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ABSTRACT 

 

 

Comparative Analysis of the Morphology and Materials Properties of Pinniped 

Vibrissae. (December 2011) 

Carly C. Ginter, B.S., West Chester University 

Chair of Advisory Committee: Dr. Christopher D. Marshall 

 

 

 Vibrissae (whiskers) are important components of the mammalian tactile sensory 

system, and primarily function as detectors of environmental vibrotactile cues.  

Pinnipeds possess the largest and most highly innervated vibrissae among mammals and 

their vibrissae demonstrate a diversity of shapes and likely mechanical properties.  These 

two characteristics are important for vibrotactile sensory perception.   

Vibrissae of most phocid seals exhibit a beaded morphology with repeated 

sequences of crests and troughs along their length.  I comparatively characterized 

differences in vibrissae morphologies among phocid species with a beaded profile, 

phocid species with a smooth profile, and otariids with a smooth profile using traditional 

and geometric morphometric methods to test the hypothesis that vibrissal morphologies 

are species-specific manipulations of a common pattern.  The traditional and geometric 

morphometric datasets were subsequently combined by mathematically scaling each to 

true rank, followed by a single eigendecomposition.  Quadratic discriminant function 

analysis demonstrated that 79.3, 97.8 and 100% of individuals could be correctly 

classified to taxon based on vibrissal shape variables in the traditional, geometric and 

combined morphometric analyses, respectively.  At least three separate morphologies 

were identified since phocids with beaded vibrissae, phocids with smooth vibrissae, and 

otariids each occupied distinct morphospace in the geometric morphometric and 

combined data analyses.   



 iv 

Another important characteristic that influences the transduction of vibrotactile 

information to the mechanoreceptors in the follicle-sinus complex is the materials 

properties of the vibrissae.  Vibrissae were modeled as cantilever beams and flexural 

stiffness (EI) was measured to test the hypotheses that the shape of beaded vibrissae 

reduces flexural stiffness and that vibrissae are anisotropic (orientations differ in EI).  

Species were significantly different and smooth vibrissae were generally stiffer than 

beaded vibrissae.  Beaded vibrissae decrease vibrations in flow, which, combined with 

lower flexural stiffness values, may enhance detection of small changes in flow from 

swimming prey.  The anterior plane of the vibrissae is likely the most biologically 

significant in tracking hydrodynamic trails but had lower flexural stiffness values than 

the dorsoventral orientation.  There is likely a complex interaction between shape and 

mechanical properties in pinniped vibrissae but the ecological and functional 

implications are currently unknown.   
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CHAPTER I 

INTRODUCTION AND LITERATURE REVIEW 

 

Background 

Mammalian vibrissae are specialized hairs that are usually located on face and 

head, but can be found throughout the body.  Most work has focused on mystacial 

vibrissae, which are located just ventral and lateral to the nares.  Whiskers are comprised 

of a specialized follicle filled with a series of blood sinuses (termed a follicle-sinus 

complex or F-SC) and mechanoreceptors that reside on specialized tissues surrounding a 

hair shaft.  The hair shaft originates with the F-SC, passes through its center and extends 

away from the body to interact with the environment.  Rats have about 150-200 axons 

innervating each whisker; cats have slightly more and monkeys have slightly less 

(Halata and Munger 1980; Lichtenstein et al. 1990; Rice et al. 1986).  In general, most 

aquatic mammals have a similar amount of innervation to terrestrial mammals 

(Dehnhardt et al. 1999; Hyvärinen 1995; Ling 1977; Reep et al. 2001).  Estimates for 

cetaceans were 40-290 axons per F-SC (Ling 1977).  The manatee (Trichechus manatus 

latirostris) and the semi-aquatic Australian water rat (Hydromys chrysogaster) both have 

about 110,000 axons innervating the entire mystacial vibrissae array (Dehnhardt et al. 

1999; Reep et al. 2001).  Displacement of the hair shaft external to the follicle leads to 

compression of the mechanoreceptors on the leading edge of the deflection and 

stretching of the mechanoreceptors on all other sides of the mesenchymal sheath within 

the F-SC (Rice et al. 1986; Lichtenstein et al. 1990).  Extremely dense and sensitive 

mechanoreceptors in the vibrissae follicle-sinus complexes respond to vibration or 

bending (Burgess and Perl 1973; Gottschaldt et al. 1973; Halata 1975; Rice et al. 1986; 

Stephens et al. 1973).  Afferent fibers innervating the vibrissae detect parameters of 

deflection such as amplitude, velocity, duration, frequency and angular direction 
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(Lichtenstein et al. 1990).  Laboratory rat (Rattus rattus) vibrissal hair shafts have been 

shown to exhibit a resonance when brushed past an object.  The vibrissal array 

represents a resonance analyzer, with shorter vibrissae tuned to different resonances than 

longer vibrissae (Hartmann et al. 2003; Neimark et al. 2003; Mitchinson et al. 2004).  

Recent studies have begun to relate the conical shape of rat vibrissae and the range of 

overall lengths in the vibrissal array to their resonance and mechanical properties (Carl 

et al. 2011). 

Pinnipeds (seals, sea lions and walruses) have the largest vibrissae among 

mammals (Dykes 1975; Ling 1977).  The mystacial vibrissae differ in number, 

arrangement and shape among the three groups of pinnipeds: phocids (true seals), 

otariids (fur seals and sea lions) and odobenids (walruses; Ling 1977).  Although they 

are worn down with use, otariids tend to have longer vibrissae than phocids (King 1983).  

The longest whiskers have been observed in fur seals.  A Northern fur seal (Callorhinus 

ursinus) had whiskers up to 330 mm long (Scheffer 1962).  The record for the longest 

whisker belongs to an Antarctic fur seal (Arctocephalus gazella), documented at 480 mm 

(Bonner 1968).  Ognev (1935) reported the vibrissae of gray seals (Halichoerus grypus) 

to grow to a length of 110 mm.  The longest vibrissae of harp (Pagophilus 

groenlandicus), hooded (Cystophora cristata), harbor (Phoca vitulina), ringed (Pusa 

hispida), spotted (Phoca largha) and gray seals are around 90 – 100 mm (see Chapter II; 

Yablokov and Klevezal 1964), although mean length including all vibrissae on the 

muzzle is much lower (Ginter et al. 2010).  Walruses (Odobenus rosmarus; the only 

living odobenid) have shorter and thicker vibrissae than phocids or otariids, at 

approximately 65 mm long and 3 mm wide (Yablokov and Klevezal 1964).  The 

vibrissal system of pinnipeds is the most derived among mammals, which suggests its 

importance in sensory reception and processing. 

 

Follicle-Sinus Complex Morphology and Function  

Although there are few comparative data, the vibrissal F-SC of pinnipeds differ 

from terrestrial mammals in that the blood sinus system is tripartite with a ring sinus 
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located between a lower and upper cavernous sinus (Hyvärinen 1989; Hyvärinen and 

Katajisto 1984; Ling 1966, 1972; Marshall et al. 2006; Stephens et al. 1973).  In 

pinnipeds only the lower cavernous sinus and ring sinus are innervated.  Pinnipeds have 

a much greater investment of innervation to the mystacial vibrissal array than terrestrial 

or other aquatic mammals.  A harp seal vibrissa is innervated by five bundles of nerve 

fibers, each containing 40-290 individual axons.  A total of approximately 20,800-

162,400 individual axons connect to the whole vibrissal pad (Ling 1977; Yablokov and 

Klevezal 1964).  This degree of innervation is similar to other mammals, such as cats 

(Rice et al. 1986).  However, ringed seals have more than 150,000 axons innervating the 

vibrissal array (Hyvärinen 1995).  Bearded (Erignathus barbatus) seals have the highest 

number of axons per whisker and innervation to the mystacial pad (197,884-402,600 

axons to the whole vibrissal pad) of any mammals described to date (Marshall et al. 

2006).  The high degree of innervation in pinniped vibrissae results in tactile resolving 

ability equal to a prehensile tactile organ, such as a monkey‟s hand (Dehnhardt and 

Kaminski 1995).  The high innervation of California sea lion (Zalophus californianus) 

vibrissae led Stephens et al. (1973) to suggest the importance of sensory reception and 

interpretation of vibrations in water. 

Physical contact or exposure to air or water currents is necessary to activate the 

receptors in the vibrissae follicle (Dykes 1975).  The follicle-sinus complexes of 

pinnipeds function similarly to other mammals.  Most of the nerve fibers that enter the 

F-SC end at mechanoreceptors connected to the glassy membrane in the ring sinus 

(Hyvärinen 1989).  The lanceolate nerve endings on top of the glassy membrane and 

Merkel-neurite complexes below the glassy membrane respond to displacement of the 

hair (Hyvärinen 1989).  Merkel endings are compressed between the hair shaft and the 

glassy membrane by deflection of the hairs (Gottschaldt et al. 1973; Rice et al. 1986) and 

lanceolate endings are hypothesized to detect acceleration and deceleration of the hair 

shaft during deflection (Marshall et al. 2006; Rice et al. 1986).  Vibrations transmitted 

by the hair shaft are received by the laminated corpuscles below the ring sinus, which 

detect stretching and compression to initiate a neural response (Marshall et al. 2006; 
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Stephens et al. 1973).  The upper cavernosal sinus, unique to pinnipeds, can comprise up 

to 60% of the follicle length and is hypothesized to be a thermal insulator for the 

mechanoreceptors in the F-SC (Dehnhardt et al. 1998b; Hyvärinen 1995; Marshall et al. 

2006; Mauck et al. 2000).  The surface temperature of harbor seals‟ vibrissae pads are 

kept at as much as 25˚C above ambient air temperature, while other areas of the head 

had surface temperatures of 2.7-6.0˚C (Dehnhardt et al. 1998b).  However, only 

locations of vibrissal follicles were heated above 19˚C (Mauck et al. 2000).  The 

vibrissal follicle is the functional site of the vibrissal sensory system.  However, 

differences in the morphology and materials properties of the hair shaft would likely 

affect the signal that is transmitted to mechanoreceptors in the F-SC. 

 

Vibrissal Hair Shaft Morphology and Function 

Pinnipeds have either smooth, ellipsoidal vibrissae or vibrissae with a sinusoidal 

beaded profile, showing a regularly repeating sequence of crests and troughs (Dehnhardt 

and Kaminski 1995; Ginter et al. 2010; Ling 1977; Watkins and Wartzok 1985; 

Yablokov and Klevezal 1964).  All species of phocid seals, except bearded and monk 

(Monachus sp.) seals, have a sinusoidal beaded profile to their mystacial vibrissal hair 

shafts (Dehnhardt and Kaminski 1995; Hyvärinen and Katajisto 1984; King 1983; 

Marshall et al. 2006; Ognev 1935).  The literature is inconsistent for Ross 

(Ommatophoca rossi) seal vibrissae (King 1969; Ling 1972; Polkey and Bonner 1966) 

but they are traditionally grouped with the beaded-whiskered phocid species.  A possible 

factor influencing the presence of bumps on some phocid vibrissae is the growth rate and 

periodic shedding of the vibrissae and follicles, which was documented in detail for gray 

seals (Greaves et al. 2004) and harbor seals (Hirons et al. 2001).  Gray seal vibrissae 

were observed to grow in spurts, rather than continuously (Greaves et al. 2004).  

Vibrissae are not shed with the rest of the pelage in an annual molt, but rather 

individually and irregularly throughout the year (Ling 1966, 1977).  This periodic and 

intermittent shedding and re-growth of vibrissae likely serves to avoid a decrease in 

sensory capability if all vibrissae were shed simultaneously or due to vibrissae loss or 
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physical damage (Greaves et al. 2004; Hirons et al. 2001; Ling 1977).  In fact the 

divergence of the vibrissae from the shedding cycle of the pelage underscores the 

functional significance of this sensory system.  

“Most probably the vibrissa is a long sensory lever, where the slightest vibrations 

in the external portion immediately are transmitted to the internal part, and thus to the 

nerve endings” (Yablokov and Klevezal 1964).  The sinusoidal beaded morphology is 

hypothesized to enhance prey detection and perhaps navigation in ringed and harbor 

seals (Dehnhardt et al. 1998a; Dehnhardt et al. 2001; Hyvärinen and Katajisto 1984; 

King 1983; Ognev 1935; Oliver 1977; Schulte-Pelkum et al. 2007).  Beaded phocid 

vibrissae are a hydrodynamic receptor system (Bleckmann 1994; Hanke and Bleckmann 

2004).  Although streamlining is the most efficient shape for moving through fluid, 

recent studies suggest that a bumpy leading edge may actually function to reduce drag 

more than a smooth leading edge (Fish et al. 2008; Miklosovic et al. 2004).  For 

example, humpback whale (Megaptera novaeangliae) flippers possess tubercles, which 

create a bumpy profile along the leading edge (Winn and Reichley 1985).  This 

morphology has been shown to affect the hydrodynamic characteristics of the flipper to 

increase maneuverability during turning by decreasing drag and increasing lift forces, 

even at high angles of attack (Fish et al. 2008; Miklosovic et al. 2004).  The beaded 

profile of phocid vibrissae has been shown to have similar hydrodynamic implications 

(Hanke et al. 2010).  Drag reduction of the vibrissae is necessary in order to keep these 

thin, flexible structures protracted and therefore able to detect hydrodynamic stimuli in 

flow.  The vibrissae vibrate at a frequency related to the flow of water over them as the 

seal swims (Hyvärinen and Katajisto 1984).  The vibration frequency is related to the 

mechanical properties of vibrissae, which have not previously been explored (see 

Chapter III).  However, it has been demonstrated by captive animal testing and 

computational fluid dynamics (CFD) modeling that the beaded profile of the vibrissae 

decreases vibrations due to ambient flow, compared to a smooth vibrissa (Hanke et al. 

2010).  A decrease in the vibrations due to ambient environmental noise could make the 

vibrissae more sensitive to other flow stimuli.  
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Studies of the tactile discrimination abilities of pinnipeds using mystacial 

vibrissae (whiskers) have demonstrated that this is an important sensory system.  

Walruses can discriminate between two different shaped discs down to a surface area of 

0.4 cm
2
 using only their mystacial vibrissae (Kastelein and Van Gaalen 1988).  Tactile 

discrimination capability of harbor seals, as measured by Weber fraction (c), 

demonstrated that these seals‟ vibrissae have resolving power (c = 0.08 – 0.13) similar to 

a monkey‟s hand (c = 0.10) (Dehnhardt and Kaminski 1995).  Additionally, active touch 

discrimination using these whiskers has a threshold similar to pinniped vision, which has 

a Weber fraction estimated to be around 0.06 (Dehnhardt and Kaminski 1995; 

Schusterman et al. 1965; Wartzok and Ray 1976).  California sea lions had slightly 

higher Weber fractions of 0.24 – 0.26 using their mystacial vibrissae in active 

discrimination behavior but their responses followed Weber‟s law as closely as vision 

(Dehnhardt 1994; Dehnhardt and Dücker 1996).  A gray seal appeared to rely on its 

vibrissae to detect tactile cues and avoid obstacles while swimming through a maze in 

the dark with visual cues all but eliminated (Oliver 1977).  It has been demonstrated that 

swimming fish create complex hydrodynamic vortex trails (Bleckmann et al. 1991; 

Blickhan et al. 1992; Drucker and Lauder 1999).  These trails induce a change in water 

velocity that is above the threshold of hydrodynamic reception by most organisms for 

several minutes, which suggests that swimming fish could be pursued by their predators 

by detecting and following the hydrodynamic signal the fish leaves in its wake (Hanke et 

al. 2000).  This expands upon the theory that pinnipeds use tactile cues to find prey by 

suggesting that direct touch may not be necessary for vibrissae function. 

Studies showed that harbor seals were able to use mystacial vibrissae to follow 

the course of a hydrodynamic trail similar to one that a swimming 30 cm fish would 

create, as well as a trail created by another swimming seal, even if they were blindfolded 

and auditory cues were eliminated (Dehnhardt et al. 2001; Schulte-Pelkum et al. 2007; 

Wieskotten et al. 2010b).  These data were further supported by control experiments 

where the whiskers were impeded by placing a stocking mask over the muzzle; the seal 

was never able to detect the trail.  California sea lions, which possess smooth vibrissae, 
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were also able to follow a hydrodynamic trail, but had only a 50% success rate when 

following a trail with a directional change (Gläser et al. 2011).  Additionally, a sea lion 

showed a drastic decrease in successful tracking when there was a delay of more than a 

few seconds between trail generation and the start of tracking behavior (Gläser et al. 

2011).  These results, combined with studies of visual capability, suggest that sea lions 

are likely able to rely primarily on vision while foraging and therefore may have not 

developed either the needed bumpy profile of the vibrissal hair shafts and/or the 

investment of mechanoreceptors and dense innervation to the degree that phocids have.   

The concept that pinnipeds rely primarily upon the vibrissal sensory system 

while foraging in darkness, when vision is of little use, is supported by accounts of blind, 

wild seals that appeared to be in good health and foraging successfully (Dehnhardt and 

Kaminski 1995; Hyvärinen 1989; Newby et al. 1970).  Newby et al. (1970) observed 

lactating mother harbor seals that were determined to be blind by their opaque corneas.  

Lactation is energetically demanding, with female harbor seals losing 80% of their 

stored fat over the first 19 days of lactation (Boness et al. 1994).  If blind seals were 

unable to find an adequate amount of food with high enough nutritional quality, it is 

highly unlikely that they would be able to successfully nurse a pup.  Miller (1975) 

compared facial expressions and social interactions in fur seals (Arctocephalus forsteri) 

and walruses.  He concluded that while vibrissae may have some social function, they 

are primarily tactile adaptations for food and object manipulation in water (Miller 1975).  

The smooth, thick, dense vibrissae of the bearded seal are used as tactile aids in 

identifying benthic prey (Ognev 1935).  Monk (Monachus spp.) seals, which also do not 

show the beaded profile, are opportunistic foraging generalists, with the Hawaiian 

subspecies (M. schauinslandi) hunting primarily benthic prey on coral reefs and the 

Mediterranean subspecies (M. monachus) consuming mostly cephalopods (Goodman-

Lowe 1998; Longenecker 2010; Salman et al. 2001).  Animal-borne video cameras 

showed that monk seals foraging over sand kept their smooth vibrissae in nearly constant 

contact with the substrate (Parrish et al. 2000).  Southern sea lions (Otaria byronia) were 

observed to swim underwater with erect vibrissae in contact with the sea bottom 
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(Dehnhardt and Kaminski 1995; Lindt 1956).  However, elephant (Mirounga spp.) and 

Weddell (Leptonychotes weddellii) seals possess beaded vibrissae but forage frequently 

on benthic prey (Burns et al. 1998; Hindell et al. 1991; Le Boeuf et al. 2000; Plötz et al. 

2001).  Weddell seals equipped with animal-borne cameras were also observed to use 

vision while hunting beneath ice by swimming below prey and silhouetting it against the 

lighter under-ice surface before attacking (Davis et al. 1999).  Pinnipeds likely use a 

combination of sensory modalities to navigate and forage in different environments.   

Finding prey in open ocean environments has provided strong selection pressures 

for marine mammals to develop diverse sensory mechanisms for prey detection.  

Odontocetes (toothed whales) display a refined sensory capability, echolocation, that 

allows individuals to interpret fine details of their environment, and objects within that 

environment, using the echoes of high frequency sound produced by the same individual 

(Au 2008).  However, numerous attempts have failed to find evidence for the use of 

echolocation by pinnipeds (Schusterman et al. 2000; Wartzok 1984).  Auditory cues are 

known to be used for foraging, traveling, predator avoidance and communication 

(Schusterman 1981).  Harbor and spotted seals have been shown to have good brightness 

discrimination (Hanke et al. 2009; Scholtyssek et al. 2008; Wartzok and McCormick 

1978).  Northern elephant seals (Mirounga angustirostris) are the deepest diving 

pinnipeds and exhibit a large range of pupillary dilation, which is known to increase dark 

adaptation rates in other mammals (Levenson and Schusterman 1997, 1999).  Harbor 

seals‟ visual acuity is approximately equal in air and clear water and these marine 

mammals have a contrast sensitivity adapted for low light, similar to other carnivores 

(Hanke and Dehnhardt 2009; Hanke et al. 2011).  However, pinnipeds often hunt in 

areas where concentrations of plankton and fish are high but water is consequently turbid 

and the visual acuity of harbor seals decreases rapidly even in moderately turbid water 

(Weiffen et al. 2006).  Ringed seals in Lake Saimaa live in murky water under ice cover 

where the visibility can be reduced to 2 m (Hyvärinen 1989).  This illustrates the need 

for a sensory modality, such as tactile reception by vibrissae, that could compensate for 

the lack of visual stimuli under commonly encountered foraging conditions (Weiffen et 
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al. 2006).  It is likely that pinnipeds use a combination of sight, hearing and vibrissal 

tactile reception to find, track and capture prey.  For example, sea lions may locate the 

approximate position of a fish using auditory cues, follow the hydrodynamic trail using 

their vibrissae and capture the fish when it is seen (Gläser et al. 2011).  Foraging 

Weddell seals often only protract their vibrissae in the final stages of an attack (Davis et 

al. 1999).  The complex interaction and relative importance of pinniped sensory 

modalities in different environments remain to be explored.  However, the high 

innervation, variety of shapes and evidence of hydrodynamic function in pinniped 

mystacial vibrissae all suggest the importance of this sensory system.  This thesis 

examines the variety of shapes seen in pinniped vibrissae and their mechanical 

performance since both of these factors likely have functional and ecological 

implications. 

 

Morphometrics – Shape Analysis 

Geometric morphometrics is a relatively new morphological methodology that 

quantifies and statistically analyzes shape variation and covariation among samples 

(Adams et al. 2004; Rohlf and Marcus 1993).  While traditional morphometrics uses 

multivariate statistical analysis of a set of variables, which are usually linear distances on 

an organism, to define shape (Rohlf and Marcus 1993), geometric morphometrics 

preserves the geometry of a shape and has gained popularity in biological studies in 

recent years (Adams et al. 2004; Rohlf and Marcus 1993).  Within the field of geometric 

morphometrics there are two general methodologies, landmark-based, which uses 

homologous biologically definable locations on various specimens, and outline-based, 

which uses the coordinates of points around the bounding of the specimen.  Both 

methodologies generate shape variables that can be analyzed using multivariate statistics 

to provide a quantitative description of shape.  Outline-based morphometrics often uses 

elliptic Fourier analysis (EFA) to compare profile shapes and provide a precise and 

accurate description of shape over a range of size scales (Kuhl and Giardina 1982; 

McLellan and Endler 1998).  Elliptic Fourier analysis allows quantitative description of 
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shape variation by creating four Fourier coefficients for each harmonic in a series of 

harmonics that are subsequently added to an ellipse to reproduce digitized outlines (see 

Chapter II).  These Fourier coefficients are shape variables that can be statistically 

analyzed using multivariate methods, such as Principal Components Analysis (PCA).  

Principal components analysis is useful to reduce a large number of variables down to a 

more manageable number that still summarizes the majority of the variance within the 

dataset.  A combination of traditional and geometric morphometrics can be used to 

create a complete, quantified description of shape.  Traditional, geometric and a 

combined methodology were used in this study to quantitatively analyze the different 

shapes of pinniped vibrissae (Chapter II). 

 

Materials Properties – Flexural Stiffness (EI) 

The higher density of water compared to air results in considerable mechanical 

resistance on the whiskers as an aquatic animal swims (Dehnhardt et al. 1999).  The 

function of a biological structure depends on its mechanical properties, which can be 

described from an engineering perspective.  A property of interest to biologists is 

Young‟s modulus of elasticity, which refers to the degree of resistance of a material to 

deformation under a given load (Etnier 2001; Roark 1943; Vogel 2003; Wainwright et 

al. 1976).  Biological materials demonstrate a broad range of Young‟s moduli; for 

example, from 2.1x10
-8

 GPa for a zebrafish larvae superficial neuromast in the lateral 

line to 84 GPa for human enamel (Craig et al. 1961; McHenry and van Netten 2007).  

Considerable work has been done to quantify the materials properties of plants.  Timber 

has a broad range of E values (4-16 GPa), depending on whether it is a hardwood or 

softwood, branch or trunk and tested green or air-dried (Bodig and Jayne 1982; Cannell 

and Morgan 1987).  Cortical bone has much higher E values, ranging from 8 to 24 GPa 

(Meyers et al. 2008).  Another property of interest to biologists is flexural stiffness (EI), 

which is the product of Young‟s modulus and a parameter describing the geometry or 

arrangement of material (Vogel 2003; Wainwright et al. 1976).  Flexural stiffness (EI) is 

the measure quantified in Chapter III to describe the mechanical behavior of pinniped 
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vibrissae.  Plant stems and leaf petioles have EI values ranging from 7.3x10
-11

 N/mm
2
 to 

2.53x10
-6

 N/mm
2
 (Ennos 1993; Ennos et al. 2000; Etnier 2003; Etnier and Vogel 2000; 

Niklas 1991; Vogel 1992).  These plant structures have diameter values in the same 

order of magnitude as pinniped vibrissae.  The skeletons of corals, which also have 

diameter values within the order of magnitude of pinniped vibrissae, have EI values 

ranging from 7.31x10
-9

 to 1.14x10
-7

 N/mm
2
 (Esford and Lewis 1990; Jeyasuria and 

Lewis 1987; Kim et al. 1992).  Scots pine (Pinus sylvestris) was found to have much 

higher EI values ranging from 4x10
7
 - 7.13x10

11
 (Mencuccini et al. 1997).  However, the 

diameter range for these tree samples was 68 – 348 mm, several orders of magnitude 

larger than pinniped vibrissae (Mencuccini et al. 1997).  Although a variety of biological 

structures have been evaluated in terms of both Young‟s modulus and flexural stiffness, 

this thesis is the first attempt to measure the flexural stiffness of pinniped vibrissae. 

 

Objectives and Hypotheses 

 The objectives of this study were to 1) characterize the morphology and shape of 

pinniped vibrissae using traditional and geometric morphometrics, and 2) characterize 

the materials properties of pinniped vibrissae, and model the bending mechanics 

according to beam theory.  I hypothesized that that the morphology and shape of phocid 

seal whiskers are species-specific, and that these differences are based on manipulations 

of a similar overall morphological and shape pattern.  It was predicted that in statistical 

analyses, the phocids with smooth vibrissae would cluster with otariids, and be separated 

from phocids with beaded vibrissae.  I also hypothesized that a beaded profile would 

reduce flexural stiffness compared to smooth vibrissae, and that vibrissal hair shafts are 

not isotropic, resulting in greater stiffness in some orientations than others.  

 

Samples 

 Whole vibrissae pads were collected from dead, stranded individuals on the East 

and West coasts of the United States and from animals taken during legal indigenous 

hunts in Alaska (Fig. 1).  Additional individual vibrissae were opportunistically collected 
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when shed by live, captive animals.  Several vibrissae samples from Southern 

Hemisphere (South America and Antarctica) pinnipeds were collected by colleagues 

conducting unrelated research in those locations.  Vibrissae from six phocid species with 

beaded vibrissae, one phocid species with smooth vibrissae and five otariid species with 

smooth vibrissae were analyzed in this study.  Samples were collected under a National 

Marine Fisheries Service (NMFS) Southeast Regional Office salvage permit letter and 

NMFS permits #358-1585 and 358-1787 issued to the Alaska Department of Fish and 

Game.  

 

 

 

callto:+1358-1585
callto:+1358-1787
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Figure 1. Map of sample collection locations.  Individual pinnipeds whose vibrissae 

were included in this study are represented.  Different species are indicated by the 

different symbols. 
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CHAPTER II 

MORPHOLOGY 

 

Introduction 

Many organisms possess highly sensitive mechanosensory structures to monitor 

and detect physical cues in their environment.  Mammalian vibrissae (whiskers) are 

finely tuned sensory structures.  The vibrissae include a follicle-sinus complex (F-SC) 

with numerous and various types of mechanoreceptors within its complex microstructure 

and a vibrissal hair shaft that transmits vibrotactile environmental stimuli to these 

mechanoreceptors deep in the F-SC (Burgess and Perl 1973; Dykes 1975; Gottschaldt et 

al. 1973; Halata 1975).  Although most mammals possess vibrissae, the majority of our 

knowledge regarding their function is limited to laboratory animals (Ahl 1986; Rice et 

al. 1997; Rice et al. 1986; Rice and Munger 1986).  The number, geometric arrangement, 

size, morphology, shape and stiffness of vibrissae vary widely among mammals (Ling 

1977).  Pinnipeds (seals, sea lions and walruses) possess the largest vibrissae among 

mammals (e.g., Antarctic fur seals (Arctocephalus gazella) have vibrissae up to 480 mm 

long; Bonner 1968) and exhibit a diversity of shapes in these structures (King 1983; 

Ling 1977; Watkins and Wartzok 1985).  In particular, the mystacial vibrissae of phocid 

seals, with the exception of bearded (Erignathus barbatus) and monk (Monachus spp.) 

seals, show a repeating sequence of crests and troughs along their length, giving them a 

beaded appearance (Dehnhardt and Kaminski 1995; Ginter et al. 2010; Hyvärinen and 

Katajisto 1984; King 1983; Marshall et al. 2006; Ognev 1935; Watkins and Wartzok 

1985).  

Many mammals, terrestrial and aquatic, use vibrissae for active touch and other 

discrimination tasks.  However, no other mammal exhibits the unusual beaded vibrissal 

morphology possessed by most phocid seals.  Since vision is a limited sensory modality 

in aquatic habitats, it follows that marine mammals may have experienced strong 

selection for compensatory sensory adaptations that facilitate functions such as prey 
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detection, particularly when foraging at night, in turbid water or when diving deeply.  

Whereas odontocetes (toothed whales) evolved echolocation, pinnipeds have highly 

derived vibrissal sensory systems (Dehnhardt et al. 1998a; Dehnhardt et al. 2001; Hanke 

et al. 2011; Hyvärinen 1989; Hyvärinen and Katajisto 1984; Weiffen et al. 2006).  

Reports of healthy but blind seals foraging successfully in the wild suggest the 

importance of this sensory system for the aquatic environment (Dehnhardt and Kaminski 

1995; Newby et al. 1970).  Experimental evidence has shown that phocid seals rely 

heavily upon their vibrissae to follow hydrodynamic trails (Dehnhardt et al. 1998a; 

Dehnhardt et al. 2001; Schulte-Pelkum et al. 2007; Wieskotten et al. 2010a, 2010b), as 

well as to orient themselves when vision is restricted (Wartzok et al. 1992).   

The distinctive shape of phocid seal vibrissae, with a sinusoidal beaded profile, 

has been shown to decrease vibrations during ambient flow while the seal is swimming, 

compared to smooth vibrissae (Hanke et al. 2010).  Previous morphological analyses of 

phocid vibrissae demonstrated species-specific differences (Ginter et al. 2010).  

However, there are few quantitative data regarding the morphology of phocid vibrissae 

and, to our knowledge, no characterization of their geometry has been conducted.  

Therefore, I conducted a comparative study on the shape and morphology of pinniped 

vibrissae.  I tested the hypothesis that the beaded morphology of phocid vibrissae is 

conserved with variants in peak-to-peak distance and crest and trough width representing 

species-specific differences.  I also hypothesized that phocids with beaded vibrissae, 

phocids with smooth vibrissae and otariids would each occupy distinct morphospace 

from each other, which may facilitate functional differences with ecological 

consequences.   

 

Materials and Methods 

Mystacial vibrissal hair shafts external to the follicle (hereafter simply termed 

vibrissae) from 11 pinniped species and 92 individuals were analyzed to quantify shape 

and morphological differences among species with beaded and smooth profiles (Table 

1).  Samples were collected from dead, stranded animals in New Jersey, New England 
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and California, from legal indigenous hunts in Alaska and opportunistically when shed 

by captive animals.  To standardize our comparisons, the longest vibrissae which did not 

show any wear or breakage from each individual were used.  These vibrissae always 

occurred in the most lateral portions of the lower rows of the mystacial vibrissal field.  

Scaled digital photographs (27.0 pixels/mm) of whole vibrissae were taken with a Nikon 

D200 SLR camera.  To maximize the contrast between the background and the vibrissa 

in the photograph, all vibrissae were dyed black (using Revlon ColorSilk hair dye #10; 

Revlon Cons. Prod. Corp., N.Y., NY 10017).  Vibrissae were coated with the dye 

mixture until the dye had penetrated the hair shaft and would not rinse off with water.  

Vibrissae were placed on a white background with the laterally flattened side down and 

held flat by a large glass slide to eliminate shape distortion.  The camera was mounted 

on a photographic copy stand normal to the vibrissa and a remote shutter release was 

used to trigger imaging.  

 

Table 1.  Morphology vibrissae samples.  Individual pinnipeds analyzed in this portion 

of the study are classified by family, species and vibrissal profile. 

Vibrissal 

Profile Family Species 

Number of 

Individuals 

Beaded Phocidae Gray seal (Halichoerus grypus)  8 

 Phocidae Harbor seal (Phoca vitulina)  15 

 Phocidae Harp seal (Pagophilus groenlandicus) 16 

 Phocidae Ringed seal (Pusa hispida) 16 

 Phocidae Spotted seal (Phoca largha) 9 

Smooth Phocidae Bearded seal (Erignathus barbatus) 10 

 Otariidae California sea lion (Zalophus californianus) 12 

 Otariidae Guadalupe fur seal (Arctocephalus townsendi) 1 

 Otariidae Northern fur seal (Callorhinus ursinus) 2 

 Otariidae South American fur seal (Arctocephalus australis) 2 

 Otariidae Steller sea lion (Eumetopias jubatus) 1 
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Traditional morphometric measures were collected using the scaled digital 

photographs of whole vibrissae following Ginter et al. (2010).  Traditional morphometric 

measurements collected were: peak-to-peak distance (linear distance between successive 

crests along the dorsal and ventral margins of each vibrissa), crest width (width of 

beads), trough width (width of constrictions), and curvilinear length of the entire vibrissa 

(Fig. 2).  All measurements were made using ImageJ (version 1.41, National Institutes of 

Health, Bethesda, MD, USA; http://rsbweb.nih.gov/ij/).  Each of the five measurement 

types was made multiple times on each vibrissa.  The values for each type were averaged 

for each individual vibrissa.  The ratio of mean crest width to mean trough width was 

computed for each species.  The geometric mean of all traditional morphometric 

measures for each individual was used as a standard proxy for overall size in statistical 

analysis of the traditional morphometrics (Darroch and Mosimann 1985).  

 

 

 

Figure 2.  Locations of traditional morphometric measurements on beaded and smooth 

vibrissae.  A ringed seal (top) and California sea lion (bottom) vibrissa are shown with 

locations of three traditional morphometric measurements (peak-to-peak distance, crest 

width and trough width) indicated by the black arrows.  The measurements are labeled 

by the text between the two vibrissae.  Peak-to-peak distance is not in reference to any 

physical structures on smooth vibrissae; it is simply the distance between successive 

measurements of vibrissal width. 
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I used outline-based, rather than landmark-based, geometric morphometric 

analysis due to the lack of homologous landmarks on vibrissae.  The same images used 

for the traditional morphometric measurements were thresholded using ImageJ.  

TpsDig2 software (Rohlf 2004) was used to fit an outline to each thresholded vibrissal 

image (Fig. 3), calculate the area within the outline, and save the series of X-Y 

coordinates for each outline.  The coordinates were renumbered using a Microsoft Excel 

2007 algorithm to standardize the location of “point 1” at the middle of the base of each 

vibrissa.  The renumbered coordinates were imported to EFAWin software (Rohlf 1993) 

for Elliptic Fourier Analysis (EFA).  Harmonics were added sequentially until digital 

reconstructions of the vibrissae outlines were judged by eye to completely represent the 

outlines of all vibrissae in this study.  Good fit was apparent with 15 harmonics.  The 

shape variables that resulted were set to be invariant to size (area of the first harmonic 

ellipse), orientation, and rotation.  Area of the first ellipse is a reasonable and accepted 

standard for calculating subsequent harmonic coefficients.  However, area within the 

outline, measured in pixels using tpsDig2, was used as a more biologically relevant 

measure of size in our statistical analyses.    

Elliptic Fourier harmonic coefficients and the log transformed traditional 

morphometric measures were combined to create a more complete analysis of vibrissal 

form.  However, since the two methods measured vibrissae in different units, the scale of 

each dataset was converted to match their true rank to be comparable.  Matrix rank is the 

number of linearly independent columns or rows in a data matrix (Pavlicev et al. 2009).  

In a more practical vein, the true rank is the number of components that collectively 

summarizes variance above “noise” such as digitization error (Vickerman and Gilmore 

2009).  Such thresholds are usually set to encompass 95 or 99% of total variance.  True 

rank scaling is accomplished by multiplying each data matrix by the square root of the 

data‟s true rank divided by the original variance of the data matrix.  Data scaled in this 

manner can be entered together into a single principle components decomposition (T. J. 

DeWitt, In prep.). 
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Figure 3.  Example outlines of a vibrissa from each species analyzed.  Left column from 

top to bottom: gray, harp, ringed, spotted.  Right column from top to bottom: harbor, 

bearded, fur seal and sea lion. 

  

 

Statistical Analyses 

All statistical analyses used JMP software (version 8.0.1, SAS Institute, Inc., 

Cary, NC), with the exception of partial η
2
, which was calculated using SPSS (version 

14.0.1, SPSS Inc.). Discriminant function analysis (DFA) provided a heuristic measure 

of how well each morphometric method performed in correctly classifying individual 

pinnipeds to species based on vibrissal shape.  Quadratic, as opposed to linear, DFA 

allows for each taxon to be predicted based on its own variance-covariance matrix in the 

canonical space.  Different covariance structures can result from factors such as small 

sample sizes (e.g. < 30 individuals per taxon).  I ran both types of DFA in each of the 

three analyses to provide a complete comparative basis for each method.  Results of all 

statistical analyses were considered to be significant at p<0.05. 
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Traditional Morphometrics 

All traditional morphometric data were log+1 transformed for normality.  Log+1 

transformation was used to avoid negative numbers that could not be used in calculation 

of geometric mean size.  Species-specific differences in morphological variation were 

tested using multivariate analysis of variance (MANOVA) with species, geometric mean 

and an interaction effect between species and geometric mean as the independent 

variables and the log-transformed linear distances as the dependent variables.  To 

remove the effect of size in the dataset before evaluating the species effect using DFA, a 

second MANOVA was run with only geometric mean as the independent variable and 

the log transformed linear distances as the dependent variables.  Residuals from that 

analysis were subsequently used in both linear and quadratic DFA with the species 

effect.  One-Way ANOVA with Tukey HSD post-hoc tests was used to evaluate 

differences among species in morphometric measurements on the vibrissae.  Such use of 

ANOVA following MANOVA is referred to as “protected” ANOVA, and is a common 

practice in ecology and evolutionary biology (Scheiner 2001).  However, significance 

levels for these ANOVA tests should be taken less as precise statements and more as 

useful heuristic devices, to help distinguish which original variables contribute most 

strongly to differences between taxa in the multivariate space.  These “protected” p-

values are demarcated herein using the approximation symbol “≈”. 

 

Geometric Morphometrics 

The EFA coefficients were compared among species using Principal Components 

Analysis (PCA) on correlations.  Principal components (PCs) on correlations, rather than 

covariances, were used because small-scale differences in vibrissa morphology were 

more important in discriminating species than large-scale differences, such as overall 

curvature.  PCs on covariances tend to weight large-scale differences more heavily, 

while PCs on correlations give all variables equal weight (Jackson 1993).  The number 

of principal components necessary to summarize 99% of the variation in the dataset was 

used in subsequent analyses.  Area within the vibrissal outline was used as the measure 
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of size for the geometric morphometric analysis.  Since area is a squared (two 

dimensional) measurement, the square root of area was taken to convert this value to a 

linear measurement, which would be comparable to the linear traditional measurements.  

The square root of area was subsequently log transformed for normality.  A MANOVA 

was run with species, log-transformed square root of vibrissae area and an interaction 

effect between species and vibrissae area as the independent variables and principal 

components of Fourier coefficients as the dependent variables.  To remove the effect of 

size in the dataset before conducting DFA, a second MANOVA was run with only log-

transformed square root of vibrissae area as the independent variable and principal 

components summarizing 99% of the variance as the dependent variables.  Residuals 

from that analysis were used in both linear and quadratic DFA with the species effect. 

 

Combined Traditional and Geometric Morphometric Data 

To scale each of the morphometric datasets to its true rank, I used eigenvalues of 

the covariance matrix from the PCA for the traditional morphometric dataset and the 

correlation matrix from the PCA for the geometric morphometric dataset.  True rank was 

defined as the number of principal components needed to summarize 99% of the 

variance in each dataset.  Once scaled, the datasets were subsequently combined and 

principal components were generated for the new data matrix.  The principal 

components needed to summarize 99% of the variance in the combined dataset were 

used as dependent variables in a MANOVA with species, geometric mean, log-

transformed square root of vibrissae area, interaction effects between species and each 

size measure, an interaction effect between the two size measures and a three-way 

interaction effect between species and both size measures.  To remove the effect of size 

in the dataset before DFA, a second MANOVA was run with only geometric mean and 

log-transformed square root of vibrissae area as the independent variables and principal 

components as the dependent variables.  Residuals from that analysis were used in linear 

and quadratic DFA with the species effect.  
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Results 

Traditional Morphometrics 

To maintain the comparative aspect of the study, I measured smooth vibrissae, 

which do not have crests and troughs, at approximate points analogous to the crest and 

trough locations on beaded vibrissae (Fig. 2).  The mean peak-to-peak distance measured 

along the dorsal and ventral margins of all beaded vibrissae was as a guide to measure 

width at multiple locations on smooth vibrissae.  These width measurements were 

analogous to crest width on beaded vibrissae.  Since smooth vibrissae do not have a 

sinusoidal profile (i.e., changes in width along the length of the vibrissa), our calculation 

of the ratio of crest width to trough width was 1 by definition for otariids and bearded 

seals (Table 2).  Although I refer to width values of smooth vibrissae as being crest and 

trough widths, this nomenclature was used simply to enable comparison with beaded 

vibrissae and does not describe the shape of smooth vibrissae.  

The total length of vibrissae analyzed in this study ranged from 60 mm to 110 

mm.  The number of beads per cm along the vibrissa ranged from 1.1 (harp seal) to 3.4 

(gray seal) and species were significantly different in this variable (p ≈ 0.002; Table 2).  

For beaded vibrissae, the mean values for the peak-to-peak distance along the dorsal and 

ventral vibrissal margins were nearly identical, indicating that the distance between 

successive crests is not affected by curvature of the overall vibrissa (Table 2, Fig. 4A).  

Bearded seals had the widest smooth vibrissae and spotted seals (Phoca largha) showed 

the greatest mean crest and trough widths of all beaded vibrissae.  The lowest crest and 

trough widths were seen in ringed seals (Pusa hispida; Table 2, Fig. 4B).  However, 

ringed seals had the highest crest width to trough width ratio, indicating that these 

vibrissae have the most pronounced sinusoidal profile of the five phocid species 

investigated with beaded vibrissae.  Spotted seals had the lowest crest width to trough 

width ratio, indicating that these seals have the least pronounced sinusoidal profile of the 

five beaded phocid species.  Crest to trough width ratios of harp (Pagophilus 

groenlandicus) and harbor (Phoca vitulina) seals were nearly indentical to each other as 

were the crest to trough width ratios of spotted and gray (Halichoerus grypus) seals 

(Table 2).  
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Table 2.  Results of traditional morphometric measurements.  Mean ± SD values for 

each species are given.  Significant differences between species for total length and 

number of beads per cm are indicated by different letters.  Significant differences 

between species for the other traditional morphometric measurements are given in 

Figure 3.  Species with different letters are significantly different from one another. 

 

Dorsal 

Peak-to-

Peak 

Distance 

(mm) 

Ventral 

Peak-to-

Peak 

Distance 

(mm) 

Crest 

Width 

(mm) 

Trough 

Width 

(mm) 

Crest 

Width / 

Trough 

Width 

Total 

Length 

(mm) 

# of 

Beads / 

cm 

Harp 
3.97 ± 

0.70 

3.94 ± 

0.69 

0.88 ± 

0.14 

0.69 ± 

0.13 
1.28 

80.6 ± 

10.8
ab

 

2.2 ± 

0.4
bc

 

Harbor 
3.27 ± 

0.39 

3.26 ± 

0.40 

0.92 ± 

0.13 

0.73 ± 

0.12 
1.26 

86.5 ± 

10.5
ab

 

2.3 ± 

0.4
abc

 

Ringed 
3.56 ± 

0.73 

3.53 ± 

0.72 

0.70 ± 

0.21 

0.49 ± 

0.21 
1.44 

79.6 ± 

10.9
ab

 

2.5 ± 

0.5
ab

 

Spotted 
4.01 ± 

0.63 

3.99 ± 

0.63 

1.04 ± 

0.15 

0.85 ± 

0.15 
1.22 

91.2 ± 

7.9
a
 

1.9 ± 

0.2
c
 

Gray 
3.43 ± 

0.38 

3.41 ± 

0.39 

0.76 ± 

0.13 

0.63 ± 

0.11 
1.21 

73.8 ± 

12.5
b
 

2.7 ± 

0.5
a
 

Bearded 
3.64 ± 

0.66 

3.62 ± 

0.65 

1.17 ± 

0.28 

1.18 ± 

0.27 
0.99 

77.2 ± 

9.5
ab

 
0 

Fur Seals 
3.64 ± 

0.66 

3.62 ± 

0.65 

0.97 ± 

0.11 

0.96 ± 

0.12 
1.01 

83.0 ± 

20.3
ab

 
0 

Sea Lions 
3.64 ± 

0.66 

3.62 ± 

0.65 

0.84 ± 

0.19 

0.84 ± 

0.19 
1.00 

90.7 ± 

11.3
a
 

0 

 

 

 



24 

 

 

Figure 4.  Results of the traditional morphometric measurements.  Vibrissae from five 

species of phocid seals with beaded vibrissae, one species of phocid with smooth 

vibrissae (bearded) and otariids were analyzed.  One-Way ANOVA‟s were performed 

following overall significance of species effects in MANOVA.  Species with the same 

letter were not significantly different; species with different letters were significantly 

different for the given measure (Tukey HSD; p<0.05).  A) Mean (+SE) peak-to-peak 

distances along the dorsal and ventral margins of the vibrissa.  B) Mean (+SE) crest and 

trough widths. 
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There were significant differences between some species in each of the 

traditional morphometric measurements.  ANOVA with Tukey post-hoc results showed 

that harp and spotted seals significantly differed from harbor seals (p≈0.0035 and 

p≈0.0100, respectively; Fig. 4A) for the log of peak-to-peak distance along the dorsal 

margin of the vibrissa.  The other species did not significantly differ from one another 

for this variable.  Harp and spotted seals also significantly diffed from harbor seals 

(p≈0.0047 and p≈0.0128, respectively) for the log of peak-to-peak distance along the 

ventral margin of the vibrissa, and the other species did not significantly differ from one 

another in this variable (Fig. 4A).  Bearded seals differed from all species except spotted 

(p≈0.9643), harbor (p≈0.1435) and fur seals (p≈0.8088) for the crest width variable, and 

ringed seals differed from all species except sea lions (p≈0.2575) and gray seals 

(p≈0.9482; Fig. 4B).  Ringed seals differed from all species except gray seals for the 

trough width variable (p≈0.0656), and bearded seals differed from all species except fur 

(p≈0.8349) and spotted seals (p≈0.0854; Fig. 4B).  Again, bearded seals, fur seals and 

sea lions do not have physical crests and troughs so these comparisons refer to their 

vibrissal width values at points homologous to crests and troughs on beaded vibrissae 

(Fig. 2).  Species were not significantly different in the log length of the vibrissae 

variable, except for gray seals, which differed from sea lions and spotted seals (p≈0.0205 

and p≈0.0289, respectively; Table 2).  Intraspecific variation could not be effectively 

assessed due to the low number of individuals per species. 

Quadratic DFA on the traditional morphometric measures separated beaded 

species from non-beaded species on Canonical axis 1 (Fig. 5).  In this analysis otariids 

separated into two groups that slightly overlapped with one another.  Bearded seals 

(smooth vibrissae) overlapped with both gray seals from the beaded phocid cluster and 

fur seals in the otariid group.  Gray seals overlapped only with harbor seals from the 

beaded phocid cluster.  Spotted and harp seals overlapped extensively, while ringed and 

harbor seals were completely separated from each other.  Canonical axis 2 was likely 

composed of more than one variable and may have separated species primarily based on 

overall vibrissal length, with harbor seals being further separated from the beaded cluster 
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by their lower peak-to-peak distances (Table 2).  Interestingly, gray seals had the highest 

mean number of beads per cm but were located closer to the smooth-whiskered species 

in morphospace (Fig. 5).  Quadratic DFA showed that the traditional morphometric 

measures correctly classified 73 out of 92 individuals (79.3%; Table 3). 

 

 

 

Figure 5.  Traditional morphometrics centroid plot.  Results of the quadratic discriminant 

function analysis (QDFA) on the traditional morphometric measurements.  Crosses mark 

the mean for each species; ellipses are 95% confidence regions.  
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Table 3.  MANOVA results for the three analyses.  Partial η
2
 is a measure of effect 

strength.  LDFA% and QDFA% are the percentages of individuals that were correctly 

classified by the linear discriminant function analysis and quadratic discriminant 

function analysis, respectively.  Geomsize (geometric mean) and LogSqrtArea (log of 

the square root of the area) were the measures of vibrissal size. 

  F DF p 
Partial 

η
2
 

LDFA 
% 

QDFA 
% 

Traditional Species 9.2 35,305.3 <0.0001 0.45 64.1 79.3 

  Geomsize 6867.5 5,72 <0.0001       

  Species*Geomsize 3.1 35,305.3 <0.0001       

Geometric Species 2.5 126,397.7 <0.0001 0.42 78.3 97.8 

  LogSqrtArea 3.4 18,59 0.0002       

  Species*LogSqrtArea 1.7 126,397.7 <0.0001       

Combined Species 4.4 133,340.9 <0.0001 0.50 84.8 100.0 

  LogSqrtArea 10.1 19,50 <0.0001       

  Geomsize 8.9 19,50 <0.0001       

  Species*LogSqrtArea 2.8 133,340.9 <0.0001       

  Species*Geomsize 2.3 133,340.9 <0.0001       
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Geometric Morphometrics 

A good (identical by eye) outline fit of each vibrissa was obtained with fifteen 

harmonics.  Four Fourier coefficients (A, B, C, D) were generated to describe each of the 

15 harmonics, plus the two zeroth (A0 and C0) harmonics, for a total of 62 shape 

variables.  Fifteen harmonics provided enough variability in shape definitions that 

eighteen PCs summarized 99% of the variance within the dataset.  I therefore used these 

18 variables as our metrics of shape in subsequent analyses.  Both linear and quadratic 

DFA provided good discrimination among species based on shape (Table 3).  Due to the 

greater discriminatory ability of quadratic DFA I focused on those results.  The quadratic 

DFA on the geometric morphometric measures separated otariids from phocids (Fig. 6).  

The phocids with beaded vibrissae clustered together and all species overlapped with 

each other.  Additionally, the otariids separated into two non-overlapping groups, 

whereas these same groups overlapped slightly in the traditional plot.  Bearded seals 

were positioned between beaded phocids and otariids, but were completely separated 

from the phocid cluster and both otariid groups, in contrast to the traditional plot.  

Canonical axis 1 appeared to separate beaded vibrissal species from non-beaded vibrissal 

species, as seen in the traditional plot.  Canonical axis 2 may have separated species 

based on overall vibrissal length, since sea lions and bearded seals had the longest and 

shortest smooth vibrissae, respectively, and spotted and gray seals had the longest and 

shortest beaded vibrissae, respectively (Table 2).  Alternatively, this axis may be 

detecting differences in cross-sectional shape, or an interaction of several shape 

characteristics.  Subsequent canonical axes made only minor contributions to 

discriminatory ability.  Quadratic DFA showed that the principle components of elliptic 

Fourier harmonic coefficients facilitated classification of 90 out of 92 individuals 

(97.8%; Table 3).  
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Figure 6.  Geometric morphometrics centroid plot.  Results of the quadratic discriminant 

function analysis (QDFA) on the elliptic Fourier harmonic coefficients (geometric 

morphometrics).  Crosses mark the mean for each species; ellipses are 95% confidence 

regions.  
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Combined Traditional and Geometric Morphometric Data 

The traditional and geometric morphometric data exhibited shared and unique 

aspects of discriminatory ability.  The redundancy (similar taxonomic discrimination) 

implies a combined analysis is more appropriate, more complete and more powerful.  A 

PCA on the EFA harmonic coefficients showed that eighteen PCs were required to 

summarize 99% of the variance in the dataset compared to a PCA on the traditional 

dataset, which only needed three PCs to summarize 99% of the variance in the data.  

Therefore, the true ranks of the geometric and traditional morphometric datasets were 

eighteen and three, respectively.  If there were no redundancy between the two datasets, 

a combined, expected 21 PCs would be required to summarize 99% of the variance in 

the dataset.  However, the combined dataset required 19 PCs on correlations to 

summarize 99% of the variance in the dataset.  This showed that there was some overlap 

between the traditional and geometric morphometric methodologies.  The MANOVA 

results for the combined data are summarized in Table 3.  Since two different measures 

of size were used in the traditional and geometric morphometric analyses, both size 

measures were included in the combined data model.  Insignificant effects were removed 

from the model. 

Quadratic DFA again clearly separated phocids and otariids on Canonical axis 1 

with bearded seals occupying an intermediate position between otariids and beaded 

phocids (Fig. 7).  Canonical axis 2 again appeared to separate species in our dataset 

based on vibrissal length.  This separation was clear for the smooth-whiskered species, 

but the small-scale intricacies of the beaded profile likely complicated the relationships 

between the beaded phocids.  For example, spotted seals had the longest vibrissae but 

may have been pulled along Canonical axis 2 towards harp seals and away from harbor 

seals by the peak-to-peak distance variables (Table 2).  Surprisingly, gray seals, with the 

highest mean number of beads per cm, were again pulled towards the smooth-whiskered 

species.  In this analysis, harbor and gray seals did not overlap with either spotted or 

harp seals, but did overlap with each other and ringed seals.  Harp and ringed seals 

overlapped considerably (Fig. 7).  In contrast to the centroid plots for the geometric and 
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traditional morphometrics, otariids loaded higher than phocids on Canonical axis 1 and 

bearded seals had the highest loading on Canonical axis 2.  

 

 

 

Figure 7.  Combined data centroid plot.  Results of the quadratic discriminant function 

analysis (QDFA) on the combined dataset.  Crosses mark the mean for each species; 

ellipses are 95% confidence regions.  

 

 

Quadratic DFA on the combined dataset correctly classified 100% of individuals 

(Table 3), compared to 79.3% and 97.8% for the traditional and EFA datasets, 
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respectively.  This demonstrated that each method found differences between species 

that the other method did not.  The combined methodology incorported all differences 

and was the best at correctly classifying species.  In all three analyses, quadratic DFA 

outperformed linear DFA in correctly classifying individuals (Table 3).  Since all factors 

in the statistical models were significant, I compared the proportion of partial variance 

explained by the main effect of interest, species, using Wilks‟ partial η
2
.  This value was 

similar for all three analyses but highest for the combined dataset (Table 3).  This 

indicates that the species effect was relatively strongest in the combined analysis, and 

relatively weakest in the geometric morphometric analysis.  However, the species effect 

still explained approximately 50% of the variance in each of the three models. 

Individual animals were classified by the recovering stranding network or 

indigenous group into one of five age classes: pup, yearling, juvenile, subadult or adult. 

The five age classes did not have significantly different vibrissae lengths (p=0.0584) or 

vibrissae areas (p=0.1438). Adults and subadults had significantly higher vibrissal length 

values than juveniles and yearlings (p=0.0018 and p=0.0012, respectively), which both 

had significantly higher vibrissal length values than pups (p=0.0003). For overall body 

length, yearlings and juveniles were not significantly different from each other 

(p=0.9998). Adults and subadults had significantly higher body weight values than the 

other three age classes (p<0.0001).  Pups, yearlings and juveniles did not have 

significantly different body weights (p=0.0717).  Males and females did not significantly 

differ in body weight (p=0.1512), body length (p=0.1987), vibrissal length (p=0.9169) or 

vibrissal area (p=0.8249). 
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Discussion 

 Phocids with beaded vibrissae show species-specific variation on a common 

sinusoidal beaded pattern.  In all analyses, the phocids possessing beaded vibrissae 

clustered together.  However, it is interesting to note that the only two cogeneric phocids 

in the study, harbor and spotted seals, did not overlap at all in the combined data analysis 

and overlapped only partially in the geometric morphometric and traditional 

morphometric analyses.  Gray seals appeared to occupy an intermediate position in 

morphospace between the other beaded phocids and smooth-whiskered bearded seals in 

all three analyses.  This was surprising since this species had the highest number of 

beads per cm and the overall shape appeared quite similar to the rest of the beaded 

phocids.  Ginter et al. (2010) initially found a different pattern in traditional 

morphometric measurements along the vibrissae of gray seals compared to harp and 

hooded (Cystophora cristata) seals, but that difference was not maintained when 

additional samples were added (C.C. Ginter, unpubl. data).  Gray seals possess different 

head morphology from other phocids.  Cameron (1967) and King (1983) described the 

nose of male gray seals as high and arched, while females have a long, straight profile to 

the top of the head.  Gray seals are similar to hooded and elephant (Mirounga sp.) seals 

in that the males have enlarged snouts used in visual signaling (Miller and Boness 1979).  

The broader snout may change the position of vibrissae on the muzzle.  As a result of 

this difference in location, vibrissae may have evolved an alternative morphology.  

While the phocid species with beaded vibrissae always clustered together in 

morphospace, the fact that all individuals could be correctly classified to the species 

level demonstrated that the beaded profile is not identical.  I sampled a large number of 

Phocinae species, but not all members of this subfamily were included in the study.  

However, based on the variation within this beaded vibrissal group, I predict that the rest 

of family Phocidae would cluster with the beaded phocids examined here. 

Bearded seals, a phocid with smooth vibrissae, were positioned between beaded 

phocids and otariids in morphospace.  Interestingly, the centroid ellipses for bearded 

seals and otariids (which also possess smooth vibrissae) never overlapped in the 
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geometric morphometric or the combined data analysis.  In fact, the centroid ellipse for 

bearded seals was closer in morphospace to the beaded phocids than to the smooth-

whiskered otariids in the geometric and combined analyses.  This strongly suggests that 

the smooth vibrissae of bearded seals are different from the smooth vibrissae of otariids 

in this study.  This difference may be related to cross-sectional shape.  Bearded seal 

vibrissae are almost rectangular in cross-section and this shape differs considerably from 

the oval cross-sectional shape of otariids and other phocids (Marshall et al. 2006; pers. 

obs.).  A limitation of this comparative analysis is that the other phocids with smooth 

vibrissae, monk seals (Monachus spp.), were not included.  However, based on personal 

observations and diet studies in the literature, I predict that monk seals would not occupy 

the same morphospace as bearded seals.  Rather, they may be intermediate between 

bearded seals and the beaded phocid cluster or intermediate between bearded seals and 

otariids.  The interesting differences among pinniped vibrissae without a beaded profile 

were a surprising result of this study.  I have reported evidence that there may be 

variation in smooth vibrissal shape and morphology among otariids, since the geometric 

morphometric approach completely separated otariids into two groups, and the combined 

data analysis demonstrated only a minimal overlap between these groups.  Clearly these 

differences in morphology and shape previously have been overlooked and may have 

important ecological consequences.   

It is important to note that although the comparisons of vibrissal length and area 

between genders and among age classes are interesting, full Level A data were only 

obtained for 45 out of 92 individuals from five species.  No morphological data were 

available for any of the animals classified as subadults.  Additionally, more males than 

females were obtained (34 males vs. 16 females) and there were more known adult 

males than known adult females, both of which may have biased the results.  However, 

additional support for the observed lack of difference in vibrissal length among age 

classes comes from Scheffer‟s (1962) observation of a full term Northern fur seal 

(Callorhinus ursinus) fetus with vibrissae as long as 63 mm and Bonner‟s (1968) 

observation of a three week old Antarctic fur seal (Arctocephalus gazella) with vibrissae 



35 

 

up to about 80 mm long.  A four and a half month old Southern elephant seal (Mirounga 

leonina) fetus had mystacial vibrissae up to 27 mm long (Ling 1966).  A ringed seal pup 

of the year in the present study had vibrissae that were slightly longer than the mean 

value for that species.  Although caveats are certain to arise, the data analyzed here 

suggest that there are no gender or age class effects on vibrissal morphology and shape.   

Although I focus on the shape of individual vibrissae here, other factors also are 

likely to be important in vibrotactile sensory perception, such as location, distribution of 

the vibrissae on the muzzle, and innervation.  The function of the entire mystacial 

vibrissa pad is most likely an interaction between vibrissal hair shaft shape, the geometry 

and location of the vibrissae.  The interaction of morphology at these two scales is likely 

to be related to foraging mode and strategy.  Bearded seals and walruses exemplify the 

importance of the geometry of mystacial vibrissae location.  The distribution of bearded 

seal vibrissae differs from other phocids.  Instead of lying along the lateral sides of the 

rostrum, bearded seals have vibrissae widely distributed over the anterior portion of a 

blunt muscular muzzle (Ling 1977; Marshall et al. 2006).  Bearded seals forage for 

benthic invertebrates (Burns 1981).  Walruses, another benthic foraging specialist, 

exhibit a similar vibrissal distribution (Fay 1982).  This vibrissal arrangement is related 

to a benthic foraging mode and appears to be convergent with the vibrissal arrangement 

on the oral disk of sirenians, which also spend considerable time foraging on the benthos 

(Marshall et al. 1998; Marshall et al. 2003; Reep et al. 1998).  

Otariids have smooth vibrissae and feed on similar prey to phocids with beaded 

vibrissae (Pauly et al. 1998), which suggests that beaded vibrissae are not critical in 

catching certain prey items.  However, otariids generally do not dive to the depths that 

phocids do in search of prey.  The greater amount of ambient light present in shallower 

water may allow otariids to rely more heavily upon vision for prey detection and capture 

or a combination of visual, auditory and tactile cues (Gläser et al. 2011).  Both 

California sea lions and harbor seals are able to detect water velocities below those that 

would be generated by a swimming fish using their vibrissae (Dehnhardt and Mauck 

2008; Dehnhardt et al. 1998a).  However, blindfolded California sea lions could only 
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successfully track a hydrodynamic trail using their vibrissae 50% of the time when the 

signal made a single turn.  There was also a decrease in tracking ability when there was a 

delay of more than a few seconds between the generation of the trail and the beginning 

of the sea lion‟s search for it (Gläser et al. 2011).  These performance data suggest that 

vibrissae are an important sensory modality in this species, but are not the only sensory 

system involved in prey tracking, since it is unlikely that a chased fish will swim in a 

straight line.   

In contrast, harbor seals are able to follow a complex hydrodynamic trail as long 

as 40 m with high accuracy, even with glide phases in the trail, and can determine the 

direction of a trail after delays up to 35 s (Dehnhardt et al. 2001; Wieskotten et al. 

2010a, 2010b).  Additionally, these seals are able to follow a trail, even when they 

contact it at an obtuse angle, by repeatedly crossing the trail and gradually narrowing the 

angle.  Such a search method would be more successful in tracking fleeing fish (Schulte-

Pelkum et al. 2007).  The beaded profile of harbor seals‟ vibrissae was shown to 

suppress self-induced vibrations caused by ambient water flow during swimming (Hanke 

et al. 2010).  It is likely that reduced vibrations of the vibrissae allow detection of 

hydrodynamic trails as prey turn away from the seal during escape maneuvers.  Objects 

of different sizes and shapes can be perceived based on characteristics of their resulting 

hydrodynamic trail by harbor seals‟ vibrissae (Wieskotten et al. 2011).  Since I have 

shown that morphology and shape of beaded phocid vibrissae are species-specific 

variants on a basic pattern, the performance data from harbor seals may not be 

completely representative of all phocids with beaded vibrissae.  The different sizes and 

shapes of beaded vibrissae may have functional consequences related to identifying the 

hydrodynamic signal of prey that have not yet been explored. 

In summary, although the classic view is that pinniped vibrissae exhibit two 

distinct vibrissal morphologies, beaded and smooth, the morphology and shape of 

pinniped vibrissae within this study fall into at least three distinct groups: phocids with 

beaded vibrissae, phocids with smooth vibrissae, and otariids.  A fourth group may be 

identified if additional research substantiates (with additional species and greater sample 
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size) the division of otariid vibrissal shape into two groups as shown in our analyses.  

Future research should investigate further the shape differences among smooth vibrissae 

of otariids and phocids.  Behavioral performance data for additional phocids and otariids 

will help elucidate the potential functional and ecological diversification that correlates 

with the variation in vibrissal morphology and shape reported in this study.  Finally I 

hope to highlight the methodological insight that geometric and traditional 

morphometrics should not be treated as alternatives.  It is fashionable to compete the two 

approaches to see which is “best” (e.g., Mutanen and Pretorius 2007; Parsons et al. 

2003).  Rather, the two types of analysis should generally be used in harmony, by fusing 

the data as illustrated herein, to yield the most complete understanding of morphology.  

In the present case, 100% of vibrissae could be classified to taxon, which is a testament 

to both the synthetic methodology and the biological diversity in vibrissal shape. 
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CHAPTER III 

MATERIALS PROPERTIES 

 

Introduction 

Many organisms have developed mechanosensory structures and systems to 

detect physical cues in their environment (Sane and McHenry 2009).  Among 

vertebrates, the lateral line system of fishes is among the best studied mechanosensory 

systems (Bleckmann 1994).  The lateral line system allows an individual to receive 

information regarding the flow regime around its body that may originate from 

conspecifics (for schooling), from predators, prey or itself, as well as other biological 

and physical (i.e., currents) cues in its environment (Coombs and Montgomery 1999; 

Dijkgraaf 1962; Montgomery et al. 1995).  The lateral line contains neuromast organs 

that transduce fluid forces to mechanoreceptors (hair cells; Dijkgraaf 1962; McHenry 

and van Netten 2007).  Vibrissae (whiskers) are modified hairs of mammals.  Pinnipeds 

possess vibrissae that allow them to navigate their environment and even track biogenic 

hydrodynamic trails in the water using this sense alone (Dehnhardt et al. 1998a; 

Dehnhardt et al. 2001; Gläser et al. 2011; Schulte-Pelkum et al. 2007; Wieskotten et al. 

2010a, 2010b; Wieskotten et al. 2011).  Traditionally, pinniped whiskers have been 

classified as have either smooth (with an elliptical cross-section) or beaded, with a 

repeating sequence of crests and troughs to give a sinusoidal profile along the length.  

All phocid (true or earless) seals, with the exceptions of monk (Monachus spp.) and 

bearded (Erignathus barbatus) seals, show the distinct beaded profile (Dehnhardt and 

Kaminski 1995; Ginter et al. 2010; Hyvärinen and Katajisto 1984; King 1983; Marshall 

et al. 2006; Ognev 1935).  The vibrissae of ringed (Pusa hispida) and harbor (Phoca 

vitulina) seals have been observed to vibrate during swimming (Dehnhardt et al. 2001; 

Hyvärinen and Katajisto 1984), and this is likely true for all phocid whiskers.  The 

beaded morphology of phocid seal vibrissae decreases these vibrations during swimming 

compared to smooth vibrissae, which likely increases the signal to noise ratio of 
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vibrotactile stimuli and enhances the detection capability of mechanoreceptors in the 

underlying hair follicles (Hanke et al. 2010).  When actively hunting, seals protract their 

vibrissae, which then vibrate a certain frequency based on their mechanical properties 

(Dehnhardt et al. 2001).  Understanding the mechanical properties of vibrissal hair shafts 

is critical to understanding how this sensory system functions.  The hair shafts of 

vibrissae (hereafter called vibrissae) transduce vibrotactile cues from the environmental 

to the mechanoreceptors deep in the vibrissal follicle-sinus complex (F-SC).  Changes in 

its mechanical properties can modify the amplitude and frequency of vibrotactile cues 

that arrive at the F-SC receptors, thereby functioning as an information-processing filter.  

Seal vibrissae were more responsive to high frequency stimuli than cat vibrissae, and 

this difference was hypothesized to be related to species-specific differences in the hair 

shaft mechanical properties (Dykes 1975).  However, the mechanical properties of 

vibrissal hair shafts are currently unexplored.   

Vibrissae can be modeled as cantilever beams projecting from the muzzles of 

seals using engineering beam theory.  When bent downward, the top half of a beam is 

placed in tension while the lower half of the beam is placed in compression (Wainwright 

et al. 1976).  In beam theory, the neutral plane is the central plane running longitudinally 

through the middle of the beam that experiences no tensile or compressive stresses (force 

divided by cross-sectional area; Vogel 2003, Wainwright et al. 1976) during bending.  

Typical tension and compression elicit strains that are dependent upon material 

properties and are usually indifferent to the arrangement of that material (Bedford and 

Fowler 2004; Vogel 2003).  However, calculation of bending forces, such as those 

generated when vibrissae are subjected to water flow, requires knowledge of both the 

materials properties and the geometric arrangement of the material.  The geometric 

arrangement is referred to as the second moment of area (I) and is critical for 

determining the stiffness of a beam.  For example, the stiffness of two rods of the same 

length, same diameter, same material type, and same amount of material is very different 

if one is solid and the other is hollow.  A hollow cylinder is much stiffer than a solid rod 

due to the distance of the material away from the neutral plane (Vogel 2003).  Here, 
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stiffness is defined as the mechanical property that characterizes the degree of resistance 

of a material to deformation under a given load (Roark 1943).  This measure is referred 

to as Young‟s modulus (E).  Flexural stiffness is defined as a measure of the resistance 

of a structure to bending (Etnier 2001; Roark 1943) and is the product of Young‟s 

modulus (E) and the second moment of area (I), commonly expressed as EI (Vogel 

2003; Wainwright et al. 1976).  Young‟s modulus is a property of the material itself and 

is therefore assumed to remain constant over the length of a structure (Vogel 2003).  

Calculation of the second moment of area depends upon the cross-sectional area of the 

structure and this geometry can vary over the length of the beam.  Often this geometry is 

simplified in the model.  In strict engineering practices, measures of E (Young‟s 

modulus) are only valid if structures are homogeneous, isotropic, linearly elastic 

(Hookean), deform equally under both tensile and compressive forces, and deform less 

than 10% when loaded (Vogel 2003; Wainwright et al. 1976).  Obviously many 

biological materials violate some of these assumptions, but a good estimate of flexural 

stiffness can be calculated if the materials testing data for the structure (i.e., vibrissae) 

can be collected or are available (Combes and Daniel 2003a, 2003b), and this is one goal 

of this study. 

Chapter II of this thesis demonstrated that there is a diversity of morphologies 

among pinniped vibrissae.  Therefore it is reasonable to assume that the flexural stiffness 

and mechanical properties of these vibrissae also vary.  The first obvious morphological 

difference among pinniped vibrissae is whether they are beaded or smooth.  It has been 

postulated that the beaded profile possessed by most phocids increases the stiffness of 

the “sensory lever” of these vibrissae (Yablokov and Klevezal 1964).  However, I 

hypothesized that a beaded profile would alter the second moment of area in such a way 

as to reduce flexural stiffness compared to smooth vibrissae, that is smooth whiskers are 

stiffer than beaded whiskers.  In addition, the morphology of vibrissae and behavioral 

studies of live pinnipeds using their vibrissae suggest that hair shaft orientation is 

important for sensory reception.  Therefore I hypothesized that vibrissal hair shafts are 

not isotropic and stiffness may be greater in some orientations than others. 
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Materials and Methods 

Vibrissae from 11 species and 43 individuals were tested (Table 4).  Since there 

may be variation within individual pinnipeds, depending on the size of the vibrissa and 

its location on the muzzle, the longest vibrissae from each individual were used to 

standardize our comparisons.  Materials properties of the vibrissae were tested using a 

MTS Insight 5 SL and TestWorks4 software (MTS Systems Corporation, Eden Prairie, 

MN).  A 25N load cell (MTS Systems Corporation, Eden Prairie, MN) was equipped 

with a circular horizontal pin that could roll slightly to create a near frictionless contact 

during point force loading.  Vibrissal samples were secured at the base in plastic molds 

filled with epoxy to keep the base stationary during testing.  An apparatus that fit into the 

lower grip of the MTS was customized to hold each vibrissa horizontally.  During 

testing, a point force was applied at 25% of the total length of the vibrissa minus the 

thickness of the epoxy base, which was calculated by: 

 

L = (overall whisker length – height of epoxy base)*0.25 for 25% testing length (mm) 

(Equation 1) 

 

 This distance provided the most stable and accurate loading regime compared to 

other locations on the vibrissa.  Using a percentage of the length allowed standardization 

of the testing location on vibrissae with a range of total lengths.  Also, 25% is relatively 

close to the skin surface so the forces detected at this location may be representative of 

the forces experienced by the mechanoreceptors in the follicle.  Lastly, this distance 

minimizes any potential for length errors that may arise due to worn vibrissae.  The 

distance along the vibrissa from the epoxy mold to the point force load was used as the 

length of the beam (L; Equation 1) and EI was calculated over this distance to generate a 

measure of flexural stiffness at the point force.  

E = slope of the linear portion of the force-extension curve x  
I

L

3

3

  
(Equation 2) 

Only the linear portion of the force-extension curve can be used to calculate E 

(Equation 2) because this is the only section where the material is Hookean and 
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extension is proportional to force (Fig. 8).  The assumptions of beam theory are no 

longer met when the slope of the graph is nonlinear.  The slope of the linear portion of 

the graph is calculated by the equation for a line:  

y = mx + b (Equation 3), 

where m is the slope.  An example force-extension curve for a bearded seal vibrissa 

illustrates the initial linear portion used to generate the slope for the calculation of E 

(Fig. 8). 

 

 

 
Figure 8.  Example force-extension curve.  A bearded seal vibrissa was tested as a 

cantilever beam with force (N) and extension (mm) recorded by the MTS Insight 

apparatus.  The linear portion of the graph is highlighted in yellow.  The slope of the 

linear portion used in calculating E is given by Equation 3.  The equation for this 

example is shown in the figure.  

 

 

Since vibrissae have an ellipsoidal cross section, the diameter of both the major 

and minor axes (w and h) of the ellipse at 25% of the length was measured using digital 

calipers (Mitutoyo Corporation, Kawasaki, Japan).  The equation for the second moment 



43 

 

of area of an ellipse with radius w in the horizontal plane and h in the vertical plane was 

used in calculating I:  

 

I = 
4

3wh
 (Equation 4; Wainwright et al. 1976; Vogel 2003) 

IAnterior = 
4

3wh
, where w = the radius of the major axis (horizontal plane) 

and h = the radius of the minor axis (vertical plane; Equation 5) 

IDorsal = 
4

3wh
, where w = the radius of the minor axis (horizontal plane) 

and h = the radius of the major axis (vertical plane; Equation 6) 

 

The product of E, as calculated by Equation 2, and I, as calculated by Equation 5 

for the anterior orientation and by Equation 6 for the dorsal orientation, resulted in 

the measure of flexural stiffness. 

 

 

Table 4.  Materials testing vibrissae samples.  The number of individuals is given, 

classified by vibrissal profile, family and species. 

Vibrissal 

Profile Family Species 
Number of 

Individuals 

Beaded Phocidae Gray seal (Halichoerus grypus)  5 

 Phocidae Harbor seal (Phoca vitulina)  5 

 Phocidae Harp seal (Pagophilus groenlandicus) 5 

 Phocidae Ringed seal (Pusa hispida) 5 

 Phocidae Spotted seal (Phoca largha) 5 

 Phocidae Weddell seal (Leptonychotes weddellii) 3 

Smooth Phocidae Bearded seal (Erignathus barbatus) 5 

 Otariidae California sea lion (Zalophus californianus) 5 

 Otariidae Guadalupe fur seal (Arctocephalus townsendi) 1 

 Otariidae Northern fur seal (Callorhinus ursinus) 2 

 Otariidae 

South American fur seal (Arctocephalus 

australis) 2 
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Materials Testing Criteria 

Several criteria were used during data collection and analysis.  Since a pre-load 

phase was not relevant to this study, the beginning of the test was determined manually 

from the raw data.  The test was determined to have begun when the load value no 

longer fluctuated to zero and the extension value was positive.  To determine whether 

the speed of the test (how fast the crosshead was lowered) had an effect on flexural 

stiffness, one beaded vibrissa and one smooth vibrissa were tested at nine different test 

speeds ranging from 0.5mm/min to 5mm/sec.  One-Way ANOVA was used to evaluate 

the effect of the different test speeds.  The speed of the crosshead did not affect the 

material properties of either beaded or smooth vibrissae (p=1.000).  These results are in 

agreement with a previous study which compared speeds from 10 – 100 mm/min and 

found no significant effect on the compressive modulus of keratinous horse hooves 

(Landeau et al. 1983).  Based on the lack of difference among speeds observed in this 

study, a testing speed of 10mm/min was used throughout the rest of the trials.  This 

speed was intermediate among those tested and decreased the time necessary for each 

trial (compared to the default setting).  

A subset of vibrissae was tested in all four orientations: anterior, posterior, dorsal 

and ventral.  Morphologically, as a seal swims through water, flow should contact the 

vibrissae at the anterior plane.  Accordingly, the top of the vibrissa was denoted as the 

dorsal plane, the bottom as the ventral plane and the concave side as the posterior plane.  

Another subset of vibrissae was used to test the hypothesis that flexural stiffness was 

invariant whether vibrissae were wet or dry.  I felt that this was important to translate the 

laboratory work to vibrissal function in live animals.  Vibrissae were first tested in both 

orientations, anterior-posterior plane and dorsoventral plane, after being stored dry and 

then were placed in distilled water for 20 minutes.  Excess water was wiped off with a 

paper towel and the vibrissae were immediately tested again in both orientations.  In all 

testing scenarios, five consecutive trials were run in each orientation with the load 

completely removed from the vibrissa for one minute between trials.    
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  All calculations were conducted manually in Microsoft Excel.  The modulus (E) 

was obtained from the slope of the linear trend line fit to the raw data values on a force-

extension curve using Equation 2.  Variation in the flexural stiffness measurements 

among species and between orientations was assessed using ANOVA with species or 

orientation as the independent variable and flexural stiffness as the dependent variable, 

followed by Tukey HSD post-hoc tests in JMP software (v. 8.0.1, SAS Institute, Inc., 

Cary, NC).  All data were log transformed to obtain normality before statistical testing.  

Results were determined to be statistically significant at p<0.05. 

 

Results 

Flexural stiffness values for the anterior and posterior planes were not 

significantly different from each other, nor were the values for the dorsal and ventral 

planes (Fig. 9).  However, anterior and posterior significantly differed from dorsal and 

ventral for flexural stiffness (p=0.0013; Fig. 9).  Since only two planes of the vibrissae 

significantly differed in flexural stiffness (anterior-posterior and dorsal-ventral), only 

those two planes were tested for the rest of the study.  In addition, flexural stiffness 

values of dry vs. wet trials did not significantly differ from one another. 
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Figure 9.  Results of materials testing in four orientations.  A subset of pinniped 

vibrissae were tested in all four planes.  A = Anterior, P = Posterior, D=Dorsal, V = 

Ventral.  Dorsal and ventral did not differ from each other but had significantly higher 

mean flexural stiffness values than anterior and posterior, which also did not differ from 

each other.  Different letters indicate significant differences between orientations. 

 

 

 

For the full dataset including all species and individuals, flexural stiffness values 

were 1.5 to 2.9 times greater in the dorsal-ventral plane than the anterior-posterior plane 

(p<0.0001; Table 5; Fig. 10).  Flexural stiffness ranged from 10.51 N/mm
2
 for a ringed 

seal to 826.27 N/mm
2
 for a fur seal in the anterior plane and from 22.61 N/mm

2
 for a 

ringed seal to 1101.55 N/mm
2
 for a fur seal in the dorsal plane.   
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Table 5. Results for three measurements from materials testing.  Mean ± SD for Young‟s 

modulus (E), flexural stiffness (EI) and peak load is given for each species of pinniped 

analyzed in this study.  A =  anterior plane and D = Dorsal plane. 

 

Young's modulus (E) 

GPa 

Flexural Stiffness (EI) 

N/mm
2 Peak Load (N) 

 A D A D A D 

Gray 
8.15 ± 

2.47 

5.92 ± 

1.76 

34.40 ± 

8.78 

98.74 ± 

32.36 

0.10 ± 

0.03 

0.28 ± 

0.07 

Harbor 
11.96 ± 

1.69 

7.53 ± 

2.38 

68.45 ± 

25.88 

136.47 ± 

38.38 

0.13 ± 

0.09 

0.23 ± 

0.17 

Harp 
15.84 ± 

4.21 

7.62 ± 

2.86 

87.07 ± 

44.22 

152.72 ± 

48.05 

0.15 ± 

0.05 

0.27 ± 

0.07 

Ringed 
12.06 ± 

3.14 

7.88 ± 

2.82 

40.07 ± 

17.89 

81.18 ± 

44.72 

0.07 ± 

0.03 

0.14 ± 

0.04 

Spotted 
11.94 ± 

1.72 

5.97 ± 

0.96 

91.78 ± 

59.51 

159.12 ± 

99.42 

0.14 ± 

0.05 

0.23 ± 

0.07 

Weddell 
8.97 ± 

2.65 

7.02 ± 

1.05 

216.54 ± 

10.73 

287.60 ± 

23.10 

0.25 ± 

0.09 

0.31 ± 

0.09 

Bearded 
6.96 ± 

1.81 

4.85 ± 

0.98 

164.03 ± 

79.41 

433.99 ± 

154.96 

0.34 ± 

0.20 

0.81 ± 

0.36 

CA Sea 

Lion 

12.23 ± 

1.52 

14.10 ± 

5.87 

171.50 ± 

83.70 

278.78 ± 

73.52 

0.34 ± 

0.27 

0.51 ± 

0.23 

Fur Seals 
11.90 ± 

4.06 

8.94 ± 

2.85 

390.77 ± 

229.42 

590.10 ± 

301.05 

0.84 ± 

0.40 

1.20 ± 

0.45 

 

 

Ringed seals had the lowest flexural stiffness values and significantly differed 

from all species except gray seals (p<0.0001).  Fur seals had the highest flexural 

stiffness values and significantly differed from all other species (p=0.0181; Fig. 10).  

The greatest difference between the two planes was observed in gray seals and the 

smallest difference was observed in Weddell seals (Fig. 10).  The five trials of each 

species and in each orientation were not significantly different from each other. 
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Figure 10. Results of flexural stiffness measurements (EI).  Mean ± SE values are given 

for six species of pinnipeds with beaded vibrissae and three species with smooth 

vibrissae.  A = Anterior plane and D = Dorsal plane.  Species with different letters were 

significantly different. 

 

 

 

Discussion 

Pinniped vibrissae show a range of flexural stiffness values, depending on the 

species and the orientation of the vibrissa to the point force.  Vibrissae have higher 

flexural stiffness values in the dorsoventral orientation, which indicates that they are 

more resistant to bending in that plane compared to the anterior-posterior plane.  The 

geometry of pinniped vibrissae is clearly important since the differences in the second 

moment of area between the two orientations resulted in different flexural stiffness 

values.  In the dorsal orientation, the vibrissa is much higher than it is wide so more 

material is located further away from the neutral axis.  This should result in the structure 

being stiffer (Vogel 2003; Wainwright et al. 1976), and that is what was observed.  The 

dorsal orientation resembles the engineering “ideal” structure, the I-beam, which 

concentrates material at the tension and compression surfaces with a minimal amount of 

material to hold the two surfaces apart (Wainwright et al. 1976).  The pronounced 
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differences in flexural stiffness between the two orientations likely have sensory 

consequences.  As the animal swims forward, the vibrissae vibrate at a frequency related 

to their swimming speed.  However, the angle of the vibrissa to the water flow also 

affects the vibration frequency (Hyvärinen and Katajisto 1984).  The functional 

consequence of lower flexural stiffness in the anterior plane may be that 

mechanoreceptors in the underlying follicle are more sensitive to flow changes in front 

of the animal, as opposed to above the animal, or may result in concomitant change in 

mechanoreceptor distribution around the hair-shaft in the F-SC.  Since many pinnipeds 

track prey in the water column, the anterior-posterior plane of the vibrissae may be the 

most important in detecting and tracking hydrodynamic trails.  Orientation has been 

shown to affect Young‟s modulus in other keratinous structures.  Horse-hair and 

porcupine quills had lower Young‟s modulus values when compressed in a transverse 

orientation, compared to a longitudinal orientation (Fraser and MacRae 1980).  These 

data illustrate the complexity of biological structures and the necessity of testing a 

variety of configurations to characterize their materials properties. 

The Young‟s modulus and flexural stiffness values reported for pinniped 

vibrissae in the present study are within the biological realm.  A range of materials 

properties values for biological materials are given in Table 6.  For simplicity, only 

keratinous structures and structures with similar diameters to pinniped vibrissae are 

included.  Although numerous values for Young‟s modulus (E) and flexural stiffness 

(EI) are reported for biological materials, the value of E often varies depending on 

whether the material is tested in tension or compression.  The rationale behind this 

phenomenon is to due heterogeneity, anisotropy and viscoelastic materials properties 

(MacLeod 1980).  Therefore, values from tension testing are not included for 

comparison here.  Vibrissae are composed of keratin, which has been tested in various 

organisms (Table 6).  The modulus of keratin is approximately 5 GPa but there is a 

significant range around that value (Meyers et al. 2008; Wegst and Ashby 2004).  Insect 

and spider filiform hair cuticle is a composite of several biological materials and has a 

Young‟s modulus of about 4 GPa (Dechant et al. 2001; Vincent and Wegst 2004).  
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Young‟s modulus of rat vibrissae has been reported to range from 3 - 7.36 GPa, which is 

comparable to pinniped vibrissae in this study (Carl et al. 2011; Hartmann et al. 2003).  

Flexural stiffness is less commonly reported than Young‟s modulus but many species of 

plants have been measured (Table 6).  Maximum flexural stiffness for insect wings 

tested as cantilever beams was reported to be around 1.0x10
-9

 N/mm
2
, which is much 

lower than the values reported here for pinniped vibrissae (Combes and Daniel 2003b).  

Butterfly wings tested as cantilever beams had EI values ranging from 2.3x10
-14

 to 

1.49x10
-12

 N/mm
2
 (Steppan 2000).  Even lower EI values of 1.1x10

-27
  to 3.7x10

-27
 

N/mm
2
 were found in zebrafish larvae kinocilia (tiny hairs within the lateral line system) 

also tested as cantilever beams (McHenry and van Netten 2007).  Flexural stiffness is 

likely tuned to the magnitude of forces experienced in an organism‟s environment, 

which may explain the wide range observed in biological structures.  This may be 

particularly true for structures like vibrissae that participate in sensory systems since the 

materials properties affect the vibrotactile signal that reaches the sensory structures 

(Dykes 1975). 

 

 

Table 6. Materials properties values for a range of biological structures.  Diameter (mm), 

E (Young‟s modulus; GPa) and EI (flexural stiffness; N/mm
2
) are given with the original 

reference for the data.  Diameter values are only included for whole structures, values 

for materials that were machined to a certain diameter for testing are not included.  – 

indicates no data for that parameter.  

Material 
Diameter 

(mm) 
E (GPa) EI (N/mm

2
) Reference 

Plant stems 

Cucumber 4 – 8.73x10
-9 

Vogel 1992 

Daffodil 7 – 1.19X10
-8 

Etnier and Vogel 2000 

Horsetails 5 – 1.87x10
-8 

Etnier 2003 

Sedge 5 – 7.7x10
-9 

Ennos 1993 

Sunflower 5 – 7.3x10
-11 

Vogel 1992 

Tomato 5 – 1.2x10
-8 

Vogel 1992 

Tulip 6 – 2.02x10
-8 

Etnier and Vogel 2000 
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Table 6, continued. 

Material 
Diameter 

(mm) 
E (GPa) EI (N/mm

2
) Reference 

Plant petioles 

Banana 4 - 16 0.63 ± 0.51 
~ 1x10

-7
 - 

2.5x10
-6 Ennos et al. 2000 

Green bean 2 – 6.77x10
-10 

Vogel 1992 

Red maple 1 – 1.94x10
-10 

Vogel 1992 

Sweet gum 2 – 9.84x10
-10 

Vogel 1992 

White poplar 3 – 7.75x10
-11 

Vogel 1992 

Circular cross-

section 
– 1.37 – 31.9 2.42x10

-10
 -  

2.53x10
-6 

Niklas 1991 

Elliptic cross-

section 
– 3.24 – 46.2 2.84x10

-10
 -  

8.44x10
-7

  
Niklas 1991 

Triangular 

cross-section 
– 29.4 – 117.8 5.26x10

-9
  -  

7.47x10
-7

  
Niklas 1991 

Coral skeletons 0.7 - 4 0.0541 - 9.3 
7.31x10

-9
 - 

1.14x10
-7 

Esford and Lewis 1990; 

Jeyasuria and Lewis 
1987; Kim et al. 1992 

Keratin 

Toucan beak – 1.04 - 1.12 – Chen et al. 2008a 

Contour feather 0.67 - 1.1 0.002 - 1.85 – MacLeod 1980 

Flight feather – 7.75-10 – 
Purslow and Vincent 

1978 

Human hair 0.06 - 0.08 0.71 -3.63 – 
Khayatt and 

Chamberlain 1948; 

Fraser and MacRae 1980 

Bovine hoof – 
0.261 - 

0.382 
– Franck et al. 2006 

Equine hoof – 0.523 - 2.17 – 
Collins et al. 1998; 
Douglas et al. 1996 

Horn – 0.81 - 6.26 – 
Kitchener and Vincent 

1987; Li et al. 2010; 
Tombolato et al. 2010 

Wool fiber 0.03 - 0.05 0.80 - 3.8 – 
Khayatt and 

Chamberlain 1948 

Crustacean 

antennae 
0.4 - 2 – 

2.5x10
-11

 - 

5.83x10
-9 Etnier 2001, 2003 

Crinoid arms 2 – 
5x10

-11
 - 

3.92x10
-10 Etnier 2001, 2003 
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Cross-sectional shape has a significant effect on the mechanical properties of 

biological structures.  Non-circular cross-sections are relatively easier to twist (Ennos 

1993; Vogel 2003, 1992).  The triangular cross-section of lesser pond sedge stems and 

U-shaped cross-section of banana petioles results in these plants more readily twisting 

away from wind, rather than bending (Ennos 1993; Ennos et al. 2000).  The ellipsoidal 

shape of pinniped vibrissal cross-sections also likely influences the bending mechanics.  

In a comparison of three cross-sectional shapes of plants, circular, elliptic and triangular, 

flexural stiffness values were similar for all three shapes but slightly greater in triangular 

cross-sections (Table 6; Niklas 1991).  The second moment of area values provided for 

five species in that study were within an order of magnitude of the values calculated for 

pinniped vibrissae.  The second moment of area was calculated in the dorsoventral and 

lateral (anterior-posterior) planes for pigeon feathers (Purslow and Vincent 1978).  As 

observed here for pinniped vibrissae, I was higher in the dorsoventral plane than the 

lateral plane.  Additionally, the maximum I values occurred at or near the insertion of the 

feather into the skin and decreased along the length of the feather (Purslow and Vincent 

1978).  However, the outermost feather was equally stiff in dorsoventral and lateral 

bending, while other feathers were much less stiff in the lateral plane than the 

dorsoventral plane.  Purslow and Vincent (1978) concluded that the difference between 

the outermost and other feathers was because most feathers will experience the greatest 

force during the down stroke so greater dorsoventral stiffness is needed, but the 

outermost feather is the leading edge and will experience greater drag than the feathers 

behind it.  Therefore, greater resistance to lateral bending in the outermost feather 

compensates for the increased drag.  This indicates that the location of a structure on an 

organism can influence its materials properties.  The complex vibrissal array of 

pinnipeds may show similar variation.  Pinnipeds have numerous mystacial vibrissae 

that vary in length and diameter, as well as their location on the muzzle.  This study only 

investigated the largest of these mystacial vibrissae.  There are also several other 

vibrissal fields in pinnipeds (and other aquatic and terrestrial mammals), such as the 

rhinal and superciliary vibrissal fields, that were outside the scope of this study.  
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Flexural stiffness was not affected by whether the vibrissae were dry or wet.  

Therefore, it is reasonable to assume that the flexural stiffness values reported in this 

study from vibrissae which were tested dry are representative of vibrissal function in the 

water.  Water content has previously been shown to affect the Young‟s modulus of 

biological materials, including several keratinous structures (Table 7).  Tests were 

conducted at various hydration levels and all structures listed showed a decrease in 

Young‟s modulus with increased hydration.  However, these studies have not reported 

effects of hydration on flexural stiffness.  Orientation, and the value of I, has been shown 

to be of great importance in flexural stiffness.  The influence of I on flexural stiffness 

may outweigh any changes in E and the observed lack of significant difference in 

flexural stiffness values between dry and wet trials may be representative of keratinous 

structures.  

 

Table 7. Biological materials tested for hydration effects. Structures and the original 

reference are given for materials that were tested to evaluate the effects of hydration 

level on Young‟s modulus. 

Material Structure Reference 

Nacre mollusk shell Jackson et al. 1988 

Chitin-protein crustacean exoskeletons 
Chen et al. 2008b; Hepburn et al. 1975; 

Joffe et al. 1975 

Keratin 
equine hoof wall 

Bertram and Gosline 1987; Collins et al. 

1998; Douglas et al. 1996; Kasapi and 

Gosline 1997; Meyers et al. 2008 

bovine hoof wall Franck et al. 2006; Zhang et al. 2007 

oryx horn Kitchener and Vincent 1987 

cattle horn Li et al. 2010 

rhinoceros horn Bendit and Kelly 1978 

ostrich claw Bonser 2000; Taylor et al. 2004 

ostrich feather Taylor et al. 2004 

toucan beak Chen et al. 2008a 

wool Feughelman and Robinson 1971 
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This is the first comparative study on the materials properties of pinniped 

vibrissae.  The number of individuals per species was low so intraspecific variation 

could not be effectively assessed.  However, the relatively high standard deviation values 

suggest that individuals may vary considerably.  The results presented provide a strong 

foundation regarding the materials properties of pinniped vibrissae, but future studies 

should add to and increase the number of species, as well as the number of individuals 

and vibrissae per individual.  Here I have characterized the flexural stiffness of pinniped 

vibrissae at one location.  Flexural stiffness may change along the length of the vibrissa 

as the structure tapers.  However, hydrodynamic trail-following relies on vibrotactile 

stimuli being transmitted to the mechanoreceptors by the hair shaft.  Therefore, testing 

locations near the base (i.e., 25% of total length) may be more indicative of the 

mechanical function that allows these tracking behaviors than locations near the tip of 

the vibrissa.  The vibrissae of many species are worn down with use so testing at 25% 

gave greater confidence that homologous locations were tested in this comparative study 

than would distances closer to the tip of the vibrissae.  Additionally, studies on other 

biological materials have had difficulty obtaining data near the tip of the structure due to 

slippage (Combes and Daniel 2003a), and this is also true for pinniped vibrissae.  The 

material properties of the tips of such structures may best be estimated using methods 

such as Finite Element Modeling.  

Much research on pinniped vibrissae has focused on the differences in shape 

between some phocids, which demonstrate a sinusoidal beaded profile, and the 

remaining phocids, otariids and odobenids, which have a smooth vibrissal profile (i.e., 

Chapter II of this thesis).  It was hypothesized that a beaded profile would alter the 

second moment of area in such a way as to reduce flexural stiffness compared to smooth 

vibrissae, which was supported by the results of this testing.  Smooth vibrissae generally 

demonstrated higher flexural stiffness values than beaded vibrissae.  Intuitively, it would 

seem more likely that vibrissae with higher flexural stiffness values could be kept 

protracted in a flow more easily.  However, since the beaded profile has been shown to 

reduce vibrations (Hanke et al. 2010), it is possible that these vibrissae can be kept 
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protracted in flow without an increase in stiffness that could reduce their sensitivity to 

small changes in flow.  The captive animal performance data has shown that harbor seals 

with beaded vibrissae have a higher success rate in tracking hydrodynamic trails than 

California sea lions with smooth vibrissae (Dehnhardt et al. 1998a; Dehnhardt et al. 

2001; Gläser et al. 2011; Schulte-Pelkum et al. 2007; Wieskotten et al. 2010a, 2010b; 

Wieskotten et al. 2011).  The higher flexural stiffness values observed in smooth 

vibrissae may make these structures less able to detect small deflections from changes in 

flow created by a swimming prey item.  It was surprising that bearded seals did not show 

higher flexural stiffness values since they use smooth vibrissae in active touch behavior 

while foraging on the benthos (Burns 1981; Marshall et al. 2006).  Walruses are also 

benthic foragers and their vibrissae have been described as the “toughest” of the 

pinnipeds (Berta et al. 2006).  Otariid (sea lions and fur seals) vibrissae have been 

observed to grow to greater lengths than phocid vibrissae (Bonner 1968; Hirons et al. 

2001; King 1983; Ling 1966).  A longer structure must be stiffer than a shorter structure 

of the same material to support its own weight.  Therefore, the higher flexural stiffness 

values of otariid vibrissae may be a compensation for their generally greater overall 

length.  It is also possible that the materials properties of smooth vibrissae are tuned for 

active touch behaviors, such as benthic foraging and social interactions with 

conspecifics, and the different materials properties of beaded vibrissae are tuned for 

passive touch behaviors, such as hydrodynamic reception.  The results of this study 

indicate that the materials properties of pinniped vibrissae may be just as important as 

the morphological profile in vibrissal function.  The hydrodynamic performance of these 

sensory structures is complex and we are just beginning to understand the function of 

vibrissae for sensory perception in pinnipeds. 
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CHAPTER IV 

CONCLUSIONS 

 

Summary 

How pinniped vibrissae function as tactile sensors to detect prey has been 

investigated from many angles.  Follicle-sinus complexes in pinnipeds have a large 

investment of innervation that indicates the importance of this sensory system to this 

taxonomic group.  Research from both captive and wild pinnipeds have provided ample 

evidence for the use of vibrissae in searching for prey and tracking hydrodynamic trails. 

However, previous studies had not comparatively addressed the vibrissal hair shafts 

(vibrissae) themselves.  As stated previously the shape and material properties of the 

vibrissae are critical to transducing environmental cues to the sensory functional units 

within the F-SCs.  Surprisingly, research focusing on this component of vibrissae is 

sparse to non-existent.  The overall goal of this thesis was to not only provide additional 

data on vibrissae but to do so from a comparative perspective, which also has been 

lacking in the literature. 

The results of this study greatly advance our knowledge of how pinniped 

vibrissal sensory systems function.  Additionally, I presented a new combined 

morphometrics analysis that integrates traditional and geometric morphometrics.  This 

combined approach successfully created a more complete, quantified description of 

pinniped vibrissal shape, and has widespread application within the field of functional 

morphology.  Species-specific differences in traditional morphometric measurements 

had been shown previously (Ginter et al. 2010) and those differences were maintained in 

the present study.  Phocids with beaded vibrissae show species-specific variation on a 

common sinusoidal beaded pattern.  In all analyses, the phocids possessing beaded 

vibrissae clustered together.  It was expected that species with smooth vibrissae (bearded 

seals and otariids) would cluster together in morphospace.  However, the centroid 

ellipses for bearded seals and otariids never overlapped in the geometric morphometric 
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or the combined data analysis.  The interesting differences among pinnipeds with smooth 

vibrissae, which were previously assumed to be the same, were a surprising result of this 

study.  Another unexpected finding was that gray seals appeared to be more similar to 

bearded seals in morphospace despite the fact that they showed the relatively “bumpiest” 

vibrissae.  The combined approach used true rank scaling of both traditional 

morphometric measurements and principal components of elliptic Fourier harmonic 

coefficients to combine the datasets that were originally measured in different units.  

This approach proved to be the most powerful in discriminating among species and 

correctly classified 100% of individuals to taxon.  It also demonstrated the redundancy 

between traditional and geometric morphometrics, suggesting that these two approaches 

should be combined, rather than used independently, for a complete analysis of shape.   

This study is the first attempt to characterize the materials properties of pinniped 

vibrissae.  The Young‟s modulus and flexural stiffness values reported here for pinniped 

vibrissae are within the biological realm, though high for their size.  Pinniped vibrissae 

showed a range of flexural stiffness values, depending on the species and the orientation 

of the vibrissa to the point force.  Gray seal vibrissae showed the greatest difference 

between the two orientations and Weddell seal vibrissae showed the smallest difference. 

The orientation of the vibrissa to the point force was a significant effect in all species 

tested but only two out of the four planes of the vibrissae were significantly different in 

flexural stiffness.  The dorsal orientation always had a higher flexural stiffness value 

than the anterior orientation, which suggests that the vibrissae are tuned to be more 

flexible laterally than dorsoventrally.  This difference may also relate to the distribution 

of mechanoreceptors around the hair shaft in the underlying follicle.  Projected sensory 

structures, such as vibrissae and antennae, must keep a fine balance between being too 

stiff so that even small stimuli jar the organism, and not being stiff enough so that small 

stimuli go unnoticed (Loudon 2005).  Pinnipeds tracking prey in the water column need 

vibrissae that are stiff enough to remain protracted in a flow, but not so stiff that they 

might miss small perturbations caused by the hydrodynamic trail of a prey item 

swimming nearby.  The anterior plane is the surface of the vibrissae which receives most 
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of the pressure from flow as the animal swims but it is also likely the plane that detects 

flow changes from hydrodynamic trails.  The fact that the anterior orientation was 

always relatively less stiff than the dorsal orientation suggests that displacement in the 

lateral plane may be more informative than displacement in the dorsoventral plane. 

These results demonstrate that the differences in shape among pinniped vibrissae are not 

the only factor which affects their hydrodynamic function.  There may be an optimal 

combination of shape and flexural stiffness for sensory perception.  The shape of beaded 

vibrissae may create less turbulent flow around them that could interfere with detection 

of hydrodynamic stimuli.  Since this morphology has been shown to reduce vibrations 

(Hanke et al. 2010), it is possible that these vibrissae can be kept protracted while the 

animal is swimming without an increase in stiffness that could reduce their sensitivity to 

small changes in flow.  There is likely a complex interaction between shape and stiffness 

of pinniped vibrissae that has functional implications for their sensory ecology.   

 

Recommendations for Future Work 

Although a large number of Phocidae species were sampled, it was primarily 

members of subfamily Phocinae.  Future studies should augment these data by including 

more species from the Monachinae subfamily, particularly elephant (Mirounga spp.) 

seals, as the deepest diving pinnipeds, and monk (Monachus spp.) seals, which are 

phocids with smooth vibrissae.  Ross seals are also a Monachine species of interest due 

to some discrepancy in the literature as to whether these phocids have beaded or smooth 

vibrissae.  Additional otariid samples would help clarify the possible existence of a 

fourth vibrissal morphology, in addition to smooth, beaded and bearded seals.  Walruses, 

as the only living odobenid, are interesting for several reasons.  Their foraging and 

vibrissal distribution differ from other pinnipeds, with the exception of bearded seals, 

and their vibrissae are much shorter and wider than the vibrissae of any pinniped 

investigated here.  These shape differences which are obvious by eye need to be 

quantified.  It is possible that the vibrissae of walruses and bearded seals are convergent 

as a result of similar foraging modes.  Therefore, it could be anticipated that walruses 
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might cluster with bearded seals in a discriminant function analysis.  Gray seals stood 

out in both the morphological and materials properties analyses.  They separated from 

the beaded cluster in morphospace and were positioned almost intermediate between the 

beaded phocids and bearded seals.  Their vibrissae also showed the greatest anisotropy 

in flexural stiffness.  Such interesting characteristics point toward the need for additional 

performance and ecological investigation on the natural history of gray seals.  As usual, 

research often generates just a many questions as it answers.   

Future work on the mechanical function of vibrissae will involve measuring 

flexural stiffness at additional locations along the vibrissa.  Since otariid vibrissae were 

stiffer than phocid vibrissae, further testing of additional otariid individuals and species 

is needed to explore this trend.  Walruses have vibrissae which are quite different from 

otariids and phocids.  Walruses‟ vibrissae are much shorter and wider than otariid or 

phocid vibrissae and also considerably more numerous; walruses have approximately ten 

times or more as many vibrissae as most phocids and otariids (King 1983; Ling 1977; 

Yablokov and Klevezal 1964).  Bearded seals are the only species analyzed to date 

which comes close to walruses in number of vibrissae, with about twice as many as the 

highest number for other phocids (Marshall et al. 2006).  Further biomechanical studies 

of pinniped vibrissae should incorporate flow tank testing and DPIV (digital particle 

image velocimetry) to quantitatively measure flow changes around beaded and smooth 

vibrissae.  These methods have already been used to show that the beaded morphology 

of harbor seal vibrissae decrease vibrations compared to smooth vibrissae (Hanke et al. 

2010).  However, since the discriminant function analyses (Chapter II) separated all 

individuals to taxon, the beaded morphology of harbor seals is not identical to other 

species.  Therefore, it will be important to quantify the flow around vibrissae from other 

species to determine how exactly the beaded morphologies affect flow around the 

vibrissae.  The captive animal studies have been almost exclusively performed on harbor 

seals and California sea lions.  This study has shown that these species differ from other 

beaded and smooth-whiskered species, respectively, in both morphology and materials 

properties.  Comparative captive animal testing using the same methodology should 
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illustrate whether the observed differences in morphology and materials properties affect 

the way the animal uses these structures while tracking hydrodynamic trails in the water. 

This study has laid a methodological groundwork for further comparative work 

on pinniped vibrissal morphology and materials properties.  All analyses showed 

interesting differences between species that likely have functional consequences.  The 

effects of vibrissal morphology and materials properties on the ecology of pinnipeds are 

currently unknown.  Additional comparative analyses are needed to quantify these 

effects in terms of the phylogeny, foraging ecology and life history of pinnipeds. 
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