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ABSTRACT 

 

     It has been hypothesized that marine mammals perform the majority of their dives 

aerobically, within a period known as the aerobic dive limit (ADL). Mammals that routinely 

perform deep, long-duration dives share features of their locomotor muscle that include an 

elevated myoglobin concentration and fiber profile composed predominantly of large, Type I 

(slow-twitch) fibers with low mitochondrial volume densities (MVD). These specializations 

contribute to extending the animal’s ADL through increased muscle oxygen stores and decreased 

rates of oxygen usage. However, recent tagging studies of two groups of extreme, deep-diving 

cetaceans have challenged the view that these deep-divers routinely dive within their ADL. 

Beaked whales (Ziphius cavirostris and Mesoplodon densirostris) routinely perform the deepest 

and longest average dives of air-breathing vertebrates, and short-finned pilot whales 

(Globicephala macrorhynchus) can perform high speed sprints at depth. Thus, the goals of this 

study were to examine the morphology of a primary locomotor muscle (m. longissimus dorsi) 

and to calculate ADLs for these two groups of extreme divers. Beaked whales (Mesoplodon spp.) 

displayed a novel muscle fiber profile for a deep diver, which was dominated (80% by area) by 

large, Type II fibers with extremely low MVD. This fiber profile is more similar to that of a 

sprinter’s than to that of other deep-diving mammals. However, these characteristics, coupled 

with high myoglobin concentration, appear to increase muscle oxygen stores while decreasing 

oxygen usage rate. The locomotor muscle of short-finned pilot whales was predominantly (65% 

by area) composed of Type I fibers. However, half of these fibers were slow-twitch, oxidative, 

glycolytic (SOG) fibers, a novel fiber type for marine mammals. Pilot whale muscle also had 

elevated levels of muscle myoglobin and large fibers. Calculated ADLs for both beaked and pilot 
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whales indicate that, at low metabolic rates, these animals carry sufficient onboard oxygen to 

perform their average dives aerobically. However, these values are highly dependent on the 

diving metabolic rate of the animal. Morphological and behavioral characteristics indicate that 

beaked whales likely experience relatively low diving metabolic rates, while pilot whales 

experience higher diving metabolic rates.  
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INTRODUCTION 

 

      Marine mammals are capable of diving on a single breath-hold, restricting their access to 

oxygen to that which they carry within their lungs, blood, and muscle. Diving marine mammals 

display several adaptations for increasing onboard oxygen stores such as large blood volume, 

hematocrit, and hemoglobin concentration (reviewed by Snyder, 1980) and an enhanced 

concentration of the oxygen-binding molecule, myoglobin within the locomotor muscles 

(reviewed by Kooyman and Ponganis, 1998). Because of myoglobin’s high oxygen-binding 

affinity, the elevated concentration of this molecule provides marine mammals with an increased 

oxygen storage capacity within the muscles actively used during a dive. They can also lower 

their rate of oxygen usage via physiological adjustments associated with the mammalian dive 

response, such as bradycardia and peripheral vasoconstriction (reviewed by Kooyman, 1989). 

Behaviorally, diving marine mammals can utilize energy efficient locomotion, such as prolonged 

periods of gliding, to decrease the energetic cost of diving (Williams et al., 2000). By 

incorporating gliding into deep dives, animals use less energy to achieve depth than would be 

expended through constant stroking or fluking, decreasing the metabolic cost of diving (Williams 

et al., 2000). This suite of morphological, physiological, and behavioral features increases the 

duration of the dive that an animal performs aerobically, known as the animal’s aerobic dive 

limit (ADL) (Kooyman et al., 1980; Williams et al., 2000). 

     It has been hypothesized that marine mammals perform the majority of their dives aerobically 

(Kooyman et al., 1980; reviewed by Ponganis et al., 2011). By performing dives within its ADL, 

an animal increases its foraging efficiency by decreasing the time it must spend at the surface 

removing excess lactate resulting from anaerobic metabolism (Kooyman et al., 1980).  An 
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animal’s ADL is experimentally determined by measuring blood lactate levels following a dive 

(Kooyman et al., 1980). Because blood lactate measurements are difficult to obtain for most 

marine mammal species, ADL is more often calculated by dividing an animal’s total body 

oxygen stores by its diving metabolic rate (Kooyman, 1980). Experimental and calculated ADLs 

(cADL) have been determined for several species (e.g Ponganis et al., 1997; Williams et al., 

1999; Feldkamp et al., 1988; Ponganis et al., 1997; Shaffer et al., 1997; Burns, 1999; Davis and 

Kanatous, 2000; Noren et al., 2004; Tyack et al., 2006; Hassrick et al., 2010; Williams et al., 

2011). In the majority of these studies, the average dive duration of the study animal has been at 

or below its cADL (but see Tyack et al., 2006), providing support for the “aerobic diving” 

hypothesis of Kooyman et al. (1980).  

     Marine mammals that routinely perform deep, long-duration dives share a suite of 

specializations of the locomotor muscle that appear to contribute to extending their ADL. For 

example, the locomotor muscles of the deep-diving Weddell seal (Leptonychotes weddellii), a 

species with a experimentally measured ADL of approximately 20 minutes (Kooyman et al., 

1980), has elevated myoglobin concentrations, enhancing muscle oxygen storage capacity, and 

decreased mitochondrial volume densities (MVD) compared to its shallow diving counterparts 

(Kanatous et al., 1999; Kanatous et al., 2002). A decreased MVD is hypothesized to decrease the 

rate at which oxygen stores are utilized during a dive, thus, decreasing the animal’s overall 

diving metabolic rate and prolonging its ADL (Kanatous et al., 2002). Similarly, the deep-diving 

pygmy sperm whale (Kogia breviceps) displays both a higher myoglobin concentration and 

lower index of mitochondrial density than the shallow-diving bottlenose dolphin (Tursiops 

truncatus) (Kielhorn et al., 2011). The northern elephant seal (Mirounga angustriostris) and 
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narwhal (Monodon monoceros) are two deep-diving species that also display elevated levels of 

muscle myoglobin (reviewed by Noren et al., 2001; Williams et al., 2011).  

     The locomotor muscles of both the Weddell seal, pygmy sperm whale, and the narwhal are 

also composed primarily of Type I (slow-twitch, oxidative) muscle fibers, with a smaller 

percentage of Type II (fast-twitch) fibers (Kanatous et al., 2002; Kielhorn et al., 2011; Williams 

et al., 2011), indicating a reliance on aerobic metabolism to fuel muscle contraction. The muscle 

fibers of these long-duration divers also tend to have larger average diameters than their 

counterpart in short-duration diving mammals (Kanatous et al., 2002; Williams et al., 2011; 

Kielhorn et al., 2011), which may decrease the basal metabolic costs of these fibers by 

decreasing the relative surface area across which ions must be pumped to maintain the cell’s 

membrane potential (Johnson et al., 2004; Jimenez et al., 2011; Kielhorn, 2011).  

     Collectively, these features of the locomotor muscle of deep divers serve to increase 

intramuscular oxygen stores while decreasing the rate at which these stores are utilized during a 

dive (Kanatous et al., 2002). They also provide evidence to support the view that most dives 

performed by marine mammals are supported by aerobic metabolism. However, recent tagging 

studies of two groups of extreme deep-diving cetaceans have provided evidence to challenge this 

view.       

     Beaked whales (Ziphius cavirostris and Mesoplodon densirostris) have been recorded to 

perform the deepest and longest average dives of any air-breathing vertebrate (Tyack et al., 

2006). Average dive depths and durations for each of the species were 1070 m and 58 min for Z. 

cavirostris and 835 m and 46.5 min for M. densirostris. These animals appear to maintain a 

relatively steady vertical speed during a dive (1.5 m/s) and utilize energy efficient gliding during 

descent and ascent (Tyack et al., 2006; Lopez, 2012). Using the best available data at the time, 
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Tyack et al. (2006) provided the first calculated ADL for these animals. Using the oxygen 

storage capacity of the Weddell seal as determined by Davis and Kanatous (2000) and scaling 

the animal’s diving metabolic rate similarly to basal metabolic rate (as predicted by Kleiber, 

1975), an ADL of 33 minutes for Z. cavirostris and 25 minutes for M. densirostris were 

obtained. These results led Tyack et al. (2006) to hypothesize that these beaked whales routinely 

perform foraging dives that extend well beyond their ADL. However, these authors did not have 

access to any morphological data for the locomotor muscles of either of these species that could 

directly inform calculations of oxygen storage capability or muscle metabolism. 

     Soto et al. (2008) demonstrated that short-finned pilot whales (Globicephala macrorhynchus) 

diving off the coast of the Canary Islands routinely perform foraging dives with a median 

duration and depth of 15 min and 762 m, respectively. This deep-diving species also utilized 

gliding periods during descent (Soto et al., 2008). Remarkably, at the deepest portion of the dive, 

some whales were observed to perform a steep downwards-directed sprint with a mean vertical 

speed of 4 m/s, lasting approximately 10 s (maximum vertical speed of 9 m/s). Although 

sprinting events were not observed in every dive or performed by every individual, it appears to 

be the first time sprinting behavior at depth has been recorded for any diving marine mammal. 

Soto et al. (2008) calculated that the increase in speed associated with these sprinting events 

represented an eight-fold increase in the energetic cost required to overcome drag when 

compared to the mean vertical speed of 2 m/s observed during ascents and descents. These 

results suggest that the diving behavior and metabolic rate of short-finned pilot whales may 

differ from those that of other deep divers. To date, no data exist on the morphology of their 

locomotor muscle and no ADL has been determined for this species. 
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      Thus, the goals of this study were two-fold. The first was to investigate the morphology of 

the locomotor muscle of beaked whales (within the genus Mesoplodon) and short-finned pilot 

whales to gain insight into their extreme diving performance. The second was to estimate total 

body oxygen stores for each group of cetaceans and to calculate ADL, assuming a range of 

diving metabolic rates. This study utilized an archive of high quality, frozen tissue samples from 

adult individuals. The beaked whale samples included three species, the Blainville’s beaked 

whale (Mesoplodon densirostris), Gervais’ beaked whale (Mesoplodon europaeus), and True’s 

beaked whale (Mesoplodon mirus). For these species and the short-finned pilot whale, muscle 

fiber profiles, myoglobin concentration, buffering capacity, and mitochondrial volume density of 

the m. longissimus dorsi were determined. 

     Because of the long duration, but relatively slow and steady speeds of the dives performed by 

beaked whales, it was predicted that the locomotor muscle of these species would display 

characteristics similar to those previously observed in other deep-diving mammals. These 

characteristics would include a high myoglobin content, a low MVD, and a high percentage of 

relatively large Type I fibers, all of which would contribute to prolonging the animal’s ADL. 

Noren (2004) previously found that the Cuvier’s beaked whale (Ziphius cavirostris) had the 

highest buffering capacity of any marine mammal to date. If, as predicted by Tyack et al. (2006), 

these animals must routinely dive beyond their ADL and rely on anaerobic metabolism during a 

dive, it would also be expected that the beaked whale species included in this study would also 

have an enhanced muscle buffering capacity. 

     It was predicted that the apparently unique high activity and deep-diving capabilities of the 

short-finned pilot whale would require skeletal muscle features that combine features of active, 

shallow-diving species (such as the bottlenose dolphin) and deep-diving species (such as the 



 
 

6 

Weddell seal). Compared to a shallow-diving species, it was expected that short-finned pilot 

whales would possess a higher myoglobin concentration and a larger percentage of Type I fibers 

to prolong aerobic metabolism during a deep-dive. However, the locomotor muscle of these 

species would also display a relatively high proportion of Type II fibers within their locomotor 

muscle, compared with more endurance deep divers, such as the Weddell seal and narwhal 

(Kanatous et al., 2002; Williams et al., 2011). These Type II fibers would enable the 

performance of high activity behaviors, such as sprints. The MVD of short-finned pilot whales 

was predicted to be similar to those seen in high activity, shallow-diving species, while the 

muscle buffering capacity would be elevated to support their high-energy behavior, similar to the 

buffering capacity observed in other highly active, pelagic delphinids (Noren, 2004). 

         Total onboard oxygen stores for these species were estimated using data for myoglobin 

concentration and muscle mass collected in this study, and data previously collected from these 

and other marine mammal species, including hemoglobin concentration and diving lung volume. 

Total onboard oxygen stores were then divided by a variety of diving metabolic rates, 

representing different activity levels, to calculate a range of ADLs for both of these groups of 

extreme divers. This approach to calculating ADL was taken as evidence exists for variability in 

the level of bradycardia (Hindle et al., 2010) and metabolic rates in diving marine mammals 

(Hurley and Costa, 2001; Williams et al., 2004; Fahlman et al., 2006) that may, in part, depend 

on dive duration. Thus, in the wild, marine mammals are likely to experience a range of 

metabolic rates within and between individual dives that can affect the duration for which they 

can maintain aerobic metabolism (reviewed in Ponganis et al., 2011). Using a range of 

theoretical dMRs to estimate ADL provides insight into the various energetic conditions an 

animal may experience and how these conditions may affect the animal’s ADL. In total, these 
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data provide insights into whether these species dive within their ADL or if they must routinely 

rely on anaerobic metabolism to complete their extreme dives.  

     During the course of this study, opportunistic sampling from immature M. europaeus and G. 

macrorhynchus provided an ontogenetic series of samples from which muscle morphology could 

be characterized. Total body oxygen stores and theoretical ADLs were determined for these 

young animals to examine how diving capability may develop in these species. 

 

 

 

METHODS AND MATERIALS 

 

Specimens 

 

     Because of the rarity of the species investigated, this study relied upon a frozen archive of 

high quality muscle samples from beaked (Mesoplodon spp.) and short-fin pilot (Globicephala 

macrorhynchus) whales (Table 1). Beaked whale samples were collected from individual 

strandings of three species, M. densirostris (n=2), M. europaeus (n=4), and M. mirus (n=1).  An 

ontogenetic series of samples was obtained from M. europaeus (a calf, subadult, and two mature 

adult animals). The adult short-fin pilot whale samples (n=6) were obtained during a 2005 mass 

stranding in North Carolina. Individual strandings of a calf and a subadult G. macrorhynchus 

provided the opportunity to compare muscle characteristics across ontogeny. For all animals, 

muscle samples were collected from freshly stranded carcasses (Smithsonian Institution code 1 

or 2; Geraci and Lounsbury, 2005) in good body condition (Cox et al., 1998) along the North 
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Table 1. Specimens utilized for this study. 

Species Specimen  Sex 

Length 

(cm) 

Mass 

(kg) 

Reproductive 

Class 

Mesoplodon spp.      

M. densirostris GNL 053 M 407 741
c
 Adult 

 WAM 593 M 423 904
a
 Adult 

      

M. mirus KLC 112 M 455 951
a
 Adult 

      

M. europaeus KLC 038 M 443 948
c
 Adult 

 MDB 064 F 465 1091
c
 Adult 

 VGT 256 F 392 588
b
 Subadult 

  KLC 110 F 227 85
a
 Calf 

Globicephala macrorhynchus RJM 009 M 480 1361
c
 Adult 

 RT 63 F 359 608
c
 Adult 

 RT 106 F 364 632
c
 Adult 

 RT 103 F 365 637
c
 Adult 

 RT 105 F 375 686
c
 Adult 

 RT 102 F 387 749
c
 Adult 

 KLC 111 F 244 179
a
 Subadult 

  

VMSM 

20031052 F 201 103
a
 Calf 

a
Specimens for which both total body and locomotor muscle masses were directly 

measured. 
b
Specimen for which only total body mass was directly measured. 

c
Specimens for which total body mass was estimated using Equation 1 or 2. 
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Carolina and Virginia coasts. Cross-sections of the epaxial locomotor muscle were collected at a 

thoraco-lumbar position. In the adult M. mirus (KLC 112) and calf M. europaeus (KLC 110), 

muscle samples were collected from two positions along the length of the body, at the mid-

thorax and the dorsal fin. These samples allowed for the exploration of regional differences in 

muscle characteristics examined in this study. Muscle samples were wrapped in Saran Wrap
®
, 

placed in Ziploc
®
 bags

 
and frozen at -20° until analyzed. Three individuals stranded during the 

tenure of this study (KLC110, M. europaeus calf; KLC111, G. macrorhynchus subadult; KLC 

112, M. mirus adult). Samples of muscle were collected for examination at the ultrastructural 

level. Five to six small blocks of muscle measuring approximately 1cm long by  

0.5 cm wide were placed in a fixative (0.5 % paraformaldehyde in PBS, 2.5 % glutaraldehyde 

solution, pH of 7.4) and refrigerated until processed. 

 

 

Histochemistry and Fiber Diameter 

 

     Histochemical techniques utilized in this study were based upon previous studies of cetacean 

muscle (e.g. Dearolf et al., 2000; Etnier et al., 2004; Cotten et al., 2008). Blocks of muscle 

measuring approximately 1 cm thick were cut from the m. longissimus dorsi at a position just 

below the superficial tendon (Pabst, 1990). Blocks were then coated with Optimal Cutting 

Temperature (OCT) compound (Sakura Finekek) and rapidly frozen in isopentane cooled by 

liquid nitrogen. Frozen blocks were serially sectioned at 10 µm thickness in a cryostat (Leica 

Microsystems, Wetzlar, Germany) at -19°C and mounted onto glass slides (Fisherbrand
®
 

Superfrost
®
 Plus, Fisher Scientific).  
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     Tissue sections were stained for myosin-ATPase under both acidic (pH 4.2-4.3) and alkaline 

(pH 10.4) conditions following the procedure of Hermanson and Huxley (1990). One series of 

sections was pre-incubated in alkaline solution (53 mM NaCl, 53 mM glycine, 45 mM NaOH, 32 

mM CaCl2, pH=10.3) for 10 minutes at 37°C. An alternate series of sections was pre-incubated 

in acidic solution (43.5 mM barbital acetate, 43.5 mM HCl, pH=4.2, 4.3) for 5 minutes at 37°C. 

Sections were then incubated for 30 minutes at 37°C in ATP incubation media (0.02mM sodium 

barbital, 18 mM CaCl2, 2.7 mM ATP, pH=9.4). Sections were rinsed with de-ionized water (pH 

8.5-9.0), 2% cobalt chloride, and 1% calcium chloride before they were stained with 1%  

ammonium sulfide. Sections were dehydrated in a graded series of ethanol, cleared in xylene, 

and coverslips were mounted with Permount for microscopic examination.  

     Frozen muscle sections were stained for succinate dehydrogenase (SDH) following the 

procedures of Nachlas et al. (1957). Sections were incubated in a 0.2 M phosphate buffer/sodium 

succinate solution (pH=7.6) with nitro blue tetrazolium (NBT) at 37°C for 60 minutes, then 

washed in a saline solution (0.17 M), fixed in 10% formalin-saline solution, and coverslips were 

mounted with Kaiser’s glycerine jelly for microscopic examination.  

     Muscle sections were also stained for α-glycerophosphate dehydrogenase (αGPDH) following 

modified procedures of Wattenberg and Leong (1960). Sections were placed in the incubation 

media (0.2 M phosphate buffer pH 7.3-7.4, menadione, αGPDH, and NBT) at 37°C until 

sufficient color was observed (30-45 minutes), then rinsed with water, dehydrated in 50% 

acetone, and coverslips were mounted in Keiser’s glycerine jelly for microscopic examination.  

     Sections were viewed using a light microscope (Olympus BX60) in bright-field mode at 20x 

magnification. To determine fiber types and conduct stereological counts, sections were chosen 

at random and digital micrographs were created using a SPOT RT camera (Diagnostic 
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Instruments). For myosin ATPase-stained sections, fibers were classified as Type I (slow-twitch) 

or Type II (fast-twitch) using the classification scheme of Brooke and Kaiser (1970). For SDH- 

and αGPDH-stained sections, the relative oxidative and glycolytic profiles of muscle fibers were 

classified using the classification scheme of Peter et al. (1972).  

      Percentage of fiber type by area was determined using a Mertz-curvilinear grid system 

(Howard and Reed, 1998). The grid was placed over the digital micrograph projected on a 

computer screen and the number of points residing within each of the different muscle fiber 

types or white space was counted (Dearolf et al., 2000).  Percent area for each fiber type was 

calculated by dividing the count for each fiber type by the total fiber count. A minimum of 500 

fibers was counted for each of the histological techniques. Percent of fiber type by count was 

also determined. Digital micrographs of sections projected onto a computer grid were overlaid 

with a 15 by 15 cm box and the number of each fiber type falling within the box was counted. A 

minimum of 150 fibers was counted for each of the histological techniques. Data are reported as 

mean ± standard deviation. 

     Fiber diameter and cross-sectional area were determined by digitally tracing the outline of 

fibers in Adobe Photoshop (version 7.0). Micrographs taken of fibers stained under the alkaline 

myosin ATPase protocol that displayed sharp fiber margins were selected and ten fibers of each 

fiber type that were approximately round in cross-sectional shape were arbitrarily chosen.  Cross-

sectional area and mean diameter were measured using Image Pro Plus (version 6.0). Data are 

reported as mean ± standard deviation.  
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Myoglobin 

 

     Myoglobin concentration was determined following the methods of Reynafarje (1962).  

Frozen muscle samples were cleaned of connective tissue, blotted dry, and weighed before being 

diluted in ice cold 0.04 M phosphate buffer (39.25 mL of buffer for every 1 g of muscle). Tissue 

was then homogonized for 3 minutes (PowerGen125, Fisher Scientific) and centrifuged at 28000 

g at 4  C for 50 min. Following centrifugation, 5 mL of the supernatant were transferred to a new 

test tube and bubbled with carbon monoxide for 8 min. Following the initial CO bubbling, 0.04 g 

of sodium dithionite was added to the supernatant to ensure complete reduction of the myoglobin 

within the supernatant. The sample was then bubbled for another 2 minutes before absorption 

readings were taken at 538 and 568 nm with a spectrophotometer (Ultrospec
®
 3000, Pharmacia 

Biotech). Myoglobin concentration (g of myoglobin/100 g of muscle) was determined by 

multiplying the absorption difference (A568-A538) by a factor of 23.46. Data are reported as mean 

± standard deviation.  

 

 

Mitochondrial and Lipid Volume Density 

 

     Muscle samples were prepared for examination with a Philips CM-12 transmission electron 

microscope (TEM) following the protocol of Dillaman and Gay (2011). Following fixation in the 

primary fixative (0.5 % paraformaldehyde in PBS, 2.5 % glutaraldehyde solution, pH of 7.4) for 

at least 24 hours, tissue was rinsed with 0.2 M cacodylate buffer, muscle fasicles were teased 
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apart, and placed within the secondary fixative (1% osmium tetroxide and 0.8% potassium 

ferricyanide in 0.2 M cacodylate buffer) for two hours. Following fixation, fascicles were 

dehydrated in a graded, ascending series of ethanol and embedded in 100% Spurr epoxy resin. 

Sections were cut at 90 nm thickness using an ultramicrotome (Reichert Ultracut E), fitted with a 

diamond knife, and placed on Formvar-coated, copper grids. Sections were post-stained with 

uranyl acetate and Reynold’s lead citrate (Reynolds, 1963) to achieve optimum contrast before 

being viewed using the TEM. Micrographs were taken using Kodak 4489 EM 3 ¼ “ x 4” plate 

film. Film negatives were developed, digitized using a scanner (MicroTek Scanmaker 1900), and 

processed in Adobe Photoshop (version 7.0).  

     Mitochondrial volume density (volume fraction of mitochondria per unit volume of muscle 

fiber, [Vmt]) was determined by point-counting at least 100 total mitochondria in transmission 

electron micrographs. Mitochondria were further identified as either subsarcolemmal or 

interfibrillar to calculate their relative volume densities. Subsarcolemmal mitochondria were 

those juxtaposed to the sarcolemmal membrane (i.e. with no intervening myofibrils) and were 

used to determine subsarcolemmal Vmt (Vmt,s). All other mitochondria were defined as 

interfibrillar and were used to determine interfibrillar Vmt (Vmt, i). The volume density of lipid 

(Vli) within the muscle fibers was determined using similar methods. Beaked whale 

mitochondrial densities could be determined separately for Type I and Type II fibers. Short-fin 

pilot whale fibers could not be differentiated at the ultrastructural level, thus, mitochondrial 

volume densities reported for this species are for all fiber types combined. Data are reported as 

mean ± standard deviation.  
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Buffering Capacity 

 

     Buffering capacity (ß), measured in slykes, was determined following the techniques of 

Castellini and Somero (1986) and Noren (2004). A slyke is defined as the µmoles of base 

required to change the pH of a homogenate of muscle by 1 pH unit per gram wet weight of 

tissue. Approximately 0.5 g of frozen muscle was weighed, minced and added to 10.0 mL of 

saline (0.9% NaCl) solution. Muscle was sonicated (Sonic Dismembranator, Fisher Scientific) 

three times for 5-second intervals and the homogenate was placed in a 37 C water bath, stirred 

continuously, and allowed to thermally equilibrate before titration began. The pH and 

temperature of the homogenate was determined using a combination pH meter (Orion STAR 

LogR, Thermo Scientific) during titration with 0.2 N NaOH. If the initial pH of the homogenate 

was greater than 6.0, it was acidified with 1.0 M HCl.  Data are reported as mean ± standard 

deviation.  

 

 

Calculating Aerobic Dive Limit 

 

     An individual’s total body oxygen stores were calculated by determining the oxygen storage 

capacities of its lungs, blood, and locomotor muscle. This value was then divided by a variety of 

mass-scaled, diving metabolic rates to determine a range of calculated aerobic dive limits 

(cADL) under varying levels of exercise.  

     Total oxygen stores of the locomotor muscle, defined here to include the epaxial, hypaxial, 

and abdominal muscles (sensu Dolar et al., 1999; Arkowitz and Rommel, 1985; Cotten et al., 
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2008), were calculated using myoglobin content (obtained from the m. longissimus dorsi) and 

muscle mass data. For a subset of individuals (three beaked and two short-fin pilot whales, see 

Table 1) total body mass (TBM) and locomotor muscle mass were directly measured (methods 

described in McLellan et al., 2002). From these measurements, the percentage of TBM 

composed of locomotor muscle could be calculated. For one beaked whale, only TBM was 

measured. Its locomotor muscle mass was estimated using the above calculation for the beaked 

whales. For the remaining specimens where neither TBM or muscle mass had been measured, 

TBM (kg) was estimated from total length using the following regression equations determined 

using mass and total body length (TBL in cm) for animals of the same genus and/or species (see 

Appendix). 

Mesoplodon spp: TBM = 2x10
-5

 x TBL
2.90                                                            

 (1) 

G. macrorhynchus: TBM = 5x10
-5 

x TBL
2.78                                                         

 (2) 

Once TBM was calculated, the mass of locomotor muscle was calculated using the method 

described above for obtaining muscle mass from total body mass. For the adult, short-finned 

pilot whales, the percentage of TBM composed of locomotor muscle was determined as 

described above using this value obtained from other closely-related, similarly sized individuals 

of the same genus and/or species (n=3, dissected by authors or provided Dr. James G. Mead) (see 

Appendix). Total oxygen stores (mL O2) within the muscle were then calculated assuming an 

oxygen binding capacity for myoglobin of 1.34 mL O2/g Mb (Ponganis et al., 1993a). 

Muscle O2 (mL O2) = [Mb] (g Mb/g muscle) x 1.34 mL O2/g Mb x muscle mass (g)         (3) 

     Lung oxygen stores were estimated using two previously published relationships between 

total lung capacity (TLC) and body mass. Piscitelli et al. (2010) recently demonstrated that while 

the equation for TLC determined by Gentry and Kooyman (1986) (TLC = 0.135 x total body 
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mass
0.95

) closely represents the relative lung size observed in the shallow-diving delphinid, 

Tursiops truncatus, it considerably overestimates the lung size of the deep-diving kogiids. 

Piscitelli et al. (2010) also demonstrated that kogiid and ziphid lung mass scale similarly with 

total body mass. Therefore, TLC was calculated for short-fin pilot whales using the equation of 

Gentry and Kooyman (1986), and for beaked whales using the mass specific lung volume of 

0.021 L/kg measured by Piscitelli et al. (2010). Diving lung volume (DLV) was assumed to be 

50% of TLC (Ponganis et al., 1997, Kooyman and Sinnett, 1982). Alveolar O2 concentration was 

assumed to be 100% upon the initiation of the dive and alveolar O2 extraction was assumed to be 

15% (Kooyman, 1973). Total lung oxygen stores were then calculated using the following 

equation from Ponganis et al. (1993a):  

Lung O2 stores (mL O2) = DLV (mL) x (0.15 x [alveolar O2 concentration])            (4) 

     Blood oxygen stores were estimated from hemoglobin (Hb) concentrations (g Hb/mL blood) 

obtained from stranded short-finned pilot whales (n=2) and beaked whales (Mesoplodon 

europaeus, n=2) (data provided by Dr. Craig Harms and Dr. Micah Brodsky). These values were 

used to calculate total blood volume using the following equation from Snyder (1983).  

Blood volume (mL/kg) = 813[Hb (g/mL blood)] – 38.6                             (5) 

Based upon previous studies on diving marine mammals, it was assumed that arterial volume 

represented 1/3 and venous volume 2/3 of total blood volume (Ponganis et al., 1993a; Davis and 

Kanatous, 1999). Arterial blood stores were assumed to be 95% saturated at the beginning of a 

dive and 8% saturated at the end of the dive (Ponganis et al., 2011). Venous O2 stores were 

assumed to be 5 volume % (5 mL O2/dL blood) less than arterial oxygen stores (Lenfant et al., 

1970).  The oxygen binding capacity of hemoglobin was assumed to be 1.34 mL O2/g Hb 

(Ponganis et al., 1993a). From hemoglobin concentration and the oxygen binding affinity, the 
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capacitance coefficient (ßBO2), the amount of oxygen capable of being carried within a volume of 

blood, was calculated using the following equation from Davis and Kanatous (1999). 

Capacitance coefficient (mL O2/L) = hemoglobin concentration (g/L) x 1.34 mL O2/g Hb    (6) 

Arterial blood oxygen stores were calculated as: 

Arterial O2 stores (mL O2) = 1/3 x total blood volume (L) x (0.95 x ßBO2)                     (7) 

Venous blood stores were calculated as: 

Venous O2 stores (mL O2) = 2/3 x total blood volume (L) x (Arterial ßBO2 – 50 mL O2/L)    (8) 

          Diving metabolic rates have not yet been determined for the species included in this study, 

so a suite of theoretical diving metabolic rates was devised. Previously determined metabolic 

rates available for the Weddell seal (Leptonychotes weddellii) and bottlenose dolphin include 

values for resting and varying levels of underwater activity including diving and maximal 

exertion (Castellini et al., 1992; Williams et al., 2004; Davis and Kanatous, 2000; Williams et 

al., 1992). Metabolic rates were assumed to scale to body mass (e.g. Kleiber, 1975; Weibel et al., 

2004) to correct for differences in body size between the specimens included within this study 

and those from which the metabolic rate was originally measured (sensu Tyack et al., 2006). 

Diving metabolic rate was also determined by calculating an animal’s cost of transport 

(COTTOT), which provides a measurement of the metabolic cost of moving a unit mass of an 

animal a unit distance (Tucker, 1975; Williams, 1999). Although the COTTOT equation available 

for marine mammals was calculated using adult animals that were swimming at the surface (with 

access to oxygen) (Williams, 1999), it has previously been used to estimate the diving metabolic 

rate for ADL calculations of the deep-diving narwhal (Monodon monoceros) (Williams et al., 

2011) and beluga (Delphinapterus leucas) (Shaffer et al., 1997). COTTOT was calculated using 

the following equation from Williams (1999). 
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COTTOT (J kg
-1

 m
-1

) = 7.79 x TBM
-0.29

                                           (9) 

 COTTOT was converted into metabolic rate by multiplying COTTOT by swim speed (assuming a 

caloric equivalent of 4.8 kcal/ L O2 and a conversion factor of 4.187x10
3
 J/kcal) (Williams et al., 

2011) (Table 9). Swim speed was estimated from vertical velocity and pitch angle experienced 

by tagged M. densirostris and short-fin pilot whales during a dive (Tyack et al., 2006; Soto et al., 

2008). These methods produced a suite of theoretical diving metabolic rates that elucidate how 

varying levels of activity may affect cADL.  

 

 

 

RESULTS 

 

Muscle Fiber Profile 

 

     In adult beaked whales, all staining methods distinguished two fiber types (Figure 1) in the m. 

longissimus dorsi. Myosin-ATPase stains demonstrated that the majority of the muscle 

(approximately 80% by area) was composed of Type II (fast-twitch) fibers (Table 2). This 

finding was supported by the results of the metabolic stains (succinate dehydrogenase and α-

glycerophosphate dehydrogenase), with approximately 80% of the muscle by area composed of 

fibers with high glycolytic and low oxidative capacity (Table 3). Percent fiber type by count also 

revealed a fiber profile with a greater percentage of Type II than Type I fibers (Table 4) and a 

higher percentage of glycolytic than oxidative fibers (Table 5). However, the point-counting 

method resulted in a lower percentage (approximately 60%) of Type II and glycolytic fibers than  
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Figure 1. Serial sections of the m. longissimus dorsi of Mesoplodon densirostris (WAM 593). 

Succinate dehydrogenase (A) and α-glycerophosphate dehydrogenase (B) staining techniques 

differentiated oxidative (o) and glycolytic (g) fibers. Alkaline (C) and acidic (D) preincubations 

of the myosin ATPase differentiated Type I (I) and Type II (II) fibers.  
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 Alkaline myosin ATPase Acidic myosin ATPase 

Species % Type I fibers % Type II fibers  % Type I fibers % Type II fibers  

Mesoplodon spp.      

Adult      

Mean Mesoplodon spp.
a
 19.7 ± 7.8 80.3 ± 7.8 21.0 ± 11.2 79.0 ± 11.2 

      

M. densirostris 16.9 ± 8.5 83.1 ± 8.5 20.5 ± 12.3 79.5 ± 12.3 

M. mirus
b
 23.1 ± 6.0 /  76.9 ± 6.0 / 23.3 ± 11.2 / 76.7 ± 11.2 / 

 18.7 ± 6.6 81.3 ± 6.6 17.7 ± 8.1 82.3 ± 8.1 

M. europaeus 23.1 ± 6.0 76.9 ± 6.0 23.3 ± 11.2 76.7 ± 11.2 

      

M. europaeus subadult 10.9 ± 6.5 89.1 ± 6.5 10.0 ± 4.7 90.0 ± 4.7 

M. europaeus calf
b
 18.7 ± 6.6 / 81.3 ± 6.6 / 17.7 ± 8.1 / 82.3 ± 8.1 / 

  21.15 ± 0.8 78.85 ± 0.8 22.8 ± 6.1 77.2 ± 6.1 

Globicephala macrorhynchus         

Adult 62.2 ± 10.9 37.8 ± 10.9 65.5 ± 12.1 34.5 ± 12.1 

      

Subadult 67.3 ± 9.9 32.7 ± 9.9 68.3 ± 10.7 31.7 ± 10.7 

Calf 38.5 ± 6.4 61.5 ± 6.4 37.2 ± 9.7 62.8 ± 9.7 
a
Combined mean for adult Mesoplodon species (dorsal fin values used for M. mirus). 

b
Reported as values at a midthorax / dorsal fin position 
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Table 3. Mean fiber-type percentage by area (±SD) of m. longissimus dorsi using succinate dehydrogenase and α-glycerophosphate 

dehydrogenase staining techniques. 

 Succinate dehydrogenase α-glycerophosphate dehydrogenase 

Species 

% 

Oxidative 

fibers 

% 

Intermediate 

fibers 

% 

Glycolytic 

fibers 

% 

Oxidative 

fibers 

% 

Intermediate 

fibers 

% 

Glycolytic 

fibers 

Mesoplodon spp.        

Adult        

Mean Mesoplodon spp.
a
 21.5 ± 9.6 NA 78.5 ± 9.6 18.5 ± 7.9 NA 81.5 ± 7.9 

        

M. densirostris 21.4 ± 9.24 NA 78.6 ± 9.2 16.0 ± 7.8 NA 84 ± 7.8 

M. mirus
b
 24.8 ± 8.1 / NA 76.8 ± 10.9 / 20.9 ± 7.3 / NA 79.1 ± 7.3 / 

 17.7 ± 5.7 NA 82.3 ± 5.7 19.5 ± 7.9 NA 80.5 ± 7.9 

M. europaeus 23.2 ± 10.9 NA 76.8 ± 10.9 20.9 ± 7.3 NA 79.1 ± 7.3 

        

M. europaeus subadult 11.9 ± 5.6 NA 88.1 ± 5.6 14.2 ± 7.0 NA 85.8 ± 7.0 

M. europaeus calf
b
 17.7 ± 5.7 / NA 82.3 ± 5.7 / 19.5 ± 7.9 / NA 80.5 ± 7.9 / 

  21.3 ± 2.8 NA 78.7 ± 2.8 17.3  ± 2.6 NA 82.7  ± 2.6 

Globicephala macrorhynchus         

Adult 35.7 ± 17.1 31.5 ± 16.3 32.8 ± 10.9 32.5 ± 14.6 NA 67.5 ± 14.6 

         

Subadult 68.9 ± 9.5 NA 31.1 ± 9.5 25.3 ± 7.3 38.1 ± 8.3 36.6 ± 10.2 

Calf 42.9 ± 8.6 NA 57.1 ± 8.6 19.5 ± 6.7 17.5 ± 5.5 63.0 ± 5.7 
a
Combined mean for adult Mesoplodon species (dorsal fin values used for M. mirus). 

b
Reported as values at a midthorax / dorsal fin position. 

NA - not applicable 
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Table 4. Mean fiber-type percentage by count (±SD) of m. longissimus dorsi using alkaline and acidic preincubations for myosin 

ATPase staining. 

 Alkaline myosin ATPase Acidic myosin ATPase 

Species % Type I fibers % Type II fibers  % Type I fibers % Type II fibers  

Mesoplodon spp.      

Adult      

Mean Mesoplodon spp.
a
 41.6 ± 5.0 58.4 ± 5.0 58.0 ± 7.8 42.0 ± 7.8 

      

M. densirostris 40.5 ± 5.3 59.5 ± 5.3 41.4 ± 10.3 58.6 ± 10.3 

M. mirus
b
 40.5 ± 4.9 / 59.5 ± 4.9 / 43.2 ± 8.3 / 56.8 ± 8.3 / 

  44.3 ± 4.1  55.7 ± 4.1 41.3 ± 0.5 58.7 ± 0.5 

M. europaeus 42.4 ± 4.2 57.6 ± 4.2 42.9 ± 7.4 57.1 ± 7.4 

      

M. europaeus subadult 40.5 ± 6.3 59.5 ± 6.3 39.8 ± 2.6 60.2 ± 2.6 

M. europaeus calf
b
 42.4 / 57.6 / -* -* 

  45.7 54.3 -* -* 

Globicephala macrorhynchus      

Adult 65.0 ± 8.5 35.0 ± 8.5 64.2 ± 7.7 35.8 ± 7.7 

      

Subadult 64.7 ± 3.0 35.3 ± 3.0 62.6 ± 2.4 37.4 ± 2.4 

Calf 48.5 ± 2.2 51.5 ± 2.2 48.5 ± 5.4 51.5 ± 5.4 
a
Combined mean for adult Mesoplodon species (dorsal fin values used for M. mirus). 

b
Reported as values  at a midthorax / dorsal fin position. 

*Individual fibers could not be differentiated due to lack of sharp fiber margins. 
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Table 5. Mean fiber-type percentage by count (±SD) of m. longissimus dorsi using succinate dehydrogenase and α-glycerophosphate 

dehydrogenase staining techniques. 

 Succinate dehydrogenase α-glycerophosphate dehydrogenase 

Species 

% 

Oxidative 

fibers 

% 

Intermediate 

fibers 

% 

Glycolytic 

fibers 

% 

Oxidative 

fibers 

% Intermediate 

fibers 

% Glycolytic 

fibers 

Mesoplodon spp.        

Adult        

Mean Mesoplodon spp.
a
 55.2 ± 4.8 NA 44.8 ± 4.8 18.5 ± 7.9 NA 81.5 ± 7.9 

        

M. densirostris 44.9 ± 4.4 NA 55.1 ± 4.4 38.2 ± 5.6 NA 61.8 ± 5.6 

M. mirus
b
 41.0 ± 8.3 / NA 59.0 ± 8.3 / 38.1 ± 5.9 / NA 61.9 ± 5.9 / 

 41.1 ± 5.8 NA 58.9 ± 5.8  36.2 ± 5.9 NA 62.6 ± 5.9 

M. europaeus 53.7 ± 4.7 NA 46.3 ± 4.7 41.8 ± 6.9 NA 58.2 ± 6.9 

        

M. europaeus subadult 43.4 ± 8.0 NA 56.6 ± 8.0 34.6 ± 1.5 NA 65.4 ± 1.5 

M. europaeus calf -* NA -* -* NA -* 

Globicephala macrorhynchus        

Adult 34.1 ± 10.2 28.8 ± 8.9 37.2 ± 11.3 22.6 ± 8.8 NA 77.4 ± 8.8 

         

Subadult 62.7 ± 1.9 NA 37.3 ± 1.9 24.1 ± 3.9 38.0 ± 4.3 37.9 ± 5.1 

Calf 49.5 ± 2.7 NA 50.5 ± 2.7 16.6 ± 0.6 20.7 ± 2.5 62.7 ± 2.4 
a
Combined mean for adult Mesoplodon species (dorsal fin values used for M. mirus). 

b
Reported as values at a midthorax / dorsal fin position. 

*Individual fibers could not be differentiated due to lack of sharp fiber margins. 

NA - not applicable 
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did the stereological measurement method. This difference between percent fiber by area and by 

count is due to the large difference in size between the two fiber types (see below).    

     Both the calf and subadult M. europaeus displayed muscle fiber profiles by area that were 

similar in composition to that of the adult (Tables 2 and 3), although the calf values were more 

similar to the adult values than those of the subadult. This finding may be due to the small 

sample size of immature specimens. Percent fiber type by count revealed a similar trend (Tables 

4 and 5).   

     In adult short-fin pilot whales, myosin ATPase stains displayed two distinct fiber types and 

Type I fibers composed approximately two-thirds of the fiber area (Table 2). It was, thus, 

expected that the succinate dehydrogenase (SDH) and α-glycerophosphate dehydrogenase 

(αGPDH) stains would support these findings and result in fiber profiles with approximately 

two-thirds oxidative fibers (i.e. darkly stained for SDH and lightly stained for αGPDH). 

However, SDH-stained sections displayed three distinct fiber types (Figure 2). These fibers were 

classified as oxidative fibers (darkly staining), intermediate fibers (intermediate staining), and 

glycolytic fibers (lightly staining) and each represented approximately a third of the fiber area 

(Table 3). In contrast, the αGPDH staining technique distinguished only two fiber types with 

approximately two-thirds of the muscle area staining darkly, as would be expected for glycolytic 

fibers (Figure 2, Table 3).  

     A comparison of serial sections (Figure 2) revealed that approximately one-half of the fibers 

classified as Type I by myosin ATPase staining methods (i.e. roughly 33% of the total profile) 

stained darkly for SDH and lightly for αGPDH, as would be expected for slow-twitch, oxidative 

fibers (Figure 2). The remaining Type I fibers, however, were intermediately stained for SDH 

and darkly stained for αGPDH, suggestive of a slow-twitch fiber with both high oxidative and  
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Figure 2. Serial sections of the m. longissimus dorsi of Globicephala macrorhynchus (RT 105). 

The succinate dehydrongease technique (A) differentiated glycolytic (g), oxidative (o) and 

intermediate (i) fibers. The α-glycerophosphate dehydrogenase techinique (B) differentiated 

glycolytic and oxidative fibers. Alkaline (C) and acidic (D) preincubations of myosin ATPase 

differentiated Type I (I) and Type II (II) fibers.
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glycolytic capacities. Such fibers have been previously described as slow-twitch, oxidative, 

glycolytic (SOG) fibers in other mammals (Whitmore, 1981; Suzuki and Hayama, 1991). In 

adult short-fin pilot whales, SOG fibers comprised approximately 33% of the total fiber 

population by area. In the adults, percentages of fiber-types by count closely matched those 

determined for fiber area for all staining methods (Tables 4 and 5). 

     Using the myosin ATPase staining techniques, the subadult short-fin pilot whale displayed a 

fiber profile very similar to that of the adults (approximately two-thirds of the muscle area 

composed of Type I fibers) (Table 2). However, the calf differed from both the subadult and 

adults, as this individual possessed a fiber profile composed predominantly of Type II fibers  

 (Table 2). The metabolic fiber profiles of the immature short-fin pilot whales were complicated 

(Table 3). Intermediate fibers could not be differentiated using the SDH staining technique in 

either of the immature individuals, however they were distinguishable using the αGPDH staining 

technique. With the αGPDH technique in the subadult, approximately one-third of the muscle 

area stained darkly, indicative of glycolytic fibers, with the remaining percentage composed of 

either oxidative or intermediate fibers. In comparison, the calf displayed a fiber area composed 

predominantly of glycolytic fibers (approximately 60%). For all staining techniques, point count 

data for the subadult was similar to that obtained for fiber percentage by area (Tables 4 and 5). In 

the calf, Type I fibers by count represented a slightly higher percentage of the fiber profile than 

by area (Table 4), and a similar pattern was seen for oxidative fibers stained with SDH (Table 5). 

These differences between the two counting techniques are likely due to the larger difference in 

size between fiber types in the calf compared with the subadult and adults (see below). 
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Table 6. Mean fiber diameter and cross-sectional area (± SD) of Type I and Type II fibers from m. longissimus dorsi using alkaline 

myosin ATPase staining technique. 

 Diameter (μm) Cross-sectional Area (μm
2
)   

Species Type I fibers Type II fibers II:I Type I fibers Type II fibers II:I 

Mesoplodon spp.        

Adult        

Mean Mesoplodon spp.
a
 39.1 ± 11.3 79.6 ± 11.5 2.0 1380.0 ± 846.8 5305.5 ± 1501.9 3.8 

        

M. densirostris 30.1 ± 3.0 70 ± 7.5 2.3 764 ± 143.2 4060.7 ± 802.9 5.3 

M. mirus
b
 47.2 ± 6.1 / 91.5 ± 22.5 /  1.9 1907.9 ± 477.4 /  7171.4 ± 3993.5 / 3.8 

 40.2 ± 5.5 77.1 ± 26.2 1.9 1378.7 ± 395.1 4966.0 ± 698.0 3.6 

M. europaeus 47.6 ± 12.4 90.5 ± 10.1 1.9 1995.9 ± 1040.4  6720.0 ± 1445.7 3.4 

        

M. europaeus subadult 32.8 ± 4.3 81.3 ± 11.8 2.5 904.7 ± 231.6 5502.6 ± 1334.9 6.0 

M. europaeus calf
b
 19.1 ± 1.2 / 39.1 ± 2.9 / 2.0 301.1 ± 46.1 / 1248.2 ± 182.9 / 4.1 

   25.6 ± 3.0  49.3 ± 2.9 1.9 549.9 ± 131.6 39.1 3.6 

Globicephala macrorhynchus            

Adult 66.7 ± 13.4 66.8  ± 13.3 1.0 3823.9 ± 1354.8 3920.8 ± 1481.9 1.0 

        

Subadult 54.9 ± 8.3 69.0 ± 4.7 1.3 2532.5 ± 779.4 2669.7 ± 1211.6 1.1 

Calf 39.4 ± 5.4 58.1 ± 15.5 1.5 1316.9 ± 339.3 2946.5 ± 1449.2 2.2 

a
Combined mean for adult Mesoplodon species (dorsal fin values used for M. mirus). 

b
Reported as values at a midthorax / dorsal fin position. 
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 Muscle Fiber Diameter and Cross-Sectional Area 

 

     In the m. longissimus dorsi of adult beaked whales, the mean fiber diameter of Type II fibers 

was approximately two times larger than that of Type I fibers (Figure 1, Table 6). Fiber cross-

sectional area across the species followed a similar trend. 

      Fiber size appeared to increase across the ontogenetic samples of M. europaeus. The Type I 

fiber diameters in the subadult were approximately 70% and Type II fibers were nearly 90% of  

adult values. Muscle fiber diameters in the calf were only 40-55% of the adult values. Cross-

sectional areas of the subadult and calf followed similar trends to those of the fiber diameters.  

     In adult short-fin pilot whales, the mean fiber diameters and cross-sectional areas of Type I 

and Type II fibers were similar (Figure 2, Table 6). The Type I fiber diameters of the subadult 

short-fin pilot whale were approximately 82% of the adult values, while Type II fibers were, on 

average, slightly larger in diameter than those of the adults. The cross-sectional areas of both 

fiber types in the subadult were approximately 67% of the adult cross-sectional areas. In the calf, 

the Type I and II fibers more dramatically differed in size. The fiber diameters of Type I fibers 

were only 34% of the adult value, while the Type II fiber diameters were approximately 87% of 

the adult value.  

 

 

Myoglobin 

 

     The m. longissimus dorsi of adult beaked whales displayed relatively high myoglobin (Mb) 

concentrations ranging from 6.92 to 8.57 g Mb/100 g muscle (Table 7). The myoglobin  
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Table 7. Mean (± SD) myoglobin concentration and buffering capacity of m. longissimus dorsi. 

Species 

[Myoglobin]                  

(g Mb/100 g wet 

weight tissue) Buffering Capacity (slykes) 

Mesoplodon spp.   

Adult   

Mean Mesoplodon spp.
a
 7.34 ± 0.87 98.1 ± 7.4 

   

M. densirostris 6.92 ± 0.44 102.3 ± 7.4 

M. mirus
b
 8.57 ± 0.10 / 97.1 ± 4.4 / 

  8.18 ± 0.18 95.2 ± 5.9 

M. europaeus 7.41 ± 1.09 98.8 ± 8.3 

   

M. europaeus subadult
c 

7.42 ± 0.07 (100%) 105.7 ± 0.8 (107%) 

M. europaeus calf
b,c

 6.47 ± 0.16 (87%)
 
/ 99.0 ± 10.1 (100%)

 
/ 

  6.55 ± 0.24 (88%) 92.3 ± 2.1 (93.4%) 

Globicephala macrorhynchus    

Adult 6.82 ± 0.43 70.7 ± 7.4 

   

Subadult
c 

6.88 ± 0.29 (100%) 77.3 ± 1.1 (109%) 

Calf
c 

3.35 ± 0.30 (49%) 73.4 ± 3.3 (104%) 
a
Combined mean for adult Mesoplodon species (dorsal fin values used for M. mirus). 

b
Reported as values at a midthorax / dorsal fin position. 

c 
Value in parenthesis is percentage of adult mean. 
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concentration of the subadult M. europaeus muscle was similar to that of the adult, while the calf 

possessed approximately 87-88% of the adult concentration. 

     The myoglobin concentration of this epaxial muscle in the adult short-fin pilot whale was 

6.82 ± 0.43 g Mb/100 g muscle (Table 7). The myoglobin concentration of the subadult G. 

macrorhynchus was similar to that of the adult, while the calf possessed only one-half of the 

adult concentration. 

 

 

Buffering Capacity 

 

     In adult beaked whales, buffering capacity ranged from 95-102 slykes (Table 7). The 

buffering capacity of the subadult M. europaeus was slightly higher than the adult, while the calf 

possessed approximately 93% of the adult buffering capacity. 

     The m. longissimus dorsi of the adult G. macrorhynchus had a buffering capacity of 70.7 ± 

7.4 slykes (Table 7). Both the subadult and the calf short-fin pilot whale muscle possessed 

buffering capacities that tended to be higher than the average adult value.  

 

 

Mitochondrial and Lipid Volume Density 

 

     To perform volume density measurements, a goal was set to count at least 100 lipid droplets 

as well as each type of mitochondria within the muscle fibers. However, lipid and 

subsarcolemmal mitochondria were often too rarely encountered within the fiber to meet this  
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Table 8. Mean mitochondrial and lipid volume densities (± SD) of m. longissimus dorsi for three specimens: total mitodochondrial 

volume density (Vmt), subsarcolemmal mitodochondrial density (Vmt, s), interfibrillar mitodchondrial density (Vmt, i), and lipid volume 

density (Vli). 

Specimen ID Species Fiber Type Vmt (%) Vmt,s (%)
a
 Vmt,i (%) Vli (%) 

KLC 112 M. mirus (adult) Type I 4.4 ± 2.4 0.5 ± 0.6 4.0 ± 0.6 1.1 ± 0.7 

Type II 1.2 ± 0.7 0.1 ± 0.2 1.1 ± 0.7
a
 0.2 ± 0.3

a
 

Combined Fibers 2.4 ± 2.2 0.3 ± 0.4 2.1 ± 2.0 0.5 ± 0.7 

       

KLC 110 M. europaeus (calf) Type I 10.1 ± 2.8 3.0 ± 1.3 7.1 ± 2.2 1.6 ± 1.1
a
 

Type II 3.4 ± 1.1 0.1 ± 0.1 3.3 ± 1.1 0.8 ± 0.4
a
 

Combined Fibers 7.4 ± 4.7 1.8 ± 2.1 5.5 ± 2.9 0.9 ± 0.7
a
 

       

KLC 111 G. macrorhynchus 

(subadult) 

Combined Fibers 

7.3 ± 4.6 0.9 ± 1.8 6.4 ± 3.7 0.6 ± 0.7
a
 

a
Percentages based upon fewer than 100 counted features. 
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Figure 3. Electron micrographs of the Type I (A) and Type II (B) fibers of the m. longissimus 

dorsi of an adult Mesoplodon mirus (KLC 112) showing the presence of lipid (asterisk) along 

with interfibrillar mitochondria (arrows) and subsarcolemmal mitochondria (arrowheads), which 

are located just below the subsarcolemma (S). 
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objective. Thus, the values for lipid and subsarcolemmal volume densities are reported, but do 

not always meet the criteria outlined in the materials and methods (see Table 8). 

     In the adult M. mirus (KLC 112), total mitochondrial volume density (Vmt) differed between 

the two fiber types (Figure 3, Table 8). Vmt of Type I fibers was approximately 3.5 times higher 

than in Type II fibers. Interfibrillar mitochondrial volume density (Vmt,i) contributed the greatest  

proportion to total Vmt in both fiber types. In Type I fibers, volume densities of subsarcolemmal 

mitochondria (Vmt,s) and lipid (Vli) were approximately five times greater than in Type II fibers. 

    In the calf M. europaeus (KLC 110), Vmt also differed between the two fiber types (Figure 4, 

Table 8). Vmt was approximately three times higher in Type I fibers than in Type II fibers. As in 

the adult M. mirus, most of the mitochondria within the two fiber types were interfibrillar in 

location. Vli in Type I fibers was approximately two times higher than in Type II fibers. 

Subsarcolemmal mitochondria appeared to be very rare in the Type II fibers of the calf and the 

Vmt,s of Type II fibers represented only approximately 3% of the total mitochondrial volume 

density in Type I fibers. 

     In the subadult short-fin pilot whale (KLC 111), Vmt was determined for all three fiber types 

combined as fiber types could not be differentiated at the ultrastructural level (Figure 5, Table 8). 

As in the beaked whales, interfibrillar mitochondria were the most predominant mitochondrial 

type within the fiber, with subsarcolemmal mitochondria comprising only 12% of the total 

mitochondrial volume density. Lipid appeared to comprise less than 1% of the total muscle 

volume.  
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Figure 4. Electron micrographs of Type I (A) and Type II (B) fibers of the calf Mesoplodon 

europaeus (KLC 110) showing the nucleus (n) and presence of lipid droplets (asterisk) along 

with interfibrillar mitochondria (arrow) and subsarcolemmal mitochondria (arrowhead), which 

are located just below the sarcolemma (S). 
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Figure 5. Electron micrograph the fibers of the m. longissimus dorsi of the subadult 

Globicephala macrorhynchus (KLC 111) showing the presence of lipid (asterisk), interfibrillar 

mitochondria (arrows), and subsarcolemmal mitochondria (arrowheads), which are located just 

below the sarcolemma (S). 
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Calculated Aerobic Dive Limit 

 

     A range of previously measured diving metabolic rates relating to different levels of activity 

(Table 9) was used to calculate ADL for each specimen included in this study (Table 10). For 

both beaked whales and short-finned pilot whales, calculated aerobic dive limit (cADL)  

approached or exceeded average dive duration (M. densirostris 46.5 min, Tyack et al, 2006; G. 

macrorhynchus 15 min, Soto et al., 2008) at low metabolic rates scaled from the diving 

metabolic rates recorded for the deep-diving Weddell seal (Lepthonychotes weddellii) (Williams 

et al., 2004; Castellini et al., 1992; Davis and Kanatous, 1999) and at basal metabolic rate as 

predicted by Kleiber (1975). Above these dMRs, cADL fell below average dive duration. The 

cADL produced by using dMRs determined using cost of transport (COTTOT) (Williams et al., 

1999) and average swim speed of M. densirostris (Tyack et al., 2006) and G. macrorhynchus 

(Soto et al., 2008) were approximately half the average dive duration of each study group. For 

both study groups, at extremely high levels of exertion (Williams et al., 1992), cADL falls far 

below the average dive duration. 

 

 

DISCUSSION 

       

     Previous studies of the locomotor muscles of deep-diving marine mammals have 

demonstrated that these species share a suite of adaptations that increase onboard oxygen stores 

while slowing the rate at which these stores are utilized. The locomotor muscle of deep-diving  
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Table 9. Metabolic rates reported in the literature or calculated from swim speed for several species of marine 

mammals. 

Species 

Animal condition at time of 

measurement 

Measured MR      

(mL O2 kg
-1

 

min
-1

) Source 

Leptonychotes weddellii            

(387.4 kg individual) Lowest MR after dive <23 min. 1.61 Williams et al., 2004 

    

Leptonychotes weddellii 

(hypothetical 450 kg individual) 
Calculated MR based on organ 

MR or rat/human scaled to 

weight of seal 2 Davis and Kanatous, 1999 

    

Mammal Basal MR
a 
  Kleiber, 1975 

    

Leptonychotes weddellii            

(387.4 kg individual) 
MR for dives >23 min in 

duration 3.8 Castellini et al., 1992 

    

Mesoplodon densirostris 
MR calculated using COTTOT 

for average vertical velocity 

during dive descent and ascent 

of 1.15 m/s 

 

Williams et al., 2011; Tyack et 

al., 2006 

    

Globicephala macrorhynchus 
MR calculated using COTTOT 

for average vertical velocity 

during dive descent and ascent 

of 2.1 m/s  

Williams et al., 2011; Soto et 

al., 2008 

    

Globicephala macrorhynchus MR calculated using COTTOT 

for average sprint speed of 4 

m/s  

Williams et al., 2011; Soto et 

al., 2008 

    

Tursiops truncatus                             

(85 kg individual) 
Maximum MR for dolphin at 

full exertion 29.4 

Williams, Friedl, and Haun, 

1992 
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Table 10. Calculated aerobic dive limits (min) for the adult specimens included in this study using a range of diving metabolic rates 

(MR). Oxygen stores used for these calculations can be found in Appendix B. 

Species Specimen ID 

Diving Metabolic Rate (mL O2 kg
-1

 min
-1

)
a
 

1.61 2 Basal MR 3.8 

MR using COTTOT & 

Average Swim Speed
b
 29.4 

Mesoplodon spp.        

M. densirostris GNL 053 62.9 48.7 39.9 26.7 21.8 5.9 

 WAM 593 64.6 50.0 41.0 27.3 22.6 6.1 

        

M. mirus KLC 112 71.5 55.5 45.4 30.4 25.1 6.8 

        

M. europaeus KLC 038 72.4 56.3 46.0 30.7 23.6 6.9 

  MDB 064 64.7 50.1 40.9 27.3 22.9 6.1 

Globicephala macrorhynchus RJM 009 41.8 32.5 26.6 17.8 7.9 / 4.1
c
 3.4 

 RT 63 38.2 29.5 24.2 16.2 7.1 / 3.7
c
 3.1 

 RT 106 36.7 28.5 23.3 15.6 6.8 / 3.6
c
 2.9 

 RT 103 39.1 30.2 24.7 16.5 7.2 / 3.8
c
 3.1 

 RT 105 37.3 28.8 23.6 15.8 6.9 / 3.6
c
 3.0 

  RT 102 36.9 28.6 23.4 15.6 6.8 / 3.6
c
 3.0 

a
These metabolic rates were scaled to the individual's total body mass. For sources of these metabolic rates, see Table 9. 

b
For swim speeds used for Mesoplodon spp. and Globicephala macrorhynchus see Table 9. 

c
cADL reported for cost of transport (COTTOT) determined using swim speed 2.1 m s

-1
 / 4.0 m s

-1
. 
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species display elevated myoglobin (Mb) concentrations (5.9-10.4 g Mb/100 g tissue) and are 

also composed predominantly of Type I fibers (55-88%) that are large in diameter (63-94 µm) 

(reviewed by Kooyman and Ponganis, 1998; Kanatous et al., 2002; Lestyk et al., 2009; Williams 

et al., 2011; Keilhorn, 2011). Although locomotor muscle mitochondrial volume density (MVD) 

has only been directly measured in the Weddell seal (Leptonychotes weddellii) (Kanatous et al., 

2002) an index of MVD has been reported for the pygmy sperm whale (Kogia breviceps) 

(Kielhorn, 2011). These studies found mitochondrial densities to be lower in deep-diving species 

than in shallow-diving marine mammals or athletic terrestrial species. This suite of 

characteristics appears to increase muscle oxygen stores while decreasing the rate at which these 

stores are utilized, thus prolonging the animal’s aerobic dive limit (ADL). The results of this 

study indicate that beaked whales (Mesoplodon spp.) and short-finned pilot whales 

(Globicephala macrorhynchus) do not uniformly display the characteristics of other deep-diving 

species. These differences provide new insights into muscle design of extreme, deep-diving 

marine mammals. 

 

 

Beaked Whales 

 

     The locomotor muscle of beaked whales displayed several characteristics typical for deep-

diving marine mammals, including high myoglobin concentration, large fiber size, and low 

mitochondrial volume density (MVD). However, the muscle displayed a novel fiber profile as it 

was composed of approximately 80% Type II (fast-twitch) fibers. This fiber profile is 

comparable to that of sprinting athletes, including terrestrial mammals, such as greyhounds 
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(Canis familiaris) and African cheetahs (Acinonyx jubatus), and aquatic vertebrates, such as 

scombrid fishes. As in beaked whales, the locomotor muscle of these sprinters is predominantly 

composed of Type II fibers (84-98%) (Gunn, 1978; Williams et al., 1997; Ellerby et al., 2000).  

     Several other characteristics of a sprinter’s muscle are also observed in beaked whales, 

including a high buffering capacity and low MVD. The buffering capacity of sprinters tends to 

be higher than that of more sedentary animals or of endurance athletes (Castellini and Somero, 

1981; Harris et al., 1990; reviewed by Abe, 2000). For example, the buffering capacity of the 

greyhound locomotor muscle is 105 slykes (Harris et al., 1990) and that of scombrid fish white 

muscle is 105-125 slykes (reviewed by Dickson, 1996). These values are much higher than those 

obtained for domesticated species, such as the pig (Suidae sus) (49.7 slykes) or cow (Bos taurus) 

(51.9 slykes) (Castellini and Somero, 1981). The buffering capacity of beaked whale locomotor 

muscle is also extremely high (mean 98 slykes) and comparable to the levels observed in 

sprinting species and to that reported for the Cuvier’s beaked whale (Ziphius cavirostris) (94.5 

slykes) (Noren, 2004). Noren (2004) attributed this high value to the prolonged dive duration of 

the beaked whale during which the animal may have to rely on anaerobic metabolism. The 

buffering capacity obtained for the beaked whale species included in this study are among the 

highest recorded for any mammal.  

     As would be expected for a sprinting athlete, the MVD of the cheetah locomotor muscle (3.2-

3.7%) is much lower than that of the mongrel dog (9.14%), a more aerobically-poised, endurance 

athlete (Williams et al., 1997; Hoppeler et al., 1987). The white muscle of the skipjack tuna 

(Katsuwonus pelamis) also has a low MVD (approximately 2.8%) (Mathieu-Costello et al., 

1992). The extremely low MVD of the Type II fibers of the M. mirus is lower than these values 

for sprinters and is also lower than that observed for the deep-diving Weddell seal 
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(Leptonychotes weddellii) (3.13%) (Kanatous et al., 2002). This value is more similar to that of 

the white muscle of the relatively inactive black sea bass (Centropristis striata) (1.2%) (Burpee 

et al., 2010). To the best of my knowledge, the MVD value of the beaked whale Type II fibers is 

the lowest reported for any mammal and falls just below that predicted for a sedentary mammal 

of similar size (Figure 6), suggesting that these cells have a low rate of oxygen usage.  

     One major difference between the locomotor muscle of sprinting vertebrates and beaked 

whales is myoglobin (Mb) concentration. For example, the myoglobin content of the m. vastus 

lateralis of the cheetah is 0.5 g Mb/100 g tissue (Williams et al., 1997) and that of the white 

muscle of scombrid fishes is 0.18-0.55 g Mb/100 g muscle (reviewed by Dickson, 1996). While 

scombrid red muscle myoglobin concentrations are higher (1.7-3.4 g Mb/100 g muscle) 

(reviewed by Dickson, 1996), it is still 2-4 times lower than the values obtained for the beaked 

whales. The average concentration of myoglobin within the locomotor muscle of beaked whales 

is among the highest measured for any mammal and the adult M. mirus (KLC 112) has the 

highest myoglobin concentration (8.57 ± 0.10 g Mb/100 g muscle) published for any cetacean 

species to date. Thus, beaked whales have an extremely high oxygen storage capacity within 

their muscle. 

      Although the locomotor muscle of beaked whales is predominantly composed of Type II 

fibers, antibody staining of beaked whale muscle demonstrates that these fibers do express 

myoglobin (Eva Sierra Pulpillo, pers. comm.). The locomotor muscle of these animals is uniform 

purple-black in color at the gross level, with no discernable differences between fiber-types 

based on intensity of color (B. Velten, pers. observ.). Thus, Type II fibers, as well as Type I 

fibers, act as a site of oxygen storage within the muscle.   
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Figure 6. Mitochondrial volume densities for mammals ranging in size from white rats to beaked 

whales (after Kanatous et al., 2002). Regression line (r
2
=0.56) and 95% confidence intervals 

created for only sedentary animals (black crosses) using data from Weibel (2004). Terrestrial 

athlete data (black circles) from Weibel (2004); shallow-diving pinniped data (gray upside-down 

triangle) from Kanatous et al. (1999); deep-diving pinniped data (gray triangle) from Kanatous et 

al. (2002); sprinting athlete data (gray circle) from Williams et al. (1997); adult M. mirus (gray 

square), subadult G. macrorhynchus (light gray square), and calf M. europaeus (white diamonds) 

data from this study. 
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      The combination of high myoglobin concentration and low MVD may also play a role in 

protecting these animals from oxidative damage because of the production of reactive oxygen 

species (ROS) should the locomotor muscle experience hypoxic conditions during a dive as well 

as during subsequent tissue reperfusion upon surfacing (reviewed for terrestrial mammals by 

Clanton, 2007). Because myoglobin scavenges ROS in cardiac muscle during reperfusion 

following a period of ischemia, Flögel et al. (2004) hypothesized that the high concentrations of 

the molecule in the muscles of diving mammals could play an important role in protecting these 

animals from oxidative stress during re-oxygenation at the surface. A low MVD may also play a 

role in protecting deep-divers from oxidative damage as mitochondria are likely one of the 

primary sites of ROS creation during hypoxia and reperfusion (reviewed by Clanton, 2007; 

reviewed by Li and Jackson, 2002). Hoppeler et al. (2003) found a decreased MVD within 

humans living at high altitudes, and, thus, chronically exposed to hypoxia, compared with those 

living at lower altitudes. These authors suggested that limiting the number of mitochondria 

within the cell could potentially decrease the production of ROS. Thus, the low MVD of beaked 

whales may also serve to reduce ROS production in the locomotor muscle of these animals if 

they are be exposed to prolonged periods of hypoxia during a dive.  

      As observed in the Weddell seal and other marine mammals, most mitochondria present 

within the Type I and II fibers of beaked whales are interfibrillar in location (Table 8), an 

adaptation that is hypothesized to reduce diffusion distance between mitochondria and the 

myoglobin found throughout the cell (Kanatous et al., 1999; 2002).  This finding differs from 

terrestrial mammals and fishes, in which mitochondria are often observed associated with 

subsarcolemmal areas adjacent to capillaries and forming radial gradients of intramyofibrillar 

mitochondria across the fiber (reviewed by Pathi et al., in press). The genesis of this 
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heterogenous distribution of mitochondria has recently been attributed to oxygen gradients 

across the muscle fiber, where low oxygen levels appear to lead to mitochondrial death (Pathi et 

al., in press). Thus, the uniform distribution of mitochondria across both fiber types in 

beakedwhales may reflect decreased oxygen gradients across the cells because of their high 

myoglobin content. This is coupled with breath-holding, which makes the principle source of 

oxygen endogenous (oxygen bound to myoglobin) rather than from the blood, such as in 

terrestrial mammals and fish. 

     Thus, the locomotor muscle fiber profile of beaked whales is very similar to that of a sprinting 

animal, but one that possesses an extremely high oxygen storage capacity. Why would a beaked 

whale build its muscle like that of a sprinter that relies on glycolytic metabolism to power burst 

activity while having an extremely high oxygen storage capacity within its locomotor muscle? It 

is worth noting that beaked whales perform the longest and deepest average dives of any air-

breathing vertebrate, fully 2-2.5 times longer than the average dive duration of the Weddell seal 

(Kooyman et al., 1980) and the narwhal (Monodon monoceros) (reviewed by Williams et al., 

2011). The beaked whale dive profile is also unlike that of any other diving mammal, as they 

perform deep dives followed by a series of shallower dives (Tyack et al., 2006). Although it may 

seem counter-intuitive, the adaptations of the locomotor muscle of beaked whales may act to 

increase the animal’s muscle oxygen stores, while limiting the rate of oxygen consumption 

during a dive. 

      Two features of the Type II fibers, large diameter and low MVD, can function to decrease the 

muscle’s oxygen utilization rate. The “optimal fiber size” hypothesis, suggested by Johnston et 

al. (2004) for fish muscle and experimentally demonstrated in invertebrate muscle by Jimenez et 

al. (2011), states that large muscle fibers have a decreased basal metabolic cost compared with 
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smaller fibers. The smaller surface area-to-volume ratio in the larger fibers decreases the number 

of energy-utilizing, ionic pumps, such as the Na
+
/K

+
-ATPase, required to maintain the cell 

membrane potential (Johnston et al., 2003; Jimenez et al., 2011). Beaked whales have extremely 

large Type II fibers (mean of 80 μm) that fall within the size range of values previously observed 

in other species of deep-diving mammals (Kanatous et al., 2002; Williams et al., 2011; Kielhorn, 

2011). As discussed, the MVD of the Type II fibers of beaked whales is extremely low and, thus, 

suggests a low rate of oxygen usage. This combination of features likely contributes to lowering 

the overall metabolic costs of the muscle during a dive (Kanatous et al., 2002; Kielhorn, 2011).  

     Each of these lines of evidence, in combination with the extremely high myoglobin 

concentration of the locomotor muscle of beaked whales, suggest that this muscle is built in a 

way that prolongs the animal’s aerobic dive limit (ADL). Thus, the Type II fiber profile, which is 

antithetical to that observed in other deep-diving mammals, may be an extreme design (sensu 

Lauder, 1982) that supports aerobic metabolism during routine, long duration dives performed by 

beaked whales. 

     As the muscle fiber profile of beaked whales is similar to that of sprinting vertebrates, it may 

be expected that these cetaceans utilize their locomotor muscle in a similar fashion. Sprinters use 

the large cross-sectional area composed of Type II fibers to anaerobically power short, high-

speed, burst events, while utilizing the smaller cross-sectional area of Type I fibers to aerobically 

perform slower, routine locomotion (reviewed by Williams et al., 1997; reviewed by Dickson et 

al., 1997). In M. mirus, the MVD of Type I fibers (4.4%) was over three times higher than that of 

the Type II fibers, indicating that these fibers have a higher aerobic capacity. However, this 

MVD value is still much lower than that of athletic, terrestrial species or shallow-diving marine 

mammals and is only slightly higher than that observed in the m. longissimus dorsi of the deep-
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diving Weddell seal (Kanatous et al., 1999, 2002; Hoppeler et al., 1987) (Figure 6). The Type I 

fibers of beaked whales also had much more lipid present compared with Type II fibers and the 

locomotor muscle of the Weddell seal (Kanatous et al., 2002). Lipid has previously been 

hypothesized to be the main aerobic fuel source in Weddell seals (Kanatous et al., 2002), and the 

results of this study suggests that lipid likely serves as an aerobic fuel source in the Type I fibers 

of beaked whales.  

     Thus, during a majority of the dive, Type I fibers may be the primary fibers aerobically 

powering locomotion. The Type II fibers do not appear well suited to use the oxygen bound 

within the cell at a high rate as they are glycolytically poised fibers with a very low MVD. 

Instead, the inactive Type II fibers may provide a large, metabolically inexpensive oxygen store 

within the locomotor muscle to supply the Type I fibers. The Type I fibers of the beaked whales 

are small in size (mean diameter of 39 μm) and much smaller than Type I fibers in other deep-

diving marine mammals (Kanatous et al., 2002; Williams et al., 2011; Kielhorn, 2011). As the 

oxygen stored within the Type I fibers is depleted during a dive, the small size of the these fibers 

likely decreases the diffusion distance for oxygen as it moves from the Type II fibers to the 

mitochondria within Type I fibers where it is utilized. This hypothesis is supported by the 

uniform distribution of Type I fibers within the muscle cross-section, with Type I fibers often 

completely surrounded by larger Type II fibers (Figure 1).  

     Unlike sprinting animals, beaked whales don’t appear to exhibit high-speed, burst activity as 

they maintain a relatively constant swim speed throughout their dive duration (Tyack et al., 

2006). Their locomotor muscle, though, is constructed to power burst-like swimming patterns 

anaerobically, if required. Recent kinematic analysis of the deep-dives of M. densirostris 

demonstrated that during the ascent phase of the dive, a unique fluking stroke, termed “Stroke-
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B”, can be employed by the animal (Lopez, 2012). The amplitude of a type-B stroke was roughly 

twice that of the stroke employed during the rest of their dives (Lopez, 2012), strongly 

suggesting the recruitment of a larger cross-section of locomotor muscle. Thus, the B-type stroke 

may be analogous to a short-duration, burst event and likely results in the recruitment of the 

Type II fibers and the use of anaerobic metabolism to fuel muscle contraction. This behavior, if 

of sufficient duration or repetition rate, may cause the animal to experience metabolic acidosis 

and return to the surface with a lactate load. The high buffering capacity of the locomotor muscle 

provides evidence to support this hypothesis, as these animals appear to have an enhanced ability 

to buffer the acidic byproducts of glycolysis.       

      Previous tagging studies, however, have yet to demonstrate a correlation between dive 

duration and surface time following a long-duration dive (Baird et al., 2006), indicating that 

these animals do not require prolonged periods at the surface to process built-up lactate. Perhaps 

the ATP required to power the Type-B stroke, which appears as a single stroke, over such a short 

duration, may come almost exclusively from phosphocreatine (PCr) stores within the muscle. 

Following the use of a type-B stroke, M. densitrostris experienced a short period of gliding 

(mean duration of 4 seconds) (Lopez, 2012). During this period, the animal is not actively 

fluking (Lopez, 2012), which may allow a small fraction of PCr to be regenerated using oxygen 

present within the muscle, and, thus, would allow these fibers to partially recover before the next 

Stroke-B. This pattern would continue until the whale surfaces without a lactate load or PCr 

stores are depleted and the whale must begin utilizing glycolytically produced ATP to fuel the 

remaining type-B strokes.  

     If beaked whales rely upon glycolytically produced ATP during a dive, their short surface 

durations may indicate that they are capable of metabolizing lactate during a dive. Lactate 
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produced in the glycolytically-poised Type II fibers, for example, may be released into the 

surrounding tissue and subsequently extracted by the more aerobically-poised Type I fibers, 

where it is oxidized and utilized as an aerobic fuel source during muscle contraction (“lactate 

shuttle hypothesis” reviewed by Brooks 1998, 2000). Presumably, this process can occur during 

the duration of a deep, foraging dive if sufficient oxygen remains within the locomotor muscle, 

so that the animal returns to the surface without a significant lactate load.  However, if oxygen is 

depleted during a foraging dive, beaked whales may also utilize the subsequent, stereotypic 

series of shallower dives to metabolize excess lactate, as previously suggested by Tyack et al. 

(2006). It has been demonstrated that when Weddell seals dive beyond their ADL, they are 

capable of removing excess blood lactate during subsequent shorter dives as long as they are 

performed within the seal’s ADL (Castellini et al., 1988). Beaked whales may utilize a similar 

strategy so that lactate produced during the dive is removed from the system in a fashion that 

minimizes the animal’s surfacing period. 

      This explanation is likely not the only one for the presence of intervening, short-duration 

dives between deep dives, since this pattern is observed after every deep foraging dive regardless 

of duration (Tyack et al., 2006). Many functional explanations have been posed for these shallow 

dives, such as nitrogen management (Tyack et al., 2006; Zimmer and Tyack, 2007) or predator 

avoidance (Tyack et al., 2006), but the physiological explanation for why beaked whales perform 

these dives is not yet fully understood. 

     Thus, the use of anaerobic metabolism during type-B strokes may not be a result of depleted 

oxygen stores (Lopez, 2012), but rather may permit beaked whales to utilize energy efficient 

gliding during ascent. Any oxygen debt and/or lactate load caused by the recruitment of Type II 
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fibers during these stoking events may be alleviated during a dive by utilizing a portion of the 

onboard oxygen stores so that long surface recovery periods are not required for these species. 

     The extreme dive performance of beaked whales led Tyack et al. (2006) to suggest that these 

animals were not capable of performing their long-duration dive aerobically, and, thus, that they 

must routinely be diving beyond their ADL. These authors, using the best data on oxygen stores 

in deep-diving mammals available at the time, calculated an ADL that was approximately half 

the length of a routine deep dive of their animals. At first glance, the muscle morphology of 

beaked whales, composed predominantly of glycolytic, Type II fibers, appears to support this 

hypothesis. 

     Results from this study, though, permit estimates of calculated aerobic dive limits (cADLs) 

based on species specific morphological features that demonstrate, for the first time, that at low 

metabolic rates beaked whales carry enough oxygen onboard to support aerobic metabolism near 

to or exceeding the average dive duration of M. densirostris (46.5 min; Tyack et al., 2006). The 

morphology of the locomotor muscle (e.g. large fiber size and low MVD), along with their use of 

energy-efficient gliding during descent and ascent (Tyack et al., 2006; Lopez, 2012), suggests 

that beaked whales may experience relatively low diving metabolic rates naturally. Interestingly, 

though, using a dMR scaled from a Weddell seal diving beyond its ADL (3.8 mL Os kg
-1

 min
-1

) 

(Castellini et al., 1992) produces a cADL that falls near the dive duration (approximately 35 

minutes) at which type-B strokes appeared in deep dives of M. densitrostris (Lopez, 2012). If a 

comparable dMR was experienced by beaked whales naturally, the appearance of type-B strokes 

during a dive may indicate that these animals have reached their ADL and must rely on 

anaerobic metabolism to fuel the remaining duration of the dive (Lopez, 2012).  
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Short-finned Pilot Whales 

  

     The locomotor muscle of the short-finned pilot whale (Globicephala macrorhynchus) 

possessed high myoglobin concentration and large muscle fiber size, as would be predicted for a 

deep-diving mammal (Tables 6, 7) (Kanatous et al., 2002; Williams et al., 2011; Kielhorn, 

2011). Like other deep-diving mammals, they also have a muscle fiber profile predominantly 

composed of Type I fibers. However, approximately one-half of these slow-twitch fibers varied 

from the accepted fiber-type classification scheme by having both high oxidative and glycolytic 

capacities. This fiber type has never been reported in any diving mammal and is rarely observed 

in terrestrial animals. Slow-twitch, oxidative, glycolytic (SOG) fibers have, to the best of my 

knowledge, only been reported as a predominant fiber type in the esophageal muscles of the 

Japanese macaque (Macaca fuscata) (Whitmore, 1981). Although it has been observed as a rare 

and irregular fiber type within the leg muscles of the Japanese macaque (Suzuki and Hayama, 

1991), this study is the first to report this fiber type consistently across individuals and 

composing a large percentage (approximately one-third) of the overall fiber profile within the 

locomotor muscle of a mammal.  

     The presence of SOG fibers may be a reflection of the relatively high, but variable, activity 

level of these animals (Soto et al., 2008). Together, the SOG and Type II fibers composed 

approximately two-thirds of their locomotor muscle fiber profile. This unique fiber profile 

suggests that short-finned pilot whales, like beaked whales, have an enhanced capacity to utilize 

anaerobic metabolism during a dive. Such capability may be required during high activity 

periods, such as sprints (e.g. Williams et al., 1997; reviewed by Dickson, 1996). Enhanced 
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glycolytic capacity would also be required should locomotor muscle switch to anaerobic 

metabolism during the duration of the dive due to the depletion of onboard oxygen stores (see 

discussion below). 

     The buffering capacity of the locomotor muscle of the short-finned pilot whale (70 slykes) is 

comparable to that that of other pelagic, delphinid species (Noren, 2004). Some pelagic species, 

such as the common dolphin (Delphinus delphis) had very high buffering capacities (94 slykes), 

which Noren (2004) attributed to their high activity level. Thus, it was somewhat surprising that 

short-finned pilot whales did not display as high buffering capacity since these animals display 

longer dive times, high activity levels, and a muscle fiber profile that appears to have elevated 

glycolytic potential. 

     The mitochondrial volume density (MVD) of the m. longissimus dorsi of the short-finned 

pilot whale was measured for a subadult female as fresh tissue from an adult specimen was not 

available during the course of study. Other characteristics of this subadult’s muscle, such as 

myoglobin, buffering capacity, and fiber-type profile as determined by the ATPase staining 

techniques, closely reflected those of the adult specimens (Tables 1,7). The MVD of the 

locomotor muscle of the subadult was much higher than that of other deep-diving species 

(Kanatous et al., 2002) and was more comparable to that of similarly sized terrestrial athletes and 

shallow-diving pinnipeds (Kanatous et al., 1999; Weibel, 2004) (Figure 6). Kanatous et al. 

(2008), though, found that MVD of the locomotor muscle of Weddell seals changed across 

ontogeny, declining by approximately one-half between juvenile and adult seals. Thus, the MVD 

value from this subadult specimen may overestimate the MVD of adult short-finned pilot whales. 

To date, there are no data on how MVD changes across ontogeny for any cetacean. If a similar 

decline as in the Weddell seal occurred in the short-finned pilot whale, an adult, female with a 
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body mass of 662 kg (mean value for females included in this study) would have an MVD 

comparable to sedentary, terrestrial mammals, as is observed for the Weddell seal (Kanatous et 

al., 2002) and beaked whales.  

     Like beaked whales, mitochondria within the locomotor muscle of the subadult short-finned 

pilot whale were primarily located between myofibrils with very few subsarcolemmal 

mitochondria present (see also Kanatous et al., 1999; 2002). Again, this distribution is that 

expected in a fiber that lacks an oxygen gradient (Pathi et al., in press) because of the high 

myoglobin concentration within the muscle fibers. Lipid volume density was also relatively high 

(0.6%) compared with that of the Weddell seal (0.16%) (Kanatous et al., 2002), suggesting that 

lipid is likely the main aerobic fuel source in this specimen. 

     Thus, the morphology of the locomotor muscle of short-finned pilot whales exhibits 

adaptations similar to those previously found in deep-diving mammals, such as a fiber profile 

composed primarily of large, Type I fibers and elevated myoglobin concentration. These 

characteristics increase the oxygen storage capacity of the animal while decreasing the metabolic 

cost of the muscle. However, this species also had a muscle profile with enhanced glycolytic 

capacity, which may be a reflection of the relatively high activity of this species (Soto et al., 

2008). 

     Calculated ADLs for the short-finned pilot whale specimens included in this study (Table 10) 

indicates that, at low dMRs, these animals have sufficient onboard oxygen stores (see Appendix) 

to sustain aerobic metabolism well beyond their median dive duration (15 min) (Soto et al., 

2008). At the lowest metabolic rate, the cADL of the short-finned pilot whale is almost three 

times longer than its average dive duration. At higher dMRs, cADL begins to fall below median 

dive duration, suggesting that these animals would rely more heavily on anaerobic metabolism. 
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Based on estimated swim speed and the high activity levels of this species during a dive (Soto et 

al., 2008), short-finned pilot whales may not naturally experience low dMRs. During highly 

active dives, when the animal’s dMR would be relatively high, these animals may well dive 

beyond their ADL and rely upon the enhanced glycolytic capacity of their locomotor muscle. 

      

 

Body Oxygen Stores & ADL 

 

      This study provides the first cADLs for beaked whales and short-finned pilot whales based 

upon species-specific morphological features. To illustrate how the characteristics of the two 

study groups affects total their oxygen stores, as well as to discuss the assumptions used to 

calculate ADL, a hypothetical beaked whale and short-finned pilot whale of similar body mass 

(1000 kg) were constructed and compared. 

     In a diving marine mammal, oxygen stores are divided between three body compartments: 

muscle, lung, and blood (Figure 7, see Appendix) (Scholander, 1940). Beaked whales store a 

larger percentage of their total oxygen stores within their locomotor muscle (55%) than do short-

finned pilot whales (47%). This difference results from the high muscle myoglobin concentration 

and very large muscle mass of the beaked whales. Approximately 48% of the total body mass of 

beaked whales was composed of locomotor muscle, as compared to 30-36% in other marine 

mammals (e.g. Lenfant, 1970; Goforth, 1986; Davis and Kanatous, 2000, McLellan et al., 2002), 

including short-finned pilot whales (32%). Beaked whales and short-finned pilot whales have 

similar percentages of total oxygen stores within their blood (41-43%), which makes up the  
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Figure 7. Percentage of total body oxygen stored within muscle (black), lung (light gray), and 

blood (dark gray) for adult Mesoplodon spp. (A) and Globicephala macrorhynchus (B). 
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second largest storage compartment. The smallest percentage of total body oxygen stores for 

both animals was located within the lungs. Short-finned pilot whales store a larger percentage of 

their total oxygen stores within their lungs (12%) compared with beaked whales (2%) because of 

the very small estimated lung size of the beaked whales (Piscitelli et al., 2010). 

     These calculations are based upon a single mean value of myoglobin concentration. 

Myoglobin concentration can vary both within (Polasek and Davis, 2001) and across (Dolar et 

al., 2000; Polasek and Davis, 2001) locomotor muscles in cetaceans. Dolar et al. (2000) found 

that using the highest measured value can lead to an overestimation of total muscle oxygen stores 

in pelagic delphinids by approximately 5-14%. Opportunistic sampling from midthorax and 

dorsal fin positions in the adult M. mirus also revealed differences in myoglobin concentration 

along the length of the m. longissimus dorsi (Table 7). Because the lower myoglobin value was 

used to calculate total muscle oxygen stores, this estimation is not the absolute highest that could 

be obtained for beaked whales. These calculations also relied on limited data on hemoglobin 

concentration and blood volume. Continued work on this subject would provide more robust 

estimations of the blood oxygen stores of these species. Finally, lung oxygen stores were 

included in these estimations, however, since both of these groups of animals dive to great 

depths, it is unknown how lung collapse (reviewed by Davis and Kanatous, 2000) may affect the 

utilization of lung oxygen stores during a dive. It has been argued that lung oxygen stores would 

be negligible during a deep-dive and need not be included in estimating total body oxygen stores 

for deep-diving species (Davis and Kanaotus, 2000). 

     Although absolute values for total body oxygen stores depend upon blood volume, locomotor 

muscle mass, hemoglobin and myoglobin concentrations, and the contribution of lung oxygen 

stores, the overall pattern achieved in this study will remain the same. The beaked whale, which 
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displays an extremely long dive duration, had a greater mass-specific oxygen storage capacity 

(85.3 mL O2/kg) than the short-finned pilot whale (61.2 mL O2/kg). 

      These estimated body oxygen stores were used to calculate theoretical ADLs using a range of 

scaled dMRs (Figure 8). As previously discussed, at low metabolic rates, both beaked whales 

and short-finned pilot whales have ample onboard oxygen stores to support aerobic metabolism 

beyond their reported average dive durations (Figure 8) (Tyack et al., 2006; Soto et al., 2008). 

These low metabolic rates may be an appropriate model for beaked whales, as the morphological 

characteristics of locomotor muscle of the beaked whales as well as their energy efficient dive 

behavior (Tyack et al., 2006) suggest that they likely have relatively low rates of energy 

expenditure during their dives.  

     The morphology of the locomotor muscle of short-finned pilot whale also likely acts to lower 

its metabolic cost during a dive. However, short-finned pilot whales experience faster swim 

speeds and higher levels of activity during a dive when compared with beaked whales. This 

difference in dive behavior may indicate that these animals routinely experience relatively higher 

dMRs than those of the beaked whales. Thus, lower diving metabolic rates may not accurately 

reflect those naturally experienced by short-finned pilot whales.        

     Using the cost of transport (COTTOT) calculation (Eq. 9) allows dMR to be estimated using 

swim-speed data obtained from free-ranging animals during tagging studies (Tyack et al, 2006; 

Soto et al., 2008) (Table 9). However, this estimate of COTTOT most likely overestimates diving 

metabolic costs as it was determined from marine mammals swimming at the water’s surface 

(Williams et al., 1997) rather than for diving animals experiencing a dive response. It also does 

not incorporate energetic savings due to the use of efficient locomotion during a dive, such as 

gliding.  
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Figure 8. Calculated aerobic dive limits for 1000 kg beaked (black) and short-finned pilot (gray) 

whales determined using a range of scaled diving metabolic rates. Scaled diving metabolic rates, 

including basal metabolic rate (BMR), are grouped based upon the different sources and/or 

methods used to determine these values (see Table 9).  
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Behaviorally, both groups of whales utilize prolonged periods of gliding during their dives 

(Tyack et al., 2006; Soto et al., 2008; Lopez et al., 2012). Williams et al. (2000) estimated that  

gliding in Weddell seals led to an energetic savings of 27.7%. If this energy savings is applied to 

the animals in this study, then cADLs determined using COTTOT at average swim speeds of 1.15 

m/s and 2.1 m/s for beaked and short-finned pilot whales, respectively, are extended to 32.7 mins 

for beaked whales and 12.9 mins for short-finned pilot whales. These values still fall short of the 

animals’ average dive duration (Figure 8), but interestingly, in beaked whales, this duration is 

very close to that at which type-B strokes appear (Lopez, 2012). While it is likely that COTTOT 

overestimates energetic diving costs for the reasons stated previously, it has previously been used 

to calculate theoretical ADLs for beluga whales (Delphinapterus leucas) and narwhals that agree 

with physiological and diving data obtained from these deep-diving species. Thus, it may 

indicate that beaked whales and short-finned pilot whales both routinely dive beyond their 

respective ADLs. 

     Overall, both groups of animals included in this study appear to have ample oxygen stores to 

support aerobic dives at low dMRs. The determinant factor as to whether these animals dive 

within their ADL on long-duration, deep dives is the rate at which these oxygen stores are 

utilized. Morphological and behavioral data suggests that beaked whales have low rates of 

oxygen usage, while short-finned pilot whales may experience higher rates of oxygen use. 
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Ontogeny of Deep-Diving Species 

 

          Cetaceans are fully aquatic mammals that must be able to swim at the moment of birth 

(e.g. Dearolf et al., 2000; Noren et al., 2001; Noren et al., 2002; Noren et al., 2004). Thus, it 

may be expected that they would be born with relatively well-developed locomotor muscles 

and/or develop mature characteristics rapidly. The development of characters influencing diving 

ability of cetaceans has been best studied in the shallow-diving bottlenose dolphin (Tursiops 

truncatus) (e.g. Dearolf et al., 2000; Etnier et al., 2004; Noren et al., 2001; Noren et al., 2002; 

Noren, 2004; Noren et al., 2004).  Bottlenose dolphin neonates are developmentally precocial 

and have a locomotor fiber profile, based upon myosin ATPase staining techniques, that is 

similar to that of an adult (Dearolf et al., 2000). However, based on succinate dehydrogenase 

(SDH) staining, it appears these neonatal animals possess a lower aerobic capacity than adults 

(Dearolf et al., 2000). An extended developmental period is also required for these animals to 

obtain adult levels of myoglobin and hemoglobin, and muscle buffering capacity (Noren et al., 

2001; Noren et al., 2002; Noren, 2004). This period appears to reduce the aerobic dive limit 

(ADL) of young bottlenose dolphins (Noren et al., 2002).  

     For deep-diving marine mammals, ontogenetic studies of locomotor muscle characteristics 

have primarily been restricted to pinnipeds (e.g. Burns, 1990; Noren et al., 2005; Kanatous et al., 

2008; Lestyk et al., 2009; Burns et al., 2010) with the exception of two potentially deep-diving 

delphinid species, the Fraser’s dolphin (Lagenodelphis hosei) (Dolar et al., 1999) and the striped 

dolphin (Stenella coeruleoalba) (Noren et al., 2001; Noren, 2004). Like the shallow-diving 

delphinids, these animals also experience an extended developmental period before obtaining 
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adult characteristics of the locomotor muscle (Noren et al., 2005; Kanatous et al., 2008; Lestyk 

et al., 2009; Dolar et al., 1999; Noren et al., 2001).      

     Opportunistic sampling from an ontogenetic series of M. europaeus and G. macrorhynchus 

offered insight into the development of muscle characteristics influencing muscle oxygen stores 

and ADL within these deep-diving cetacean species. The M. europaeus calf (KLC 110; 227 cm) 

was estimated to be close to birth because of the presence of faint fetal folds (K. Clark, pers. 

observ.) and a length similar to that reported as birth length (210 cm) (Mead, 1984). The 

locomotor muscle mass this calf composed approximately 46% of its total body mass, a 

percentage very similar to that of the adult Mesoplodon spp. (48%). The calf also exhibited 

adult-like muscle fiber profiles based upon all of the staining techniques used (Table 1). The 

locomotor muscle of this individual had approximately 87% of the adult compliment of 

myoglobin and buffering capacity (Table 7). In comparison, the locomotor muscle of young 

calves of other cetacean species, including the deep-diving Fraser’s dolphin, had approximately 

10-26% of the adult compliment of myoglobin and 62-65% of adult muscle buffering capacity 

(Dearolf et al., 2000; Noren et al., 2001; Noren, 2004; Dolar, 1999). Based upon these 

characteristics, this beaked whale calf appears to be the most precocial cetacean studied to date.  

     The calf M. europaeus had a much higher aerobic capacity compared to the closely related 

adult M. mirus (Table 8). The MVD value of the Type I fibers of this calf is similar to that of 

similarly-sized athletic terrestrial mammals, however, the MVD of Type II fibers was below that 

of a sedentary animal of similar size (Figure 6). Weddell seal pups have a comparatively high 

MVD (9.3%) (Kanatous et al., 2008) to that of the beaked whale calf Type I fibers (10.1%). 

Kanatous et al. (2008) attributed the elevated MVD within pup muscle to an increased reliance 
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on non-shivering thermogenesis to maintain body temperature at small body sizes, an 

explanation that may also apply to young beaked whales. 

     The subadult M. europaeus (VGT 256) had adult compliments of both myoglobin 

concentration and muscle buffering capacity (Table 7). These results are similar to other 

cetaceans where adult compliments of these characteristics are achieved before reaching sexual 

maturity (Noren et al., 2001; Noren, 2004). The fiber profile of this animal appeared shifted 

towards a higher percentage of Type II fibers than the adult, although this may be due to small 

sample sizes for each of the age classes. Because this animal appeared to have achieved adult 

levels of many of its muscle characteristics, the mean adult value for percent total body mass 

composed of locomotor muscle (48%) was used to calculate muscle oxygen stores as muscle 

mass was not available for this individual. 

     The calf M. europaeus had a mass-specific body O2 store that was approximately 90% of the 

average value of the adult M. europaeus specimens (Figure 9, see Appendix). The subadult 

animal appears to have reached the average adult value for mass-specific total body oxygen 

stores (Figure 9, see Appendix), although this immature animal’s mass is approximately one-half 

of that of the adults (Table 1). These results indicate that beaked whales are born with, or 

relatively quickly acquire, a high oxygen storage capacity within their locomotor muscle. 

     One assumption made in the calculations of total body oxygen stores is that these young 

animals exhibit the adult hemoglobin concentration. This assumption is probably a safer one to 

make for the subadult, as hemoglobin concentrations in bottlenose dolphins rapidly approach the 

adult value after the age of 1 year (Noren et al., 2002). However, the calf M. europaeus likely 

has a lower hemoglobin concentration than adults, as bottlenose dolphin calves have 

approximately 87% of the adult hemoglobin concentration (Noren et al., 2002). If the estimated  
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Figure 9. Oxygen storage capacity (bars) and aerobic dive limit (open circles) calculated using 

estimated basal metabolic rate (Kleiber, 1975) across ontogeny for Mesoplodon europaeus and 

Globicephala macrorhynchus (after Noren et al., 2002). Oxygen stores broken down by 

compartment into muscle (black), lung (light gray), and blood (dark gray) oxygen stores. 
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hemoglobin concentration for the calf is corrected by a similar percentage, total body oxygen 

stores are decreased to 66.6 mL O2/kg, approximately 77% of the adult value.  

     The cADL of beaked whales (using estimations of basal metabolic rate as dMR values and 

adult hemoglobin concentrations) increases with age as expected, approximately doubling 

between the calf and the adult (Figure 9). It appears that this increase is largely due to increased 

mass-specific oxygen stores through an increase in myoglobin concentration, and decreased  

dMR due to an increase in body mass. The increase in ADL between the subadult and adult, 

however, appears mainly to be driven by a decreased dMR as this animal has obtained the adult 

value of mass-specific oxygen stores.              

     Unfortunately, few data are available for the diving capability of young beaked whales. Baird 

et al. (2006) observed a M. densirostris cow-calf pair performing repeated deep dives and noted 

that the calf appeared to be away from the surface for the entire duration of the mother’s dives 

(maximum dive duration of 48.4 minutes). The data from this study suggest that young calves 

appear to only be capable of diving aerobically for approximately half of the time of the adult 

(Figure). Although the subadult M. europaeus had achieved mass-specific oxygen stores that 

were equivalent to the adults of this species, its ADL was limited by its higher mass-specific 

metabolic rate. If calves and subadults do remain submerged for periods similar to those of 

adults, and thus, dive beyond their cADL, the highly developed buffering capacities of the 

immature animals may serve to play a role in buffering against metabolic acidosis.  

      The G. macrorhynchus calf (VMSM 20031052; 201 cm) was assumed to be a dependent calf, 

but not neonatal, based upon the absence of fetal folds and its length compared with the 

estimated length at birth (140 cm) for this species (Perrin and Reilly, 1984). The locomotor 

muscle mass of this individual was approximately 33% of total body mass, comparable to that of 
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the adults. However, unlike the bottlenose dolphin and beaked whale, the calf short-finned pilot 

whale had a fiber profile, based upon myosin ATPase staining, which was very different than 

that of the adult, with a higher percentage of Type II fibers (Table 1). Myoglobin concentration 

was also approximately one-half of the adult value. The muscle buffering capacity, however, 

exceeded adult values (Table 7), counter to what has been previously found in other young 

cetaceans (Noren, 2004).  

     For a cetacean, the locomotor muscle of this short-finned whale calf appears to be “altricial,” 

as it is relatively underdeveloped even in comparison with the shallow-diving bottlenose dolphin 

(Dearolf et al., 2000; Noren et al., 2001). Short-finned pilot whales are a social species that form 

pods of up to approximately 33 individuals (Heimlich-Boran, 1993). Pods with mother-calf pairs 

tend to be larger in size than those without, and these pods are primarily composed of mothers 

(20%) and immature animals (28%) (Heimlich-Boran, 1993). This organization of social 

structure, with large groups of mothers and their presumed offspring, may permit young animals 

to have relatively limited diving capabilities for longer developmental periods. 

     In the subadult short-finned pilot whale (KLC 111), total body mass composed of locomotor 

muscle (26%) was slightly smaller than that of the adult (32%). However, this individual had a 

muscle fiber profile, based on myosin ATPase staining, which was similar to that of the adults. 

The shift from Type II to Type I fibers, as observed between the short-finned pilot whale calf and 

subadult, is typical in vertebrate muscle development (reviewed by Dearolf et al., 2000).  In the 

subadult, SDH staining did not differentiate intermediate fibers from oxidative fibers (Table 3). 

This lack of intermediately stained fibers may indicate that as the subadult ages and begins 

performing higher activity dives, a subset of the oxidative fibers gains a greater glycolytic 

capacity and shifts to SOG fibers. Other characteristics of the subadult muscle were similar to 
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that of the adult, indicating that these animals obtain adult values prior to sexual maturity, as was 

observed for the beaked whales and other cetacean species (Noren et al., 2002; Noren, 2004).  

     The calf short-finned pilot whale had approximately 79% of the adult mass-specific oxygen 

stores (Figure 9). As with the beaked whales, this value was obtained using the adult value for 

hemoglobin concentration. If it is assumed that short-finned pilot whale calves have the same 

percentage of adult hemoglobin as yearling bottlenose dolphins (Noren et al., 2004), calf short-

finned pilot whale oxygen stores are reduced by approximately to 40.2 mL O2/kg (65% of the 

adult value). The subadult short-finned pilot whale had approximately 91% of adult mass-

specific body oxygen stores, indicating that, unlike the subadult beaked whale, this animal had 

not yet gained the adult level of oxygen storage capacity (Figure 9).  

     When these values for body oxygen stores were used to calculate ADL (using estimated basal 

metabolic rate as dMR and an adult hemoglobin concentration), the calf ADL was less than half, 

and the subadult ADL was approximately 61%, of the adult value (Figure). In the calf, it appears 

that increases in ADL are due to an increase in mass-specific body oxygen stores through 

enhanced myoglobin concentration and a decreased dMR by increasing body mass. The 

enhanced muscle buffering of this indivdual likely plays a role in buffering against metabolic 

acidosis, as this individual appears to have a limited ability to perform long-duration dives 

aerobically. In the subadult, ADL appears to increase due to elevated mass-specific oxygen 

stores through increased locomotor muscle mass, as well as decreased mass-specific dMR. 

Young short-finned pilot whales experience limits to aerobic diving such as increased dMRs 

compared with adults, however this species also appears to have relatively underdeveloped 

locomotor muscle characteristics that will also limit its ADL.  
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Conclusions 

 

     This study was the first to investigate the morphology of the locomotor muscle in two groups 

of extreme, deep-diving cetaceans. Beaked whales displayed a novel fiber profile for deep divers 

which was dominated by large, Type II fibers with an extremely low mitochondrial volume 

density (MVD). This “sprinter’s” profile, coupled with some of the highest myoglobin 

concentrations yet reported for a cetacean, appear to increase muscle oxygen stores while 

decreasing the rate at which these stores are used during a dive. Their small cross-sectional area 

of Type I fibers are hypothesized to power routine swimming, while their Type II fibers serve as 

an inexpensive oxygen stores within the muscle. The high muscle buffering capacity of beaked 

whales likely acts to counter the effects of metabolic acidosis, should it occur, due to the 

anaerobic metabolism to power Type II fibers during a dive.  

     The locomotor muscle of the short-finned pilot whale was predominantly composed of Type I 

fibers, but their fiber profile was also predominantly glycolytic due to the presence of slow-

twitch, oxidative, glycolytic (SOG) fibers. This novel fiber type has never before been identified 

in the locomotor muscle of a marine mammal. Other characteristics of the muscle morphology of 

short-finned pilot whales were similar to those of other deep-diving species, including elevated 

levels of muscle myoglobin and large fiber size. As in other deep-diving marine mammals, these 

characteristics act to increase muscle oxygen stores and likely decrease oxygen utilization rate.  

     Calculated ADLs, based upon species specific morphological characteristics indicate, for the 

first time, that at low metabolic rates, these animals possess sufficient onboard oxygen to 

perform their average foraging dive aerobically. However, these values are highly dependent on 
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the diving metabolic rate of the animal. Morphological and behavioral characteristics indicate 

that beaked whales likely experience relatively low diving metabolic rates, while short-finned 

pilot whales experience higher diving metabolic rates. 

     An ontogenetic series for M. europaeus and G. macrorhynchus revealed that immature 

beaked whales have relatively well-developed locomotor muscles and have mass-specific oxygen 

storage capacities that are approximately 77-100% of the adult value. Immature short-finned 

pilot whales, on the other hand, have relatively underdeveloped muscle characteristics and lower 

mass-specific oxygen storage capacities (approximately 65-91% of the adult value). Both species 

appear to develop adult characteristics of the locomotor muscle before reaching sexual maturity, 

however, a smaller body size limits their capability to perform the long-duration dives of adults 

aerobically.
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APPENDIX 

 

 

Appendix A. Mesoplodon spp. and Globicephala spp. length and mass data used to determine 

Equation 1 and 2.  

 

Table 1. Lengths and masses of Mesoplodon spp. used to determine Equation 1. Data obtained 

from animals dissected by authors (as indicated by field number for animal) and from Mead 

(1989) as denoted by USNM, AM, and SEAN numbers, or “Mead (1989)”. 

Species Field Number Length (cm) Mass (kg) 

M. europaeus USNM 550070 162 49 

 KLC 110 227 84.8 

 USNM 550362 371 1178 

 USNM 504349 420 700 

 SEAN 6504 425 558 

 USNM 550105 437 560 

 USNM 504256 473 1014 

    

M. densirostris Mead, 1989 190 60 

 Mead, 1989 230 157 

 Mead, 1989 245 179 

 Mead, 1989 261 185 

 Mead, 1989 351 468 

 Mead, 1989 395 700 

 USNM 504217 397 850 

 USNM 550338 401 670 

 WAM 593 423 940.3 

 AM 139931 439 810 

 Mead, 1989 456 1033 

    

M. mirus Mead, 1989 233 136 

 VMSM 20031098 391 618.2 

 KLC112 455 951 

 USNM 504724 456 1020 

 USNM 504612 483 839 

 Mead, 1989 510 1394 

    

M. bidens VAQS 20091107 397 430 

    

M. grayi Mead, 1989 474 1075 

 Mead, 1989 494 1100 

    

M. carlhubbsi USNM 504128 532 1432 
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Table 2. Lengths and masses of Globicephala spp. used to determine Equation 2. Data obtained 

from animals dissected by authors or provided by Dr. Jim G. Mead.   

Species Field No. Length (cm) Mass (kg) 

G. melas VMSM 20031052 201 103 

 NEFC 3700 205 152.22 

 504672 242 206 

 NEFC 501 304.8 404 

 NEFC 1609 324 417.3 

    

G. macrorhynchus KLC 111 244 179.3 

 504395 382 703 

  504396 507 1557.6 

 

 

Figure 1. Mesoplodon spp. mass versus length and regression (R=0.91) used to create Equation 

1. 
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Figure 2. Globicephala spp. length versus mass and regression (R=1.0) used to create Equation 

2.  
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Appendix B. Estimated body oxygen stores broken down by compartment (muscle, lung, blood). 

 

Table 1. Total body oxygen for each of the adult specimens included in this study. 

Species 

Specimen 

ID 

Muscle 

O2 

Stores 

(L) 

Lung O2 

Stores 

(L) 

Blood O2 

Stores 

(L)
a
 

Total O2 

Stores 

(L) 

Mass-specific 

O2 Stores 

(mL/kg) 

Mesoplodon spp.       

M. densirostris GNL 053 34.5 1.2 28.2 63.9 86.2 

 WAM 593 42.8 1.5 34.7 79.0 84.0 

       

M. mirus KLC 112 51.1 1.5 35.1 87.7 92.2 

       

M. europaeus KLC 038 50.9 1.5 36.1 88.5 93.4 

  MDB 064 44.2 1.7 41.6 87.5 80.2 

Globicephala  RJM 009 42.2 9.6 35.3 87.1 64.0 

macrorhynchus RT 63 17.8 4.5 15.8 38.1 62.6 

 RT 106 17 4.6 16.4 38.0 60.2 

 RT 103 19.4 4.7 16.5 40.6 63.7 

 RT 105 18.7 5 17.8 41.5 60.5 

  RT 102 19.6 5.4 19.4 44.4 59.4 

a
Calculated with a hemoglobin value of 22.9 g Hb/dL blood for Mesoplodon spp. and 19.5 g 

Hb/dL blood for Globicephala macrorhynchus. 
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Table 2. Estimated tissue oxygen stores of 1000 kg Mesoplodon spp. and Globicephala macrorhynchus.  

  
Mesoplodon 

spp. 

Globicephala 

macrorhynchus Source 

Body Mass  (TBM) (kg) 1000 1000  

Muscle    

Muscle mass (kg) 48% TBM: 480 32% TBM: 320 Current study 

Myoglobin (g Mb/100 g muscle) 7.3 6.8 Current study 

Total body myoglobin (g) 34952 21563  

O2 combining capacity (mL O2/g Mb) 1.34 1.34 Ponganis et al., 1993a 

Total O2 in muscle (L) 46.8 28.9  

    

Lungs    

Lung volume (TLC) in L 21 95.6 

Piscitelli et al., 2010; Gentry and Kooyman, 

1986 

Diving lung volume (DLV) in L 10.5 47.8 Kooyman and Sinnett, 1982 

Alveolar O2 extraction 15% DLV 15% DLV Kooyman, 1973 

Total O2 in lungs (L) 1.6 7.2  

    

Blood    

Hemoglobin (g/dL) 22.9 19.6 Harms, pers. comm.; Brodsky, pers. comm. 

Blood volume (L) 147.6 120.3 Snyder, 1983 

Capacitance coefficent (mL O2/L blood) 306.9 262 Davis and Kanatous, 1999 

Arterial volume (L) 49.2 40.1 Ponganis et al., 1993a 

Venous volume (L) 98.4 80.2 Ponganis et al., 1993a 

Hb combining capacity (mL O2/g Hb) 1.34 1.34 Ponganis et al., 1993a 

Arterial O2 stores (L) 13.1 9.1 Ponganis et al., 2011 

Venous O2 stores (L) 23.8 16.0 Lenfant et al., 1970 

Total O2 stores in blood (L) 36.9 25.1  

    

Total O2 in body in mL/kg (L) 85.3 61.2   
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Table 3. Estimated tissue oxygen stores of immature Mesoplodon europaeus. 

 Mesoplodon europaeus 

Source   Calf Subadult 

Body Mass (kg) 84.8 588.4 Current study 

Muscle    

Muscle mass (kg) 39.2 281.7
b
 Current study 

Myoglobin (g Mb/100 g muscle) 6.55 7.42 Current study 

Total body myoglobin (g) 2570.5 20904.1  

O2 combining capacity (mL O2/g Mb) 1.34 1.34 Ponganis et al., 1993a 

Total O2 in muscle (L) 3.4 28.0  

    

Lungs    

Lung volume (TLC) in L 1.8 21.4 

Piscitelli et al., 2010; Gentry and Kooyman, 

1986 

Diving lung volume (DLV) in L 0.9 10.4 Kooyman and Sinnett, 1982 

Alveolar O2 extraction 15% DLV 15% DLV Kooyman, 1973 

Total O2 in lungs (L) 0.1 1.6  

    

Blood    

Hemoglobin (g/dL)
a
 22.9 22.9 Harms, pers. comm.; Brodsky, pers. comm. 

Blood volume (L) 12.5 86.8 Snyder, 1983 

Capacitance coefficent (mL O2/L blood) 306.9 306.9 Davis and Kanatous, 1999 

Arterial volume (L) 4.2 28.9 Ponganis et al., 1993a 

Venous volume (L) 8.3 57.9 Ponganis et al., 1993a 

Hb combining capacity (mL O2/g Hb) 1.34 1.34 Ponganis et al., 1993a 

Arterial O2 stores (L) 1.1 7.6 Ponganis et al., 2011 

Venous O2 stores (L) 2 14.0 Lenfant et al., 1970 

Total O2 stores in blood (L) 3.1 21.6  

    

Total O2 in body in L 6.6 51.2  
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Table 3 Cont. 

 

Total O2 in body in mL/kg 77.8 87.0   
a
Because hemoglobin values are not available for immature animals, it was assumed that these animals have the same [Hb] as the 

adults. 

b
Because muscle mass was not available for this animal, the adult value for percent of total body mass composed of locomotor 

muscle (48%) was used. 

 

 

 Table 4. Estimated tissue oxygen stores of immature Globicephala macrorhynchus. 

 Globicephala macrorhynchus 

Source  Calf Subadult 

Body Mass (kg) 103 179.3 Current study 

Muscle    

Muscle mass (kg) 34.5 47.7 Current study 

Myoglobin (g Mb/100 g muscle) 3.35 6.88 Current study 

Total body myoglobin (g) 1154.1 3281.3  

O2 combining capacity (mL O2/g Mb) 1.34 1.34 Ponganis et al., 1993a 

Total O2 in muscle (L) 1.5 4.4  

    

Lungs    

Lung volume (TLC) in L 11 18.7 

Piscitelli et al., 2010; Gentry and Kooyman, 

1986 

Diving lung volume (DLV) in L 5.5 9.3 Kooyman and Sinnett, 1982 

Alveolar O2 extraction 15% DLV 15% DLV Kooyman, 1973 

Total O2 in lungs (L) 0.8 1.4  

    

Blood    

Hemoglobin (g/dL)
a
 19.6 19.6 Harms, pers. comm.; Brodsky, pers. comm. 

Blood volume (L) 12.4 21.6 Snyder, 1983 
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Table 4 Cont. 

 

Capacitance coefficent (mL O2/L blood) 262.0 262.0 Davis and Kanatous, 1999 

Arterial volume (L) 4.1 7.2 Ponganis et al., 1993a 

Venous volume (L) 8.3 14.4 Ponganis et al., 1993a 

Hb combining capacity (mL O2/g Hb) 1.34 1.34 Ponganis et al., 1993a 

Arterial O2 stores (L) 0.9 1.6 Ponganis et al., 2011 

Venous O2 stores (L) 1.8 3.0 Lenfant et al., 1970 

Total O2 stores in blood (L) 2.7 4.3  

    

Total O2 in body in L 5.0 10.1  

Total O2 in body in mL/kg 48.5 56.3   
a
Because hemoglobin values are not available for immature animals, it was assumed that these animals have the same [Hb] as the 

adults. 
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