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STRUCTURAL AND FUNCTIONAL ASSESSMENTS OF
VISION AND TOUCH IN SEA OTTERS, ENHYDRA LUTRIS

Sarah McKay Strobel

ABSTRACT
The proximate mechanisms underlying foraging behavior in sea otters (Enhydra
lutris) are relatively unknown despite decades of research focused on the biology and
ecology of this top predator. Sea otters prey on infaunal or visually cryptic benthic
invertebrates, but maintain a high rate of capture to consume a quarter of their body
mass each day. Consequently, sea otter sensory systems have been shaped by
selective pressures for accurate and efficient detection of prey location and
assessment of prey quality. This dissertation describes a series of behavioral
experiments with trained sea otters and anatomical studies from post-mortem sea
otters to assess the visual and tactile capabilities of this species in the context of
underwater foraging behavior. Chapter 1 focuses on the visual sense and potential
adaptations for foraging in marine environments and low light. This material
comprises quantitative and qualitative descriptions of pupil mobility, retinal
photoreceptor distribution, and tapetal morphology to assess low-light sensitivity
relative to previously demonstrated amphibious acuity. We find that sea otter pupils
adjust in size to variable light levels and sea otter retinas retain features that enhance
sensitivity in low light. However, pupillary dynamic size range and visual acuity in
low light are limited relative to other marine carnivores, likely due to a smaller

absolute eye size, non-specialized circular pupil shape, and a reliance on a narrow
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range of pupil sizes to adequately deform the lens to retain visual acuity under water.
Given that sea otters forage successfully across a wide range of light levels and for
buried prey, the conclusions from Chapter 1 motivated subsequent investigations of
whether sea otter touch abilities are sensitive enough to compensate for the loss of
visual focus in low light. The results presented in Chapters 2 are drawn from a
comprehensive series of four experiments with a trained sea otter to directly measure
in-air and underwater tactile sensitivity for paws and facial vibrissae. These studies
provide a behavioral means to evaluate predictions based on previous research of sea
otter brain and vibrissal morphology. We find that sea otter paw and vibrissal
sensitivities are comparable to other tactile specialists, but paw-based touch is
especially acute and comparable to human hands. Additionally, sea otter decision
times were reliably less than 250 ms for paw and 500 ms for vibrissae, which
suggests that sea otters can make fast and accurate decisions based on information
received through touch. Chapter 3 builds on the behavioral results from Chapter 2 to
investigate the density and distribution of sensory receptors and associated circulatory
structures in sea otter glabrous (i.e., hairless) skin—paw pads, flipper digit pads, lips,
and the rhinarium—and to link the degree of neural investment to differential
sensitivity and use of these regions in observed sea otter behavior. We confirm the
presence of two mammalian mechanoreceptor types—Merkel cells and Pacinian
corpuscles—and find that their densities, as well as corresponding neural and blood
supply, were highest in the paw digit tips and substantially lower in other glabrous

skin. This pattern of increased neural investment is consistent with the areas of the



paw primarily used for texture discrimination in Chapter 2, which suggests that the
distal paw serves as a tactile fovea in sea otters. As a body of work, this dissertation
combines structural and functional approaches to provide a more comprehensive
assessment of the visual and tactile systems in sea otters. The findings from these
studies not only contribute foundational knowledge about the sensory biology of sea
otters, but also offer a mechanistic framework to interpret behavioral patterns and
energy expenditure observed in wild sea otters across variable environmental

conditions.
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INTRODUCTION

Living organisms sense the environment to obtain nutrients, perform essential
life history functions, and avoid danger. Across and within taxa, responses to
perceived information range along a behavioral spectrum from simple, immediate
positive or negative taxis to complex decision-making and future planning. Over
evolutionary time, selection should favor organisms with appropriate and efficient
responses to their environment. However, an individual rarely exists in one
environmental state throughout its lifetime. Instead, external transitions (e.g., seasons,
migrations, microhabitats) and/or internal transitions (e.g., ontogeny, learning) can
pose conflicting selective pressures on the morphology and function of sensory
systems.

In the case of amphibious mammals, two critical resources are spatially
separated—food resources underwater and oxygen at the surface. Since air and
seawater differ substantially in physical properties that influence the transmission of
light, sound, chemicals, and vibrations, the sensory systems of these species show
variation in form and function depending on their relative importance in air or
underwater. Unlike other aquatic carnivores, amphibious marine mammals are
secondarily adapted to the marine environment, having undergone major evolutionary
transitions from the terrestrial to aquatic habitat 25-27 Ma (seals and sea lions), 1-3

Ma (sea otters), 1-1.5 Ma (polar bears) (Berta et al. 2015). This mixed evolutionary



history is important to consider, as it directly constrains the base material upon and
time frame in which selection can act across extant species (Estes 1989).

Sea otters, Enhydra lutris, are an amphibious marine mammal species that
historically ranged continuously from Baja California northward along the Pacific rim
to the Alaskan archipelago and Japan (Bodkin 2015). Heavily depleted during the
19™-century fur trade (Kenyon 1969), sea otters now exist in fragmented populations
along the western coastline of North America (Kenyon 1969; Riedman and Estes
1990; Bodkin 2015). Sea otters differ from other aquatic carnivores in their use of the
aqueous environment, use of terrestrial substrate, time spent at the water’s surface,
and mobility of their prey resources. Sea otters do not depend on the terrestrial
environment for life history functions, unlike polar bears, pinnipeds, amphibious
mustelids, and freshwater otters, who require access to land or ice for reproduction
(Estes 1989). Sea otters make shallow foraging dives and rest in air at the water’s
surface for extended periods of time, unlike pinnipeds, who spend extended periods
of time underwater when at sea and typically haul out to rest (e.g., Feldkamp et al.,
1989; Le Boeuf et al., 2000). Sea otters primarily consume sessile or slow-moving
marine invertebrates (Riedman and Estes 1990), unlike pinnipeds and many
freshwater otters, who capture fast-swimming fish using vision and vibration-
sensitive vibrissae (Walls 1942; Jamieson and Fisher 1972; Green 1977; Dehnhardt et
al. 2001), and polar bears, who use a highly sensitive olfactory system to prey upon
Arctic seals in air (Stirling and Latour 1978). Sea otters’ unique use of the aquatic

environment and the strong selective pressure to forage efficiently given their high



baseline metabolic demands (Costa and Kooyman 1982) make for an interesting case
study to examine how terrestrial-based sensory systems can adapt to function
amphibiously over a relatively short evolutionary time period. Since underwater
observations of foraging behavior in sea otters are scarce and difficult to obtain
(Shimek 1977; Hines and Loughlin 1980), focused research on their sensory
capabilities can provide context to identify the mechanisms underlying high foraging
efficiency measured from observations of sea otters at the water’s surface (Estes et al.
2003; Bodkin et al. 2004, 2007).

While sea otter sensory biology is still relatively unstudied, experimental and
morphological studies over the last decades have assessed the auditory,
chemoreceptive, visual, and tactile systems to some degree. Although morphology of
the outer and middle ear show features associated with streamlining for an aquatic
environment, sea otter hearing seems mostly adapted to detect air-borne sounds at the
water's surface rather water-borne sounds while diving (Ghoul and Reichmuth 2014a,
b). Chemoreceptive sensitivity and its role in intraspecific communication seem
reduced in sea otters relative to terrestrial and amphibious mustelids (Gittleman 1991;
Hammock 2005; Van Valkenburgh et al. 2011), although anecdotal evidence suggests
that chemical cues remain an important source of information in social interactions,
predator avoidance, and prey quality assessments (Kenyon 1969; Estes 1989;
Riedman and Estes 1990; Kvitek et al. 1991; Kvitek and Bretz 2004). Sea otter vision
has been classified as intermediate between terrestrial and aquatic carnivores based

on studies of acuity, spectral sensitivity, and accommodation (Walls 1942; Mass and



Supin 2000, 2007). Their visual sensitivity in low-light conditions commonly
encountered by diving mammals is unknown. Observations of populations at high
latitudes report subtle behavioral changes in response to ambient light levels, which
suggests that visual cues may play a role in underwater foraging behavior or in-air
predator avoidance (Estes et al. 1982; Esslinger et al. 2014). Touch has long been
considered a promising avenue for research in sea otters, given expanded allocation
of tissue in the somatosensory cortex (Radinsky 1968) and obvious modifications to
the vibrissal array (Marshall et al. 2014) and forefeet morphology (Pocock 1928;
Kenyon 1969). In addition, the infaunal habitat and cryptic behavior of their
invertebrate prey, field-based observations of underwater foraging behavior (Shimek
1977; Hines and Loughlin 1980) and paw-based tool use during prey handling at the
water’s surface (Hall and Schaller 1964; Fujii et al. 2015) suggest that touch is highly
useful to maintain high foraging efficiency required by high daily metabolic needs
(Costa and Kooyman 1982). However, touch sensitivity has not been assessed for
either the vibrissal array or glabrous skin on their forefeet (i.e., paws). Other
specialized sensory systems, such as electroreception or magnetoreception, have
remain untested for this species, as little in their ecology and behavior suggests that
these senses have developed.

This dissertation aims to improve our understanding of sensory biology in sea
otters from the perspective of foraging behavior and differential use of in-air and
underwater environments. I integrate structural and functional approaches to assess

the visual and tactile systems of sea otters. This whole-animal strategy provides an



opportunity to examine the links between morphology, sensitivity, and behavior
within the constraints imposed by an amphibious lifestyle and to integrate sensory
biology within the framework of foraging ecology for this aquatic top predator.

Chapter 1 of this dissertation assesses amphibious vision in sea otters,
specifically the tradeoff between sensitivity in low-light conditions and acuity in
bright-light conditions. Although vision is the best studied sense in sea otters, key
data gaps remain; this chapter aims to address these research areas and resolve
previously equivocal conclusions on visual function in the species. I evaluate the
morphology of the sea otter retina and tapetum lucidum using histology and
photography, and I measure the pupillary response of trained sea otters to changes in
ambient light levels and spectral properties. This chapter concludes with a
comparative discussion of sea otters relative to other terrestrial and aquatic carnivores
and considers sea otters’ degree of investment in low-light sensitivity and acuity
within the context of their unique in-air and underwater behaviors.

Chapter 2 of this dissertation uses behavioral psychophysics to measure the
in-air and underwater sensitivity of the tactile system (e.g., paws and vibrissae) to
textural differences in a young, healthy sea otter trained with positive reinforcement
techniques. I measure performance as percent correct response in a two-alternative
choice procedure in each experimental condition. I apply a novel Bayesian statistical
technique to fit a psychometric curve and interpolate relative difference threshold for
each condition. Additionally, I use model comparison to assess if thresholds differ

between paw or vibrissae and between air or under water. In addition to sensitivity



measurements, I analyze the sea otter’s exploration strategy and decision time using
video footage from each experimental session. To directly compare sea otters to
humans and compare this study to the larger body of research on human touch, I also
measure human hand sensitivity, strategy, and decision time using the same
experimental procedure and stimuli as the sea otter. I fit psychometric curves to the
human data using the same Bayesian approach, and I assess the effects of difficulty,
species, and media on strategy and decision time using generalized linear mixed
effects models and linear mixed effects models. This chapter concludes with a
comparison of the sea otter’s performance with other aquatic and terrestrial touch
specialists and relates her strategy to species-specific evolutionary pressures for quick
processing of tactile information to make efficient decisions while foraging.

Chapter 3 of this dissertation uses histology to describe and quantify the
morphology of the tactile system within sea otter glabrous skin: paw pads, rhinarium
pad, lips, and flipper digit pads. In collaboration with the sea otter stranding response
team and veterinary staff at the Monterey Bay Aquarium, I collect glabrous skin
structures from deceased sea otters. I section and process the tissues for histology and
work closely with the Veterinary Histology lab at University of California Davis for
tissue staining. After imaging the stained tissues with light microscopy, I identify
presence or absence of mechanoreceptive structures and calculate their density. Using
generalized mixed effect models and custom contrasts with equal weighting, I assess
differences in mechanoreceptor density across and within glabrous skin structures.

Additionally, I describe gross morphology of the skin texture and thickness and



speculate on its contribution to touch function given the thermoregulatory demands of
sea otters as a small-bodied mammal in an aquatic environment. This chapter directly
complements the behavioral measurements of touch in Chapter 2 and previous
histological descriptions of the sea otter vibrissal system (Marshall et al. 2014) to
assess the sea otter tactile system from structure to function.

Given limited direct observations of foraging behavior in free-ranging sea
otters, the significance of this dissertation extends beyond the assessment of a single
sense in a single species. Taken together, these three chapters contribute new data that
advance our understanding of sensory biology, behavior, and ecology in a coastal
predator and highlight the importance of using multiple methods to interpret the
influence of abiotic cues on foraging behavior. More broadly, this study contributes to
our understanding of trade-offs associated with amphibious vision in mammals, and
how different phylogenetic and ecological pressures can drive species to different

evolutionary solutions.
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CHAPTER 1

ADAPTATIONS FOR AMPHIBIOUS VISION IN SEA OTTERS:

STRUCTURAL AND FUNCTIONAL OBSERVATIONS
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ABSTRACT

Sea otters (Enhydra lutris) are amphibious mammals that balance opposing
selective forces exerted by air and water on vision. Although sea otters maintain
equal in-air and underwater acuity, their lens-based accommodative mechanism
requires a small pupil that may limit sensitivity across variable light levels. In this
study we combine anatomical and behavioral methods to assess the tapetum
lucidum, retina, and pupil dynamics in sea otters. We compare aspects of these
structures to those of terrestrial and aquatic carnivores. The tapetum lucidum in
sea otters resembles that of terrestrial carnivores. A heavily rod-dominated retina
appears similar to the ferret and domestic cat, but methodological difficulties
precluded a quantitative assessment. Pupil size in two trained sea otters changed
55- to 86-fold in air from bright day to dark night ambient light levels, which is a
smaller range relative to pinnipeds when accounting for differing light conditions.
Given previous work, our results suggest that sea otters have retained but not
necessarily enhanced features for low-light vision, which may be constrained by
pupil shape and absolute eye size. Sea otters certainly have functional vision in air
and under water, but we cannot conclude if they compensate for underwater
acuity lost in dim conditions when pupil dilation reduces accommodation
effectiveness. This research helps to resolve mixed clues regarding amphibious
vision in an important coastal predator and contributes to our understanding of
how differing phylogenetic and ecological pressures can drive species to different

evolutionary solutions in the visual domain.
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INTRODUCTION

Sensory cues convey critical information about food availability, social
interactions, competition, and predation threat across taxa. Physical properties of the
environment directly affect the transmission of these cues, and species exhibit
adaptations to process light, sound, chemicals, and vibrations appropriately for their
habitats. When a species inhabits disparate physical environments, however, it must
balance the opposing selective forces acting on its sensory systems. For vision,
transmission of light differs between air and water, and maintenance of visual acuity
when transitioning between the two transparent media presents an optical challenge
for the two major refractive structures of the vertebrate eye: the cornea and the lens.
In air, focusing power largely derives from the different refractive indices of cornea
and air. As a result, terrestrial animals largely depend on the cornea for focusing
power and typically rely less on the lens. Underwater, however, corneal power is lost
given the similar refractive indices of the cornea and water, and thus aquatic species
rely almost exclusively on lenticular accommodation. Amphibious vertebrates require
adaptations to overcome the differences between the two media and support
functional vision in air and under water. These adaptations include altered corneal
curvature, changes in the lens shape and position, and changes in pupil shape and
location to enable light to reach different parts (and different curvatures) of the lens.
Some of these adaptations are static, such as flattened areas of the cornea and
spherical lenses in seals and other pinnipeds (Walls 1942; Welsch et al. 2001) and

double pupils in some fishes that use simultaneous amphibious vision (Walls 1942;
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Sivak 1976). Conversely, accommodative mechanisms can be dynamic, shifting in
each medium to retain acuity. Examples include muscle-based lenticular deformation
in some pursuit-diving birds (Goodge 1960; Levy and Sivak 1980; Sivak et al. 1985;
Katzir and Howland 2003) and high pupil mobility (i.e., large range between
minimum and maximum sizes) in some semiaquatic snakes (Schaeffel and de Queiroz
1990), pinnipeds (Walls 1942; Levenson and Schusterman 1997), and even some
populations of humans that rely on aquatic resources obtained by diving (Gislen et al.
2003).

Amphibious vertebrates encounter a more variable range of light levels than
obligate terrestrial or aquatic vertebrates. In air, amphibious vertebrates may
experience both extended photopic (bright light) and scotopic (low light) conditions
due to a polyphasic activity pattern (i.e., multiple active and rest periods within 24
hours). While diving, the same animals experience rapid light changes on descent and
ascent, as well as persistent low light levels at depth. To increase the amount of light
processed by the retina in low light, species can develop large eyes and a higher
proportion of rods in the retinal photoreceptor array. Additionally, species can
increase the surface area or thickness of the tapetum lucidum, which comprises layers
of reflective cells located behind the retina. To constrain the amount of light
processed by the retina in bright conditions, species can develop pupils capable of
drastically decreasing size and/or changing shape.

Sea otters (Enhydra lutris) are amphibious marine mammals closely

related to terrestrial carnivores like weasels, badgers, and wolverines. As the heaviest
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mustelid species, but one of the smallest marine mammals (the less aquatic marine
otter Lutra feline is smaller (Valqui 2012)), sea otters have an extremely high baseline
metabolic rate relative to other mammals (Costa and Kooyman 1982) and must
devote substantial time to foraging to compensate for heat loss to the aquatic
environment.. Sea otters hunt under water along the seafloor for invertebrate prey and
occasionally fish, making repeated shallow, short dives (Riedman and Estes 1990;
Bodkin et al. 2004; Thometz et al. 2016). Since they are unable to process prey under
water, sea otters return to the surface after each dive to handle and consume captured
prey, typically only spending a few minutes in air before diving again (see, e.g., Ralls
et al. 1995; Bodkin et al. 2004; Hughes et al. 2013; Thometz et al. 2016). These rapid
transitions occur repeatedly as sea otters forage up to 11 hours throughout a 24-hour
period (Garshelis et al. 1986; Bodkin et al. 2007; Thometz et al. 2016). When not
foraging, sea otters rest, groom, and socialize at the surface, which reduces
thermoregulatory costs but exposes them to extended periods of bright light during
day and low light during night.

The degree to which sea otters rely on vision across air, water, and varying
light levels is difficult to interpret based on observational studies of wild individuals.
Activity patterns are typically polyphasic and not clearly delineated by ambient light
levels (Ralls et al. 1995; Gelatt et al. 2002; Bodkin et al. 2004; Tinker et al. 2008).
Foraging success seems unaffected by decreased light levels at night (Ralls et al.
1995; Jolly 1997; Wilkin 2003), however some sea otters shift foraging activity to

maximize daylight hours during winter at high latitudes (Esslinger et al. 2014) or to
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take advantage of fishes’ reduced vision during dawn and dusk (Estes et al. 1982).
Sea otter prey can be visually cryptic, and the extractive foraging techniques used by
sea otters disperse sediment in the water column (Shimek 1977; Hines and Loughlin
1980), which likely inhibits vision beyond initial patch localization. Even when
extractive techniques are unnecessary for prey capture, sea otters often forage in
turbid estuarine and coastal habitats where visibility is poor.

Anatomical evidence, although sparse and incomplete, provides clues
to resolve the role of vision in sea otter behavior. The position, size, and spectral
sensitivity of the sea otter eye is best suited for in-air vision. Typical of most
carnivores, sea otters have forward-facing eyes that enable a large field of binocular
vision, a narrow range of monocular vision, and a relatively large blind area at the
back of the head. Unlike polyphasic pinnipeds and nocturnal terrestrial mammals, sea
otters eyes are not enlarged in the absolute sense or relative to body size (Estes 1989;
Howland et al. 2004). Sea otters possess dichromatic color vision common in
mammals, in contrast to derived cone monochromacy in some nocturnal mammals,
all semiaquatic pinnipeds, and fully aquatic cetaceans (Jacobs 1993; Peichl et al.
2001; Levenson et al. 2006). Sea otters have retained a tapetum lucidum posterior to
the retina (Riedman and Estes 1990)—a common vertebrate feature that allows for
amplification of available light at low light levels. Tapetal structure, fundic-surface-
area coverage, and thickness can vary widely across carnivores and relate to feeding

behavior or compensate for reflectance interference from other eye structures
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(Braekevelt 1986; Ollivier et al. 2004), but these tapetal properties have not been
assessed in sea otters.

Despite sharing similarities with terrestrial mammals, sea otters exhibit a
definite adaptation to maintain vision under water: a powerful accommodative
mechanism that relies on strong ciliary body musculature to move the lens anteriorly
against the iris and into the circular pupillary margin, which deforms the anterior
surface of the lens into a more rounded shape (Murphy et al. 1990). This method of
accommodation enables equal acuity across media and is also used by the North
American river otter (Lontra canadensis) (Ballard et al. 1989) and some amphibious
bird species that actively pursue fish prey under water (Walls 1942; Sivak et al. 1977;
Ballard et al. 1989; Katzir and Howland 2003). Sea otter visual acuity is two to three
times better than terrestrial and amphibious mustelids in photopic conditions
(Neumann and Schmidt 1959; Balliet and Schusterman 1971; Schusterman and
Barrett 1973; Sinclair et al. 1974; Dunstone and Sinclair 1978; Wight et al. 1988) and
is more comparable to a distantly related group of amphibious mammals, the
pinnipeds, which comprise sea lions, true seals, and walrus, Odobenus rosmarus
(Gentry and Peterson 1967; Schusterman and Balliet 1970b, a; Mass 1992; Mass and
Supin 1992, 2005, 2010; Supin and Mass 2003; Weiffen and Mo 2006; Hanke and
Dehnhardt 2009; Hanke et al. 2009). However, the same mechanism that maintains
acuity under water can limit low-light sensitivity (Schusterman and Barrett 1973).

Since the sea otter pupil needs to remain small to induce sufficient lens deformation
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under water, and a small pupil functions best in photopic conditions, underwater
acuity may sharply decrease with declining light levels.

The extent to which sea otters balance tradeoffs in amphibious vision (visual
acuity across media vs. sensitivity across variable light levels) is not well understood
despite species-typical and comparative data from observational and anatomical
studies (reviewed in Estes 1989). In this study, we contribute new data to evaluate the
adaptations that support amphibious vision in sea otters. We address data gaps using
functional and structural approaches: pupillometry to measure how the pupils of live
sea otters respond to changes in brightness properties of light, and histology of
preserved sea otter eyes to describe tapetal structure and photoreceptor density. Given
the lens-based accommodative mechanism and circular pupil shape in sea otters, we
suspect that the dynamic range of pupil size is limited. If vision in low-light is useful
to sea otters, then we expect to find adaptations that compensate for constraints
imposed by their method of accommodation, such as a robust tapetum lucidum or a
higher rod-to-cone proportion than mustelids and diurnal terrestrial mammalian
carnivores. These data allow us to assess the selective pressures shaping amphibious
vision in sea otters relative to terrestrial mustelids that share a similar phylogeny, as

well as semi-aquatic marine mammals that share a similar ecology.

MATERIALS AND METHODS
Tapetum Lucidum
To describe structural properties of the tapetum lucidum that may enhance

low light vision, we made observations of tapetal appearance in a living sea otter
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(Enhydra lutris, n=1) using photographic methods and in deceased sea otters (n=2)
using histology. We photographed the eyes of a three year-old adult female sea otter
(Selka: USGS 6511-12R, MBA 595-12) at Long Marine Laboratory, University of
California Santa Cruz, Santa Cruz, CA. The sea otter was trained to receive eyedrops
and hold still in a fixed location. We photographed the eyes under two conditions: (1)
using flash photography with a DSLR camera in ambient light, and (2) using a fundic
camera while she received a routine veterinary exam under anesthesia. Prior to flash
photography, we administered two drops of a topical anticholinergic mydriatic
medication (tropicamide ophthalmic solution USP, 1%, Bausch & Lomb
Incorporated, Tampa, FL). Prior to the veterinary exam, we increased the tropicamide
dosage to five drops to circumvent opioid-induced miosis while under anesthesia.
For the ex situ measurements of tapetal properties, we excised a left eye and a
right eye from two adult male sea otters that were humanely euthanized following
stranding. We placed each eye in Davidson’s solution (Electron Microscopy Sciences,
Hatfield, PA, USA) within 10 min of death. Following at least 48h fixation at room
temperature, we placed each eye in 10% neutral buffered formalin. We hemisected
the eyes at the ora serrata using a razor blade and removed all vitreous humor using
forceps and spring scissors. Gross observations of the tapetal coverage within the
fundus were noted. We sectioned two retinas to visualize ocular structures in cross
section. The posterior eyecups underwent standard paraffin embedment and were
sectioned at Sum. We mounted sections on gelatinized slides and stained them

routinely with Hematoxylin and Eosin.
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Photoreceptor Density

To assess retinal adaptations for low-light vision, we excised a left eye from
one adult male sea otter and a and a right eye from another adult male sea otter that
were humanely euthanized following stranding. We placed each eye in Davidson’s
solution (Electron Microscopy Sciences, Hatfield, PA, USA) within 10 min of death.
Following at least 48h fixation at room temperature, we placed each eye in 10%
neutral buffered formalin. We dissected the eyes along the limbus to separate the
posterior segment. The posterior segment was cryoprotected in sequentially increased
sucrose solutions: 10% sucrose in phosphate buffered saline (PBS) for 1 hour, 20%
sucrose for 1 hour, and then 30% sucrose overnight until the tissue sank. The tissue
was embedded by submerging in Optimal Cutting Temperature gel (OCT, Sakura
Finetek USA, Inc., Torrance, CA, USA) and slowly freezing over dry ice and 100%
ethanol. We took serial 14um cryosections along the horizontal plane of the segment.
Additionally, a single eye was prepared for flat-mount analysis. The eye was fixed as
above; thereafter, we removed the anterior segment and carefully dissected the retina
by removing the fibrous and vascular tunics.

We slide-mounted and stained sections according to a previously published
protocol (Mowat et al., 2013). Briefly, sections were rehydrated with PBS and then
placed for 2 hours in blocking solution to block potential nonspecific binding sites in
the tissue sample. Sections were incubated in primary antibody for 4 hours, rinsed,
and incubated in secondary antibody for 2 hours (Supp Table 1). We evaluated cone

arrestin and PNA as primary stains for cones, and we ran tandem sections without
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primary stains as negative controls. Sections were slide-mounted using mounting
media containing DAPI nuclear counterstain, which targets all photoreceptor nuclei.
The retina for the flat-mount preparation was placed in a well of a 6-well culture plate
and submerged in blocking solution for 2 h, followed by primary antibody overnight,
and then secondary antibody for 2 h. The retina was laid flat on a slide and mounted
as above. We used fluorescent and confocal microscopes to image cross-section and
flat-mount slides then qualitatively evaluated images for their response to primary

stains and use in determining rod-to-cone proportions.

Pupillometry

To measure dynamic range (i.e., pupil size range from minimum to maximum
size) we measured pupil size in response to varying light levels in living sea otters.
This noninvasive measurement technique has been used across vertebrates to infer
spectral sensitivity and quantify pupil mobility (Banks and Munsinger, 1974; De
Groot and Gebhard, 1952; Hughes, 1977; Levenson and Schusterman, 1997;
Munsinger and Banks, 1974; Werner, 1970; Wilcox and Barlow, 1975). Here, we
trained two sea otters to position in ambient light conditions and controlled light
exposures at Long Marine Laboratory, University of California Santa Cruz. The
subjects were the same 3-year-old adult female and an 11-year-old adult male (Odin:
USGS 3857-03, MBA Repo). Both sea otters were trained to position their heads in a

fixed location and remain immobile for up to 45s.
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We used a battery-powered infrared-sensitive black-and-white camera
(APPRO, 30 fps) equipped with a macro lens (50mm f1.8) to film from 15cm the
right eye of each sea otter (Fig. 1a) in bright and dark conditions. An infrared (IR)
LED array comprising five LEDs (940nm, Lumex, Palatine, IL) provided light for the
camera under dark conditions (Fig. 1a). We used a viewing monitor (Haier, Fig. 1c)
to observe the sea otter’s eye during data collection; the light emitted from the screen
was blocked from the sea otter, and video recordings were stored to DVD. Each sea
otter completed up to three sessions per experimental period (one day or one night),
and we waited 15-20min between sessions to ensure that the sea otter’s pupil returned
to baseline dark-adapted size (Calderone and Jacobs, 2003; Levenson and
Schusterman, 1999). The set-up remained in the same location and orientation during
testing. We measured ambient light in foot candles using a luxometer (Goldilux®
foot-candle meter, response accuracy £3%).

To measure dynamic range, we filmed the sea otters under ambient day and
night conditions. In addition to the IR light (940nm) that remained on for consistency
across all sessions, we artificially increased the light in the day condition by exposing
the sea otters to a broadband light (white) emitted from a battery-powered LED array
27cm away from and at the same height as the sea otter’s eye (Fig. 1a). Sessions
during the lowest light conditions (night) were performed outdoors after sundown or
before dawn to ensure natural dark-adaptation, and sessions performed during
brightest light conditions (day) were performed outdoors at midday. To confirm that

the sea otters were insensitive to IR light used to provide light for the camera, we
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completed two tests at night with the male sea otter. The first test (low-to-high IR)
began with 15s of the IR light at low intensity to allow the camera to focus on the
pupil, immediately followed by a step-wise increase of the IR light to the maximum
intensity for 15s. If the sea otter was sensitive to this IR light, we expected to see a
decrease in pupil size immediately following the step-wise increase. The second test
(off-on IR) lasted for an additional 15s, beginning with 5s of maximum IR light to
allow the camera to focus on the pupil, followed by turning off the IR light for 30s to
allow the pupil to dilate following potential light exposure, then immediately
followed by turning on the IR light at the maximum intensity for 10s. If the sea otter
was sensitive to the IR light, we expected to see a decrease in pupil size immediately
after we turned on the IR light in the third stage.

To provide gross estimation of spectral sensitivity at longer wavelengths, we
exposed the male sea otter to two light treatments at night that differed in wavelength:
630nm (orange) and 640nm (red). We also exposed the sea otter to the broadband
(white) as a positive control and 940nm (IR) as a negative control. The LED array
corresponding to each treatment comprised a five-LED-circuit with comparable
typical luminous intensity and viewing angle (Supp. Table 2). We measured each
array’s illuminance using the luxometer at the location of the sea otter’s eye (Supp.
Table 2). After the sea otter positioned in the fixed location (Fig. 1b), each session
began when the camera focused on the pupil. Each session lasted for 30s: the first 15s
of a session comprised the negative control immediately followed by 15s exposure to

a light treatment or the positive control (white). We presented the stimulus at full
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intensity in a step-function rather than a gradual increase in brightness. Additionally,
we filmed the sea otter during 30s of continuous IR to monitor pupil size across the
full time frame as the light treatments.

To measure pupil size across all conditions, we calibrated the scaling factor
for each session. We presented a scale at eye level at the end of each session, moving
it towards and away from the camera over the course of a few seconds. Upon
reviewing the footage, we selected an in-focus image of the scale for size calibration.
We inferred that the position of this in-focus scale was the same as the sea otter’s eye,
since we did not adjust the lens during a session. We then selected frames in which
the pupil was in-focus to represent each second of the session for analysis. We did not
select more than one frame per second, so due to slight movements of the sea otter
and the extremely low level of ambient light, some seconds did not contain any
frames that met criteria for image selection. We saved selected frames as PNG images
and measured horizontal and vertical pupil diameters (Fig. 2a) and pupil area (Fig.
2b) using the image-analyzing software ImageJ (Rasband 1997).

We report differences in horizontal and vertical measurements of pupil
diameter, and how these scaled with pupil area to recommend the most accurate
proxy for pupil size. For the dynamic range measurements, we calculated means and
standard errors for pupil area separately in the male and female sea otters. For the IR
tests and light treatments, we calculated a pre-treatment mean (first 15s) and a post-
treatment mean (final 10s to exclude the pupil’s initial constriction response) for each

session. Using a one-way analysis of variance, we found an effect of session on pre-
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treatment pupil area for the 630nm (orange), continuous IR, and low-to-high IR test,
which discouraged us from pooling sessions. Instead, we kept sessions as separate
replicates and used the stats package in R (R Core Team, Vienna, Austria) to run a
one-sided, paired #-test to compare three pairs of pre-treatment means and post-
treatment means within each light treatment and the low-to-high IR control. We
visually confirmed the required assumptions of normality and homoscedasticity. We
report means and standard errors for pre-treatment and post-treatment for all

replicates.

RESULTS
Tapetum Lucidum

Based on in situ and ex situ observations and measurements, we confirm that
the tapetum of sea otters is a cellular type located in the anterior choroid posterior to
the retina. The sea otter retina is holangiotic with retinal vessels extending throughout
the fundus and onto the optic nerve head (Fig. 3b). The dorsal retinal epithelium is
nonpigmented with gradually increasing pigmentation towards the periphery (Fig.
3d). The tapetum is a semicircular shape and is restricted to the superior choroid,
covering ~40% percent of the fundus (Fig. 3b,c). The tapetum comprises 7-8 layers
and measures 46 pm thick in the central retina (Fig. 4a) but thins towards the
periphery (Fig. 4b). In photos with flash photography, the tapetum lucidum reflects a
green-yellow color (Fig. 3a). In photos taken with the fundic camera, the tapetum

reflects three ill-defined semi-circular zones that surround the optic disc (Fig. 3b).

25



The optic disc is off-white with three pairs of primary venules and arteries emanating
from near a small physiologic cup and extending radially. The optic disc is
surrounded by a narrow bright green ring called the conus papillaris (Fig. 3b). The
central zone is blue-green and lightly mottled with yellow; this mottling becomes
denser in the transition to the middle zone, which is yellow heavily mottled with
orange (Fig. 3b). The orange mottling becomes denser in the transition to the
peripheral zone (Fig. 3b).

For flash photography, dilation occurred within 1 h from two drops of topical
1% tropicamide (see Fig. 3a). For the veterinary exam, dilation occurred within 35
min from five drops of topical 1% tropicamide, but it was counteracted after
administration of anesthetic drugs, despite the increased tropicamide dosage. To
encourage further dilation, we administered two additional drops in each eye of the
anesthetized sea otter, and dilation re-occurred within 30 min; this effect was still
apparent 7 h later. Normal pupillary response returned within 24 h. During the
veterinary exam, we opportunistically measured intraocular pressure (IOP) using a
TonoVet tonometer. The otter’s IOP measured 9 mmHg in the right eye and 11
mmHg in the left eye, generally considered in the normal reference range for other

carnivores.

Photoreceptor Density

We achieved only partial success in determining rod-to-cone proportions in

the sea otter retina using IHC on both cross-section and flat-mount preparations.
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DAPI nuclear counterstaining positively stained a dense network of outer segment
nuclei, suggesting densely packed photoreceptor cells. Cone arrestin did not show
staining of cones in test or control slides despite testing of multiple antibody
concentrations and conditions. PNA showed positive staining of the inner/outer
segment region of cones in cross-sections viewed with fluorescent microscopy and of
individual cone cells in the flat-mount viewed with confocal microscopy. Few PNA-
labeled cones suggested that photoreceptor distribution is heavily rod-dominant
across the retina, although PNA-labeled cones subjectively increased in the area of
the central retina. Overall high density of photoreceptors and evident outer segment
deterioration during processing did not allow specific cell counting.

We supplemented our gross observations of photoreceptor density from IHC
by examining the H&E-stained cross-sections used for tapetal measurements.
Photoreceptor distribution was heavily rod dominated in cross-sections from the
central (Fig. 4a,5) and peripheral retina with lower overall photoreceptor density in
the peripheral retina (Fig. 4a,b). The ratio of outer nuclear layer thickness to inner
nuclear layer thickness (ONL/INL) ranged from 0.62 in central retina to 1.00 at
periphery. As a side observation, contrary to previous reports (Mass and Supin 2000),
we did not find evidence of physical attachment between the lens and iris based on

histology.

Dynamic Range of Pupils and Insensitivity to IR light
The sea otters’ pupils remained round under day and night conditions in air

(Fig. 6), confirming early observations (Walls 1942; Mass and Supin 2000). On
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average, we were able to select in-focus frames for 7-15 seconds in dynamic range
assessments and for over 80% of each session for the IR tests and light treatments.
Calculating pupil area from the horizontal diameter consistently underestimated area,
whereas calculating pupil area from the vertical diameter consistently overestimated
area. Thus, we report values for pupil area from direct area measurements. The two
sea otters differed in their dynamic ranges. In the male sea otter, pupil area increased
55-fold from day (0.47 &= 0.009 mm?, Fig. 6a) to night (25.7 + 0.12 mm?, Fig. 6b). In
the female sea otter, pupil area increased 86-fold from day (0.28 + 0.008 mm?, Fig.
6¢) to night (24.2 + 0.23 mm?, Fig. 6d). For the night condition, ambient light
consistently fell below the sensitivity of the luxometer and registered at 0 foot
candles; for the day condition, ambient light registered 600-9200 foot candles during
testing with Selka and 415-430 foot candles during testing with Odin.

The sea otter’s mean pupil area was not significantly smaller after an abrupt
increase in IR intensity in the first IR test (Table 1, Fig. 7a,b), and mean pupil area
was stable upon transition from darkness to IR exposure in the second IR test (Fig.
7¢). The sea otter’s mean pupil area also remained constant across 30 s when
continuously exposed to the IR (940 nm) negative control (Table 1, Fig. 8a,b).
However, the sea otter’s mean pupil area decreased significantly after exposure to
630 nm (orange) and 640 nm (red) light treatments and the broadband (white)
positive control (Table 1, Fig. 8a). Constriction began immediately upon light
exposure and lasted 2-6 seconds before stabilizing (Fig. 8b), and the magnitude of

constriction decreased as wavelength increased (Table 1, Fig. 8a,b).
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DISCUSSION

The combined results from our behavioral and histological investigations
suggest that sea otter have retained features for low-light vision within the constraints
of their proportional eye size. However, the lack of quantitative data for
photoreceptor densities prevents definitive conclusions on whether these features are
enhanced to maintain sensitivity across variable light levels to the same extent that
their accommodative mechanism is enhanced to maintain amphibious acuity. The
measurements of tapetal thickness and pupillary dynamic range and the descriptions
of photoreceptor density in this study help interpret observations from wild sea otter
populations and suggest that selective pressures for enhancing acuity are stronger
than those for enhancing absolute sensitivity, both under water and in air, similar to
conclusions by Estes (1989). Since the prey of sea otters are either slow-moving or
sessile, contrast discrimination contributes more to vision-based foraging than motion
sensitivity. Although contrast discrimination is limited to photopic conditions in
shallow daytime foraging, the tactile abilities of sea otter front paws and facial
whiskers are sensitive enough to compensate for limited visual sensitivity during
deeper dives, turbid conditions, and nighttime foraging (Strobel et al. 2018). In air,
enhanced low-light sensitivity confers fewer advantages to sea otter grooming,
resting, and social behaviors than enhanced acuity confers for predator-avoidance
behaviors. Predators hunting diurnally from air or land, including bald eagles,
coyotes, and brown bears, as well as humans prior to the legal protections enacted in

the last century (Riedman and Estes 1990; Monson and DeGange 1995; Liapunova
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and Miklukho 1996) can exert significant pressure on behavioral patterns in this

species (see e.g., Esslinger et al. 2014).

Dynamic range decreased relative to amphibious carnivores

Results from pupillometry confirm that the sea otter pupil is mobile in size
but not shape. The size difference between the constricted and dilated pupil (1.2-1.9%
of maximum area) at first seems consistent to those reported for assessments in
northern elephant seals (Mirounga angustirostris, 0.2% of maximum area), harbor
seals (Phoca vitulina, 1.4% of maximum area) and California sea lions (Zalophus
californianus, 3.8% of maximum area) unless one considers the brightness ranges
under which pupil size was assessed. If the sea otters in this study were tested across
the narrower range of brightness levels as the seals and sea lion (Levenson and
Schusterman 1997), we strongly suspect that the size difference between the
constricted and dilated pupil would be much larger (i.e., smaller pupil dynamic range)
than that reported here. Unlike sea otters, pinnipeds have a stenopaic pupil, larger
absolute eye size, and a need to overcome the myopic effect of a flattened cornea in
air, which all contribute to their large pupil size range. Differing measurements for
the two sea otters likely resulted from differences in ambient brightness levels, not
age. The female sea otter experienced brighter light levels during day testing than the
male sea otter, and her pupil size was more consistent with his for the lower range of
ambient light during her testing (600-700 foot candles). His pupil appeared well

constricted during day testing, but during night testing his pupil appeared less dilated
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relative to the iris than in the female. The male sea otter may have experienced
brighter light levels during night testing, which were not apparent during ambient
light measurements, since luxometers calculate brightness based only on the visual
spectrum. Although the male sea otter was almost nine years older than the female, he
did not show evidence of decreased visual acuity during daily training sessions or
lens occlusion in the right eye during veterinary exams (S.M. Strobel, pers. obs.).
Balancing the demands of amphibious vision resembles a zero-sum game for
sea otters, since the same adaptation that facilitates acuity across media can limit
sensitivity across variable light levels. Although we conducted these behavioral
assessments in air, we suspect that pupil mobility would be comparable or slightly
less under water. While submerged, sea otters rely on lens protrusion through the
pupil for accommodation. Pupil size is thus limited at either extreme, since the lens
cannot sufficiently protrude through a too wide or too narrow pupil aperture. This
trade-off is heightened in low-light conditions, since underwater acuity requires a
small pupil to adequately deform the lens, but low-light vision requires a wide pupil
to gather light. A similar trade-off has been suggested for some diving birds, who
show a tight coupling between pupil constriction and accommodation (Levy and
Sivak 1980; Sivak et al. 1985) and limited pupil size range (Sivak et al. 1985), even

with changing light levels (Katzir and Howland 2003).

Tapetum lucidum comparable to terrestrial carnivores
Our measurements of tapetal thickness and distribution in sea otters are

consistent with a visual system biased towards acuity over sensitivity. Tapetal
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thickness (7-8 layers, 46 um) is greater than another amphibious, freshwater mustelid
(Braekevelt 1989) but comparable to terrestrial mustelids (Braekevelt 1981; Tjélve
and Frank 1984; Wen et al. 1985) and terrestrial carnivores (Lesiuk and Braekevelt
1983; Wen et al. 1985; Yamaue et al. 2015). In contrast, amphibious pinnipeds have
the thickest tapetums known among vertebrates (20-50 layers, 110-500 um) (Walls
1942; Nagy and Ronald 1970; Jamieson and Fisher 1971; Braekevelt 1986; Kastelein
et al. 1993; Welsch et al. 2001; Smodlaka et al. 2016), which may provide more
reflectance, and thus improve photon capture, in scotopic environments, relative to
sea otters. Furthermore, the restriction of the tapetum lucidum to the dorsal fundus
and just slightly below the optic disc in sea otters is similar to the pattern found in
terrestrial and amphibious fres mustelids (Braekevelt 1981; Tjélve and Frank 1984)
and walruses (Kastelein et al. 1993), but less than the almost-full fundus coverage
found in many pinniped species (Johnson 1901; Jamieson and Fisher 1971;
Braekevelt 1986; Mass 2004, 2009; Miller et al. 2010; Smodlaka et al. 2016). Given
that sea otters are benthic foragers and spend prolonged periods at the surface instead
of in the water column, they may process light cues based on a horizontal horizon
instead of the three-dimensional aquatic light environment experienced by other
amphibious marine mammals (Ollivier et al. 2004). A dorsal coverage of the fundus
is likely sufficient to increase luminance to the ventral visual field during underwater
foraging and in-air behaviors.

Tapetal fundic coverage in sea otters is consistent with the spatial distribution

of the visual streak, previously described in the sea otter retina to lie just dorsal to the
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optic nerve in the mid-temporal retina (Mass and Supin 2000). The visual streak is a
band of high ganglion cell density affording acute visual sampling of the visual field
that it subtends (Moore et al. 2017), so its spatial coupling with the tapetum likely
aids acuity in low-light along the horizontal plane. The range of colors represented in
the sea otter tapetum resemble those in fundi described for the Eurasian otter (Lutra
lutra) and the pine marten (Martes martes) (Johnson 1901, 1968) with a few key
differences. The turquoise color present in the sea otter’s central zone is not reported
for the Eurasian otter or pine marten, but is consistently described for pinniped
species (Mass 2004; Smodlaka et al. 2016), and extends more superior to the optic
disk before transitioning to warmer colors. Additionally, the bright green ring
surrounding the optic disc (i.e., the peripapillary conus) in sea otters is similar to the
harbor seal (Johnson 1901). Although tapetal color has been shown to change
seasonally in Arctic reindeer (Rangifer ratandus), presumably to adjust retinal
sensitivity to match consistent high-light conditions in summer and low-light
conditions in winter (Stokkan et al. 2013), the relationship between tapetal color and
function is not well understood. A comparative investigation of tapetal color in
amphibious and marine mammal species that exhibit a wide range of diving depths
would help to determine if blue-shifted tapetal colors are adaptive for an aquatic

lifestyle.

Qualitatively rod-dominant retinas
Our histological results suggest that the sea otter eye has a high photoreceptor

density, is heavily rod-dominant, and is qualitatively similar to the ferret and
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domestic cat. The pattern of DAPI-stained photoreceptors and PNA-stained cones
suggests that high overall rod density decreases slightly toward the central retina as
cone density increases, consistent with an area centralis, as reported in many
mammalian species. However, since stains that have successfully been applied in
other mammals were only partially successful for sea otters, only qualitative
consideration of photoreceptor densities is possible. We cannot conclude whether sea
otter photoreceptor density and distribution compensate for a smaller pupil range, a
thinner tapetum, and eyes proportional to body size. The ONL/INL ratio in sea otters
is intermediate between the corresponding measurements for diurnal and crepuscular
eyes in fishes (Munz and Mcfafuand 1973; Yu Wang et al. 2011). Further studies are
needed to determine how retinal organization, in addition to the accommodative

mechanism, influences amphibious vision in sea otters relative to other carnivores.

Spectral sensitivity consistent with predictions

By monitoring pupil constriction in response to the addition of light with
progressively longer wavelength, we confirm that sea otters are insensitive to near-
infrared light (940 nm) but display sensitivity to the upper wavelengths tested—640
nm (red) and 630 nm (orange). These results validate our use of near-infrared light as
perceived darkness to assess pupil size and are consistent with the presence of the
M/L cone, demonstrating that sea otters show sensitivity to wavelengths ~95 nm
longer than its peak sensitivity inferred from retinal mRNA cone opsin sequences

(545 nm) (Levenson et al. 2006). As sea otter M/L cone inferred sensitivity is only 7-
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15 nm lower than that in mustelids and pinnipeds, we expect that these species would

also show sensitivity to the wavelengths of light presented here.

Study Limitations

This study combines results from anatomical and behavioral methods to
contribute to our understanding of sea otter vision. However, our conclusions are
limited by difficulties in adapting histological methods to a species in which they
have not previously been validated and by variability inherent in behavioral
assessments of live animals. We plan to build upon our staining protocols to improve
rod-cone differentiation across the sea otter retina that will lead to a quantitative
metric of rod-to-cone proportions. The pupillometry results highlight the importance
of testing multiple subjects due to inter-individual variation. Our decision to assess
pupil dynamics across the extremes of ambient light conditions typically experienced
by sea otters introduced environmental variability that makes our results difficult to
compare beyond broad generalizations to other species tested in experimentally

controlled and/or unreported light conditions.

Future Directions

Anatomical and behavioral studies of sea otters are needed to assess how
vision may function during search behavior in low-light conditions under water and
adjust to rapid and extreme changes in light levels during repeated dives. In situ

rapid-flicker electroretinography (ERG) could be performed in anesthetized
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individuals to assess visual sensitivity as a function of wavelength. This method
provides a functional and comprehensive metric of the peripheral visual system that
includes contributions from the cornea, lens, photoreceptors, and tapetum lucidum.
To test the suspected coupling of pupil size and accommodation in sea otters, we
encourage development of a model that predicts the maximum pupil size that
sufficiently decreases the radius of curvature of the lens to retain acuity under water.
This model can be tested by monitoring pupil size during behavioral acuity tests in air
and under water across controlled, artificial light conditions. Given our findings and
those from related species (Balliet and Schusterman 1971), we suspect that acuity
decreases more rapidly under water than in air with decreasing light levels and that
pupil dynamic range may be smaller under water than in air, since lens protrusion
during submersion likely prevents full pupil constriction in photopic conditions.
Since comparisons among sea otters and other amphibious mammals are
confounded by absolute eye size, which sets an upper size limit on iris musculature
and pupil area, future studies should apply the behavioral and anatomical methods
used here to other amphibious and terrestrial mustelids with similar eye sizes to sea
otters. A comparative framework would disentangle the contributing effects of pupil
shape, accommodative mechanism, and photoreceptor density on minimum and
maximum pupil area, since all mustelids share a circular pupil, but presumably only
amphibious mustelids exhibit a similar underwater accommodative mechanism as sea

otters. Such data would contribute to our understanding of the selective pressures

36



shaping vision in amphibious species that have differing foraging ecologies but

similar evolutionary histories (Estes 1989).

Conclusions

Sea otters have apparently favored enhancing acuity over absolute sensitivity,
although they retain typical carnivore features that enable vision in low-light. In-air
dynamic size range of the pupil is reduced relative to pinnipeds, and the thickness,
fundic coverage, and structure of the tapetum lucidum is most similar to terrestrial
carnivores. A consistently circular pupil shape that limits minimum pupil constriction
and a proportional eye size that limits maximum pupil dilation may further contribute
to reduced pupil mobility in sea otters relative to pinnipeds. We cannot conclude if
the qualitatively heavily rod-dominant retinas of sea otters compensate for the limits
posed by their unique accommodative ability for underwater vision in variable light
conditions.

Although our findings place vision in sea otters as intermediate between
terrestrial carnivores and semiaquatic pinnipeds, we suggest that this distinction is not
merely a result of their recent evolutionary transition to an aquatic lifestyle, as
previous studies have suggested. Instead, sea otters’ different use of the aquatic
environment relative to other amphibious mammals likely selects for visual acuity in
photopic conditions over absolute sensitivity. When visual acuity fails in scotopic
conditions at deeper depths and at night, the accurate and rapid tactile sense in sea

otters is likely sufficient for benthic foraging.
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TABLES

TABLE 1. Sea otter pupil area (pooled means and standard errors for pre-treatment and post-treatment)
for three replicates of five treatments (white, 630 nm, 640 nm, 940 nm) and one control (low-to high
IR). For each condition, percent of pre-treatment mean pupil area relative to post-treatment mean pupil
area are reported. Statistical outputs (t-statistic, df, and p-value) are calculated from a paired, one-tailed
t-test that assesses the mean difference between pre-treatment and post-treatment means. If p<0.05,
then the post-treatment mean pupil area is significantly smaller than the pre-treatment mean pupil area,
which can be interpreted physiologically as a pupillary constriction response

Pre-treatment Post-treatment Y
Condition mean + sem mean + sem . fo ¢ t-statistic  df p
(mm?) (mm?) pre ol pos
242 +0.26 6.83+0.22
White 27.3+0.24 6.99+0.72 27.6 20.1 2 0.0012
24.9+0.24 7.23+£0.71
25.8+0.20 15.5+0.19
630 nm (orange) 25.8+0.24 15.5+0.20 59.1 79.3 2 <0.0001
24.8 +£0.26 14.2 +£0.25
24.6 +0.08 20.9+0.25
640 nm (red) 249 +0.24 22.5+0.37 88.1 8.0 2 0.0076
24.5+0.37 21.8+0.15
29.8+0.18 29.9+0.21
940 nm
. 26.0+0.14 27.1+0.15 101.5 -1.0 2 0.79
(continuous IR)
22.8+0.14 22.7+0.13
26.9+0.34 24.1+0.20
940 nm 257+ 041 26.6+0.16 93.9 13 2 017
(low-to-high IR) ) ’ ’ ’ ’ ’ ’
25.1+0.24 22.26 +£0.05
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FIGURE 1. Experimental set-up for measurements of sea otter pupil size. (a) The
experimental LED array, IR LED array, subject’s stationing position, camera, and
viewing monitor for the camera operator are depicted during ambient day conditions.
(b) Odin the sea otter inserted his head through a protective barrier to contact and
maintain firm contact on a station, which ensured consistent positioning during the
experimental session and across replicate sessions; for nighttime sessions, a light-
blocking box was placed around the sea otter’s head to further control for ambient
and artificial light. (c) The viewing monitor enabled the camera operator to assess and
adjust the camera’s focus in real-time prior to data collection and monitor the
subject’s behavior throughout the session. During ambient night conditions, a visual
screen blocked light contamination from the viewing monitor
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FIGURE 2. Pupil size measurements in the sea otter right eye using the straight line
and oval area selection tools in ImagelJ: (a) pupil horizontal and vertical diameter, (b)
pupil area bounded by the white line

49



FIGURE 3. The tapetum lucidum shown in sifu for the female sea otter (a,b) and ex
situ for a formalin-fixed right eye excised from a deceased sea otter (c,d). (a) At dusk,
the tapetum lucidum in the dilated sea otter right eye reflects the camera flash as a
green-yellow circle within the pupil. (b) The tapetum lucidum, photographed with a
fundic camera in the right dilated eye of the female sea otter under anesthesia, reflects
off-white in the optic disc, surrounded by a bright green disc (the peripapillary
conus), then a gradient of turquoise, green, yellow, orange, and reddish-brown toward
the periphery. The tapetum lucidum extends slightly ventral to the optic disc, into the
lower fundus. (c) The eyecup with the cornea, iris, and lens removed. The vitreous
humor, retina, retinal pigment epithelium, and choroid are still present. The tapetum
lucidum is milky white as a byproduct of fixation; as pictured in situ, it extends
slightly into the lower fundus. (d) The retinal pigment epithelium removed from the
eyecup but still attached to the choroid. The tapetum lucidum is visible through the
transparent portion of the retinal pigment epithelium
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FIGURE 4. H&E-stained retina, tapetum lucidum, choroid, and sclera from the
central (a) and peripheral (b) posterior segments of the sea otter eye. The
photoreceptor layer (arrow) is noticeably denser in the central retina (a) than in the
peripheral retina (b). The tapetum lucidum (line), located posterior to the
photoreceptor layer, is thickest in the central posterior segment of the eye (a) and
heavily reduced in the peripheral posterior segment of the eye (b)
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FIGURE 5. H&E-stained retina from the central posterior segment of the sea otter
eye. The high density in the photoreceptor layer (arrow) primarily comprises rods
with few apparent cones
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257 +£0.12mm? | 100% of maximum

24.2+0.23mm? | 100% of maximum

FIGURE 6. Photo representation of dynamic range across day and night in the male
sea otter right eye (a,b) and female sea otter right eye (c,d). Mean + sem, in addition
to percent pupil area of maximal pupil area, is reported for day and night for each sea
otter in the lower right-hand corner for constricted pupil in day (a,c) and dilated pupil
at night (b,c). Scale bar in upper right corner represents Imm for all photos
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FIGURE 7. Pupil area for the male sea otter right eye during IR controls. (a) Box-
and-whisker plots plotted separately for three replicates of low-to-high IR control that
report median, upper and lower quartiles, and upper and lower ranges for pre-
treatment (calculated from first 15 seconds) and post-treatment (calculated from last 9
seconds to exclude constriction response). (b) Mean + sem of three replicates is
plotted at each second for low-to-high IR control. An abrupt step-function from low
IR light intensity to maximal IR light intensity occurred at the 15-second mark,
indicated by the vertical dashed line. (c) Mean + sem of three replicates is plotted at
each second for off-on IR control. An abrupt change in light level from maximal IR
light intensity to no introduced IR light occurred at the 5-second mark, indicated by
the left vertical dashed line. An abrupt change from no introduced IR light to
maximal IR light intensity occurred at the 35-second mark, indicated by the right
vertical dashed line; no constriction occurred in response to this exposure
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FIGURE 8. Pupil area for the male sea otter right eye during pre-treatment and post-
treatment of controlled light exposure for the white broadband condition (grey), 640
nm condition (red), 630 nm condition (orange), and continuous 30-second IR light
condition (940 nm, black). (a) Box-and-whisker plots plotted separately for three
replicates in each condition that report median, upper and lower quartiles, and upper
and lower ranges for pre-treatment (calculated from first 15 seconds) and post-
treatment (calculated from last 9 seconds to exclude constriction response). Asterisks
indicate that pupil area was significantly smaller post-treatment relative to pre-
treatment (one-sided paired t-test); “*’ indicates p<0.01, “**’ indicates p<0.001, and
<% indicates p<0.0001. (b) Mean + sem of three replicates is plotted at each second
for pre-treatment and post-treatment of all conditions. Controlled light exposure
occurred at the 15-second mark, indicated by the vertical dashed line. For two of the
three replicates of the 630nm and white broadband conditions, the last three seconds
post-treatment did not contain a still image that met image selection criterion, so these
three data points represent the measurements from one replicate
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SUPPLEMENTARY INFORMATION

SUPPLEMENTARY TABLE 1. Antibodies and lectins used for immunohistochemistry of the sea otter
retina

Stain Host Target Concentration Source
Primary stains
C 1:100
Cone arrestin h torgf:ls tors 1:250
photorecep 1:1000
PNA (Bioatinylated NA Cone 1:500 Vector Labs, Inc., Burlingame,
peanut agglutinin) photoreceptors ' CA, USA
Secondary stains
Alexa Fluor 488 . ) Life technologies, Carlsbad, CA,
- anti-— IgG Cone arrestin 1:250 USA
Alexa Fluor 488 ) Life technologies, Carlsbad, CA,
Streptavadin PNA 1250 USA
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SUPPLEMENTARY TABLE 2. Summary of measurements and specifications reported in
manufacturers’ datasheets for LEDs and LED arrays

# Measured . Typical Lo
. . . Dominant . Viewing
Light LEDs illuminance of luminous
. Manufacturer ~ wavelength . . angle
treatment in array (foot- (nm) intensity (deg)
array candles) (mcd) &
White 5 2.4-2.5 Rohm NA 1000 40
(broadband) Semiconductor
(Kyoto, Japan)
Orange 5 1.92 Rohm 630 1000 40
(630 nm) Semiconductor
(Kyoto, Japan)
Red 5 1.00 Kingbright 640 900 34
(640 nm) (City of

Industry, CA)
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CHAPTER 2

ACTIVE TOUCH IN SEA OTTERS: IN-AIR AND UNDERWATER TEXTURE
DISCRIMINATION THRESHOLDS AND BEHAVIORAL STRATEGIES FOR

PAWS AND VIBRISSAE

Reproduced/adapted with permission from:
Strobel, S.M., Sills, J.M., Tinker, M.T., and Reichmuth, C.J. 2018. Active touch in
sea otters: in-air and underwater texture discrimination thresholds and behavioral

strategies for paws and vibrissae. Journal of Experimental Biology 221(18):

Jeb181347. doi:10.1242/jeb.181347.
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Active touch in sea otters: in-air and underwater texture
discrimination thresholds and behavioral strategies

for paws and vibrissae

Sarah McKay Strobel’-*, Jillian M. Sills2, M. Tim Tinker! and Colleen J. Reichmuth?

ABSTRACT

Sea otters (Enhydra lutris) are marine predators that forage on a wide
array of cryptic, benthic invertebrates. Observational studies and
anatomical investigations of the sea otter somatosensory cortex
suggest that touch is an important sense for detecting and capturing
prey. Sea otters have two well-developed tactile structures: front paws
and facial vibrissae. In this study, we use a two-alternative forced
choice paradigm to investigate tactile sensitivity of a sea otter
subject's paws and vibrissae, both in air and under water. We
corroborate these measurements by testing human subjects with
the same experimental paradigm. The sea otter showed good
sensitivity with both tactile structures, but better paw sensitivity
(Weber fraction, ¢=0.14) than vibrissal sensitivity (c=0.24). The sea
otter’s sensitivity was similar in air and under water for paw (c,;=0.12,
Cwater=0.15) and for vibrissae (c,i=0.24, Cyaer=0.25). Relative to the
human subjects we tested, the sea otter achieved similar sensitivity
when using her paw and responded approximately 30-fold faster
regardless of difficulty level. Relative to non-human mammalian
tactile specialists, the sea otter achieved similar or better sensitivity
when using either her paw or vibrissae and responded 1.5- to 15-fold
faster near threshold. Our findings suggest that sea otters have
sensitive, rapid tactile processing capabilities. This functional test of
anatomy-based hypotheses provides a mechanistic framework to
interpret adaptations and behavioral strategies used by predators to
detect and capture cryptic prey in aquatic habitats.

KEY WORDS: Tactile sensitivity, Haptic, Amphibious, Relative
difference threshold, Two-alternative forced choice, Enhydra lutris

INTRODUCTION

A predator’s ability to filter sensory information to capture prey
represents a key constraint on diet; however, sensory capabilities
and search strategies used by many top predators are poorly
understood. Different habitats and prey characteristics often require
different sensory modalities for efficient foraging. Large or
conspicuous prey in open habitats may be detected visually,
whereas small or cryptic prey in terrestrial habitats may be detected
via chemoreception or audition. In aquatic habitats, visual cues
can be limited at depth, at night or in periods of high turbidity.
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Although underwater olfaction has been documented for two air-
breathing vertebrates in aquatic habitats (Catania, 2006; Catania
et al., 2008), such specialized abilities are uncommon. Both passive
and active hearing may assist in prey detection, but at close range,
taction has emerged as a primary sense among aquatic and semi-
aquatic taxa, especially when hunting buried invertebrates or fishes
(Dehnhardt and Mauck, 2008). For example, many shorebird
species probe the tidally flooded substrate with touch structures at
their beak tips (Piersma et al., 1998); star-nosed moles seek prey in
subterranean streams using specialized appendages around their
nostrils (Catania and Kaas, 1997; Catania and Remple, 2004); and
seals, sea lions and walruses detect and pursue prey using their
vibrissae while diving (Dehnhardt and Mauck, 2008; Dehnhardt
et al., 2001; Kastelein and van Gaalen, 1988; Kastelein et al., 1990;
Niesterok et al., 2017).

Sea otters are amphibious mammals that dive <100 m to capture
invertebrate prey along the north Pacific coastline (Bodkin et al.,
2004; Thometz et al., 2016a). As apex predators in nearshore
ecosystems, sea otters consume prey occurring in diverse subtidal
and intertidal habitats (Riedman and Estes, 1990) and exert strong
direct and indirect effects on ecosystem structure and function (Estes
and Duggins, 1995; Estes and Palmisano, 1974; Hughes et al., 2013;
Watson and Estes, 2011). Although their prey occur in micro-
habitats where visual detection is difficult or impossible, sea otters
nonetheless maintain a remarkably high rate of prey capture,
consuming over a quarter of their own body mass each day (Costa
and Kooyman, 1982). Sea otters hunt at the sea floor, but they return
to the surface after each foraging dive to breathe and consume
captured prey. Because sea otters rest on their backs at the surface
while handling prey, direct observation of prey manipulation and
consumption is possible; as a result, they have become a model
species for diet composition and foraging behavior studies (Elliott
Smith et al., 2015; Estes et al., 2003; Newsome et al., 2015;
Thometz et al., 2016a; Tinker et al., 2007, 2008, 2012). Although
much is known about their prey handling at the surface, basic
cognitive and sensory mechanisms integral to prey search and
capture remain unknown.

Behavioral observations and morphological patterns suggest that
sea otters rely to some degree on touch during foraging. Telemetry-
based field studies reveal that sea otters forage equally day and
night, when visual cues may be reduced or absent (Bodkin et al.,
2007; Gelatt et al., 2002; Ralls et al., 1995; Tinker et al., 2008).
Unique among marine mammals, sea otters have two enhanced,
complementary tactile structures that can be controlled with
dexterity: flexible paws and a complex array of facial vibrissae
(Fig. 1). At the surface, sea otters use their paws to manipulate hard-
shelled prey directly and indirectly using tools (Fujii et al., 2015), as
well as to regularly groom their fur. Their use of vibrissae at the
surface is less clear. Although observations of underwater use of
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List of symbols and abbreviations

2AFC two-alternative forced choice

AlCc Akaike information criterion corrected for small
sample size

c Weber fraction

Cl credible interval

GLMM generalized linear mixed model

LOoIC leave-one-out cross-validation information criterion

MCMC Markov chain Monte Carlo

MCS method of constant stimuli

MOL method of limits

s test session

S- incorrect discriminative stimulus; subject’s choice of
this does not receive reinforcement

Xt difference between the standard and S— on trial ¢

o position of the psychometric curve along the abscissa

B slope of the psychometric curve

¥ poorest performance expected by chance (0.50)

ALOOIC change in LOOIC from the best-supported model

AS discrimination threshold

€5 random effects associated with test session s

A lapse rate

vibrissae are sparse, sea otters can use their paws and face to dig into
soft substrate in pursuit of burrowing invertebrates (Hines and
Loughlin, 1980; Shimek, 1977). In support of these observations,
sea otter vibrissae, like those of walruses (Fay, 1982), exhibit
evidence of wear — particularly in soft-sediment habitats where
infaunal bivalves are hunted (Marshall et al., 2014; M. T. Tinker
unpublished observations) — which may result from active
functional use or passive incidental contact with abrasive sediment.

Sea otter neural architecture provides additional clues indicating
the importance of tactile information. The area of the somatosensory
cortex representing paws and vibrissae is disproportionately
enlarged compared with terrestrial mustelids (Radinsky, 1968),
suggesting that sea otters have good tactile sensitivity with both
structures. However, a higher proportion of this enlarged cortical
area is dedicated to receiving paw input, which suggests that paws
may have greater functional relevance than vibrissae in sea otters.

Radinsky (1968) noted the same pattern in other species of
invertebrate-eating otters but the opposite pattern in species of
fish-eating otters, from which he suggested that the location
of enlargement may correspond to mode of prey pursuit and
capture — paw-based for invertebrate-eating otters or mouth-based
for fish-eating otters.

The gross morphologies of both paws and vibrissae in sea otters
seem suited for dexterous touch, consistent with Radinsky’s (1968)
suggestion. The paws’ palmar surfaces are hairless, the digit and
palm pads are fused, and the skin has a leathery granular texture
(Fig. 1). The neural morphology of sea otter paws has not been
described. The structure of the sea otter vibrissal array suggests that
substantial blood flow — and thus energetic investment — is directed
to these sensory organs to process information in cold, aquatic
environments (Marshall et al., 2014). The vibrissae are highly
innervated, with a tripartite blood sinus system that more closely
resembles aquatic pinnipeds than terrestrial mustelid relatives
(Marshall et al., 2014). The vibrissae are smooth, as in otariids
(Ginter et al., 2012), some phocids (Berta and Sumich, 1999; Ginter
et al., 2012; Marshall et al., 2006), walruses (Berta and Sumich,
1999), water rats (Dehnhardt et al., 1999) and terrestrial mammals
(Hyvdrinen et al., 2009). Hanke et al. (2013) suggest that smooth
vibrissae are advantageous during active touch, i.e. subject-
controlled tactile exploration (Gibson, 1962). Active touch is
required of benthic foragers, as opposed to mid-water foragers that
likely rely on hydrodynamic wake detection. Similar to benthic
foragers such as walruses and bearded seals (Fay, 1982; Marshall
et al., 2006), the sea otter vibrissal bed is rostrally oriented and
comprises microvibrissae and macrovibrissae (Fig. 1).

Despite these behavioral and morphological indications of
enhanced tactile sensitivity, fine-scale mechanics of how sea
otters use their tactile system to gather information about physical
objects or hydrodynamic cues are unknown. Neither absolute
nor comparative functional sensitivities of paws and vibrissae
have been measured in this species. As sensory perception is
inherently probabilistic — influenced by an individual’s external
environment and internal state — obtaining such data requires
controlled conditions with experienced captive subjects trained for
psychophysical procedures.

Fig. 1. The right paw and vibrissal region
of the sea otter used in the present study.
Left panel: sea otter’s paw delineated (white
dashed lines) into digits (a), upper paw pad (b)
and lower paw pad (c). Calipers visible at top
of photo; scale bar, 20 mm. Right panel: sea
otter’s rostrally oriented vibrissal region.
Microvibrissae are located medially,

and macrovibrissae are located laterally
from the midline. The microvibrissae are
shorter and more rostrally directed than the
macrovibrissae. Scale bar, 20 mm. Photo
collection authorized under USFWS research
permit MA186914-2. Photo credits:

S. M. Strobel and A. Friedlaender.
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Here we describe the performance of the sea otter tactile system —
paws and vibrissae — in air and under water. To obtain tactile
discrimination thresholds (AS), we trained and tested an individual
sea otter in a behavioral two-alternative forced choice (2AFC)
paradigm (Gescheider, 1997) wusing textured stimuli. To
complement these data, we report the sea otter’s decision-making
strategy, including speed and explorative movement, as well as the
effect of testing medium (in air or under water). In addition, we
trained and tested four human subjects using their hands in air with
the same experimental paradigm to compare the sea otter’s abilities
with those of a known tactile specialist. These data allowed us to
directly compare performance metrics and decision-making strategy
between species, assess whether our approach produced comparable
results to published studies of humans, and interpret comparisons of
the sea otter’s performance metrics with published values from
marine and terrestrial tactile specialists.

MATERIALS AND METHODS

Testing facility and subject

This study was conducted in Santa Cruz, California, USA, at the
University of California Santa Cruz’s Long Marine Laboratory
and at the California Department of Fish and Wildlife’s Marine
Wildlife Veterinary Care and Research Center. Testing took place
in seawater-filled pools with adjacent haul-out areas. The pools
received a continuous supply of fresh seawater from northern
Monterey Bay. We monitored water and air temperature at 5-min
intervals throughout the study with a temperature logger (TidbiT v2
Temp UTBI-001, Onset Computer Corporation, Bourne, MA,
USA), and these remained similar throughout the 2-month testing
period (water=15.840.4°C, air=15.9+1.2°C).

The subject was a healthy 4-year-old adult female sea otter
[Enhydra lutris (Linneaus 1758)], identified as ‘Selka’ (USGS
6511-12R, MBA 595-12). She was trained to participate voluntarily
in psychophysical procedures using operant conditioning and
positive reinforcement (seafood). The sea otter received
approximately 30% of her daily diet during each test session. Her
daily diet was established to maintain optimal overall health and was
not constrained based on session performance. Animal research was
conducted under authorization from the United States Fish and
Wildlife Service (research permit MA186914-2) with the approval
and oversight of the Institutional Animal Care and Use Committee
at the University of California Santa Cruz.

The sea otter was trained and tested to use each tactile structure
(i.e. paw or vibrissae) independently in the 2AFC, in air and under
water. Daily training occurred over a 17-month period prior to
testing to avoid confounding her performance with practice effects
and to ensure that she was an expert subject. During training, the sea
otter learned to perform the task in the following order: paw in air,
paw under water, vibrissae in air, vibrissae under water. Daily
testing occurred over a 2-month period post-training; during testing,
the sea otter performed the task in the following order: vibrissae in
air, vibrissae under water, paw under water, paw in air.

Stimuli

The stimuli comprised a set of acrylic resin plates (Delrin,
20x20x%2.6 cm), machined in a pattern of alternating ridges and
grooves. Consistent with other published studies of tactile
sensitivity (see, e.g. Dehnhardt et al., 1998; Bachteler and
Dehnhardt, 1999), we used groove width as the metric of
discrimination ability; groove width varied among plates but
remained constant within each plate. After machining, stimuli
were measured with calipers to confirm sizes and tolerances. The

groove widths that defined each stimulus were 5.0, 4.0, 3.6, 3.0, 2.5,
2.4,2.3,2.2,2.1 and 2.0 mm (+0.03 mm average tolerance). Ridge
width (2.0 mm, +0.03 mm average tolerance) and groove depth
(5.0 mm, +0.18 mm average tolerance) were held constant across
stimuli. One stimulus per groove width was produced, except for the
2.0 mm stimulus, which served as the predetermined standard for
the duration of the experiment. Two of these standard stimuli were
produced, each bearing 2.0 mm grooves. As the standard was
presented on every trial (simultaneously with one of many potential
plates defined as the incorrect stimulus, or S—), the alternating use
of two identical standards controlled for any aberrant cues the sea
otter might learn after extensive practice with the same plate
over hundreds of trials. Consistent with other published studies,
stimuli were only presented with grooves vertically oriented;
however, we rotated the stimuli 180 deg for each alternating test
session to further control for any subtle physical aberrances in
the plates.

We used six plates as the S— to the standard for paw testing —
ranging from +1.0 mm to +0.1 mm from the standard (3.0, 2.5, 2.4,
2.3, 2.2 and 2.1 mm) — and seven plates as the S— for vibrissal
testing — ranging from +1.6 mm to +0.1 mm from the standard (3.6,
3.0,2.5,2.4,2.3,2.2 and 2.1 mm). We selected these stimuli to span
a gradient from easily discriminable to indiscriminable based on
threshold estimation during the sea otter’s extensive training period.

Test apparatus

The custom-built apparatus comprised an acrylic plastic box
(55.5x15%56 cm) with an interchangeable front-facing panel to
allow for two differently sized access windows: a narrow one for
paw testing and a wide one for vibrissal testing (Fig. 2). The
apparatus held two stimuli that fit side-by-side into mounts in the
apparatus, one to the sea otter’s left and the other to the sea otter’s
right. The mounts kept the two stimuli separated by 5.2 cm when
simultaneously presented to the sea otter. Each stimulus rested
against a combined clicker and mechanical switch, which were
triggered when the sea otter sufficiently depressed the stimulus from
its starting position to indicate her choice. The clicker served to
produce an audible, salient sound for the sea otter to associate with
the act of making her choice to end each trial. Each session was
filmed from inside the apparatus with an overhead-mounted or
lateral-mounted high-resolution camera (GoPro Hero3+, 1080,
60 frames s™!) to enable post hoc analysis of the sea otter’s
behavior.

A closed door (which slid vertically into the access window)
prevented the sea otter from having visual or tactile access to the
stimuli between trials. When closed, the access door activated a
mechanical switch mounted to the inside of the apparatus. During
trials, when the door slid upwards to open the access window, the
sea otter was restricted to using only tactile information. In the paw
test, a horizontal slit cut into a neoprene cover for the narrow access
window allowed the sea otter to only touch the stimuli with her paws
and inhibited her from seeing the stimuli (Fig. 2). In the vibrissal
task — during which the wide access window allowed the sea otter to
freely approach the stimuli with her face — she was trained to
voluntarily wear a neoprene blindfold that did not restrict her
mystacial vibrissae (Fig. 2). To prevent the use of paws during the
vibrissal task, she was trained to place her paws on a PVC stand
attached to the front of the apparatus for the duration of each trial
(Fig. 2). On the front face of the apparatus, a square target above
the access door marked the fixed location for the sea otter to station
(i.e. make firm contact with the target using her nose) prior to each
trial (Fig. 2).
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Fig. 2. Schematic drawing of experimental setup. Sea
otter interacting with experimental apparatus and left
stimulus (1) during paw (left panel) and vibrissal (right
panel) testing. A barrier (2) prevented visual cues from the
operators. To begin a trial for paw testing, the sea otter
positioned her nose on a target (3) on the apparatus front.
To begin atrial for vibrissal testing, the blindfolded sea otter
(4) positioned her nose on the same target (3) and her
paws on a PVC stand extending from the apparatus front
(5). The experimenter controlled the sea otter’s access to
the stimuli via the paw (6) or vibrissal (7) access door. Each
stimulus rested against a mechanical clicker (8) that
activated an electrical switch (9) when depressed by the
sea otter, signifying her choice. The horizontal dotted grey
line indicates water height during underwater testing.
lllustration credit: S.M.S.

The apparatus rested on a 1-m? haul-out platform in the sea otter’s
pool. We adjusted the height of the haul-out platform and the pool’s
water level to create the in-air and underwater conditions. For the
in-air conditions, the water level was held just below the haul-out
platform, such that the sea otter and apparatus were completely in air
for each trial. For the underwater conditions, the water level was
raised to completely submerge the stimuli, such that the sea otter and
apparatus were partially submerged for each trial (Fig. 2). This
design allowed the sea otter to retain the same stable standing
position on the haul-out platform while performing the task in
either medium.

A visual barrier extended vertically from the top of the apparatus
to conceal two operators, sitting directly behind the apparatus on the
pool deck, from the sea otter. The operators were responsible for
opening and closing the access door, as well as removing and
replacing the stimuli in the apparatus between trials. In a separate
area that was visually and acoustically isolated from the testing
enclosure, an experimenter monitored the session on a closed-circuit
video system. The experimenter provided instructions to the
operators via headphones during each trial. A trainer, who was
seated at the side of the pool to the left of the apparatus, provided
instructions and primary reinforcement (seafood) to the sea otter
during each session. An Advent AV570 speaker (Audiovox
Electronics Corporation, Hauppauge, NY, USA) provided
conditioned, acoustic feedback to the sea otter and trainer
immediately following the sea otter’s choice on each trial. This
feedback — previously recorded audible cues — comprised either the
bridge for a correct response (bell tone) or the delta for an incorrect
response (accelerated human verbal ‘no’).

Experimental procedure

For all conditions, the sea otter participated in a 2AFC procedure to
discriminate the standard from the S—. Correct choice of the
standard earned the sea otter food reinforcement (one whole, peeled
shrimp), while the incorrect choice of the S— was not reinforced.
The experimenter used a custom LabVIEW program (National
Instruments, Austin, TX, USA) to automate data collection and
provide appropriate, instantaneous auditory feedback via the
speaker. The experimenter followed a predetermined sequence

order generated using a custom MATLAB script (MathWorks,
Natick, MA, USA). Stimulus presentation within each session
followed a predetermined, pseudorandom, modified Gellermann
schedule (Gellermann, 1933) that was counterbalanced to ensure
equal probability of (1) the standard appearing on the left and right
stimulus positions and (2) the standard appearing in the same or
alternative position from the previous trial. The overall session
sequence was constrained such that neither stimulus was presented
on the same side more than four times consecutively. The operators
and the trainer were blind to the sequence order and the trainer was
blind to individual trial conditions.

The sea otter was trained using a modified method of limits
(MOL), during which the subject faced a single stimulus
comparison during a session, and tested using a method of
constant stimuli (MCS), during which the subject faced a fixed
set of stimulus comparisons during a session (Cornsweet, 1962;
Stebbins, 1970). During MOL training, the sea otter was presented
with a single stimulus combination (one S— paired with the
standard) in multiple trials over successive sessions. The first
discrimination the sea otter learned was a smooth S— paired with the
standard. The next discrimination was the S— with the largest
groove width (5.0 mm) paired with the standard. Trials continued
until performance met pre-determined learning criteria, defined as
performance >75% that differed <7% across two consecutive
sessions; the sea otter then continued to the next smallest S—
paired with the standard. Training continued with all stimulus
combinations in descending order until the sea otter had met
learning criteria or reliably failed to meet learning criteria across
10 sessions.

Other than the method of stimulus presentation, the experimental
procedure was identical for training and testing. A session began
when the sea otter was provided access to the apparatus in the testing
pool. The sea otter positioned in the water in front of the trainer, who
prompted her to approach the apparatus. The sea otter initiated a trial
when she made firm contact with her nose on the target; for the
vibrissal conditions, the sea otter also placed her paws on the stand.
One to five seconds after the sea otter positioned correctly, the
access door was opened, which deactivated the mechanical door
switch. The timestamp of this deactivation was automatically
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recorded in the LabVIEW program to mark the start of the sea
otter’s access to the stimuli.

During each trial, the sea otter explored the stimuli with either her
paws or her vibrissal region (depending on the test condition)
and signified her choice by depressing one plate to activate
simultaneously the mechanical switch and clicker located behind
the plate. The activation of the stimulus mechanical switch was
automatically recorded in the LabVIEW program to mark the end of
the trial and trigger the acoustic feedback. After making her choice
and receiving feedback, the sea otter removed her paw or face from
the apparatus, and the access door was closed. The trainer delivered
either primary reinforcement for a correct choice or no primary
reinforcement for an incorrect choice; in either case, the trainer then
directed the sea otter to a location away from the apparatus to avoid
inter-trial cues that might unintentionally indicate the details of the
next trial to the sea otter. To prepare the next trial, the operators
removed both stimuli simultaneously, rinsed them in fresh water, and
replaced the new stimulus combination concurrently in the apparatus
according to the experimenter’s instructions. Once the next trial was
set up, the trainer provided a small food item to reinforce the sea
otter’s inter-trial behavior and then cued the sea otter to return to the
apparatus. Inter-trial intervals generally lasted 25-30 s.

For vibrissal testing, the trainer positioned the blindfold on the
sea otter at the beginning of the session. Although the sea otter was
free to remove the blindfold between trials, she typically voluntarily
wore the blindfold for the duration of the session. The trainer
ensured the blindfold’s proper positioning following each trial and
prior to verbally signaling the sea otter to return to the apparatus for
the next trial.

Other than the apparatus’s design to restrict the sea otter to use
only her paws or only her vibrissal region, the sea otter was
unrestrained and free to choose her strategy (e.g. order of exploration
of stimuli, duration of exploration, number of touches, manner of
touching, paw preference) throughout training and testing.

Following the extensive training period with MOL, the sea otter
completed 16 test sessions with MCS. One to two sessions were
completed each experimental day. Each session included 28 test
trials for paw testing and 24 test trials for vibrissal testing, with
warm-up and cool-down phases of six to 10 trials each. The warm-
up and cool-down phases were used to maintain stimulus control
and assess the sea otter’s motivation before and after the test phase,
respectively, by presenting an S— that was easily discriminable from
the standard. In the test phase of each session, the sea otter was
presented with four consecutive blocks of trials. Each S— was paired
with the standard once per block of trials (six-trial blocks for
vibrissae, seven-trial blocks for paws). For each testing condition,
the sea otter completed four sessions, which totaled 16 presentations
of each S—.

Analysis and determination of discrimination thresholds
Most previous tactile discrimination studies have used linear
interpolation to identify  discrimination thresholds from
performance data (see, e.g. Dehnhardt and Kaminski, 1995;
Dehnhardt et al., 1997; Bachteler and Dehnhardt, 1999; Hille et al.,
2001). However, this approach uses only a small portion of the overall
data (i.e. the two stimulus levels at which performance is closest to
75%) and does not allow error estimation of the psychometric
function or a quantitative comparison of psychometric functions and
interpolated thresholds from different experimental conditions.
Given the limitations of the linear interpolation method, we
instead used a Bayesian approach to fit a sigmoid psychometric
function to the observed performance data, considering each

experimental condition separately (Wichmann and Hill, 2001).
From the fitted curve, we estimated the sea otter’s discrimination
threshold (AS) — defined as the difference in groove width between
the standard and the S— that the subject could reliably detect (i.e. on
75% of presentations). We also estimated the associated 95%
credible interval (CI), defined as the range of difference values that
includes the true value of AS with 95% probability.

Following previous studies (e.g. Wichmann and Hill, 2001), we
used a modified two-parameter Weibull function to describe the

psychometric curve:
B
) D L)
[CREN

where x; is the difference between the standard and S— in trial ¢
(0.1<x<1.6), parameter o. determines the position of the curve along
the abscissa, and parameter B determines the curve’s slope.
Parameters y and A were used to adjust the function to allow for
stimulus-independent errors: y represents the maximum possible
adjustment, which we fixed at 0.5 owing to the 2AFC design (that is,
the poorest performance expected by chance), whereas A represents
the lapse rate — the probability of the subject’s attention lapsing,
resulting in incorrect responses independent of stimulus intensity.
Thus y+(1—y-A) results in a deviation of the function from the
asymptotic value of 1 and sets the subject’s realistic ‘best’ average
performance. Finally, error term €, allowed for random effects
associated with each test session s, where log(e,) was drawn from a
normal distribution with mean 0 and standard deviation c.

We used Markov chain Monte Carlo (MCMC) methods to fit
Eqn 1 to the observed data (y,, the subject’s response to each trial),
which we treated as a binomial variable with possible values 1
(correct response) or 0 (incorrect response). Specifically, for each
trial, we assumed y, was drawn from a Bernoulli distribution with
probability ¢(x; o.B,y,A.€). We set uninformative, uniform priors
for parameters o, A and o, and used a weakly informed prior for
(given the assumption of an increasing function), drawing from a
gamma distribution with parameters shape=1.5 and rate=0.1. Aftera
burn-in of 5000 iterations, we saved 20,000 simulations for
computing posterior distributions for all parameters. We examined
trace plots and Gelman—Rubin statistics to ensure model
convergence (we required a Gelman—Rubin statistic of <1.01 for
each parameter), and report means and Cls for all statistics. We
calculated the AS for each psychometric curve by interpolating the
estimated function value along the abscissa at the 75% correct
response level, as well as the corresponding upper and lower
95% Cls.

Although our primary research aims were to assess the sea
otter’s performance using paws and vibrissae, in air and under
water, we wanted to determine whether any observed differences
in performance between structures or media were biologically
relevant. This required a statistical method to compare psychometric
functions. Using the same Weibull function and MCMC methods
described above, we evaluated multiple models to compare the
interpolated AS and psychometric functions across tactile structures
and testing media, and we used a hierarchical model structure to
account for random effects associated with different experimental
sessions.

We did not set a priori expectations of whether tactile
discrimination abilities (and, thus, psychometric curves) would
differ between structures (paw versus vibrissae) or within different
media (in air versus under water). Accordingly, we evaluated a nested
suite of five alternative models, differing in the number of o and B

(x5, By, N g)=y+(1—y=N)- <lfexr> {*(
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Table 1. Model comparison results for sea otter performance, including for each model the data grouping, number of a parameters (determines the
curve position along the abscissa), number of p parameters (determines the curve slope), leave-one-out information criterion (LOOIC; £s.e.m.),
change in LOOIC from the best-supported model (ALOOIC; *s.e.m.) and P-value associated with ALOOIC

Model

o
Paw (grouped in air and under water), Vibrissae (grouped in air and under water) 2
Paw (in air and under water separate), Vibrissae (grouped in air and under water) 3
Paw (grouped in air and under water), Vibrissae (in air and under water separate) 3
Paw (in air and under water separate), Vibrissae (in air and under water separate) 4
Grouped tactile structures [paw (in air and under water) and vibrissae (in air and under water)] 1

B LOOIC ALOOIC P-value

2 345%19.5 0 0

3 348%+19.9 1.73%1.42 0.111

3 350+19.6 2.67+0.69 0.0000553
4 354+19.9 4.35£1.53 0.00227

1 355+20.3 5.08+2.33 0.0147

The two best-supported models — based on the lowest LOOIC — are in bold; the ALOOIC and P-value associated with the top-listed model are zero, as each
model’'s ALOOIC was calculated relative to this model. A model with P<0.05 is significantly more different than expected by chance from the top-listed model.

parameters (Table 1) to determine whether performance differed
across testing conditions. In the most saturated model, the o and B
parameters varied among all four experimental conditions (paw in
air, paw under water, vibrissae in air, vibrissae under water), whereas
in the least saturated model all experimental conditions shared a
single fitted value of o and B. We then compared model fit to
determine whether the data provided adequate support to consider the
sea otter’s performance as different between tactile structures or
media. We used the leave-one-out cross-validation information
criterion (LOOIC) to compare models, computing LOOIC and
ALOOIC for each model (Vehtari et al., 2017). We identified the
model with the lowest LOOIC as best supported, but also retained
models with ALOOIC P-values >0.05 (indicating a probability
greater than 0.05 that the observed ALOOIC was not different from 0).

All model fitting and analyses were conducted using R (https:/
www.r-project.org/), RStudio (RStudio, Inc., Boston, MA, USA),
JAGS (Just Another Gibbs Sampler; Plummer, 2003) and the
R packages rjags (http://mcmc-jags.sourceforge.net/) and runjags
(Denwood, 2016).

Relative difference thresholds
We calculated the sea otter’s relative difference threshold (c), or
Weber fraction, as the ratio of the discrimination threshold to the
standard’s groove width (¢=AS/2.0). We similarly translated 95% CIs
around c as the ratio of the upper and lower Cls of AS to the standard
groove width. We used the Weber fraction to compare the sea otter’s
performance with published values for terrestrial and marine tactile
specialists performing texture and size discrimination tasks. We were
unable to compare the sea otter’s performance with results from
studies in which the authors either did not use discrete increments to
vary the S— from the standard or measure the standard (Carvell and
Simons, 1990; Kastelein and van Gaalen, 1988; Kastelein et al.,
1990); in these cases, we could not calculate the Weber fraction.
After obtaining the sea otter’s AS for each condition, we used this
information to group two S— levels categorically as supra-threshold
(the two stimulus levels at which the sea otter’s performance was
most similar to a perfect 100% mean correct response) and two S—
levels categorically as near-threshold (the two stimulus levels at
which the sea otter’s performance was most similar to 75% mean
correct response). The supra-threshold category indicated levels at
which correct discrimination was likely easy for the sea otter, and
the near-threshold category indicated levels at which correct
discrimination was likely difficult for the sea otter. This enabled
us to control for the effect of perceived difficulty when assessing the
sea otter’s behavioral strategy.

Behavioral strategy determination

After the conclusion of testing, a single observer reviewed the
GoPro footage for each session and used frame-by-frame analysis
(Adobe Premiere Pro CS6, San Jose, CA, USA) to qualitatively and

quantitatively describe the sea otter’s fine-scale behavioral strategy
for making her decision during each trial of the test phase, including
type, degree and pattern of exploration. This information was
subsequently used to determine whether the sea otter altered her
strategy as a function of difficulty.

To describe type of exploration, we examined lateralization in the
sea otter’s explorative strategy, as well as the sections of the paw (i.e.
lower paw pad, upper paw pad or digits) or vibrissal region (i.e.
vibrissal-only contact or a combination of vibrissal and facial skin
contact) that the sea otter used to explore the stimuli. We used a chi-
square test for equality of proportions to assess whether difficulty
influenced the sections of the paw or vibrissal region that the sea
otter used to explore the stimuli. Additionally, we used R and Ime4
(Bates et al., 2015) to perform a generalized linear mixed model
(GLMM) analysis that included facial skin contact as a binary
categorical fixed effect to assess whether the type of contact with
her vibrissal region influenced the odds of the sea otter making a
correct choice. We used the outcome of a trial (i.e. correct or
incorrect) as a binomial-distributed response variable and included
intercepts for session as the random effect. We compared the model
containing the fixed effect with a null model that only contained the
random effect. We used R and MuMIn (https://CRAN.R-project.
org/package=MuMIn) to assign and rank the two models based on
AICc (Akaike information criterion corrected for small sample size)
scores and calculate the relative importance of the fixed effect.

To describe the degree of exploration, we defined a single touch
as unbroken contact of the tactile structure with a stimulus and
recorded the number of touches on each stimulus before the sea otter
made her choice. For the vibrissal conditions, we defined an
additional variable that examined the number of directional
movements the sea otter exhibited during a single touch. To
describe the pattern of exploration, we recorded the order of
stimulus exploration and calculated the number of stimulus
comparisons the sea otter used before making her choice. We
defined a single comparison as the successive exploration of two
stimuli before a choice (as in Hille et al., 2001). Because of the sea
otter’s typical pattern of exploring only one stimulus before making
her choice, comparisons occurred rarely. For example, exploration
of the stimulus to the sea otter’s right side followed by immediate
choice of the stimulus to the sea otter’s left side (R-L) was
considered an exploration followed by a choice, not a comparison.
Exploration of the stimulus to the sea otter’s right side followed by
an exploration of the stimulus to the sea otter’s left side, followed by
an immediate choice on the sea otter’s right side (R-L-R) was
considered one comparison.

Decision times

For each trial in the test phase, we initially calculated response
latency as the time difference between the onset of the door’s
opening (which deactivated the mechanical door switch) and the full
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depression of the stimulus (which activated the mechanical stimulus
switch). However, this measurement was a poor indicator of
decision time, because the sea otter did not always begin exploration
of the stimuli immediately after gaining access to them.

To obtain a more accurate and precise measurement of decision
time, a single observer reviewed the recorded video footage from
each test trial and used frame-by-frame analysis to calculate the time
difference (converted from frames s~! to ms) between the sea otter’s
initial contact with the stimuli and her decision. The frame of the sea
otter’s initial touch was clearly distinguishable, but the point of
decision depended on the sea otter’s pattern of exploration. During
training, the sea otter exhibited a consistent pattern of exploring the
stimulus to her right side first and deciding to either choose that
stimulus or move to immediately choose the stimulus to her left side
without further exploration. Because this right-side-biased order of
exploration created an artificial difference in latency between left and
right choices, we defined the decision point in the test phase as
follows: (1) for trials in which the sea otter chose the stimulus to her
right side after no exploration of the stimulus to her left side, the
decision point was the frame in which the sea otter began to depress
the right stimulus; (2) for trials in which the sea otter chose a stimulus
immediately after exploring the other stimulus, the decision point
was the frame in which the sea otter broke physical contact with the
stimulus she touched just prior to her choice. For the latter situation,
the sea otter never explored the stimulus she chose after leaving the
previous stimulus, so she effectively left one stimulus to choose the
other. We report decision time as means.e.m.

Our measurements of decision time focused on the time needed
for the sea otter to collect and process tactile cues and then initiate a
motor action to represent her decision. Thus, we excluded artifacts
resulting from apparatus design or psychophysical procedure. This
approach is similar to those reported for a texture discrimination task
in West Indian manatees (Bauer et al., 2012) and a size
discrimination task in harbor seals (Grant et al., 2013); the
subjects in these studies used a strategy similar to that of the sea
otter. We did not directly compare our measurements with those
from tactile discrimination studies that defined decision time more
broadly and, consequently, reported longer latencies (Dehnhardt
and Diicker, 1996; Hille et al., 2001).

In-air texture discri ion testing with h bject
Four human subjects used their hands in air to perform the same
2AFC discrimination task as the sea otter. Before training began,
each subject received identical written instructions to choose the
stimulus with smaller groove widths on each trial using any strategy
(e.g. order of stimulus exploration, duration of stimulus exploration,
number of touches, one or both hands, hand preference). As with the
sea otter, each human was trained using a modified MOL. Upon
reaching a performance plateau during training, each human was
tested using MCS. During each experimental session, the humans
wore a blindfold and headphones that played a broadband masker to
restrict their use of visual or acoustic cues. All research with human
subjects was conducted indoors (20-25°C) with written informed
consent from the participants and with the approval and oversight of
the University of California Santa Cruz’s Institutional Review Board.
Following the training period with MOL, each subject completed
four test sessions with MCS. One to two test sessions were
completed each experimental day. Based on threshold estimation
from published values and the subjects’ training performances,
we chose four plates as the S— to the standard for testing, ranging
from +0.4 to +0.1 mm from the standard (2.4, 2.3, 2.2 and 2.1 mm).
The session sequences were counterbalanced and constrained using

the same rules as those for the sea otter. Each test session comprised
four warm-up trials, 16 test trials and four cool-down trials. In the
test phase of each session, the subject was presented with four
consecutive blocks of trials. Each S— was paired with the standard
once per block of trials, which totaled 16 presentations of each
S— over the test period.

Methods for estimating the sigmoidal function based on the
observed performance data (see Eqn 1), difference thresholds,
Weber fraction, strategy determination and decision times for each
subject were identical to those described for the sea otter, with the
exception that we evaluated over a smaller range of stimulus
differences (0.1<x<0.4). We used the Weber fraction to compare the
human subjects’ performances with those of the sea otter, as well as
with published values for human subjects performing texture and
size discrimination tasks.

After obtaining the AS for each subject, we used this information
to assign one S— level categorically as supra-threshold (the stimulus
level at which the subject’s performance was most similar to a
perfect 100% mean correct response) and one S— level categorically
as near-threshold (the stimulus level at which the subject’s
performance was most similar to 75% mean correct response) for
each subject. As with the sea otter, this enabled us to test for the
effect of perceived difficulty when assessing the subjects’ decision
times and behavioral strategies.

Effects of difficulty, structure, testing medium and species
on performance

We examined whether difficulty (i.e. supra-threshold or near-
threshold), tactile structure (i.e. paw or vibrissae) or testing medium
(i.e. in air or under water) influenced the sea otter’s explorative
strategy or decision time. We used R and Ime4 (Bates et al., 2015) to
perform GLMM analyses that included difficulty level, tactile
structure and testing medium as categorical fixed effects. We used
the number of touches as a Poisson-distributed response variable,
the number of comparisons before a choice as a Poisson-distributed
response variable, and decision time as a log-normal-distributed
response variable. We created a set of 12 models for each response
variable; in the fully saturated model we allowed for an additive
three-way interaction between the fixed effects and included
intercepts for session as the random effect. We used R and
MuMlIn (https://CRAN.R-project.org/package=MuMIn) to assign
and rank the models based on AICc scores and calculate the relative
importance of each fixed effect.

We similarly examined whether difficulty influenced the human
subjects’ explorative strategy or decision time, but we used
generalized linear model (GLM) analyses in addition to GLMM
analyses. We assigned subject as either a random effect (for the
GLMM) or as a fixed effect (for the GLM) to assess the contribution
of between-subject variation to the observed data.

Additionally, we assessed the effects of species and difficulty on
strategy and decision time to assess whether the humans and sea
otter performed differently. Because we had multiple human
subjects but only one sea otter subject, we nested (1) subject
within species and (2) session within subject within species for the
random effects; this maintained consistency with the inclusion of
random effects in the previous analyses.

RESULTS

Sea otter discrimination threshold

The sea otter’s performance data and psychometric functions for
texture discrimination using her paw and vibrissae, in air and under
water, suggest differences across structure and possibly
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medium (Fig. 3). The thresholds and positions of the psychometric
curves along the abscissas indicate that the sea otter showed better,
more consistent performance with her paw than her vibrissae and
slightly better performance in air than under water for both tactile
structures (paw in air: AS=0.24 mm, 95% CI=0.16-0.32 mm,
Weber fraction=0.12; paw under water: AS=0.30 mm, 95%
CI=0.22-0.37 mm, Weber fraction=0.15; vibrissac in air:
AS=0.48 mm, 95% CI=0.38-0.73 mm, Weber fraction=0.24;
vibrissae under water: AS=0.50 mm, 95% CI=0.37-0.79 mm,
Weber fraction=0.25). The discrimination thresholds determined
using the Bayesian approach approximated (within 0-10%) those
determined with traditional linear interpolation.

We examined the model comparison results to determine whether
these differences were significant given expected variation in
performance, and thus how to interpret the psychophysical data in a
biologically meaningful way. In general, the models used to fit the
performance data agree that the sea otter’s performance with her
paw was superior to that with her vibrissae. The model comparison
suggests that performance significantly differed between tactile
structures, but not necessarily between in air and under water. Two
models were identified as best supported based on LOOIC: (1) the
model considering in-air and underwater data together for each
structure, and (2) the model considering in-air and underwater data
together for vibrissae but separately for paw (Table 1). The model
considering data by experimental condition received poor support,
as it ranked fourth with a significantly higher LOOIC than the

best-supported models (Table 1). We report the estimated means
and ClIs for each model’s parameters (Table S1).

Fitting the psychometric curves to the data grouped by structure,
irrespective of medium, indicated that AS for paw testing was
0.27 mm (95% CI=0.21-0.32 mm, Weber fraction=0.14), and AS
for vibrissal testing was 0.47 mm (95% CI=0.40-0.59 mm, Weber
fraction=0.24). Again, comparison of the two curves grouped by
structure (Fig. 4) showed the sea otter’s superior discrimination
ability with her paw, evidenced by the left-shifted position of the
psychometric curve along the abscissa and the lower calculated AS
relative to those of her vibrissae.

Sea otter strategy
For both paw and vibrissal testing, the sea otter used a consistent
strategy to explore the stimuli. She touched the stimulus presented
on her right side first on all trials [100% (416/416)]. She then made
her choice based on zero [95.4% (397/416)] to one sequential
comparison [4.3% (18/416)]; her maximum of two sequential
comparisons occurred only once [0.2% (1/416)]. Thus, the sea otter
made her decision to stay (and choose the stimulus on her right) or to
shift (leaving the stimulus on her right to immediately choose the
stimulus on her left) based on her assessment of the similarity
between the initial stimulus and her memory of the standard.

In addition to her strategy of first touching the stimulus on her
right, the sea otter showed right-side-biased choice throughout
testing. When the standard was presented on her right, she tended to
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Fig. 3. Psychometric functions for sea otter paw and vibrissal tactile performance in air and under water. Correct response percentages (closed circles)
are plotted against the difference between the groove widths of the incorrect stimulus (S—) and standard (2.0 mm) for each of four experimental conditions. Each
data point represents the percentage of trials (n=16) for which the sea otter correctly chose the standard instead of the S—. The sea otter completed the same
number of trials for each S— for paw and vibrissal testing, but she was presented with fewer S— levels in paw testing. For each experimental condition, we
used a modified Weibull function and conducted Markov chain Monte Carlo (MCMC) simulations (n=35,000) to fit the psychometric function (solid black line) and
95% credible intervals (Cls; solid gray lines) to the observed data assuming that each response was generated from a Bernoulli process. Discrimination
thresholds (AS, vertical dashed line) and 95% Cls (shaded box) at the 75% correct response level were interpolated from the fitted model along the abscissa.
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Fig. 4. Psychometric functions for sea otter paw and vibrissal tactile
performance, in air and under water combined. Correct response
percentages (closed circles) are plotted against the difference between the
groove widths of the S— and standard (2.0 mm) for each data grouping: paw
and vibrissae. Each data point represents the percentage of trials (=16 each
for in air and under water) for which the sea otter correctly chose the standard
instead of the S—. Within a structure, two data points are plotted at each S—
level (representing in air and under water separately); however, if the sea otter
performed equally well, then the two data points appear to the eye as one. The
sea otter completed the same number of trials for each S— for paw and vibrissal
testing, but she was presented with fewer S— levels in paw testing. For each
data grouping, we used a modified Weibull function and conducted MCMC
simulations (n=35,000) to fit the psychometric function (solid black line) and
95% Cls (solid gray lines) to the observed data assuming that each response
was generated from a Bernoulli process. Discrimination thresholds (AS,
vertical dashed line) and 95% Cls (shaded box) at the 75% correct response
level were interpolated from the fitted model along the abscissa.

choose correctly regardless of difficulty [supra-threshold: 98.4%
(63/64); near-threshold: 89.1% (57/64)]. However, when the
standard was presented on her left, she tended to choose correctly
on easier trials and dropped to chance level on more difficult
trials [supra-threshold: 100% (64/64); near-threshold: 46.9%
(30/64)]. This suggests that the sea otter defaulted near threshold
to choosing the stimulus she touched first — here, the stimulus
presented on her right.

Although the sea otter was allowed to use either or both paws to
explore the stimuli prior to making her choice during paw testing in
air and under water, she exclusively used her right paw for all trials
[100% (192/192)]. Frame-by-frame video analysis showed that she
contacted the stimulus with either the entire paw [66.7% (128/192)]
or exclusively with the digits (see Fig. 1a) and upper pad (see
Fig. 1b) [33.3% (64/192)], but never with exclusively the lower pad
(see Fig. 1c). The percentage of trials in which she used exclusively
her digits and upper pad instead of her entire paw pad increased
with difficulty [P=0.04, X7=4.24; supra-threshold: 25% (16/64);

near-threshold: 42.2% (27/64)]. When using her paw, the sea otter
contacted the stimulus with only subtle directional movement: she
simultaneously flexed her paw, pressing her skin into the stimulus,
and made quick successive lateral micro-movements resembling a
vibration (Movie 1).

During vibrissal testing in air and under water, the sea otter
contacted the stimulus with the midline of her nasal—oral region and
did not show lateralized use of her vibrissal bed in any trial [0%
(0/224)]. The sea otter did not protract her vibrissae during stimulus
exploration, although capable of this controlled motion. Instead, she
explored a stimulus by moving her entire head, making light contact
with the surface using mystacial microvibrissae and the oral region,
and sometimes mystacial macrovibrissae (Movie 1). She made
larger explorative movements with her vibrissae compared with her
paw, sweeping her head vertically or diagonally across the stimulus.
She typically changed direction while retaining light contact with a
stimulus with her vibrissae, but not her paw, and as a result explored
more surface area of the stimulus and made more directional
changes within a single discrete touch. This mode of exploration,
the upper limit of video quality and the speed of her exploration (see
‘Sea otter decision time’, below) made it difficult to determine how
contact with oral skin, rhinarium skin and mystacial microvibrissae
contributed to her choice. However, we identified a substantial
portion of trials in which the sea otter conclusively used vibrissae,
without skin contact, to make her decision [48.7% (109/224)]. The
percentage of trials with vibrissal-only contact was not influenced
by difficulty [P=0.73, X7=0.13; supra-threshold: 56.3% (36/64);
near-threshold: 53.1% (34/64)]. Additionally, vibrissal-only contact
did not affect the odds of a correct choice, because the model
including vibrissal touch as a fixed effect did not differ significantly
from the null model.

The sea otter’s touch strategy did not differ across experimental
conditions, as the best-supported model was the null model, which did
not include fixed effects of difficulty, tactile structure or testing
medium (Table S2). She made similar numbers of discrete explorative
touches with each tactile structure in each medium at each difficulty
level, and because the random effect of session accounted for a
negligible degree of variance, her touch strategy was consistent across
sessions. Difficulty did not influence the alternative movement pattern
observed in the vibrissal conditions, in which a single discrete touch
comprised multiple directional movements. Testing under water had a
slight positive effect on these directional movements; however, this
corresponded to an increase of less than one-half touch (Table S3).
Results from model selection for the sea otter’s comparison strategy
similarly indicated that she maintained a consistent, low tendency to
compare stimuli for all conditions (Table S2).

Sea otter decision time

The sea otter made decisions quickly with her paw (159.4+4.7 ms)
and her vibrissae (346.1£10.0 ms), and for supra-threshold trials
(paw: 146.1+6.4 ms; vibrissae: 306.0+18.8 ms) and near-threshold
trials (paw: 179.2+9.7 ms; vibrissae: 326.3+16.3 ms) (Fig. 5, left
panel). Difficulty, structure and testing medium affected the sea
otter’s decision time (Table S2). The coefficient estimates obtained
from the model selection (Table S2) correspond to decisions that
were approximately one-quarter slower when near threshold and
approximately two times slower with her vibrissae. Because
increased difficulty did not strongly influence the sea otter’s touch
or comparison strategy, her slower decisions in these conditions can
be explained by increased touch duration. Testing medium had a
slight effect, corresponding to approximately one-third slower
decisions when under water (Table S2).
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Fig. 5. Decision times for tactile discrimination with sea otter paw, sea
otter vibrissae and human hand. Meanzs.e.m. decision times (ms) are
plotted for supra-threshold (gray bars) and near-threshold (white bars) trials for
paw (in air and under water grouped), vibrissae (in air and under water
grouped) and human hands (subjects grouped). The sea otter’s data
correspond to the left y-axis and the humans’ data correspond to the right
y-axis. Note that these differ by one order of magnitude. The sea otter showed
quick decision times overall (<400 ms), but quicker decisions with her paw than
with her vibrissae and for supra-threshold trials. The human subjects were
15- to 30-fold slower than the sea otter using her vibrissae or paw, respectively.
Although the human subjects showed quicker decision times in supra-
threshold trials relative to near-threshold trials, similar to the sea otter, this
effect was not significant.

Lald

Human discrimination th and strateg

The human subjects primarily used one hand to perform the
discrimination task in air. One subject (KC) initially used both hands:
the left hand exclusively touching the stimulus on the left and the
right hand exclusively touching the stimulus on the right. This
strategy differed from the other subjects, and KC showed poor, highly
variable performance. To maintain consistency across subjects, we
repeated testing with KC, requiring her to use only one hand;
subsequent results include only her second round of testing.

Performance data from the four humans generated similar
psychometric functions (Fig. 6). AS for the four subjects were
0.20 mm (95% CI1=0.11-0.31 mm, Weber fraction=0.10), 0.21 mm
(95% CI=0.12-0.31 mm, Weber fraction=0.11), 0.22 mm (95%
CI=0.15-0.35 mm, Weber fraction=0.11) and 0.27 mm (95%
CI=0.18-0.39 mm, Weber fraction=0.14). Human performance
was comparable to that of the sea otter using her paw (Fig. 7,
upper panel). Weber fractions confirm that these human data are
within the range of published values (see Fig. 7, lower panel) and,
thus, that the experimental paradigm generated comparable results.

Three of the four human subjects exclusively used their right
hands [100% (64/64 for each subject)]. Another subject (DS) used
both hands on only one trial [0.02% (1/64)], for which she chose
incorrectly; other than this trial, DS exclusively used her right
hand. All humans primarily used their fingertips for stimuli
exploration. Inter-subject differences had a strong effect on strategy
metrics, with one subject (KC) consistently increasing discrete
touches, comparisons and decision time as difficulty increased
relative to the other subjects (Table S4).

Significant differences were apparent between the sea otter and
human subjects for strategy and decision time (Table S5). The
human subjects gathered information about relative properties of the
S— and the standard, instead of remembering absolute properties of
the standard like the sea otter. Regardless of difficulty, the human
subjects explored the stimuli with almost two times more discrete
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Fig. 6. Psychometric functions for human hand tactile performance

in air. Correct response percentages (closed circles) are plotted against the
difference between the groove widths of the S— and standard (2.0 mm). Each
data point represents the percentage (n=16 trials) that each human correctly
chose the standard instead of the S—. Four data points are plotted at each S—
level (representing performance data from each human separately); however, if
the subjects performed equally well, then the two data points appear to the eye
as one. Human subjects completed the same number of trials as the sea otter
for each S—, but they were presented with fewer S— levels. For each subject,
we used a modified Weibull function and conducted MCMC simulations
(n=35,000) to fit the psychometric function (solid black line) and 95% Cls (solid
gray lines) to the observed data assuming that each response was generated
from a Bernoulli process. Discrimination thresholds (AS, vertical dashed line)
and 95% Cls (shaded box) at the 75% correct response level were interpolated
from the fitted model along the abscissa.

touches and one-third more stimulus comparisons than the sea otter
(Table S5). Notably, the mean decision time of the human subjects
was 34-fold slower (Fig. 5, right panel) than the sea otter using her
paw and 15-fold slower than the sea otter using her vibrissae (Fig. 5,
left panel; see Table S5). Thus, the human subjects took
considerably longer to perform the same task with accuracy
comparable to that of the sea otter.

DISCUSSION

This study demonstrates sensitive touch in an aquatic top predator.
The sea otter learned to discriminate textured stimuli in all four
testing conditions in the absence of sensory cues other than taction.
She showed more sensitive and rapid abilities with her paw than
with her vibrissae, and similar performance in air and under water.
The sea otter’s performance can be generally compared with those
obtained from tactile specialists in texture and size discrimination
studies (Fig. 7, lower panel). These include terrestrial animals in air
(Dehnhardt et al., 1997; Hille et al., 2001; Lamb, 1983; Morley
etal., 1983), amphibious animals in air and under water (Dehnhardt,
1994; Dehnhardt and Diicker, 1996; Dehnhardt et al., 1998), and
aquatic animals under water (Bachteler and Dehnhardt, 1999; Bauer
et al.,, 2012).

Temperature can influence mammalian tactile performance,
because blood perfusion to peripheral sensory structures — which
may be reduced in cold temperatures — is critical for maintaining
neural sensitivity. However, the constant and moderate temperatures
in this study likely minimized the effects of temperature on
measured differences in tactile sensitivity between tactile structures
or media.

Psychophysical methods can also influence sensitivity
measurements. Fixed-level (e.g. MCS) procedures can overestimate
thresholds (and, thus, underestimate sensory ability) relative to
adaptive (e.g. MOL) procedures (Kollmeier et al., 1988; Stillman,
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Fig. 7. Tactile sensitivity of sea otter paw and vibrissae compared with terrestrial and aq

squirrel monkey, Asian elephant,

harbor seal, California sea lion and West Indian manatee. Upper panel (present study): the relative difference threshold (c) and 95% Cls of the sea
otter paw, sea otter vibrissae and human hands in air. c is the ratio of the difference threshold, AS, to the standard’s groove width (c=AS/2.0). Each closed
circle represents ¢ from a subject (sea otter, n=1; human, n=4). Lower panel: the relative difference threshold (c) of terrestrial tactile specialists [numan hands
in air (Lamb, 1983; Morley et al., 1983), squirrel monkey hands in air (Hille et al., 2001), elephant trunk in air (Dehnhardt et al., 1997)], amphibious

tactile specialists [harbor seal vibrissae under water (Dehnhardt et al., 1998) and California sea lion vibrissae in air (Dehnhardt, 1994; Dehnhardt and
Diicker, 1996)] and an aquatic tactile specialist [West Indian manatee vibrissae under water (Bachteler and Dehnhardt, 1999; Bauer et al., 2012)]. c is
calculated from the standard’s groove width or size used in the corresponding study. Each closed circle represents ¢ from a subject performing a texture
discrimination task (human, n=18; squirrel monkey, n=4; elephant, n=2; harbor seal, n=2; manatee, n=3). Each open circle represents c from a subject
performing a size discrimination task (squirrel monkey, n=6; harbor seal, n=6; California sea lion, n=5). If subjects showed equal c, then the data points
appear to the eye as one, even though they are plotted separately. For studies in which subjects performed the same discrimination task with multiple sets of
standards (Dehnhardt, 1994; Dehnhardt and Kaminski, 1995; Hille et al., 2001; Lamb, 1983; Morley et al., 1983), the reported sample size reflects the
discrimination tasks — plotted separately — even if the subject was the same. lllustration credit: K. Finch.

1989; Taylor et al., 1983). We found preliminary support for this
methodological artifact with the sea otter: thresholds calculated via
linear interpolation (see, e.g. Dehnhardt et al., 1998) during MOL
training were slightly lower than calculated thresholds during MCS
testing. Because the thresholds from other studies were obtained with
MOL (Bachteler and Dehnhardt, 1999; Dehnhardt et al., 1997, 1998;
Hille et al., 2001), the sea otter’s slightly elevated thresholds relative
to these species may reflect methodological differences, not true
differences in tactile sensitivity.

We base our comparisons in this study on the stable, repeatable
performance of a highly trained individual. Other studies describe
small inter-subject differences in threshold measurements and
attribute these to differences in strategy (see, e.g. Bauer et al., 2012;
Dehnhardt and Kaminski, 1995; Dehnhardt et al., 1997). We report
similar findings for the human subjects tested in this study.
Although we certainly expect to find variation in sea otter tactile
sensitivity at the population level, assessing this variation requires
research focused on collecting lower resolution data than those we
report here.

The sensitive sea otter tactile system likely enables high foraging
efficiency for processing hard-shelled prey at the water’s surface
and for hunting visually cryptic prey in low light conditions under
water (Bodkin et al., 2004, 2007; Estes et al., 2003). Additionally,
the quick exploration and decision-making demonstrated by the sea
otter in this study are consistent with energy-rate-maximizing
behavior documented for wild foraging sea otters (Ostfeld, 1982;
Thometz et al., 2016a). Thometz et al. (2016a) report that sea otters
spend half of their 46—72 s foraging dives traveling to and from prey
patches; thus, search time equates to 23-36 s for each foraging dive

(Thometz et al., 2016a). In this short time frame, a sea otter must
find and capture prey to offset substantial energetic costs of foraging
(Yeates et al., 2007), high baseline metabolic demands (Costa and
Kooyman, 1982) and additional energetic costs of reproduction,
such as providing for a pup (Thometz et al., 2016a,b).

The few documented descriptions of underwater foraging
behavior in this species suggest the importance of paws and
vibrissae for capture of prey (Hines and Loughlin, 1980; Shimek,
1977), which take shelter infaunally or in high-refuge habitats to
avoid detection (Lowry and Pearse, 1973; Raimondi et al., 2015).
These prey can show active defense to avoid capture if detected by
predators, such as burrowing deeper into the sediment or affixing
more tightly to the substrate (e.g. Watanabe, 1983). The combination
of sensitive tactile structures in sea otters likely enables quick and
accurate abilities to detect prey and interpret whether that prey is
worth pursuing. Paws may be especially critical to reach into crevices
that a sea otter vibrissal complex is too large to exploit.

Translating these experimental results into predictions of sea otter
tactile space is difficult, as artificial stimuli differ from typical prey
texture and shape. Sedimentation, vegetation and relief likely make
prey discrimination more difficult than in our controlled
experimental setting. Notably, however, the thresholds measured
in this study correspond to discrimination of objects that differ by
the width of standard mechanical pencil lead or less (<0.5 mm).
Prey differ from their micro-habitats by more than this amount, in
both size and texture. Additionally, the size difference between prey
at which biomass increases is larger than this amount. Thus, both
discrimination of prey identity and size should be within tactile
discrimination range of foraging sea otters.
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The specialized tactile sensitivity in sea otters and the increased
paw sensitivity relative to vibrissal sensitivity — both measured
behaviorally in this study — coincide with predictions based on brain
(Radinsky, 1968) and vibrissal morphology (Marshall et al., 2014).
In addition, the measured difference in sensitivity between tactile
structures agrees with behavioral observations: wild sea otters use
their paws to manipulate and eat prey items at the water’s surface,
and captive sea otters preferentially use their paws to grasp food and
objects (S.M.S., unpublished observations). This pattern is
consistent with the sea otter’s different decision time between
tactile structures: she made quicker decisions with her paw than with
her vibrissae. This may result from differences in mechanoreceptor
structure, innervation and distribution, or simply from the sea otter’s
ability to move her paw across the stimuli with more coordination
than her entire head.

We can also consider fine-scale aspects of behavioral
performance — speed of decision-making and explorative strategy —
in the context of patterns demonstrated by other known tactile
specialists. These are important when considering the link between
structure and function in the sea otter tactile system and interpreting
observed foraging patterns in this species.

Decision time and the speed: y trade-off

The sea otter’s supra-threshold decision times for either paw or
vibrissal discrimination were comparable to those for auditory
signal detection in phocids (Sills et al., 2014, 2015), visual
discrimination in humans (Kirchner and Thorpe, 2006) and size
discrimination in harbor seals (Grant et al., 2013). However, the sea
otter’s near-threshold decision times were 1.5- to 3-fold faster
(Kirchner and Thorpe, 2006; Sills et al., 2014, 2015). At the
extreme, the sea otter performed at least 15-fold faster than manatees
in a comparable texture discrimination task across all tested levels
(Bauer et al., 2012). This means that the sea otter achieved similar
accuracy more quickly than these other species when using either
her paw or her vibrissae near threshold, and more quickly than the
manatees for the task in general.

Even when directly comparing the sea otter with the human
subjects in this study, the sea otter maintained quicker decisions
with her paw or her vibrissae than the human subjects with their
fingertips. Notably, the sea otter’s slowest decision time with her
paw (500 ms) was still faster than the quickest decision time for
humans (767 ms).

Unlike the sea otter, the human subjects typically compared the
stimuli before making a choice. Because we did not restrict the trial
length for either species, their similar reported sensitivities do not
control for obvious differences in stimulus exploration. If the human
subjects were restricted to the same explorative time chosen by the
sea otter, we would expect a substantial decrease in performance.
Lamb (1983) reported a 60% decrease in mean performance when
human subjects were restricted to 300 ms stimulus contact time,
similar to or greater than the sea otter’s mean contact time in this
study, instead of 1200 ms. This restricted time is still faster than the
human subjects’ mean contact times in this study. We found support
for the influence of explorative time on sensitivity measurements,
because the human subject with the slowest mean decision time
(KC; 13,572 ms) had the lowest calculated threshold (i.e. better
sensitivity), and the human subject with the fastest mean decision
time (JY; 1007 ms) had the highest calculated threshold (i.e. poorer
sensitivity).

Sensory perception is a trade-off between speed and accuracy
(see, e.g. Fitts, 1966; Wickelgren, 1977). Star-nosed moles represent
the mammalian threshold for processing tactile information, making

decisions to attack prey in 25 ms, but they must correct erroneous
directional movements one-third of the time (Catania and Remple,
2005). In psychophysical tests, improved accuracy with increased
explorative time or successive comparisons has been demonstrated
in harbor seals performing size discriminations (Dehnhardt and
Kaminski, 1995) and humans performing texture discriminations
(Sinclair and Burton, 1991). As difficulty increases, subjects require
longer decision times (Bachteler and Dehnhardt, 1999; Bauer et al.,
2012; Dehnhardt and Diicker, 1996); however, the presence or
intensity of this response can vary by individual even on the same
task (Dehnhardt and Kaminski, 1995; Hille et al., 2001).

Explorative strategy

In this study, the sea otter consistently employed a quick and
decisive strategy, in which she relied on memory of the standard’s
absolute properties instead of relative properties of the standard and
S—. This strategy reduced the 2AFC discrimination paradigm into a
less-sensitive go/no-go procedure. This tendency has been
documented in harbor seals (Dehnhardt and Kaminski, 1995;
Grant et al., 2013), manatees (Bachteler and Dehnhardt, 1999;
Bauer et al., 2012) and squirrel monkeys (Hille et al., 2001) on
similar tactile discrimination tasks.

The sea otter’s propensity to contact the stimuli with her
shorter, rostrally oriented microvibrissae instead of her longer
macrovibrissae is similar to vibrissal use in pinnipeds during the
identification stage of tactile discrimination tasks (Dehnhardt, 1990,
1994; Grant et al., 2013; Kastelein and van Gaalen, 1988).
However, the sea otter’s lack of lateral movements differed from
other species. Lateral movements have been reported as optimal for
feeling texture (Lederman and Klatzky, 1990, 1993; Morley et al.,
1983) and were used frequently by the humans in this study and
by squirrel monkeys, manatees and rats performing texture
discrimination in other studies (Bachteler and Dehnhardt, 1999;
Carvell and Simons, 1990; Hille et al., 2001). The explorative
strategy used by the sea otter in this study provides an interesting
case study; however, because inter-individual differences in strategy
have been documented in other species, further generalizations
should be avoided.

Future directions

This study highlights how a behavioral approach can address
questions about tactile cues relevant for prey capture in the wild. For
example, this study focused on active touch, yet sea otters may
use hydrodynamic information while foraging for burrowed
invertebrates, similar to harbor seals’ ability to detect simulated
benthic flatfish breathing currents (Niesterok et al., 2017). Although
sea otter vibrissae seem morphologically adapted to active touch
rather than passive touch required for hydrodynamic detection, this
may not preclude sea otters from detecting water currents emitted by
prey as a byproduct of respiration. Further behavioral experiments
should assess whether sea otter hydrodynamic detection thresholds
fall within these typical flow rates.

With respect to temperature, sea otters must retain sensory
function in cold habitats — sea surface temperatures reach —3°C in
their Alaskan range (NOAA National Data Buoy Center, https://
www.ndbc.noaa.gov/). Similar to other marine mammals
(Hyvirinen, 1989; Hyvirinen et al., 2009; Ling, 1966; Marshall
et al., 2006; McGovern et al., 2015), sea otter vibrissae have an
elongated upper cavernous sinus, which may serve as thermal
protection (Marshall et al., 2014) to retain heat in these peripheral
sensory structures (Dehnhardt et al., 1998, 2003; Erdsack et al.,
2014).
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We are currently investigating thermal adaptations in sea otter
paws, and we predict that substantial blood flow is directed to the
mechanoreceptors. Notably, thermographic images of wild otters
collected in California and Alaska show considerable heat loss from
both the vibrissal pads and the paws in air. Investigations of neural
and thermoregulatory structures in sea otter paws will assist in
interpreting structure—function relationships in this species and in
other otter species that differ in diet preferences and primary mode
of prey capture. This research is presently ongoing in our laboratory.

Conclusions

This behavioral study describes how a sea otter interacts with
textured stimuli using touch. Our results indicate that sea otter paws
and vibrissae can be used to discern the fine details of textured
surfaces. Tactile sensitivity is generally comparable to that of
terrestrial and marine specialists, including humans performing the
same experimental task. Paws showed heightened sensitivity
relative to vibrissae, but each structure showed similar
performance whether in air or under water.

Our interpretations of the sea otter’s sensitivity measurements are
likely conservative when considering her consistent tendency to
choose without comparing stimuli and different psychophysical
methods used to evaluate other tactile specialists. Thus, these results
may underestimate the true capabilities of the sea otter tactile system
relative to other species. Additionally, determining the extent to
which these abilities may be derived in sea otters is difficult given
the present lack of information about tactile sensitivity in species not
traditionally viewed as tactile specialists, as well as the need to
consider other stimuli that are important to aquatic animals.

The significance of this research lies beyond the measurement
and comparison of sensory thresholds. Our findings improve the
understanding of sensory biology in sea otters and build a
mechanistic framework to interpret observed behavior in wild sea
otters — such as dive patterns and activity expenditure — especially
during foraging for visually cryptic prey species and in low light
periods. More broadly, this study contributes to our knowledge of
sensory ecology and foraging behavior in air-breathing aquatic
vertebrates, including the importance of touch for these top
predators.
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Active touch in sea otters: in-air and underwater
texture discrimination thresholds and
behavioral strategies for paws and vibrissae

S.M. Strobel, J.M. Sills, M. Tim Tinker, C.J. Reichmuth
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All footage collectea unaer USHVVS researcn permit MA 1soy14-2

Movie 1. Sea otter’s behavioral strategy for paw and vibrissal texture discrimination in air and
under water. Video footage of the sea otter interacting with stimulus combinations. For each
experimental condition, two trials are shown at full speed and %-speed. The sea otter chooses
correctly each trial. These trials are representative of her tendencies to explore the right stimulus first
and not compare stimuli before making a choice. Video collection authorized under USFWS research

permit MA186914-2.

Link to Movie 1: http://movie.biologists.com/video/10.1242/jeb.181347/video-1
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Table S1. Means and 95% credible intervals for parameter estimates of Bayesian models.

Model Parameter Mean(s) Cl(s)
Paw (grouped air and water) Olpaw 0.29 0.23-0.34
Vibrissae (grouped air and water) Qlyibrissae 0.51 0.42 - 0.63
Bpaw 7.50 1.35-20.63
Byibrissae 6.29 1.46 - 14.44
A 0.013 0.00047 - 0.030
o 0.097 0.000078 - 0.23
Paw (air and water separate) Qlpaw, air 0.26 0.19-0.34
Vibrissae (grouped air and water) Olpaw, water 0.31 0.24-0.38
Qibrissae 0.51 0.42-0.63
Bpaw, air 8-07 0.82 - 24.1
Bpaw, water 13.05 1.29 - 34.1
Bvibrissae 6.29 1.39-14.47
A 0.014 0.0003 - 0.032
o 0.102 0.00066 - 0.24 c
()
2
©
€
—
2
Paw (grouped air and water) Olpaw 0.29 0.23-0.34 5
S
Vibrissae (air and water separate) Qlibrissae, air 0.52 0.37-0.73 €
)
avibrissae, water 0.55 0.39-0.78 GE)
Boaw 7.63 1.40 - 21.08 §
Buibrissae, air 10.09 0.83-27.72 @
>
Bvibrissae, water 753 092 - 2172 g
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Paw (air and water separate) Olpaw, air
Vibrissae (air and water separate) Olpaw, water
avibrissae, air
avibrissae, water
Bpaw, air
Bpaw, water
Bvibrissae, air

Bvibrissae, water

A
o
Grouped tactile structures a
[paw (in air and under water) and B
vibrissae (in air and under water)] 1
o

0.26
0.31
0.53
0.56
8.26
13.21
10.23
7.71
0.014
0.12

0.39
4.89
0.015
0.31

0.18-0.33
0.24-0.39
0.39-0.74
0.39-0.79
0.98-24.94
1.13-34.12
0.87-28.04
0.81-22.43
0.00022 - 0.033
0.00048 -0.27

0.31-0.47

1.88-9.27
0.00044 - 0.035

0.11-0.54

The two best-supported models are in bolded italics.

75

=
S
pres)
©
£
o
'49
=
P
<
©
+
(=
[}
=
@
Q
Q
>
(%2}
.
P
(o]
L)
0
(2]
©
+
[=
[}
£
=
[0}
o
X
Ll
G
o
©
(=
o
3
[e]
=



Journal of Experimental Biology: doi:10.1242/jeb.181347: Supplementary information

Table S2. Results from GLMM model selection for sea otter strategy: number of discrete exploratory
touches, number of stimulus comparisons, and decision time (ms).

Mh“’:f' Intercept  Stry  Meduw ';t:dxw Diffi Dg:r‘ X ':,:ifd‘: AICc  DAICc  AIC weight

Number of discrete exploratory touches
1 1.05 n.i. n.i. n.i. n.i. n.i. n.i. 534.23 0.00 0.78
2 1.06 0.96 0.96 1.14 n.i. n.i. n.i. 540.06 5.83 0.04
3 1.02 1.08 n.i. n.i. 1.05 0.90 n.i. 540.20 5.97 0.04
4 1.03 1.03 1.02 n.i. 0.99 n.i. n.i. 540.35 6.12 0.04
5 1.03 n.i. 1.05 n.i. 1.02 n.i. 0.96 540.35 6.12 0.04
6 1.07 0.96 0.96 1.14  0.99 n.i. n.i. 542.15 7.92 0.01
7 1.004 1.08 1.02 n.i. 1.05 0.90 n.i. 542.27 8.04 0.01
8 1.02 1.02 1.05 n.i. 1.02 n.i. 0.96 542.42 8.19 0.01
9 1.04 1.01 0.96 1.14 1.05 0.90 n.i. 544.08 9.85 0.01
10 1.05 0.96 0.98 1.14  1.02 n.i. 096  544.23 10.00 0.01
11 0.99 1.08 1.05 n.i. 1.07 0.90 096 54435 10.12 0.00
12 1.03 1.01 0.98 1.14 1.07 0.90 0.96 546.19 11.96 0.00
Importance 0.18 0.18 0.07 0.17 0.07 0.06

Number of stimulus comparisons

c

1 0.06 0.25 0.25 28 n.i. n.i. n.i. 107.4 0.00 0.21 .g
©

2 0.04 n.i. n.i. n.i. n.i. n.i. n.i. 107.6 0.18 0.19 g
3 0.03 0.94 0.25 28 4.00 0.08 n.i. 107.6 0.19 0.19 "g
4 0.03 ~1 ~0 7.17e8 3.00 0 4.78e7  108.6 1.20 0.12 g‘
-

5 0.01 6.19 n.i. n.i. 4.00 0.08 n.i. 109.3 1.85 0.08 5
1S

6 0.07 0.25 0.25 28 0.86 n.i. n.i. 109.4 2.02 0.08 %
7 0.05 0.25 0.39 28 1.50 n.i. 0.4 110.9 3.50 0.04 u%
8 0.01 5.81 1.55 n.i. 4.00 0.08 n.i. 111.0 3.56 0.04 ;
o

9 0.02 n.i. 2.58 n.i. 1.50 n.i. 0.4 112.6 5.16 0.02 %
10 0.03 1.55 1.55 n.i. 0.86 n.i. n.i. 112.8 5.41 0.01 k‘_‘z
-+

11 0.01 5.58 2.09 n.i. 5.50 0.09 0.55 112.9 5.46 0.01 5
12 0.02 1.55 2.42 n.i. 1.50 n.i. 0.4 114.3 6.88 0.01 -%
Importance 0.79 0.72 0.64 0.59 0.44 0.19 u%
G

Decision time &
g

=]

[¢)

<
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1 130.5 1.22 1.95 1.37 0.83 n.i. n.i. 3127.7  0.00 0.22

2 1215 1.38 2.13 1.37 0.83 0.85 n.i. 3128.3 0.64 0.16

3 139.2 1.09 1.95 1.23 n.i. n.i. n.i. 3128.6 0.89 0.14
4 137.9 122 1.82 1.25 0.83 n.i. 113 31290 131 0.12

5 130.1 1.23 2.12 1.24 n.i. 0.86 n.i. 31293 1.63 0.10

6 128.3 1.36 2.00 1.26 0.83 0.86 1.11 3130.0 2.21 0.07

7 146.9 1.09 1.82 1.13 n.i. n.i. 112 31300 2.26 0.07

8 152.9 n.i. 1.82 1.13 n.i. n.i. 1.13 3130.3 2.62 0.06

9 137.3 123 1.98 1.13 n.i. 0.86 112 31307 299 0.05
10 146.1 1.23 2.09 n.i. n.i. 0.87 n.i. 3142.7 15.0 1.21e-04
11 184.7 1.23 n.i. 1.33 0.81 n.i. n.i. 3295.7 168.1 7.18e-38
12 224.0 n.i. n.i. n.i. n.i. n.i. n.i. 3297.0 169.3  3.85e-38
Importance 0.94 1.0 1.0 0.58 0.38 0.37

Fixed (Diffy = difficulty, near-threshold; Str, = tactile structure, vibrissae; Meduw = testing medium, under
water) and interactive effects between the fixed effects were systematically removed to create the suite of
models. Models are ranked according to the corrected Akaike information criterion (AICc). The AIC weight of
each model and the relative importance of each variable (i.e., the summed AIC weights of each model in which
the variable is included) are listed as proportions. All model coefficients have been exponentiated for ease of
interpretation. The intercept, therefore, represents the number of touches, stimulus comparisons, or decision
time (ms) under the default values of the fixed effects (structure = paw, medium = in air, difficulty = supra-
threshold). Other coefficients represent multipliers relative to the default values; “n.i.” indicates that the
variable was not included in the model. Note that because the expected values are so close to 0, it is possible
for the multipliers to be very large or very small. The best supported model for number of discrete exploratory
touches, the null model, is bolded and italicized.
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Table S3. Results from GLMM model selection for sea otter strategy using her vibrissae: directional
explorative touches.

Model No. Intercept Meduw Diffn: Diffu x AlCc AAICc AIC weight
Meduw

1 1.60 1.40 n.i. n.i. 373.90 0.00 0.48

2 1.66 1.40 0.93 n.i. 375.71 1.80 0.20

3 1.90 n.i. n.i. n.i. 376.13 2.23 0.16

4 1.56 1.56 1.06 0.80 377.11 3.21 0.10

5 1.97 n.i. 0.93 n.i. 377.90 4.00 0.07
Importance 0.78 0.36 0.10

Fixed (Diffn = difficulty, near-threshold; Med, = testing medium, under water) and interactive effects between
the fixed effects were systematically removed to create the suite of models. Models are ranked according to
the corrected Akaike information criterion (AlCc). The AIC weight of each model and the relative importance of
each variable (i.e., the summed AIC weights of each model in which the variable is included) are listed as
proportions. All model coefficients have been exponentiated for ease of interpretation. The intercept,
therefore, represents the number of directional touches under the default values of the fixed effects (medium
= in air, difficulty = supra-threshold). Other coefficients represent multipliers relative to the default values;
“n.i.” indicates that the variable was not included in the model.
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Table S4. Results from GLMM and GLM model comparison for human strategy: number of discrete exploratory touches, number of stimulus

comparisons, and decision time (ms).

Model Model . . . . Diffne X Diffne X Diffne X AIC
No. Type Intercept  Diffn: Subjps Subjiy Subjikc Subjos Subjyy Subjc AlCc AAICc weight
Number of discrete exploratory touches
1 GLM 2.33 1.18 0.74 0.77 1.74 n.i. n.i. n.i. 428.97 0.00 0.87
2 GLM 2.5 1.03 0.70 0.80 1.45 1.12 0.91 1.40 433.17 4.20 0.11
3 GLMM 2.33 1.18 n.i. n.i. n.i. n.i. n.i. n.i. 437.79 8.82 0.11
4 GLMM 2.53 n.i. n.i. n.i. n.i. n.i. n.i. n.i. 437.97 9.00 0.0097
5 GLMM 2.39 1.12 n.i. n.i. n.i. n.i. n.i. n.i. 442.41 13.43 0.0011
6 GLM 2.47 1.18 n.i. n.i. n.i. n.i. n.i. n.i. 468.52 39.55 2.25e-09
Importance 0.99 0.98 0.11
Number of stimulus comparisons
1 GLM 0.77 1.36 0.83 1.03 3.41 n.i. n.i. n.i. 366.91 0.00 0.90
2 GLM 0.81 1.23 0.77 1.23 2.92 1.14 0.71 1.30 371.44 4.54 0.09
c
3 GLMM 1.01 1.36 n.i. n.i. n.i. n.i. n.i. n.i. 376.73 9.83 0.007 -%
4 GLMM 1.19 n.i. n.i. n.i. n.i. n.i. n.i. n.i. 378.96 12.05 0.002 g
L
c
5 GLMM 1.06 1.24 n.i. n.i. n.i. n.i. n.i. n.i. 382.04 15.14 0.0005 E«
©
6 GLM 1.20 1.36 n.i. n.i. n.i. n.i. n.i. n.i. 432.62 65.71 4.83e-15 E
Importance 1.0 0.99 0.09 §
=]
Decision time @
1 GLM 2391.6 1.38 1.27 0.33 4.85 n.i. n.i. n.i. 2480.3 0.00 0.86 g’s
°
2 GLM 2668.3 1.17 1.60 0.36 4.20 0.66 0.88 1.25 2483.9 3.64 0.14 o
©
3 GLMM 2857.3 1.38 n.i. n.i. n.i. n.i. n.i. n.i. 2560.6 80.3 3.14e-18 E
4 GLMM 3471.9 n.i. n.i. n.i. n.i. n.i. n.i. n.i. 25706  90.3  2.09e-20 F
x
5 GLM 4776.6 1.24 n.i. n.i. n.i. n.i. n.i. n.i. 2608.5 128.2 1.25e-28 u";
T
5
3
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6 GLMM 3319.7 1.08 n.i. n.i. n.i. n.i. n.i. n.i. 2628.4 148.1 6.01e-33
Importance 1.0 1.0 0.14

The fixed effects (Diffn. = difficulty, near-threshold, Subjos = subject (DS); Subjyy = subject (JY); Subjkc = subject (KC)) were systematically removed to
create the suite of models. Models are ranked according to the corrected Akaike information criterion (AICc). The AIC weight of each model and
the relative importance of each variable (i.e., the summed AIC weights of each model in which the variable is included) are listed as proportions. All
model coefficients have been exponentiated for ease of interpretation. The intercept, therefore, represents the number of touches, number of
stimulus comparisons, or decision time (ms) under the default values of the fixed effects (difficulty = supra-threshold, subject = CM). Other
coefficients represent multipliers relative to the default values; “n.i.” indicates that the variable was not included in the model. Model 3 and Model
5 differed with respect to the random effect—in Model 3, subject was included as a random effect, without an interaction with difficulty; in Model
#3, the slope and intercept of each subject’s response to difficulty was allowed to vary. The best-supported model for each response variable is in
bolded italics.
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Table S5. Results from GLMM and LMM model comparisons for sea otter and human: discrete exploratory

touches, number of stimulus comparisons, and decision time (ms).

Model No. Intercept Speciesso Diffq: Diff,: X Speciesso AlCc AAICc AIC weight
Number of discrete exploratory touches (GLMM)
1 2.54 0.41 n.i. n.i. 975.46 0.00 0.49
2 2.43 0.41 1.09 n.i. 976.32 0.86 0.32
3 2.34 0.45 1.18 0.84 977.29 1.83 0.20
4 1.61 n.i. n.i. n.i. 1031.16 55.70 3.93e-13
5 1.54 n.i. 1.09 n.i. 1032.00 56.50 2.58e-13
Importance 1.0 0.51 0.20
Number of stimulus comparisons (GLMM)
1 1.03 1.32 0.04 n.i. 487.68 0.00 0.52
2 1.01 1.36 0.05 0.63 489.09 141 0.26
3 1.20 n.i. 0.04 n.i. 489.38 1.70 0.22
4 0.18 1.32 n.i. n.i. 549.52 61.84 1.94e-14
5 0.21 n.i. n.i. n.i. 551.24 63.56 8.21e-15
Importance 0.78 1.0 0.26
Decision time (LMM)
1 2891.33 1.35 0.0006 98.37 7439.8 0.00 0.97
2 2795.32 141 0.066 n.i. 7447.0 7.23 0.026
3 3431.33 n.i. 0.065 n.i. 7487.6 47.82 4.03e-11
4 720.11 1.39 n.i. n.i. 7529.8 89.97 2.84e-20
5 876.76 n.i. n.i. n.i. 7569.3 129.46 7.51e-29
Importance 1.0 1.0 0.97

The fixed effects (Diff: = difficulty, near-threshold; Speciesso, sea otter) and interactive effects between the
fixed effects were systematically removed to create the suite of models. Models are ranked according to the
corrected Akaike information criterion (AICc). The AIC weight of each model and the relative importance of
each variable (i.e., the summed AIC weights of each model in which the variable is included) are listed as
proportions. All model coefficients have been exponentiated for ease of interpretation. The intercept,
therefore, represents the number of touches, stimulus comparisons, or the decision time (ms) under the
default values of the fixed effects (species = human, difficulty = supra-threshold). Other coefficients represent
multipliers relative to the default values; “n.i.” indicates that the variable was not included in the model. Note
that because the expected value for sea otter is much smaller than that for human, the multipliers can be very
large or very small. The best supported model for decision time, the saturated model, is bolded and italicized.
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CHAPTER 3

ANATOMICAL PERSPECTIVE ON THE SENSE OF TOUCH IN SEA OTTERS:

MECHANORECEPTORS AND STRUCTURAL FEATURES

OF GLABROUS SKIN
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ABSTRACT

Sea otters (Enhydra lutris) are touch specialists that demonstrate rapid and accurate
sensitivity using their front paws and facial vibrissae. Previous anatomical
investigations of underlying neural organization in the sea otter vibrissal bed and
somatosensory cortex coincide with recently measured abilities, but no studies have
described sensory receptors in the paws or other regions of glabrous skin. In this
study, we use a histological approach to assess the presence, density, and distribution
of mechanoreceptors in the glabrous (i.e., hairless) skin of sea otter paws, nose (i.e.,
rhinarium), lips and flipper digits. We complement this approach with standard
electron microscopy to describe skin surface texture and its effect on the transduction
of mechanical stimuli. Our results confirm the presence of Merkel cells and Pacinian
corpuscles, but not Meissner corpuscles, in all sea otter glabrous skin. The paws
showed the highest density of Merkel cells and Pacinian corpuscles. Within the paw,
relative densities of both mechanoreceptor types were highest in the distal metacarpal
pad and digits, which suggests that this area serves as a tactile fovea for sea otters. In
addition to an increased receptor density, the paw displayed the thickest epidermis.
Rete ridges (epidermal projections into the dermis) and dermal papillae (dermal
projections into the epidermis) were developed across all glabrous skin structures.
These quantitative and qualitative descriptions of neural organization and physical
features coincide with observations of tactile exploratory behavior in captive and wild

sea otters. Our findings, when combined with previous anatomical and behavioral
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results, contribute to a holistic understanding of how aquatic predators can use the

sense of touch to detect and capture visually cryptic prey.
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INTRODUCTION

As the interface between an organism and the external environment, sensory
systems mediate appropriate behavior. Across taxa, evolutionary processes have
tuned neural systems to function efficiently within common tradeoffs. Interspecific
variation in foraging ecologies (Brenowitz 1980; Martin 2007) and predation risk
(Guillemain, Martin, & Fritz, 2002) are often reflected in associated peripheral and
central nervous structures. Even within a single species and a single sensory modality,
variation in density or type of neural organization can directly correspond to variation
in sensory perception. For example, the retinas of raptors have two distinct areas of
acute vision, or visual foveas, which cooperate to allow for acuity during prey pursuit
over a long distance and binocular vision for prey capture over a short distance
(Tucker 2000a, b; Tucker et al. 2000). The star-nosed mole has acute tactile
perception with its nose appendages (i.e., rays), but a single ray serves as the tactile
fovea; this ray boasts the highest innervation density and neural allocation in the
somatosensory cortex, and the mole preferentially uses it to explore objects with
touch (Catania and Kaas 1997).

Sea otters (Enhydra lutris) provide an interesting case to examine the links
between structure and function for the sense of touch given their prey resources,
energetic requirements, and constant heat loss to the aquatic environment. Recent
measurements of sensory ability (Strobel et al. 2018) support the long-held suspicion
that touch is a specialized sense in these coastal, amphibious mammals (see, e.g.,

Radinsky 1968a; Kenyon 1969; Riedman and Estes 1990). As shallow divers
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distributed along the eastern Pacific, sea otters forage under water for visually cryptic,
sessile, hard-shelled benthic invertebrates. Relative to other diving predators,
unsuccessful foraging is especially costly for sea otters, since they have one of the
highest mass-specific metabolic rates among mammals (Costa and Kooyman 1982),
spatial separation between prey capture at depth and consumption at the surface (e.g.,
Kenyon 1969; Bodkin et al. 2004), and a minimal mammalian dive response (Yeates
et al. 2007). Maintenance of peripheral blood flow while diving likely preserves
neural function in peripheral sensory organs but expends substantial energy through
heat loss across repeated foraging dives.

Sea otters have highly dense fur that conserves heat during in-air activities at
the water’s surface and provides an effective barrier between skin and seawater while
foraging (Williams et al. 1992; Kuhn et al. 2010). However, sea otters have retained
regions of glabrous skin, including the nose, lips, ears, and volar surfaces of the
forefeet (i.e., paws) and the hindfeet (i.e., flippers). The appearance and surface area
of glabrous skin seems reduced for the flippers but highly derived for the paws. The
elongated webbed flippers are covered in fur, except at the distal ends, where a single
ventral volar pad and a non-retractable dorsal claw occurs for each toe (Pocock 1928;
Kenyon 1969). In contrast, the entire palmar surface of each paw is fused, with
creased delineations between five digit pads (somewhat reduced between the third
and fourth digits), two metacarpal pads, and an ulnar carpal pad (Pocock 1928) (Fig.
la). Sea otters can move their digits independently even within the fused palmar pads,

and they clearly use their paws to dexterously open hard-shelled prey, manipulate
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tools, explore objects in their environment, and groom their fur. The claws on sea
otter paws are semi-retractable and reduced relative to terrestrial carnivores (Kenyon
1969), in a similar pattern as other amphibious tactile-oriented mammals (Hamrick
2001). They tend to keep their claws relaxed during object exploration and extend
them primarily during object manipulation (pers. obs.).

Behavioral measurements of paw and whisker touch sensitivity in sea otters
(Strobel et al. 2018) support general predictions based on neural organization in the
somatosensory cortex that both touch structures are specialized (Radinsky 1968b).
However, sensitivity may differ across the palmar paw, since sea otters preferentially
use the upper palmar paw (digits and distal metacarpal pad) to make discrete, rapid
touch explorations of texture. Additionally, the extent to which the adjacent glabrous
nose and lips contribute to measured whisker sensitivity has not been explicitly tested
(Strobel et al. 2018). As the first point of contact between an animal and an
approaching stimulus, facial skin, including the nose, lips, and eyelids, can show high
innervation and abundant sensory receptors in terrestrial mammals (Montagna et al.
1975; Halata and Munger 1983; Munger and Halata 1983; Abrahams et al. 1987,
Halata 1990), even in species that have sensitive whiskers (Silverman et al. 1986;
Halata 1990). Although sea otters show differential use of their glabrous skin
structures, and the surface anatomies of these structures vary substantially, no studies
have examined the underlying sensory architecture in their glabrous skin and its

influence on touch ability.
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Mechanoreceptors, which range from free nerve endings to highly specialized
encapsulated neurons, mediate the wide variety of tactile sensations experienced by
mammals. Mechanoreceptors can be highly specialized or more generalized in terms
of their response to different types and intensities of mechanical stimuli.
Mechanoreceptor types are differentially distributed across the body’s skin, and
variation in density of each type corresponds with variation in tactile perception
(Johansson and Vallbo 1979; Andres and v Diiring 1990; Par¢ et al. 2002). In addition
to mechanoreceptor density, skin surface texture and the topography of the epidermal-
dermal interface may influence tactile perception by mediating grip strength,
transduction of mechanical stimuli, and mechanical properties of the skin (Cartmill
1979; Cauna 1985; Halata 1990; Hamrick 2001). Properties of the external
environment can also directly or indirectly affect mechanoreceptor function. Cold
ambient temperatures lead to reduced tactile sensitivity in humans (Bolanowski and
Verrillo 1982; Verrillo and Bolanowski 1986; Gescheider et al. 1997), which may
result from negative effects of temperature on the action potential, signal
amplification or transmission, and localized blood flow.

Our previous behavioral approach determined that paw and vibrissal active
touch abilities are specialized in sea otters (Strobel et al. 2018). The current study
directly complements this behavioral approach to determine how form supports
function and contributes to sea otters’ efficient foraging behavior. We use histology
and standard electron microscopy to assess structural and neural features of the

peripheral touch system across four glabrous skin structures in sea otters—nose, lips,

88



and palmar surfaces of the paws and flippers—with tissues obtained from post-
mortem animals. We first determine which mammalian cutaneous mechanoreceptors
are represented in sea otters, including an assessment of Merkel cells, Meissner
corpuscles, and Pacinian corpuscles. Merkel cells are slowly adapting type-I receptors
that have high spatial resolution and detect subtle skin deformations resulting from
sustained light touch, such as points, edges and curvature (Iggo and Muir 1969;
Johnson 2001). Meissner corpuscles are rapidly adapting touch receptors with poor
spatial resolution but high sensitivity for low-frequency vibration and motion
perception, which are essential for grip control of objects (Johnson 2001). Pacinian
corpuscles are rapidly adapting pressure receptors with poor spatial resolution but
extreme sensitivity to high-frequency vibrations, which is essential for indirectly
perceiving vibrations transmitted through a tool to the skin (Bell et al. 1994; Johnson
2001). After identification and abundance counts for each mechanoreceptor type, we
compare morphology and regional variation in density to that described for other
terrestrial and amphibious mammals. We explore the relationship between touch
anatomy and touch ability to identify regions of specialized tactile acuity. We further
speculate on the function of skin texture and thickness for sensitivity and robustness,
and the thermoregulatory implications of increased neural and circulatory investment.
Our findings contribute to the fields of sensory biology and foraging ecology by
broadening current understanding of how tactile perception mediates predator-prey

interactions in an aquatic environment.
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MATERIALS AND METHODS
Subjects and Tissue Collection

We obtained tissues from wild adult sea otters humanely euthanized in a
clinical setting due to non-neurological health issues (n=3; two males, one female).
Tissue collection occurred within 20 minutes of death. For each specimen, we excised
the left and right paws at the radiocarpal joint, the rhinarium, the lips, and the left and
right second or third flipper digit at the metatarsophalangeal joint and place them in
sealed containers on ice. Within 3 h, we removed the integumentary tissue from each
structure, including the epidermis, dermis, and subcutaneous tissues superior to the
flexor tendons. We further segmented the integumentary tissue from each paw into
eight regions of interest (ROIs): five digit pads, two metacarpal pads, and carpal pad,
following the natural creases in the pad. We immersed each ROI upon removal in
10% neutral buffered formalin. Collection and use of vertebrate samples were
conducted under authorization from the United States Fish and Wildlife Service
(Letters of Authorization: 0SEVENO00-2016-B-0187 and 0SEVENO00-2017-B-0045 )
with the approval and oversight of the Institutional Animal Care and Use Committee
at the University of California Santa Cruz and the Research Oversight Committee at

Monterey Bay Aquarium.

Tissue Preparation and Imaging

After fixation, we trimmed 1-2 representative tissues from each ROI along the

sagittal plane to fit into standard histology cassettes (2.5 cm x 3 cm). At the

90



Veterinary Histology Lab at University of California Davis, tissues were embedded in
paraffin and cut in Sum slices in the sagittal plane using a rotary microtome; slices
were mounted on glass slides and stained using routine protocols with haematoxylin
and eosin (H&E). We obtained two-dimensional images for each tissue at 10x
magnification using a Zeiss Axiolmager Z2 widefield microscope equipped with a
Zeiss AxioCam 506 color camera (Carl Zeiss Microscopy GmbH, Jena, Germany).
We stitched the resulting 100+ tiles using Zeiss Zen Pro software to form one
composite image per tissue. This composite image was stored as a .czi file to retain
tissue scaling and metadata.

In preparation for imaging with standard electron microscopy we sampled a
Ix1x1lcm section from the remaining digit, rhinarium, lips, and flipper of one otter
after four months of fixation in 10% neutral buffered formalin. We washed the
samples in 1xPBS and then dehydrated them in a graded ethanol series (30%, 50%,
70%, 80%, 90%, 95%, 100%). We transferred the samples from 100% ethanol into a
critical point dryer to replace the ethanol with supercritical-fluid carbon dioxide.
Following critical point drying, we mounted the samples, sputter-coated them with
gold, and tile-imaged each tissue at 25x or 40x magnification in a FEI Quanta 3D
scanning electron microscope. We stitched the tiles to form one composite image per

sample.

Tissue Area Measurement
We used a custom macro and manual tracing in Fiji (Schindelin et al. 2012) to

calculate total area for each H&E-stained tissue. We first converted the composite
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image of the tissue to a grayscale 8-bit image, then used thresholding to assign each
pixel into the binary categories of “tissue” or “background.” We visually compared
the thresholded image to the full-color image to manually adjust our pixel cut-off
value. To exclude small pieces of low-quality tissue, we manually traced a contour
area around the tissue and summed the area of all traced particles larger than 100 mm.
Small holes or tears were present in many tissues as a result of histological processing
or natural skin morphologies (e.g., the nostril in the rhinarium). To avoid
overestimating surface area for these tissues, we reversed the assignment of “tissue”
and “background” in the thresholded image, used the same manually-traced contour
area around the tissue, and summed the area of all traced particles smaller than 0.2
mm. We continued to visually compare the thresholded image to the full-color image,
and we adjusted the upper size limit of traced particles, as needed, to more accurately
reflect the maximum hole size in the tissue. We used a custom R Script to calculate
total tissue area as the difference between the summed tissue area and the summed
hole area.

In addition to total tissue area, we calculated relevant tissue area for each
mechanoreceptor type. Since Merkel cells only occur in the stratum basale of the
epidermis, we considered this layer as the relevant tissue. We manually traced a
contour line in Fiji along the stratum basale-dermis juncture for each tissue to
calculate its curvilinear length. Since Meissner corpuscles and Pacinian corpuscles do
not occur in the epidermis, we considered the dermis as the relevant tissue. Since the

epidermis had a higher contrast difference with the background than the dermis due to
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staining intensities, and thus was easier to threshold accurately, we calculated dermis
surface area as the difference of total tissue area and epidermal area. To calculate
epidermis area, we followed the same thresholding method described for the total
tissue area to assign the epidermis as “tissue” and the rest of the tissue as
“background,” visually comparing the thresholded image to the full-color image to
manually adjust our pixel cut-off value. To exclude small pieces of low-quality tissue
and areas of the dermis assigned incorrectly as “tissue,” we manually traced a contour
area around the epidermis and summed the area of all traced particles larger than a
minimum cutoff set manually when examining each tissue. For tissues with epidermal
holes or tears, we calculated and subtracted the area of these using the same methods

described for the total tissue area.

Mechanoreceptor Morphology and Distribution

A single observer scanned slowly through the tiled image for each tissue to
census three mechanoreceptor types that were reliably identifiable based on
morphology and staining patterns (Merkel 1875; Halata 1990; Bell et al. 1994; Young
et al. 2014): Merkel cells, Meissner corpuscles, and Pacinian corpuscles. However,
since we were unable to find any structures resembling typical Meissner corpuscles,
the following details apply only to Merkel cells and Pacinian corpuscles.

We report the size of mechanoreceptors as area (mean + sem) for a subset of
Merkel cells (n=967, 38.3%), as well as area and longitudinal length for a subset of

Pacinian corpuscles (n=121, 30.6%). We calculated area using the polygon tracing
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and oval tools in Zen Pro to trace the outline of the external capsule for each
mechanoreceptor type. We calculated longitudinal length by using the straight line
tracing tool in Zen Pro to trace the longest axis of the Pacinian corpuscle.

In addition to mechanoreceptor type, we noted if the mechanoreceptor
occurred alone or within a cluster (=2 mechanoreceptors). If within a cluster, we
noted the total number of the same mechanoreceptor type associated with the cluster.
We also recorded if the mechanoreceptor was closely associated with a rete ridge, a
dermal papillae, or neither. We determined the proximal-distal orientation of each
tissue of the paw digits post-hoc and virtually segmented it into quadrants (distal,
distal-medial, proximal-medial, and proximal) to link the position of each

mechanoreceptor to its position in a living sea otter at a finer detail than we sampled.

Statistical Analyses

We assessed if density of each mechanoreceptor type varied across structures,
within structure, between left and right sides, and along the proximal-distal axis of the
digits using GLMM analysis and post-hoc custom contrasts. We also assessed if
thickness of the epidermis and five skin layers varied across structures, within
structure, and between left and right sides. We used R and Ime4 (Bates et al. 2015) to
perform GLMM analyses that included either structure, section, side, or proximal-
distal location as the categorical fixed effect and individual sea otter as the random
effect. For all models we included a fixed intercept but random regression

coefficients for the fixed effect within sea otter as a random effect. For the side and
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proximal-distal models assessed within the paw we nested section within sea otter as
the random effect, and for the proximal-distal model assessed within the flipper digit
pads we nested slice within sea otter as the random effect to account for our
subsampling of each tissue.

For each mechanoreceptor type we used presence and mechanoreceptor
proportion as binomial-distributed response variables and density as a Gamma-
distributed response variable. For each skin layer and the sum of the skin layers for
the epidermis, we used thickness as a Gamma-distributed response variable. We
excluded zero data from the density models. To calculate a density for each tissue and
mechanoreceptor type we summed counts for each identified mechanoreceptor and
divided by the relevant tissue area. To calculate proportion for each quadrant and
mechanoreceptor type along the proximal-distal axis in each tissue, we divided the
mechanoreceptor count in the quadrant by the total mechanoreceptor count of that
type in the tissue.

We used R and multcomp (Hothorn et al. 2008) to test a series of post-hoc
hypotheses using custom contrasts with equal weighting to compare presence (Supp.
Table 1), density (Supp. Table 2), and proportion (Supp. Table 3) for each
mechanoreceptor type and to compare thickness for the epidermis and each skin layer
separately across structure and section. We did not use custom contrasts for the side
model, since we could assess the binary fixed effect within the GLMM. If we
received convergence warnings on a model, we used allFit in the Ime4 package to

assess if model fit differed significantly with different optimizers. If log-likelihoods
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for each optimizer were within thousandths of a decimal point, we determined that the
optimizer did not influence parameter estimates. To control the family-wise Type 1
error rate given multiple contrasts we used a reversed sequential Bonferroni
procedure, which firsts tests the largest p-value within a family of tests at the
significance level (Hochberg 1988). If not significant, we tested the next largest p-
value within the family at the significance level for that test divided by 2. If not
significant, we tested the next largest p-value within the family at the significance
level for that test divided by 3, and so on. When the first significant test was reached,

we considered all tests with p-values less than that critical value as significant.

RESULTS
Gross Description of Structures and Sections

Although we considered the paw pad as a glabrous skin structure, we did find
hair distributed in predictable patterns. Short guard hairs are sparsely distributed at
the base of the digit pads and extend into the crease to the upper palm pad (Fig. 1a,b).
Longer guard hairs are distributed across the lower half of the lower palm pad and
extend into the crease to the carpal pad (Fig. 1a). In the paw, the glabrous surface
extends distally past the claws and wraps the distal tips to cover the dorsal side of the
distal digits (Fig. 1¢). In the flipper this pattern is reversed: the claw extends distally
past the glabrous surface, which is entirely volar and separated from the claw with a

small margin of hair (Fig. 1d).
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During tissue preparation, differences in skin thickness were apparent across
structures. The paw sections’ thick integuments quickly dulled the scalpel blades and
were the most difficult to remove cleanly due to substantial connective tissue to the
adjacent sections and the underlying musculature and bones. Measurements of skin
layer thickness in H&E stained tissues corresponded with gross differences observed
during tissue preparation. The flipper, rhinarium, and paw displayed the five typical
mammalian glabrous skin layers (stratum corneum, stratum lucidum, stratum
granulosum, stratum spinosum, stratum basale), but the lips lacked the stratum
lucidum (Fig. 2). Absolute epidermal thickness was highest in the paw, but thickness
of each layer remained proportional across the structures with five epidermal layers
(i.e., the paw, flipper, and rhinarium; Fig. 2). Tissues often tore at the hypodermis
boundary during histological processing, so we could not reliably quantify how
dermal thickness differed across structures.

Epidermal surface texture varied greatly within and across structures (Fig. 3).
The paw showed surface texture variation along the proximal-distal axis (Fig. 1a, 3a).
The carpal pad comprised consistently sized pegs arranged in transverse ridges along
the diagonal axis, which were separated by shallow grooves (Fig. 1a). The palm pads
showed short, narrow pegs separated by wide, shallow valleys with no discernable
ridge pattern (Fig. 1a). The digits showed dense packing of tall, wide, molariform
pegs separated by deep, narrow valleys with no discernable ridge pattern; peg size
varied and sometimes one peg contained additional pegged projections (Fig. 1a, 1b,

3a). The surface texture of the paw was consistent with the underlying epidermis
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structure, in which well-developed, tightly packed intermediate and limiting ridges
resulted in deep, narrow rete ridges and dermal papillae (Fig. 3a).

Flipper pad surface texture was similar to the carpal pad (Fig. 1d, 3b), but at
high magnifications, additional microridges were apparent on the surface of the pegs.
Surface texture in the flipper was consistent with the underlying epidermis structure,
in which well-developed intermediate and limiting ridges formed narrow, shallow
rete ridges and wide dermal papillae (Fig. 3b). Rhinarium surface texture comprised
relatively smooth skin with slight creasing around its perimeter and the dorsally-
oriented nostrils, short, wide, flattened pegs with minimal spacing in the inferior half,
and taller, more rounded pegs at a lower density in the superior half (Fig. 3¢). Unlike
the flipper and paw digit pads, surface texture in the rhinarium was not directly
reflected in the underlying epidermis structure. Intermediate ridges, but not limiting
ridges, were well developed and formed narrow, wide rete ridges with narrow dermal
papillae (Fig. 3c). Lip surface texture comprised smooth skin organized in ridges at a
similar height to the skin around the rhinarium’s perimeter and nostrils (Fig. 3d), and
similar microridges as the flipper digit pad were apparent at high magnifications.
Similar to the rhinarium, the smooth surface texture in the lips was not directly
reflected in the underlying epidermis structure. Intermediate and limiting ridges were
well-developed but formed narrow, shallow rete pegs and dermal papillae (Fig. 3d).

The hair that occurred along the boundaries of structures and paw sections
showed typical morphology for guard hair: each hair shaft was surrounded by an

internal root sheath, an external root sheath, a glassy membrane, and a perifollicular
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connective tissue sheath (Fig. 4). Regardless of structure, each hair follicle was
associated with two lobulated sebaceous glands (Fig. 4a), one on either side, and an
apocrine sweat gland. Apocrine sweat glands were found in all glabrous skin
structures, but only in association with pilosebaceous units. Eccrine sweat glands
occurred throughout the dermis of the paw and flipper, but not in the rhinarium or
lips. In both the paw and flipper, eccrine sweat glands were inversely associated with
pilosebaceous-apocrine units.

Variation in dermal innervation and circulatory structures was apparent across
glabrous skin structures during initial observations. Gross dermal innervation
appeared substantially higher in the digits, upper palm, and carpal pad of the paw than
in the flipper, lips, or rhinarium. We noted similar relative increase of higher
circulatory investment in these paw areas, especially in the superficial dermis, which
included dense aggregations of arteriovenous anastomoses, capillaries, and glomus

bodies.

Gross Description of Mechanoreceptor Types and Distribution

We confirmed the presence of Merkel cells and Pacinian corpuscles based on
morphology in sea otter glabrous skin, but we failed to find structures resembling
typical Meissner corpuscles. The sea otter Merkel cell showed a characteristic oval
shape with a large nucleus and pale-staining cytoplasm (Fig. 5). Merkel cells were
located in the basal epidermis, primarily associated with the base of rete pegs (93.6%,

2184/2333 cells) and rarely associated with dermal papillae (0.002%, 5/2333).
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Occasionally they were not associated clearly with either rete pegs or dermal papillae
(0.06%, 144/2333). We typically found a close spatial association between Merkel
cells in the stratum basale and discoid nerve terminals innervated with myelinated
afferent nerve fibers in the shallow dermis (Fig. 5b). Merkel cells were occasionally
found alone (Fig. 5a), but they were primarily found in clusters (79.4%, Fig. 5b).
These clusters ranged in size (7.1 £ 0.28 cells/cluster, range: 2-32). Clusters
comprised cells that were either clumped across multiple cell layers of the stratum
basale or spread out in line along a single cell layer of the stratum basale (Fig. 5a).
Whether clustered or unclustered, the size of individual Merkel cells remained
consistent (113.26 & 1.11 um?). Merkel cells tended to be oriented with their long
axis parallel to the epidermis and dermis, consistent with descriptions in the literature
(Iggo and Andres 1982), although this orientation changed to perpendicular when
following the curvature of the basal epidermis along lateral portions of rete pegs.
When hair occurred in the glabrous skin, we did not find evidence of Merkel cells
associated with the hair follicle.

The sea otter Pacinian corpuscle showed the characteristic morphology
described in other mammals: an inner unmyelinated neurite surrounded by concentric
nonneuronal lamellae (Fig. 5). Pacinian corpuscles were found both in the shallow
dermis and deep in the tissue at the boundary between the dermis and hypodermis.
Pacinian corpuscles were often associated with dermal papillae (48.2%, 174/361).
Occasionally, they were associated with rete pegs (21.6%, 78/361), or not clearly

associated with either rete pegs or dermal papillae (29.9%, 108/361). Pacinian
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corpuscles were primarily found unclustered (61.3%, Fig. 5b); when found together,
cluster size was low (2.6 £ 0.11 corpuscles/cluster, range: 1-8, Fig. 5b). The sizes of
Pacinian corpuscles varied more than Merkel cells, but this variation remained within
the same order of relative magnitude (area: 0.0375 + 0.00512 mm?, longitudinal
length: 0.368 + 0.0324 mm). Pacinian corpuscles were sometimes oriented
perpendicular and parallel to the epidermis.

Our identification and subsequent counts of both mechanoreceptor types were
conservative, since we only counted cells or corpuscles that we could confidently
identify based on morphology. We found many unmyelinated afferent nerve fibers
surrounded by lamellae that resembled the inner core of Pacinian corpuscles. These
structures either occurred as a single unit or as a cluster of distinct neurites, each
surrounded by lamellae but connected within a single encapsulation that resembled
the outer core of a Pacinian corpuscle. We also found structures identical to this
description, except they lacked a central unmyelinated afferent nerve fiber. All of
these unidentified neural structures tended to be concentrated in the shallow dermis
and, similar to overall innervation patterns, showed a qualitatively higher density in
the digits, upper palm, and carpal pad of the paw than in the flipper, lips, or
rhinarium. We suspect that they comprise free nerve endings, extreme distal ends of
Pacinian corpuscles, and encapsulated nerve endings of other mechanical or thermal
receptors. These nerve fibers often traced a path from the deep dermis up to the basal

epidermis, at which point they continued up either side of the rete peg into the dermal
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papillae. All identified mechanoreceptors and unidentified neural structures were

closely associated with arteriovenous anastomoses and capillaries (Fig. 5).

Variation in Mechanoreceptor Presence and Density

Merkel cells were present in the majority of tissues for all structures (Fig. 6a).
Pacinian corpuscles were present in at least one tissue across all structures; the
proportion of tissues with at least one Pacinian corpuscle varied across and within
structures from (16.7-100%, Fig. 6b), but this variation was not statistically
significant (Supp. Table 1). In contrast to minimal presence-absence patterns, density
varied substantially and significantly across structures for both Merkel cells and
Pacinian corpuscles (Fig. 7, Supp. Tables 2-3). Merkel density in the paw was
significantly higher than in any of the other glabrous skin structures (Fig. 7a).
Pacinian density in the paw was significantly higher than in the flipper pad and
rhinarium (Fig. 7b). Pacinian corpuscle density was also higher in the paw relative to
lips, but since positive density was only found in one replicate, we had low statistical
power for this contrast (Fig. 7b). The random effect of sea otter explained 23.7% of
the total unexplained variance for Merkel cell density and 14.8% of the total
unexplained variance for Pacinian corpuscle density (Supp. Table 3), which suggests
that identifying additional predictor variables may improve overall fit of the models
to the observed data.

We found no significant effects of laterality (e.g., left or right sides) for

presence or non-zero density of Merkel cells or Pacinian corpuscles in the paw or
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flipper digit pad (Supp. Tables 4-5). Given the lack of lateral effect for these
structures we did not control for left or right side in further analyses of variation in
density.

Density varied across sections of the paw pad, with the digits and upper palm
showing significantly higher densities for both mechanoreceptor types (Fig. 8, Supp.
Table 6). The four longest digits (2, 3, 4, and 5) showed especially high densities,
about two-thirds more than other sections in the paw pad. The random effect of sea
otter explained 70.9% of the total unexplained variance for Merkel cell density and
60.6% of the total unexplained variance for Pacinian corpuscle density (Supp. Table
6), which suggests that the predictor variables contributed an relatively good fit of the
models to the observed data. The distal portions of the five digits showed a
significantly higher proportional density for both Merkel cells and Pacinian
corpuscles relative to the proximal portions of the digits (Fig. 10, Supp. Tables 7-8).
In contrast, proportional density did not significantly vary along the proximal-distal

axis in the metacarpal pads, carpal pad, or flipper digit pads (Fig. 10, Supp. Tables 7).

DISCUSSION

The results from this anatomical study complement our behavioral assessment
of active touch to enable a more complete understanding of the sense of touch in a
semi-aquatic top predator. Densities of Merkel cells and Pacinian corpuscles were
greater in the paw than in other glabrous skin areas, which suggests that paws are the

primary touch structures in sea otters. Within the paw pad, densities of both

103



mechanoreceptors increased along the proximo-distal axis, with highest densities in
the upper metacarpal pad and the longest four digits. The proximo-distal pattern of
increasing mechanoreceptor densities was apparent within the digits and metacarpal
pad but absent in the lower metacarpal pad and carpal pad. These results suggest that
the distal paw, especially the distal digits, functions as a tactile fovea in sea otters,
both for spatial resolution and detection of high-frequency vibrations transmitted to
the skin from objects held in the paw (Johnson and Hsiao 1992; Johnson 2001). These
areas not only coincide with the behavioral strategy used by a sea otter in controlled
measures of texture discrimination (Strobel et al. 2018), but also with the behavior of
captive and wild sea otters during tactile exploration, object manipulation, prey
handling, and tool-use (Hall and Schaller 1964; Fujii et al. 2015).

The morphologies of Pacinian corpuscles and Merkel cells in sea otters were
consistent with those described for other mammals (Merkel 1875; Halata 1990; Bell
et al. 1994; Young et al. 2014) and the unnamed Merkel-cell-like structures
previously noted in the flipper digit pads of sea otters (Williams et al. 1992).
Although the association between Merkel cells and the basal layer of rete pegs was
consistent with the typical mammalian pattern, small Pacinian corpuscles occurred
frequently in the shallow dermis of sea otters and showed a topographic relation to
the epidermis. A similar pattern has been reported for the trunk tip of Asian elephants
(Rasmussen and Munger 1996), but the authors note that this is unusual relative to
descriptions for marsupials and placental mammals, including humans and primates

(Halata 1990). We did not find definitive Meissner corpuscles in sea otter glabrous
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skin. This result is not particularly surprising, since Meissner corpuscles have
primarily been reported in the palms, footsoles, lips, and oral mucosae of primates,
some rodents, marsupials, and elephants (Winkelmann 1964; Ide 1977; Munger and
Ide 1988; Tachibana and Fujiwara 1991; Hoffmann et al. 2004; Weissengruber et al.
2006; Verendeev et al. 2015). However, we did find substantial encapsulated and
unencapsulated neural structures distributed in the shallow dermis of the paw relative
to other glabrous skin areas. These structures resembled Pacinian corpuscles and
“Meissner-like” structures described in the trunks of African and Asian elephants
(Rasmussen and Munger 1996; Hoffmann et al. 2004) and the footpads of cats and
mice (Bolanowski and Pawson 2003; Gonzalez-Martinez et al. 2004), as well as a
heterogenous grouping of “simple corpuscles” described in the footpads of raccoons
(Munger and Pubols 1972; Rice and Rasmusson 2000) and squirrels (Brenowitz
1980). Consistent with conclusions in these studies, we suspect that the unclassified
neural structures in sea otters contribute to tactile sensitivity due to their proximity to
the epidermis and close association with rete pegs and dermal papillae. Overall, the
combination of dense Merkel cells, shallowly distributed Pacinian corpuscles, and
unclassified neural tissue may explain the sensitive touch measured in sea otters

(Strobel et al. 2018) despite the absence of defined Meissner corpuscles.

Mechanoreceptor Density and Distribution

Direct comparison of absolute mechanoreceptor densities between the sea

otters in this study and species in other studies is difficult and questionably
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informative given methodological differences, but we offer a comparison of relative
densities and patterns. The proximo-distal increase of mechanoreceptor density in the
sea otter paw is qualitatively similar to patterns observed in the hands of humans and
non-human primates (Johansson and Vallbo 1979; Kumamoto et al. 1993a; Stark et
al. 1998; Par¢ et al. 2002), the forefeet of cats (Kumamoto et al. 1993b) and the Asian
elephant trunk (Rasmussen and Munger 1996). However, Pacinian corpuscles are
more evenly distributed across the hand in humans (Johansson and Vallbo 1979),
which may relate to the different ways in which sea otters and humans grasp objects.
Proximo-distal patterns were less apparent in the graviportal feet of African elephants
and the dexterous paws of tree squirrels (Brenowitz 1980; Bouley et al. 2007), which
likely reflects the different ways in which sea otters and these species use their
extremities to detect tactile cues.

Sea otters show minimal densities of Merkel cells, Pacinian corpuscles, or
Meissner-like corpuscles in the rhinarium and lips relative to other species (Halata
and Munger 1983; Lacour et al. 1991), which coincide with observations of wild and
captive sea otters’ tendency to explore objects with the paws first, rarely approaching
objects for exploration face first. Nose trauma often results from mating in females
and intrasexual aggression in males in the southern sea otter population (Staedler and
Riedman 1993). Although nose wounds can contribute substantially as a cause of
death in this population (Estes et al. 2003; Kreuder et al. 2003; Chinn et al. 2016),
little evidence so far suggests that this is a result of reduced foraging success due to

reduced rhinarium skin sensitivity, as would be expected if tactile perception via the
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rhinarium were critical for prey detection or capture. Additionally, in controlled
measurements of vibrissal tactile sensitivity, a trained sea otter was capable of
accurate and quick perception even when her nose and lips did not contact the stimuli
(Strobel et al. 2018). These combined observations of sea otter behavior do not
discount that the rhinarium and lips process tactile cues, but they do suggest that these

structures contribute minimally to specialized touch abilities in sea otters.

Epidermal thickness, texture, and the aquatic environment

In all vertebrates, the epidermis serves as a barrier against abrasions and
regulates heat and water flux. The presence of the typical five mammalian skin layers
in the paw, flipper pad, and rhinarium in this study is consistent with previous
descriptions of sea otter haired skin (Kenyon 1969), but we measured a substantially
thicker epidermis that ranged from four to 260 times higher than haired skin. The
thickness of epidermal layers in sea otters remained proportional across structures in
this study, but the epidermis was absolutely thicker in the upper metacarpal and digit
pads relative to other glabrous skin areas. Given the abrasive benthic foraging habitat
of sea otters and the extensive anti-predator defenses of their hard-shelled
invertebrate prey, this localized superkeratinization may be a defense mechanism to
minimize damage to their sensitive paws while capturing and handling prey
(Rothman and Lorincz 1963). Superkeratinization is common for locomotory skin in
other terrestrial and amphibious mammals footpads, but it has also been reported for

the anterior facial skin of the walrus, another amphibious benthic feeder (Fay 1982).
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In other mammals epidermal thickness can be negatively correlated with touch
specialization (Catania 2000), but this is clearly not a pattern in sea otters (Strobel et
al. 2018). Determining whether increased neural investment in the paw is necessary to
maintain sensitivity despite increased epidermal thickness, or if increased epidermal
thickness is necessary to maintain the sensitivity of the paws given abrasive foraging
habitat may be possible, albeit highly difficult, to tease apart in controlled
longitudinal captive studies.

Our findings of well-developed rete pegs and dermal papillae in all glabrous
skin areas differ from those described for sea otter haired skin (Kenyon 1969). Deep
rete pegs may have multiple functions in sea otters. Deep rete pegs can strengthen the
epidermal-dermal interface, which may protect the skin from tearing under high
shearing forces. Additionally, deep rete pegs and their associated dermal papillae
enable neural structures and blood flow to be closer to the skin surface, which likely
improves tactile perception. When skin surface texture closely resembles that of the
underlying dermis-epidermis interface, as in the sea otter paw, localization and
transmission of mechanical stimuli to mechanoreceptors may be improved (Cauna
1985; Hamrick 2001).

Although this study did not focus on assessing thermoregulatory properties of
glabrous skin, we did observe qualitative variation across structures that may relate to
heat flux in sea otters. We noted a thick subcutaneous fat layer in the paw that was
not present in other glabrous skin during tissue preparation and a qualitatively higher

circulatory investment across the paw pad, including arteriovenous anastomoses,
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capillaries, and glomus bodies. These features likely improve heat retention and
vasoconstriction efficiency, respectively, via countercurrent heat exchange (Rothman
and Lorincz 1963). However, it is unclear how these features function together to
maintain neural function in the paw across thermal gradients. A qualitatively
decreased circulatory investment in the glabrous skin of the flipper digit pads, lips,
and rhinarium of sea otters may relate to their decreased neural investment and/or
suggest that these structures play a minimal role in radiative heat flux.

Both eccrine and apocrine sweat glands were present in sea otter glabrous
skin. We noted eccrine sweat glands only in the paw and flipper pads, in which they
were distinctly confined to areas where hair did not occur. In human skin eccrine
sweat glands dissipate heat, but in the volar pads of terrestrial mammals they
primarily improve frictional gripping and tactile sensitivity by moistening the skin
(Adams and Hunter 1969; Adelman et al. 1975; Meyer et al. 1990; Meyer and
Tsukise 1995; Stumpf et al. 2004). It seems unlikely that sea otters would need to
increase skin hydration given their aquatic habitat, so determining whether these
eccrine sweat glands are vestigial or functional requires a comparative approach
across terrestrial and semiaquatic mustelids. The association of apocrine glands with
pilosebaceous units in glabrous skin is consistent with previous reports for sea otter
haired skin (Kenyon 1969; Kuhn et al. 2010). In many mammals these glands
odorous secretions effective in chemical communication (Mykytowycz 1972), but
given that sea otters are not known for territorial scent-marking, the oily secretions

from these glands are more likely to serve as waterproofing for the guard hairs.
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Future Directions

This study used a sampling design that allowed us to make intraspecific
comparisons, but a more intensive serial sectioning approach would allow
quantification of absolute mechanoreceptor density and innervation density. These
data for adult sea otters would substantially help to place their degree of tactile
specialization in a comparative context.

The tradeoff between retention of neural function in the periphery and heat in
the core is especially interesting to examine in sea otters, given their high
metabolism, amphibious lifestyle, and North Pacific distribution in areas of year-
round cold water. Further analyses could examine capillary density and glandular
structure in sea otters. In North America sea otters are distinctly split between a
subarctic subspecies (Enhydra lutris kenyoni) and a temperate subspecies (Enhydra
lutris nereis), and a comparison between these populations may improve
understanding of how different climates drive differential selection in mammalian
tactile form and function. Quantifying variation in guard hair density on the palmar
pads of the paw (pers. obs.) within and between populations could inform how this
variation affects sensitivity to mechanical stimuli and temperature tolerance.

Mechanoreceptor distribution and density has been documented to change as
mammals age. Preliminary examinations of the glabrous skin from deceased sea otter
fetuses and living young sea otter pups reveal marked difference from our observed
distribution of Pacinian corpuscles and skin surface texture (pers. obs.). Since

assessing touch ability for fetuses and young pups in controlled settings is impossible
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or impractical, investigating the ontogenetic component from an anatomical
perspective may help predict how changes in neural organization result in

developmental changes in sea otter pup foraging ability.

Conclusions

This study assessed tactile sensitivity in sea otters using a histological approach
to describe the morphology, density, and distribution of neural structures in four
glabrous skin structures. We confirmed the presence of two common mammalian
mechanoreceptors—Merkel cells and Pacinian corpuscles—using morphometric
characteristics and failed to confirm the presence of Meissner corpuscles. Variation in
relative densities across the paw pad, flipper pad, lips, and rhinarium suggest that the
paw is the primary tactile sense organ for sea otters. An increased relative density of
mechanoreceptors in the distal paw suggest that this area serves as a tactile fovea and
coincides with fine-scale observations of sea otter behavior during object exploration
and manipulation. Combined with our previous work on sea otter touch abilities using
psychophysical methods, the results from this study support the general conclusion
that sea otter paws function as sensitive receptors that can efficiently detect and

capture visually cryptic prey, as well as dexterously handle tools and captured prey.
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FIGURES

FIGURE 1. Sea otter right paw (a-c) and third digit pad of the right flipper (d); scale
bars = 1 cm. (a) The paw comprises a fused palmar surface with eight sections
delineated by creasing: ulnar carpal pad (CP), lower metacarpal pad (LM), upper
metacarpal pad (UM), and five digits (D1-D5). Hair and hair follicles are distributed
across the lower metacarpal pad and in the digit-palmar interface, represented by the
boxed area in (a) and the corresponding close-up image in (b). (c) Glabrous skin
extends over the digit tips to the base of the semi-retractable claws. Note that the pads
of digits 3 and 4 are delineated clearly here, but not on the palmar surface (a). In
contrast, a band of hair separates the base of the claw from the digit pad in the flipper
(d). The surface texture represented in (a-c) varies along the proximo-distal axis and
from that in the digit pad of the flipper (d). Ridges transversed both the carpal and
flipper digit pads (a,d). In the paw, skin was pegged and no ridge pattern was
discernable in the metacarpal pads and digit pads. The pegs increased in density and
height along the proximo-distal axis (a,b).
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FIGURE 2. Epidermal thickness and proportional thickness of each epidermal layer
determined in H&E-stained glabrous skin: stratum corneum (SC), stratum lucidum
(SL), stratum granulosum (SG), stratum spinosum (SS), and stratum basale (SB). All
layers were present in the flipper, rhinarium, and paw pads, but the stratum lucidum
was not apparent in the lips (a,b). The epidermis was thickest in the upper metacarpal
and five digits of the paw pad (a), but layer thicknesses were proportional across the
flipper, rhinarium, and paw pads (b).
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FIGURE 3. Sea otter skin samples from glabrous skin structures—(a) digit 3 of right
paw, (b) digit 3 of right flipper, (c) right superior rhinarium, (d) right superior lips—
imaged with standard electron microscopy (left panel) and H&E stained and imaged
with light microscopy (right panel); scale bars = 1 mm for both image types. Surface
texture varied across all structures. (a) In the paw digit pad, tall, narrow, and rounded
pegs were densely packed with no discernable ridge pattern. Pegs were often
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molariform and contained additional pegged projections. This surface texture was
reflected in the underlying epidermis structure (right panel), in which well-developed
intermediate and limiting ridges were tightly packed, resulting in deep, narrow rete
ridges and dermal papillae. (b) In the flipper digit pad, wide, flat pegs were densely
packed and organized in diagonal transverse ridges. This surface texture was reflected
in the underlying epidermis structure (right panel), in which well-developed
intermediate and limiting ridges formed narrow, shallow rete ridges and wide dermal
papillae. (c) In the rhinarium, wide pegs transitioned from short and flat around the
nostril perimeter to taller and more rounded in the superior. This surface texture was
not directly reflected in the underlying epidermis structure (right panel), in which
well-developed intermediate ridges, but not limiting ridges, resulted in narrow and
wide rete ridges and narrow dermal papillae. (d) In the lips, smooth skin was
organized in ridges perpendicular to the hair boundary, with some shallow transverse
creases. The lip ridges were similar in height to the pegs around the nostril perimeter
of the rhinarium. This surface texture was not directly reflected in the underlying
epidermis structure (right panel), in which well-developed intermediate and limiting
ridges resulted in narrow, shallow rete pegs and dermal papillae.
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FIGURE 4. Guard hair shaft (H) within hair follicle from H&E-stained glabrous skin:
sectioned longitudinally from digit 1 of right paw (a,b) and in cross-section from digit
3 of left flipper (c); scale bars = 100pum. Each hair follicle is associated with two
lobulated sebaceous glands (SG) and an apocrine sweat gland (Ap), whose duct
empties into the hair follicle. A connective tissue sheath (CT) surrounds the glassy
membrane (GM) of the external root sheath (ERS). Moving inwards, the internal root

sheath (IRS) surrounds the pale-staining cuticle layer (Cu) that encompasses the hair
shaft (H).
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FIGURE 5. H&E-stained tissues from paw digit pad that demonstrate morphology
and distribution of Merkel cells (a, arrows) and Pacinian corpuscles (b, PC); scale
bars = 100um. Arteriovenous anastomoses (Ar), capillaries (*), and large myelinated
sensory nerves (N), were closely associated with both mechanoreceptor types and
extended superficially to the epidermis. (a) Merkel cells (arrows) were distributed
along the stratum basale as either solitary cells (left panel) or a cluster (right panel).
Often afferent nerve fibers leading to the discoid nerve terminal (right panel, NT)
were apparent in the shallow dermis in close association with the Merkel cells. (b)
Pacinian corpuscles (PC) were distributed in the deep and shallow dermis as either
solitary cells (left panel) or a cluster (right panel).
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FIGURE 6. Proportion of replicates of each glabrous skin structure summed across
sea otters (Nfiipper: 12, Niips: 6, Nrhinarium: 3, Npaw: 88) With positive Merkel cell presence
(a) and positive Pacinian corpuscle presence (b). Each mechanoreceptor type was
present in at least one replicate from each glabrous skin structure. (a) No significant
differences for Merkel cell presence were found across structures. Although Pacinian
corpuscles were found in a higher proportion of replicates for the paw pads relative to
other glabrous skin structures, this pattern was only significant (*, p<0.1) when
contrasting the paw to the lips (b).
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FIGURE 7. Absolute densities of mechanoreceptors across glabrous skin structures
with positive density, plotted separately across sea otters. Despite variability in the
paw and across sea otters, Merkel cells per mm (a) and Pacinian corpuscles per mm?
(b) were significantly higher in the paw than in all other structures (***, p<0.001).
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FIGURE 8. Absolute densities of mechanoreceptors across paw pads with positive
density, plotted separately across sea otters. Despite variability across sea otters,
Merkel cells per mm (a) and Pacinian corpuscles per mm? (b) increased significantly
along the proximo-distal axis when tested across three contrasts (c). Contrasts,
represented by shaded and unshaded regions, are illustrated for the right paw (c), but
analyses correspond to combined densities from left and right paws. The density of
each mechanoreceptor type was significantly higher in the carpal pad, upper
metacarpal pad, and digits when contrasted to the lower metacarpal pad (e, p<0.05),
significantly higher in the upper metacarpal pad and digits when contrasted to the
lower metacarpal pad (+, p<0.1), and significantly higher in digits 2 through 4 when
contrasted to the other paw pads (+, p<0.05 for Merkel cell density and p<001 for
Pacinian corpuscle density).
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FIGURE 9. Proportional densities of mechanoreceptors across proximal-distal
quadrants of paw digit pads (light gray to dark gray shaded regions), plotted
separately for individual sea otters. Despite variability across sea otters, relative
Merkel cell density (a) and relative Pacinian corpuscle density (b) increased
significantly along the proximo-distal axis when tested across two contrasts (c).
Contrasts, represented by presence and absence of symbols (e and +), are illustrated
for the right paw (c), but analyses correspond to combined relative densities from left
and right paws. The relative density of each mechanoreceptor type was significantly
higher in the most distal digit quadrant when contrasted to the other digit quadrants
(o, p<0.01 for Merkel cell relative density and p<0.05 for Pacinian corpuscle relative
density), and significantly higher in the distal half of the digits when contrasted to the
proximal half of the digits (+, p<0.01 for Merkel cell relative density and p<0.001 for
Pacinian corpuscle relative density).
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SUPPLEMENTARY INFORMATION

SUPPLEMENTARY TABLE 1. Design of and results from pos¢-hoc custom contrasts from GLMM
model: presence of Merkel cells (Mk) and Pacinian corpuscles (PC) across and within glabrous skin
structures.

Type Contrast Estimate Std. Error p-value Adjusted
Sig.

Paw >= Other Structures -12.046  4333.706 0.876 >0.1/2, n.s.
Paw >= Lips -16.970 7568.064 0.876 >0.1/3, n.s.
Paw >= Rhinarium -16.981 10732.449  0.875 >0.1/4, n.s.

Mk Paw >= Flipper -2.555 2.547 0.996 >0.1, n.s.
Digits >= Non-digits in paw 23.784 8319.122 0.758 >0.1/2, n.s.
Upper paw >= Lower paw 20.565 7172.908 0.758 >0.1/3, n.s.
Digits 2-5 >= Other sections in paw 9.329 10529.779  0.759 >0.1, n.s.
Other sections in paw >= Lower palm  19.204 6044.466 0.758 >0.1/4, n.s.
Paw >= Other Structures 8.412 124.666 0.8531 >0.1/2, n.s.
Paw >= Lips 3.376 1.841 0.0968  >0.1/4, n.s.
Paw >= Rhinarium 22.161 377.760 0.8561 >(0.1/3, n.s.
Paw >= Flipper -0.0664 1.263 0.8895  >0.1,ns.

PC Digits >= Non-digits in paw 9.103 153.245 0.478 >0.1/2, n.s.
Upper paw >= Lower paw 8.121 122.597 0.475 >0.1/4, n.s.
Digits 2-5 >= Other sections in paw 10.648 191.553 0.480 >0.1, n.s.
Other sections in paw >= Lower palm  6.771 108.806 0.477 >0.1/3, n.s.

The estimate and standard error of the mean difference between contrasts and significance of the
difference is reported. “>=" indicates “is greater than” and a one-sided test with significance level
p<0.1. Adjusted significance represents the significance level based on a reversed sequential
Bonferroni procedure to control family-wise Type 1 error. Shading separates each family of test. In
this procedure the largest p-value is tested at the significance level, the next largest at half the
significance value, the next largest at one-third the significance value, and so on. If a significant value
is reached, we reject all other tests with p-values smaller than that value. Significant contrasts and
associated adjusted significance levels are bolded.
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SUPPLEMENTARY TABLE 2. Design of and results from pos¢-hoc custom contrasts from GLMM
model: non-zero density of Merkel cells (Mk) and Pacinian corpuscles (PC) across and within glabrous
skin structures.

Type Contrast Estimate Std. Error p-value Adjusted
Sig.
Paw >= Other Structures 1.4374 0.2972 <0.001 sig.
Paw >= Lips 1.2526 0.4203 0.00428 sig.
Paw >= Rhinarium 1.9215 0.5782 0.00134 sig.
Paw >= Flipper 1.1708 0.5366 0.048 <0.1, sig.
Mk Digits >= Non-digits in paw 0.6567 0.3859 0.0917  <0.1, sig.
Upper paw >= Lower paw 1.0241 0.5271 0.0563 sig.
Digits 2-5 >= Other sections in paw  0.8251 0.3770 0.0328 sig.
Other sections in paw >= Lower 2.0306 0.9405 0.0354 sig.
palm
Paw >= Other Structures 1.811 0.331 <0.001 sig.
Paw >= Lips 0.352 0.708 0.6747  >0.1, n.s.
Paw >= Rhinarium 1.898 0.708 0.0129  <0.1/2, sig.
Paw >= Flipper 3.226 0.0147 <0.001 sig.
PC Digits >= Non-digits in paw 0.4352 0.2670 0.1481 >0.1, n.s.
Upper paw >= Lower paw 0.6800 0.3369 0.0675 >0.1/2, n.s.
Digits 2-5 >= Other sections in paw 1.6495 0.2367 <0.001 sig.
Other sections in paw >= Lower 0.7684 0.2968 0.016 <0.1/3, sig.

palm

The estimate and standard error of the mean difference between contrasts and significance of the
difference is reported. “>=" indicates “is greater than” and a one-sided test with significance level
p<0.1. Adjusted significance represents the significance level based on a reversed sequential
Bonferroni procedure to control family-wise Type 1 error. Shading separates each family of test. In
this procedure the largest p-value is tested at the significance level, the next largest at half the
significance value, the next largest at one-third the significance value, and so on. If a significant value
is reached, we reject all other tests with p-values smaller than that value. Significant contrasts and
associated adjusted significance levels are bolded.
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SUPPLEMENTARY TABLE 3. Summary of GLMM model output: non-zero density of Merkel cells
(Mk) and Pacinian corpuscles (PC) across glabrous skin structures.

Type Summary of Random and Fixed Effects
Random Effects
Groups Fixed Effect within Group  Variance  Std. Dev.
Otter (n=3) Flipper 0.0761344  0.27592
Lips 0.0008581  0.02929
Paw 0.0909663 0.30161
Rhinarium 0.0208108 0.14426
Residual 0.6072153  0.77924
Mk Number of observations: 102
Fixed Effects  Estimate Std. Error  t-value Pr>|z|)
Intercept -0.8127 0.3192 -2.546 0.0109
Lips -0.8945 0.4699 -1.904 0.0570
Paw 0.3581 0.2653 1.350 0.1771
Rhinarium -1.5634 0.6125 -2.553 0.0107
Random Effects
Groups Fixed Effect within Group  Variance  Std. Dev.
Otter (n=3) Flipper 0.08313 0.288331
Lips 2.746e-07  0.000524
Paw 0.006841  0.082708
Rhinarium 1.102e-06  0.001050
PC Residual 0.5171 0.719123
Number of observations: 79
Fixed Effects  Estimate Std. Error  t-value Pr>|z|)
Intercept -2.82313 0.01040 -271.45 <2e-16
Lips 0.05085 0.70832 0.072 0.9428
Paw 0.40334 0.01029 39.191 <2e-16
Rhinarium -1.49427 0.70835 -2.110 0.0349

This table lists the variance estimates and standard deviations for the random effects and the estimated
coefficients, standard errors, t-values, and significance values for the fixed effects (Flipper, Lips, Paw,
Rhinarium). Total unexplained variance is the sum of the residual variance and the variance of the
fixed effects within the grouping of otter. The intercept represents the density under the default value
of Flipper. Fixed effects with p<0.05 are bolded.
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SUPPLEMENTARY TABLE 4. Summary of GLMM model output: presence of Merkel cells (Mk)
and Pacinian corpuscles (PC) between left and right sides of the paw and flipper digit pads.

Type Summary of Random and Fixed Effects
Random Effects
Groups Fixed Effect within Group  Variance Std. Dev.
Section:Otter  Left 58.68 7.66
(n=24)
Mk (PAW) Right 3443.39 58.68
Number of observations: 88
Fixed Effects  Estimate Std. Error t-value Pr>|z|)
Intercept 7.379 2.652 2.782 0.0054
Right 7.217 6.506 1.109 0.2674
Random Effects
Groups Fixed Effect within Group ~ Variance Std. Dev.
Section:Otter ~ Left 0.6703 0.8187
(n=24)
Number of observations: 88
Fixed Effects  Estimate Std. Error t-value Pr>|z|)
Intercept 1.7227 0.5931 2.904 0.00368
Right -0.4274 0.7947 -0.538 0.59072
Random Effects
Groups Fixed Effect within Group ~ Variance Std. Dev.
Otter (n=3) Left 0.00 0.00
Mk Right 0.001978 0.04447
(FLIPPER) Number of observations: 12
Fixed Effects  Estimate Std. Error t-value Pr>|z|)
Intercept 1.609 1.095 1.469 0.142
Right 18.957 11935.284 0.002 0.999
Random Effects
Groups Fixed Effect within Group  Variance Std. Dev.
Otter (n=3) Left 7.703e-19 8.777e-10
PC Right 6.561e-19 8.100e-10
(FLIPPER) Number of observations: 12
Fixed Effects  Estimate Std. Error t-value Pr>|z|)
Intercept 4.279¢-08 0.8165 0.00 1.000
Right 1.609 1.366 1.178 0.239

This table lists the variance estimates and standard deviations for the random effects and the estimated
coefficients, standard errors, t-values, and significance values for the fixed effects (Left, Right). Total
unexplained variance is the sum of the residual variance and the variance of the fixed effects within the
grouping of otter. The intercept represents the density under the default value of Left. Fixed effects
with p<0.05 are bolded.
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SUPPLEMENTARY TABLE 5. Summary of GLMM model output: non-zero density of Merkel cells
(Mk) and Pacinian corpuscles (PC) between left and right sides of the paw and flipper digit pads.

Type Summary of Random and Fixed Effects
Random Effects
Groups Fixed Effect within Group  Variance Std. Dev.
Section:Otter  Left 0.1764 0.4200
(n=23)
Right 0.8185 0.9047
Mk (PAW)  Residual 0.4137 0.6432
Number of observations: 82
Fixed Effects  Estimate Std. Error t-value  Pr(>|z|)
Intercept -0.5942 0.1568 -3.789 0.00015
Right -0.2867 0.3143 -0.912 0.3617
Random Effects
Groups Fixed Effect within Group  Variance Std. Dev.
Section:Otter  Left 0.3296 0.5741
(n=23)
Right 0.3005 0.5482
PC (PAW) Residual 0.5171 0.5647
Number of observations: 69
Fixed Effects  Estimate Std. Error t-value  Pr(>|z|)
Intercept -2.6537 0.1906 -13.925  <2e-16
Right -0.1857 0.1861 -0.998 0.318
Random Effects
Groups Fixed Effect within Group  Variance Std. Dev.
Otter (n=3) Left 0.503324 0.70945
Right 0.006411 0.08007
Mk Residual 0.330777 0.57513
(FLIPPER) Number of observations: 11
Fixed Effects  Estimate Std. Error t-value  Pr(>|z|)
Intercept -1.3156 0.7636 -1.723 0.0849
Right 0.4064 0.8759 0.464 0.6427
Random Effects
Groups Fixed Effect within Group  Variance Std. Dev.
Otter (n=3) Left 0.2905 0.5390
Right 0.3728 0.6106
PC Residual 0.2537 0.5037
(FLIPPER) Number of observations: 8
Fixed Effects  Estimate Std. Error t-value  Pr(>|z|)
Intercept -2.8243 0.4806 -5.877 4.19¢-09
Right -0.1404 0.7029 -0.200 0.842

This table lists the variance estimates and standard deviations for the random effects and the estimated
coefficients, standard errors, t-values, and significance values for the fixed effects (Left, Right). Total
unexplained variance is the sum of the residual variance and the variance of the fixed effects within the
grouping of otter. The intercept represents the density under the default value of Left. Fixed effects
with p<0.05 are bolded.
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SUPPLEMENTARY TABLE 6. Summary of GLMM model output: non-zero density of Merkel cells

(Mk) and Pacinian corpuscles (PC) within glabrous skin of the paw.

Type Summary of Random and Fixed Effects
Random Effects
Groups Fixed Effect within Variance Std. Dev.
Group
Otter (n=3) Digit 1 0.149 0.3866
Digit 2 0.0121 0.1102
Digit 3 0.0678 0.2604
Digit 4 0.0275 0.1657
Digit 5 0.151 0.3881
Upper Metacarpal pad  0.298 0.5462
Lower Metacarpal pad  0.320 0.5653
Carpal pad 0.0566 0.2380
Mk Residual 0.444 0.6662
Number of observations: 82
Fixed Effects Estimate Std. Evror  t-value  Pr(>|z|)
Intercept -0.60855 0.38327 -1.588  0.1123
Digit 2 0.37615 0.44538 0.845  0.3984
Digit 3 0.01417 0.40136 0.035 09718
Digit 4 0.12153 0.37410 0.325  0.7453
Digit 5 0.33386 0.36022 0.927  0.3540
Upper Metacarpal pad  0.09543 0.35901 0.266  0.0477
Lower Metacarpal pad -1.97816 0.99910 -1.98 0.9274
Carpal pad 0.03646 0.40020 0.091 0.7904
Random Effects
Groups Fixed Effect within Variance Std. Dev.
Group
Otter (n=3) Digit 1 0.00378 0.06149
Digit 2 0.121 0.34847
Digit 3 0.074 0.27221
Digit 4 0.0583 0.24153
Digit 5 0.00680 0.08246
Upper Metacarpal pad  0.0632 0.25145
Lower Metacarpal pad  0.0489 0.22111
Carpal pad 0.0106 0.10313
PC Residual 0.252 0.50170
Number of observations: 69
Fixed Effects Estimate Std. Evror  t-value  Pr(>|z|)
Intercept -2.7627 0.1883 -14.67 <2e-16
Digit 2 0.3729 0.3752 0.994  0.320
Digit 3 0.5553 0.3203 1.73 0.0830
Digit 4 0.5000 0.2848 1.76 0.0792
Digit 5 0.7091 0.2718 2.609  0.00908
Upper Metacarpal pad  -0.1043 0.3663 -2.839  0.00453
Lower Metacarpal pad -0.9617 0.3388 -1.090  0.276
Carpal pad -0.6317 0.5797 -0.285  0.776

This table lists the variance estimates and standard deviations for the random effects and the estimated
coefficients, standard errors, t-values, and significance values for the fixed effects (Digit 1, Digit 2,

135



Digit 3, Digit 4, Digit 5, Upper Metacarpal Pad, Lower Metacarpal Pad, Carpal Pad). Total
unexplained variance is the sum of the residual variance and the variance of the fixed effects within the
grouping of otter. The intercept represents the density under the default value of Digit 1. Fixed effects
with p<0.05 are bolded.
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SUPPLEMENTARY TABLE 7. Design of and results from pos¢-hoc custom contrasts from GLMM
model: proportional density of Merkel cells (Mk) and Pacinian corpuscles (PC) across and within

glabrous skin structures.

Type Sections Contrast Estimate Std. p-value  Adjusted
included Error Sig.
Distal (UQ) >= 2.237 0.840  0.00397 sig.
Non-distal (UMQ, LMQ,
Digits LQ)
Distal (UQ, UMQ) >= 2.46 0.949  0.008 <0.1, sig.
Non-distal (LMQ, LQ)
Distal (UQ) >= 1.038 0.837  0.17 >0.1, n.s.
Metacarpal ~ Non-distal (UMQ, LMQ,
and carpal  LQ)
pads Distal (UQ, UMQ) >= 0.543 0.863 0.38 >0.1, n.s.
Mk Non-distal (LMQ, LQ)
Lower Distal (UQ) >= 1.71 1.16 0.113 >0.1/2, n.s.
Non-distal (UMQ, LMQ,
metacarpal
and carpal LQ)
ds Distal .(UQ, UMQ) >= 0.723 1.22 0.388 >0.1, n.s.
pa Non-distal (LMQ, LQ)
Distal (UQ) >= 7.17 302.27 0.981 >0.1/2, n.s.
Non-distal (UMQ, LMQ,
Flipper pad LQ)
Distal (UQ, UMQ) >= -5.59 457.99 1.00 >0.1, n.s.
Non-distal (LMQ, LQ)
Distal (UQ) >= 1.30 0.742  0.0587  <0.1, sig.
Non-distal (UMQ, LMQ,
Digits LQ)
Distal (UQ, UMQ) >= 2.55 0.743  0.00052 sig.
Non-distal (LMQ, LQ) 1
Distal (UQ) >= 1.96 1.140  0.072 >0.1/2, n.s.
Metacarpal ~ Non-distal (UMQ, LMQ,
and carpal  LQ)
pads Distal (UQ, UMQ) >= 1.20 1.64 0.340 >0.1, n.s.
PC Non-distal (LMQ, LQ)
Lower Distal (UQ) >= 1.46 1.33 0.193 >0.1/2, n.s.
Non-distal (UMQ, LMQ,
metacarpal
and carpal LQ)
ds Distal .(UQ, UMQ) >= 1.35 1.89 0.326 >0.1, n.s.
pa Non-distal (LMQ, LQ)
Distal (UQ) >= 12.56 73.02  0.64 >0.1/2, n.s.
Non-distal (UMQ, LMQ,
Flipper pad LQ)
Distal (UQ, UMQ) >= 6.77 121.83  0.69 >0.1, n.s.

Non-distal (LMQ, LQ)

The estimate and standard error of the mean difference between contrasts and significance of the
difference is reported. “>=" indicates “is greater than” and a one-sided test with significance level
p<0.1. Adjusted significance represents the significance level based on a reversed sequential
Bonferroni procedure to control family-wise Type 1 error. Shading separates each family of test. In
this procedure the largest p-value is tested at the significance level, the next largest at half the
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significance value, the next largest at one-third the significance value, and so on. If a significant value
is reached, we reject all other tests with p-values smaller than that value. Significant contrasts and
associated adjusted significance levels are bolded.
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SUPPLEMENTARY TABLE 8. Summary of GLMM model output: proportional density of Merkel
cells (Mk) and Pacinian corpuscles (PC) within glabrous skin of the paw digit pads.

Type Summary of Random and Fixed Effects
Random Effects
Groups Fixed Effect within Group ~ Variance  Std. Dev.
Section:Otter ~ Upper Quartile 1.0996 1.0486
(n=15)
Upper Middle Quartile 0.6121 0.7823
Lower Middle Quartile 0.7184 0.8476
Lower Quartile 0.7476 0.8646
Number of observations: 212
Mk
Fixed Effects  Estimate Std. Error  t-value Pr>|z|)
Intercept -1.6592 0.4880 -3.400 0.000674
Upper 0.8687 0.7428 1.169 0.095309
Quartile
Upper Middle -0.2608 0.6669 -0.391 0.695721
Quartile
Lower -2.6437 1.5849 -1.668 0.242205
Quartile
Random Effects
Groups Fixed Effect within Group ~ Variance  Std. Dev.
Section:Otter ~ Upper Quartile 0.060029  0.2450
(n=15)
Upper Middle Quartile 0.002591  0.0509
Lower Middle Quartile 0.000 0.000
Lower Quartile 0.239947  0.4898
pC Number of observations: 192
Fixed Effects  Estimate Std. Error  t-value Pr>|z|)
Intercept -2.3979 0.5222 -4.592 4.41e-06
Upper 0.9133 0.6533 1.398 0.1621
Quartile
Upper Middle 1.4067 0.6153 2.286 0.0222
Quartile
Lower -0.4163 0.9901 -0.420 0.6742
Quartile

This table lists the variance estimates and standard deviations for the random effects and the estimated
coefficients, standard errors, t-values, and significance values for the fixed effects (Upper Quartile,
Upper Middle Quartile, Lower Middle Quartile, Lower Quartile). The intercept represents the
proportional density under the default value of the Lower Middle Quartile. Fixed effects with p<0.05
are bolded.
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SUMMARY

This dissertation advances understanding of the sensory mechanisms
underlying efficient foraging behavior in sea otters and builds on decades of field
studies of population biology and foraging ecology in this species (Kenyon 1969;
Riedman and Estes 1990; Estes et al. 2003; Tinker et al. 2007, 2008, 2012; Elliott
Smith et al. 2015; Newsome et al. 2015; Thometz et al. 2016). Despite this substantial
body of research, substantive observations of underwater search and detection
strategies in foraging sea otters remain unavailable, while detailed descriptions
readily exist for prey processing at the water’s surface. The direct structural-
functional relationships examined here for vision and touch expand the existing body
of work on sensory biology in this species based on the few available experimental
(Hammock 2005; Ghoul and Reichmuth 2014b, a) and anatomical investigations
(Radinsky 1968; Murphy et al. 1990; Mass and Supin 2000; Levenson et al. 2006;
Marshall et al. 2014).

Much of our foundational knowledge of vision and touch in mammals is based
on classic “model” species, i.e., primates and rodents. While highly useful to
determine typical pathways of sensory transduction, this narrow phylogenetic
approach limits our ability to connect functional and morphological variation with
species-specific behavior and ecology. Since local environments directly influence
the transmission of sensory cues, the inclusion of species adapted to different habitats

and lifestyles can bolster the existing comparative framework. This dissertation’s
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focus on sea otters, a secondarily adapted amphibious marine mammal, has broader
implications for our understanding of the feedback between evolution, ecology, and
morphology in terrestrial-aquatic transitions and in a top predator that exerts strong
direct and indirect effects on the coastal ecosystem (Estes and Palmisano 1974; Estes
and Duggins 1995; Watson and Estes 2011; Hughes et al. 2013).

Chapter 1 of this dissertation contributes new research to understand the role
of vision in the underwater foraging behavior of sea otters. The structural and
functional approaches used in Chapter 1 address key data gaps to describe pupillary
response, retinal morphology, and tapetal thickness within the constraints imposed by
their method of accommodation. The structural results reveal that the sea otter eye
contains elements that enhance low-light vision, including a tapetum lucidum and
rod-rich retina comparable to nocturnal terrestrial carnivores. The functional results
suggest that pupillary mobility in ambient light extremes is less than that measured in
pinnipeds (Levenson and Schusterman 1999), which likely results from an
accommodative mechanism that depends on pupil size for lens deformation to retain
visual acuity under water (Balliet and Schusterman 1971; Schusterman and Barrett
1973; Murphy et al. 1990). Our findings in the visual domain build on previous work
that places sea otters as intermediate between terrestrial and aquatic mammals (Estes
1989; Mass and Supin 2000, 2007), however, more comparative data are needed for
other terrestrial and amphibious mustelids to rigorously determine whether the traits
that contribute to amphibious vision in sea otters are derived. From an ecological

perspective, the results from Chapter 1 suggest that best visual acuity under water is
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likely achieved in shallow water during day dives for sea otters. Combined with their
dichromatic color vision, underwater accommodation likely enables sea otters to
discriminate between coastal habitat features and epifaunal prey in bright conditions.
At night or during deep dives, vision likely becomes blurry due to a negative coupling
between pupil size and accommodation ability, however the rod-rich retina may
enable detection of large habitat features indicative of prey presence. On a broad level
this chapter contributes to our understanding of how phylogenetic inertia and varying
ecological pressures can drive species to different evolutionary solutions given the
trade-off between acuity and low-light in amphibious vision.

Chapters 2 and 3 describe novel research to understand the role of touch in sea
otter foraging behavior using behavioral and morphological methods, respectively.
When paired with previous research on the processing of tactile cues via the vibrissal
array and the central nervous system in sea otters (Radinsky 1968; Marshall et al.
2014), these chapters provide a comprehensive assessment of the tactile system for
this species. Although the importance of touch for prey detection and capture has
been suggested for decades (Kenyon 1969; Riedman and Estes 1990), the results
reported in Chapter 2 comprise the first direct assessments of touch abilities in sea
otters using behavioral methods. This chapter combines the results of four
experiments to quantify tactile thresholds separately for the paws and vibrissae, both
in air and under water, in a sea otter trained to participate in a cooperative texture
discrimination task. The results from Chapter 2 reveal that both paw and vibrissal

sensitivity in sea otters are comparable to those in other tactile specialists, including
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terrestrial, amphibious, and fully aquatic mammals (Lamb 1983; Morley et al. 1983;
Dehnhardt 1994; Dehnhardt and Diicker 1996; Dehnhardt et al. 1997, 1998; Bachteler
and Dehnhardt 1999; Hille et al. 2001; Bauer et al. 2012). Paw sensitivity is
especially acute in sea otters, similar to thresholds for humans tested in the same
experimental paradigm using their hands. In addition to sensitivity metrics, Chapter 2
reveals rapid processing time of tactile cues for sea otters, which coincides with the
high foraging efficiency observed for acquisition of infaunal prey in wild sea otters
(Estes et al. 2003; Bodkin et al. 2004, 2007).

Chapter 3 complements the results from Chapter 2 by describing variation in
morphological patterns in the glabrous skin of sea otters (i.e., paw pads, flipper digit
pads, rhinarium, and lips) and how these patterns may relate to differential perception
of tactile cues. Chapter 3 uses established histological methods to confirm the
presence of two mammalian mechanoreceptor types, Merkel cells and Pacinian
corpuscles, and their high relative density in distal portion of the paw, which likely
acts as a tactile fovea in sea otters relative to other glabrous skin. Sea otters appear to
lack Meissner corpuscles, another mechanoreceptor described in a subset of terrestrial
mammals (Winkelmann 1964; Ide 1977; Munger and Ide 1988; Tachibana and
Fujiwara 1991; Hoffmann et al. 2004; Weissengruber et al. 2006; Verendeev et al.
2015), but show substantial, unclassified neural tissue in the shallow dermis that
likely serves a similar mechanoreceptive function. These results indicate differential
tactile sensitivity within the paw and parallel those for Chapter 2, in which the sea

otter primarily used her distal paw to explore textured stimuli. Additionally, the low
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relative densities of mechanoreceptors in the rhinarium and lips measured in Chapter
3 suggest that the skin surrounding the vibrissae contributes minimally to sensitivity
measured in Chapter 2. Although Chapter 3 primarily focuses on anatomical
comparisons within sea otters, the observed patterns in the paw show qualitative
similarities to those described in other species for peripheral skin regions specialized
for touch (Johansson and Vallbo 1979; Kumamoto et al. 1993b, a; Rasmussen and
Munger 1996; Stark et al. 1998; Paré¢ et al. 2002).

This dissertation emphasizes the value of approaching research questions in
the field of sensory ecology from multiple perspectives. The behavioral methods used
in Chapters 1 and 2 provide direct measures of sensory perception, including fine-
scale metrics of sensitivity and strategy, however animal training for cooperative
research requires considerable time and resources, which tends to limit sample size.
In contrast, the histological methods used in Chapters 1 and 3 enable inferences of
sensory ability based on sensory morphology. Such indirect methods can be made
quickly across multiple individuals, however, they provide only a snapshot within
each individual’s lifetime, which can limit interpretation of results beyond broad
patterns, and they require validation when used in previously unassessed species. The
combination of direct and indirect approaches used in this dissertation balances the
tradeoffs inherent to each method and represents a more complete framework to
evaluate sensory abilities for species outside of traditional laboratory animal

paradigms.
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An overarching goal of sensory ecology is to integrate species-typical sensory
capabilities with ecological data on free-ranging individuals. In the case of sea otters,
a wealth of behavioral data has been collected for wild foraging individuals.
However, significant data gaps in our understanding of sea otter sensory biology
required attention to determine what questions to ask and how to ask them in a
meaningful comparative way. The results presented within this dissertation fill some
of the key data gaps, and in doing so, can direct future studies on both applied and
comparative sensory ecology questions. For example, the results from Chapters 2 and
3 can support applied research on the prey cues sea otters attend to during foraging,
e.g., to examine whether sea otters use touch to detect typical flow rates measured
from excurrent clam siphons. In addition, Chapter 1 points to the importance of
integrating measures of species-specific perception to ground-truth interpretations of
wild behavior; e.g., future external animal-borne tags could incorporate sensors that
monitor environmental cues at the level of the individual at the time of prey capture.
This dissertation as a whole provides both quantitative and qualitative inspiration for
future comparative work on how selection pressures shape interspecific variation in
sensory abilities.

All organisms inhabit a multimodal world and need to sense the environment
to behave appropriately and survive. Research on the basic biology of any species—
like the body of work on sea otters presented here—provides the proximate
perspective necessary to balance inferences made in ecological research. Since

similar local physical environments are perceived differently across species, studies
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that consider organisms at various levels of organization (i.e., individuals,
populations, communities) should account for unique species-specific sensory
environments. Ultimately, such an understanding is required to decipher causal links

between proximate mechanisms and ecological processes.
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