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ABSTRACT 16 

The high variability in reproductive performance of North Atlantic right whales, 17 

Eubalaena glacialis, compared to southern right whales, Eubalaena australis, may reflect 18 

differences in lipid reserves. Amplitude-mode ultrasound was used to measure the thickness of 19 

right whale integument (epidermis and blubber; herein referred to as blubber thickness) in E. 20 

glacialis in the Bay of Fundy, Canada for five summer seasons and in E. australis off the South 21 

African coast for two winter seasons. E. glacialis had significantly thinner blubber layers (mean 22 

 1SD, n: 12.23  2.16 cm, 172) than E. australis (16.13  3.88 cm, 117), suggesting differing 23 

planes of nutrition between the two species. Blubber was thickest in females measured three to 24 

six months prior to the start of pregnancy (E. glacialis); thinner during lactation (E. glacialis, E. 25 

australis) and then thicker with time after weaning (E. glacialis). These results suggest that lipids 26 

in blubber are used as energetic support for reproduction in female right whales. Blubber 27 

thickness increased in calves during suckling (E. glacialis, E. australis) but subsequently 28 

decreased after weaning (E. glacialis). Juvenile and adult male E. glacialis blubber thickness was 29 

compared among years of differing prey (Calanus finmarchicus) abundances (abundance data 30 

from Pershing et al. [2005]): during a year of low prey abundance they had significantly thinner 31 

blubber than during years of greater prey abundance. Taken together, these results suggest that 32 

blubber thickness is indicative of right whale energy balance and that the marked fluctuations in 33 

North Atlantic right whale reproduction have a nutritional component. 34 

 35 
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INTRODUCTION 38 

The North Atlantic right whale Eubalaena glacialis is listed as an endangered species by 39 

the International Union for Conservation of Nature (IUCN) (Reilly et al. 2008a). The population 40 

is small, estimated at a minimum number of 325 in 2007, with an annual growth rate of 1.8 % 41 

between 1990-2005 (NOAA 2009). This rate is substantially less than that of several populations 42 

of southern right whales Eubalaena australis that are growing at about 7% a year (South African 43 

population 6.8% during 1971-1998 [Best et al. 2001], Argentinian population: 6.9% during 44 

1971-1990 [Cooke et al. 2001]) and are listed as “Least Concern” by the IUCN (Reilly et al. 45 

2008b). Survival rates for E. glacialis were lower in the 1990s than in the 1980s (International 46 

Whaling Commission 2001) and the continuing mortalities from vessel strikes and fishing gear 47 

entanglements (Knowlton & Kraus 2001, Kraus et al. 2005) are a source of concern 48 

(International Whaling Commission 2006). Furthermore, a low reproductive rate and high 49 

variability in reproduction also contribute to the endangered status of the species (Kraus et al. 50 

2001, Kraus et al. 2005, Kraus et al. 2007). Since 1980, observed annual calf production 51 

fluctuated greatly in E. glacialis, e.g. one calf was born in 2000 versus 31 calves in 2001 (Kraus 52 

et al. 2007), but showed a steady increase in E. australis off the coast of South Africa (Best et al. 53 

2001). Mean calving intervals for mothers of two or more calves in the North Atlantic increased 54 

from 3.67 years (1987-1992 [Knowlton et al. 1994]) to over five years (1996-2003), and 55 

decreased to 3.2 and 3.5 years in 2004 and 2005 respectively (C.I. not stated) (Kraus et al. 2007). 56 

In contrast, mean calving intervals for E. australis of the South African population remained 57 

steady at 3.12 years (95% CI: 3.07, 3.17) from 1979 to 1995 (Best et al. 2001). This striking 58 

difference in reproductive performance between the two right whale species suggests that an 59 
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investigation into biological and environmental factors contributing to reproductive success is 60 

warranted for a better understanding of the critical status of North Atlantic right whales. 61 

Body fat condition is known to affect fertility in a wide variety of mammalian species 62 

(see Young 1976, Frisch 1984, Thomas 1990 for reviews). For example, a minimum level of 63 

body fat reserves is necessary for ovulation in humans Homo sapiens (Frisch 1984). Likewise, in 64 

domestic ewes, Ovis aries, a certain body weight and condition score are necessary for optimum 65 

ovulation and ovum quality (see McEvoy & Robinson 2003 for review) and body fat condition 66 

was strongly correlated with ovulation (Doney et al. 1982). The primary link between body fat 67 

condition and fertility appears to be regulated by leptin, a hormone produced by adipose tissue 68 

which acts at the level of the hypothalamus and pituitary to stimulate the release of gonadotropin 69 

releasing hormone (GnRH; a hormone which regulates the synthesis and release of the 70 

gonadotropins: luteinizing hormone [LH] and follicle stimulating hormone [FSH]) and LH (a 71 

hormone which regulates many aspects of gonadal function, including ovulation), respectively 72 

(see Zieba et al. 2005 for review).  73 

Relationships between body fat condition and fertility have also been observed in a 74 

species of large whale. In fin whales Balaenoptera physalus, strong correlations between body 75 

fat condition, food resource and potential fecundity (determined by proportion of mature non-76 

lactating females with a corpus luteum – a measure of ovulation rate) were observed between 77 

1977 and 1984 (Lockyer 1987). This led us to examine body fat condition of right whales as a 78 

potential contributor to the reduced and variable reproductive output of the North Atlantic 79 

population.   80 

Blubber is a part of cetacean integument which underlies and interdigitates with the 81 

epidermis. It is a highly specialized organ composed of adipose tissue supported by a matrix of 82 
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fibrous connective tissue, peripheral nerves and vasculature (Simpson & Gardiner 1972, Ling 83 

1974, Haldiman & Tarpley 1993, Reeb et al. 2007). Cetacean blubber serves a number of 84 

functions, including maintaining the hydrodynamic shape of the body (e.g. Koopman 1998, 85 

Hamilton et al. 2004), insulating the body core (e.g. Doidge 1990, Dunkin et al. 2005), adjusting 86 

buoyancy (e.g. Kipps et al. 2002, Dunkin et al. 2010), and storing energy reserves (e.g. Lockyer 87 

1987, Castellini 2000, Koopman et al. 2002). Blubber can account for 15 – 43% of total body 88 

mass in large whales (Lockyer 1991) and accounts for 35 – 45% of total body mass in 89 

congeneric right whales in the North Pacific Eubalaena japonica (Omura et al. 1969). In fin 90 

whales, 96% of the total adipose tissue of the body was located in the blubber (Pond & Mattacks 91 

1988). The adipose tissue in blubber had a similar capacity for glucose utilization (an estimation 92 

of relative metabolic activity) as internal adipose depots (Pond & Mattacks 1988), suggesting 93 

that blubber is an important indicator of large whale energy reserves. Examining patterns in lipid 94 

composition (i.e. total lipids, fatty acid composition and protein content) of the blubber also can 95 

lead to inferences about certain functions of the blubber, such as metabolic activity and energy 96 

storage (e.g. Ackman et al. 1975, Lockyer et al. 1984, Aguilar & Borrell 1990, Koopman 2007). 97 

The lipid content and composition of balaenopterid blubber varied: across the body; with depth 98 

from the epidermis; with season and annually (paralleling variation in food availability); and 99 

with reproductive status in females (Lockyer 1986, 1987, Aguilar & Borrell 1990). This suggests 100 

that changes to the physiological state of the whale increase mobilization and deposition of lipids 101 

to the adipose tissue of the blubber. Furthermore, seasonal trends in fattening and thinning in 102 

balaenopterid whales were observable in measurements of blubber thickness (see Lockyer 1981 103 

for review).   104 
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Information about right whale blubber thickness and body fat condition is comparatively 105 

limited. Post mortem measurements combined from a six year collection period suggested that 106 

Eubalaena australis blubber thickness does not increase during the summer feeding season 107 

(Tormosov et al. 1998). According to photogrammetric measurements of body width in 108 

Eubalaena glacialis and E. australis, dorsal body shape was significantly thinner in lactating 109 

females than non-lactating, non-pregnant females (Miller et al. In Review). Subjective 110 

assessments of dorsal body contours in E. glacialis indicated that the external appearance of 111 

pregnant females was better than that of lactating and resting females (Pettis et al. 2004). 112 

However, just how these assessments relate to blubber thickness (Miller Angell 2006) or more 113 

generally, to total adiposity, remains undetermined.     114 

Measurements of blubber thickness are commonly used to assess marine mammal body 115 

fat condition. Such measurements of blubber thickness are typically collected during necropsy 116 

with a ruler (e.g. Lockyer et al. 1985, Koopman 1998, Tormosov et al. 1998) or during live-117 

captures with ultrasound (Curran & Asher 1974, Gales & Burton 1987). A technique to measure 118 

blubber thickness in free-ranging right whales using amplitude-mode ultrasound was developed 119 

by Moore et al. (2001). Using this method, acoustic blubber thickness measurements were 120 

collected from free-ranging Eubalaena glacialis in the North Atlantic and Eubalaena australis 121 

off the coast of South Africa to investigate the relationships between blubber thickness and 122 

reproduction. Blubber thickness measurements collected from E. glacialis were also compared 123 

with life history parameters (data from North Atlantic Right Whale Consortium Photo-124 

Identification Database [New England Aquarium, Boston, MA, U.S.A.]) and prey abundance in 125 

the Gulf of Maine (data from Pershing et al. 2005).   126 

 127 
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METHODS 128 

Data collection 129 

Right whale blubber thickness was measured using amplitude-mode ultrasound 130 

(Panametrics Epoch III and 9100, Olympus NDT, 48 Ward St, Waltham, MA, USA). A 0.5 MHz 131 

Panametrics A301S transducer mounted on the end of a cantilevered 12m carbon fiber pole 132 

(Composite Engineering, 277 Baker Ave, Concord, MA, 01742, USA) was deployed to make 133 

brief and perpendicular contact with the dorsal aspect of surfacing right whales from small (6 134 

and 7.6 m) boats (Moore et al. 2001). The transducer was cleaned with alcohol between animals 135 

and a medical grade gel was used for acoustic coupling. Data were recorded in real time on a 136 

laptop computer using custom software (Upper Cape Systems, 29 Prince Henry Drive, East 137 

Falmouth, MA 02536 USA). 138 

Acoustic blubber thickness measurements were collected from Eubalaena glacialis in 139 

Cape Cod Bay, MA, USA, (a winter feeding area) during February-March of 1998 and in the 140 

Bay of Fundy, Canada, (a summer feeding area) during August and sometimes early September, 141 

1998 to 2002. Eubalaena australis were measured in St. Sebastian Bay, De Hoop Marine 142 

Reserve and Walker Bay (Gansbaai), off the southern coast of South Africa (a winter calving 143 

area) during August-September, 1999 and October-November, 2000. Parallel data from southern 144 

right whales in summer feeding areas were not pursued due to logistical constraints of working 145 

in remote, open oceans. 146 

A zero-phase forward and reverse digital filter was applied to each ultrasound record to 147 

smooth the acoustic signal in a custom graphical user interface (GUI) (Miller Angell 2006) 148 

created in Matlab Version 6.1.0.450, Release 12.1 (The MathWorks Inc., Natick, MA, U.S.A.). 149 

The strongest, most consistent acoustic reflections with the greatest transmission times, which 150 
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Moore et al. (2001) demonstrated are characteristic of the deepest subdermal connective tissue 151 

sheath ([SDS] as defined by Pabst 1996) at the blubber-muscle interface (see discussion), were 152 

chosen for measurement. The resultant acoustic transmission times of flight from the chosen 153 

reflections were converted to a measurement of distance (cm) using the sound transmission 154 

velocity for right whale blubber, 1483 m s-1 (Miller Angell 2006). The half-range mode (HRM) 155 

(Bickel 2002) of these extracted data was calculated and used as the measurement of blubber 156 

thickness for each contact with a whale. Note: the measurements of ‘blubber’ thickness presented 157 

here are measurements of the entire integument because they include all tissue from the surface 158 

of the epidermis to the SDS at the blubber-muscle interface.   159 

Blubber thickness varies across the body in cetaceans and the pattern of variability 160 

appears to be species specific (Lockyer et al. 1985, Doidge 1990, Koopman 1998). Although the 161 

pattern of variability for right whale blubber has not been defined, blubber thickness data 162 

collected at necropsy suggested that the dorsal blubber exhibits low variability in the area 163 

approximately between 30 and 50% of the body length from the snout (Figure 1). Blubber 164 

thickness measurements from free-swimming right whales inadvertently measured more than 165 

once in the same field season also indicated low variability in the same area (C. A. Miller 166 

unpubl. data). Therefore, to minimize the effect of variability from measurement location along 167 

the body, the following analyses were restricted to dorsal measurements collected between 30 168 

and 50% of the body length from the snout. Measurement locations were determined from the 169 

oblique-aerial, digital video footage of each measurement event. With the exception of calves, if 170 

an individual whale was measured more than once during a field season within the restricted area 171 

on the body, the mean of the measurements from that season was used as the blubber thickness 172 

for that individual whale. The 30 to 50% region also was the most consistently accessible. 173 
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Total length was measured using aerial photogrammetry (W. L. Perryman unpubl. data – 174 

Southwest Fisheries Science Center, NOAA, La Jolla, CA, U.S.A.). Perpendicular aerial 175 

photographs of Eubalaena glacialis were collected with a 126mm format KA76 military 176 

reconnaissance camera (image size 114mm X 114mm) from a Twin Otter airplane during August 177 

2000, 2001 and 2002 in the Bay of Fundy, Canada. The camera was mounted vertically over a 178 

camera port in the deck of the aircraft and was operated by an observer stationed at the right 179 

forward bubble window. As each photograph was taken, a computer based data acquisition 180 

system recorded time, GPS position and altitude from a Honeywell AA300 series radar altimeter.  181 

Altitudes for photo passes ranged between 150 m and 250 m. Camera cycle rate was adjusted to 182 

provide 60% to 80% overlap between successive images. The photographs used in the study 183 

were taken with Kodak Aerochrome HS film (SO-359). 184 

Ultrasound comparability, accuracy and precision 185 

The Epoch III ultrasound was used to measure blubber thickness only in 1998 (Moore et 186 

al. 2001) because, with such brief contact durations (often less than one second) with the whales, 187 

its 2Hz sampling rate limited the quantity and quality of data collected. The Panametrics 9100 188 

ultrasound, deployed during the 1999-2002 field seasons, provided a faster sampling rate of 189 

20Hz, which supplied ample data for measuring blubber thickness. Laboratory testing of 190 

ultrasound comparability on Eubalaena glacialis blubber samples collected at necropsy indicated 191 

that the two ultrasound units provide comparable data (paired t-test: t = 1.845, df = 4, p > 0.05) 192 

(Miller Angell 2006). Therefore, the datasets collected by both systems were combined and used 193 

in the following analyses. 194 

Laboratory testing of ultrasound accuracy on Eubalaena glacialis blubber samples 195 

collected at necropsy  indicated that the mean difference between blubber thicknesses measured 196 
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with a ruler and those measured by ultrasound (3.4 ± 2.8 mm, n = 5) was not significantly 197 

different from zero (paired t-test: t = 2.679, df = 4, p > 0.05) (Miller Angell 2006). As such, the 198 

ultrasound systems can be regarded as being accurate to 3 mm. 199 

To assess measurement precision, coefficients of variation (CV) were calculated from the 200 

extracted data from 30 measurement events chosen at random (mean = 1.7%, range = 0.2% to 201 

4.2%). The low CVs indicated low variability in the blubber thickness data from within a 202 

measurement event on free-ranging whales. This variability from within a measurement event 203 

was likely a result of three factors: (1) the quality of the contact with the whale, (2) movement of 204 

the whale at the time of contact, and (3) choice of acoustic peak during data extraction. To 205 

minimize the effects of these sources of variability, the half-range mode (Bickel 2002) was 206 

applied to the extracted data and used as the blubber measurement for each contact with a whale.  207 

CVs also were calculated from blubber thickness measurements collected from whales measured 208 

three or more times during one field season (mean = 6.5%, range = 1.1% to 17.8%, n = 16). 209 

These CVs were higher, most likely because blubber thickness varies along the body of an 210 

individual whale (see above). Although measurement location was limited to an area of low 211 

variability along the body, this area is not uniform (Figure 1). It is important to remember that 212 

the at-sea blubber thickness measurements are of fibro-elastic material in an animal that is 213 

swimming by flexing and extending its body; thus, some degree of variability is inherent in the 214 

live system. 215 

Right whale identification and demographic classification 216 

Right whales were individually identified by the patterns of callosities on the top and 217 

sides of their heads, patterns of skin pigmentation, and any scarring (Best 1990, Hamilton et al. 218 

2007) from 35 mm photographs taken at the time of measurement. Life history data on individual 219 
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Eubalaena glacialis were obtained from the North Atlantic Right Whale Consortium Photo-220 

Identification Database, version dated June 29, 2004 (New England Aquarium, Boston, MA, 221 

U.S.A.). Life history data on individual adult female Eubalaena australis of the South African 222 

population were obtained from a photo-identification database created from aerial photographs 223 

collected annually on helicopter surveys between 1979 and 2002 (P. B. Best unpubl. data).  224 

For Eubalaena glacialis, the sex of individual whales was established from photographic 225 

observation of the genital area, molecular markers (Brown et al. 1994) or, for females, close and 226 

consistent association with a new born calf (Knowlton et al. 1994). Actual age was determined 227 

when year of birth was known, while age class (calf, juvenile, or adult) was based on actual age 228 

or length of sighting history. Whales were considered calves for all sightings within the first year 229 

of life. Since data from Hamilton & Cooper (2010) suggest that peak calving occurs in December 230 

or January and the blubber thickness measurements were collected from late July to early 231 

September, calves were approximately eight to nine months old when measured. Sexual maturity 232 

occurs at approximately nine years of age (Kraus et al. 2001); therefore, whales were classified 233 

as juveniles if they were between the ages of one and eight years and as adults if they were  234 

nine years old, had a sighting history of at least nine years (Hamilton et al. 1998) or earlier for 235 

females if they were consistently sighted in close association with a calf (Knowlton et al. 1994). 236 

Note: it was assumed that males reach sexual maturity at the same age as females.  237 

Adult female Eubalaena glacialis were classified according to their reproductive status 238 

(lactating, pre-pregnant, pregnant, resting, nulliparous) at the time of measurement. Lactating 239 

females were those that had been sighted consistently with a calf since the winter calving season. 240 

At the time of measurement, females in this category had been lactating for approximately eight 241 

months and because weaning typically occurs approximately 10 – 12 months after calving 242 
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(Hamilton et al. 1995, Hamilton & Cooper 2010), were considered to be in ‘late lactation.’ Pre-243 

pregnant females were those measured three to six months prior to the estimated start of 244 

pregnancy. The estimated start of pregnancy was back-calculated by subtracting gestation 245 

duration (estimated as 357 to 396 days [Best 1994]) from the estimated month of calving (month 246 

of the first sighting with a calf during the calving season). Only one female was measured while 247 

pregnant; she was sighted in consistent, close association with a calf during the subsequent 248 

winter calving season. Resting females were those that had been sighted consistently with a calf 249 

at least once in their sighting history and were not classified as pre-pregnant, pregnant, or 250 

lactating. Resting females could not be subdivided by the number of years resting because of 251 

limited sample sizes, so the category includes females that were resting between eight months 252 

and six years. Nulliparous females were those that had never been observed consistently in close 253 

association with a calf in their sighting histories. Females were also classified as nulliparous 254 

from age nine until their first pregnancy (back-calculated from the first calving event). 255 

Eubalaena australis of the South African population were measured during the winter 256 

calving season, which extends from late June to late October with peak calving in August (Best 257 

1994). Whales were classified as mothers if observed in close, consistent association with a calf. 258 

Calves were classified as such based on small size and close, consistent association with a large 259 

whale, the presumed mother. Juveniles were classified subjectively in the field as any whale 260 

obviously smaller than an adult female, larger than a calf and lacking the dip in the posterior 261 

rostrum characteristic of neonate and younger calf right whales. The consequence of subjectively 262 

classifying juveniles in the field was that only the smaller, younger juveniles could be 263 

consistently determined. Whales were classified as adult females if they had been sighted with a 264 

calf in previous years or were known to be a mother in the given measurement season. Mothers 265 
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and calves were considered to be lactating and suckling, respectively, given that they were 266 

measured within the first few months of birth and weaning is thought to occur 10 to 12 months 267 

after birth (Hamilton et al. 1995). Based on the characterization of the E. australis calving season 268 

(see above) by Best (1994) , mothers and calves measured in September 1999 were considered to 269 

have been in the early stage of lactation - suckling. The mothers and calves measured in 270 

November 2000 may have been lactating and suckling a few days but more likely two to four 271 

months and so the November measurements were classified as ‘mid-lactation - suckling’ 272 

measurements.  273 

Prey Abundance 274 

To examine blubber thickness in the context of prey abundance, a Calanus finmarchicus 275 

abundance index created by Pershing et al. (2005) was chosen. This annual index used raw C. 276 

finmarchicus abundance measured by the Gulf of Maine Continuous Plankton Recorder (CPR) 277 

Program during 1961-1974 and 1978-2003 in the Gulf of Maine. The Gulf of Maine 278 

encompasses and is juxtaposed to many of the Eubalaena glacialis feeding habitats. 279 

Furthermore, interannual variability in the Gulf of Maine appears to capture variability over 280 

much of the NW Atlantic shelf (Pershing et al. 2010). 281 

Statistical analyses 282 

Statistical analyses were conducted using Systat, version 10.0 (SPSS, Inc., Chicago, IL) 283 

and Matlab, version 6.1.0.450, release 12.1 (The MathWorks Inc., Natick, MA, U.S.A.). Since a 284 

relationship between blubber thickness and total length was found only in juveniles and 285 

unknown age whales (see results) and since total length measurements were not available for all 286 

of the whales in the blubber thickness dataset, the raw, uncorrected blubber thickness data were 287 
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used for all analyses, except one. The ratio of blubber thickness to total length was used in a 288 

comparison between calves and yearlings. 289 

 290 

RESULTS 291 

Eubalaena glacialis.  Between 1998 and 2002, 172 blubber thickness measurements were 292 

collected. Mean blubber thickness was 12.23 cm (95% CI = 11.90, 12.55; range = 7.93 to 22.33). 293 

Eubalaena australis.  During 1999 and 2000, 117 blubber thickness measurements were 294 

collected. Mean blubber thickness was 16.13 cm (95% CI = 15.41, 16.84; range = 4.89 to 25.82).   295 

Blubber thickness and total length 296 

Eubalaena glacialis.  No apparent relationship was found between blubber thickness and 297 

length in whales for which total length and blubber thickness measurements were available (r = 298 

0.21, p = 0.22, n= 36, Figure 2). However, when these whales were divided according to age 299 

class, blubber thickness of juvenile and unknown age whales increased with increasing total 300 

length (y = 0.01988x - 9.89610, R2 = 0.56, p = 0.0004, n = 18, Figure 2).  301 

Blubber thickness and age 302 

Eubalaena glacialis.  Blubber thickness measurements were tested among calves and 303 

juveniles of various ages by a one-way ANOVA and a Tukey pairwise comparisons test.  304 

Uncorrected blubber thickness data were used in this ANOVA because total length 305 

measurements were lacking for most individuals. The results of the post-hoc tests indicate that 306 

eight-month old calves had significantly thicker blubber (mean  1SD, n: 12.58  1.16 cm, 8) 307 

than two year olds (10.01  1.42 cm, 12; p = 0.006, Figure 3a) and eight year olds had 308 

significantly thicker blubber than one, two, three and four year olds (p < 0.01, Figure 3a).   309 
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Three individual right whales measured as calves (eight months old) and again as 310 

yearlings (20 months old) showed a 1.7 cm decrease in blubber thickness from calf to yearling 311 

(Figure 3b). Also, among the calves and yearlings measured in 2001 and 2002, blubber thickness 312 

corrected for total length was significantly greater for calves (mean ± 1SD, n: 1.38 ± 0.12, 7) 313 

than for yearlings (1.07 ± 0.12, 6) (two-sample t-test: t = 4.771, df = 11, p = 0.0003; Figure 3c). 314 

Eubalaena australis.  Blubber thickness of calves measured during early suckling in 315 

September 1999 (mean  1SD, n: 9.22  2.28 cm, 8) was significantly thinner than that of calves 316 

measured during mid-suckling in November 2000 (11.28  1.8 cm, 10) (two-sample t-test: t = -317 

2.133, df = 16, p = 0.024; Figure 4a). 318 

Blubber thickness and prey abundance 319 

Calanus finmarchicus.  C. finmarchicus abundance in the Gulf of Maine declined 320 

dramatically in 1998 to the third lowest value in the entire Pershing et al. (2005) time series 321 

behind those of 1961 and 1970. Abundance recovered in 1999 and 2000 relative to 1998, 322 

although the values for these two years still remain below the mean of the values of the entire 323 

time series (as indicated by the dotted line in Figure 5). C. finmarchicus abundance increased 324 

above the time series average in 2001-2003. 325 

Eubalaena glacialis.  Yearlings measured in 1998 had significantly thinner blubber 326 

(mean  1SD, n: 9.85  0.77 cm, 7) than those measured in 2002 (11.42  1.46 cm, 6) (two-327 

sample t-test: t = -2.462, df = 11, p = 0.016; Figure 5).  328 

Adult males measured in 1998 had significantly thinner blubber (mean  1SD, n: 11.89  329 

1.31 cm, 21) than those measured in 1999 (13.25  1.77 cm, 10; Smith-Satterthwaite (unpooled) 330 

t-test (Devore 1995): t = 2.162, df = 13.9, p = 0.024) and in 2000 (13.98  1.21 cm, 3; Smith-331 

Satterthwaite t-test (Devore 1995): t = 2.759, df = 2.7, p = 0.039; Figure 5). The blubber 332 
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thickness of adult males measured in 1999 did not differ statistically from that of the males 333 

measured in 2000, according to a Smith-Satterthwaite t-test (Devore 1995) (t = 0.811, df = 4.9, p 334 

= 0.455; Figure 5).   335 

Blubber thickness and reproduction 336 

Eubalaena glacialis. Pre-pregnant females had significantly thicker blubber (mean  337 

1SD, n: 17.23  0.67 cm, 4) than lactating females (12.73  1.31 cm, 11) (Smith-Satterthwaite t-338 

test (Devore 1995): t = 8.712, df = 10.8, p = 1.60e-06; Figure 6) and had significantly thicker 339 

blubber than nulliparous females (13.64  1.44 cm, 8) (Smith-Satterthwaite t-test (Devore 1995): 340 

t = 5.898, df = 10.0 p = 7.75e-05; Figure 6). The blubber of nulliparous females did not differ 341 

from lactating females (two-sample t-test: t = 1.427, df = 17, p = 0.17; Figure 6). Due to a 342 

sample size of one, the measurement from the pregnant female was not included in the analysis. 343 

Four individual females were measured in multiple years at different stages of the 344 

reproductive cycle (Figure 7) and are referred to by their identification number from the North 345 

Atlantic Right Whale Catalog (Hamilton et al. 2007). The blubber of #1407, measured after 346 

resting for three years in 1998, was 4.6 cm thicker than the measurement collected after eight 347 

months of lactation in 2001, while #1701’s blubber was 1.8 cm thicker when measured within a 348 

few months of pregnancy in 1999, than after eight months of lactation in 2001. When #1911 was 349 

measured in 1998 as an immature, nulliparous female, her blubber was 1.1 cm thinner than when 350 

she was measured after eight months of lactation in 2001. The whale #2050 was measured three 351 

times.  Between 1998 and 1999, her blubber thickness increased by 4.2 cm as she transitioned 352 

from nulliparous to pre-pregnant. Her blubber then decreased by 3.4 cm after eight months of 353 

lactation in 2001.     354 
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In reproductively active females, a positive relationship was found between blubber 355 

thickness and number of years since last calving (Pearson’s correlation; r = 0.75, p = 0.02, n = 9; 356 

Figure 8). 357 

Eubalaena australis. Mean blubber thickness from mothers measured in September 1999, 358 

early lactation, (mean  1SD, n: 19.82  2.89 cm, 12) was significantly thicker than the mean of 359 

those measured in November 2000, mid-lactation, (17.24  1.84 cm, 19) (two-sample t-test: t = 360 

2.761, df = 16.7, p = 0.007; Figure 4b). 361 

Eubalaena glacialis and Eubalaena australis. No difference was found between the 362 

blubber thickness of primiparous females (females that have had only one calf) and that of 363 

multiparous females (females that have had two or more calves). E. australis lactating females 364 

mean  1SD, n: primiparous = 18.78  2.69 cm, 9, vs. multiparous = 18.15  3.06 cm, 17 (Smith-365 

Satterthwaite t-test (Devore 1995): t = -0.538, df = 18.4, p = 0.597). E. glacialis lactating females 366 

mean  1SD, n: primiparous = 12.83  1.36 cm, 4, vs. multiparous = 12.68  1.38 cm, 7 (two-367 

sample t-test: t = -0.174, df = 9, p = 0.866). 368 

North Atlantic vs. South African right whale blubber thickness 369 

Blubber was significantly thinner in Eubalaena glacialis (mean  1SD, n: 12.23  2.16 370 

cm, 172) than in Eubalaena australis (16.13  3.88 cm, 117) (Smith-Satterthwaite t-test (Devore 371 

1995): t = -9.869, df = 165.1, p = 0.000; Figure 9a). When the species were compared by age 372 

classes, E. glacialis blubber was significantly thinner than E. australis blubber for all age classes 373 

except calves (Adult females: E. glacialis (13.93  2.49 cm, 32) vs. E. australis (18.13  2.69 374 

cm, 35) (t = -6.167, df = 65, p = 0.000; Figure 9b); Juveniles: E. glacialis (11.25  1.76 cm, 75) 375 

vs. E. australis (15.73  2.11 cm, 19) (t = -8.549, df = 24.8, p = 0.000; Figure 9c).  E. glacialis 376 

calves (12.58  1.16 cm, 8) were significantly fatter than E. australis calves (10.36  2.24 cm, 377 



Miller et al. 2011_Mar Ecol Prog Ser 438:267-238_Page 18 
http://www.int-res.com/articles/meps_oa/m438p267.pdf 

18) (t = 3.324, df = 23.2, p = 0.003; Figure 9d), presumably because E. glacialis calves were 378 

approximately five to seven months older.   379 

 380 

DISCUSSION   381 

A combination of at-sea acoustic blubber thickness measurements and more than two 382 

decades of life history and reproductive data were used to assay body fat condition of two 383 

species of free-ranging right whales, Eubalaena glacialis in the North Atlantic and Eubalaena 384 

australis off the southern coast of South Africa. Adult females had the thickest blubber prior to 385 

pregnancy, calves showed a loss of blubber thickness after weaning, juveniles gained blubber 386 

thickness with length, males and yearlings had blubber thickness that varied with prey 387 

abundance, and E. australis had thicker blubber than E. glacialis. E. australis mothers were also 388 

shown to lose blubber thickness as their calves gained it during suckling.  389 

Acoustic blubber thickness data from Eubalaena glacialis presented here (range = 8 to 22 390 

cm) were comparable to ruler measurements of blubber thickness from along the dorsal midline 391 

at the level of the axilla collected during necropsy of E. glacialis (range = 8 to 17 cm [Moore et 392 

al. 2004]). Eubalaena australis acoustic blubber thickness data (range = 5 to 26 cm) were 393 

comparable to those reported during Soviet whaling (range = 5 to > 30 cm [Tormosov et al. 394 

1998]), where the measurement was taken mid-laterally at the level of the anus. It should be 395 

noted that the difficulties inherent in measuring blubber thickness on carcasses often result in 396 

inconsistencies within and between datasets; therefore, comparisons among and between such 397 

datasets should be made with caution. 398 

Integument morphology and the acoustic assay 399 
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Acoustic reflections from boundaries between materials of different acoustic impedance 400 

allow measurement of blubber thickness. Upon gross visual examination of the innermost aspect 401 

of Eubalaena glacialis integument (including underlying skeletal muscle) collected at necropsy, 402 

Moore et al. (2001) described two tendinous connective tissue (CT) sheaths separated by loose 403 

CT. The distal sheath (described as the ‘upper’ sheath by Moore et al. [2001]  ) occurred at the 404 

innermost aspect of the blubber while the proximal sheath (described as the ‘lower’ sheath) 405 

overlaid the skeletal muscle. The ultrasound examination of this same sample of integument 406 

from E. glacialis clearly showed acoustic reflections from both CT sheaths (Moore et al. 2001). 407 

The two sheaths are interconnected periodically and the distal sheath may not always be present.  408 

The proximal sheath is homologous to the subdermal connective tissue sheath (SDS) described 409 

for dolphins by Pabst (1996). In the sei whale Balaenoptera borealis, two ‘layers’ (a 3-5 mm 410 

thick sheath comprised of elastic and collagen fibers and a region of dense collagenous bundles 411 

overlaying muscle) separated by well-vascularized adipose tissue interspersed with collagen 412 

fibers were observed in the innermost aspect of the blubber (Ackman et al 1975).  Also, Ackman 413 

et al (1975) pointed out that according to Heyerdahl (1932), the ‘isterlag’ (a layer with elevated 414 

lipid content) was situated between two layers of connective tissue at the innermost aspect of fin 415 

Balaenoptera physalus and blue whale Balaenoptera musculus blubber. In bowhead whale 416 

Balaena mysticetus integument, Haldiman and Tarpley (1993) described a highly tendinous CT 417 

sheath (1-2 mm thick) bordering the innermost (deepest) part of the ‘true’ blubber (reticular 418 

dermis) which overlays a layer of loose CT containing varying amounts of adipose tissue 419 

(hypodermis), followed by the skeletal muscle. Haldiman and Tarpley (1993) did not describe a 420 

second tendinous CT sheath (a proximal or ‘lower’ sheath) overlaying the skeletal muscle. It is 421 

likely that the loose CT between the two CT sheaths described by Moore et al. (2001) is 422 
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homologous to the hypodermis (loose CT layer) between the CT sheath and skeletal muscle 423 

described for bowhead whales, the region of well-vascularized adipose tissue layer observed in 424 

sei whales and the ‘isterlag’ observed in blue and fin whales. Our technology and analysis failed 425 

to consistently define a distal (‘upper’) sheath but was successful and consistent in acquiring 426 

reflections from the proximal sheath. As a result, the measurements of ‘blubber’ thickness 427 

presented here include all tissue from the surface of the epidermis to the proximal CT sheath at 428 

the blubber-muscle interface.  429 

The thick epidermis of cetaceans (Ling 1974) can vary by species (Simpson & Gardiner 430 

1972). Because the measurements presented here include epidermis, it is important to understand 431 

the contribution of epidermis to the thickness of the entire integument for both Eubalaena 432 

glacialis and Eubalaena australis. Yet, the thickness of the epidermis could not be measured 433 

because the ultrasound was optimized for detecting structures (the tendinous CT sheath) deeper 434 

in the integument. Epidermis was measured on full-core biopsies of E. australis adults (mean  435 

1SE, n: 1.42 ± 0.09 cm, 13) and calves (1.39 ± 0.07 cm, 19) (Reeb et al. 2007) and on the body 436 

of E. glacialis at necropsy (1.1, 1.1, 1.2 cm for three whales; M. J. Moore unpubl. data). It is 437 

difficult to determine whether or not there is a difference in epidermal thickness between the two 438 

species based on these data. The measurements of epidermis from E. glacialis may appear 439 

thinner than measurements from biopsied E. australis because measurements from E. australis 440 

were not corrected for the angle of the biopsy (Reeb et al. 2007) and/or because of possible post-441 

mortem compaction of the epidermis due to post-mortem rendering of the epidermal lipids, post-442 

mortem sloughing, the stresses and tension from the fibro-elastic integument being measured 443 

while attached to the body (whereas a measurement of a biopsy is free of such stresses and 444 

tensions), and/or the distribution of the whale’s weight with respect to the location of 445 
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measurement. However, based on the aforementioned epidermal thicknesses and the mean 446 

‘blubber thickness’ (integument thickness) for each right whale species, epidermis only accounts 447 

for a small proportion of the entire thickness of the integument and any difference in epidermal 448 

thicknesses between the two species is likely to be on the scale of a few millimeters or less. 449 

Therefore, the thickness of the epidermis most likely does not make a sizeable contribution to 450 

any differences in thickness of the integument presented here. As such, the observed differences 451 

in ultrasound ‘blubber thickness’ measurements are driven primarily by changes in dermal and/or 452 

hypodermal thickness. 453 

The blubber of large whales is not metabolized as a whole (Castellini 2000), but rather 454 

lipids are deposited to or mobilized from adipocytes, which are supported by a matrix of 455 

collagen. In several other cetaceans, trends in blubber lipid content (either measured directly or 456 

inferred from adipocyte morphology) parallel trends in blubber thickness with respect to 457 

reproductive (adult females) and nutritive status (Lockyer 1981, 1986, 1987, Aguilar & Borrell 458 

1990, Koopman et al. 2002). In Eubalaena australis mothers, changes in blubber lipid 459 

composition (Reeb 2001) paralleled the observed thinning of blubber (Figure 4) during the initial 460 

months of lactation. Such evidence suggests that variability in lipid content and composition 461 

contributed to the changes/differences in blubber thickness presented here. Moreover, lipid 462 

content and composition of blubber can vary both across the body and with depth from the 463 

epidermis in cetaceans, which has led to the hypothesis that certain areas and blubber depths are 464 

more metabolically active than others (e.g. Ackman et al. 1975, Lockyer et al. 1984, Aguilar & 465 

Borrell 1990, Koopman 2007). Although such variability in blubber lipids across the body and 466 

with depth from the epidermis needs to be determined in right whales, the measurements of 467 

‘blubber’ thickness presented here include all tissue from the surface of the epidermis to the 468 
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proximal CT sheath at the blubber-muscle interface, thus integrating the entire integumentary 469 

energy store.     470 

Blubber thickness and body length 471 

Positive linear relationships between blubber thickness and body length were found in fin 472 

and blue whales (Nishiwaki & Hayashi 1950, Nishiwaki & Oye 1951), while a negative 473 

relationship was observed in harbor porpoise Phocoena phocoena (Koopman 1998). Blubber 474 

thickness and body length were not related in gray whales Eschrichtius robustus (Rice & 475 

Wolman 1971). Tormosov et al. (1998) plotted a linear relationship between blubber thickness 476 

and body length in Eubalaena australis taken by Soviet whaling operations. Blubber thickness 477 

and body length were not related in Eubalaena glacialis when all data were analyzed together 478 

(Figure 2). However, when the life history stages were analyzed separately, blubber thickness 479 

significantly increased with increasing body length in juveniles. Interestingly, by visualizing this 480 

strong relationship in juveniles with the data from other life history stages (Figure 2), the 481 

relationship for all whales combined may have been skewed by calves having thicker blubber 482 

and lactating females having thinner blubber than expected for their respective body lengths.   483 

Blubber thickness and nutritional regime 484 

In Eubalaena australis calves of the South African population, blubber thickness 485 

increased significantly during the initial months of suckling (Figure 4a), a time during which 486 

rapid growth in length occurs, 2.8  0.7 cm d-1 (Best & Rüther 1992). The blubber of Eubalaena 487 

glacialis calves measured in the late months of suckling was as thick as older juvenile whales 488 

(seven and eight year old whales), much thicker than the younger juveniles (Figure 3a). The 489 

substantially thicker blubber of calves suggests that the mother’s milk allows right whale calves 490 
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to be in a positive energy balance, storing lipids in the blubber while simultaneously growing in 491 

length at a rapid rate. 492 

Significant thickening of blubber during suckling reversed to a significant thinning once 493 

the calves were weaned (Figure 3). Weaning appears to occur typically at approximately 10 – 12 494 

months of age (Hamilton et al. 1995, Hamilton & Cooper 2010). Similarly in harbor porpoise, 495 

blubber thickness decreased from calves to adults, with the greatest relative decline occurring 496 

immediately after weaning (Koopman 1998). Effects of weaning, such as interruptions in the 497 

growth curve have been observed in other mammalian species (Pond 1977). A post-weaning 498 

hiatus in growth of body length appeared to occur in juvenile bowhead whales (Lubetkin et al. 499 

2008) and in juvenile Eubalaena australis (Best & Schell 1996). The post-weaning thinning of 500 

blubber is likely an indication that young right whale juveniles rely on the lipids in their blubber 501 

to help support energetic challenges as they transition to nutritional independence.  502 

The principal prey species of Eubalaena glacialis is the later stages of the copepod 503 

Calanus finmarchicus (Kenney et al. 1986, Baumgartner & Mate 2003, Michaud & Taggart 504 

2007), the abundance of which can be highly variable, both seasonally and annually, and appears 505 

to be influenced by climate (Conversi et al. 2001, Greene et al. 2003, Pershing et al. 2005). Right 506 

whales must find prey patches dense enough for feeding to be energetically efficient (Kenney et 507 

al. 1986, Baumgartner & Mate 2003, Michaud & Taggart 2007) because they are essentially ram 508 

filter feeders without the ability to concentrate prey (Baumgartner et al. 2007). Differences in 509 

blubber thickness of adult males and yearlings were detected among years during which C. 510 

finmarchicus abundance in the Gulf of Maine (GoM) fluctuated greatly (Pershing et al. 2005) 511 

(Figure 5). In 1998, C. finmarchicus abundance in the GoM declined to the third lowest value of 512 

the entire Pershing et al. (2005) time series (1961-1974, 1978-2003). In 1999 and 2000 C. 513 
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finmarchicus abundance in the GoM recovered relative to 1998 but was still below the Pershing 514 

et al. (2005) time series average. Notably, blubber thickness of adult male E. glacialis mirrored 515 

C. finmarchicus abundance in these years: significantly thinner in 1998 when compared with 516 

1999 and 2000 (Figure 5). C. finmarchicus abundance in the GoM (Pershing et al. 2005) then 517 

increased to above average values in 2001 and 2002, but only one adult male was measured in 518 

each of these years.   519 

Likewise, yearlings measured in 1998 had significantly thinner blubber than those 520 

measured in 2002, the year of the second highest Calanus finmarchicus abundance in the GoM 521 

(Pershing et al. 2005) of our study period (Figure 5). As discussed above, the significant thinning 522 

of blubber thickness between calf and yearling Eubalaena glacialis suggests that the transition to 523 

nutritional independence is energetically challenging. For the 1998 yearlings, this already 524 

challenging transition to nutritional independence likely was intensified by the dramatically low 525 

abundance of C. finmarchicus. Furthermore, the 1998 yearlings may have been weaned earlier 526 

than the 2002 yearlings: many of the 2002 yearlings were sighted in close association with their 527 

mothers well into their second year of life, a phenomenon which rarely has been observed in E. 528 

glacialis and may indicate that suckling was prolonged for the 2002 yearlings (Hamilton & 529 

Cooper 2010). Nutrition in early postnatal life, particularly prior to weaning, influences the 530 

number of adipocytes and total adiposity, as observed in woodchucks (Young 1976) and rats 531 

(Knittle & Hirsch 1968). As such, the thicker blubber of the 2002 yearlings may have been 532 

indicative of better nutrition, whether the result of greater availability of C. finmarchicus during 533 

the transition to nutritional independence and/or prolonged suckling.   534 

Blubber thickness and reproduction 535 
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Female mammals, particularly from those species that fast during portions of the 536 

reproductive cycle, can increase their chances of reproductive success by acquiring adequate fat 537 

reserves to ensure survival of themselves and healthy offspring. The mechanism for this appears 538 

to occur prior to the start of the reproductive cycle: ample reserves of body fat are necessary for 539 

ovulation to occur (e.g. Doney et al. 1982, Frisch 1984, Albon et al. 1986) because sufficient 540 

levels of leptin, the hormone produced by adipose tissue which is correlated with adipose tissue 541 

mass (see Houseknecht et al. 1998, Chilliard et al. 2005 for reviews), are necessary for 542 

successful reproduction (see Zieba et al. 2005, Barb et al. 2008, Hill et al. 2008 for reviews). 543 

Leptin appears to serve as the primary metabolic signal linking energy status with the 544 

neuroendocrine system and subsequent reproduction (see Houseknecht et al. 1998, Zieba et al. 545 

2005, Barb et al. 2008, Hill et al. 2008 for reviews). Through a complex process involving an 546 

array of neuroendocrine and endocrine signals, leptin acts on the hypothalamus and pituitary to 547 

stimulate the release of GnRH and LH, respectively (see Zieba et al. 2005, Barb et al. 2008, Hill 548 

et al. 2008 for reviews) thereby, influencing ovulation and subsequent reproduction.   549 

Given the importance of body fat and nutritional status to mammalian reproduction, 550 

particularly with regards to ovulation, it is noteworthy that adult females measured prior to the 551 

start of pregnancy had the thickest blubber of all life history classes in Eubalaena glacialis 552 

(Figure 6). Also, the blubber of an individual female increased by 4.2 cm during the year leading 553 

up to the start of pregnancy (Figure 7). In balaenopterids, pregnant females had the thickest 554 

blubber (Lockyer 1981, 1987) and the highest blubber lipid content (Lockyer 1987, Aguilar & 555 

Borrell 1990) of all age classes but peri-ovulatory females were not specified. Body fat condition 556 

data from prior to the potential start of pregnancy appear to exist for only one other species of 557 

large whale. The blubber of female gray whales which had recently ovulated was thicker than 558 
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that of immature males and females, adult males and adult anoestrous and postpartum females 559 

but similar in thickness to that of females taken during the early and late stages of pregnancy 560 

(Rice & Wolman 1971). Based on these results, in which improved body condition was apparent 561 

prior to the start of pregnancy (right whales) and peri-ovulatory and during gestation (gray 562 

whales), and the preponderance of evidence in this respect from other mammals, body fat 563 

appears to play a critical, and possibly permissive, role in the initiation of the large whale 564 

reproductive cycle. The significant thickening of blubber prior to the start of pregnancy suggests 565 

that, like terrestrial mammals, a critical level of body fat appears to be important for successful 566 

ovulation and subsequent reproduction in right whales.  567 

Hlista et al. (2009) observed a significant positive relationship between the number of 568 

right whale calves born each year between 1998 and 2007 (an indicator of reproductive success) 569 

and a weighted annual chlorophyll concentration (a realization of a right whale nutritional index 570 

based on concentrations coinciding with peak right whale sightings in high-use habitats) 571 

averaged over the prior two years, the significance of which appeared to be driven primarily by 572 

the strong relationship between annual right whale calf counts and weighted annual chlorophyll 573 

concentrations from two years prior. Such relationships concur with the hypothesis that feeding 574 

conditions in the year leading up to conception likely lead to substantial accumulation of blubber 575 

lipid reserves (as indicated by the thickest blubber observed in pre-pregnant females) 576 

subsequently affecting calf production through the short and long term metabolic cues necessary 577 

for successful reproductive function (e.g. Prunier & Quesnel 2000, Barb et al. 2008, Hill et al. 578 

2008).   579 

As mentioned above, pregnant balaenopterids and peri-ovulatory and pregnant gray 580 

whales had the thickest blubber of all life history classes in these species (Rice & Wolman 1971, 581 
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Lockyer 1981, 1987). Moreover, the similarity in blubber thickness among peri-ovulatory, early 582 

pregnant and late pregnant gray whales (Rice & Wolman 1971) suggests that the blubber 583 

thickness of gray whale females does not change between ovulation and late gestation. The lack 584 

of relationship between annual calf count and weighted annual chlorophyll concentration from 585 

one year prior (Hlista et al. 2009) may indicate that feeding conditions during gestation are not as 586 

critical to calf production as those leading up to conception. Having measured only one pregnant 587 

right whale, further study is necessary to examine such trends during gestation in right whales.  588 

In other large whales, lactation was calculated as the costliest part of the reproductive 589 

cycle (Lockyer 1981) and in other mammals, lactation was estimated to require three to five 590 

times more energy than gestation (Young 1976). Much of these energetic costs of lactation likely 591 

occur during the initial months: right whale mothers do not appear to feed while on the calving 592 

grounds, and consequently are believed to support their calves and themselves during these 593 

months by relying on endogenous nutrient reserves – a concept supported by these results. 594 

Blubber thickness decreased significantly between the second month of lactation (September 595 

1999) and the fourth month (November 2000) among lactating Eubalaena australis females 596 

(Figure 4b). Likewise, when individual E. australis mothers were measured on multiple 597 

occasions within the same calving season, dorsal body shape (determined by a series of aerial 598 

photogrammetric measurements of body width) thinned significantly during the initial months of 599 

lactation (Miller et al. In Review), suggesting that the difference in blubber thickness was due to 600 

lactation rather than an inter-annual difference in blubber thickness. Corresponding to this 601 

significant thinning of blubber during the initial months of lactation, Reeb (2001) detected a 602 

significant change in blubber fatty acid composition in lactating E. australis mothers between 603 

these same months (September 1999 and November 2000), not only suggesting that lipids in 604 
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right whale blubber are affected by lactation, but also supporting the assertion that the thinning 605 

of blubber during lactation likely is a result of catabolism of blubber lipids.  606 

Among the resting Eubalaena glacialis females, blubber thickness was positively related 607 

to the number of years since the last calving event, suggesting recovery and replenishment of 608 

body fat reserves during the time between calves (Figure 8). Right whale females are capable of 609 

a three-year calving interval (Knowlton et al. 1994, Best et al. 2001, Kraus et al. 2007): one year 610 

of gestation, one year of lactation, and one year of recovery. Considering that the greatest 611 

difference in blubber thickness was observed between females that had been lactating for eight 612 

months and those measured a few months prior to the start of gestation, right whale females 613 

would need to encounter enough food not only to cover daily metabolic needs, but also to 614 

replenish lipid stores during the year of recovery. If right whale females do not encounter 615 

adequate food supply, the replenishment of body fat reserves may slow and increases in calving 616 

interval may occur. For example, in primiparous pigs, a longer weaning to first oestrus interval 617 

was observed in sows with lower backfat as compared to sows with higher backfat (Tummaruk 618 

et al. 2001). Moreover, nutritional status not only is important to the replenishment of fat 619 

reserves, but also can affect reproductive performance. For instance, chronic feed restriction 620 

interfered with normal cyclicity in the pig where ovarian activity was altered through the 621 

alteration of hypothalamic release of GnRH (Armstrong & Britt 1987). In this regard, it is 622 

interesting that a significant increase in calving interval among E. glacialis from 3.67 years 623 

(1987-1992) to greater than five years (1993-1998) (Kraus et al. 2001) paralleled changes in 624 

Calanus finmarchicus abundance, which was low throughout the 1990s relative to the late 1980s, 625 

when abundance was at its highest in the Gulf of Maine (Pershing et al. 2005). 626 
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In Eubalaena glacialis, the blubber thickness of nulliparous females was significantly 627 

thinner than that of pre-pregnant females but not statistically different from the energetically 628 

drained lactating females (Figure 6). A few of the nulliparous females that were measured during 629 

this study subsequently produced calves, including E. glacialis #2050, whose blubber increased 630 

by more than 4 cm in the year leading up to the start of pregnancy (see below). As of 2005, 12% 631 

of adult E. glacialis females were reproductively inactive (Kraus et al. 2007) which in part, as 632 

our results suggest, may be a consequence of females not attaining adequate body fat reserves 633 

necessary for successful reproduction. 634 

Four individual Eubalaena glacialis females were measured in multiple years at different 635 

stages in their reproductive cycles (Figure 7). These measurements offer evidence that annual 636 

changes in blubber thickness of individual whales are detectible and serve to corroborate our 637 

population-based results. In particular, the series of measurements from E. glacialis #2050 638 

highlight that blubber thickness changes among reproductive stages can be marked. E. glacialis 639 

#2050 was thinnest as a nulliparous female when measured in 1998, when Calanus finmarchicus 640 

abundance in the GoM (Pershing et al. 2005) was dramatically low. One year later, as pre-641 

pregnant, her blubber was 4.2 cm thicker, the thickest measurement collected during the series.  642 

She was not measured the next year during gestation but was measured again the following year 643 

after 8 months of lactation. Blubber thickness decreased by 3.4 cm between the pre-pregnant 644 

measurement and the measurement collected after 8 months of lactation.  645 

The mean blubber thickness of adult male Eubalaena glacialis was similar to that of 646 

older juveniles, and lactating, resting, and nulliparous adult females (Figure 6). Mean adult male 647 

blubber thickness was affected by the thin blubber measurements collected from males in 1998, 648 

but the mean blubber thicknesses of males in 1999 and 2000 were essentially the same as that of 649 
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nulliparous females (see results). In human males, weight loss and low body fat may result in 650 

decreased sperm mobility and longevity, decreased hypothalamic GnRH, and decreased levels of 651 

testosterone and prolactin in blood serum levels (see Frisch 1997 for review) and such 652 

interactions between body fat and fertility may be mediated by the hormone leptin. In bulls, 653 

rams, boars and stallions, malnutrition was associated with decreases in spermatogenesis (Foote 654 

1978). Given that male right whales have the largest testes among the baleen whale species, both 655 

in absolute weight and relative to body weight (Brownell & Ralls 1986), and are believed to use 656 

sperm competition as a mating strategy (Brownell & Ralls 1986, Kraus & Hatch 2001), sexual 657 

activity may be energetically costly for male right whales. Male blubber thickness and body fat 658 

condition should therefore, in the future, be analyzed in the context of paternity.  659 

North Atlantic vs. South African right whale blubber thickness 660 

When reproductive parameters of the Eubalaena glacialis are compared with those of the 661 

Eubalaena australis populations, E. glacialis reproduction appears to be much more variable and 662 

at times compromised (see introduction). In this regard, it is interesting that blubber thickness, 663 

measured during a depressed time in E. glacialis reproduction (Kraus et al. 2007), was 664 

significantly thinner than in E. australis of the South African population (Figure 9). The 665 

difference in blubber thickness remained significant when the species were compared within age 666 

classes, except for the comparison between calves (Figure 9d), where E. glacialis calves had 667 

thicker blubber because they were approximately three to nine months older than the E. australis 668 

calves.   669 

A number of variables could influence the observed difference in blubber thickness 670 

between Eubalaena glacialis and Eubalaena australis: differences in body size, differences in 671 

measurement season, differences in habitat temperature regime, genetic differences, or 672 
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differences in planes of nutrition. Whales belonging to these two species appear to be 673 

comparable in size (Best & Rüther 1992, W.L. Perryman, pers. comm.) but without 674 

measurements of total length from the individuals for which measurements of blubber thickness 675 

were collected, it was not possible to test whether or not differences in total length influenced the 676 

observed difference in blubber thickness.   677 

Eubalaena glacialis blubber was measured during the summer feeding season while 678 

Eubalaena australis was measured during the winter breeding season. In balaenopterid whales, 679 

blubber thickens during the summer feeding season and thins during the winter migration (see 680 

Lockyer 1981 for review). Summer seasonal fattening was not detected in measurements of 681 

blubber thickness in southern right whales taken by whaling (Tormosov et al. 1998). Such 682 

fattening may not have been detected due to the pooling of the data (data for all individuals were 683 

pooled over a six year period [Tormosov et al. 1998]), differences in individual whale arrival 684 

times to the feeding grounds (e.g. Lockyer 1981, Lockyer et al. 1985), inter-annual differences in 685 

prey abundance or in seasonality of prey abundance, or because of limited seasonal coverage (no 686 

winter measurements were available). However, our results indicate that the thickness of right 687 

whale blubber can change seasonally in lactating females and annually depending on nutritional 688 

and reproductive status. If seasonal fattening and thinning does occur in right whales, everything 689 

else being equal, measurements of blubber thickness from E. glacialis collected during summer 690 

feeding should be greater than those from E. australis collected during winter fasting, 691 

minimizing what would have been an even larger difference had the seasons been comparable.   692 

Right whales experience a wide range of water temperatures on a daily (swimming 693 

between surface and depth) and seasonal basis (both species are seasonally migratory in 694 

subtropical and temperate waters), so it is difficult to imagine that the whales would respond to 695 
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changing temperatures by changing the thickness of the blubber on a short term time scale. 696 

However, if the overall temperature range experienced by Eubalaena australis was consistently 697 

lower than that experienced by Eubalaena glacialis, it is possible that E. australis had thicker 698 

blubber necessary for insulation against the colder temperatures. But equally, it is possible that 699 

right and other large whales are constrained by the need to lose heat (Alexander 1998). 700 

Recent analysis of genetic markers from both mitochondrial (Rosenbaum et al. 2000) and 701 

nuclear DNA (Gaines et al. 2005), indicate that right whales of the North Atlantic and of the 702 

Southern Hemisphere are two distinct species, Eubalaena glacialis and Eubalaena australis 703 

respectively. It is possible that genetic factors controlling fat storage and/or utilization may affect 704 

the observed difference in blubber thickness between the two species.   705 

Finally, the difference in blubber thickness between the two species could be influenced 706 

by differing planes of nutrition. Both species feed on lipid-rich, late stage calanoid copepods 707 

(Kenney et al. 1986, Tormosov et al. 1998, Baumgartner & Mate 2003, Michaud & Taggart 708 

2007); southern right whales also feed on euphausiids (Hamner et al. 1988, Tormosov et al. 709 

1998, Reeb 2001). Prey species, life stage, available biomass and patch density will impact 710 

relative foraging success; therefore, in aggregate, southern right whales appear to be more 711 

successful at accumulating energy reserves.  712 

Although further investigation is needed to fully understand the observed difference in 713 

blubber thickness between Eubalaena glacialis of the North Atlantic and Eubalaena australis off 714 

of the southern coast of South Africa, the difference is suggestive in the context of the 715 

differences in reproductive performance of the two species. According to our results, adequate 716 

food supply appears to be necessary for adequate body fat reserves which, in turn, appear to be 717 

necessary for successful reproduction in right whales. Therefore, the thicker blubber of E. 718 
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australis, which may indicate a better nutritional regime, likely contributes to the more 719 

successful and stable reproductive performance of this population, where the population growth 720 

rate is close to the maximum biologically possible.  721 
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FIGURE LEGENDS:  980 
 981 
Figure 1. Eubalaena glacialis.  Measurements of blubber thickness (epidermis and blubber) 982 
collected with a ruler during necropsies from positions along the dorsal midline of four adult 983 
females and one adult male. E.g. #s refer to individual whale identification numbers in the North 984 
Atlantic Right Whale Catalog (Hamilton et al. 2007). 985 
 986 
Figure  2. Eubalaena glacialis.  Acoustic measurements of blubber thickness (epidermis and 987 
blubber) compared with photogrammetric measurements of total body length (snout to fluke 988 
notch) Bay of Fundy, Canada, August 2000-2002.  The solid line indicating the relationship 989 
between total length and blubber thickness found in juveniles is extrapolated on both ends with a 990 
lighter line. 991 
 992 
Figure 3. Eubalaena glacialis. (a) Acoustic blubber thickness measurements from calves and 993 
juveniles (randomly jittered with respect to age with mean ± 1 standard deviation) between ages 994 
0 and 8 years old, Bay of Fundy, Canada, 1998-2002. Significance, indicated by letters, was 995 
determined at p < 0.05; (b) Blubber thickness of three individuals sampled as 8 month old calves 996 
and again, 12 months later, as yearlings, Bay of Fundy, Canada, 2001-2002.  E.g. #s refer to 997 
individual whale identification numbers in the North Atlantic Right Whale Catalog (Hamilton et 998 
al. 2007); (c) Acoustic blubber thickness measurements as a percentage of total body length for 999 
calves and yearlings (randomly jittered with respect to age with mean ± 1 standard deviation), 1000 
Bay of Fundy, Canada, 2001-2002.   1001 
 1002 
Figure 4. Eubalaena australis.  Blubber thickness measurements (randomly jittered) collected by 1003 
ultrasound from (a) calves and (b) mothers during early (September 1999) and mid (November 1004 
2000) lactation with mean ± 1SD, St. Sebastian Bay, De Hoop Marine Reserve and Walker Bay 1005 
(Gansbaai), South Africa 1999 – 2000. Significance was determined at p < 0.05 and indicated by 1006 
asterisks. 1007 
 1008 
Figure 5. Eubalaena glacialis. Mean blubber thickness ± 1 SD (N) measured with ultrasound 1009 
from adult male and yearling right whales, Bay of Fundy, Canada, 1998-2002. Significance, 1010 
determined at p < 0.05, is denoted by letters as marked.  1011 
Calanus finmarchicus. Yearly means of the differences between observed log-transformed 1012 
abundance data (measured by Continuous Plankton Recorder, Gulf of Maine) and expected 1013 
abundance (climatological seasonal cycle) (Pershing et al. 2005). Mean of the yearly abundance 1014 
deviations from 1961-1974 and 1978-2003 plotted as dotted line for reference to the entire 1015 
Pershing et al. (2005) time-series. 1016 
 1017 
Figure 6. Eubalaena glacialis. Mean blubber thickness + 1SD (N) measured with ultrasound 1018 
from adult females of different reproductive status, adult males, juveniles and calves, Bay of 1019 
Fundy and Cape Cod Bay 1998-2002. Significance was determined at p < 0.05. Mean values 1020 
marked with different letters were statistically different. 1021 
 1022 
Figure 7.  Eubalaena glacialis.  Blubber thickness collected by ultrasound from four individual 1023 
females measured in multiple years at different stages of the reproductive cycle, Bay of Fundy, 1024 
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Canada 1998 – 2002. E.g. #s refer to individual whale identification numbers in the North 1025 
Atlantic Right Whale Catalog (Hamilton et al. 2007). 1026 
 1027 
Figure 8.  Eubalaena glacialis.  Blubber thickness and number of years since last calf in 1028 
reproductively active adult females, Bay of Fundy, Canada 1998 – 2002. Data points labeled 1029 
with year measured, number of years to subsequent calving and reproductive status if pregnant 1030 
(P) or pre-pregnant (PP). 1031 
 1032 
Figure 9.  Eubalaena glacialis (+) and Eubalaena australis (□).  Blubber thickness 1033 
measurements (randomly jittered with mean ± 1 SD) collected by ultrasound from (a) all whales; 1034 
(b) adult females; (c) juveniles; (d) calves; Bay of Fundy, Canada 1998 – 2002 and St. Sebastian 1035 
Bay, De Hoop Marine Reserve and Walker Bay (Gansbaai), South Africa 1999 – 2000. Asterisks 1036 
indicate a significant difference between means within each age class at α = 0.05. Note: the E. 1037 
glacialis calves were eight months old while E. australis calves were neonate to four months old.  1038 
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