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Abstract
Aim: The aim of this study was to determine if marine mammals follow ecogeographic 
rules. We examined Bergmann's rule and Allen's rule in two pilot whale species with 
contrasting latitudinal distributions.
Location: Northwest Atlantic Ocean.
Taxon: Globicephala spp.
Methods: We analysed morphometric data collected from strandings of short- and 
long-finned pilot whales in the Northwest Atlantic Ocean to assess intraspecific and 
interspecific variation in surface area to volume ratios (SA:V) of the body core and 
appendage surface area relative to body core SA (normalized appendage SA) using a 
novel 3D modelling method.
Results: Our results suggest that ecogeographic variation in morphometrics between 
the two pilot whale species is consistent with morphological adaptations required 
to balance heat conservation and heat dissipation. Interspecific differences in mor-
phology supported Bergmann's rule for fully grown individuals: the more temperate 
long-finned pilot whale had a larger body size and lower body core SA:V than the 
short-finned pilot whale, which has a more tropical distribution. Allen's rule was not 
supported; when all appendages were considered together, long-finned pilot whales 
had larger normalized SA than short-finned pilot whales. However, the pectoral flip-
pers were the primary driver of this relationship; while long-finned pilot whales had 
proportionally larger pectoral flippers, short-finned pilot whales had proportionally 
larger dorsal fins and flukes. In addition, larger long-finned pilot whales (i.e. males 
and mature individuals) had proportionally larger pectoral flippers than smaller long-
finned pilot whales.
Main Conclusions: Pilot whales follow Bergmann's rule but do not follow Allen's rule 
when fully mature. Thinly insulated appendages in marine mammals can be used to 
dissipate heat as the core warms, and larger and better insulated marine mammals 
may require relatively larger appendages in order to offload heat and thermoregulate 
effectively. Our results provide novel insight into ecogeographic rules and suggest 
that species in higher latitude climates towards the poles will demonstrate tradeoffs 
between core body heat conservation and appendage heat dissipation.
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1  | INTRODUC TION

Ecogeographic rules outline the underlying evolutionary principles 
driving spatial patterns in biological traits (Gaston, Chown, & Evans, 
2008). Specifically, Bergmann's rule and Allen's rule predict an in-
crease in overall body size and a decrease in the size of appendages 
with latitude, respectively, for closely related ectotherms and endo-
therms (Allen, 1877; Ashton, Tracy, & de Querioz, 2000; Freckleton, 
Harvey, & Pagel, 2003; Friedman, Harmácková, Economo, & Remes, 
2017; James, 1970; Torres-Romero, Morales-Castilla, & Olalla-
Tàrraga, 2016). There is wide support for Bergmann's rule in a va-
riety of organisms and ecosystems, while Allen's rule has received 
far less attention and has garnered variable support depending 
on which appendage measurement is used (Alhajeri & Steppan, 
2016; Blackburn, Gaston, & Loder, 1999; James, 1970; McNab, 
1971; Stevenson, 1986; Tilkens, Wall-Scheffler, Weaver, & Steudal-
Numbers, 2007). However, studies examining these trends focus 
predominantly on terrestrial animals. Ecogeographic rules for marine 
endotherms, which rely on thermoregulatory adaptations to survive 
in a highly conductive marine environment (Schmidt-Nielsen, 1997; 
Torres-Romero et al., 2016), have received much less attention to 
date. Temperature has important effects on marine mammal physiol-
ogy and habitat use (Costa & Kooyman, 1982; Hokkanen, 1990), and 
assessing ecogeographic rules for marine mammals would provide 
insight into the role of temperature in driving broad-scale trends in 
morphology and distribution.

Heat retention was postulated to be the driving mechanism be-
hind Bergmann's and Allen's rules, as animals occurring at higher 
latitudes experience lower environmental temperatures (Allen, 
1877; James, 1970). The relationship between surface area (SA) to 
volume (V) ratio (SA:V) and heat loss is central to Bergmann's rule 
(Blackburn et al., 1999; James, 1970; Mayr, 1956); as an animal of a 
given shape gets larger, its SA:V decreases and it therefore experi-
ences decreased heat loss. Heat production in the body is directly 
related to an animal's metabolic rate, which scales roughly allome-
trically with mass as a function of volume, whereas SA denotes the 
area over which this heat can be lost under appropriate thermal con-
ditions (Hayssen & Lacy, 1985; Kleiber, 1961). Therefore SA:V is a 
metric of heat loss per heat production (Mayr, 1956; McNab, 1971; 
Scholander, 1955). Differences in morphology in cetaceans can lead 
to differences in SA:V that may influence heat loss. For example, 
harbour porpoises (Phocoena phocoena) and pantropical spotted dol-
phins (Stenella attenuata) are of similar size (mass) but show differ-
ences in SA to body mass ratios due to differences in body shape 
(Worthy & Edwards, 1990). While understanding patterns of SA:V is 
key to assessing Bergmann's rule, many studies evaluating this rule 
examine mass or body length without accounting for morphologi-
cal differences that can influence SA and V (Briscoe, Krockenberger, 

Handasyde, & Kearney, 2014; Torres-Romero et al., 2016; Yom-Tov, 
Benjamini, & Kark, 2002). Allen's rule is also based on principles of 
heat conservation, but because there is minimal heat production in 
the appendages of most animals, appendage SA alone, represent-
ing the area over which heat is dissipated, is the metric of interest 
when assessing this rule (Allen, 1877; Greenberg, Danner, Olsen, & 
Luther, 2011; Nudds & Oswald, 2007). Studies evaluating Allen's rule 
predominantly use appendage length or SA without accounting for 
the overall size of the animal. However, accounting for body size is 
important when assessing Allen's rule; for animals that are isometri-
cally similar in size and shape, the larger animal will inherently have 
larger appendages.

Short- and long-finned pilot whales (Globicephala macrorhyn-
chus and G. melas, respectively) provide an opportunity to test ter-
restrially derived ecogeographic rules for marine endotherms. It 
is typically difficult to assess whether interspecific differences in 
morphology are attributable to differences in thermal ecology (e.g. 
heat retention or dissipation) or whether these differences may 
have evolved in response to other selective forces. For example, 
humpback whales (Megaptera novaeangliae) and North Atlantic right 
whales (Eubalaena glacialis) are similar in terms of their total body 
length, but can be vastly different in terms of their life history, forag-
ing ecology and habitat use, making it difficult to ascertain the rela-
tive importance of factors such as thermoregulation, hydrodynamic 
efficiency and ecology (e.g. importance of cruising vs. maneuverabil-
ity for different foraging behaviours) in assessing differences in the 
size of their appendages (Berta, Sumich, & Kovacs, 2006; Domenici, 
2001; Woodward, Winn, & Fish, 2006). However, short-finned pilot 
whales and long-finned pilot whales are closely related species that 
diverged only about 648,500 years ago (Miralles, Oremus, Silva, 
Planes, & Garcia-Vasquez, 2016) and are generally similar morpho-
logically, but show contrasting distributions in the North Atlantic 
Ocean (Hayes, Josephson, Maze-Foley, & Rosel, 2017; Figure 1). 
Short-finned pilot whales occur in tropical and subtropical waters, 
while long-finned pilot whales show a more temperate distribution 
(Leatherwood, Caldwell, & Winn, 1976). It is broadly understood 
that short-finned pilot whales are smaller and have shorter pecto-
ral flippers than long-finned pilot whales (Leatherwood et al., 1976). 
Despite these differences in body and appendage size, it is unclear 
if there are morphological differences between the two pilot whale 
species that result in differences in SA:V or whether long-finned 
pilot whale appendages considered together (pectoral flippers, dor-
sal fin and fluke) and separately have a larger SA than those of short-
finned pilot whales. The appendages of marine mammals are thinly 
insulated and serve as thermal windows to regulate heat dissipation 
(Kvadsheim & Folkow, 1997; Meagher et al., 2002; Noren, Williams, 
Berry, & Butler, 1999). Terrestrial endotherms with thermal windows 
typically follow Allen's rule (Danner & Greenberg, 2015; Friedman 
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et al., 2017; Greenberg et al., 2011; Griffing, 1974; Hill, Christian, 
& Veighte, 1980; Stevenson, 1986; Symonds & Tattersall, 2010). 
However, the unique adaptations of marine mammals that enable 
life in a highly conductive medium, such as thick blubber and large 
body size to decrease SA:V, may necessitate a method of rapid heat 
dissipation (Bagge, Koopman, Rommel, McLellan, & Pabst, 2012; 
Parry, 1949; Schmidt-Nielsen, 1997). Therefore, marine mammal ap-
pendages may not follow ecogeographic trends seen in terrestrial 
animals.

Here we integrate detailed morphometric data from stranded 
pilot whales into a digital 3D pilot whale model (Adamczak, Pabst, 
McLellan, & Thorne, 2019) to assess morphology within and be-
tween species. We quantify body core SA and V and appendage SA 
of short-finned pilot whales and long-finned pilot whales to eluci-
date links between morphology and thermal ecology for these spe-
cies, and to assess whether they follow ecological principles set by 
Bergmann's rule and Allen's rule. We postulate that appendages 
serve as radiators for marine mammals due to their importance as 
thermal windows, and that larger individuals with lower SA:V will 
have disproportionately larger appendages. Our specific objectives 

are to: (a) assess interspecific variation in SA:V of the body core to 
examine Bergmann's rule; (b) quantify interspecific variation in nor-
malized appendage SA (appendage SA relative to core body SA) for 
the two pilot whale species to assess Allen's rule; and (c) examine 
how appendage size varies with animal size and metrics of heat re-
tention to further study the role appendages play in heat dissipation 
for marine mammals.

2  | MATERIAL S AND METHODS

2.1 | Pilot whale data

Morphometric data for pilot whales in the Northwest Atlantic were 
compiled from the following marine mammal stranding respond-
ers: the International Fund for Animal Welfare, the Smithsonian 
Institution, data made available from D.A. Pabst, W.A. McLellan 
and A. Read from the ‘Offshore Atlantic Pelagic Cetacean Necropsy 
Cruise R/V/Abel-J, 30 June-12 July, 1996’, and data made avail-
able from D.A. Pabst, W.A. McLellan and A. Read from specimens 

F I G U R E  1   Global range of short-finned and long-finned pilot whales (Globicephala macrorhynchus and G. melas, respectively), adapted 
from Olson (2009), relative to sea surface temperature (SST; shown for 2016). The mixed range depicts regions where both species of pilot 
whales are thought to occur. However, the exact ranges of each species are not well-defined due to difficulties in distinguishing pilot whales 
at sea. The black rectangle represents the study area
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examined during the 2005 multispecies mass stranding event in 
North Carolina (described in Hohn, Rotstein, Harms, & Southall, 
2006) and the Marine Mammal Program at UNC Wilmington. 
These data included external morphometrics collected for Level 
A data outlined by the United States National Oceanographic and 
Atmospheric Administration’s National Marine Mammal Stranding 
Database in addition to supplemental morphological measure-
ments. Data included girth at the nuchal crest, axillary pectoral 
flipper insertion, mid-thoracic, cranial dorsal fin insertion, cau-
dal dorsal fin insertion, anus and mid-caudal keel, as well as total 
length and appendage measurements (Norris, 1961). Individuals 
included in analyses were in ‘good’ body condition (Smithsonian 
Institution body condition 1 and 2; 2005 morphometric data body 
condition 2 and 3; 1996 morphometric data body condition clas-
sified as ‘robust’) to limit the influence of post-mortem processes 
on morphological data. Individuals that were pregnant or lactating, 
foetuses or neonates were excluded due to the small sample sizes 
of these classes. Whales were classified as mature based on length 
measurements; male and female short-finned pilot whales were 
considered to be mature if their total length exceeded 422 cm 
and 320 cm, respectively (Kasuya & Marsh, 1984), while male and 
female long-finned pilot whales were considered to be mature 
if their total length exceeded 450 cm and 365 cm, respectively 
(Bloch, Zachariassen, & Zachariassen, 1993).

2.2 | 3D modelling

We input girth and length measurements of the core body, defined 
as the external morphology of the body excluding appendages, and 
appendage measurements (anterior pectoral flipper length, dorsal 
fin height and fluke width) into 3D models constructed in Blender 
(Blender Online Community, 2016), an open source 3D render-
ing system, and estimated SA and V using the 3D print toolbox. 
Details of 3D model construction for the body core are presented in 

Adamczak et al. (2019). In this study, we also used available images 
of the appendages to construct a 3D external mesh for each append-
age. To model the pectoral flipper and dorsal fin, we used left lateral 
and frontal view images of a mature male stranded short-finned pilot 
whale and mature male stranded long-finned pilot whale. To model 
the fluke, we used the left lateral and dorsocaudal view images of a 
mature male stranded short-finned pilot whale and a mature male 
stranded long-finned pilot whale. Depth measurements reflecting 
the thickness of appendages were typically not measured by strand-
ing networks; thus appendages were modelled as flat plates in which 
each appendage was three dimensional, but only two dimensions 
were scaled to avoid over- or underestimating changes in appendage 
depth. A mirror modifier in Blender was applied to each appendage 
to conserve symmetry.

Within the strandings data, 10 individuals were removed from 
the data set due to incorrect girth measurements, which resulted in 
improbable body shapes, while fourteen individuals were removed 
from the data set due to missing appendage measurements. Similarly, 
some (n = 5) appendage measurements were anomalously low when 
compared to other individuals of similar size (>50% smaller), likely 
due to an error during data collection, and these individuals were 
removed from analyses. The final sample size was 100 individuals 
(sample size by sex, maturity status and species shown in Table 1).

2.3 | Analyses

We used standardized major axis regression (SMA) to assess and 
compare the log-linear relationships between SA and V for short-
finned pilot whales and long-finned pilot whales, respectively 
(Warton, Wright, Falster, & Westoby, 2006). SMA is a line-fitting 
method used to test the scaling of two variables, rather than the 
ability to predict one variable from another (Warton et al., 2006; 
Appendix S1, Figure S1). The SMA determines a line of best fit 
by minimizing the triangular area between the best fit line and 

TA B L E  1   Sample sizes and mean values for morphometric measurements of short-finned pilot whales and long-finned pilot whales 
(Globicephala macrorhynchus and G. melas, respectively) from stranding and fishery bycatch data collected along the eastern seaboard of the 
United States

Species Maturity status Sex Sample size Total length (cm)
Pectoral flipper 
length (cm)

Dorsal fin 
height (cm) Fluke width (cm)

Short-finned pilot 
whale

Immature Female 6 259.75 ± 22.96 46.02 ± 4.10 22.55 ± 1.92 66.18 ± 7.12

Male 7 327.29 ± 27.02 57.57 ± 5.06 28.71 ± 2.20 84.00 ± 7.58

Mature Female 26 358.48 ± 4.26 61.49 ± 0.93 29.99 ± 0.79 93.33 ± 2.45

Male 9 486.67 ± 8.87 87.20 ± 2.06 46.24 ± 2.20 132.22 ± 5.71

Long-finned pilot 
whale

Immature Female 9 283.89 ± 21.15 54.60 ± 4.05 18.31 ± 1.11 58.93 ± 5.50

Male 12 306.00 ± 19.59 69.16 ± 5.04 20.07 ± 2.01 64.07 ± 4.25

Mature Female 24 432.81 ± 5.82 104.42 ± 2.05 27.24 ± 0.75 95.74 ± 2.55

Male 7 559.57 ± 16.42 141.94 ± 9.63 35.36 ± 1.64 139.57 ± 10.59

Note: Sample sizes were consistent throughout analyses with the exception of two immature male short-finned pilot whales for which the pectoral 
flipper length was smaller than the cut-off used to determine outliers (<50% of the mean length for the given group), therefore, analyses of immature 
male short-finned pilot whale pectoral flippers had a sample size of 7.
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a data-point, thereby weighting the x and y axes equally and ac-
counting for measurement error in both axes (Warton et al., 2006). 
After a line is fit to each group (e.g. short-finned pilot whales vs. 
long-finned pilot whales), these groups can be compared by evalu-
ating differences in slope, shift and elevation (Warton, Duursma, 
Falster, & Taskinen, 2012; Warton et al., 2006). In examining the 
relationship of SA to V, a difference in slope would indicate that 
SA increases at a different rate between two groups for a given 
increase in V and is tested using a likelihood ratio test (Warton 
& Weber, 2002; Appendix S1, Figure S1). If such a difference ex-
isted, differences in elevation and shift of the regression cannot 
be tested. If there is no significant difference between two slopes, 
a common slope is calculated to test for differences in elevation 
and shift along the common axis. A difference in elevation between 
SMA regressions indicates, in the SA:V models, that SA is higher for 
one species than the other for a given V. This is similar in theory to 
the y-intercept used in traditional linear regression, while a differ-
ence in shift along the common axis indicates a difference in overall 
group means (Appendix S1, Figure S1). We tested significant differ-
ences in elevation using the Wald statistic (Warton et al., 2006), 
but because our data set includes juvenile animals of different ages 
and, therefore, different sizes, we did not examine differences in 
shift. SMA assumes normality of residuals, therefore Shapiro–Wilk 
tests were performed on all groups tested to confirm normality 
(Royston, 1982).

Although SMAs between SA and V provide important informa-
tion on morphological differences between species, they do not 
confirm which species has a higher or lower SA:V overall, which is 
the key metric in evaluating Bergmann's rule. Therefore, we also 
used Wilcoxon signed rank tests to test for differences in mean 
SA:V between the body core of mature individuals of each species 
separated by sex (Woolson, 1998). Immature pilot whales can vary 
considerably in size depending on their specific age, which was not 
available in stranding records. While SMAs of SA:V inherently ac-
count for differences in size, Wilcoxon tests compare mean values, 
and thus interspecific comparisons in mean SA:V using Wilcoxon 
tests were conducted for mature individuals only. Due to the sex-
ual dimorphism in pilot whales, we compared mean SA and V be-
tween mature male and mature female individuals, respectively, 
for each species.

To evaluate Allen's rule, we conducted SMAs to examine how 
the log-linear relationship between appendage SA and body size 
SA:V varied between long- and short-finned pilot whales. We used 
body core SA:V as a metric of body size in appendage SMAs as SA:V 
serves both as a metric of body size and heat retention. Due to sex-
ual dimorphism in some appendages (discussed in results), separate 
appendage SMAs were constructed for males and females of each 
species. As with body core analyses, we complemented SMA analy-
ses with Wilcoxon signed rank tests to directly test for interspecific 
differences in normalized appendage SA for each appendage group 
individually (pectoral flippers, dorsal fin and flukes) and for all ap-
pendages combined. As larger bodies have larger appendages, we 
normalized appendage SA by body size (body core SA) in order to 

compare the relative size of appendages between species, sexes and 
maturity status. Body core SA was used to normalize appendage SA 
as other metrics of body size (e.g. length) would be expected to scale 
differently with SA.

To assess whether appendage size varied with body size, we 
compared normalized appendage SA between immature and ma-
ture individuals for male and female short- and long-finned pilot 
whales, respectively, using Wilcoxon signed rank tests (Appendix S1, 
Table S4). Further, we examined relationships between normalized 
appendage length (appendage length/total body length) and body 
length. Exploratory analyses suggested linear relationships, and thus 
linear regressions were used to examine how normalized appendage 
length varied with body length.

All analyses were conducted in the R statistical package (ver-
sion 3.3.2), using the smatr (version 3.3.2; Warton et al., 2012) and 
car (version 3.3.2; Fox & Weisberg, 2011) libraries (R Core Team, 
2016).

3  | RESULTS

Sample sizes and mean values of morphometric measurements 
are shown by species, sex and maturity status in Table 1. For both 
species, females of mature and immature individuals were smaller 
in total length than their male counterparts, making immature fe-
males the smallest subgroup and mature males the largest. Typically, 
short-finned pilot whales were smaller in total length than long-
finned pilot whales for all comparisons with the exception of im-
mature males. For each subgroup, mean pectoral flipper length was 
consistently larger in long-finned pilot whales than in short-finned 
pilot whales. However, mean dorsal fin height for short-finned pilot 
whales was consistently greater than that of long-finned pilot whales 
for each subgroup. Interestingly, immature short-finned pilot whales 
had slightly larger fluke widths than those of immature long-finned 
pilot whales, however, this relationship was reversed in mature indi-
viduals. For all appendages, appendage size increased with body size 
intraspecifically.

For all SMA analyses comparing log-linear relationships of 
core body SA to V, there were no significant differences in slope, 
and consequently a common slope was estimated for each SMA 
to allow comparisons of elevation of SMA regressions (Wright, 
Westoby, & Reich, 2002; Table 2). There was a significant differ-
ence in elevation of regression lines between mature males and 
mature females for both short- and long-finned pilot whales, there-
fore all further analyses were separated by sex. For both sexes, the 
SMA for long-finned pilot whales had a significantly higher ele-
vation when compared to the SMA for short-finned pilot whales 
(Table 2; Figure 2), demonstrating that for a given V, long-finned 
pilot whales have a higher SA than short-finned pilot whales. The 
difference in morphology found between mature male and female 
short-finned pilot whales and long-finned pilot whales is likely due 
to the slimmer build (as determined by assessing girth:total length 
measurements) and more pronounced peduncle for long-finned 
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pilot whales (Figure 3). However, comparisons of SA:V between 
species showed that long-finned pilot whales had significantly 
lower overall SA:V due to their larger overall size when compared 
to short-finned pilot whales for both mature males and females 
(Tables 1 and 3).

Standardized major axis regressions of overall appendage SA 
and pectoral flipper SA relative to body size (SA:V) showed sig-
nificant differences in slope between male short- and long-finned 
pilot whales (Table 2; Figure 4). At low values of SA:V (larger body 
sizes), male long-finned pilot whales had proportionally higher 
overall appendage SA and higher pectoral flipper SA than male 
short-finned pilot whales, while overall appendage and pecto-
ral flipper SA was similar between species at higher values of 
SA:V (smaller body sizes) (Table 2; Figure 4). For females, SMAs 
of overall appendage SA and pectoral flipper SA relative to body 
size showed no difference in slope, and comparisons of elevation 
revealed that for a given value of SA:V, long-finned pilot whales 
had higher appendage SA values than short-finned pilot whales 
(Table 2; Figure 5). In both sexes, SMAs of dorsal fin and fluke 
SA showed no significant differences in slope between the two 
species and a significant difference in elevation with short-finned 
pilot whales showing higher SA values for the appendages than 
long-finned pilot whales for a given body size.

Comparisons of normalized appendage SA between species 
showed that for both mature males and females, long-finned pilot 
whales had significantly higher overall appendage SA relative to 
their size (Appendix S1, Table S1; Figure 6). For both sexes and 
ages, long-finned pilot whales had larger normalized pectoral 

flipper SA than short-finned pilot whales, but short-finned pilot 
whales had significantly higher normalized dorsal fin and fluke SA 
(Figure 6).

For long-finned pilot whales, when comparing males and fe-
males and immature and mature individuals, larger animals showed 
higher mean values of normalized SA for pectoral flippers and for 
all appendages combined, but lower normalized SA for dorsal fins, 
though differences were not typically significant (Figure 6). The 
small sample sizes for males (Table 1) may have limited our ability 
to observe significant differences between males with differing 
maturity statuses. No consistent trend in appendage SA relative to 
body size was observed between maturity status or sex for short-
finned pilot whales.

Normalized pectoral flipper length increased linearly with body 
SA for both female and male long-finned pilot whales (Appendix 
S1, Table S2). Additionally, normalized fluke width increased lin-
early with size for male short-finned and long-finned pilot whales 
(Appendix S1, Table S2). No other linear relationships were found 
between normalized appendage length and total body length.

4  | DISCUSSION

Our results provide support for Bergmann's rule in mature pilot 
whales in the Northwest Atlantic (Table 3), but demonstrate the 
opposite pattern than that predicted by Allen's rule (Figure 6). 
Mature male and female long-finned pilot whales, the species with 
the more northern distribution, had lower SA:V than short-finned 

TA B L E  2   Standardized major axis regression (SMA) results comparing bivariate relationships of surface area and volume and relationships 
of appendage surface area and core body surface area to volume for short-finned pilot whales and long-finned pilot whales (Globicephala 
macrorhynchus and G. melas, respectively) along the eastern seaboard of the United States

Variable Group Comparison R Slope Slope(p) Elevation Elevation (p)

Core body SA:V Females Short-finned (32)
Long-finned (33)

0.993
0.999

0.663 p = .581 0.889
0.905

p = 2.208 × 10−9

Males Short-finned (16)
Long-finned (19)

0.998
0.999

0.671 p = .523 0.847
0.854

p = .027

Pectoral Flippers SA:Core 
body SA:V

Females Short-finned (32)
Long-finned (33)

0.820
0.906

−2.258 p = .143 1.330
1.600

p < 2.222 × 10−16

Males Short-finned (16)
Long-finned (19)

0.934
0.944

−1.953
−2.356

p = .046   

Dorsal fin SA:Core body 
SA:V

Females Short-finned (32)
Long-finned (33)

0.594
0.798

−1.785 p = .642 1.481
1.324

p = 1.022 × 10−10

Males Short-finned (16)
Long-finned (19)

0.930
0.891

−1.976 p = .412 1.371
1.121

p = 3.442 × 10−15

Fluke SA:Core body SA Females Short-finned (32)
Long-finned (33)

0.708
0.934

−2.094 p = .728 1.321
1.240

p = 7.799 × 10−5

Males Short-finned (16)
Long-finned (19)

0.961
0.924

−2.050 p = .408 1.399
1.316

p = 1.604 × 10−3

All Appendages SA:Core 
body SA:V

Females Short-finned (32)
Long-finned (33)

0.833
0.933

−2.106 p = .138 1.817
1.926

p = 1.253 × 10−10

Males Short-finned (16)
Long-finned (19)

0.961
0.954

−1.887 p = .021   

Note: Sample sizes for comparisons are provided in parentheses. Regression values and significance of these values are included.
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pilot whales as a result of their larger overall size. Support for 
Bergmann's rule in terrestrial animals varies based on clade and the 
strength of these relationships may be influenced by overall spe-
cies size and latitude; smaller species and animals in lower latitudes 
conform more strongly (Alhajeri & Steppan, 2016; Mayr, 1956). 
However, pilot whales and other marine mammals may be more 
likely to conform to Bergmann's rule. Marine mammals endure 
vastly different thermoregulatory challenges than terrestrial endo-
therms, and thus may adhere to Bergmann's rule more strictly for 
purposes of heat conservation and regulation (Berta et al., 2006; 

Schmidt-Nielsen, 1997; Torres-Romero et al., 2016). Bergmann's 
rule may apply to some taxonomic groups of marine mammals 
more than others; cetaceans, which are fully aquatic mammals, are 
thought to adhere to Bergmann's rule more closely than pinnipeds, 
which regularly haul-out on land that can serve as a thermal refuge 
(Torres-Romero et al., 2016).

When all appendages were considered together, the normal-
ized SA of pilot whale appendages showed the opposite pattern 
as that predicted by Allen's rule, with long-finned pilot whales 
(the larger species, which occurs at higher latitudes), exhibiting 

F I G U R E  2   Comparison of the bivariate relationship between the surface area and volume for female and mature male short-finned 
(Glophicephala macrorhynchus) and long-finned (G. melas) pilot whales, respectively, along the eastern seaboard of the United States based on 
standardized major axis regressions (SMAs)

F I G U R E  3   Morphology and relative size of mature (a) female short-finned pilot whales, (b) male short-finned pilot whales, (c) female long-
finned pilot whales, and (d) male long-finned pilot whales (Globicephala macrorhynchus and G, melas, respectively) as represented by average 
measurements for each sex/species (left lateral view) based on morphometrics from stranded and fishery bycatch data
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significantly higher overall appendage SA relative to body size than 
short-finned pilot whales. Thinly insulated appendages in marine 
mammals, such as pectoral flippers, act as thermal windows, allow-
ing heat to be dissipated quickly in warm environments or during 
periods of increased activity (Kvadsheim & Folkow, 1997; Meagher 
et al., 2002; Noren et al., 1999). Larger bodies with a lower SA:V 
typically take longer to cool (Phillips & Heath, 1995), and there-
fore the highly insulated, larger bodies of long-finned pilot whales 
may require larger appendages for rapidly dissipating heat during 
periods of exertion when compared to smaller short-finned pilot 
whales. This may also be particularly true of larger individual long-
finned pilot whales; our results suggest that for long-finned pilot 
whales, larger individuals have proportionally larger appendages 
(Figure 6). This trend was particularly evident in females, for which 
we had the largest sample size. In female long-finned pilot whales, 
overall normalized appendage SA and both pectoral flipper length 
and normalized SA were proportionally larger in larger individuals, 
providing further support that larger individuals may need larger 

‘radiators’ to dissipate heat (Figure 6). Appendages act as thermal 
windows through which blood flow can be altered to conserve 
heat; routing blood through counter-current heat exchangers 
allows veins to be warmed by arterial blood, thus retaining heat 
within the body core (Meagher et al., 2008; Pabst, Rommel, & 
McLellan, 1999; Scholander & Schevill, 1955). When heat must be 
dissipated, counter-current heat exchangers can be bypassed by 
sending warm blood through superficial arteries close to the skin's 
surface, thereby increasing the transfer of heat to the environ-
ment (Barbieri et al., 2010; Kvadsheim & Folkow, 1997; Meagher 
et al., 2008; Noren et al., 1999; Rommel, Pabst, McLellan, Mead, & 
Potter, 1992; Scholander & Schevill, 1955). These adaptations help 
to minimize the energetic cost of thermal windows.

While our results suggested that larger long-finned pilot whales 
have proportionally larger appendages, short-finned pilot whales 
did not show consistent trends in appendage SA or length relative 
to body size. Differences in blubber composition may influence 
the need for larger, cold-water marine mammals to offload heat 

TA B L E  3   Results of Wilcoxon signed rank tests for pairwise comparisons of body core surface area to volume ratio (SA:V) (cm−1) and total 
body length between short-finned pilot whales and long-finned pilot whales (Globicephala macrorhynchus and G. melas, respectively) along 
the eastern seaboard of the United States, separated by sex and maturity status

Metric Species Comparison Mean ± SE W p

Body Core SA:V Mature females Short-finned (26)
Long-finned (24)

0.088 ± 0.001
0.077 ± 0.001

538 3.147 × 10−6

Mature males Short-finned (9)
Long-finned (7)

0.068 ± 0.002
0.060 ± 0.003

51 0.042

Total body length Mature females Short-finned (26)
Long-finned (24)

358.5 ± 4.256
432.8 ± 5.819

13 6.748 × 10−9

Mature males Short-finned (9)
Long-finned (7)

486.7 ± 8.865
559.6 ± 16.42

7 0.008

Note: Sample sizes for comparisons provided in parentheses.
Abbreviation: SE, Standard error.

F I G U R E  4   Comparison of the bivariate 
relationship between appendage surface 
area (SA) (cm2) and body core surface 
area to volume ratio (SA:V) (cm−1) for (a) 
pectoral flippers, (b) dorsal fins, (c) flukes, 
and (d) all appendages combined for 
male short-finned and long-finned pilot 
whales (Globicephala macrorhynchus and 
G. melas, respectively), along the eastern 
seaboard of the United States based 
on standardized major axis regressions 
(SMAs)
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through increased appendage SA. Cold-water cetacean species 
tend to have higher lipid content in their blubber when compared 
to subtropical and tropical species likely resulting in more insu-
lative blubber (Koopman, 2007). While the thermal properties of 
short-finned pilot whale blubber have been investigated (Bagge et 
al., 2012), comparisons with long-finned pilot whale blubber com-
position and conductivity have not yet been made. Such experi-
ments would be valuable to determine whether long-finned pilot 
whales may have more insulative blubber than their subtropical 
congeners, and, thus, whether larger long-finned pilot whales may 
have an increased need to dissipate heat in comparison to larger 
short-finned pilot whales.

In contrast to the marine mammals evaluated here, terrestrial 
endotherms that alter appendage heat flow to thermoregulate typ-
ically conform to Allen's rule (Danner & Greenberg, 2015; Friedman 
et al., 2017; Greenberg et al., 2011; Griffing, 1974; Stevenson, 1986; 
Symonds & Tattersall, 2010; though see Stevenson, 1986). For exam-
ple, jackrabbits can dissipate heat through pinnae after intense ex-
ercise, and follow intraspecific principles of Allen's rule with smaller 
pinnae occurring in species in colder environments (Griffing, 1974; 
Hill et al., 1980; Stevenson, 1986). The high conductivity of the ma-
rine environment requires high insulation for heat retention in marine 
mammals, and may influence the relative costs and requirements for 
appendage size between marine and terrestrial endotherms.

While long-finned pilot whales had proportionally larger nor-
malized appendage SA than did short-finned pilot whales when all 
appendages were considered together, short-finned pilot whales 
had larger dorsal fins and flukes than long-finned pilot whales. The 
opposite pattern was observed for pectoral flipper SA. The differ-
ence in normalized SA for pectoral flippers was much larger between 
species; for mature long-finned pilot whales, normalized pectoral 
flipper SA was on average 1.89 and 1.85 times greater than that 
of mature short-finned pilot whales for males and females, respec-
tively, resulting in a larger normalized SA for this species when all 

appendages were combined (Appendix S1, Table S3; Figure 6).Thus, 
our results indicate that when considered independently, the dorsal 
fin and flukes follow Allen's rule while the pectoral flippers do not. 
The different appendages likely function differently with respect to 
thermoregulation. The pectoral flippers may play the largest role in 
dissipating heat for large-bodied marine mammals when compared 
to other appendages due to their proximity to the heart. Meagher 
et al. (2008) observed higher heat flux values at the pectoral flipper 
than at other thermal windows, possibly because the flipper receives 
warmer core blood than other appendages in the periphery. Further 
research examining the roles of the pectoral flippers, dorsal fin and 
flukes in thermoregulation would be useful in understanding biogeo-
graphic trends in the morphology of marine mammal species.

It is important to note that marine mammal appendages serve 
numerous other functions in addition to thermoregulation, and can 
influence maneuverability, streamlining, acceleration and balance 
(Cooper et al., 2008; Edel & Winn, 1978; Fish, Howle, & Murray, 
2008; Woodward et al., 2006). For example, whales that show 
high maneuverability are thought to have larger flukes in order 
to generate more thrust, but the drag produced by the dorsal fin, 
flippers and fluke can also increase overall drag forces acting on 
the animal (Fish, 2004; Woodward et al., 2006). Social and repro-
ductive factors can also influence appendage size. We observed, 
as in some previous studies, that males of both pilot whale species 
were larger and had proportionally larger dorsal fins than females 
(Leatherwood et al., 1976; Olson, 2009; Ralls & Mesnick, 2002). 
This pattern of sexual dimorphism is frequently observed in del-
phinids, and is thought to be related to reproductive maturity sig-
nalling, sexual selection and male–male aggression (Leatherwood 
et al., 1976; Olson, 2009; Ralls & Mesnick, 2002). Our finding 
that short-finned pilot whales had proportionally smaller pecto-
ral flippers but proportionally larger dorsal fins and flukes than 
long-finned pilot whales suggests that there may be a trade-off 
in the size of these appendages. Differences in the behaviour or 

F I G U R E  5   Comparison of the bivariate 
relationship between appendage surface 
area (SA) (cm2) and body core surface 
area to volume ratio (SA:V) (cm−1) for (a) 
pectoral flippers, (b) dorsal fins, (c) flukes, 
and (d) all appendages combined for 
female short-finned and long-finned pilot 
whales (Globicephala macrorhynchus and 
G. melas, respectively), along the eastern 
seaboard of the United States based 
on standardized major axis regressions 
(SMAs)
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F I G U R E  6   Normalized appendage surface area (appendage SA/body core SA) for all appendages together, and for pectoral flippers, 
dorsal fin and flukes for mature short-finned pilot whales and long-finned pilot whales (Globicephala macrorhynchus and G. melas, 
respectively) along the eastern seaboard of the United States separated by sex. One asterisk indicates a significant difference at the p = .05 
level between groups, two asterisks indicate a significant difference at the p = .01 level and three asterisks indicate a significant difference at 
the p = .001 level between groups based on Wilcoxon signed rank tests
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environment of the two pilot whale species may influence the rel-
ative importance of these appendages.

Appendage thickness was not available in our data set, and we 
modelled appendages as a flat plate. While our estimates of append-
age SA would have differed if appendage thickness was included, 
we feel that this was unlikely to impact our results as the thickness 
of cetacean flippers and flukes is very small relative to their length 
and width. However, future studies could measure thickness either 
during strandings or through photogrammetric methods during 
drone studies of wild animals.

Standardized major axis regression results showed significant 
differences in elevation between short-finned pilot whales and 
long-finned pilot whales for both male and female regression lines, 
suggesting morphological differences in the body core between 
these groups. Female and male long-finned pilot whales had, on 
average, similar girths to short-finned pilot whales, however, long-
finned pilot whales had much larger total lengths. This indicates 
that per their given size, long-finned pilot whales have more slen-
der bodies than short-finned pilot whales, however, because they 
are so much bigger in length their V is much larger. This finding 
implies that for short-finned pilot whales and long-finned pilot 
whales of similar size, the long-finned pilot whale would have a 
higher SA:V and decreased ability to retain heat in the core body. 
However, the body size of mature individuals of the two species 
differs considerably and there is little to no overlap in the size 
of mature short-finned pilot whales and long-finned pilot whales 
(Kasuya & Marsh, 1984; Martin, Reynolds, & Richardson, 1987). 
These findings merit further investigation, but suggest morpho-
logical differences between species that could influence thermal 
ecology, as well as hydrodynamic efficiency and locomotion.

Differences in the heat conservation abilities of short-finned 
pilot whales and long-finned pilot whales resulting from morpho-
logical differences likely play a role in their contrasting latitudinal 
distributions. Long-finned pilot whale morphology lends itself to 
a high capacity for heat conservation, making this species better 
adapted to higher latitudes with colder water temperatures in com-
parison to short-finned pilot whales. Environmental temperatures 
could not be examined in this study due to limitations of stranding 
data, as the location of these deep-diving animals prior to stranding 
was not known. Therefore, strandings could not be associated with 
a specific location or environmental variable such as water tem-
perature. However, water temperature is known to be an important 
factor contributing to the habitat use of these species, and is used 
by managers in the eastern United States to separate sighting of the 
two species in regions of overlap (Garrison & Rosel, 2017; Hayes 
et al., 2017; Thorne, Webster, Stepanuk, & Read, 2019; Thorne et 
al., 2017). To further investigate Bergmann's rule and Allen's rule 
in pilot whales in situ water temperature measurements should be 
combined with morphological data to understand the relationship 
between SA:V and environmental temperature. Future field studies 
could obtain morphometric measurements from drone-based sur-
veys of pilot whales as well as in situ water temperature to assess 
body size-temperature relationships in pilot whales.

5  | CONCLUSIONS

Our results suggest that ecogeographic variation in morphology be-
tween the two pilot whale species may be attributable to morpho-
logical trade-offs required to balance heat conservation and heat 
dissipation. Other studies suggest the importance of appendages 
in cetacean thermoregulation (Kvadsheim & Folkow, 1997; Meagher 
et al., 2002; Noren et al., 1999), and the relationship between body 
size, appendage size and heat regulation should be further explored 
in other cetacean species.
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