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Abstract animal, the skin is the one organ system that is 
in intimate contact with the external environment 

Cetacean skin is noted for being exceptionally and is, thus, subjected to a variety of physical pres-
thick and being structurally different from the skin sures. The characteristics of the skin relate to the 
of terrestrial mammals in that it lacks hair, seba- environment that the animal inhabits (Greenwood 
ceous glands, and sudoriferous glands. The caudal et al., 1974; Ling, 1974; Sokolov, 1982). In asso-
flukes of cetaceans are the primary propulsive ciation with the secondary return to an aquatic 
structures, which are subjected to hydrodynamic environment by some lineages of terrestrial mam-
flows and forces that differ from those experi- mals, changes in the skin occurred that allowed it 
enced by the body. Based on the hydrodynamic to function in water (Harrison & Thurley, 1974; 
function of the flukes, their integument is hypoth- Ling, 1974; Fish, 1993; Reeb et al., 2007).
esized to be histologically distinct from that of the Akin to other mammals, cetacean (whales, dol-
body. The microanatomy of cetacean integument phins, and porpoises) skin is composed of epider-
was examined to determine whether structural dif- mal, dermal, and hypodermal layers (Harrison & 
ferences between the flukes and dorsal body skin Thurley, 1974; Sokolov, 1982; Reeb et al., 2007; 
are present. Integument samples were collected Berta et al., 2015). However, cetacean skin is highly 
from the dorsal body and five fluke locations modified in association with its functioning in an 
for five odontocete species (Delphinus delphis, environment different from its land-based ancestors 
Stenella coeruleoalba, Tursiops truncatus, Kogia (Ling, 1974). Although many differences between 
breviceps, and Phocoena phocoena) and prepared the epidermis of cetaceans and terrestrial mammals 
for light microscopy. Statistically significant dif- exist, two major differences are the absence of hair 
ferences were observed in epidermal thickness and the absence of associated sebaceous and sudo-
and dermal papilla height between the dorsal riferous glands in the former (Giacometti, 1967; 
skin and skin of the fluke; and there were differ- Greenwood et al., 1974; Ling, 1974; Sokolov, 
ences between epidermal thickness and dermal 1982; Berta et al., 2015). Contrastingly, cetaceans 
papilla height of the leading edge when compared possess lipokeratinocytes in the epidermis, a cell 
to other locations on the fluke. Dermal papillae type not normally found in the epidermis of terres-
deeply penetrated many locations of the fluke, trial mammals (Menon et al., 1986). Additionally, 
suggestive of functions associated with resisting cetacean epidermis undergoes parakeratosis in 
shear forces, cell proliferation, thermoregulation, which keratinization occurs in the presence of 
and tactile sensitivity. nuclei, whereas the epidermis of terrestrial mam-

mals is generally hyperkeratotic and undergoes 
Key Words: skin, whale, stratum corneum, dermal keratinization in the absence of nuclei (Spearman, 
papillae, shear stress 1972; Harrison & Thurley, 1974; Haldiman et al., 

1985). Another difference between the skin of ter-
Introduction restrial and aquatic mammals is its relative thick-

ness. Cetacean skin is considerably thicker than the 
Skin is an important protective barrier that func- skin of many terrestrial mammals, even mammals 
tions in maintaining homeostasis, enhancing loco- of similar size (Harrison & Thurley, 1974; Ling, 
motion, providing camouflage, repelling micro- 1974; Sokolov, 1982; Reeb et al., 2007). The epi-
organisms (Baum et al., 2001, 2003; Reeb et al., dermis of the suborder Odontoceti (toothed whales) 
2007), providing tactile sensitivity, and protecting is 10 to 20 times thicker than that of terrestrial 
from ultraviolet radiation (Darmstadt & Dinulos, mammals (Berta et al., 2015), and the hypodermis 
2000). Comprising the external surface of an (i.e., blubber layer) can account for 80 to 90% of 
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integument thickness in some odontocetes (Struntz surface, we undertook a histological examination 
et al., 2004). of the integument of cetacean flukes to explore 

Although many mammals possess five layers potential structural differences relative to the 
of epidermal strata, cetaceans possess only three integument of the body. Epidermal thickness of 
(Parry, 1949; Ling 1974; Sokolov, 1982; Reeb the body has been described for several odonto-
et al., 2007; Ginter et al., 2011). The five epidermal cete species (Parry, 1949; Ling, 1974; Sokolov, 
strata in mammals, from outermost to innermost, 1982; Hicks et al., 1985; Jones & Pfeiffer, 1994), 
are as follows: (1) stratum corneum, (2) stratum but less attention has been paid to the flukes. 
lucidum, (3) stratum granulosum, (4) stratum spi- Based on the propulsive function of the flukes and 
nosum, and (5) stratum basale. Cetaceans lack the the hydrodynamic stresses imposed on them, the 
stratum lucidum and stratum granulosum (Parry, integument of the flukes is hypothesized to be his-
1949; Sokolov, 1982; Reeb et al., 2007). Harrison tologically distinct from that of the body.
& Thurley (1974) and Geraci et al. (1979) described 
four epidermal strata for cetaceans: (1) stratum Methods
externum, (2) stratum intermedium, (3) stratum 
spinosum, and (4) stratum basale (germinativum). Skin samples were collected from dead, stranded 
This study considered the epidermis to consist of animals in condition Code 2 (i.e., carcass in good 
the stratum corneum, stratum spinosum, and stra- condition, fresh; Geraci & Lounsbury, 2005) and 
tum basale (Sokolov, 1982) as these three layers are acquired from stranding centers—New Jersey 
conventionally used and accepted. Marine Mammal Stranding Center, Virginia 

Previous research focused on whether or Aquarium, and University of North Carolina 
not cetaceans have specialized skin structures Wilmington. Seven individuals of five species 
that assist in decreasing drag during swimming of odontocetes were examined, which included 
(Kramer, 1960a, 1960b; Webb, 1975; Fish & Hui, Delphinus delphis (common dolphin), Kogia 
1991; Romanenko, 1995; Fish & Rohr, 1999; breviceps (pygmy sperm whale), Phocoena pho-
Fish, 2006). Drag reduction in dolphins is pri- coena (harbor porpoise), Stenella coeruleoalba 
marily associated with streamlining of the body (striped dolphin), and Tursiops truncatus (bottle-
and appendages, with no contribution from com- nose dolphin) (Table 1). Two cm2 samples from 
pliant damping, dermal ridges, secretions, skin either the left or the right fluke were removed, 
folds, or boundary-layer heating (see reviews by depending on the condition of each side, from 
Fish & Hui, 1991, and Fish & Rohr, 1999). In the following locations: fluke tip, fluke blade at 
examining morphological specializations of the 50% of span (mid-span dorsal and ventral), lead-
skin for features associated with hydrodynamic ing edge, and trailing edge on the same fluke 
functions, the focus has been on the skin of the (Figure 1). A 2 cm2 section of integument was 
general body surface. The skin of the appendages removed from the dorsal surface of the body, 
of cetaceans (i.e., dorsal fin, flippers, and flukes) halfway between the blowhole and the anterior 
has received less scrutiny (Ling, 1974; Jones & insertion of the dorsal fin. These sections encom-
Pfeiffer, 1994). The appendages have a thinner pass the epidermis and the papillary layer of the 
hypodermis (blubber layer) and operate under dermis at a minimum, and the positions take into 
different hydrodynamic conditions than the body account variation between species and size of 
(Felts, 1966; Webb, 1975; Rohr et al., 1998; Fish individual specimens. 
& Rohr, 1999; Weber et al., 2009). The flukes, in Samples were immersed in 10% formalin for 
particular, are the primary propulsive structures 7 d, followed by 1 d in distilled water, and then 
for swimming in cetaceans (Fish, 1998a, 1998b). stored in 70% ethanol (EtOH) until prepared for 
The lunate tail of cetaceans moves dorsoven- light microscopy. Tissue samples were obtained 
trally to produce thrust, acting as an oscillating from five species (Table 1).
hydrofoil (Gingerich et al., 1994; Pabst, 1996; 
Fish 1998a, 1998b; Williams et al., 2000; Fish Slide Preparation
et al., 2014). The hydrodynamics of the flukes Tissue samples were processed for light 
differ from those of the body because they are microscopy at the New Bolton Center’s Large 
subjected to a higher rate of flow for any given Animal Pathology Laboratory, University of 
swimming speed. The high water flow, in concert Pennsylvania Veterinary School (Kennett Square, 
with the kinematics of the flukes, results in them PA, USA). All samples were dehydrated via a 
experiencing high longitudinal shear forces and series of increasing EtOH concentrations (70, 95, 
greater perpendicular pressure differences (Fish and 100%), cleared with xylene, and embedded 
& Rohr, 1999). in paraffin wax at 60°C (Poly Scientific Research 

As the skin of the flukes experiences differ- and Development, Bay Shore, NY, USA) under 
ent hydrodynamic effects from the general body vacuum in an automatic tissue processor (Sakura 
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Table 1. List of specimens investigated in this study

Species Common name Family
Number of 
specimens Sex

Body length  
(m)

Delphinus delphis Short-beaked  
common dolphin

Delphinidae 1 M* 2.13*

Stenella coeruleoalba Striped dolphin Delphinidae 1 UK UK

Tursiops truncatus Bottlenose dolphin Delphinidae 2 F/F* 2.27/1.04*

Kogia breviceps Pygmy sperm whale Kogiidae 1 F^ 2.37^

Phocoena phocoena Harbor porpoise Phocoenidae 2 UK UK

*Swingle et al., 2016; ^Swingle et al., 2015; and UK = unknown

Figure 1. Fluke sampling points on the dorsal surface of a specimen of Tursiops truncatus

Tissue TEK VIP; Cardinal Health, Dublin, OH, in Scott’s Tap Water Substitute (a bluing reagent; 
USA). Samples were then sectioned at 4 µm on a Poly Scientific Research and Development) for 
manual rotary microtome and mounted on glass about 30 s, rinsed again with distilled water, and 
slides. The integument samples were stained stained with an eosin/phloxine solution (Poly 
with hematoxylin and eosin (NBC.PATH.112, Scientific Research and Development) for about 
Version 2.1, 2014). Hematoxylin and eosin are 45 s. The slides were again dehydrated via a 
standard stains that color the cell nuclei and series of increasing EtOH concentrations (70, 95, 
extracellular matrix, respectively. For this study, and 100%), cleared in three changes of xylene, 
the stains were used to define cells in the layers and had a coverslip applied wet with a mount-
of epidermis. For sectioned slides, the paraffin ing medium (CoverSafe; American Master Tech, 
was removed by immersion in three changes Lodi, CA, USA).
of xylene, rehydrated via a series of decreasing 
EtOH concentrations (100, 95, and 70%), and Microscopic Measurements
then rinsed with distilled water. The sectioned The average thickness (µm) of the entire epider-
slides were placed in Gill’s II Hematoxylin (Poly mis, the stratum corneum, the stratum spinosum, 
Scientific Research and Development) stain for the stratum basale, the height of dermal papillae, 
about 2 min, rinsed with distilled water, placed and the lipokeratinocyte height and area (µm2) for 
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Figure 2. Hematoxylin and eosin (H&E) stained photomicrograph of (A) the dorsal skin of Delphinus delphis depicting the 
measuring scheme for the epidermis (E), stratum spinosum (SS), dermal papilla (DP), and stratum corneum (SC); scale bar = 
500 µm, 4x objective lens; (B) the leading edge of the fluke of T. truncatus depicting the distinction between a hyperkeratotic 
and parakeratotic SC and detailing a transitional zone (TZ) between the SS and SC; scale bar = 200 µm, 10x objective lens; 
and (C) the trailing edge of the fluke of Kogia breviceps depicting an example of a basal cell (BC) and lipokeratinocytes 
(LK); scale bar = 50 µm, 40x objective lens.

the fluke and dorsal body locations were calcu- Statistical Analysis
lated (Figure 2A-C) from 20 replicate measure- For each species, the integument of the sampled 
ments per sample. Measurements were made regions of the fluke was compared to the integu-
using Olympus DP21 software with an Olympus ment of the dorsal body to determine whether a 
CX41 light microscope. statistical significant difference in integumentary 

The total epidermal thickness includes the characteristics between them was evident. SPSS, 
stratum corneum, where present, stratum spino- Version 21 (IBM) was used to statistically ana-
sum, and stratum basale. The stratum spinosum lyze average skin measurements from the body 
was measured from the top of the stratum basale, and the five locations on the fluke. Significant 
along the dermis, to the base of the stratum cor- differences between species and sampling loca-
neum (Figure 2A). In situations in which the stra- tions were assessed using a two-way analysis of 
tum corneum was absent, the stratum spinosum variance (ANOVA) with a Tukey post-hoc com-
was measured to the outer surface of the epider- parison to assess variations in integumentary 
mis. The basal layer is a single layer of columnar characteristics between these groups. Results 
cells interspersed with melanocytes that lies along were considered statistically significant at p < 
the sides of the dermal papillae and the base of the 0.05. Variation about the mean was expressed as 
stratum spinosum and dermis (Geraci et al., 1979; ±1 standard error of the mean (SE). Due to the 
Haldiman & Tarpley, 1993). The thickness of this limited number of individuals obtained for this 
layer was measured from the top of the papillary study, it was not possible to perform a two-way 
layer of the dermis to the base of the stratum spi- ANOVA for each individual species; therefore, a 
nosum (Figure 2C). two-way ANOVA for all species combined and 

The height of the dermal papillae refers to a two-way ANOVA for all locations combined 
the basal elevation, the dermal ridge, and the were performed.
dermal papilla (Stromberg, 1989). Only papillae The integumentary characteristics of the dorsal 
that were continuous were measured for height, region of the body were employed as controls, 
with this being taken from the bottom center of and the various locations on the fluke were com-
the basal elevation/dermal ridge to the center tip pared to this control. The integumentary charac-
(Figure 2A). The lipokeratinocyte height refers to teristics under investigation from the fluke loca-
the maximum diameter of a lipokeratinocyte. The tions were also compared to the other locations 
lipokeratinocyte area refers to the area of individ- on the fluke. Measurements from Sokolov (1982) 
ual lipokeratinocyte cells averaged together and were used for the epidermal thickness (1,000 
was measured using the area tool in the Olympus µm), stratum corneum thickness (36.66 µm), and 
DP21 software. The relative dermal papilla height dermal papilla height (523 µm) of the dorsal body 
was calculated as the ratio between the dermal for S. coeruleoalba as no dorsal body integument 
papilla height and epidermal thickness, expressed sample from this individual was obtained.
as a percentage.
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Results Kogia breviceps—For both the fluke tip and 
ventral mid-span, a true stratum corneum was 

Histological Analysis absent, although a few layers of cells with reduced 
Delphinus delphis—A parakeratotic stratum cor- nuclei were present at the surface of the epidermis 
neum was present in all locations on the body (Figure 4A & D). There was no true stratum cor-
and fluke, although for the leading edge of the neum on the leading edge as the nuclei remained 
fluke, the stratum corneum appeared to be both round even in the most superficial layers of the 
hyperkeratotic superficially and parakeratotic epidermis. A hyperkeratotic stratum corneum was 
more deeply (Figure 3A-F). The dorsal mid-span present in the dorsal skin, whereas a parakera-
(Figure 3E) did not appear to possess lipokerati- totic stratum corneum was present on the trailing 
nocytes in the epidermis, whereas the other loca- edge (Figure 4C) and dorsal mid-span of the fluke 
tions on the fluke possessed them. Dermal papil- (Figure 4E). Dermal papillae penetrated the epi-
lae of the dorsal skin, fluke tip, and leading edge dermis to greater than 50% for all sampled loca-
penetrated the epidermis by greater than 50% tions (Table 2), with papillae of the leading edge 
(Table 2; Figure 3A, B & F), while in the other extending nearly to the surface of the epidermis 
locations sampled they did not. (91%; Figure 4B). The dermal papillae of the 

Figure 3. H&E stained photomicrographs of the (A) fluke tip, (B) leading edge, (C) trailing edge, (D) ventral mid-span, and 
(E) dorsal mid-span of the fluke, and (F) dorsal skin of D. delphis. Scale bar: 500 µm, 4x objective.

Table 2. Relative dermal papilla height in each species. Sampling locations with values greater than 50% are indicated in 
bold text. These values suggest the locations are good thermal windows.

Location

Species
Dorsal skin

(%)
Fluke tip

(%)
Leading edge

(%)
Trailing edge 

(%)

Dorsal  
mid-span

(%)

Ventral  
mid-span

(%)

D. delphis 53 56 61 45 37 32
S. coeruleoalba 52 84 59 50 56 99

T. truncatus 44 70 37 49 42 39
K. breviceps 86 79 91 72 75 76
P. phocoena 30 48 38 40 37 35
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Figure 4. H&E stained photomicrographs of the (A) fluke tip, (B) leading edge, (C) trailing edge, (D) ventral mid-span, 
and (E) dorsal mid-span of the fluke, and (F) dorsal skin of K. breviceps. Scale bar: 500 µm, 4x objective (A-C); scale bar: 
200 µm, 10x objective (D-F).

dorsal skin were triangularly shaped with irregu- locations. The surface of the epidermis of the 
lar edges—that is, wide near the base and taper- fluke tip was wavy (Figure 6A), likely due to the 
ing to a narrow tip (Figure 4F). Lipokeratinocytes postmortem drying and deformation of the tissue. 
were present in the skin of the ventral mid-span Dermal papillae of the fluke tip were taller in rela-
of the fluke and were scarce at the trailing edge tion to the convex portion of the wavy epidermis 
(Figure 4C & D). and were shorter in relation to the concave por-

Phocoena phocoena—A distinct stratum tion of the wavy epidermis (Figure 6A). Dermal 
corneum was present at all sampled locations papillae penetrated at least half the depth of the 
(Figure 5A-F). Lipokeratinocytes were abundant epidermis in all locations sampled (Table 2; 
in the stratum spinosum of all locations and were Figure 6A-E).
also present in the stratum corneum of the trailing Tursiops truncatus—The stratum corneum was 
edge (Figure 5C) and dorsal skin (Figure 5F). A both hyperkeratotic superficially and parakera-
transitional zone appeared to be present between totic deep in the fluke’s leading edge (Figure 2B), 
the stratum corneum and stratum spinosum in the fluke tip, trailing edge, and ventral mid-span 
dorsal body skin and the ventral mid-span skin (Figure 7A-E). Lipokeratinocytes were almost 
(Figure 5D). The dermal papillae, on average, entirely absent from all locations except the dorsal 
penetrated to less than 50% the depth of the epi- skin (Figure 7F). A transitional zone was present 
dermis for all locations (Table 2). The epidermis (Figure 2B) between the stratum spinosum and 
of the leading edge, ventral mid-span, dorsal mid- stratum corneum of the leading edge, dorsal mid-
span, and dorsal skin was relatively thick in rela- span, and dorsal skin (Figure 7B, E & F).
tion to the other species under investigation, with 
these locations averaging over 2 mm in thickness Comparative Structure of the Integument
(Figure 8A). Epidermal Thickness—Based on results for the 

Stenella coeruleoalba—The stratum corneum two-way ANOVA, epidermal thickness varied 
of the ventral and dorsal mid-span was absent, between location (p = 0.001, df = 5, F = 10.4362) 
potentially due to sloughing or abrasion during and species (p < 0.001, df = 4, F = 21.662) 
stranding (Figure 6D & E). The stratum corneum (Figure 8A). When considering all species together 
of all other locations was parakeratotic. No lipo- in a Tukey post-hoc analysis, the epidermis of 
keratinocytes were present in the fluke tip, though the dorsal skin was significantly thicker than that 
they were present in small numbers in all other of the fluke tip and trailing edge (p = 0.001); the 
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Figure 5. H&E stained photomicrographs of the (A) fluke tip, (B) leading edge, (C) trailing edge, (D) ventral mid-span, and 
(E) dorsal mid-span of the fluke, and (F) dorsal skin of Phocoena phocoena. Scale bar: 500 µm, 4x objective.

Figure 6. H&E stained photomicrographs of the (A) fluke tip, (B) leading edge, (C) trailing edge, (D) ventral mid-span, and 
(E) dorsal mid-span of the fluke of Stenella coeruleoalba. Scale bar: 500 µm, 4x objective (A-C); scale bar: 200 µm, 10x 
objective (D-E).

epidermis of the fluke tip was significantly thinner of the leading edge, dorsal mid-span, and ventral 
than that of the leading edge, dorsal mid-span, and mid-span (p < 0.05). When combining all six sam-
ventral mid-span (p < 0.05); and the epidermis of pling locations, the epidermis of P. phocoena was 
the trailing edge was significantly thinner than that significantly thicker than that of all other species (p 
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Figure 7. H&E stained photomicrographs of the (A) fluke tip, (B) leading edge, (C) trailing edge, (D) ventral mid-span, 
(E) dorsal mid-span of the fluke, and (F) dorsal skin of T. truncatus. Scale bar: 500 µm, 4x objective.

< 0.05); and the epidermal thickness of T. truncatus Stratum Basale—Based on results for the two-
was significantly thicker than that of K. breviceps way ANOVA, the thickness of the stratum basale 
and S. coeruleoalba (p < 0.05). was not significantly dependent upon species or 

Stratum Corneum—Based on results of the location. There was no significant difference in 
two-way ANOVA, the thickness of the stratum stratum basale thickness when considering all six 
corneum was independent of location (p = 0.239, sampling locations for each species when con-
df = 5, F = 1.603) but was dependent on species ducting a Tukey post-hoc analysis.
(p < 0.01, df = 4, F = 9.290) (Figure 8B). When Dermal Papilla Height—Based on results for 
considering all six sampling locations for the the two-way ANOVA, dermal papilla height was 
Tukey post-hoc analysis, the stratum corneum of significantly dependent on location (p < 0.005, df 
T. truncatus was significantly thicker than that of = 5, F = 8.678) but independent of species (p = 
all other species (p < 0.05). 0.235, df = 4, F = 1.634). When considering all 

Stratum Spinosum—Based on results for the species together in a Tukey post-hoc analysis, 
two-way ANOVA, the thickness of the stratum the dermal papilla height of the dorsal skin was 
spinosum was dependent on location (p < 0.005, greater than that of the dermal papilla height of 
df = 5, F = 7.970) and species (p < 0.001, df = the fluke tip (p < 0.05) and trailing edge (p < 0.01). 
4, F = 20.011). When considering all species The dermal papilla height of the leading edge was 
combined for the Tukey post-hoc analysis, the greater than that of the fluke tip and trailing edge 
stratum spinosum of the dorsal skin was signifi- (p < 0.005; Figure 8D) and greater than that of the 
cantly thicker than that of the fluke tip and trail- dorsal mid-span and ventral mid-span (p < 0.05).
ing edge (p < 0.01); the stratum spinosum of the Lipokeratinocyte Height—Based on results for 
leading edge was significantly thicker than that the two-way ANOVA, lipokeratinocyte height 
of the fluke tip and trailing edge (p = 0.001); and was dependent on species (p < 0.005, df = 4, F = 
the stratum spinosum of the ventral mid-span 8.293) and independent of location (p = 0.897, df 
was significantly thicker than that of the fluke tip = 5, F = 0.310). When combining all locations in 
and trailing edge (p < 0.05). When combining all a Tukey post-hoc analysis, lipokeratinocyte height 
six sampling locations, the stratum spinosum of was significantly greater for P. phocoena than for 
P. phocoena was significantly thicker than that of K. breviceps and T. truncatus (p < 0.01).
all other species (p ≤ 0.01); and the stratum spi- Lipokeratinocyte Area—Lipokeratinocyte cell 
nosum of T. truncatus was significantly thicker area was dependent on species (p < 0.005, df = 4, 
than that of S. coeruleoalba and K. breviceps (p F = 8.051) and independent of sampling location 
< 0.05; Figure 8C). (p = 0.828, df = 5, F = 0.417). When combining all 
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Figure 8. Mean integument characteristics measured for each species. Error bars represent ±1 SE. Legend details the sampling 
locations.

locations, lipokeratinocyte area was significantly the Tukey post-hoc analysis, the relative dermal 
greater for P. phocoena than for K. breviceps and papilla height for all species combined was signif-
T. truncatus (p < 0.01). icantly greater in the fluke tip when compared to 

Relative Dermal Papilla Height—Based on the dorsal mid-span and trailing edge (p < 0.05). 
results for the two-way ANOVA, the relative This signifies that the dermal papillae extended 
dermal papilla height was dependent on location further superficially in the fluke tip than in other 
(p < 0.05, df = 5, F = 3.799) and species (p < locations. The relative dermal papilla height 
0.001, df = 4, F = 33.776) (Figure 8E). Based on was greater for K. breviceps than for D. delphis, 
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P. phocoena, and T. truncatus (p < 0.001). The rel- to continuous desquamation resulting from water 
ative dermal papilla height was greater for S. coe- friction. Due to the small sample sizes for each 
ruleoalba than for P. phocoena, D. delphis, and species in this study, it was difficult to discern 
T. truncatus (p < 0.05). The dorsal skin of several which cause resulted in the absence of this layer. 
species exhibited dermal papillae that penetrated Differences in the thickness of the integument 
the epidermis by greater than 50% (Table 2); and were not associated with swimming performance. 
the fluke tip of all species exhibited dermal papil- D. delphis and S. coeruleoalba are considered to 
lae that penetrated the epidermis by greater than be fast swimming species (Weber et al., 2009); 
50% (Table 2). T. truncatus and P. phocoena are medium-speed 

swimmers; and the deep-diving K. breviceps is 
Discussion considered to be a slow swimmer (Davies et al., 

1998; Fish & Rohr, 1999; Weber et al., 2009). Both 
The integument of cetaceans was noted to be P. phocoena and T. truncatus possessed a thicker 
extremely thick (Harrison & Thurley, 1972; Ling, epidermis on the leading edge of the fluke than 
1974; Sokolov, 1982; Jones & Pfeiffer, 1994). did faster and slower swimmers (Figure 8A). The 
There was considerable variation in thickness thicker epidermis in these medium-speed species 
among different species and regions of the body was largely attributable to a thick stratum spinosum, 
(Harrison & Thurley, 1974; Sokolov, 1982; Jones although T. truncatus also had the thickest stratum 
& Pfeiffer, 1994). Our study presented data that corneum of the species examined (Figure 8A-C).
agreed with these previous findings but addition- The leading edge of the fluke had a greater 
ally presented new data on the composition of the epidermal thickness, stratum corneum thickness, 
integument of the fluke for a variety of cetacean stratum spinosum thickness, and dermal papilla 
species. height than the trailing edge for all species. In 

Differences in composition between fluke integ- particular, the fluke tip and trailing edge generally 
ument and dorsal body integument were observed. had the thinnest epidermis on the fluke. Pavlov 
Overall, except for K. breviceps, the epidermis at (2003) noted that the epidermal thickness of the 
the different fluke locations was thinner than the leading edge was greater than that of the trailing 
epidermis of the dorsal body. These results cor- edge of the dorsal fin. Similarly, the tip of the ros-
responded to the results of an examination of the trum of D. delphis had a thicker epidermis than 
epidermis of the flippers of cetaceans (Jones & the rest of the body (Sokolov, 1982).
Pfeiffer, 1994). In the study by Jones & Pfeiffer Webb (1975) and Fish & Rohr (1999) noted 
(1994), the skin of the ventral aspect of the flippers that shear stresses were greatest at the lead-
of the mysticete Megaptera novaeangliae (hump- ing edge of the fluke, which was associated 
back whale), and the odontocetes S. coeruleoalba with a thicker epidermis and stratum corneum. 
and T. truncatus was found to be thinner than the The leading edge meets fast oncoming flow in 
skin from the mid-dorsal body wall. terms of the vector quantity of the velocity that 

Comparisons of the various areas of the fluke includes components relating to the animal’s 
that were sampled showed, for all species exam- swimming speed and the vertical oscillations of 
ined, that the epidermis of the leading edge was the flukes. In addition, the flow over the flukes 
thicker than that of any other location on the fluke, will be unsteady as the flukes change inclina-
and the leading edge and dorsal skin were gen- tion through the stroke cycle. The stagnation 
erally thicker than the other sampled locations. point is in that position in the flow field in which 
The thick dorsal skin might be associated with the the flow is momentarily stagnant (velocity = 0) 
high rate of epidermal cell production on the body (Barnard & Philpott, 1995). During the upstroke, 
(Palmer & Weddell, 1964; Brown et al., 1983). the flukes are angled upwards with the stagna-

Differences in integument composition were tion point for flow located just below the leading 
also observed between the various species. In edge of the fluke; whereas the stagnation point 
some locations and for some species, the stra- lies slightly above the leading edge during the 
tum corneum was absent, which might have been downstroke. The shift in position of the stag-
due to variation between species or location, nation point between upstroke and downstroke 
damage incurred to tissue samples during col- produces elevated shear forces due to changes 
lection and processing, or natural sloughing of in velocity around the curvature of the leading 
the stratum corneum. Giacometti (1967) found edge. Furthermore, the vertical oscillations of 
that the stratum corneum was absent from the fin the flukes result in large accelerations and decel-
whale (Balaenoptera physalus), except in specific erations of flow. The rounded profile of the lead-
locations (e.g., external genitalia and eyelids). ing edge fosters a highly accelerated flow (Fish, 
Rommel & Lowenstine (2001) considered that the 1998b). From the stagnation point on the leading 
absence of a keratinized stratum corneum was due edge, the water flow rapidly changes direction 
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and increases in velocity to a maximum at this the ratio of the area of the germinative layer to 
maximum thickness (i.e., leading edge) of the epidermal surface area of the general body skin 
fluke. This change in velocity leads to a steep of T. truncatus to be 13.4:1. Brown et al. (1983) 
pressure gradient over the anterior surface of the obtained a similar value of 13.1:1. These ratios are 
fluke (Webb, 1975). The boundary layer at the nearly nine times greater than those for humans 
leading edge would be thin, exposing the integu- (Brown et al., 1983). The characteristically thick 
ment to a high free-stream flow with high shear epidermis of cetaceans has a high capacity for 
stress (Rohr et al., 1998). A thick integument at cell production, relatively long turnover time, and 
the leading edge would be capable of resisting rapid sloughing rate (Brown et al., 1983; Hicks 
frictional forces in a similar manner to that of et al., 1985; Lockyer & Morris, 1990). The rate 
calluses (Kardong, 2015). The accumulation of of mitotic divisions per unit length of skin in 
keratinocytes would resist the increased shear T. truncatus is 250 to 290 times higher than that 
stress on the surface of the integument resulting for humans (Brown et al., 1983), and the epider-
from accelerated flow around the leading edge. mal cells of the bottlenose dolphin are produced 

The generally thin epidermis of the fluke tip 11.3 times faster and have a lifespan 1.7 times 
and trailing edge may be the result of the taper- longer (Hicks et al., 1985) than those of humans. 
ing of flukes at these locations. Tapering permits A high rate of skin sloughing is considered to be 
increased flexibility that can enhance thrust gen- a hydrodynamic benefit for cetaceans because it 
eration and propulsive efficiency (Fish, 1998b). may decrease drag by preventing fouling due to 
The tips are bent downward during the upstroke colonization of microorganisms and macrosymbi-
and upward during the downstroke. As the tips lag onts (e.g., barnacles; Hicks et al., 1985; St. Aubin 
behind the body of the flukes, this prevents total et al., 1990; Fish & Hui, 1991).
loss of thrust at the end of each half stroke (Bose The skin of dolphins is highly sensitive in the 
et al., 1990). Meanwhile, flexibility at the trail- realm of that of human lips and fingertips (Kolchin 
ing edge can potentially increase efficiency by up & Belkovich, 1973; Ridgway & Carder, 1993). 
to 20% (Katz & Weihs, 1978). As opposed to the Dermal papillae serve a tactile function (Cauna, 
leading edge of the flukes, the flow over the tips 1954), contributing to the level of sensitivity. 
and trailing edge would be lower due to flow sep- Free and encapsulated (e.g., Meissner corpuscles) 
aration, along with the production of eddies and nerve endings have been identified within dermal 
vortices (Webb, 1975; Zhen et al., 2008), foster- papillae that enhance tactile sensitivity (Cauna & 
ing reduced shear stress. The low levels of shear Ross, 1960; Halata & Munger, 1983; Kelly et al., 
stress may be associated with decreased thickness 2005). The highly innervated dermal papillae have 
of the epidermis for each species in the fluke tip their tips closer to the surface of the epidermis. 
and trailing edge. Due to the great penetration in the integument of 

In cetaceans, as in other mammals, the epider- the dermal papillae, mechanoreceptors, such as 
mis is connected to the dermis by thick downward the Meissner corpuscles, provide a high detection 
extensions called rete pegs or ridges (Reeb et al., ability for sensory function for cetaceans (Cauna, 
2007). The deep ridges at the base of the epidermis 1954; Cauna & Ross, 1960; Palmer & Weddell, 
form slender, flap-like projections that interdigi- 1964; Khomenko & Khadzhinskiy, 1974; Guyton 
tate with the upward projecting dermal papillae & Hall, 1996). In addition to tactile sensitivity, 
(Spearman, 1972; Reeb et al., 2007). This struc- mechanoreceptors in the dermis of cetaceans may 
tural organization helps to anchor the epidermis allow for the detection of low-frequency vibra-
to the dermis and reduces slippage between the tions (Dehnhart, 1990). The abundance of dermal 
layers when subjected to shear forces (Darmstadt papillae and sensory nerve endings close to the 
& Dinulos, 2000). In the present study, dermal surface of the skin (Table 2) may allow for the 
papillae of the leading edge of all species, except ability of cetaceans to sense water movement sur-
S. coeruleoalba, were in general found to be rounding the flukes.
longer than at all other fluke locations. This struc- Dermal papillae are well supplied with blood 
ture was indicative of a morphology capable of vessels (Yen & Braverman, 1976; Braverman & 
resisting the high shear forces encountered at the Yen, 1977), including arteriovenous anastomoses 
leading edge of the flukes. (Palmer & Weddell, 1964). In humans, capillaries 

The epidermis bounding the surface of the in the dermal papillae have been shown to provide 
dermal papillae is the site of rapid proliferation a nutritive component to the skin, as well as pro-
of epidermal cells (Palmer & Weddell, 1964). vide a means of temperature control (Braverman, 
The long dermal papillae, by extending into the 2000). During diving, marine mammals initiate a 
epidermis, increase the extent of the epidermal dive response (Kooyman, 1989; Williams et al., 
germinative layer (stratum basale; Harrison & 1999). The high penetration of the epidermis by 
Thurley, 1974). Sokolov et al. (1969) calculated dermal papillae in cetaceans may lead to effective 
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thermoregulatory control during diving, allowing in the straight and narrow morphology generally 
the flukes to act as thermal windows. observed for cetaceans. It was also interesting to 

Thermal windows are poorly insulated periph- note that K. breviceps is the only species sampled 
eral areas that allow the transfer of excess heat by that possessed dermal papillae that penetrated the 
means of conduction and convection during periods depth of the epidermis by greater than 50% for all 
of high activity or in a warm environment (Noren locations. The form and size of the dermal papil-
et al., 1999; Williams et al., 1999). Williams et al. lae of K. breviceps would yield a relatively greater 
(1999) show that the majority of the fluke acts as surface area, which would potentially resist slip-
a thermal window, although, in relation to total page between the epidermis and dermis, provide 
surface area, peripheral thermal windows com- greater tactile sensitivity, aid in epidermal cell 
prise only 30% of the total surface area of T. trun- proliferation, and increase vascularization for 
catus, limiting overall heat loss from the body thermoregulation.
(Noren et al., 1999). Possessing papillae, the tips of Analysis of the epidermis of the flukes of five 
which lie close to the surface, would enhance heat species of cetacean revealed a relatively thick epi-
exchange capabilities even over a limited surface dermis along the leading edge, with thinner epi-
area. In the current study, a high level of penetra- dermis at the fluke tip and trailing edge. Because 
tion (> 50%) of the epidermis by dermal papillae the leading edge is the location on the fluke that 
was found generally throughout the flukes with the is exposed to the greatest water pressure, a thicker 
exception of the P. phocoena (Table 2). The lower epidermis and taller dermal papillae may be adap-
level of penetration (30 to 48%) by the dermal tations for withstanding the increased shear force 
papillae for P. phocoena compared to the other spe- to which this region is subjected. Increased slough-
cies could be related to its small size and cold-water ing may occur on the leading edge to compensate 
distribution in high northern latitudes to conserve for wear induced by friction with the water. Tall 
heat (Bjørge & Tolley, 2018). dermal papillae in the leading edge result in a large 

For D. delphis and T. truncatus, the mean surface area and complex interdigitation of the 
dermal papilla height for the dorsal skin was stratum basale, and, thus, high cell proliferation 
greater than that of all fluke locations (Figure 8D). capabilities.
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