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Abstract

EXAMINING THE EFFECTS OF PREY TYPE AND
WATER TEMPERATURE ON THE FEEDING BEHAVIOR OF
A BENTHIC GENERALIST MESOPREDATOR,

THE CALIFORNIA TWO-SPOT OCTOPUS (Octopus bimaculoides)

Andrew J. Lankow

Coleoid cephalopods (squids, octopuses, and cuttlefish) have been widely
studied for a diversity of scientific inquiries. Despite their relevance as model
organisms to fields such as cognitive psychology, neuroethology and physiology, there
is still much to be learned about their own biology and how they interact with their
environment. One group in particular, nearshore benthic octopuses, occupy an
important ecological role as mid-level predators who are also a food resource to a
myriad of other predators. Octopuses are generalist carnivores consuming a wide range
of prey. They are also poikilotherms and are therefore physiologically sensitive to
changes in their physical environment. However, little is known about how biotic and
abiotic factors—such as prey type and water temperature—influence their complex
suite of feeding behaviors. To investigate the effects of prey type and acute changes in
water temperature on prey search, capture, and handling, | conducted controlled
feeding trials with the California two-spot octopus (Octopus bimaculoides) and
analyzed the videos to extract an integrative combination of behavioral measures and
attack kinematics. In Chapter 1, | presented each octopus with either a live crab or live
clam, to assess the behavioral variation associated with the characteristics of two

distinct prey types. In clam trials, octopuses were less hesitant to approach or touch the
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prey, but conducted slower attacks, whereas while octopuses were more initially
hesitant in crab trials their attacks on crab prey were more dynamic and deliberate. Prey
type did not affect octopuses body orientation, arm usage, or eye choice. | also describe
an interesting locomotion pattern for these octopuses where they move in a sinusoidal
path along the bottom of the tank immediately prior to the attack of a crab, in an
apparent corralling of the more mobile prey. For Chapter 2, | studied the effects of
acute temperature change at three different treatment levels (baseline (14-17 °C), 20
°C, and 23 °C) on the feeding behavior of O. bimaculoides on live crab prey. | found
that temperature had a significant negative effect on the probability that an octopus
would attack their prey occurring in the feeding trial, and that warmer water produced
longer latency to make an initial movement during the commencement of a trial, slower
attack velocity and acceleration, and longer prey handling time. Finally, | discuss the
ecological implications of my findings, and how these kinds of changes to octopus

predator-prey dynamics could scale up to have system-level impacts.
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Overall Introduction

The very concept of animal behavior seems to defy definition (Levitis et al.,
2009), but perhaps the most succinct way to describe it is “what an animal does”
(Davis, 1966). The ways in which an organism interacts with others, and its physical
environment, are shaped by natural selection, and molded by the habitat in which it
lives. Sea otters (Enhydra lutris) are a good example of these forces at play. A
streamlined body, enlarged hind paws for propulsion, and the ability to swim while
submerged all result in increased speed, acceleration, and maneuverability with

significantly reduced transport costs (Williams, 1989).

While energy conservation is an important component of certain behaviors,
energy acquisition and utilization are critical physiological and behavioral
requirements that unite all organisms, and animals have developed diverse strategies
for finding and obtaining food (Curio, 2012; Krebs, 1973). The particular strategies
employed by a species, population, or individual in terms of foraging and feeding are
affected by both abiotic factors and biotic factors alike. The feeding behavior of the
California moray eel (Gymnothorax mordax) for example, has been shown to be
sensitive to acute increases in temperature (Moretto et al., 2022) and also affected by
prey characteristics, which are both products of its habitat and its elongate, limbless

morphology (Diluzio et al., 2017; Mehta et al., 2020).

Although certainly not limbless, coleoid cephalopods (the clade of ten- and

eight-limbed cephalopods without shells, comprised of squids, cuttlefishes, and



octopuses) have been increasingly important “model organisms” in a wide range of
scientific inquiries, from psychology and neurobiology to cognition and biochemistry
(Di Cosmo et al., 2021; O’Brien et al., 2018). Of the coleoid cephalopods, octopuses
are widely seen as one of the most successful groups of marine organisms and,
therefore, can have an outsized impact on local ecological processes (Doubleday et
al., 2016). With more than 300 species worldwide, octopuses are voracious
mesopredators and have garnered much attention in terms of their diet, physiology,
ecology, and behavior (Di Cosmo et al., 2021; Jereb et al., 2014). Shallow-water and
nearshore species are a key part of their coastal marine food webs and have adapted
to living in a dynamic environment that is constantly changing and contains and

abundance of prey types.

As generalist predators, they have the ability to prey on a wide variety of
diverse food items in order to satisfy their nutritional needs (Mather et al., 2012) and,
as poikilothermic ectotherms, they are particularly affected by their environment in
terms of temperature (Brett, 1970). These particular characteristics raise some
interesting questions regarding octopus feeding behavior. Will their prey search,
capture, and handling methods vary by prey type? Will their feeding behavior be
impacted by temperature differences caused by regional variation and by daily
fluctuations that characterize the nearshore and intertidal environment (Bates et al.,
2018; Helmuth et al., 2016), as are other invertebrate predators (Pincebourde et al.,
2008; Sanford, 1999)? Understanding and describing these kinds of behavioral
asymmetries is of great importance, due to how individual behavior can scale up to
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have population-, community-, and system-level consequences (Kroeker & Sanford,

2022).

The California two-spot octopus (Octopus bimaculoides) represents an ideal
model to investigate these questions about the effects of prey characteristics and
temperature on feeding behavior. Octopus bimaculoides consumes a wide variety of
prey, is more active during the day, and has a geographic range in the Northeast
Pacific along the coast from San Simeon, California to Guerrero Negro, Baja
California (Jereb et al., 2014; D. L. Sinn, 2008). This species inhabits various
environments, such as rocky reefs, mud flats, sand substrates, and kelp forests, from
the intertidal zone to depths of 20 meters. While octopuses spend most of their time
safe in their dens, in the course of foraging, these generalist predators likely
encounter a variety of potential prey items and experience a range of temperatures. To
examine the effects of each of these different contexts, | conducted controlled feeding
trials with the California two-spot octopus feeding on two different prey types (the
littleneck clam and the striped shore crab) and at three different temperatures (15 °C,
20 °C, and 23 °C). Although experimentation in a laboratory does not perfectly
simulate the natural environment in which these predators live and hunt, controlled
feeding trials allowed me to isolate the effects of my variables of interest (i.e., prey
type and temperature) on various aspects of feeding behavior and control for potential

confounds like octopus satiation, prey activity level, and prey size.

This thesis is separated into two chapters: one examining the variation in O.

bimaculoides’ feeding behavior when faced with different prey types, and the second
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evaluating the effect of water temperature on behaviors associated with prey search,
capture, and handling times. By focusing on these two general areas, | broadly cover
a range of biotic and abiotic factors that may be influencing important octopus
predator-prey dynamics like how they may vary their strategy based on prey
availability, which behaviors or kinematic variables are conserved across contexts,

and how sensitive they are to foraging in different areas of the water column.

The findings of chapter one showed that O. bimaculoides waits significantly
longer to approach and make contact with a live crab than a live clam. After initial
contact, attack decision and prey handling time are shorter for a crab as prey versus a
clam. Attacks on crabs were much more dynamic, exhibiting a greater maximum
speed and acceleration for both the approximate center of mass and the attacking arm.
The proportion of observed attack types was significantly different between the two
prey types, with the mobile crabs eliciting a webover attack 25% of the time, whereas
the sessile clams elicited a typical grabbing arm attack for 100% of successful feeding
trials. In terms of body orientation, arm choice, and eye usage, O. bimaculoides
showed no significant differences between trials of different prey types. However,
within-group comparisons revealed a bias, for clam trials only, towards a lateral body
orientation, anterior arms, right-side arms (R2, specifically), and the right eye being
used for the attack. All biases (with the exception of a bias towards an anterior body
orientation) were not maintained when faced with the unpredictable mobility of a live
crab. Finally, an intriguing locomotor behavior was observed, during which O.
bimaculoides exhibits a distinct sinusoidal movement pattern immediately preceding

4



the attack. This pattern occurred significantly more often during crab trials and

appears to guide a visual attack and help to corral a more mobile prey type.

In chapter two, | employed a combination of multi-level models to determine
the effects of temperature on five behavioral response variables and four kinematic
measurements of the attack, while controlling for the effects of three covariates: crab
activity level, relative prey mass, and trial number. To account for the variation
introduced by the individual octopuses, | included random intercepts in the model for
octopus, cohort, or octopus nested within cohort (depending on the response variable
being modeled), and a random slope for treatment (when my model selection process
confirmed it would improve the model’s fit). The findings show that temperature had
a significant effect on four of the response variables: latency, body velocity, body
acceleration, and handling time. In addition, for total time to attack and attack
decision time (the time between first touch and attack), the effects of temperature
were moderated by one or more covariates. Finally, temperature had no effect on time
to first touch or arm velocity, as those two response variables were only impacted by
trial number, and none of the predictors in the model had a significant effect on arm
acceleration. Together, these findings reveal that temperature influences the feeding
behavior of O. bimaculoides. As a result, Octopus bimaculoides may alter its
behavior accordingly or seek a more thermally preferable area to feed more
efficiently. My study suggests that acute temperature change not only influences the
behavior of an individual or a population of octopuses, but may have widespread

impacts on their broader community structure and predator-prey relationships.



Chapter 1: Prey-dependent feeding behavior in a
kelp-forest mesopredator, the California two-spot
octopus (Octopus bimaculoides)
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Abstract

Predators have evolved a diverse behavioral repertoire to search for, capture,
and handle prey. Within coleoid cephalopods, octopuses have developed considerable
behavioral complexity. As generalist mesopredators contributing to coastal marine
food webs, many species of octopuses are predominantly generalists, feeding on a
wide variety of invertebrate and vertebrate prey. Despite their broad diets, few studies
have examined the behavioral repertoire of octopus with respect to prey type. |
compare how prey type may affect octopus feeding behavior by conducting
controlled feeding trials during which | recorded California two-spot octopuses
(Octopus bimaculoides) predating on a sessile prey (Protothaca staminea) and an
active prey with the potential for retaliatory behaviors (Pachygraspus crassipes). |
found that prey type had no effect on octopus body orientation, arm choice, nor eye
use, but did have a significant influence on the timing events within a feeding
sequence, the type of attack used and attack kinematics. During clam trials,
individuals exhibited a shorter latency and time to first touch, longer attack decision
time and handling time, and slower attack speed and acceleration; during crab trials,
they exhibited a longer latency and time to first touch, shorter attack decision time
and handling time, and faster attack speed and acceleration. | also describe the
relationship between octopus body orientation, arm choice, and eye use, and discuss
any bias or lateralization during feeding. Finally, I report a previously undescribed
behavior in the California two-spot octopus: a sinusoidal locomotory pattern that

precedes the attack of a prey.



Introduction

Finding and acquiring food are critical survival behaviors, and animals have
developed an arsenal of strategies to meet their energetic needs (Curio, 2012; Krebs,
1973). The strategies employed by a species, population, or individual are shaped by
factors such as the traits of their prey and the resources available (Kalinoski &
DelLong, 2016; Klecka & Boukal, 2013). Within a species, predators may exhibit
variable strategies to obtain a single prey, as exemplified by different populations of
West African chimpanzees (Pan troglodytes) preying on army ants. They either use
their hands to directly extract ants from nests or use a freshly manufactured stick tool
to dip in nests and ant trails, collect a mass of ants on the tool, and then either pull the
length of the tool through their fingers, sweep the tool sideways through their mouth,
or insert the tip of the tool in their mouth to consume the ants (Mdbius et al., 2008).
Alternatively, killer whales (Orcinus orca) implement the same sequence of
predatory techniques (i.e., approaching from behind, diving, and surfacing from
underneath) to hunt prey as diverse as penguins, harbor seals, sea lions, and walruses
(Martinez & Klinghammer, 1970).

Depending on local predator-prey dynamics such as prey abundance and the
presence of competition, predators make decisions that may result in tradeoffs in
order to maximize the opportunity cost and value of energy spent foraging, capturing,
and handling prey (Anholt & Werner, 1998; Lima & Dill, 2011; Sih, 1982; Werner &
Anholt, 1993). Tradeoffs may also result in predators employing variable tactics for
different prey types; for example, southern sea otters vary their dive behavior

8



depending on whether they are preying on large invertebrates, small and intermediate-
sized bivalve mollusks, or kelp-dwelling marine snails, as many of these preferred
otter prey also vary in typical capture depth and relative abundance (Tinker et al.,
2007).

Coleoid cephalopods (i.e., squid, cuttlefish, and octopuses) exhibit
considerable behavioral flexibility (Villanueva et al., 2017), especially during the
prey acquisition stage of feeding. For example, squid (lllex illecebrosus) adopt rapid,
head-first attacks for capturing small prey, and slow, stalking attacks from behind on
large prey (Foyle & O’dor, 1988). While once thought to be relatively fixed, the
behavioral repertoire of cuttlefish during prey capture is quite variable, as observed
through the various hunting strategies of ambushing, luring, and pouncing (Hanlon &
Messenger, 2018; Villanueva et al., 2017; Zoratto et al., 2018).

Extensive work has examined the individual aspects of octopuses’ sensory,
cognitive, and physical abilities, including those used during prey search and capture
(Fiorito et al., 1990; Kier, 2016; Kier & Smith, 1985; Levy et al., 2015; Maselli et al.,
2020; Sumbre et al., 2005; Walderon et al., 2011). With their laterally-placed eyes,
octopuses exhibit monocular vision to orient themselves with objects and during
attack (Muntz, 1963), and Octopus vulgaris are reported to have a lateral bias for the
left or right eye in certain contexts (Byrne et al., 2002, 2004; Frasnelli et al., 2019).
Once octopus locate their prey, they use their highly maneuverable body and eight
exceptionally flexible arms, each lined with hundreds of powerful, neuron-rich

suckers, to capture and handle the prey (Bagheri et al., 2020; Grasso, 2008; Graziadei,



1962; Kennedy et al., 2020; Nodl et al., 2015; A. M. Smith, 1991). These radially-
symmetrically arranged arms are used for locomotion (Huffard, 2006) and prey attack
(Maldonado, 1964), and may be recruited unevenly for different functions (Byrne et
al., 2006a; Mather, 1998; Voss & Mehta, 2021).

Once prey is captured, octopuses can employ a diverse repertoire of prey
handling techniques based on prey species morphology (Fiorito & Gherardi, 1999;
Perron & Verde, 2015). For example, octopuses change their prey extraction
technique (i.e., pulling open versus penetration by drilling) depending on bivalve
species (R. C. Anderson & Mather, 2007; Steer & Semmens, 2003), and vary the
location of their bore hole depending on whether they are feeding on a crab versus a
snail (Runham et al., 1997). Clams and crabs, both encased in hard shells, present
similar immediate challenges to a prospective predator, to which cephalopods have
responded with flexible feeding habits (Grisley et al., 1996; Villanueva et al., 2017).
Despite our broad understanding of octopus feeding behaviors, relatively few studies
have incorporated a more wholistic view of predation strategies and techniques,
especially as a comparison between different prey types.

The California two-spot octopus (Octopus bimaculoides) is a generalist
shallow-water benthic mesopredator that inhabits rocky reefs, kelp forests, and mud
flats from the intertidal zone to shallow subtidal waters on the Southern California
coast, from approximately Santa Barbara, CA south to San Quintin, Mexico on the
upper Baja peninsula (Forsythe & Hanlon, 1988). I chose O. bimaculoides as my

behavioral model for two reasons: 1) it is active both day and night but appears to be
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more active during the day helping to facilitate an experimentation schedule that
aligns with natural behavior; and 2) it is a generalist mesopredator, feeding on a wide
range of prey including crustaceans, gastropods, and bivalves (Jereb et al., 2014).
This broad prey depth may require O. bimaculoides to employ a diverse behavioral
repertoire in order to effectively take advantage of local prey abundance (Maselli,
2020).

Therefore, | assessed whether O. bimaculoides employed different behaviors
during prey search, acquisition, and handling when faced with a sessile, harmless
prey and a highly active, potentially harmful prey. | conducted separate controlled
feeding trials with two different live prey types: littleneck clams (Protothaca
staminea) and striped shore crabs (Pachygrapsus crassipes). Specifically, | sought to
answer the following questions: (a) How does prey type affect the timing of the
feeding sequence (assessment, exploration, approach, attack, and handling) for
California two-spot octopuses, (b) how does prey type affect attack kinematics (speed
and acceleration of the body and the attacking arm), and (c) how does prey type affect
body orientation, arm choice, and eye use during exploration and attack? Given the
relatively broad behavioral repertoire of octopuses (Borrelli et al., 2020; Mather &
Alupay, 2016), and the wide range of prey items found in their diet (R. F. Ambrose,
1982, 1984, Greenwell et al., 2019; Grubert et al., 1999; Hartwick et al., 1978;
Mather, 1991; Scheel & Anderson, 2012; C. D. Smith, 2003; Vincent et al., 1998), |
predict that O. bimaculoides will exhibit variable and context-dependent feeding

behaviors.
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Methods

Eight wild-caught Octopus bimaculoides were maintained at the Long Marine
Laboratory (LML) in Santa Cruz, CA (Table 1.1). Octopuses were housed
individually in transparent plastic enclosures (25 x 18 x 17 cm) with vents, which
allowed for minimal disturbance and easy observation. Enclosures were kept inside
larger tanks with flow-through seawater pumped in from Monterey Bay. Ambient
water temperature ranged from 14 to 17°C and tanks were exposed to natural light
conditions according to the seasonal light/dark cycle. Upon arrival to the lab,
octopuses were inspected for health and welfare according to Fiorito et al. (2015) and
were monitored daily thereafter using the same guidelines. They were allowed 14
days to acclimate to the laboratory environment, and were fed either a crab, clam,
mussel, or fish daily (each octopus was fed the same prey on any particular day).
Each individual was cared for according to the enrichment considerations consistent
with the 3Rs principles (Replacement, Refinement, and Reduction) formulated by
Russel and Burch (1959) and accepted ethical and welfare guidelines (Beigel & Boal,
2006; Browning, 2019; Cooke & Tonkins, 2015; De Sio et al., 2020; Drinkwater et
al., 2019; Fiorito et al., 2014, 2015; Moltschaniwskyj et al., 2007; Yasumuro & Ikeda,
2018).

Although the protocols of this non-invasive study conformed with the statutes
of the Animal Welfare Act and guidelines of the Public Health Service, the study did
not require approval from the Institutional Animal Care and Use Committee (IACUC)
of University of California, Santa Cruz. As IACUC applies only to vertebrate

12



animals, and at this time there are no federal, state, or local regulations governing the
study of cephalopods, the IACUC committee was consulted but institutional approval
was not required. In light of Webster & Rutz’s (2020) framework to help researchers
navigate potential sources of sample bias, | have identified several aspects of my
octopuses’ STRANGEness—their Social Background, Trappability and self-
selection, Rearing history, Acclimation and habituation, Natural changes in
responsiveness, Genetic makeup and Experience—that should be acknowledged.
First, although all octopuses were housed in standardized environments and exposed
to the same levels of enrichment, they were collected from the wild and, therefore,
prior experiences and opportunity with food for each individual are unknown and are
suspected to vary. Despite differences in experience, all animals contributed data to
the study, and no specific behavior traits or personality types were excluded. Second,
each study animal was collected using the same method, and all animals came from
the same location (i.e., via hand-take in a 500-meter collection area), which could
select for individuals with certain behavioral characteristics and potentially similar
genotype; therefore, generalizations beyond this population should be made with

caution (see Discussion).

Experimental Design

Controlled feeding trials were conducted between April and October 2021.
The experimental arena was a 75.7-liter aquarium (77.5 x 33.0 x 33.3 cm) with
ambient seawater (average temperature 15.7°C) filled up to 15 cm. A clear,

removeable plexiglass barrier was installed 15 cm from one end of the tank to
13



maintain separation between the study subject and the prey at the start of the trial.
Two Osmo Action cameras (DJI, China) were positioned overhead and to the side of
the tank to acquire both dorsal and lateral views. During acclimation, individuals
were initially fed a mixed diet of crabs, clams, mussels, and fish, both wild-caught
and procured from local farmers’ markets and supermarkets, to determine which prey
elicited a motivated feeding response. | recognized a motivated feeding response as
one where the subject successfully captured the prey and began to feed in under 30
minutes. Preliminary trials revealed that crabs (success rate of 75%) and clams
(success rate of 67%), were readily consumed while octopuses were less likely to
consume mussels (success rate 25%) and fish (success rate 0%). Crabs and clams not
only exhibit striking differences in their movement, but the energy gained from
consuming clams necessitate extraction typically in the forms of drilling or prying.
Drilling to open bivalve prey was reported to take up to 137 minutes for O. vulgaris
and up to 90 minutes for O. dierythraeus, while pulling open the bivalve can take as
little as one minute (Fiorito & Gherardi, 1999). As my research was focused on how
octopuses approach prey and how they access the flesh, clams were cut open by
severing both adductor muscles, but not pried open any further, in order to eliminate
variability associated with the decision of pulling open the bivalve versus needing to
drill into the shell (R. C. Anderson & Mather, 2007; Perron & Verde, 2015; Steer &

Semmens, 2003).
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Experimental Procedure

Octopus were fed a mixed diet of clams, crabs, Mytilus californianus, and
Tegula atra on non-trial days, and were fasted for 48 hours before a trial. To ensure
that octopuses were adequately stimulated during feeding, the last meal before a trial
was never the same prey as offered in the upcoming trial. For each feeding trial,
octopuses were transferred from their individual enclosures to the experimental tank
and habituated behind the barrier for three minutes (Figure 1.1). For clam trials, after
three minutes, a clam (mean percentage of subject mass * standard deviation = 42 +
11%) was placed 30 cm from the opposite side of the barrier. After another three
minutes, the barrier was lifted, and the trial continued until ten minutes post-attack.
Preliminary trials showed that this relatively short duration of time was sufficient for
observing prey handling behavior and feeding. At ten minutes post-attack, the subject
was removed from the experimental tank and transferred back to its individual
enclosure. For crab trials, after the initial three minutes with the prey in the tank, the
crab (mean percentage of subject mass * standard deviation = 4.9 + 1.7%) was
corralled by the experimenter to the middle of the wall opposite the barrier, then the
barrier was lifted. The trial continued until O. bimaculoides had conducted a
successful attack (i.e., captured the prey during a hunting sequence), subdued the
prey, and started to feed.

For all trials regardless of prey type, if the subject had not successfully

attacked the prey and begun to feed in 30 minutes, the trial was terminated and both
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the prey and subject were removed from the experimental tank. In the case of a
terminated trial, the subject was transferred back to its individual enclosure and fed a
small portion (~10%) of its prey item. To prevent detection of chemical cues from
previous prey and conspecifics, | changed the water in the experimental tank after

each trial.

Behaviors Extracted from Video Analyses

| analyzed video recordings of each trial to extract the following data
(recorded in seconds unless otherwise noted): i) latency: time elapsed between the
lifting of the barrier and the subject crossing the starting line in the direction of the
prey, ii) time to first touch (TFT): time elapsed between the subject crossing the
starting line and the first contact made with the preyi, iii) attack decision time (ADT):
time elapsed between the first touch of the prey and when subject took the prey under
its buccal web and iv) prey handling time (HT): time elapsed between O.
bimaculoides placing the prey under its buccal web and when the feeding commenced
(Fiorito & Gherardi, 1999). Therefore, prey handling time included predatory
behaviors such as getting the prey under the mouth region via manipulation by the
arms and suckers, orienting the prey, and (for clam trials only) pulling at the prey by
the proximate part of the arms, opening the shell, and inserting the arms and mouth
inside the shell (Fiorito & Gherardi, 1999).

| also measured the kinematics of the attack, which was a dynamic sequence

of events involving the body and arms: i) peak body velocity (ms™): maximum
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velocity attained by subject’s approximate center of mass, from movement towards
prey until prey is placed under the buccal web, ii) peak arm velocity (ms™):
maximum velocity attained by an arm during the initiation of attack or capture of the
prey, iii) peak body acceleration (ms2): maximum acceleration attained by subject’s
approximate center of mass, iv) peak arm acceleration (ms): maximum acceleration
attained by an arm. I used Tracker Video Analysis and Modeling Tool, version 6.0.1,
copyright © 2021 to calculate behavioral durations, velocities, and accelerations.
Lastly, I recorded the type of attack (Figure 1.2; Supplemental Videos S1-S4),
how the subject oriented its body with respect to the prey, which arm was used, and
which eye appeared to be dominant at the initiation of the attack. | determined if a
subject’s eye use was influencing its arm choice during attack by developing a
framework in which each of the three possible body orientations corresponded with
the two arms on that side of the body that would likely form a line between the target
and the subject’s eye in that particular orientation (Figure 1.7a). | then recorded
whether each trial fell within this framework (i.e., an anterior body orientation for
attack was paired with arms 1 or 2, lateral with 2 and 3, and posterior with 3 and 4).
During analysis, | observed a novel movement pattern that | designated
sinusoidal locomotion (Supplemental Videos S5 and S6). | quantified whether
sinusoidal locomotion immediately preceded the attack. I also calculated total
duration (seconds), amplitude (meters), and period (seconds) for the sinusoidal path

traced in each locomotor bout (Figure 1.6).
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Statistical Analysis

Statistical analyses were performed using RStudio software, version 1.3.1093,
© 2009-2020 RStudio, PBC. For all statistical tests, significance was defined as p <
0.05 and all continuous responses (timing and kinematic variables) were log-
transformed before any statistical analyses. The difference between the mean for each
prey type was assessed with a t-test using Satterthwaite’s method via linear mixed
model (fit by restricted maximum likelihood), with individual octopus included as a
random effect. The same method was used to determine the prey-specific differences
regarding the three dimensions of the sinusoidal locomotion path in trials where such
behavior was exhibited. The differences between prey types for categorical variables
such as body orientation, arm choice, eye use, and attack behavior were assessed with
chi-squared tests via log-linear mixed models with individual octopus included as a
random effect. To measure the within-group differences (e.g., whether a certain body
orientation or specific arm was used more often than expected by chance), |
conducted binomial tests with expected probabilities of 0.33 for body orientation
(classified as one of three possibilities), 0.125 for arm used (given the choice to use
one of eight arms), 0.5 for arm and eye laterality (with the choice between left or
right), 0.5 for the anteroposterior axis, and 0.5 for attack behavior (having observed
only two variations of attack).

Finally, to determine what underlying factors could contribute to explaining
each of the four timing variables and four attack kinematic variables, I used linear
mixed models fit by restricted maximum likelihood with t-tests via Satterthwaite’s
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method. The following variables were included as predictors: octopus mass, initial
prey mass, trial number, log of latency, log of TFT, log of ADT, and log of handling
time. Predictors were excluded from the initial model if they occurred chronologically
after the particular dependent variable being modeled in the sequence of a feeding
trial (e.g., ADT was not included in the model for TFT, since the attack occurs after

the first touch and, therefore, was assumed to play no role in its explanation).

Results

| analyzed 40 trials for clams and 40 trials for crabs, with all 8 octopuses
having 5 trials for each prey type. Octopuses exhibited variability in prey search,
acquisition, and handling behaviors when feeding on clams versus crab prey (Tables

1.2 and 1.3).

Timing Response Variables

Latency, TFT, ADT, and HT differed significantly between clam and crab
trials (Figure 1.3). Latency and TFT were lower for clams compared to crabs while
ADT was much higher for trials with clams than crabs (Table 1.2). Octopuses
implemented different attack behaviors for clam and crab (p = 0.0012; Table 1.3):
arm attacks were implemented in 100% of clam trials while, in crab trials, an arm
attack strategy was still predominantly used (p = 0.003) but a webover attack was also
observed. Finally, prey handling time was significantly longer for clams (84.6 + 6.5

seconds) compared to crabs (47.1 = 5.8 seconds; p < 0.0001).
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The linear mixed model analyses identified few significant predictors in the
explanatory models for each timing variable (Table 1.4). In clam trials, | found that
octopus mass, prey mass, and trial number had a significant effect on latency. In crab
trials, | found that prey mass had a significant effect on TFT, and TFT had a
significant effect on HT. However, | found no other significant relationships in the
models for the other timing variables during trials of either prey type. Of note,
octopus mass and trial number only had a significant effect on decreased latency
patterns during clam trials, but the lack of significance in any other model indicated

that growth and learning had minimal effect on the overall feeding patterns observed.

Body Orientation, Arm Choice, and Eye Use

Body orientation, arm choice, and eye use did not differ between prey types
(Table 1.3). | found no relationship between prey type and the octopuses’ body
orientation relative to the prey (Figure 1.4a) for first contact (p = 0.27), nor for attack
(p = 0.29). They used a lateral body orientation more often than by chance during
clam trials for first touch (23/40, p = 0.0014) and attack (19/40, p = 0.044), while an
anterior orientation was chosen significantly more often than by chance during the
attack for crab trials (26/40, p < 0.0001). For both clam and crab trials, octopus chose
a posterior orientation for first touch and attack significantly lower than by chance
(first touch, clam: 4/40, p = 0.00065; first touch, crab: 7/40, p = 0.021; attack, clam:
3/40, p = 0.00013; attack, crab: 3/40, p = 0.00013). When examining across all trials,
body orientation for first touch was the same as that which was used for the attack (p

< 0.001), regardless of prey type (p = 0.63).
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The proportions of specific arms used did not differ significantly between
prey types for first touch (p = 0.80) nor for attack (p = 0.92; Figure 1.4b). Binomial
tests revealed that L4 and L3 were used the least during all trials with both prey types
(Table 1.5). R2 was used significantly more often than by chance for first touch in
clam (11/40, p = 0.0083) and crab (8/33, p = 0.047) trials, as well as for attack in
clam (10/40, p = 0.023) and crab trials (11/40, p = 0.0083), while L2 and R2 were
used in similar proportions for attacking clams (10/40, p = 0.023). The arm used for
first touch was the same arm used for attack during a significant percentage of
feeding trials (p < 0.001), irrespective of prey type (p = 1.00).

| found no relationship between prey type and whether the octopuses used a
left or right arm (Figure 1.4c) for neither first touch (p = 0.26) nor the attack (p =
0.14). There was, however, a right-side bias for clam trials, for both first touch
(27/40, p = 0.019) and attack (27/40, p = 0.019). Also, when looking across all trials,
| found 100% of the time the same side was used for both the first touch and attack
(p<0.001), with prey type having no effect (p = 1.00).

There was no significant relationship between prey type and whether the
subject used an anterior or posterior arm for first touch (p = 0.43) nor for attack (p =
0.89; Figure 1.4c). When looking within each prey type, an anterior arm was used for
the majority of trials for first touch and attack, but only at a proportion significantly
greater than predicted by chance for the attack in clam trials (26/40, p = 0.040). With

no effect from prey type (p = 0.61), anteroposterior arm choice for first touch
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matched that which was used for the attack during a significant proportion of trials (p
< 0.001).

Finally, prey type had no effect on whether the octopuses appeared to favor
the left or right eye (Figure 1.4c) for neither the first touch (p = 0.49) nor the attack (p
= 0.07). Within prey types, octopuses tended to orient their right eye towards the prey
for both first touch and attack during clam trials (p = 0.0083), but during crab trials
neither the left nor right eye was favored. Across all trials, octopuses used the same
eye for both first touch and attack during a significant proportion of trials (p < 0.001),
which held true regardless of prey type (p = 0.34). According to my framework
described above, eye use appeared to influence arm choice in a significant proportion
of trials within each prey type (binomial test; clam trials, 38/40, p < 0.001; crab trials,
27/30, p < 0.001), and there was no significant difference between prey types (Table

1.3; p=0.13).
Attack Kinematics

Octopuses exhibited more extreme kinematics in crab trials relative to clam
trials (Figure 1.5). Mean peak body velocity during attack was 0.351 + 0.023 ms™' for
crab trials, which was significantly greater (p < 0.0001) than during clam trials (0.128
+0.011 ms™). Similarly, peak velocity of the attacking arm was significantly greater
(p < 0.0001) for crab trials (0.539 + 0.028 ms™!) than for clam trials (0.155 + 0.0087
ms"). During trials with both prey types, the attacking arm reached a greater peak

velocity than the body during both crab trials (crab: p < 0.0001, clam: p = 0.0053).
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Octopuses exhibited greater peak accelerations during the attack in crab trials
than in clam trials (p < 0.001; Table 1.2). Mean peak body acceleration was 2.92 +
0.29 ms™ for crab trials and 0.826 + 0.085 ms™2 for clam trials. Mean peak arm
acceleration during the attack for crab trials (5.33 + 0.39 ms™2) was significantly
greater (p < 0.0001) than for clam trials (1.16 + 0.079 ms-2). Finally, peak
acceleration for the attacking arm was significantly greater than the body acceleration
for both crab trials (p < 0.0001) and clam trials (p = 0.0020).

The modeling analyses produced mixed results for the four kinematic attack
variables in trials of each prey type (Table 1.5). During clam trials, the following five
predictors contributed to a model of body velocity: octopus mass, prey mass, trial
number, TFT, and ADT; however, | found no significant explanatory variables for
body velocity during crab trials. For body acceleration, | found one significant
predictor each for clam trials (ADT) and crab trials (prey mass). Arm velocity had no
significant predictors for either prey type. Arm acceleration had no significant
predictors in clam trials, while latency had a significant explanatory effect in crab

trials.

Sinusoidal Locomotion

| observed sinusoidal locomotion in 14 feeding trials (Figure 1.6). A chi-
squared test via log-linear mixed model with octopus included as a random effect
showed that the rate of occurrence of sinusoidal locomotion was no different in clam

trials than crab trials (p = 0.087; Table 1.3). T-tests using Satterthwaite’s method via
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linear mixed model revealed that average duration (p = 0.19), average amplitude (p =
0.31) and average period (p = 0.061) of sinusoidal locomotion did not differ between
prey types. | found that sinusoidal locomotion preceded the attack in crab trials at a

rate significantly higher than predicted by chance (8/10, binomial test, p = 0.055), but
not for clam trials (0/4, binomial test, p = 0.063), representing a significant difference

in behaviors leading to the attack between prey types (p = 0.033).

Discussion

Here | reveal striking differences in the behavioral repertoire of O.
bimaculoides when feeding on clams versus crabs. Previous studies have found that
the feeding behavior pattern of O. vulgaris does not vary bivalve prey species (Fiorito
& Gherardi, 1999), and that crabs are preferred as prey over bivalves in O.
bimaculatus (R. F. Ambrose, 1984) and O. rubescens (Onthank & Cowles, 2011).
However, my study shows how the California two-spot octopus varies its whole suite
of feeding behaviors when predating on a sessile, harmless prey versus a mobile,
potentially harmful prey.

Most evident were differences in the timing of how O. bimaculoides assessed,
approached, attacked, and handled clams versus crabs. Latency and TFT were
significantly lower for clam trials, while ADT and HT were significantly higher for
clam trials. Given that octopuses can detect chemical cues via contact or distant
chemoreception (Maselli et al., 2020), and are also visually oriented to newly

introduced objects (Kuba et al., 2003; Kuba et al., 2006; Mather & Anderson, 1993),
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they were presumably aware of the prey item’s presence during the habituation
period. Thus, for the clam trials, they may have observed that the sessile clam could
be approached with less risk, resulting in lower latency. In crab trials, prey movement
likely attracted the predator’s attention (Boycott & Young, 1950; Wodinsky, 1971)
but may have also induced caution, resulting in octopuses exhibiting both increased
latency and TFT. The linear mixed model supported this idea, with a significant
negative correlation between crab mass and TFT (Table 1.4) indicating that larger
crabs induced longer periods of assessment for the octopuses before making first
contact. Since vision is not dominant in octopus foraging or decision making (J.
Forsythe & Hanlon, 1997; Maselli et al., 2020), the shorter TFT in clam trials
facilitated obtaining tactile and chemical information via their suckers (Chase &
Wells, 1986; Graziadei, 1962) which presumably guided a future attack. Therefore, a
longer ADT for clam trials may be attributed to the octopuses often touching the prey
early in the trial, likely recognizing it as an immobile bivalve that presents no risk of
fighting or fleeing, and subsequently exploring the rest of the tank until deciding to
finally attack. Crab trials motivated direct attacks, which indicates that the longer
latency period for crabs was spent assessing the highly mobile and potentially
harmful prey item.

HT was significantly longer for clam trials than crab trials, which contradicts
previous findings (Onthank, 2008; Onthank & Cowles, 2011). This discrepancy may
be attributed to how I define HT in this study: the time elapsed between O.

bimaculoides taking the prey under its buccal web and when the actual feeding
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commenced (Fiorito & Gherardi, 1999). Previous studies have included feeding on
the prey until the last prey remains were relinquished by the predator (Onthank, 2008;
Onthank & Cowles, 2011). In the present study, despite severing the clam adductor
muscle, octopuses exhibited longer handling times for clams, which still required
opening the shell, inserting their arms and mouth, and pulling at the flesh before
actually beginning to feed. For crab trials, HT encompassed orienting the prey under
the subject’s mouth which took place within seconds, at which point all movement by
the crab usually ceased. The quick dispatch of the crab may be attributed to the
octopuses use of cephalotoxin that can be effective within minutes (Boyle, 1990;
Grisley et al., 1999). Under these constraints, HT in the present study was much
shorter than if measured until the subject had finished feeding and dropped all
remains, which could last more than two hours (Onthank & Cowles, 2011).
Therefore, O. bimaculoides feeding on clams exhibits a shorter latency before moving
towards the prey, a shorter TFT, a longer ADT, and a longer HT to begin feeding; for
a highly mobile and active prey item, O. bimaculoides exhibits a longer latency
before moving towards the prey, a longer TFT while presumably assessing the prey’s
attributes, a more decisive attack, and a quicker HT to begin feeding.

Although speed and acceleration have been measured in squid attacking small
versus large fish (Foyle & O’dor, 1988), planktonic octopus paralarvae attacking live
prey (Villanueva et al., 1997; Villanueva & Norman, 2008) and the movement of
octopus arms, there is still a considerable lack of data on the attack kinematics of

adult coleoid cephalopods during feeding. Here, though, I show that O. bimaculoides
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achieves higher magnitudes of body velocity, body acceleration, arm velocity, and
arm acceleration when capturing a crab versus a clam. My findings are consistent
with observations on O. vulgaris preying on live crabs (Maldonado, 1964). While my
findings for variation between speed of attack for different prey types may not be
surprising, they help to illuminate the context-dependent behavioral flexibility and
diverse physiological tools that enable octopuses to be active mesopredators. My
study also suggests that peak velocities were not correlated with body size (Table
1.4). Therefore, a smaller octopus may also not experience decreased hunting success
in environments where highly mobile prey are the most abundant resource.

While evidence of asymmetric use and division of labor between octopus
arms has previously been reported in a variety of species in different ecological and
behavioral contexts (Grasso, 2008; Huffard, 2006; Kennedy et al., 2020; Levy et al.,
2015; Mather, 1998; Mather & Alupay, 2016; Mazzolai et al., 2013; Nesher et al.,
2014; Voight, 1992; Voss & Mehta, 2021), asymmetric use was not observed in my
study. I found no differences in body orientation, arm choice, nor eye usage between
prey types for neither first touch nor attack (Table 1.3). Further, the proportions of
possible body orientations, specific arms used, arm laterality, and anteroposterior
classifications for first touch significantly matched those that were used for attack,
suggesting that octopuses do not reorient their bodies or arms between tactile,
speculative foraging and actual prey capture.

Examining body orientation, arm and eye use revealed a more wholistic

understanding of predatory behavior in the two-spot octopus. During clam trials,
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octopuses engaged the prey for first touch and attack with a lateral body orientation
significantly more often than by chance. Given their lateral eye placement this
observation supports the assertion that octopus almost always use monocular vision to
look at objects and hunt (Muntz, 1963). During crab trials, octopuses attacked the
prey with an anterior orientation at a rate significantly higher than by chance, which |
attributed to prey activity level. Thus, with an immobile prey item, a lateral position
may be adopted in order to align with a specific side preference or eye preference
(Byrne et al., 2004; Frasnelli et al., 2019; Schnell et al., 2016). However, with a prey
item that is actively trying to flee or defend itself, an anterior body orientation may
act as a postural hedging of bets in order to recruit the most arms for the job (Byrne et
al., 2006a; Kennedy et al., 2020) and increase chance of capture, given the
unpredictable movement of the crab.

Even with an anterior orientation, though, octopuses always approached the
prey for first touch and attack with one eye more oriented towards the prey than the
other, which is consistent with previous work on O. vulgaris (Byrne et al., 2002,
2004; Levy et al., 2015). Although there was no relationship between prey type and
eye lateralization (Figure 1.4), my finding that the right eye was used significantly
more often than chance in clam trials (but not crab trials) aligns with my finding of a
significant right arm bias for first touch and attack in clam trials. Together, these
results suggest that the preferred side of the body may be more easily employed in a
prey-capture context that is less urgent, as opposed to a context when a highly mobile

prey may move unexpectedly and cause the subject to use whichever side gives it the
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best chance of success, resulting in a more symmetrical anteroposterior, arm
laterality, and eye laterality distribution (as | report in the present study).

My finding that R2 was used significantly more often than chance aligns with
the right-side and anterior arm bias and is consistent with previous findings that
anterior arms appear to be preferred for exploring objects and collecting food in O.
vulgaris (Byrne et al., 2006a) and O. bimaculoides (Kennedy et al., 2020). Further,
Byrne et al. (2006b) demonstrated that arm choice is strongly influenced by eye use
in O. vulgaris, which | also assessed in the present study by combining various
measurements to adopt a more wholistic view of body use. My findings of lateral and
anterior body orientation biases (for clam and crab trials, respectively), anterior arm
bias, and right arm and eye biases successfully predicted a significantly high usage of
R2 for attacks. Furthermore, | observed that L3 and L4 were used the least often,
which would also be expected under this framework with a posterior body orientation
being used at a rate significantly less often than chance for first touch and attack
during both clam and crab trials. This finding aligns with previous work by Mather
(1998) and Byrne et al. (2006a) showing that the two posterior arm pairs may be
reserved for locomotion in a variety of octopus species. My results support the
assertion that O. vulgaris uses visual information to determine the location of its arm
(Gutnick et al., 2011) and extends the findings of Byrne et al. (2006b) to show that
the arm chosen by O. bimaculoides to use in prey capture is strongly influenced by
eye use. This idea is further supported by the lack of bias and more even distribution

of anteroposterior arm choice, arm laterality, and eye laterality in crab trials- where
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the prey was evasive and individual octopuses had to change their attack strategy at
the last minute, with the target’s new location.

O. bimaculoides body orientation and arm use suggest the possible presence
of lateralization at the population level. It has been suggested that population-level
lateralization may make each individual more predictable to predators and prey
(Ghirlanda and Vallortigara, 2004). For example, if O. bimaculoides predominately
uses its right side for attacking prey, its left eye is available to scan for predators.
Schnell and colleagues (2016) found similar lateralization in cuttlefish, demonstrating
an eye-use bias in opposite directions for predatory and antipredator behaviors. My
results suggest that the left side is more vulnerable to predators, which is consistent
with recent observations that the males of intertidal species such as O. rubescens, O.
bimaculatus, and O. bimaculoides had significantly greater arm truncation on the left
side of their body (Voss & Mehta, 2021). My finding of population-level
lateralization does not align with previous work in O. vulgaris (Byrne et al., 2004).
This incongruence, is curious given that, even though octopuses are popularly
described as asocial, one explanation for the origin of lateralization in populations is
the social pressures that require individuals to coordinate their behavior with the
behavior of other individuals of the same or different species (Vallortigara & Rogers,
2005). However, as suggested by other studies, both population- and individual-level
lateralization may be present in the same species, depending on ecological context
(Frasnelli and Vallortigara,2018 ;Frasnelli et al., 2019). Future research addressing

potential fitness advantages of lateralization at the individual level and its benefits to
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perhaps multi-tasking and better long-term memory in O. bimaculoides and other
octopus species are necessary (Dadda & Bisazza, 2006; Pascual et al., 2004).
Diverse foraging methods, attack behaviors, and feeding habits have been
described in numerous octopus species (J. Forsythe & Hanlon, 1997; Maldonado,
1963, 1964; Villanueva et al., 2017). Speculative hunting, characterized by
chemotactile exploration and saltatory searching, is most common in shallow-water
benthic octopuses (Hanlon & Messenger, 2018; John O’Brien et al., 1989; Villanueva
et al., 2017). My observations on O. bimaculoides feeding behaviors were consistent
with those already reported in O. cyanea (Forsythe & Hanlon, 1997), O. insularis
(Leite et al., 2009), and O. vulgaris (Mather, 1991). During clam trials, octopuses
exhibited the type of speculative foraging described above, crawling slowly around
the bottom of the tank while their arm tips appeared to be exploring the space
independently (Carls-Diamante, 2019). Often, the subject appeared to be crawling
past the clam towards the end of the tank when an arm tip would make contact with
the clam and the subject would change direction and initiate an attack by pulling the
clam towards itself while also recruiting other arms and moving towards the clam
(Byrne et al., 2004). The nature of such attacks is indicative of visual opportunism,
strengthening the idea that vision may not be the dominant sense during foraging and
feeding (Maselli et al., 2020). This type of arm attack (Figure 1.2, Supplemental
Videos S1 and S2) whether appearing directed or opportunistic, was the only type of

prey capture method or attack behavior observed in clam trials.
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In contrast to clam trials, crab trials elicited significantly more webover
attacks (Figure 1.2, Supplemental Videos S3 and S4) than clam trials. These attacks
rarely appeared opportunistic and were often preceded by jetting or swimming rapidly
towards the crab, suggesting that the subject recognized the prey from a distance,
selected a particular prey capture strategy, then executed a direct attack guided by
vision. In addition to a webover attack, the arm attacks employed for crabs appeared
to be more goal-directed and visually guided. While previous studies have reported
the lack of direct visual hunting (Forsythe & Hanlon, 1997; Mather, 1991), | observed
a range of behaviors (opportunistic visual, opportunistic tactile, and direct visual)
dependent on prey type, lending further evidence to the octopus’s expansive
behavioral flexibility. Given its range of habitats, and importance as both predator
and prey, future research could examine whether foraging techniques and prey
capture methods for O. bimaculoides vary with abiotic environmental factors such as
substrate and season (Leite et al. 2009).

In addition to the behaviors above, | describe a previously unreported
behavior which I refer to as sinusoidal locomotion, during which the subject traced a
sinusoidal path along the bottom of the tank. | hypothesize that sinusoidal locomotion
guides the octopus during a visual attack. This behavior occurred immediately
preceding the attack at a significantly higher rate in crab than in clam trials and, as
discussed above, my findings suggest that O. bimaculoides uses direct visual attacks
on crabs. Because of their lateral eye placement, octopuses are known to use motion

parallax, a behavior characterized by moving the head up and down to achieve
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sequential views of a target and as a means of focusing and gauging distance to an
object (Hanlon & Messenger, 2018; Kral, 2003; Maldonado, 1964; Mather &
Alupay, 2016; Sinn, 2000). Mather (2021) argues that, since octopuses are not usually
visual hunters, these head bobs are performed in a wide number of contexts besides
just foraging or prey capture. However, my observations suggest that the octopuses
may be using sinusoidal locomotion in order to sequentially orient each eye towards
the prey and achieve a kind of lateral motion parallax. Levy et al. (2015) found that
crawling octopuses are guided by one eye and move with a body orientation that is
most often 45° off of the direction of movement in order to avoid placing the target at
the borderline of the visual field of each eye; however, they do not report a sequential
shifting of that particular orientation from side-to-side as crawling progresses.
Huffard (2006) provides a comprehensive list of body positions and methods of
locomotion, with in-depth descriptions of different body posture and patterns of
movement while crawling, with no description of a sinusoidal behavior. Therefore, |
report observations of sinusoidal locomotion as a behavior used for foraging and prey
capture.

As outlined earlier, the potential exists for bias in my sample according to the
STRANGE categories of trappability, genetic make-up, and prior experience
(Webster & Rutz, 2020). Due to those factors, the findings reported in the present
study may be limited to O. bimaculoides in the geographic area of Southern
California from which my study animals were collected. Future studies could build

upon my findings by employing variable collection methods, using octopuses from
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different populations throughout the species’ geographic range, or using lab-reared
octopuses in order to examine any behavioral differences that may have been due to
potential sampling biases. Despite the possibility of initial sampling bias,
considerable efforts were made to adopt the STRANGE framework to increase the
generalizability and reproducibility of my results. Octopuses were housed singly in
standardized environmental conditions and were not able to observe each other’s
feeding trials. Individuals experienced the same levels of enrichment and human
observation, had sufficient time to acclimate to captivity, did not participate in any
earlier experiments, and feeding trials were conducted during the same time of day to
account for natural changes in responsiveness.

Quantifying the behavior of captive O. bimaculoides when feeding on clams
versus crabs revealed interesting patterns about how a generalist predator exhibits
variable and context-dependent strategies to search, capture, and handle diverse prey
items. Their behavioral flexibility undoubtedly serves to allow octopuses to quickly
adapt and succeed in myriad dynamic environments. | hope that my work encourages
future studies to assess how this feeding behavior may be influenced by various
abiotic environmental factors, how such behavioral variation may translate to
increased success for wild individuals, and how that success may scale up to affect

community interactions and local food web dynamics.
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Table 1.1 Size and sex data for each individual octopus observed in this study.

Octopus Mass atarrival () Final mass (g) Sex Dates tested

Solomon 43.25 156.5 F  06/21/21 - 08/31/21
Huey 31.32 78.84 M 06/04/21 - 07/11/21
Zorba 41.23 119.87 M 05/28/21 —-07/02/21
Ollie 35.31 98.32 M 05/25/21 -07/11/21
Frodo 90.82 116.7 M 08/27/27 — 10/07/21
Merry 50.85 64.52 F  08/30/21 - 10/07/21
Samwise 69.14 87.83 M 08/28/21 — 10/08/21
Pippin 38.10 70.28 F  08/28/21 - 10/26/21
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Table 1.2. Summary of continuous response variables measured during feeding trials.
Direction of arrow for clam-crab comparison represents relative magnitudes of
measurement for each variable for clam trials in relation to crab trials (e.g., latency
was less for clam trials than crab trials, as shown by the downward arrow, while ADT
was higher for clam trials than crab trials). Significance levels shown are for a
comparison of means via linear mixed model with individual octopus included as a
random effect: p < 0.05: *, p < 0.01: **, and p < 0.001: ***,

Variable Clam Trials Crab Trials  Model p-  Direction
(mean £s.e.) (mean £s.e.) value (Clam-Crab)
Latency 4.1+0.74(s) 7.8+16 0.010* i
TFT 19.8 5.8 (s) 31.7+9.0 0.027* l
ADT 171 +63.1 (s) 6.4+33 0.0076** 1
HT 84.6 £6.5(s) 47.1+58 0.0035** 1
Body Attack Velo  0.128 +0.011 (ms™!) 0.351+0.023 < 0.001*** !
Body Attack Accel 0.826 +0.085 (ms?) 2.92+0.29 < 0.001%** l
Arm Attack Velo  0.155+0.009 (ms!) 0.539+0.028 < 0.001*** !
Arm Attack Accel 1.16 £0.079 (ms?)  5.33+0.39 < 0.001*** !
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Table 1.3. Summary of categorical variables measured during feeding trials. y?
values represent the comparison between the observed frequencies of possible

outcomes for crab trials vs. clam trials, as measured via log-linear mixed model with
individual octopus included as a random effect. Significance levels are p < 0.05: *, p

<0.01: **, and p < 0.001: ***,

Variable Possible Outcomes x* df p-value

Body orientation for first touch Anterior, lateral, posterior 2.57 2 0.27
(BOFT)

Body orientation for attack Anterior, lateral, posterior 2.48 2 0.29
(BOA)

BOFT £ BOA Yes, no 023 1 0.63

Arm used for first touch L1-L4, R1-R4 380 7 0.80
(AFT)

Arm used for attack L1-L4, R1-R4 254 7 092
(AA)

AFT £ AA Yes, no 0 1 1.00

AFT £ BOFT Yes, no 044 1 051

AA = BOA Yes, no 219 1 0.13

Anteroposterior axis for first touch  Anterior, posterior 061 1 043
(APFT)

Anteroposterior axis for attack Anterior, posterior 002 1 0.89
(APA) 1

APFT £ APA Yes, no 027 1 0.1

Arm laterality for first touch Left, right 127 1 0.26
(LFT)

Arm laterality for attack Left, right 216 1 0.14
(LA)

LFT £ LA Yes, no 0 1 1.00

Eye used for first touch Left, right 049 1 049
(EFT)

Eye used for attack Left, right 3.28 1 0.070
(EA)

EFT £ EA Yes, no 093 1 034

Attack behavior Arm attack, webover 275 1 <0.001***

Sinusoidal locomotion present Yes, no 294 1 0.087

Sinusoidal locomotion precedes Yes, no 455 1 0.033*

attack
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Table 1.4. Coefficients for linear mixed models. Octopus was included as a random
effect, and a model was fit for each of the four timing response variables and four
kinematic attack variables. Cells with “n/a” indicate that a predictor was not included
in the regression analysis due to it occurring after the particular response variable
being modeled. Significance levels are p < 0.05: *, p <0.01: **, and p < 0.001; ***,

Intercept Mass PreyMass Trial Latency TFT ADT

Latency

Clam 0.224 -0.0103** 0.0182* 0.143**  nla n/a n/a

Crab 0.999**  -523e-03 2.34e-03 3.57e-03 nla n/a n/a
TFT

Clam 1.02* 1.21e-03  -6.55e-03  -0.0399 0.265 n/a n/a

Crab 1.95%*%*  -2.99e-03 -0.103* 8.57e-03  -0.203 n/a n/a
ADT

Clam 1.05 -2.29¢-03  0.0186 -0.172 0.369 0.0349 n/a

Crab 1.14 -3.17e-03  -0.0657 -9.08e-03 -0.241 -0.0642 n/a
HT

Clam 1.97***  -3.19e-03 4.91e-03 2.09e-03 -0.144 0.0181 0.0274

Crab 0.860* -4.19e-03  0.0356 -3.24e-03  0.177 0.345* 0.178
Body Velo

Clam -0.667*** 4.76e-03* -9.66e-03* -0.0465* 0.0834 -0.150**  -0.0956**

Crab -0.911*** -3.54e-04 0.0462 0.0333 0.0839 0.0719 0.0852
Body Accel

Clam -0.473 4.35e-03  2.95e-03 0.0172 7.62e-03 -0.0551 -0.168*

Crab -0.393 -7.68e-04  0.0836* 0.0689 0.187 0.102 0.143
Arm Velo

Clam -0.937*** -4.82e-04 0.00413 0.0161 -0.0550 0.0257 -0.0384

Crab -0.415* 1.59e-03  1.43e-03 2.91e-03  -0.0995 0.0190 0.0455
Arm Accel

Clam -0.138 2.15e-03  -1.80e-04 0.0263 -5.74e-04  -6.23e-03 -0.0801

Crab 0.590**  2.31e-03  -0.0138 0.0424 -0.243**  -0.0301 0.0101
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Table 1.5. Results from binomial tests. Tests were performed to assess the within-
group differences, relative to chance, for each variable. Crab-first touch and crab-
attack trials do not add up to 40 because trials where the web was used were removed
from arm use analysis (7 for first touch and 10 for attack). Significance levels are p <
0.05: *, p<0.01: **, and p < 0.001: ***,

Observed Possible Relative to  p-value
Count Count Chance
Body Orientation
First Touch: Clam
Ant 13 40 l n.s.
Lat 23 40 1 0.0014**
Post 4 40 ! 6.5e-04***
Crab
Ant, Lat 17,16 40 1 n.s.
Post 7 40 ! 0.021*
Attack: Clam
Ant 18 40 1 n.s.
Lat 19 40 1 0.044*
Post 3 40 ! 1.3e-04***
Crab
Ant 26 40 1 <0.001***
Lat 11 40 l n.s.
Post 3 40 ! 1.3e-04***
Arm Used
First Touch: Clam
L4 1 40 ! 0.032*
R2 11 40 1 0.0083**
L3, L2, L1, 2,7,3, 40 LTS n.s.
R1, R3, R4 2,9,5 1, 1,=
Crab
L4 0 33 ! 0.012*
R2 8 33 1 0.047*
L3, L2, L1, 6,5, 4, 33 i, n.s.
R1, R3, R4 1,6,3 L1
Attack: Clam
L4 0 40 ! 0.0048**
L3 0 40 ! 0.0048**
L2 10 40 1 0.023*
R2 10 40 1 0.023*
L1, R1, R2, 3,309, 40 LT, n.s.
R3, R4 9,5 1, =
Crab
R2 8 30 1 0.028*
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L4, L3, L2,
L1, R1,
R3, R4

Anteroposterior Axis
First Touch: Clam
Ant, Post
Crab
Ant, Post
Attack: Clam
Ant
Post
Crab
Ant, Post
Arm Laterality
First Touch: Clam
L
R
Crab
L,R
Attack: Clam
L
R
Crab
L,R
Eye Laterality
First Touch: Clam
L
R
Crab
L, R

Attack: Clam
L
R
Crab
L, R

23,17
18, 15

26
14

19, 11
13
27

15, 18

13
27

15, 15
13
27

16, 24
12
28

20, 20

30

40

33

40
40

30

40

40

33

40
40

30

40

40

40

40

40

40

LT
T
T

n.s.

n.s.

0.040*
0.040*

n.s.

0.019*

0.019*

n.s.

0.019*
0.019*

n.s.

0.019*
0.019*

n.s.

0.0083**
0.0083**

n.s.
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Figure 1.1. Schematic of a O. bimaculoides feeding trial, starting with the
habituation period (white boxes), followed by the timing response variables (blue
boxes), categorical body usage variables (light gray boxes), and kinematic attack
variables (dark gray boxes). Stopwatch icons indicate where clock started/stopped
for each trial (e.g., clock started at barrier up, latency was measured until subject
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A

Figure 1.2. Screenshots from feeding trial recordings. Pictures show two different types
of attack methods observed in O. bimaculoides (attacks progress chronologically
from left to right). Top row: web-over attack (only observed in crab trials), where
subject approached prey on a higher plane (a), descended from above with arms
surrounding the prey (b), and then deployed the web to secure the prey (c). Bottom
row: arm attack (observed in trials with both prey types; see inset on top row for arm
attack on crab prey), where subject typically approached prey on the same plane,
extended one arm out to initiate contact with the prey (d), brought neighboring arms
forward to help grasp and secure prey (e), and brought prey under web (f).
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Figure 1.3. Timing response variables for feeding trials with live crabs (n = 40)
and live clams (n = 40) by O. bimaculoides. Comparisons between prey types for
each response were performed with linear mixed models where individual octopus
was included as a random effect. The significance levels are shown above each
pair of clam-crab boxplots (p < 0.05: *, p < 0.01: **).
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Figure 1.4. Body orientation, arm choice, and eye use for O. bimaculoides during
feeding trials with live clams (n = 40) and live crabs (n = 40). (a) Body orientation
comparisons between prey types for attack (chi-square test results shown beneath
bars) and within each group (significance levels corresponding to binomial tests
shown inside bars). (b) Arm used to initiate attack, showing comparisons between
prey types and within each group (note: n = 30 for crab trials due to 10 trials
including a web-over attack and, thus, no specific arm used). (c) Analysis of
anteroposterior arm choice, arm laterality, and eye laterality for attack during feeding
trials, showing comparisons between prey types and within group (note, n = 30 for
anteroposterior and arm laterality for crab trials, for the same reason as above). Given
that the proportions of possible outcomes for each of these variables were no
different between first touch and attack (Table 3), data for first touch were omitted
here for clarity. Significance levels are p < 0.05: *, p < 0.01: **, p < 0.001: ***,
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Figure 1.5. Comparisons of attack kinematics for O. bimaculoides feeding on crabs

(n =40) and clams (n = 40), assessed via linear mixed models with individual

octopus included as a random effect. Significance levels are shown for comparisons
between crab and clam trials for each attack variable, and for comparisons between

arm and body velocity and acceleration for each prey type (p < 0.05: *, p < 0.01: **

p < 0.001; ***),
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Figu

re 1.6. Characteristics of sinusoidal locomotion observed in O. bimaculoides

while feeding on clams (n = 4) and crabs (n = 10). Top: two examples of the
serpentine-like paths taken, from the dorsal view camera looking down into the

experimental tank, along with illustrations showing the three parameters measured for

each

period (seconds) of the sinusoidal wave, shown with comparisons of means via linear
mixed model (not significant); (b) peak amplitude (meters) of sinusoidal (serpentine-

like)

(not significant); (c) trials in which the serpentine-like motion immediately preceded

sinusoidal path. Bottom: (a) boxplots of the duration (seconds) of behavior and

movement pattern, shown with a comparison of means via linear mixed model

the attack, shown with a chi-squared test via log-linear mixed model (occurs at a

signi

ficantly higher rate in crab trials than clam trials).
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Figure 1.7. Assessment of whether arm choice was influenced by eye use during O.
bimaculoides feeding trials (note: n = 40 for clam trials and n = 30 for crab trials
because this analysis excluded the 10 crab trials where a webover attack was utilized,
i.e., no specific arm was used). (a) Dorsal-view diagram showing the various ways
that each first touch and attack were categorized: body orientation towards prey, eye
laterality, specific arm chosen, and which side of the anteroposterior and lateral axes
that arm was on. (b) Density distribution showing the arm used for attack for each
possible prey type and body orientation. The data that fall in between each set of
parallel dotted lines show where arm usage was consistent with one of the two arm
pairs that | assigned to each body orientation (arms 1 and 2 for an anterior orientation,
2 and 3 for lateral, and 3 and 4 for posterior), indicating the connection between eye
use and arm choice. (c) Percentage of trials for each prey type where the arm used for
attack falls into the framework previously described. For each prey type, binomial
tests against a probability of 0.5 showed that arm choice was connected to eye use
significantly more often than chance would predict, indicating a strong influence:
clam trials, 38/40, p < 0.001; crab trials, 27/30, p < 0.001. As shown beneath the bars,
prey type had no significant effect on this result (assessed via log-linear mixed
model).
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Chapter 2: Effects of acute temperature change on
the feeding behavior of the California two-spot
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Abstract

Octopuses are marine invertebrates whose physiology is affected by changes in
their surrounding environment. In particular, water temperature has been shown to have
pronounced effects on octopod metabolism, growth, reproduction, and life span.
However, the majority of research to date has been on the thermal sensitivity of
octopuses when experiencing in a gradual or chronic elevation (range?) in temperature,
and none of it has examined the effects of temperature on feeding behavior. Despite
their ecological importance as mesopredators, little is known about how temperature
influences octopods’ complex suite of predatory behaviors that consists of identifying,
locating, capturing, and handling prey. Moreover, nearshore benthic species like the
California two-spot octopus (Octopus bimaculoides) are subject to widely variable
temperatures, with habitats in the intertidal zone that can experience daily temperature
fluctuations that are far more extreme than predictions of future ocean warming
conditions. To assess the effects of acute temperature change on feeding behavior, 1
conducted controlled feeding trials during which O. bimaculoides was presented with
a live striped shore crab (Pachygraspus crassipes) and analyzed the videos to extract
11 behavioral responses. The three temperature treatments were designed to represent
an ecologically relevant thermal gradient: 14-17 °C (baseline), 20 °C, and 23 °C. Using
an integrative statistical approach that encompassed behavioral and kinematic attack
variables, | used a combination of multi-level models to test for the main effect of
temperature on each of the response variables, with random effects accounting for

individual variation and the following covariates: crab activity level, relative prey mass,
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and trial number. Elevated acute temperature was shown to affect the likelihood of a
successful attack, latency to approach, body velocity and acceleration, and prey
handling time, but not the likelihood of a successful foraging attempt, arm acceleration,
or the time until first contact. | show that differential thermal responses are present even
at temperatures within the species’ thermal tolerance range and discuss the implication
of how those sensitivities could lead to changes in predator-prey dynamics that are

known to scale up to have system-level impacts.
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Introduction

Marine environments are often described as thermally stable and predictable
compared to terrestrial environments, due to the oceans’ ability to absorb heat and
shield against short term fluctuations in temperature (Steele, 1985; Steele et al., 2019;
Vasseur & Yodzis, 2004). However, at finer temporal scales (hours, days, months)
oceanographic processes cause large fluctuations in water temperature. Phenomena
such as upwelling, sea surface temperature anomalies, and extreme warming events
known as marine heat waves, which have increased in intensity and duration over the
last century, can raise water temperatures 2 or 3 °C in a matter of hours (Barth et al.,
2007; Booth et al., 2012). These occurrences certainly have widespread impacts
(Rogers-Bennett & Catton, 2019; Smale et al., 2019), but perhaps even more so on
environments like the intertidal zone, with shallow or fragmented water habitat that
will be much more susceptible to rapid change (Menge et al., 2022).

On a finer spatial scale, instability and unpredictability are the norm to
organisms living in nearshore habitats or the intertidal zone. For example, a single
tidal cycle can change the water temperature by as much as 10 °C (Bates et al., 2018)
and, therefore, can expose certain populations or individuals to drastically different
thermal gradients on a daily, cyclical basis. Furthermore, a worldwide dataset
spanning two decades showed that intertidal mussel beds experience daily
temperature fluctuations up to 15-20 °C (Helmuth et al., 2016). To add to this
intertidal variability, fluctuations in tide pool temperature differ greatly depending on

location. For example, a 2011 study of the heat-shock response in tidepool sculpins in
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British Columbia found that, in addition to having a significantly higher mean
temperature, that mean temperature of pools in the high tidal zone can vary up to two
times more than pools in the low tidal zone (Fangue et al., 2011). Therefore, two
conspecific populations of organisms living in different tidal locations could have
completely different thermal experiences. In general, how an individual or population
experiences and reacts to temperature variability will depend on its thermal
sensitivity. Although marine poikilotherms are unable to physiologically
thermoregulate, mobile members of the intertidal community may be able to
behaviorally thermoregulate by relocating to a region where there is the possibility to
submerge into more thermally preferable water (Angilletta et al., 2002).

One example of such a marine poikilotherm are benthic octopuses, whose life
histories are greatly affected by environmental temperatures and may be further
susceptible to changes that have already been shown to influence search times, prey
handling, and satiation in other coastal mollusks, such as oysters, mussels, and snails
(Kroeker et al., 2014). Given octopuses’ important role in marine ecosystems as both
predator and prey, fluctuations in temperature, at any spatial or temporal scale, may
have an outsized impact on octopus predator-prey dynamics, resource utilization, and
interspecific competition (Villanueva et al., 2017).

Previous work has shown that temperature has a substantial impact on octopus
physiology, growth, life span, and reproduction, but those experiments have largely
focused on chronic or gradual temperature change, wherein the octopus has a

substantial acclimation period (Culler-Juarez & Onthank, 2021; J. Forsythe &
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Hanlon, 1988; Garcia-Fernandez et al., 2019; Logose, 2017; Noyola et al., 2013;
Rigby, 2004; Uriarte et al., 2016; Zdfiga et al., 2013). In terms of more acute
changes, the effect of temperature stress has been tested in Octopus vulgaris
paralarvae growth (Logose, 2017), reproduction in O. maya (Dominguez-Estrada et
al., 2022), and heat shock protein 70 (HSP70) expression in O. tankahkeei (Long et
al., 2015). The effects of acute temperature change, especially with regards to critical
behaviors related to energy acquisition, have remained largely unstudied. Thermal
sensitivity not only varies between species, but within a species as well, especially
one like the California two-spot octopus (O. bimaculoides) with a large geographic
range, and more than likely high site fidelity (Cigliano, 1993).

Acute temperature changes have been shown to affect muscle performance in
terms of prey capture kinematics (Moran et al., 2021), swimming speed in various
fishes (Deslauriers & Kieffer, 2012; Jones et al., 2008; Yu et al., 2018), and the non-
ballistic portions of prey capture (tongue retraction and mouth closing) in frogs,
salamanders, and chameleons (Anderson & Deban, 2012; Deban & Lappin, 2012;
Deban & Scales, 2016; Sandusky & Deban, 201). Much like those amphibian and
reptilian tongues, octopuses are largely muscular hydrostats composed mainly of
incompressible muscle tissue, and the production of movement and force has long
been thought to be dictated by this constant volume constraint (Kier & Smith, 1985;
Wilson et al., 1991). Given that an octopus’s arms are critical to its ability to find and
capture prey (Buresch et al., 2022; Forsythe & Hanlon, 1997), examining how

temperature may influence muscle activation speed in the arms used when feeding
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will be important for determining feeding success in the context of acute temperature
variability. However, performance, preference, and tolerance must not be conflated.
For example, the thermal preference of O. bimaculoides has been measured at 16.6-
17.8 °C (Ontiveros, 2014), which may have ecological implications in terms of
influencing thermoregulatory behavior, but kinematic performance and critical
thermal limits should be considered separately.

To determine the effects of acute temperature changes on octopus feeding
behavior, | conducted controlled feeding trials in the lab with O. bimaculoides
feeding on the striped shore crab (Pachygraspus crassipes), a common prey item in
the intertidal zones of California. | chose O. bimaculoides as my behavioral model for
several reasons: (a) its diurnal activity facilitates a day time experimentation schedule
that aligns with natural behavior (J. Forsythe & Hanlon, 1988; Jereb et al., 2014), (b)
it is a generalist predator, feeding on a wide range of prey including crustaceans,
bivalves, and gastropods (Jereb et al., 2014), and (c) it establishes itself in the benthos
early in its life history and experiences acute temperature changes associated with
traveling up and down the water column during the critical early period when
foraging behaviors are learned and prey preferences are established, as with other
cephalopods (Darmaillacq et al., 2006).

While the extent of temperature variability that an octopus experiences will
depend on its habitat, O. bimaculoides is a good model to answer the following
questions: (a) do acute changes in water temperature affect feeding motivation? (b)

how does acute temperature elevation affect the various timing components of a
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feeding trial (e.g., latency to approach, handling time, etc.)? and (c) how do acute
temperature changes affect attack kinematics? Understanding how acute temperature
change influences the feeding behavior of O. bimaculoides, an important
mesopredator along the California coast, will help to elucidate the physiological and
ecological variation found at temporal and spatial scales that are often overlooked and
have consequences on predator-prey interactions and community structure in the

marine environment.

Methods

Animals

Eight O. bimaculoides were collected from the wild (four in August 2021,
four in February 2022) in Long Beach, CA and shipped overnight to the Joseph Long
Marne Lab, University of California, Santa Cruz (36° 56' N, -122° 3' W). All animals
were collected from the same location and varied in size and sex (Figure 2.1, Table
2.1). Upon arrival, and every day thereafter, specimens were evaluated consistent
with the accepted guidelines for cephalopod care (Beigel & Boal, 2006; Browning,
2019; Cooke & Tonkins, 2015; De Sio et al., 2020; Drinkwater et al., 2019; Fiorito et
al., 2015; Moltschaniwskyj et al., 2007; Russell & Burch, 1959; Yasumuro & lkeda,
2018). Octopuses were housed in individual transparent plastic containers (25 x 18 x
17 cm) with ventilated lids. PVC dens, rocks of assorted of sizes, and various other
aquaria décor and enrichment items were provided for each individual. Individual

tanks were maintained inside larger transparent fiberglass tanks receiving constant
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flow-through sea water of ambient-temperature (13° to 17°C) and all animals were
exposed to natural light-dark cycles. After arrival in the lab, an acclimation period of
14 days was initiated before any experimentation began, during which octopuses were
fed daily with a rotation of live littleneck clams (Protothaca staminea), mussels

(Mytilus californianus), snails (Tegula altra), and striped shore crabs.

Experimental Design

Controlled feeding trials were conducted between August 2021 and May
2022. Trials took place in a separate experimental arena, which consisted of a clear
fiberglass tank (75 liters, 77.5 x 33.0 x 33.3 cm) with sea water filled up to 15 cm. A
removable, transparent, permeable barrier was installed 15 cm from one end of the
experimental tank. Two DJI Osmo Action cameras (DJI, China) were used to film
overhead and lateral views of each trial. To determine the effects of temperature on
feeding behavior feeding trials were conducted with only one prey type, the striped
shore crab. While the mass consumed or feeding rate may have been more easily
measured with bivalve prey, | chose the striped shore crab as the experimental prey
item as | previously observed more dynamic attack behaviors by O. bimaculoides
with this prey (Lankow & Mehta, in review). The three temperatures (baseline:
ambient inflow sea water at 13 to 17 °C; T2: 20 °C; T3: 23 °C) represent an
ecologically relevant temperature gradient consistent with what individual California
two-spot octopuses may experience in the course of a day or during a single foraging
trip throughout the water column or in different tide pools (Fangue et al., 2011,

Helmuth et al., 2016). These temperature treatments are also consistent with NOAA
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recorded sea surface temperature anomalies at + 3 °C as well as previous laboratory

studies with O. bimaculoides (Forsythe & Hanlon, 1988; Ontiveros, 2014).

After completing five successful trials at the baseline temperature, each
individual completed a pseudo-randomized schedule of trials at 20 °C and 23 °C until
five successful trials were completed at each of the two treatments. In the course of
experimentation, one individual laid eggs in her home tank, thus ending her
participation in the trials due to self-inflicted extended starvation after egg-laying
(Wodinsky, 1978). Her remaining six trials (four at 20 °C and two at 23 °C) were
distributed evenly among the other three individuals in her cohort leading to an

unbalanced design.

Experimental Procedure

Prior to each feeding trial, an individual was fasted for 48 hours to increase
feeding motivation. The last meal prior to fasting was never a crab, but rather one of
two sedentary prey, P. staminea or T. altra. For each feeding trial, an individual was
transferred to the experimental tank filled with water at either T1, T2, or T3, and
placed behind the barrier. After three minutes of habituation, the crab was added to
the tank in the center of the area on the other side of the barrier. After an additional
three minutes the crab was corralled to the center of the far wall opposite the barrier,
and the barrier was lifted. In the case of a successful attack (i.e., the octopus captured
the crab during a hunting sequence), the time was marked and at ten minutes post-

attack the octopus was transferred back to its home tank and the crab was weighed. If
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there was no successful attack within 30 minutes of the barrier being lifted, the trial
was stopped, and the octopus was transferred back to its home tank and given a small
piece of frozen crab ten minutes later. The water in the experimental tank was
changed before each new trial, and an individual was never tested more than once per

day.

Video Data Extraction

Videos from all successful trials were analyzed from both camera angles in
order to extract the following continuous variables in seconds and counts: i) total time
to attack (TTA): time elapsed between the barrier being lifted and a successful attack
(comprised of the following three measurements), ii) Latency: time elapsed between
the barrier being lifted and the octopus crossing the line where the barrier had
previously rested (henceforth known as the “starting line”), iii) time to first touch
(TFT): time elapsed between the octopus crossing the starting line and making first
contact with the crab, iv) attack decision time (ADT): time elapsed between first
touch and when the octopus brought the prey under its buccal web for a successful
attack, v) attempts to capture: the number of times prey capture was unsuccessful, and
vi) handling time (HT): time elapsed between initially taking the prey under its mouth
and when the octopus stopped moving after a characteristic series of actions that
included subduing the prey, manipulating they prey with its arms, and orienting it in a
specific way under the mouth. Behaviors that constituted handling time were typically
accomplished in one continuous series until no further movement could be seen under

the octopus’s web; however, in some cases further manipulation was visible at later
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periods of the ten-minute post-attack observation phase, in which cases those

durations were added to the handling time.

In addition to the timing response variables previously described, the
kinematics of the actual attack sequence were calculated using Tracker Video
Analysis and Modeling Tool, version 6.0.1, copyright © 2021. Given that the attack is
typically a dynamic serious of events involving the body and the arms, the following
kinematic variables were measured: i) peak body velocity (ms™): maximum velocity
attained by subject’s approximate center of mass, from movement towards prey until
prey is placed under the buccal web, ii) peak arm velocity (ms™!): maximum velocity
attained by an arm during the initiation of attack or capture of the prey, iii) peak body
acceleration (ms2): maximum acceleration attained by subject’s approximate center
of mass, iv) peak arm acceleration (ms2): maximum acceleration attained by an arm.
See Table 2.2 for a summary of all variables aggregated across the full sample of

feeding trials.
Statistical Analyses

| first assessed how well each response variable conformed to the assumptions
of parametric statistics along four dimensions: 1) independence of observations, 2)
presence of outliers, 3) homogeneity of variance between groups, and 4) whether the
data could reasonably be assumed to have come from a Gaussian distribution. While
observations were conducted independently, multiple observations were collected

from each octopus at each treatment level, which was accounted for in the statistical
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model type chosen. | tested for homoskedasticity by assessing whether the group with
the highest variance had no more than three times that of the group with the lowest.
Finally, the distribution of each response variable was tested with a Shapiro-Wilk’s
test. Following all assessments, transformations for the four timing variables—TTA,
Latency, TFT, and ADT—did not result in normal distributions and, therefore, were
analyzed with nonparametric statistical methods (Figure 2.2). Five variables were
suitable for parametric tests after a logarithmic transformation: body velocity, body

acceleration, arm velocity, arm acceleration, and HT (Figure 2.3).

To test for the effects of water temperature on each of the feeding response
variables, | used a combination of general linear models (GLM), linear mixed models
(LMM), and generalized linear mixed models (GLMM). Mixed models, also known
as multi-level models (MLM), excel at controlling Type I error and are therefore
more generalizable at a population level (Barr et al., 2013; Bolker et al., 2009; Judd et
al., 2012). The present study is explanatory in nature, rather than predictive, which
informed decisions at every step of the modeling process: study design and data
collection, data preparation, choice of variables, choice of methods, validation, model
evaluation, model selection, and model reporting (Shmueli, 2010). MLMs exist in
their most general formas Y; = X;B + Z;y; + &; where X; and Z; are the fixed and
random design matrices, B represents the fixed effects, y; is the random effects, and
g; 1s the unknown random (residual) error (Kincaid, 2005). In this structure, the
y; parameters have the flexibility to vary across individuals, which is why MLMs
were appropriate given the individual variation in feeding and prey handling behavior
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shown by octopuses (Arnold & Arnold, 1969; Grisley et al., 1996; Young, 1956) and

the need to account for it (Hertel et al., 2020).

While testing for the effects of temperature treatment, | chose to include three
covariates in every model: crab activity level (CAL), the percentage of time that the
prey was moving, after being added to the tank and before being captured; relative
prey mass (RPM) the ratio of prey mass to octopus mass at the time of the trial; and
Trial, the number of successful trial that was completed by a particular octopus at a
particular treatment level. I controlled for size effects by feeding the smallest crabs to
the smallest octopuses and largest crabs to largest octopuses; however, due to the
difficulty in finding crabs of a uniform size during each collecting trip, a range of
relative masses was inevitable and I still included RPM as a predictor because it is
known that prey size has an impact on octopus prey handling (Grisley et al., 1999;
Steer & Semmens, 2003). CAL was excluded from the model for HT, since the
activity level of the crab was only measured prior to capture and HT, by definition,

takes place exclusively post-capture.

In the case of each model, the variable Treatment was of main interest, and the
other variables are covariates whose function is to control for differences between the
groups and to help explain the variance observed in the response variable. Due to the
characteristics of the data, the nine measured response variables were fit into three
categories of models. The four kinematic variables and HT were log-transformed and
fit with linear mixed models (LMM). Meanwhile, TTA, Latency, TFT, and ADT,

were fit with generalized linear mixed models (GLMM), which are a flexible
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extension of linear mixed models that allow for response variables from different
distributions and are particularly suited for data sets in ecology and evolutionary
biology (Bolker et al., 2009). To model my four timing variables, | chose to use the
Gamma family of distributions, which are characterized by continuous, zero-bounded
data and a logical choice for temporal data in behavioral research (Schmettow, 2021).
The purpose of the link function is to transform a non-linear relationship to linear
form and, with a dependent variable mean of y;, the canonical link for a Gamma
distribution is the “inverse” g(u;) = 1/u;. Instead, however, | chose the log link
function as a commonly-used alternative to produce a multiplicative model on the

original scale that is easier to interpret (Ng & Cribbie, 2017).

For the final category of models, I used a general linear model (GLM) with a
binomial family distribution of errors, or a logistic regression model, to analyze two
different binary response variables: Trial Success and Forage Success. Trial Success
modeled the probability of whether a particular feeding trial ended with a successful
attack or was declared a ‘no-trial” after the 30-minute time period elapsed with no
attack. For Forage Success, | created a binary dummy variable from the number of
attempts it took an octopus to successfully capture its prey, with exactly one attempt
receiving a score of 1 and anything more than one attempt receiving a score of 0.
Although these feeding trials were conducted in a controlled, closed environment
where an unsuccessful attack had no impact on whether the prey item would be
available for another attempt, the rocky reefs and subtidal areas in which O.
bimaculoides live naturally would likely not afford the same level of opportunity and
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the crab would likely escape after an unsuccessful attempt (Cigliano, 1994; Jereb et
al., 2014). For both logistic regressions, the same covariates were included as for the
LMMs and GLMMs, with one exception: CAL was only available for trials that
ended with a successful attack, and was therefore excluded from the model for Trial

Success (since that analysis also includes unsuccessful trials).

With all three categories of models, | followed the same process of model
fitting, using Bolker et al. (2009) as a guide. First, a null model (with only the
response variable and intercept) was fit via restricted maximum likelihood (REML).
Next, a nested random intercept (with individual octopus nested within cohort) was
added to estimate the intraclass correlation coefficient (ICC) and the impact of the
random effect, using the standard variance components covariance structure. After
that, a saturated model was fit with maximum likelihood (ML) in order to assess the
inclusion of candidate fixed effects (Barr et al., 2013), and multicollinearity was
assessed via variance inflation factor scores. Predictors that did not show a
statistically significant impact on the outcome of the variable were retained in the
model due to the explanatory, rather than predictive, nature of this analysis (Shmueli,
2010). Next, a random slope was fitted for Treatment to allow for the variance of
effect, as well as intercept, at the individual octopus or cohort level. The interaction
terms were then added between Treatment and all other covariates, the significance of
each term was assessed via Wald Type 11 chi-sq test, and non-significant interactions
were removed to limit potential multicollinearity and improve model fit. Finally, a
final model was fit for each response variable: for GLMs and GLMMs, the final
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models were fit via maximum likelihood and Laplace approximation; for LMMS, the
final models were fit via restricted maximum likelihood with Satterwaithe’s method

for denominator degrees of freedom.

At each stage of model fitting, depending on the model type, a deviance or
Likelihood Ratio Test was performed to assess whether the more complex model
added enough explanatory power in order to make up for the loss of degrees of
freedom with additional terms and judged via Bayesian Information Criteria. For
GLMMs, convergence and singularity errors were addressed by varying the optimizer
used for fitting the model (Nelder Mead, “bobyqa”, and “nloptwrap”), or (as a last
resort), reducing the complexity of the random effect structure (i.e., removing the
random slope or the nested random intercept). The final, best form of each model
(Table 2.3) was run through a series of diagnostic tests examining various aspects of
model fit: the normality and constant variance of residuals, the linearity of each
predictor vs. the residuals, and the sensitivity of the data to high-leverage
observations and outliers. Because of the lack of consensus regarding how to
calculate standard effect sizes for individual model terms (Rights & Sterba, 2019), |
refrained from reporting standardized effect sizes when possible, with the following
exceptions: any predictors involved in interactions were standardized in order to
reduce multicollinearity caused by higher-level terms, and predictors were centered in
final models in order to facilitate interpretation and biological relevance (e.g., mass
ratio was mean-centered because interpreting the model intercept when a crab is zero

percent of the octopus mass is meaningless, as it is for trial number zero, but it makes
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biological sense to evaluate a model’s intercept when a crab is completely

motionless).

The significance (defined as p < 0.05 for all tests) of each predictor’s effect on
the response variable for all models was assessed via analysis of variance using Type
Il sums of squares when interactions were present and Type I1l sums of squares when
no interactions were present. Additionally, the intra-class correlation coefficient
(ICC) and marginal and conditional R? (Nakagawa & Schielzeth, 2013) were
calculated for each final model, along with the predictive accuracy of the logistic
regression models when assessed with a 20% validation set. All analyses were
performed using R Statistical Software (v4.0.3; R Core Team 2020), model fitting
was performed with the Ime4 R package (v1.1.30; Bates et al., 2015), tables were
produced with the stargazer R package (v5.2.3; Hlavac, 2022), and reproducible
model outputs were created with the report R package (v5.1.3; Makowski et al.,

2020).

Results

| analyzed video recordings of 40 trials at each of the three temperature
treatments, conducted by 8 octopuses. For each of the eleven response variables and
behavioral measures, I used a combination of multi-level models (Table 2.3) to
examine the temperature effects while accounting for the random variation inherent in
individual animal behavior and controlling for three covariates: Crab Activity Level

(CAL), Relative Prey Mass (RPM), and Trial Number. Octopuses exhibited
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temperature dependent variability in the probability of Trial Success, Latency, Body
Velocity, Body Acceleration, and Handling Time, while the effect of temperature was
moderated by one or more covariates for Total Time to Attack (TTA), Attack
Decision Time (ADT), and Arm Velocity. Probability of Foraging Success, Time to
First Touch (TFT) and Arm Acceleration did not vary significantly with temperature.
For the outputs of each model and to see the specific effect sizes of each predictor

variable, see Tables 2.4-2.6.

Trial Success and Foraging Success

In T1, 77% of trials and, in T2, 89% of trials resulted in successful predation
events, while only 49% of trials at T3, the warmest treatment, were successful (Figure
2.4). While controlling for the effects of RPM and Trial, I confirmed that temperature
treatment had a significant effect on the probability of a successful trial
(X*=25.5, df=2, p<0.001). Specifically, using pairwise comparisons of the estimated
marginal means, or the equally weighted means of the model’s predictions at
specified margins, | estimated that the odds of a successful trial at T1 are no different
than for T2 (p = 0.34). However, | found that the probability of a no-trial at T3 was
3.84 times (p = 0.0036, 95% CI = {1.67, 8.80}) more likely than at T1 and, and 9.61
times (p <0.001, 95% CI = {3.23, 28.6}) more likely than at T2. When measured on
a 20% validation set, this model displayed a moderate predictive accuracy of 54%.

In terms of Foraging Success, octopuses completed a successful attack with

their first attempt for 80% of the trials at T1, 75% of the trials at T2, and 65% of the
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trials at T3. Neither Treatment (X° = 1.67, df =2, p = 0.434), Trial
(X’ =1.21,df=1, p=0.270), nor RPM (X° = 1.23, df = 1, p = 268) were shown to
have a significant effect. When measured on a 20% validation set, this model

displayed a 75% predictive accuracy.

Total Time to Attack (TTA), Latency, Time to First Touch (TFT), and Attack Decision
Time (ADT)

In modeling the response variable TTA, | found temperature to have a
significant interaction with CAL (X° = 8.48, df=2, p=0.014) and RPM (X*= 89.19,
df =2, p = 0.010). For example, an increase in CAL (measured as a percentage of
time moving prior to attack) at T2 had no impact on TTA compared with T1, while at
T3 it had a significant negative effect. Alternately, the opposite was true for the
interaction between treatment and RPM, with the effects being positive and the
relative effect at T2 being significant (t = 3.032, p = 0.00243) and much greater than
the effect at T3. Therefore, after accounting for Trial Number, the effect of
temperature on TTA was moderated by CAL and RPM.

Once the barrier was lifted, octopuses waited an average of 51 seconds before
moving towards the prey; however, there was considerable variation between
treatments. After accounting for the covariates, Treatment was shown to have a
statistically significant effect on Latency (X2 = 47.54, df = 2, p < 0.001). With
predicted results from the model averaged over the range of each covariate, | show
that Latency is no different at T1 than at T2. However, T3 was found to be

significantly greater than both T1 (z-ratio = -6.08, p < 0.0001) and T2 (z-ratio = -5.30,
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p < 0.0001). Due to the nature of the relationship between Latency and Treatment, I
used a contrast based on average temperature within each Treatment level to test for a
linear trend in the differences between estimated marginal means at each Treatment
and confirmed that Latency increases linearly with water temperature (z-ratio = 5.808,
p < 0.0001; Figure 2.5).

After crossing the starting line, the time to first touch (TFT) varied little
between Treatments. Trial Number was the only significant predictor in the model
(X? = 9.64, df = 1, p = 0.0019), and produced a negative but small effect on TFT (log-
effect = -0.22, 95% CI = {0.35, -0.08}).

After touching the prey for the first time, the time elapsed until the successful
attack (ADT) ranged from zero seconds (i.e., a simultaneous first touch and attack) to
28 minutes. The main effect of Treatment on ADT had a significant interaction with
CAL.: estimated marginal means of ADT decrease with CAL at each Treatment, but at
significantly different rates. Compared with T1, the effect of CAL on T2 is not
statistically significant (t = -0.96, p = 0.0337), but the effect of CAL on T3 is 2.4
times (log-scale) that of T2 (t =-2.42, p = 0.017). Therefore, after accounting for
Trial Number and the Relative Mass of the prey compared to the octopus, | found that
the effect of temperature on Attack Decision Time was moderated by CAL at the

highest temperature.
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Attack Kinematics

The peak Body Velocity during attack, measured at the approximate center of
mass of the octopus, showed considerable variation between temperature treatments,
with slower attacks occurring at warmer temperatures. The overall effect of
temperature on log-transformed Body Velocity was significant (X? =16.9,df=1,p <
0.001) and the pairwise contrasts of estimated marginal means at each treatment
(averaged over the levels of the covariates) show that the velocity at T3 is
significantly slower than T1 (Kenward-Roger df = 109, t-ratio=4.92, p < 0.0001) and
significantly slower than T2 (Kenward-Roger df = 109, t-ratio=3.26, p = 0.0042).
Because of this relationship, | used a specific contrast based on average temperature
at each treatment, and determined that Body Velocity decreases linearly with water
temperature (Kenward-Roger df = 109, t-ratio=-4.856, p < 0.0001), within this range
of temperatures.

The effect of temperature on O. bimaculoides' ability to accelerate to attack a
crab was modeled with the log-transformed acceleration data as the response. The
main effect of temperature was statistically significant (X2 = 10.1,df = 2,p =
0.0063) and, after controlling for the covariates, body acceleration decreased by 34%
in T3 (t=-2.90, p = 0.004) compared to T1 (t-ratio = 2.90, p = 0.013) and decreased
by 31% compared to T2 (t-ratio = 2.61, p = 0.028). A specific contrast showed that
body acceleration also decreases linearly with temperature (Kenward-Roger df = 108,

t-ratio = -2.81, p = 0.0059).
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O. bimaculoides typically used one or more arms during prey capture. In
modeling the log-transformed data, we found that the main effect of temperature
alone was not a statistically significant contributor to Arm Velocity. However, the
model showed a significant interaction with Trial (X° = 7.13, df = 2, p = 0.028). The
effects of Trial on Arm Velocity at T2 and T3 were positive (indicating faster arm
speeds at warmer temperatures), but only the effect on T3 was statistically significant
(t=2.66, p = 0.0009). After controlling for CAL and RPM, | found that the effect of
temperature on Arm Velocity was moderated by Trial Number, suggesting that
octopuses’ arms moved faster during later trials.

In modeling the most dynamic part of an octopus attack, | used the log-
transformed Arm Acceleration data and did not detect a significant effect of

temperature (X° = 1.97, df = 2, p = 0.37), nor any of the other terms in the model.
Handling Time (HT)

After the attack, the octopus performs a characteristic set of handling
behaviors to subdue the prey, bring it under the buccal web, and orient it for feeding.
Using the log-transformed data, | found that the main effect of temperature on HT
was significant (X° = 53.2, df = 2, p < 0.001). The fixed effects at T2 (§ = 0.18, 95%
Cl={0.08, 0.28}, t = 3.50, p < 0.001) and T3 (B = 0.38, 95% CI = {0.28, 0.49}, t =
7.29, p < 0.001) were both positive and significant, representing a 52% increase in
HT from T1 to T2 and a 142% increase from T1 to T3. Going from T2 to T3 also

represented a significant increase (p = 0.21, 95% CI = {0.099, 0.31},t=3.89,p =
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0.005); because of this relationship, | performed a specific contrast and found that HT

increased linearly with water temperature (z-ratio = 6.85, p < 0.001) within this range.

Discussion

| found that, after accounting for the Relative Prey Mass and Trial Number,
temperature had a significant negative effect on the probability of a successful
feeding event happening within the allotted time limit. Feeding trials were least likely
to be successful at the warmest treatment. This was not entirely unexpected, given
that the thermal preference of O. bimaculoides has been measured at 16.6 — 17.8 °C
(Ontiveros, 2014). However, preference, tolerance, and performance must not be
conflated. There is reason to predict, from a theoretical perspective, that this
particular species would have a wide thermal tolerance, given the amount of
variability in temperature it experiences (Brett, 1970; Sunday et al., 2011). From a
species distribution standpoint, at the northern edge of its range O. bimaculoides
encounters temperatures that average 12-15 °C in the colder months; further south, at
Santa Catalina Island, temperatures range up to 20 °C, and at the southern portion of
its range, at San Quintin, Mexico, nearshore water temperatures are even warmer (R.
F. Ambrose, 1988; J. W. Forsythe & Hanlon, 1988). Therefore, adaptation at the
regional level to local conditions could result in variable intraspecies thermal
tolerance, which has already been shown in O. maya (Noyola et al., 2013). Further,
entire populations of O. bimaculoides have been observed living above the mean low

tide line (J. Forsythe & Hanlon, 1988), where daily fluctuations in temperature at a
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smaller spatial scale can regularly exceed even the most extreme marine heat waves
exacerbated by global warming (Frolicher et al., 2018; Frolicher & Laufkotter, 2018;
Helmuth et al., 2016).

Through a combination of multi-level models, | found support for the effect of
increased temperature on three of the four measured timing responses leading up to
an attack: TTA, Latency, and ADT. The effect of temperature on TTA was moderated
by CAL (which had a significantly negative effect at T3) and RPM (which had a
significantly positive effect on TTA only at T2). These results are perhaps more
informative given that CAL and RPM are not correlated (Appendix A; Pearson’s
correlation coefficient, r = 0.09; Anova, p = 0.34); however, the asymmetry in the
magnitude of these effects at different temperatures is striking. The main effect of
temperature on Latency was significant and positive, meaning once the barrier was
lifted, octopuses waited much longer to cross the starting line during a trial at T3 than
they did at cooler treatments. This might be explained by the six-minute period (three
minutes before the prey was added to the tank, and three minutes after) not being
enough for the octopuses to acclimate to the acute elevation in water temperature
from their home tank to the experimental tank. Although beyond the scope of this
study to analyze quantitatively, when placed octopuses in the experimental tank for a
trial at T3, | observed some noticeable signs of acute thermal stress (e.g., globular
mantle and increased respiration), but never to the level of studies that have
deliberately been testing for CTMax (Noyola et al., 2013) where they witnessed

sudden mantle spasm, expulsion of ink, and uncoordinated chromatophore flashes.
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Here | do not interpret increased Latency as a decrease in performance, given
that octopuses can employ a variety of hunting strategies, including ambush
(Villanueva et al., 2017). Rather, increased Latency may indicate that octopuses were
detecting the mobile prey from a distance (Maselli et al., 2020), determining how to
allocate their energy in a more thermally demanding environment, and waiting to see
if the prey would stumble into their arms as witnessed in situ by (Forsythe & Hanlon,
1988).

After touching the prey for the first time, the ADT was affected by an
interaction between Crab Activity Level and temperature: the direction of the effect
was the same (more active crabs resulting in shorter ADT), but the strength of the
affect was much greater at T3. This relationship, clearly seen in Figure 2.6, is driven
by the fact that ADT at T1 was nearly always close to zero (indicating that the
successful attack was also the first time the octopus had contacted the prey). At T2,
and even more distinctly at T3, | show that extended ADTs occurred when the crab
was less active but decreased as the crab became more active and increased the
possibility of a chance encounter with the octopus that resulted in an opportunistic
attack. Therefore, a longer Latency (or TTA, TFT, or ADT) may not necessarily
translate into decreased food consumption; rather, it may indicate that, at some
temperatures, an octopus is more likely to employ one method of food procurement
over another and can vary its strategy based on the situation and context. Longer
ADT was also often characterized by constant movement around the edges of the

tank, possibly searching for thermal refugia. Although substantial site duration has
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been observed in populations of wild O. bimaculoides (Cigliano, 1994), the
possibility of behavioral thermoregulation (Angilletta et al., 2002) in terms of seeking
a thermally preferable area could have implications on how their daily activity
patterns are understood (D. L. Sinn, 2008).

Even though temperature did have significant effect on the probability of
whether a particular feeding trial was successful, it is difficult to translate that into a
direct measure of feeding performance in the wild, due to the experimental time
constraint placed on each trial. Perhaps this species octopus may avoid a highly active
prey such as a crab in order to target a more sessile prey item (such as an immobile
bivalve) or perhaps they would decrease their feeding rates. Regardless, the octopuses
foraging choices would have an impact on the intertidal community’s composition
and structure (Ambrose, 1982). To evaluate foraging success, | modeled a binary
variable coded for whether the octopus successfully captured the crab on its first
attempt, implying that an unsuccessful attempt in the wild would have allowed the
crab to escape into the rocks. | found that temperature had no effect on Foraging
Success, nor did any of the other predictors included in the model despite the fact that
Body Velocity and Body Acceleration were both significantly slower at higher
temperatures. Although CAL had no relationship with temperature (Appendix A;
Pearson correlation coefficient, r = -0.14; Anova, p = 0.29), it is possible that the
crabs’ ability to escape predation was negatively impacted by the acute temperature

change more so than the octopuses’ ability to capture them, which has been
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demonstrated in other marine systems (Allan et al., 2015). Crab prey were acclimated
to the same T1 water temperature as the octopuses.

There was no main effect of temperature on Arm Velocity or Acceleration,
which were of the same magnitude as previous studies (Gutfreund et al., 1998;
Maldonado, 1964). This implies that the neuromuscular activation producing the
kinematics of their hydrostat arms (Matzner et al., 2000; Rokni & Hochner, 2002;
Sumbre et al., 2005) exhibits less thermal dependence, at least within the thermal
range of my experiment. This effect is similar to the lack of thermal dependence in
the ballistic mouth opening and tongue extension during prey capture in various
reptiles and amphibians (Anderson & Deban, 2012; Deban & Lappin, 2011; Deban &
Scales, 2015; Sandusky & Deban, 2012), which are reliant on elastic recoil
mechanisms. Even though body kinematics were reduced, the octopuses were able to
overcome that impediment and still use their dynamic arms to capture the prey at the
same rate regardless of temperature; however, this may not hold true for prey items
that exhibit more mobility than crabs. Given that octopuses are generalist predators
capable of switching prey items based on abundance (R. C. Anderson et al., 2008;
Mather et al., 2012; Murdoch, 1969), there are many factors that contribute to hunting
strategies and prey choice such as optimizing energy uptake and minimizing time
spent foraging (J. Forsythe & Hanlon, 1997; Hanlon et al., 2007; Hofmeister, 2015;
John O’Brien et al., 1989; Stephens & Krebs, 1986). | offer this as further evidence

that the thermal profile of an individual’s home range and foraging territory may be
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included as part of this calculation, as has been shown in other marine predators
(Sims et al., 2006).

After the octopus successfully captured a crab, | measured the duration of a
series of characteristic actions (pulling the crab under the buccal web, immobilizing
it, orienting it towards the mouth) that comprised HT. This flurry of activity typically
ended with one obvious large expulsion of water through the mantle cavity, indicating
that feeding had begun. In the present study, | show that water temperature had a
significant effect on HT, with warmer temperatures resulting in longer handling times
(after accounting for the variation in CAL, RPM, and Trial Number). Most of O.
bimaculoides’ other typical prey items (e.g., gastropods, bivalves, and other
crustaceans) also have hard chitinous or calcified exteriors that make for difficult
access; however, crabs have ten sharp, flailing appendages that may require more
time and energy to handle at higher temperatures, especially immediately after
capture and before returning to safety. With this in mind, optimal foraging theory
would predict that a generalist predator like an octopus may specifically target prey
that would minimize this handling time, which could have community structure
impacts when scaled up to the population level (R. Ambrose, 1986; Leite et al., 2009;
Stephens & Krebs, 1986).

The consideration of individual variation in animal behavior studies is
increasingly becoming recognized as vital to understanding the underlying
mechanism of the phenomenon being observed, and there is more impetus on

researchers, and more tools with which, to examine this variation (Bolker et al., 2009;
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Hertel et al., 2020). Individual variability was considered in the present study through
the incorporation of random effects in the model for each measured outcome.
Depending on the model, I incorporated a random intercept for either cohort, octopus,
or octopus within cohort, in order to depict what portion of the overall variance in the
response variable could be attributed to among-group differences (also known as
intraclass correlation). During model selection, the inclusion of a random slope for
Latency and TFT was also supported by examining the Bayesian Information Criteria
of the null model vs. the saturated model. ICCs ranged from 13% (arm acceleration)
to 68% (ADT), and two of the three response variables showing no effect of
temperature (TFT and arm velocity) had considerable ICCs (46% and 31%
respectively). Multi-level models, and GLMMs in particular, are a highly flexible
class of models that are well-suited for ecological research and the analysis of
repeated measures designs in animal studies (Schielzeth et al., 2020; Wang & L.A,
2004). While any further analysis of my particular individual octopuses and how they
performed with respect to temperature is beyond the scope of this study, the statistical
tools | employed allowed me to account for individual variation but still generalize
my results to a larger population (see Appendix B for visualizations of the
distribution of random effects with respect to each response variable).

My results showed a main effect of temperature, with no interacting
covariates, on four measured response variables: Latency, Body Velocity, Body
Acceleration, and HT. With all four variables, | found that there was a linear trend

describing the relationship between that particular response and water temperature.
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No measure of performance changed directions from T2 to T3 (i.e., | never detected a
significant positive effect at T2 and negative effect at T3, or vice versa, for the same
response variable); therefore, I may conclude that my experimental temperatures—20
°C and 23 °C—are all well within the thermal tolerance of O. bimaculoides
acclimated to a seasonal range of 14-17 °C. At both temperature treatments, body
velocity was significantly slower and handling time was significantly longer, but
latency and body acceleration were both only significantly impacted at T3; therefore,
I may also conclude that the thermal optimum of O. bimaculoides with regard to
feeding behavior is between T1 (14-17 °C) and T2 (20 °C).

While | found that acute temperature change does have a significant effect on
various aspects of octopus feeding behavior, my findings do have some limitations
that are intrinsic to the animals used in my study. First, due to resource constraints,
my octopuses were not reared in the laboratory, but were collected from the wild.
Therefore, | cannot control for the prior experiences that they had before arriving at
the lab. Once under my care, | made every effort to standardize their experiences in
terms of diet, daylight, enrichment, and shielding from conspecifics and other
researchers. The two cohorts were collected from the same 500-meter stretch of
beach, but cohort 1 was collected in August and cohort 2 was collected in February,
meaning they may have been acclimated to slightly different temperatures. However,
the two cohorts were kept in the exact same conditions in the lab throughout the
course of experimentation, and the inclusion of a random effect for cohort in my

models only increased the model fit in one case (TTA).
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While I have established that acute thermal elevation impacts octopus
Latency, Attack Velocity (body and arm), and HT, the effects of other abiotic
environmental factors (e.g., pH, pCO2, and dissolved oxygen) on octopus foraging
and prey handling behaviors need to be assessed. This work would also benefit from
an examination of the impacts of temperature on prey choice, the physiological
aspects of feeding (e.g., energy conversion efficiency and metabolism), and the
accumulated effects over time of repeated exposure to sub-lethal thermal stress (as
these and other intertidal residents would experience in situ). Further understanding
of these kinds of thermal effects will elucidate the impact of the thermal landscape on
predator-prey dynamics and community structure in a dynamic, variable environment.

The implications of my study suggest that the different components of O.
bimaculoides feeding behavior show varying levels of acute thermal dependence and
resiliency. While the timelines of global change predictions are far beyond the
lifespan of any one octopus, intertidal octopuses will surely experience marked
temperature changes in the course of its life (e.g., sea surface temperature anomalies
or marine heat waves), or even in a single day while foraging through temporally and
spatially variable thermal gradients that are far steeper than any global prediction
(Bates et al., 2018; Helmuth et al., 2016). Continuing to study the effects of
temperature changes that occur on a more acute level will help paint a more complete

picture of intertidal ecosystems and their important predator-prey dynamics.
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Conclusions

| have shown that the California two-spot octopus exhibits variable behavior
in the contexts of varying biotic and abiotic factors. Given that they are voracious
generalist predators, consuming a wide range of vertebrate and invertebrate prey, in
Chapter 1, | conducted controlled feeding trials with littleneck clams and striped
shore crabs and found that prey type influences the feeding behavior of O.
bimaculoides. When presented with a sessile prey not capable of retaliation or escape,
octopuses exhibited less hesitancy to approach and touch the prey but waited longer
to attack and attacked with less velocity and acceleration. On the contrary, when
presented with a more mobile prey, octopuses waited longer to assess the situation
and approach the prey, but then conducted a more dynamic and decisive attack. |
found no differences in the body orientation, arm choice, nor eye usage based on prey
type, although within clam trials there was a significant bias towards a lateral body
orientation, the anterior arm pairs, and the right side (both eye and arm). Due to the
unpredictability of the crab’s movement, my data showed that those same biases did
not hold during crab trials, when the crab would often move at the last second and the
octopus would execute an opportunistic attack based on the crab’s new position. I
also described a new pattern of octopus locomotion, during which a sinusoidal path is
traced along the bottom of the tank. This behavior occurred significantly more often
in crab trials than clam trials, and was almost exclusively observed immediately
preceding an attack, leading to the conclusion that this behavior was helping to guide
a visual attack and corral the more mobile prey.
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For Chapter 2, | focused on one prey type and sought to investigate the effects
of acute temperature change on feeding behavior. Through controlled feeding trials
and a combination of multi-level models, | determined that an acute increase of water
temperature does have significant impacts on various aspects of how O. bimaculoides
searches for, captures, and handles its prey. After controlling for the effects of Crab
Activity Level, Relative Prey Mass, and Trial Number, | showed that warmer water
significantly impacted the chances of a particular trial ending with a successful
predation event within the allotted time, with the warmest temperature resulting in the
smallest chance of a successful (or even attempted) attack. In the trials that were
successful, warmer water resulted in increased Latency, slower Attack Velocity and

Acceleration, and increased HT.

My findings could be enhanced by further considering the effects of
individual octopus variation on the different behaviors described herein. Previous
work has reported on the distinct personalities and temperaments in a wide range of
cephalopods (Mather & Anderson, 1993; Pronk et al., 2010; Sinn et al., 2001; Sinn &
Moltschaniwskyj, 2005; Voss, 2016). Therefore, each individual might employ
different hunting tactics and prey handling procedures based on its own cognitive
abilities, spatial memory, and behavioral preferences (Mather et al., 2012). While
beyond the scope of the present study, the individual preferences and strategies of
each individual should be considered (Bolnick et al., 2003; Estes et al., 2003) in

future work to understand how they contribute to the octopus’s complex behavioral
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suite employed to find, capture, and handle a wide range of diverse prey in highly
variable conditions.

Octopuses are inherently fascinating to humans, and have captivated our
imaginations for centuries (Nakajima et al., 2018). Beyond fascination, though, with
the explosion of octopus research in recent decades (Di Cosmo et al., 2021) we are
now using them as models to help answer questions about cognition, neuroscience,
evolution, ecology, and ethology. Occupying an ecologically important role as
predators and prey, a better understanding of octopus predatory behavior—and how it
is affected, both directly and indirectly, by prey characteristics and water
temperature—will add a small piece of clarity to the ecological puzzle of a highly
variable environment being subject to dynamic future conditions (Anderson et al.,
2001; Kroeker & Sanford, 2022). At the very least, the entirety of these findings
brings finer resolution to the complex and flexible behavioral repertoire of a

voracious and charismatic marine predator.

95



References

Allan, B. J. M., Domenici, P., Munday, P. L., & McCormick, M. 1. (2015). Feeling
the heat: The effect of acute temperature changes on predator—prey
interactions in coral reef fish. Conservation Physiology, 3(1).
https://doi.org/10.1093/conphys/cov011

Ambrose, R. (1986). Effects of octopus predation on motile invertebrates in a rocky
subtidal community. Marine Ecology Progress Series, 30, 261-273.
https://doi.org/10.3354/meps030261

Ambrose, R. F. (1982). Octopus predation and community structure of subtidal rocky
reefs at Santa Catalina Island, California. [University of California, Los
Angeles]. https://www.elibrary.ru/item.asp?id=7353646

Ambrose, R. F. (1988). Population dynamics of Octopus bimaculatus: Influence of
life history patterns, synchronous reproduction and recruitment. Malacologia,
29(1), 23-39.

Anderson, C. V., & Deban, S. M. (2012). Thermal effects on motor control and in
vitro muscle dynamics of the ballistic tongue apparatus in chameleons.
Journal of Experimental Biology, jeb.078881.
https://doi.org/10.1242/jeb.078881

Anderson, M. T., Kiesecker, J. M., Chivers, D. P., & Blaustein, A. R. (2001). The
direct and indirect effects of temperature on a predator-prey relationship.
Canadian Journal of Zoology, 79(10), 1834-1841.
https://doi.org/10.1139/z01-158

Anderson, R. C., Wood, J. B., & Mather, J. A. (2008). Octopus vulgaris in the
Caribbean is a specializing generalist. Marine Ecology Progress Series, 371,
199-202. https://doi.org/10.3354/meps07649

Angilletta, M. J., Niewiarowski, P. H., & Navas, C. A. (2002). The evolution of
thermal physiology in ectotherms. Journal of Thermal Biology, 27(4), 249—
268. https://doi.org/10.1016/S0306-4565(01)00094-8

Arnold, J. M., & Arnold, K. O. (1969). Some aspects of hole-boring predation by
Octopus vulgaris. American Zoologist, 9(3), 991-996.
https://doi.org/10.1093/icb/9.3.991

Barr, D. J., Levy, R., Scheepers, C., & Tily, H. J. (2013). Random effects structure

for confirmatory hypothesis testing: Keep it maximal. Journal of Memory and
Language, 68(3), 255-278. https://doi.org/10.1016/j.jm1.2012.11.001

96



Barth, J. A., Menge, B. A., Lubchenco, J., Chan, F., Bane, J. M., Kirincich, A. R,
McManus, M. A., Nielsen, K. J., Pierce, S. D., & Washburn, L. (2007).
Delayed upwelling alters nearshore coastal ocean ecosystems in the northern
California current. Proceedings of the National Academy of Sciences, 104(10),
3719-3724. https://doi.org/10.1073/pnas.0700462104

Bates, A. E., Helmuth, B., Burrows, M. T., Duncan, M. 1., Garrabou, J., Guy-Haim,
T., Lima, F., Queiros, A. M., Seabra, R., Marsh, R., Belmaker, J., Bensoussan,
N., Dong, Y., Mazaris, A. D., Smale, D., Wahl, M., & Rilov, G. (2018).
Biologists ignore ocean weather at their peril. Nature, 560(7718), 299-301.
https://doi.org/10.1038/d41586-018-05869-5

Bates, D., Machler, M., Bolker, B., & Walker, S. (2015). Fitting linear mixed-effects
models using Ime4. Journal of Statistical Software, 67, 1-48.
https://doi.org/10.18637/jss.v067.i01

Beigel, M., & Boal, J. (2006, February). The effect of habitat enrichment on the
mudflat octopus. The Shape of Enrichment, 15(1).

Bolker, B. M., Brooks, M. E., Clark, C. J., Geange, S. W., Poulsen, J. R., Stevens, M.
H. H., & White, J.-S. S. (2009). Generalized linear mixed models: A practical
guide for ecology and evolution. Trends in Ecology & Evolution, 24(3), 127—
135. https://doi.org/10.1016/j.tree.2008.10.008

Bolnick, D. I., Svanback, R., Fordyce, J. A., Yang, L. H., Davis, J. M., Hulsey, C. D.,
& Forister, M. L. (2003). The ecology of individuals: Incidence and
implications of individual specialization. The American Naturalist, 161(1), 1—-
28. https://doi.org/10.1086/343878

Booth, J. A. T., McPhee-Shaw, E. E., Chua, P., Kingsley, E., Denny, M., Phillips, R.,
Bograd, S. J., Zeidberg, L. D., & Gilly, W. F. (2012). Natural intrusions of
hypoxic, low pH water into nearshore marine environments on the California
coast. Continental Shelf Research, 45, 108-115.
https://doi.org/10.1016/j.csr.2012.06.009

Brett, J. R. (1970). Temperature-Pisces. In Marine Ecology: Vol. 1. Environmental
Factors. John Wiley and Sons, Ltd.

Browning, H. (2019). What is good for an octopus? Animal Sentience, 4(26).
https://doi.org/10.51291/2377-7478.1476

Buresch, K. C., SKklar, K., Chen, J. Y., Madden, S. R., Mongil, A. S., Wise, G. V.,
Boal, J. G., & Hanlon, R. T. (2022). Contact chemoreception in multi-modal
sensing of prey by Octopus. Journal of Comparative Physiology A, 208(3),
435-442. https://doi.org/10.1007/s00359-022-01549-y

97



Cigliano, J. A. (1993). Dominance and den use in Octopus bimaculoides. Animal
Behaviour, 46(4), 677—-684. https://doi.org/10.1006/anbe.1993.1244

Cigliano, J. A. (1994). The behavior and ecology of the mud flat octopus (Octopus
bimaculoides) and the pygmy octopus (Octopus spp.)—ProQuest [Boston
University].
https://www.proquest.com/openview/abe5d9faee1b4e372695309b941a25bf/1
?pg-origsite=gscholar&cbl=18750&diss=y

Cooke, G. M., & Tonkins, B. M. (2015). Behavioural indicators of welfare exhibited
by the common European cuttlefish (Sepia officinalis). Journal of Zoo and
Aquarium Research, 3(4), 157-162.

Culler-Juarez, M. E., & Onthank, K. L. (2021). Elevated immune response in Octopus
rubescens under ocean acidification and warming conditions. Marine Biology,
168(9), 137. https://doi.org/10.1007/s00227-021-03913-z

Darmaillacq, A.-S., Chichery, R., Shashar, N., & Dickel, L. (2006). Early
familiarization overrides innate prey preference in newly hatched Sepia
officinalis cuttlefish. Animal Behaviour, 71(3), 511-514.
https://doi.org/10.1016/j.anbehav.2005.04.019

De Sio, F., Hanke, F. D., Warnke, K., Marazia, C., Galligioni, V., Fiorito, G.,
Stravidou, I., & Ponte, G. (2020). E pluribus octo—Building consensus on
standards of care and experimentation in cephalopod research; a historical
outlook. Frontiers in Physiology, 11, 645.
https://doi.org/10.3389/fphys.2020.00645

Deban, S., & Lappin, A. (2011). Thermal effects on the dynamics and motor control
of ballistic prey capture in toads: Maintaining high performance at low
temperature. The Journal of Experimental Biology, 214, 1333-1346.
https://doi.org/10.1242/jeb.048405

Deban, S. M., & Scales, J. A. (2016). Dynamics and thermal sensitivity of ballistic
and non-ballistic feeding in salamanders. Journal of Experimental Biology,
219, 431-444. https://doi.org/10.1242/jeb.127407

Di Cosmo, A., Pinelli, C., Scandurra, A., Aria, M., & D’Aniello, B. (2021). Research
Trends in Octopus Biological Studies. Animals, 11(6), 1808.
https://doi.org/10.3390/ani11061808

Dominguez-Estrada, A., Galindo-Sanchez, C. E., Ventura-Lopez, C., Rosas, C., &
Juarez, O. E. (2022). Response of optic gland pathways to thermal stress in
the reproductive phase of female Octopus maya. Journal of Molluscan
Studies, 88(3), 1-16. https://doi.org/10.1093/mollus/eyac018

98



Drinkwater, E., Robinson, E. J. H., & Hart, A. G. (2019). Keeping invertebrate
research ethical in a landscape of shifting public opinion. Methods in Ecology
and Evolution, 10(8), 1265-1273. https://doi.org/10.1111/2041-210X.13208

Estes, J. A., Riedman, M. L., Staedler, M. M., Tinker, M. T., & Lyon, B. E. (2003).
Individual variation in prey selection by sea otters: Patterns, causes and
implications. Journal of Animal Ecology, 72(1), 144-155.
https://doi.org/10.1046/].1365-2656.2003.00690.x

Fangue, N. A., Osborne, E. J., Todgham, A. E., & Schulte, P. M. (2011). The onset
temperature of the heat-shock response and whole-organism thermal tolerance
Are tightly correlated in both laboratory-acclimated and field-acclimatized
tidepool sculpins (Oligocottus maculosus). Physiological and Biochemical
Zoology, 84(4), 341-352. https://doi.org/10.1086/660113

Fiorito, G., Affuso, A., Basil, J., Cole, A., de Girolamo, P., D’Angelo, L., Dickel, L.,
Gestal, C., Grasso, F., Kuba, M., Mark, F., Melillo, D., Osorio, D., Perkins,
K., Ponte, G., Shashar, N., Smith, D., Smith, J., & Andrews, P. L. (2015).
Guidelines for the care and welfare of cephalopods in research — a consensus
based on an initiative by CephRes, FELASA and the Boyd Group. Laboratory
Animals, 49(2_suppl), 1-90. https://doi.org/10.1177/0023677215580006

Forsythe, J., & Hanlon, R. (1988). Behavior, body patterning, and reproductive
biology of Octopus bimaculoides from California. Malacologia, 29(1), 41-55.

Forsythe, J., & Hanlon, R. (1997). Foraging and associated behavior by Octopus
cyanea Gray, 1849 on a coral atoll, French Polynesia. Journal of Experimental
Marine Biology and Ecology, 209(1-2), 15-31.
https://doi.org/10.1016/S0022-0981(96)00057-3

Forsythe, J. W., & Hanlon, R. T. (1988). Effect of temperature on laboratory growth,
reproduction and life span of Octopus bimaculoides. Marine Biology, 98(3),
369-379. https://doi.org/10.1007/BF00391113

Frolicher, T. L., Fischer, E. M., & Gruber, N. (2018). Marine heatwaves under global
warming. Nature, 560(7718), 360—364. https://doi.org/10.1038/s41586-018-
0383-9

Frolicher, T. L., & Laufkotter, C. (2018). Emerging risks from marine heat waves.
Nature Communications, 9(1), 650. https://doi.org/10.1038/s41467-018-
03163-6

Garcia-Fernandez, P., Prado-Alvarez, M., Nande, M., Garcia de la Serrana, D.,
Perales-Raya, C., Almansa, E., Varg, I., & Gestal, C. (2019). Global impact of
diet and temperature over aquaculture of Octopus vulgaris paralarvae from a

99



transcriptomic approach. Scientific Reports, 9(1), 10312.
https://doi.org/10.1038/s41598-019-46492-2

Grisley, M. S., Boyle, P. R., & Key, L. N. (1996). Eye puncture as a route of entry for
saliva during predation on crabs by the octopus Eledone cirrhosa (Lamarck).
Journal of Experimental Marine Biology and Ecology, 202(2), 225-237.
https://doi.org/10.1016/0022-0981(96)00035-4

Grisley, M. S., Boyle, P. R., Pierce, G. J., & Key, L. N. (1999). Factors affecting prey
handling in lesser octopus (Eledone cirrhosa) feeding on crabs (Carcinus
maenas). Journal of the Marine Biological Association of the United
Kingdom, 79(6), 1085-1090. https://doi.org/10.1017/S0025315499001332

Gutfreund, Y., Flash, T., Fiorito, G., & Hochner, B. (1998). Patterns of arm muscle
activation involved in octopus reaching movements. The Journal of
Neuroscience, 18(15), 5976-5987. https://doi.org/10.1523/INEUROSCI.18-
15-05976.1998

Hanlon, R. T., Conroy, L.-A., & Forsythe, J. W. (2007). Mimicry and foraging
behaviour of two tropical sand-flat octopus species off North Sulawesi,
Indonesia. Biological Journal of the Linnean Society, 93(1), 23-38.
https://doi.org/10.1111/j.1095-8312.2007.00948.x

Helmuth, B., Choi, F., Matzelle, A., Torossian, J. L., Morello, S. L., Mislan, K. A. S.,
Yamane, L., Strickland, D., Szathmary, P. L., Gilman, S. E., Tockstein, A.,
Hilbish, T. J., Burrows, M. T., Power, A. M., Gosling, E., Mieszkowska, N.,
Harley, C. D. G., Nishizaki, M., Carrington, E., ... Zardi, G. (2016). Long-
term, high frequency in situ measurements of intertidal mussel bed
temperatures using biomimetic sensors. Scientific Data, 3(1), 160087.
https://doi.org/10.1038/sdata.2016.87

Hertel, A. G., Niemeld, P. T., Dingemanse, N. J., & Mueller, T. (2020). A guide for
studying among-individual behavioral variation from movement data in the
wild. Movement Ecology, 8(1), 30. https://doi.org/10.1186/s40462-020-00216-
8

Hlavac, M. (2022). stargazer: Well-Formatted Regression and Summary Statistics
Tables (5.2.3). https://CRAN.R-project.org/package=stargazer

Hofmeister, J. (2015). Movement, Abundance Patterns, and Foraging Ecology of the
California Two Spot Octopus, Octopus bimaculatus. Universtiy of California,
Berkely.

100



Jereb, P., Roper, C. F. E., Norman, M. D., & Finn, J. K. (Eds.). (2014). Cephalopods
of the world: An annotated and illustrated catalogue of cephalopod species
known to date. FAO Species Catalogue for Fishery Purposes, 3(4).

John O’Brien, W., Evans, B. 1., & Browman, H. 1. (1989). Flexible search tactics and
efficient foraging in saltatory searching animals. Oecologia, 80(1), 100-110.
https://doi.org/10.1007/BF00789938

Judd, C. M., Westfall, J., & Kenny, D. A. (2012). Treating stimuli as a random factor
in social psychology: A new and comprehensive solution to a pervasive but
largely ignored problem. Journal of Personality and Social Psychology,
103(1), 54-69. https://doi.org/10.1037/a0028347

Kier, W. M., & Smith, K. K. (1985). Tongues, tentacles and trunks: The
biomechanics of movement in muscular-hydrostats. Zoological Journal of the
Linnean Society, 83(4), 307—324. https://doi.org/10.1111/j.1096-
3642.1985.th01178.x

Kincaid, C. D. (2005). Guidelines for selecting the covariance structure in mixed
model analysis. Proceedings of the Thirtieth Annual SAS Users Group
International Conference, 30, 8.

Kroeker, K. J., & Sanford, E. (2022). Ecological leverage points: Species interactions
amplify the physiological effects of global environmental change in the ocean.
Annual Review of Marine Science, 14(1), 75-103.
https://doi.org/10.1146/annurev-marine-042021-051211

Kroeker, K. J., Sanford, E., Jellison, B. M., & Gaylord, B. (2014). Predicting the
effects of ocean acidification on predator-prey interactions: A conceptual
framework based on coastal molluscs. The Biological Bulletin, 226(3), 211
222. https://doi.org/10.1086/BBLv226n3p211

Leite, T. S., Haimovici, M., & Mather, J. A. (2009). Octopus insularis (Octopodidae),
evidences of a specialized predator and a time-minimizing hunter. Marine
Biology, 156(11), 2355-2367. https://doi.org/10.1007/s00227-009-1264-4

Logose, M. M. G. (2017). Evaluating the effect of temperature stress on Octopus
vulgaris paralarvae. 77.

Long, L.-L., Han, Y.-L., Sheng, Z., Du, C., Wang, Y.-F., & Zhu, J.-Q. (2015).
Expression analysis of HSP70 in the testis of Octopus tankahkeei under
thermal stress. Comparative Biochemistry and Physiology Part A: Molecular
& Integrative Physiology, 187, 150-159.
https://doi.org/10.1016/j.cbpa.2015.05.022

101



Makowski, D., Ben-Shacar, M. S., Patil, I., & Ludecke, D. (2020). Automated Results
Reporting as a Practical Tool to Improve Reproducibility and Methodological
Best Practices Adoption. https://github.com/easystats/report

Maldonado, H. (1964). The control of attack by octopus. Zeitschrift Fur
Vergleichende Physiologie, 47(6), 656-674.
https://doi.org/10.1007/BF00303314

Maselli, V., Al-Soudy, A.-S., Buglione, M., Aria, M., Polese, G., & Di Cosmo, A.
(2020). Sensorial hierarchy in Octopus vulgaris’s food choice: Chemical vs.
Visual. Animals, 10(3), 457. https://doi.org/10.3390/ani10030457

Mather, J. A., & Anderson, R. C. (1993). Personalities of octopuses (Octopus
rubescens). 107(3), 336-340.

Mather, J. A., Leite, T. S., & Batista, A. T. (2012). Individual prey choices of
octopuses: Are they generalist or specialist? Current Zoology, 58(4), 597-603.
https://doi.org/10.1093/czoolo0/58.4.597

Matzner, H., Gutfreund, Y., & Hochner, B. (2000). Neuromuscular system of the
flexible arm of the octopus: Physiological characterization. Journal of
Neurophysiology, 83(3), 1315-1328.
https://doi.org/10.1152/jn.2000.83.3.1315

Menge, B. A., Gravem, S. A., Johnson, A., Robinson, J. W., & Poirson, B. N. (2022).
Increasing instability of a rocky intertidal meta-ecosystem. Proceedings of the
National Academy of Sciences, 119(3), €21142571109.
https://doi.org/10.1073/pnas.2114257119

Moltschaniwskyj, N. A., Hall, K., Lipinski, M. R., Marian, J. E. A. R., Nishiguchi,
M., Sakai, M., Shulman, D. J., Sinclair, B., Sinn, D. L., Staudinger, M., Van
Gelderen, R., Villanueva, R., & Warnke, K. (2007). Ethical and welfare
considerations when using cephalopods as experimental animals. Reviews in
Fish Biology and Fisheries, 17(2-3), 455-476.
https://doi.org/10.1007/s11160-007-9056-8

Murdoch, W. W. (1969). Switching in general predators: Experiments on predator
specificity and stability of prey populations. Ecological Monographs, 39(4),
335-354. https://doi.org/10.2307/1942352

Nakagawa, S., & Schielzeth, H. (2013). A general and simple method for obtaining

R2 from generalized linear mixed-effects models. Methods in Ecology and
Evolution, 4(2), 133-142. https://doi.org/10.1111/j.2041-210x.2012.00261.x

102



Nakajima, R., Shigeno, S., Zullo, L., De Sio, F., & Schmidt, M. R. (2018).
Cephalopods between science, art, and engineering: A contemporary
synthesis. Frontiers in Communication, 3, 20.
https://doi.org/10.3389/fcomm.2018.00020

Ng, V. K. Y., & Cribbie, R. A. (2017). Using the gamma generalized linear model for
modeling continuous, skewed and heteroscedastic outcomes in psychology.
Current Psychology, 36(2), 225-235. https://doi.org/10.1007/s12144-015-
9404-0

Noyola, J., Caamal-Monsreal, C., Diaz, F., Re, D., Sanchez, A., & Rosas, C. (2013).
Thermopreference, tolerance and metabolic rate of early stages juvenile
Octopus maya acclimated to different temperatures. Journal of Thermal
Biology, 38(1), 14-19. https://doi.org/10.1016/j.jtherbio.2012.09.001

Ontiveros, M. (2014). Thermal preference of Octopus bimaculoides [Centro de
Investigacion Cientifica y de Educacion Superior de Ensenada, Baja
California].
https://cicese.repositorioinstitucional.mx/jspui/bitstream/1007/118/1/234561.p
df

Pronk, R., Wilson, D. R., & Harcourt, R. (2010). Video playback demonstrates
episodic personality in the gloomy octopus. Journal of Experimental Biology,
213(7), 1035-1041. https://doi.org/10.1242/jeb.040675

R: A language and environment for statistical computing (4.0.3). (2020). R
Foundation for Statistical Computing. https://www.R-project.org/

Rigby, P. R. (2004). Temperature and feeding related growth efficiency of immature
octopuses Enteroctopus dofleini. Suisanzoshoku, 52(1), 29-36.

Rogers-Bennett, L., & Catton, C. A. (2019). Marine heat wave and multiple stressors
tip bull kelp forest to sea urchin barrens. Scientific Reports, 9(1), 15050.
https://doi.org/10.1038/s41598-019-51114-y

Rokni, D., & Hochner, B. (2002). lonic currents underlying fast action potentials in
the obliquely striated muscle cells of the octopus arm. Journal of
Neurophysiology, 88(6), 3386-3397. https://doi.org/10.1152/jn.00383.2002

Russell, W., & Burch, R. (1959). The principles of humane experimental technique.
Methuen.

Sandusky, P. E., & Deban, S. M. (2012). Temperature effects on the biomechanics of
prey capture in the frog Rana pipiens. Journal of Experimental Zoology Part

103



A: Ecological Genetics and Physiology, 317(10), 595-607.
https://doi.org/10.1002/jez.1751

Schielzeth, H., Dingemanse, N. J., Nakagawa, S., Westneat, D. F., Allegue, H.,
Teplitsky, C., Réale, D., Dochtermann, N. A., Garamszegi, L. Z., & Araya-
Ajoy, Y. G. (2020). Robustness of linear mixed-effects models to violations of
distributional assumptions. Methods in Ecology and Evolution, 11(9), 1141—
1152. https://doi.org/10.1111/2041-210X.13434

Schmettow, M. (2021). Generalized Linear Models. In New Statistics for Design
Researchers: A Bayesian Workflow in Tidy R.
https://schmettow.github.io/New_Stats/glm.html#logistic-reg

Shmueli, G. (2010). To explain or to predict? Statistical Science, 25(3).
https://doi.org/10.1214/10-STS330

Sims, D. W., Wearmouth, V. J., Southall, E. J., Hill, J. M., Moore, P., Rawlinson, K.,
Hutchinson, N., Budd, G. C., Righton, D., Metcalfe, J. D., Nash, J. P., &
Morritt, D. (2006). Hunt warm, rest cool: Bioenergetic strategy underlying
diel vertical migration of a benthic shark. Journal of Animal Ecology, 75(1),
176-190. https://doi.org/10.1111/j.1365-2656.2005.01033.x

Sinn, D. L. (2008). Patterns of activity cycles in juvenile California two-spot
octopuses (Octopus bimaculoides). American Malacological Bulletin, 24(1),
65-69. https://doi.org/10.4003/0740-2783-24.1.65

Sinn, D. L., & Moltschaniwskyj, N. A. (2005). Personality traits in dumpling squid
(Euprymna tasmanica): Context-specific traits and their correlation with
biological characteristics. Journal of Comparative Psychology, 119(1), 99—
110. https://doi.org/10.1037/0735-7036.119.1.99

Sinn, D. L., Perrin, N. A., Mather, J. A., & Anderson, R. C. (2001). Early
temperamental traits in an octopus (Octopus bimaculoides). Journal of
Comparative Psychology, 115(4), 351-364. http://dx.doi.org/10.1037/0735-
7036.115.4.351

Smale, D. A., Wernberg, T., Oliver, E. C. J., Thomsen, M., Harvey, B. P., Straub, S.
C., Burrows, M. T., Alexander, L. V., Benthuysen, J. A., Donat, M. G., Feng,
M., Hobday, A. J., Holbrook, N. J., Perkins-Kirkpatrick, S. E., Scannell, H.
A., Sen Gupta, A., Payne, B. L., & Moore, P. J. (2019). Marine heatwaves
threaten global biodiversity and the provision of ecosystem services. Nature
Climate Change, 9(4), 306-312. https://doi.org/10.1038/s41558-019-0412-1

Steele, J. H. (1985). A comparison of terrestrial and marine ecological systems.
Nature, 313(6001), 355-358. https://doi.org/10.1038/313355a0

104



Steele, J. H., Brink, K. H., & Scott, B. E. (2019). Comparison of marine and
terrestrial ecosystems: Suggestions of an evolutionary perspective influenced
by environmental variation. ICES Journal of Marine Science, 76(1), 50-59.
https://doi.org/10.1093/icesjms/fsy149

Steer, M. A., & Semmens, J. M. (2003). Pulling or drilling, does size or species
matter? An experimental study of prey handling in Octopus dierythraeus.
Journal of Experimental Marine Biology and Ecology, 290(2), 165-178.
https://doi.org/10.1016/S0022-0981(03)00076-5

Stephens, D. W., & Krebs, J. R. (1986). Foraging Theory. Princeton University Press.

Sumbre, G., Fiorito, G., Flash, T., & Hochner, B. (2005). Motor control of flexible
octopus arms. Nature, 433(7026), 595-596. https://doi.org/10.1038/433595a

Sunday, J. M., Bates, A. E., & Dulvy, N. K. (2011). Global analysis of thermal
tolerance and latitude in ectotherms. Proceedings of the Royal Society B:
Biological Sciences, 278(1713), 1823-1830.
https://doi.org/10.1098/rspb.2010.1295

Uriarte, I., Martinez-Montafio, E., Espinoza, V., Rosas, C., Hernandez, J., & Farias,
A. (2016). Effect of temperature increase on the embryonic development of
Patagonian red octopus Enteroctopus megalocyathus in controlled culture.
Aguaculture Research, 47(8), 2582-2593. https://doi.org/10.1111/are.12707

Vasseur, D. A., & Yodzis, P. (2004). The color of environmental noise. Ecology,
85(4), 1146-1152. https://doi.org/10.1890/02-3122

Villanueva, R., Perricone, V., & Fiorito, G. (2017). Cephalopods as predators: A
short journey among behavioral flexibilities, adaptions, and feeding habits.
Frontiers in Physiology, 8. https://doi.org/10.3389/fphys.2017.00598

Voss, K. M. (2016). Influence of personality on Giant Pacific Octopus (Enteroctopus
dofleini) behavior [Alaska Pacific University].
https://drive.google.com/file/d/1tuL_Wd4Fmj-rfw_oE5E0Sa-
9Tax41JGG/view?usp=drive_open&usp=embed_facebook

Wang, Z., & L.A, G. (2004). The use of mixed models in the analysis of animal
experiments with repeated measures data. Canadian Journal of Animal
Science, 84, 1-11.

Wilson, J. F., Mahajan, U., Wainwright, S. A., & Croner, L. J. (1991). A continuum

model of elephant trunks. Journal of Biomechanical Engineering, 113(1), 79—
84. https://doi.org/10.1115/1.2894088

105



Wodinsky, J. (1978). Feeding behaviour of broody female Octopus vulgaris. Animal
Behaviour, 26, 803-813. https://doi.org/10.1016/0003-3472(78)90145-8

Yasumuro, H., & Ikeda, Y. (2018). Environmental enrichment affects the ontogeny of
learning, memory, and depth perception of the pharaoh cuttlefish Sepia
pharaonis. Zoology, 128, 27-37. https://doi.org/10.1016/j.z00l.2018.05.001

Young, J. Z. (1956). Visual responses by octopus to crabs and other figures before
and after training. Journal of Experimental Biology, 33(4), 709-729.

Zufiga, O., Olivares, A., Rojo, M., Chimal, M. E., Diaz, F., Uriarte, ., & Rosas, C.
(2013). Thermoregulatory behavior and oxygen consumption of Octopus
mimus paralarvae: The effect of age. Journal of Thermal Biology, 38(2), 86—
91. https://doi.org/10.1016/j.jtherbio.2012.11.003

106



CHAPTER 2: TABLES

107



Table 2.1. Size and sex data for each individual octopus observed in my study.

Octopus Mass at arrival (g) Final mass (g) Sex Dates tested

Frodo 90.82 116.7 M 08/27/27 — 10/07/21
Merry 50.85 64.52 F  08/30/21 —10/07/21
Samwise 69.14 87.83 M 08/28/21 - 10/08/21
Pippin 38.10 70.28 F  08/28/21 —10/26/21
Hank 45.00 70.10 M 02/17/22 — 05/17/22
Harold 20.40 34.10 M 02/17/22 — 05/24/22
Wallace 68.36 114.05 M 02/17/22 — 05/17/22
Plop 97.52 112.1 F  02/17/22 — 04/26/22
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Table 2.2. Summary of descriptive statistics aggregated over entire sample.

Treatment
1 2 3
Min/Max 7.0/846.0 7.0/1466.0 7.0/1679.0
TTA Med [IQR] 31.5[19.5;87.0] 169.5 [18.0;408.2] 224.0 [38.2;702.5]
Mean (sd) 94.6 (167.2) 288.5 (344.4) 472.2 (531.1)
Min/Max 1.0/51.0 1.0/296.0 1.0/1030.0
Latency Med [IQR] 2.0[1.0;8.0] 2.0[1.0;11.2] 7.5[1.0;85.2]
Mean (sd) 6.8 (9.8) 24.9 (63.3) 121.5 (245.5)
Min/Max 2.0/655.0 5.0/860.0 5.0/680.0
TFT Med [IQR] 19.0 [11.0;35.2] 13.0[9.0;76.0] 18.5[9.8;28.0]
Mean (sd) 66.8 (131.5) 100.0 (196.5) 59.1 (130.0)
Min/Max 0/339.0 0/1450.0 0/1654.0
ADT Med [IQR] 1.0 [0;9.0] 2.0 [0;160.5] 13.0 [0;305.0]
Mean (sd) 21.0 (61.0) 163.6 (319.7) 291.6 (509.2)
Min/Max 10.0/195.0 11.0/179.0 26.0/279.0
HT Med [IQR] 35.0 [27.0;53.8] 54.5 [36.8;77.0] 85.5 [53.8;129.8]
Mean (sd) 43.2 (31.5) 64.6 (41.0) 97.4 (55.0)
Min/Max 0.1/0.6 0.03/0.5 0.04/0.5
52?3’ Med [IQR] 0.3[0.2;0.3] 0.2 [0.1;0.3] 0.1[0.1;0.2]
Mean (sd) 0.3(0.1) 0.2 (0.1) 0.2 (0.1)
Min/Max 0.1/0.8 0.2/1.0 0.1/0.8
Cgl?) Med [IQR] 0.5[0.3;0.6] 0.5[0.4;0.6] 0.4 [0.3;0.6]
Mean (sd) 0.5 (0.2) 0.5 (0.2) 0.5 (0.2)
Min/Max 0.1/7.0 0.4/4.4 0.1/36
Body . . .
Accel Med [IQR] 1.6 [0.9;2.4] 1.3[0.8;2.1] 0.9 [0.5;1.7]
Mean (sd) 1.8 (1.4) 1.5 (1.0 1.2 (0.9)
Min/Max 0.4/9.9 0.4/88 0.7/9.9
ﬁg?el Med [IQR]  4.1[2.65.8] 5.3 [3.3:6.3] 4.8[3.2:5.7]
Mean (sd) 4.4 (2.2) 4.9 (2.2) 4.8 (2.1)
Forage No 8 (25.00%) 10 (31.25%) 14 (43.75%)
Success  ves 32 (36.36%) 30 (34.09%) 26 (29.55%)
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Table 2.3. Summary of final model characteristics/parameters. Dashes indicate cells
that were not applicable to that model.

Model Characteristics

e el oy Eommag” Opimizer Covariates "gpee giC
Trial GLM Binomial ML - RPM, Trial -- 226.06
Success (“identity”)
Forage GLM Binomial ML -- CAL, RPM, -- 161.45
Success (“identity”) Trial
TTA GLMM Gamma ML Nelder- CAL, RPM, (1|Cohort) 1548.0
(“log”) Mead Trial
Latency @ GLMM Gamma ML BOBYQA CAL, RPM, (Treatment|] 965.64
(“log”) Trial Octopus)
TFT GLMM Gamma ML Nelder- CAL, RPM, (Treatment| 1268.73
(“log”) Mead Trial Octopus)
ADT GLMM Gamma ML BOBYQA CAL, RPM, (1|Octopus: 1169.96
(“log”) Trial Cohort)
Body Velo. LMM -- REML nloptwrap CAL, RPM, (1|Octopus: 42.91
Trial Cohort)
Body Accel LMM - REML nloptwrap CAL, RPM, (1|Octopus:  96.50
Trial Cohort)
Arm Velo. LMM - REML nloptwrap CAL, RPM, (1|Octopus) -14.36
Trial
Arm Accel LMM - REML nloptwrap CAL, RPM, (1|Octopus) 68.88
Trial
HT LMM - REML nloptwrap RPM, Trial (1|Octopus) 48.35

Note: Model fitting was performed with the Ime4 R package (v1.1.30; Bates et al.,
2015). (1|Octopus) indicates a random intercept for Octopus, (1|Cohort/Octopus)
represents a random intercept for Octopus nested within Cohort, and
(Treatment|Octopus) is a random slope for Treatment. Acronyms: GLM = General
Linear Model, GLMM = Generalized Linear Mixed Model, LMM = Linear Mixed
Model, ML = Maximum Likelihood, REML = Restricted Maximum Likelihood,
BOBYQA = Bound Optimization BY Quadratic Approximation, CAL = Crab
Activity Leve, RPM = Relative Prey Mass.



Table 2.4. Summary of logistic regression model outputs. For each predictor
variable, estimate from the model is shown with 95% CI in parentheses. For each
level of treatment, comparison was performed against the reference level of
Treatment 1. Trial Success was a binary outcome representing whether predation
occurred within the 30-minute time allotment, and Forage Success was a binary
variable coded from whether an octopus successfully captured the crab with its first
attempt. CAL was not included in the model for Trial Success.

Dependent variable:

Trial Success Forage Success
Treatment 2 0.918 -0.320
(-0.217, 2.053) (-1.410, 0.770)
Treatment 3 -1.345™ -0.419
(-2.158, -0.532) (-1.506, 0.667)
CAL 0.313
(-0.138, 0.764)
Relative Prey Mass 0.073 0.220
(-0.267, 0.412) (-0.220, 0.661)
Trial Number 0.050 -0.096
(-0.056, 0.157) (-0.238, 0.046)
Constant 1.198™ 1.387"
(0.551, 1.844) (0.594, 2.180)
Observations 179 120
Log Likelihood -100.062 -66.362
Akaike Inf. Crit. 210.124 144,725

Note: See Table 2.3 for information about model characteristics. “p < 0.05 “p <0.01 ™p < 0.001



Table 2.5. Summaries of mixed model outputs for the timing response variables
measured before an attack.

Dependent variable:

TTA Latency TFT ADT
Treatment 2 1.185™" 0.112 0.388 1.659™"
(0.721,1.649)  (-0.829, 1.052) (-0.580, 1.357)  (0.824, 2.495)
Treatment 3 1.624™" 2.484™ 0.177 1.916™
(1.158,2.090)  (1.683, 3.285) (-0.970,1.325)  (1.024, 2.808)
CAL -0.099 -0.144 0.078 -0.185
(-0.523,0.325) (-0.465, 0.178) (-0.227, 0.382) (-0.756, 0.387)
RPM -0.256 -0.245" 0.129 0.196
(-0.602, 0.090)  (-0.532, 0.041) (-0.133,0.391)  (-0.122, 0.515)
Trial Number -0.113" 0.116 -0.217" -0.055
(-0.238,0.012)  (-0.051, 0.282) (-0.353,-0.080)  (-0.262, 0.153)
T2: CAL -0.381 -0.393
(-0.914, 0.153) (-1.192, 0.406)
T3: CAL -0.820™" -0.963"
(éggg) i (-1.741, -0.184)
T2: RPM 0.821™
(0.293, 1.350)
T3: RPM 0.342
(-0.128, 0.813)
Intercept 4.206™" 1.795™ 3.652" 2.654™"

(3.214, 5.197)

(1.268, 2.322)

(2.877, 4.427)

(0.798, 4.510)

Random Effects

02

T00

T11

po1

ICC
Marginal R? /
Conditional R?

1.11
0.50 Cohort

0.31
0.411/0.595

1.68
0.38 Octopus

1.9 Octopus:T2
0.9 Octopus:T3
0.66
-0.29
0.18
0.483/ NA

1.60
1.7 Octopus

2.4 Octopus:T2

3.5 Octopus:T3
-0.60

-0.92
0.46
0.047/0.483

3.29

1.9 Octopus:Cohort
4.91 cohort

0.68
0.124/0.717

Note: See Table 2.3 for information about model characteristics. p < 0.05 “p < 0.01 "p < 0.001



Table 2.6. Summaries of mixed model outputs for the four kinematic attack variables
and Handling Time. Colons indicate interactions between terms, and blank cells
indicate a predictor or effect that was not included in the final model.

Dependent variable:

Body Velocity Body Accel Arm Velocity Arm Accel HT
T2 -0.087" -0.022 0.021 0.066 0.182"
(-0.182, 0.008) (-0.142, 0.097) (-0.048, 0.090) (-0.044, 0.177) (0.080, 0.284)
T3 -0.246™ -0.181™ 0.0003 0.073 0.385™"
(-0.343, -0.148) (-0.304, -0.059) (-0.071, 0.071) (-0.040, 0.186) (0.281, 0.488)
CAL -0.005 -0.014 0.013 0.027
(-0.049, 0.038) (-0.068, 0.041) (-0.019, 0.045) (-0.022, 0.076)
RPM 0.009 0.013 -0.010 -0.009 -0.003
(-0.032, 0.049) (-0.038, 0.063) (-0.040, 0.019) (-0.056, 0.037) (-0.046, 0.040)
Trial -0.008 -0.002 -0.038™ -0.005 0.021
(-0.034, 0.017) (-0.033, 0.030) (-0.073, -0.003) (-0.034, 0.025) (-0.006, 0.048)
T2:
Trial 0.032
(-0.016, 0.080)
T3: .
Trial. 0.061
(0.016, 0.106)
Intercept -0.639™" 0.132 -0.363™" 0.564™" 1.560""
(-0.928, -0.349) (-0.150, 0.414) (-0.450, -0.276) (0.461,0.667) (1.445, 1.676)
Random
Effects
o2 0.05 0.07 0.02 0.06 0.05
Too 0.01 oct:cohort  0.03 oct:cohort 0.01 Octopus 0.01 Octopus 0.02 Octopus
0.04 cohort 0.03 cohort
ICC 0.51 0.44 0.31 0.13 0.24

Marg. R?/ 0.104/0.561 0.051/0.467 0.052/0.346 0.023/0.149 0.275/0.450
Cond. R?

Note: See Table 2.3 for information about model characteristics. ‘p < 0.05 “p < 0.01 "p < 0.001
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Figure 2.1. The eight participants in my study, clockwise from top left: Frodo, Sam,
Merry, Pippin, Hank, Harold, Wallace, and Plop.
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Figure 2.2. Raw data visualization of the four timing variables leading up to an
attack: (a) total time to attack (TTA), which is comprised of the other three
components, (b) latency, (c) time to first touch (TFT), and (d) attack decision time
(ADT). Treatments correspond to a baseline of 14-17 °C, 20 °C, and 23 °C and, for
easier visualization, the x-axis is showing the log-transformation of seconds measured
for each variable. All temporal measurements of behavior, all four responses seen
here are zero-bounded and positively skewed, and could not be transformed to a
normal distribution, so non-parametric methods of analysis were used.
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Figure 2.3. Raw data visualization of the four kinematic attack variables and
handling time: (a) body velocity, (b) arm velocity, (c) body acceleration, (d) arm
acceleration, and (e) handling time. Treatments correspond to a baseline of 14-17 °C,
20 °C, and 23 °C and, for easier visualization, the x-axis is showing the log-
transformation of each measured response variable.
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Figure 2.4. Probability of a successful feeding trial, modeled by treatment level, trial
number, and relative prey mass, where treatments correspond to a baseline of 14-17
°C, 20 °C, and 23 °C. (a) Estimated marginal probability of success for each
treatment level, controlling for all other predictors, where temperature was shown to
have a significant effect of trial success. Treatment means represented by different
shapes are significantly different at the p < 0.05 level. (b) Percentages of successful
and unsuccessful trials for each treatment level. (c) Models of predicted probability of
success by trial number, controlling for other predictors. (d) Models of predicted
probability of success by relative prey size (ratio of crab mass to octopus mass),
controlling for other predictors. In parts (a), (c), and (d), actual data points are shown.
In parts (c) and (d), parallel lines for each treatment indicate the main effect of
treatment with no interactions (Table 3).
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Figure 2.5. Predicted marginal means for the four models that showed a main effect
of treatment with no interactions: (a) latency, (b) handling time, (c) body velocity, (d)
body acceleration. Points represent the actual data, and treatment means represented
by different shapes are significant at the p < 0.05 level. Latency was fit with a GLMM
with a log-link function, and therefore the data shown here are the predictions from
the model, not inverse-transformed. Handling time, body velocity, and body
acceleration were log-transformed prior to model fitting, and therefore the
transformed data is shown here as well. Despite the appearance to the contrary
(caused by the transformations), all four response variables in this figure were found
to vary linearly with temperature. Treatments correspond to a baseline of 14-17 °C,
20 °C, and 23 °C.
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Figure 2.6. Outputs from the three models that showed interactions with treatment.
For TTA, temperature was found to have a significant interaction with (a) crab
activity level (CAL) and (b) relative prey mass (RPM). CAL had a significant
negative effect on TTA at treatment 3, while RPM had a significant positive effect on
TTA at treatment 2. (c) CAL had a significantly negative effect on ADT at treatment
3 but not treatment 2. (d) The relationship between trial number and arm velocity was
significant and positive at treatment 3, but not treatment 2. Treatments correspond to
a baseline of 14-17 °C, 20 °C, and 23°C, and the red dashed line in (a), (b), and (c)
indicates 1800 seconds, where a trial was stopped if there had not yet been a

successful predation event.

120



Appendix A — Additional Figures

Octopus Masses
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Figure Al. Octopus masses over the course of experimentation.
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Figure A2. Correlation plot of covariates included in models for Chapter 2.
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Figure A3. Boxplots of residuals from the mixed models employed in Chapter 2.

123



Appendix B — Visualizations of Fixed and Random Effects
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