 - 432
Octopus cyane@®) 645 - 661 486 416 - 424
Callistoctopus ornatug) 660 457 - 491

Table 5. List of Genbank accession numbers from individuals sequenced.

Abdopus sp, Octopus cf.| Octopus | Callistoctopus
Gene| Individaul 1 vitiensis cyanea ornatus
1 KP896509 | KM027305 | KX024741 KX024748
cox1 2 KP896511 KMO027306 | KX024742 | KX024749
3 KP896510 | KM027307 KX024750
1 KP896513 | KX024735 | KX024744 KX024751
cox3 2 KP896514 | KX024736 | KX024745 | KX024752
3 KP896512 | KX024737 | KX024743
1 KX024733 | KX024738 | KX024747
cytb 2 KX024732 | KX024739 | KX024746
3 KX024734 | KX024740
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Table 6. Loci and sequence lengths used in Maximum Likelihood and Bayesian analysis
along with descriptive analysis of data sets.

Gene(s) coxl | cox3 | 16s | coxl+16s | coxl+cox3
Sequence length 601 | 464 | 506 1107 1065
Conserved sites 389 | 293 | 335 282 276
Parsimony informative

sites 188 | 127 | 116 365 361
Variable sites 212 | 171 | 166 737 704
Singleton sites 24 44 49 82 85

Table 7. Pairwise estimate of cox1 evolutionary divergence within species using
Maximum Likelihood analysis and GTR+G+I model for five species.

Species (number of Numbgr of base. Standard error (min. -
C o substitutions per site
individuals) . max.)
(min. - max.)
O. cyaned6) 0.000 - 0.013 0.000 - 0.005
O. vulgaris(4) 0.000 0.000
A. marginatug4) 0.000 - 0.003 0.000 - 0.002
C. ornatus4) 0.000 - 0.003 0.000 - 0.002
O. oliveri(3) 0.003 - 0.017 0.002 - 0.005
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Table 8. Division of eggs into the temperature trials. Numbers represent individual
female, letters represent groups of eggs laid on different days, “X” represent the
temperature the eggs reared at.

Temperature jC
Egg

Species Female | Group 20 22 24 26 | 28
O. cf. vitiensis 1 a X
O. cf. vitiensis 1 b X
O. cf. vitiensis 1 c X X X X
O. cf. vitiensis 1 d X
O. cf. vitiensis 1 e X
O. cf. vitiensis 2 a X X X
O. cf. vitiensis 3 a X X X
A.sp. 1 1 a X X
A.sp. 1 1 b X

Table 9. List of the number of individuals for each species collected at each site (figure

1).

Site 1 Site 2 Site 3
(Onekahakaha) | (Richardsons) (Puako)
Abdopus spl 7 0 0
Octopus cf. vitiensis 17 3 0
Callistoctopus ornatus 1 0
Octopus cyanea 0 4 3




Table 10 Mean 3'°N and 8"°C values for octopuses in this study (separated by site) and
found in the literature along with estimated max size for all species. Location of animals
collected and references are listed.

Estimated
Mean | Mean Max Stable Estimated
8N | 8"°C Mass Isotope | Max. Mass
Species | %/ %0 | (grams) | Location | Reference| Reference
Hawaii
Island (Site
A.spl 6.8 -11.5 501D This study | Houck, 1977
Hawaii
Island (Site
C. ornatus 7 -8.9 1,000 | 1) This study | This study
Hawaii
Island (site
C. ornatus 71 -12.3 1,000 | 2) This study | This study
Hawaii
O. cf. Island (site
vitiensis 64| -11.6 150 | 1) This study | This study
Hawaii
O. cf. Island (site
vitiensis 10.7 | -14.1 150 | 2) This study | This study
Hawaii Van
Island (site Heukelem,
O. cyanea 87| -15.9 6,500 | 2) This study | 1973
Hawaii Van
Island (site Heukelem,
O. cyanea 9.6 | -13.2 6,500 | 3) This study | 1973
Mendez-
Fernandez | Boyle and
E. Iberian et. al, Knoblock,
cirrhosa 10.8 | -17.3 1,200 | Peninsula 2012 1983
Bay of Chouvelon | Boyle and
E. Biscay, et. al, Knoblock,
cirrhosa 11.8 | -16.7 1,200 | France 2011 1983
Bay of Chouvelon | Boyle and
E. Biscay, et. al, Knoblock,
cirrhosa 11.6 | -16.8 1,200 | France 2012 1983
O. Iberian Carabel et. | Roper et al,
vulgaris 10.3 ] -16.3 10,000 | Peninsula al., 2006 1984




Kaehler

and
0. South Pakhomov, | Roper et al,
vulgaris 11.5] -14.6 10,000 | Africa 2001 1984

Mendez-

Fernandez
0. Iberian et. al, Roper et al,
vulgaris 11.2 ] -15.9 10,000 | Peninsula 2012 1984

Bay of

O. Biscay, Chouvelon | Roper et al,
vulgaris 11.1] -16.9 10,000 | France et. al., 2012 | 1984
0. Patagonia, Forero et.
tehuelche 17.5| -11.5 150 | Argentinean | al., 2002 Iribane, 1991
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Figures

Hawai'i | sland

Figure 1. Location of collection sites on the island of Hawai‘i, Hawai‘i, U.S.A.. Site 1
(Onekahakaha) 19° 44° 18.70” N, 155° 2’ 19.74”W; Site 2 (Richardsons) 19° 44’ 10.60”
N, 155° 0 55.58”W; Site 3 (Puako) 19° 44’ 18.70” N, 155° 51 32.71” W.
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Figure 2. Phylogram of large cox1 data set utilizing Maximum Likelihood analysis
utilizing GTR+G+I nucleotide substitution model with Argonauta argas the outgroup.
Shaded clade includes specimens from this study Abdopus spl (2) and Octopus cf.
vitiensis(2) and related species. Bootstrap values are shown at branch nodes. Branch
lengths represent the number of substitutions per site, with the scale at the bottom of the
figure.
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Figure 3. Phylogram of large cox1 data set utilizing Bayesian analysis utilizing
GTR+G+I nucleotide substitution model with Argonauta argas the outgroup. Shaded
clade includes specimens from this study Abdopus spl (2) and Octopus cf. vitiensi€)
and related species. Posterior probability values are shown at branch nodes. Branch
lengths represent the number of substitutions per site, with the scale at the bottom of the

figure.
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Figure 4. Phylogram of small cox1 data set utilizing Maximum Likelihood analysis
utilizing GTR+G+I nucleotide substitution model with Callistoctopus ornatuss the
outgroup. Bootstrap values are shown at branch nodes. Branch lengths represent the
number of substitutions per site, with the scale at the bottom of the figure.
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Figure 5. Phylogram of small cox1 data set utilizing Bayesian analysis utilizing
GTR+G+I nucleotide substitution model with Callistoctopus ornatuss the outgroup.
Posterior probability values are shown at branch nodes. Branch lengths represent the
number of substitutions per site, with the scale at the bottom of the figure.
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Figure 10. Plot of mantle length (mm) versus mass (g) for Octopus cf. vitiensiRed
squares represent females, black triangles represent males. Equation for regression line
for each sex is shown along with R-squared (adj.) and p values.
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Figure 11 Plot of mantle length (mm) versus mass (g) for Abdopus spl. Red squares
represent females, black triangles represent males. Equation for regression line for each

sex is shown along with R-squared (adj.) and p values.
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Figure 13. Mass in grams of Octopuscf. vitiensis with mass taken from animals in
captivity over time, by sex. Dataset is from 20 females (F) and 9 males (M). Maxium

mass reach by a female is 133g and from a male 74.2g.
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Figure 14. Change in mass (grams) of Octopus cf. vitiensithrough time in captivity
(days). Individuals that lived over 60 days are shown, 9 females (F) and 8 males (M).
Different colors/shapes represent individual octopus. Octopuses were maintained at
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Figure 15. Mass in grams of Abdopussp.1 with mass taken from animals in captivity
over time by sex. Dataset is from 4 females (F) and 3 males (M). Max size reach by a
female is 23.5g and from a male 22.0g.
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Figure 16. Change in mass (grams) of Abdopus sp.1 through time in captivity (days).

Individuals that lived over 60 days are shown, 4 females (F) and 3 males (M). Different
colors/shapes represent individual octopus. Octopuses were maintained at 24°C
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Figure 17. Comparison of the onset of hatching (days) of Abdopus spl and Octopus cf.
vitiensisat the same temperatures. Bars are median values with boxes representing 95%
confidence intervals of the median. P-values are from comparisons of median onset of
hatching for the two species at the same temperature based on Mann-Whitney analysis.
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Figure 18. Plot of the onset of hatching (days) versus temperature (°C) for Octopus cf.
vitiensis Bars are median values with boxes represent 95% confidence intervals of the
median. Different letter groupings represent significantly different median hatching
values based on Mann-Whitney analysis. Dashed lines represent the maximum (25.7°C)
and minimum (22.9°C) monthly mean temperature range from 7/2008 — 12/2012
obtained from NOAA station ILOHI located in Hilo bay.
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Figure 19. Comparison of 8"°N values for the three octopus species at site 1. Bars are
median values with boxes representing 95% confidence intervals of the median. Different
letter groupings represent significantly different median species values based on Mann-
Whitney analysis.
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Figure 20. Comparison of 8"°N values for O. cf. vitensisat sites 1 and 2. Bar are median
value with boxes representing 95% confidence intervals of the median. Different letter
groupings represent significantly different median site values based on Mann-Whitney
analysis.
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Figure 21. Comparison of 8"°N values for O. cyaneant sites 2 and 3. Bar represents
median value with boxes representing 95% confidence intervals of the median. Different
letter groupings represent significantly different median site values based on Mann-
Whitney analysis.



14
12 A A
10.7
10 A
=) 8.7
S 8-
e n=4
5 n=3
g 9
4
2 4
p=1.000
0 T T
O. cf. vitiensis O. cyanea
Species
! !

Figure 22. Comparison of 8"°N values for Octopuscf. vitiensisand Octopuscyaneaat
site 2. Bars are median values with boxes representing 95% confidence intervals of the
median. Different letter groupings represent significantly different median species values
based on Mann-Whitney analysis.
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Figure 23. Comparison of 8"°C values of octopuses between sites 1, 2 and 3. Bars
represents median value with boxes representing 95% confidence intervals of the median.
Different letter groupings represent significantly different median site values based on
Mann-Whitney analysis.
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Figure 24. Comparison of 8"°N values of octopuses regardless of collection site. Bars
represent median values with boxes representing 95% confidence intervals of the median.
Different letter groupings represent significantly different median site values based on
Mann-Whitney analysis. Asterisks represent values determined to be outliers by Kruskal-
Wallis analysis.



1 10 100 1000
A sp. 1 C. ornatus
12
> - 9
° .""/J L 6
8 | 3
3 p=0.929 R-sq(adj) =0.000 p=0.086 R-sq(adj)=.574
= — 0
E O. cf. vitiensis 0. cyanea
=
= 12 . ® o
9 . MY
6 1 $ ° ! [ 4
3 1 .
p=0410 R-sq(adj)=0.000 p=0.628 R-sq(adj) = 0.000
0 : : :
1 10 100 1000
Mass (grams)

Figure 25. Comparison of the effect of mass (grams) on 8'°N values for each species of
octopus. Regression lines are shown along with associated p and adjusted R-square (adj.)

values.
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Figure 26. Comparison of 8"°N versus 8'°C values for all octopuses with regression line.
Different shapes/colors represent each collection site.
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Figure 27C&.#! "N values for species found in the scientific literature, including this
study arranged by maximum mass (grams). Octopuses from this study are separated by
collection site. Line represents regression line with corresponding p and adjusted R-
square (adj.) values.
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Figure 28. Plot of 5&.#! "°N versus 8"°C values for species found in the scientific
literature, including this study. Octopuses from this study are separated by site. Black
boxes enclose species from this study by site.
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1.1- Site 1 (Onekahakaha), Hilo, Hawai‘i; collection area outlined, 19° 44 18.70” N,
155°2’ 19.74”W. Google Earth

Google earth
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1.2 - Site 2 (Richardsons), Hilo, Hawai‘i; collection area outlined, 19° 44’ 10.60” N, 155°
0’ 55.58”W. Google Earth
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1.3 - Site 3 (Puako), Puako, Hawai‘i; collection area outlined, 19° 44° 18.70” N, 155° 51’
32.71” W. Google Earth



