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A total of 622 skin specimens, 527 skeletons, and myological data compiled by Schreiweis (1972) 
were used to investigate morphometric patterns within and among the 18 Recent species of 
Spheniscidae, and to compare the family with a Righted species, the common diving-petrel 
(Pekcanoides urtnutor), considered by some authorities to be similar to the flighted ancestor of 
penguins. Fossil penguins also were studied using measurements from 11 I skeletal elements 
representing 18 species. Most external and skeletal measurements follow interspecific rankings in 
body mass; the latter span a 30-fold range from 1 kg in Eudyptulu minor to 30 kg in Aprrnodyres 
forsteri. Flighted Pelecunoides is only one-tenth the mass of the smallest spheniscid. Wing areas 
and body masses of penguins maintain approximate geometric similitude among species; the 
allometric coefficient is 0.62k0.04. Several skeletal elements are less derived in conformation in 
the fossil penguins than in modern confamilials. Despitc great variation in the lengths of wing and 
leg skeletons, penguins show relative consistency in proportions of wing elements; pelvic 
proportions were more variable within the Spheniscidae. Proportions within both limbs are 
distinctly different from those of Prfrcanoides. Analysis ofcorrelation structures within species of 
penguin revealed three major subsets of skeletal variables that are highly intercorrelated: trunk- 
skull lengths, appendicular-trunk widths, and appendicular lengths. Within these groups, 
measurements tend to separate by anatomical region and, to a lesser degree, by limb. 

Canonical analysis of skin and skeletal measurements revealed groupings of spheniscids on the 
basis of size and relatively complex shape variables. Cluster analyses of taxa on the canonical 
variates confirmed the similarity of congeners in Eudyptes, Eudyptulu and Spheniscus; species of 
Aptenodytes and, to a lesser degree, Pygoscelis, are more heterogeneous. A cluster analysis of 
principal components of myological measurements tabulated by Schreiweis (1972) corresponded 
closely with phenetic groupings using external and skeletal variables. A canonical contrast 
between spheniscids and Pelecunuides indicated that the families differ in a relatively complex 
skeletal dimension that only in part reflects overall size. 

Multivariate assessment of sexual dimorphism in external and skeletal variables indicated that: 
Eudyptula is least dimorphic; Aptenodytes, Eudypres, Megadyptes and Spheniscus are moderately 
dimorphic; and Pygoscclis is most dimorphic. Prleeanoides shows comparatively low dimor- 
phism. 

Among-species and within-species first principal components of skeletal measurements 
(multivariate axes of skeletal ‘size’) differ from one another in their orientation, and both deviate 
from isometric size. The first principal component for skeletons of Peleeanoides also deviated 
from isometric size, but the direction of this allometry is fundamentally different from that in 
penguins. 

Estimates of body mass for fossil penguins, based on principal components of available skeletal 
measurements, indicate that fossil species ranged from 3 kg to 81 kg in total mass; the largest fossil 
species was approximately 2.5 times as massive as the largest extant spheniscid. 

Much of the morphometric variation in the Spheniscidae is explainable on locomotory, 
ecological and thermodynamic grounds, and the associated phenetic groupings conform broadly 
with traditional generic classifications. The evolutionary significance of mensural correlations, 
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allometric trends and differences between fossil and Recent species are discussed, and the need for 
a phylogenetic analysis of this highly specialized family of winged-propelled diving birds is 
stressed. 
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Introduction 

Penguins (Sphenisciformes: Spheniscidae) comprise I8 Recent and numerous fossil species of 
flightless diving birds limited in distribution to marine coasts of the Southern Hemisphere 
(Simpson, 1946; Stonehouse, 1975). Spheniscids are wing-propelled diving birds, i .e. propulsion 
during swimming and diving is provided solely by strokes of the highly derived, flipper-like wings 
(Townsend, 1909; Storer, 1960, 1971; B. D. Clark & Bemis, 1979). Penguins are considered by 
most authorities to be the most highly specialized for submarine locomotion of all diving birds 
(Feduccia, 1980; Raikow, 1985). 

The exceptionally derived anatomy of penguins has been the subject of study for over 150 years 
(Reid, 1835; Coues, 1872; Gervais & Alix, 1877; Watson, 1883; Filhol, 1885; Pycraft, 1898; 
Shufeldt, 1901; Lowe, 1933; Gregory, 1935; Wiman & Hessland, 1942; Shtegman, 1970; 
Schreiweis, 1982). Unique characters include radically reduced wing musculature (including the 
loss of 12 muscles), modification in number and structure of remiges, and extremely derived 
pectoral and pelvic skeletons (cf. Pycraft, 1898; Lowe, 1933; Schreiweis, 1982). 

This diversity of uniquely derived characters within an otherwise primitive anatomy has not 
only attracted morphological study, but has contributed to substantial controversy concerning the 
phylogenetic relationships of the Spheniscidae. The traditional view, and that currently favoured, 
holds that penguins were derived from a fully flighted ancestor (Fiirbringer, 1888; Gregory, 1935; 
Simpson, 1946, I97 la, 1975, 1976). The tubenoses (Procellariiformes) are cited most frequently as 
the closest living relatives of the penguins (Fiirbringer, 1888; Simpson, 1946, 1975; but see Sibley, 
1960; Saiff, 1976), with the diving-petrels (Pelecanoididae) representing a likely ancestral 
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morphotype (Simpson, 1946,1975; Storer, 1960). The opposing hypothesis of origins held that the 
penguins diverged from other Aves prior to the evolution of true aerial flight and its associated 
morphological specializations (Menzbier, 1887; Lowe, 1933, 1939). Both schools of thought 
recognized the unique morphological specializations of the Spheniscidae, but they differed in their 
interpretation of the phylogenetic significance of these anatomical characters. 

Despite the long history of descriptive anatomy and related controversy, studies of the 
morphology of penguins using quantitative techniques are few (Simpson, 1946; Verheyen, 1958; 
Stonehouse, 1967; Schreiweis, 1972; Zusi, 1975; Bannasch, 1986a, h, 1987). Moreover, I know of 
no studies of the Spheniscidae in which allometric or multivariate analyses were employed. 

This paper presents a morphometric analysis of the Spheniscidae, as a part of a larger study of 
flightlessness in carinate birds. The present study is based on study skins and skeletons of all 18 
Recent species, the myological data of Schreiweis (1972), and elements of selected fossil species. 
Analyses include univariate comparisons, examination of proportions and bivariate allometry, 
and multivariate patterns within the Spheniscidae, as well as comparisons with a hypothetical 
‘ancestral flighted morphotype’, the common diving-petrel (Pelecanoides urinator). It concludes 
with a discussion of covariance structures of mensural variables, the functional and evolutionary 
implications of morphological patterns within the Spheniscidae, and the interface between 
morphometric phenetics and the phylogenetic relationships of the family. 

Material 

Recent penguins 

Sample sizes of skins and skeletons of Recent species of penguin are given in Table I .  If possible, 30 skins 
and skeletons of each species were measured, although such samples (especially of skeletons) were not 

TABLE I 
Numbers of’ study skins and skeletal specimens of Recent species ofpenguins sampled in this study. 
Samples of anatomical specimens dissected by Schreiweis (1972) ,  data from which were re- 

analysed here, are also given 

Index Anatomical 
Species Common name number Skins Skeletons specimens 

Aptenodytespatagonicus King penguin I 30 30 2 
A .  forsteri Emperor penguin 2 24 35 2 
Pygoscelis p a p a  Gentoo penguin 3 31 20 2 
P.  adeliae Adelie penguin 4 32 32 2 
P .  antarctica Chinstrap penguin 5 25 10 2 
Eudyptes chrysocome Rockhopper penguin 6 36 40 2 
E. pachyrhynchus Fiordland crested penguin 7 26 30 2 
E. rohustus Snares crested penguin 8 18 3 ~ 

E. chrysolophus Macaroni penguin 10 38 17 2 
E. schlegeli Royal penguin 11 36 11 I 
Megadyptes antipodes Yellow-eyed penguin 12 41 30 1 
Eudyptula minor Little blue penguin 13 51 35 1 
E. albosignata White-flippered penguin 14 34 29 I 
Spheniscus demersus Black-footed penguin 15 29 38 2 
S. humboldti Peruvian penguin 16 37 31 I 
S. magellanicus Magellanic penguin 17 26 51 2 
S. mendiculus Galapagos penguin 18 39 22 2 

E. sclateri Erect-crested penguin 9 38 19 ~ 
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available for some species. Consequently, some analyses of skeletons included only the best-represented 
members ofeach genus-A. forsteri, P .  adeliae, E. chrysocome, M .  antipodes, E. minor and S.  magellanicus. A 
total of 591 skins and 483 skeletons were measured, most ofwhich provided complete series of measurements. 
The taxonomy of Recent penguins (including questions of synonymy and gender) follows Falla & Mougin 
(1 979), except that Eudyptes schlegeli is treated as specifically distinct from E. chrysolophus, and Eudyptula 
albosignata as separate from E. minor. Only four of the 18 Recent species are polytypic (Stonehouse, 1975; 
Kinsky & Falla, 1976; Falla & Mougin, 1979), for which the following subspecies were sampled: Aptenodytes 
patagonicus (subspp. patagonicus and halli), Pygoscelis papua (papua, ellsworthii), Eudyptes chrysocome 
(chrysocome, moseleyi) and Eudyptula minor (minor, iredalei, nouaehollandiae, oariabilis). Preference was 
given to study skins which were fully extended, with properly closed bills, naturally dried (unstuffed) feet, and 
‘ails not in heavy moult. An effort also was made to sample birds of known sex and wild capture. 

Fossil penguins 

A total of 11 1 skeletal elements of fossil spheniscids were included in the samples. Few elements were 
genuinely associated (i.e. circumstances indicated that the specimens represented a single individual), 
although a majority of species were represented by several different referred elements. Eighteen species were 
studied, representing 13 of the 16 fossil genera recognized by Simpson (1975). Specific taxonomy of fossil 
penguins follows Simpson (1946), as modified by Simpson (1971a, b, 1972a, b, 1975). 

Diving petrels 

Thirty-one study skins and 44 skeletons of the common diving-petrel (Pelecanoides urinator) were 
measured for comparisons with the Spheniscidae. Only extended, well preserved skins were included, and 
preference was given to skins and skeletons of known sex. The samples comprised several subspecies of 
P.  urinator-urinator, chathamensis, berard, dacunhae and exsul (Murphy & Harper, 192 1; Jouanin & 
Mougin, 1979). 

Methods 

Data collected 

The following measurements were made on study skins: total length (extended specimens only, feet 
excluded), culmen length (exposed, medial), bill height (at gonys), wing length (traditional, from anterior 
edge of wrist to distal terminus), flipper length (total distance from anterior junction with body to distal 
terminus), tarsus length (anterior), digit-I11 (middle-toe) length (excluding nail), and tail length (central arc). 
In addition, tracings of an extended flipper were made for most specimens; the areas of these tracings were 
measured using a compensating polar planimeter, and this figure was doubled to estimate the total ‘flipper 
area’ of each specimen. Mean body masses for Recent penguins were taken from those compiled by 
Stonehouse (1967), modified by data from specimen tags and (for Spheniscus magellanicus) unpublished data 
(provided by P. S. Humphrey et al.). Body masses and wing areas of Pelecanoides urinator were taken from 
Kuroda (1967), Warham (1977) and Pennycuick (1987). 

Forty-five measurements were made on complete skeletons; descriptions of most of these were made in 
Livezey & Humphrey (1984, 1986) and Livezey (1988). Less traditional measurements used herein include: 
least and maximal widths of shafts of long bones at their midpoints (LWMs and MWMs, respectively); 
anteroposterior and lateromedial widths of the tarsometatarsus at its midpoint (APW, LMW); anteroposter- 
ior and dorsoventral widths of metacarpal I1 of the carpometacarpus (APW, DVW); width of the scapula 
blade at its maximal transverse dimension; and lengths of the 3 major phalanges of pedal digit-I11 were 
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summed to estimate skeletal middle-toe length. All skeletal measurements were made with dial calipers to 
within 0.1 mm. 

Means of 88 myological measurements for 16 Recent species of penguin compiled by Schreiweis (1972) also 
were analysed. Eighty of these were continuous variables presented as proportions of associated skeletal 
measurements (latter not given); 8 variables were discrete, qualitative characters recoded to integer ranks for 
analysis. Forty-four of the variables were from the pectoral musculature, 36 were from the pelvic limb. 
Specimens dissected by Schreiweis (1972) are given in Table I. 

Statistical analyses 
Sexual dimorphism within species of penguin is small relative to interspecific differences in the 

Spheniscidae, the latter being the primary focus of this paper. Furthermore, small sample sizes for specimens 
of known sex (especially of skeletons) prevented precise assessment of sexual dimorphism in most species 
studied, and distinguishing the sexes in all species would unnecessarily complicate comparisons, tables and 
plots. Consequently, except for estimates of sexual dimorphism in adequately represented species (see below), 
the sexes are pooled in the interspecific comparisons. 

Linear measurements were compared using analysis of variance (ANOVA). Flipper areas were log- 
transformed (base e) for analysis. Cross-sectional areas of the body are related more directly to efficiency of 
diving than body mass but were not available in this study; therefore, wing-loadings were used as an index of 
the relative bulk that penguins must propel through the water. Wing-loadings were calculated as the ratio of 
mean body mass (g) over total wing or ‘flipper’ area (cm2) as suggested by Clark (1971). 

Bivariate association was measured using Spearman correlation coefficients (r). Intra-limb proportions 
(ratios of bone lengths over sum of lengths of bones in the limb), wing-loadings and ratios of selected 
dimensions within single skeletal elements (‘relative widths’ of humeri and tarsometatarsi) were log- 
transformed for statistical comparisons (Mosimann & James, 1979). Bivariate plots of such ratios with 
element lengths were used to examine the relationship between conformations of shaft and lengths of bone. 
Correlation structure among the 7 external variables and among the 43 skeletal variables within Recent 
species of penguin was examined by cluster analyses using complete linkage based on pooled within-species 
correlation matrices. 

Bivariate allometry, the relative rates of change (scaling) among selected variables (Gould, 1966), was 
measured by the slopes of allometric curves. Allometric equations had their origin in the study of relative 
growth rates (Huxley, 1932), but have been applied in a diversity of biological contexts (cf. Peters, 1983; 
Calder, 1984; Schmidt-Nielsen, 1984), and several statistical concerns and inferential limitations have been 
suggested for certain applications of the technique (e.g. Prothero, 1986; Pagel & Harvey, 1988; Welsh, 
Peterson & Altmann, 1988). Accordingly, allometric analyses are confined herein to descriptive explorations 
of form among species within the Spheniscidae. Slopes (‘allometric coefficients’, 6) and intercepts (a) of 
allometric equations were estimated using linear (geometric-mean) regressions of log-transformed variables 
(Livezey & Humphrey, 1986). 

Principal component analysis (PCA) defines multivariate axes that maximally disperse points (Jolliffe, 
1986). The resultant axes represent eigenvectors of the associated dispersion matrix, and the points can be 
individual specimens, species means, or other types of data. For morphometric data, the first principal 
component (PC-I) typically is correlated positively and strongly with all measurements; such components 
have traditionally and usefully been interpreted as ‘general size factors’. Unless the contribution of all 
measurements to this ‘size’ component are equal, however, some ‘shape’ variation or allometry also is 
included in the corresponding axis (Mosimann & James, 1979). Therefore it is useful to compare such ‘size’ 
axes with an equidimensional isometric size axis, an axis (for log-transformed data) which represents ‘pure’ 
size change without confounding allometric changes in shape (Somers, 1986; comparative techniques are 
detailed below). The ‘size’ reflected by such components also depends on the nature of the measurements 
(external, skeletal), the type of data used (individual specimens, species means), the associated matrix 
analysed (covariance, correlation) and the details of the loadings of variables on the resultant PC-I. PCA was 
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used for extraction of orthogonal morphometric axes in several contexts. First principal components were 
extracted from 2 different covariance matrices for complete skeletons of Recent penguins: the pooled 
within-species covariance matrix (reflecting common intraspecijic covariance structure); and the covariance 
matrix based on mean vectors for the 18 Recent species (reflecting interspeciJic covariance structure). Both 
covariance matrices were based on log-transformed data (Jolicoeur, 1963). The resultant first components 
(PC-I), in unit eigenvector form, were compared to each other by determination of the angular differences in 
their multidimensional orientation; the components also were compared with an isometric size eigenvector (a 
vector with all elements being [43]-1’2) using direction arccosines between vectors (Pimentel, 1979). 

A PCA of mean myological variables compiled by Schreiweis (1 972) was used to reduce the dimensionality 
of the data set for subsequent species comparisons. Because of the inclusion of discrete variables in the 
myological data set, components were extracted from a correlation matrix of the 88 variables. A subset of the 
15 resultant components was retained based on the magnitude of the associated eigenvalues. The 16 species 
then were clustered by eigenvalue-weighted, Euclidean distances between group centroids in the reduced PC- 
space. 

Body masses of fossil penguins were estimated using stepwise regressions of (log-transformed) mean body 
masses of Recent penguins on significantly correlated (P < 0.05) principal components of skeletal 
measurements available for each fossil species. This method permitted estimates of mass based on a stepwise- 
selected subset of mutually orthogonal predictor variables (components) which summarized the mensural data 
available for each fossil species. Components were derived from covariance matrices based on log- 
transformed data (Jolicoeur, 1963). 

Canonical analyses (CAs), a statistical technique which extracts multivariate axes that maximally separate 
predefined groups (Pimentel, 1979), were employed to contrast species and to quantify sexual dimorphism 
within species. CAs were performed separately on skin and skeletal measurements, and were based on log- 
transformed measurements (for stabilization of covariances) which were backstep-selected from the complete 
suites of variables using F-statistics. Sexual dimorphism was quantified using Mahalanobis’ distances (D); 
estimates of D were based on the combined samples of known-sex specimens and specimens for which sex was 
inferred from a preliminary CA. Also, for comparisons of species, scores on subsets of canonical variates were 
used to cluster species by morphometric similarity. Clustering was based on Euclidean distances between 
group centroids. 

For PCAs and CAs of individual specimens of Recent species, skin and skeletal records were submitted to 
an algorithm for the estimation of missing data. Missing data were estimated using stepwise regressions based 
on available measurements for other specimens of the same species (for skins) or same genus (for skeletons). 
Up to 3 measurements for skins and up to 9 measurements for skeletons were estimated; specimens lacking 
more data were excluded from multivariate analyses. Estimates comprised 6.0% of the skin (n = 586) and 
2.4% of the skeletal (n=477) data sets for Recent penguins. In addition, initial CAs prompted the re- 
identification of 6 inadequately documented skeletal specimens. 

Statistical programs employed are part of the Biomedical Computer Programs (Dixon, 1985), performed 
on an IBM computer at the University of Kansas. 

Results 

Univariate comparisons 

External measurements 

As demonstrated by representatives of each genus of penguin (Table II), there is substantial 
variation in gross morphometrics within the Spheniscidae. Extant members span a 30-fold range 
in body mass, from 1 kg in Eudyptula minor to 30 kg in Aptenodytes forsteri; none the less, the 
relatively small mass of E.  minor is an order of magnitude greater than that of Pelecanoides, its 
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TABLE 11 
Summary statistics (f k standarddeviation ( n ) )  for selected external measurements ( m m )  
ofthe common diving-petrel (Pelecanoides urinator) and seven Recent species of penguin. 

Mean body masses (kg)  were compiled from the literature 
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Body Culmen Wing Tail Middle-toe 
Species mass length length length length 

Pelecanoides urinator 0. I 16.2 f 1.2 1 18.3 k 6.5 36.9 + 3.2 26.4 &- 2.0 
(31) (31) (31) (31) 

A .  forsteri 30.0 70.5 5 5.3 
(23) 

(32) 

(36) 

(41) 

Pygoscelis adeliae 5.0 36.553.2 

Eudyptes chrysocome 2.5 44.3 f 3.8 

Megadyptes antipodes 5.2 54.7 5 2.3 

flighted ‘counterpart’. Few external measurements followed interspecific rankings of body mass 
(Table 11). Culmen length differed considerably from body mass in interspecific rankings, being 
over 25% longer in Aptenodytespatugonicus than in the much more massive A.forsteri. Culmen 
length in other genera, relative to body mass, was small in Pygoscelis, moderate in Megadyptes, 
Spheniscus and Eudyptes and greatest in Eudyptulu. 

Wing lengths of penguins tended to follow body mass in interspecific rankings (Table 11); wing 
lengths of flighted Pelecanoides were comparable to those of medium-sized spheniscids. Tail 
lengths were greatest in medium-sized Pygoscelis, followed by Aptenodytes forsteri, Eudyptes, 
A .  patugonicus, Megadyptes, Spheniscus and Eudyptula. Middle-toe lengths closely followed 
culmen lengths in interspecific magnitudes (Table IT). 

Skeletal measurements 

Six selected measurements represent the intergeneric patterns in osteological variables (Table 
111). Skeletal bill length mirrored culmen length in interspecific rankings, confirming its poor 
correlation with overall body size. Cranium length corresponded closely with body mass in 
magnitude among species (Table 11); therefore the long bills of A. patagonicus, compared to its 
larger congener A. forsteri, are not the result of general enlargement of the skull. Most other 
skeletal measurements, including the humeral and femoral variables tabulated (Table HI), closely 
followed body mass in interspecific rankings. 

As expected on the basis of its comparatively small body mass (Table TI), the skeletal dimensions 
of Pelecunoides were exceeded by those of all genera of penguin, with the exception of 
tarsometatarsus length (Table 111). Tarsometatarsi of Pelecanoides were on average longer than 
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those of Eudyptula spp., and equalled those of the much larger Spheniscus mendiculus (not 
tabulated). 

Almost no cranial material was available for fossil spheniscids; skulls of only two species were 
available for this study. Marplesornis novaehollandiae, the single fossil sampled for which cranium 
length was measurable, equalled A .  forsteri in size (Table 111). Cranial width and height of 
Paraptenodytes antarcticus (not tabulated; 47+7,38.8) were comparable to those of A .  patagonicus. 

Postcranial measurements also evidenced the large size of many fossil penguins (Table 111). 

TABLE 111 
Summary statistics (a  k standard deviation, n) for selected skeletal measurements (mm) of the common dit'ing-petrel 

(Pelecanoides urinator), and seven Recent and nine fossil species of penguin 

Bill Cranium Humerus Humerus Femur Tarsometatarsus 
Species length length length MWM length length 

- 

Pelecanoides urinator 

Recent penguins 
Aptenodytes patagonicus 

A .  forsteri 

Pygoscelis adeliae 

Eudyptes chrysocome 

Megadyptes antipodes 

Eudyptula minor 

Spheniscus magellanicus 

Fossil penguins 
Palaeeudyptes antarcticus 

Wimanornis seymourensis 

Pachydyptes ponderosus 

Archaeospheniscus wimani 

Anthropornis nordenskjoeldii 

Paraptenodytes antarcticus 

Palaeospheniscus gracilis 

- Marplesornis novaezealandiae - 86.0 103.2 20.0 
(1) (1) (1) 

- - - - Korora olivieri ~ 
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Dimensions of the humerus, femur and tarsometatarsus revealed that the dimensions of several 
fossil species, e.g. Palaeeudyptes antarcticus, Pachydyptes ponderosus and Anthropornis nordensk- 
joeldii-greatly exceeded those of the largest extant spheniscid, A .  forsteri. 

Bivariate relationships 

Wing-body allometry 

Large body masses and relatively small wing ('flipper') areas of penguins produce some of the 
heaviest wing-loadings among carinate birds. Based on published body masses and wing areas 
measured in this study, wing-loadings of spheniscids were as follows: Aptenodytes forsteri, 77 
g.cm-2; A .  patagonicus, 45; Pygoscelis spp., 30-34; Megadyptes antipodes, 33; Spheniscus spp., 
22-28; Eudyptes spp . ,  22-28; Eudyptula spp., 20-23. All greatly exceeded the estimate for 
Pelecanoides urinator (0.65 g-cm-2) and the threshold of (aerial) flightlessness of 2.5 g*cm-2 
hypothesized by Meunier (1951). 

The increase in wing-loadings with body mass in Recent penguins reflects an interspecific 
allometry of wing area with body mass (Fig. 1); the slope of this relationship was 0.62, not 
significantly different from that for maintenance of geometric similitude (0.67 for an area with 
changes in mass; Table IV). Flighted Pelecanoides fell well above the allometric curve for penguins, 
Two linear wing measurements-wing length and flipper length-also showed interspecific 
allometry with body mass which approximated geometric similitude (i.e. slopes not significantly 
different from 0.33; Table IV). Shape of the flipper as measured by the ratio of wing area over 
flipper length (inversely related to aspect ratio), however, was negatively allometric with body 
mass; the slope was significantly less than that expected for geometric similitude (b=0-33 for a 
relation between the ratio of an area over a linear quantity with a mass; Table IV). Aptenodytes had 
distinctly higher flipper ratios than other spheniscids, i.e. the genus was characterized by relatively 
broad flippers and low aspect ratios. 

Selected skeletal elements 

Two appendicular skeletal elements, the humerus and tarsometatarsus, have been particularly 
important for the systematics of penguins, including fossil species (Simpson, 1946, 197 1 a; 
Marples, 1952). Previous mensural investigations of these elements, however, have not included 
allometric analyses. In  the humerus, least and maximal (midpoint) shaft widths (LWMs and 

TABLE IV 
Allometric equations of form Y =  aM6 relating mean body masses 
( M )  of 18 Recent species of penguin with selectedalar variables 
(lengths in mm, areas in emz, masses in g ) ;  r is correlation 
coefficient and estimates of li and 6 given f one standard error 

Dependent variable ( Y )  r ii 6 

Wing length 0.96 1.76k0.17 0.35+0.02 
Flipper length 0.96 2.09k0.19 0-37kO.03 
Flipper area 0.97 -0.22 k 0.28 0.62 k0.04 
Flipper area/flipper length 0.95 -2.38 k0.15 0.26&0.02 
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FIG. 1. Logarithmic plot of mean body masses (8) and wing areas (cm2) for 18 Recent species of penguin (0) and 
common diving-petrel (4). Regression line fitted for penguins only (see Table IV for equation). 

MWMs) scaled at slightly different rates with element lengths among species (Table V); the slope 
of least widths exceeded that for maximal widths by 0.1 1. This differential in allometric coefficients 
produced a moderate decline in the ‘relative flatness’ ratio (MWM/LWM) with humerus length for 
penguins (Fig. 2). 

Superimposed on this general trend is a substantial contrast between Recent and fossil species of 
penguin, one largely responsible for the apparent allometry in humeral flatness (Fig. 2). With the 
exception of Palueospheniscus spp., humeri of the fossil penguins tended to be larger and/or less 

TABLE V 
AIIometric coeficients of form Y =  a p  relating variables of 
humeri and tarsometatarsi of n species of fossil and Recent 
penguins; r is correlation coefficient and estimates of slope (6)  

given rt one standard error 

Variable 

Element X Y n r  6 

Humerus Length LWM 29 0.98 1,20+0.05 
Length MWM 30 0.96 1.09rt0.07 

Tarsometatarsus Length LMW 25 0.93 0.96 + 0.10 
Length APW 27 0.97 0.96k0.09 
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FIG. 2 .  Logarithmic plot of lengths and ‘relative flatness’ (maximal width divided by least width of shaft) of humeri for 
18 Recent (0) and 11 fossil species (0) of penguin, and the common diving-petrel (W). 

flattened than those of Recent spheniscids. The humeral shape of Pelecanoides, although 
somewhat derived relative to other Procellariiformes, differed much from the spheniscids but was 
closer to the fossil penguins than to extant species (Fig. 2). Of the Recent genera of penguins, 
Pygoscelis and Eudyptes had the most flattened (derived) humeral shafts. 

Dimensions of tarsometatarsi of penguins approximated geometric similitude, i.e. both the 
anteroposterior widths (APW) and lateromedial widths (LMW) scaled with element length with a 
slope approximating unity (Table V). Consequently, the ratio of these widths showed negligible 
slope with tarsometatarsus length within the family (Fig. 3). Nevertheless, a distinct demarcation 
between Recent and fossil penguins in tarsometatarsal shape emerged, in which fossil species were 
characterized by a combination of comparatively large size.and low ‘relative breadth’ (the ratio of 
LMW/APW). Of all the penguins represented, the fossil Palaeeudyptes antarcticus was most 
primitive in its tarsometatarsal dimensions, although it was modified greatly relative to the more 
typical procellariiform conformation of Pelecanoides (Fig. 3). 
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Intra-appendicular proportions 

Variation in relative lengths of skeletal elements within the wing and leg was manifested at two 
levels-major differences between Pelecanoides and spheniscids, and comparatively small but 
consistent variation among the penguins. Intra-appendicular proportions showed very low 
variances within species; standard errors of species means were less than 0.1 % in the vast majority 
of cases (excluding the poorly represented E. robustus), with the highest standard errors being 
0.2% for alar proportions and 0.3% for pelvic proportions. Interspecific differences in alar and 
pelvic proportions were highly significant (P < 0.0001, ANOVAs of log-transformed proportions), 
and the major groupings shown (Figs 4,5) are conservatively defined. The limbs are depicted in the 
diagrams (Figs 4, 5) as being of equal lengths for purposes of comparison of proportions, but 
actually varied greatly among species. Mean skeletal wing lengths (kS.D., n) ranged from 
376.4 k 14.1 (32) for A.forsteri to 132.1 f 5.4 (32) for E. minor and 127.2 6.7 (40) for Pelecanoides 

FIG. 3.  Logarithmic plot of lengths and ‘relative breadths’ (lateromedial width divided by anteroposterior width) of 
tarsometatarsi for 18 Recent (0 )  and six fossil species (0) of penguin, and the common diving-petrel (B). Dashed line 
divides Recent and fossil penguins. 
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FIG. 4 .  Diagram of mean intra-alar skeletal proportions (XI of skeletal wing lengths) of five major wing elements of 
common diving-petrel (Pelecanoides urinuiur) and five groups of Rcccnt species of penguin. Representative skeletal 
elements of Pelecuttoides urinator (Univ. Kansas 79835) and Eudypiulu minor (Univ. Kansas 69806) are depicted at equal 
lengths for interfamilial comparisons of proportions. 

urinutor; mean skeletal leg lengths ranged from 438-8 15.6 (31) for A.forstcri to 184.3 5 9.2 (32) 
for E .  minor and 125.4 

Comparisons of intra-alar proportions revealed that Pelecanoides differed from spheniscids 
primarily in having comparatively large forewing (ulnar) proportions and small contributions 
from the proximal phalanges of the major digit (digit-TI). The three other alar segments 
contributed roughly the same fraction of skeletal wing length in both families, although the 
humeral proportions of Pelecanoides were more similar to those of Pygoscelis than to other Recent 
penguins (Fig. 4). 

Smaller but significant ( P  < 0.001) differences in intra-alar proportions characterized the 
Spheniscidae (Fig. 4). Proportions of the phalanges of the major digit showed little variation 
except a slight decrease associated with increasing body size. Carpometacarpal proportions were 

5.1 (36) for Pelecanoides urinator. 
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1 % smaller in A .  forsteri, P .  adeliae and Eudyptula spp. than in other species. Aptenodytes forsteri 
and Pygoscelis had proportionately longer humeri and shorter ulnae than other genera, exclusive 
of Eudyptula; the latter genus was unusual in its large proximal and midwing segments and its 
abbreviated distal elements (Fig. 4). 

Skeletal proportions within the pelvic appendage showed a greater diversity of pattern (Fig. 5) .  
Penguins differed greatly from flighted Pelecanoides in the four pelvic proportions compared. In 
spheniscids, the two distal segments-tarsometatarsus and middle-toe were proportionately 
shorter than those of Pelecanoides, whereas the proximal segments-femur and tibiotarsus-were 
proportionately longer. The largest difference in proportions between Pelecanoides and sphenis- 
cids was in the tarsometatarsus, which in the former made up almost twice as much of the limb as it 
did in penguins (Fig. 5 ) .  

Within the Spheniscidae, eight significantly different patterns in leg proportions emerged 
( P  < 0.0001). The tibiotarsal proportions varied most interspecifically (range of 6%), owing in part 
to variation in cnemial processes (included in the length measured), and tended to follow body size 
in rankings (Fig. 5) .  Middle-toe proportions were the second most variable among taxa (range 
5%), being largest in P .  antarctica, Eudyptes and Megadyptes, and least in A .  forsteri and 
P .  adefiae. Femoral proportions spanned a range of 4% among taxa, contributing (relatively) 
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FIG. 5 .  Diagram of mean proportions (?4) of skeletal leg length) of four major skeletal segments of pelvic iimbs of the 
common diving-petrel (Pelecanoides urinalor) and eight groups of Recent species in penguin. Representative skeletal 
elements of Pelmznoides urinutor (Univ. Kansas 79835) and Eudyptula minor (Univ. Kansas 69806) are depicted at equal 
lengths and interfamilial comparisons of proportions. 
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much to leg length in Spheniscus and two Pygoscelis, and only moderately in most other 
spheniscids; A .  patugonicus had substantially smaller femoral proportions (Fig. 5) .  The short, 
almost square tarsometatarsi of penguins varied least in proportions among species (range of 3%), 
but were relatively longest in Eudyptula, A .  patagonicus and Spheniscus. Only Aptenodytes and 
Pygoscelis showed significant variation among congeners in pelvic proportions; the two species of 
Aptenodytes differed much in the proportions of all four pelvic segments (Fig. 5). 

Intruspecijic correlation structure 

Patterns of bivariate correlation within species were examined using pooled within-species 
correlation matrices for the seven external (skin) measurements (harmonic mean n = 532) and 43 
skeletal measurements (harmonic mean n =446). In addition to the expectedly strong correlations 
between structurally related dimensions ( e g  culmen length vs. bill height, r = 0.54) or between 
lengths of anatomically paired elements (e.g lengths of radius and ulna, r = 0.96), there emerged a 
hierarchy of more subtle morphometric relationships. These were summarized by cluster analyses 
of variables by their correlation coefficients. 

Only one pair of external measurements were not correlated significantly ( P  < 0.05) within 
species-lengths of the tail and tarsus-although several other pairs were only marginally related 
(Fig. 6). Two pairs of skin variables were (relatively) strongly correlated: culmen length with bill 
height, and wing length with middle-toe length. 

Correlation coefficient ( r )  
1.0 0.8 0.6 0.4 0.2 0.0 

i 

i 
Total length 

Tail length 

1 Culmen length 

Bill height 4 
Middle-toe length 

Wing length 

Tarsus length 1 

FIG.  6. Diagram of cluster analysis of seven skin measurements based on pooled within-species correlation matrix for 
Recent penguins. 
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Skeletal measurements were intercorrelated much more strongly than skin measurements, 
evidently the result, in part, of the greater variance in skin measurements associated with wear, 
bending, specimen preparation and growth. All skeletal variables were significantly positively 
intercorrelated ( P  < 0.05). Three major, relatively independent subsets of the skeletal variables 
were clustered-trunk-skull lengths, appendicular-trunk widths and appendicular lengths (Fig. 7). 
Within the second and largest group, maximal widths of appendicular elements, minimal widths of 
appendicular elements and widths of trunk elements tended to form separate subclusters. Within 
the cluster of appendicular lengths, proximal and distal measurements tended to cluster 
separately; within these subgroups there was also a tendency for measurements to cluster by limb 
(Fig. 7). Cranial height and width, measuring ‘inflation’ of the braincase, formed another weakly 
supported cluster that was only poorly correlated with other variables. Two measurements- 
furcula MWM and synsacrum length-varied almost independently of each other and all other 
skeletal variables (Fig. 7); the shape and taper of the furcula and the variable number of fused 
sacral vertebrae in the synsacrum undoubtedly increased the variances of these two variables. 

Multivariate patterns 

Canonicul analysis of skin measurements 

The seven external variables were entered significantly (P<O.O5) into a CA of Recent 
spheniscids, and provided substantial discrimination of species (Wilks’ lambda = 0.00005; d$ = 7, 
17, 568; P < < 0.001). Overall success of jack-knifed classifications to species was 8 1 . I  %, despite 
substantial overlap of several species within genera (Fig. 8); a majority of the misclassifications 
occurred within the Eudyptes pachyrhynchus-sclateri-robustus, Eudyptes chrysolophus-schlgeli, 
and Eudyptula minor-albosignatu ‘superspecies’. 

Although six of the seven canonical variates (CVs) incorporated significant interspecific 
differences (ANOVA of scores, P < O.OOOl), the first three CVs together accounted for 95% of the 
total among-species dispersion (Table VI). On CV-I and CV-I1 of skin measurements, species 
tended to aggregate by genus, however, the species of Pygoscelis were relatively dissimilar (Fig. 8). 
CV-I was a contrast between bill height and the other variables (Table VI). CV-I incorporated 
much of ‘general body size’ represented by the data set; the rank correlation between scores on 
CV-I and mean body mass was 0.95. The very long, slender bill of A .  putagonicus placed it slightly 
higher on CV-I than the more massive A.,forsteri (Fig. 8). 

CV-11 contributed another 20% of interspecific skin measurements, and largely contrasted tail 
length and bill height with culmen length (Table VI). Pygoscelis, characterized by long tails and 
short bills, had low scores on CV-11; Spheniscus and Aprenodyres had opposite proportions and 
high scores (Fig. 8). The third canonical variate contrasted residual variance in bill height and 
middle-toe length with total length, wing length and tail length (Table VT); this axis provided 
additional separation of high-scoring Eudyptulu, Aptenodytes and Pygoscelis from low-scoring 
Eudyptes and Spheniscus. 

Cunonicul analysis of skeletons 

Recent spheniscids. The skeletal data set provided powerful discrimination of the Recent species of 
penguin (Wilks’ lambda < lop7; df. = 42, 17, 452; P <  < 0.001). Jack-knifed classifications 
achieved 90.6% success in species identifications; 42 of the 43 misclassifications occurred within 
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FIG. 7. Diagram of cluster analysis of 43 skeletal variables based on pooled within-species correlation matrix for Recent 
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FIG. 8. Plot of first two canonical variates of seven external measurements for 18 Recent species of penguin. Ellipses 
enclose mean scores & one standard deviation. 

TABLE VI 
Srandardized coefjicients and .summary starisrics for the 
jirst three canonical variates of seven external measure- 
ments discriminating 18 Recent species of penguin (Sphe- 

niscidae) 

Canonical variate 

Character I 11 III 

Total length 
Culmen length 
Bill height - 
Wing length 
Tail length 
Tarsus length 
Middle-toe length 

Eigenvalue 
Variance (Yo)  
Canonical R 

0.23 -0.05 
0.18 0.61 
0.59 -0.33 
0.7 1 0.15 

0.09 0.09 
0.31 -0.80 

0.27 -0.04 

40.0 11.8 
67.0 19.8 
0.99 0.96 

0.07 
0.02 

- 0.96 
0.1 1 
0.07 

-0.06 
- 0.23 

5.0 
8.3 
0.9 1 

Eudyptes (primarily involving chrysolophus, schlegeli and scluteri) and Eudyptulu. Only one 
measurement, radius LWM, failed to enter the model significantly ( P >  0.05); the variable was 
correlated highly with other measurements of the mid-wing that merited prior inclusion in the 
model. 

Based on ANOVAs of scores on canonical axes, 16 of the 17 CVs derived incorporated 
significant interspecific differences in skeletal dimensions (P < 0.05). However, each of the last 1 1 
variates represented 1% or less of the total dispersion among species; the first three CVs 
incorporated 85% of the interspecific differences, and CVs I-VT accounted for over 95%. 

A plot of species ellipses on CV-I and CV-I1 for skeletal data produced largely generic clusters, 
although the two species of Aptenodytes were relatively well separated (Fig. 9). Positions of the 
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FIG. 9 ,  Plot of first two canonical variates of 42 skeletal variables for 18 Recent species of penguin. Ellipses enclose mean 
scores+one standard deviation, except for poorly represented Eudyptrs robustus which is shown as mean only. 

species on skeletal CV-I, as in the CA of skin measurements, closely followed specific rankings by 
body mass (Fig. 9); the correlation coefficient for ranks on CV-I and body mass was 0.95. 
Coefficients of variables for CV-I, however, indicated that a secondary contrast of bill length, 
ulnar MWM and lengths of the femur, tarsometatarsus, middle-toe and sternal carina with the 
other measurements was confounded with the size information represented (Table VII). 

CV-I1 essentially contrasted lengths of the cranium, humerus, femur, tarsometatarsus and 
coracoid with the lengths of the radius, ulna and middle-toe, MWMs of the ulna and furcula and 
sternal carina depth (Table VII). This axis emphasized some of the interspecific variation in alar 
and pelvic proportions discussed earlier (Figs 4, 5). Pygoscelis adeliae had low scores on CV-11, 
whereas A .  patagonicus, Eudyptes and Megadyptes had high scores; other species were 
intermediate in position on this axis (Fig. 9). 

CV-I11 for skeletal measurements contributed another 13.6% of the interspecific differences, 
and largely contrasted lengths of the carpometacarpus, femur and sternal basin, and humerus 
MWM with lengths of the bill, humerus, ulna, tarsometatarsus and scapula, and sternal carina 
depth (Table VII; not figured). Aptenodytes scored highly on the axis, Eudyptula and Spheniscus 
had moderate scores, and other species had low scores on CV-111. 

The 14 remaining CVs each accounted for less than 6% of the total interspecific variance. Many 
represented rather narrow contrasts and several served only to distinguish further single species 
from other penguins; e.g. CV-V isolated M. antipodes, CV-VIT distinguished S.  mendiculus, and 
CV-XI11 separated E. schlegeli from all other species. These axes enhanced classificatory power 
but contributed comparatively little to an understanding of family-wide trends, and are not 
detailed here. 

Recent penguins us. Pelecanoides. A canonical contrast of Recent penguins and Pelecanoides 
urinator revealed the reduced multivariate axis of skeletal measurements that separated the 
families (Fig. 10). Twenty-five skeletal variables were entered significantly ( P  < 0.05), and together 
effected great discrimination between the families (Wilks’ lambda = 0.002; d. f .  = 25 ,  1 ,  493; 
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TABLE VII 
Standardized coeficients and summary statistics for the first three 
canonical variates of 42 skeletal measurements discriminating I8 

Recent species of penguin 

Canonical variate 

Character I I1 111 

Bill length 
Cranium length 

Height 
Width 

Humerus length 
Head width 
LWM 
MWM 

Radius length 
MWM 

Ulna length 
LWM 
MWM 

Carpometacarpus length 
APW 
DVW 

Phalanx 2 length 
Phalanx 1 MWM 

Femur length 
Head width 
LWM 
MWM 

LWM 

APW 
LMW 

Digit 11, phalanx 1 length 

Tibiotarsus length 

Tarsometatarsus length 

Digit I11 length 
Scapula length 

Blade width 
Coracoid length 

Basal width 
Sternal carina length 

Basin length 
Least width 
Posterior width 
Carina depth 

Furcula height 
MWM 

Synsacrum length 
Interacetabular width 

Eigenvalue 
Variance (%) 
Canonical R 

-0.31 
- 0.00 

0.23 
0.26 
0.34 
0.16 
0.16 
0.09 

-0.12 
- 0.04 

0.29 
-0.14 
- 0.37 

0.02 
0.05 

-0.02 
0.22 
0.04 

- 0.09 
- 0.67 

0.28 
-0.01 

0.11 
0.37 

- 0.03 
-0.36 
-0.05 

0.10 
- 0.25 

0.04 
- 0.02 

0.47 
0.12 

-0.21 
0.14 

-0.10 
0.09 
0.1 1 
0.17 

- 0.02 
0.21 

-0.16 

132.2 
69.3 

1 .oo 

0.07 

0.18 
-0.18 
- 1.10 
- 0.02 

0.04 
-0.05 

0.8 I 
-0.06 

0.75 
-0.00 

0.36 
0.08 
0.08 

-0.02 
0.20 

-0.05 
-0.24 
-0.31 

0.07 
-0.08 
- 0.00 

0.06 
0.09 

-0.36 

- 0.40 
- 0.05 

0.17 
0.34 

- 0.06 
0.09 

-0.39 
- 0.07 
- 0.05 
- 0.02 
-0.10 

0.19 
0.30 
0.15 
0.30 

- 0.05 
- 0.22 

15.3 
8.0 
0.97 

0.35 
0.14 
0.02 

-0.27 
0.79 
0.03 

-0.03 
- 0.42 
- 0.09 

0.03 
0.40 

-0.12 
-0.13 
-0.44 
- 0.08 

0.13 
0.09 
0.01 

-0.10 
-0.85 

0.13 
0.06 
0.22 

-0.26 
0.25 
0.68 
0.12 
0.20 

-0.21 
0.30 

-0.25 
-0.09 
-0.17 
-0.07 
-0.44 
-0.24 

0.04 
0.31 
0.06 

-0.17 
0.08 

-0.01 

13.6 
7.1 
0.96 
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FIG. 10. Canonical contrast between 18 Recent species of penguin and the common diving-petrel (Pelecanoides 
urinator), based on 25 skeletal variables stepwise-selected from 43 measurements analysed. Index numbers for species of 
penguin given in Table I. 

P < < 0.001). The contrast axis clearly involved, at least in part, a general size factor (Fig. 10); rank 
correlation between contrast scores and body mass was 0.89. Coefficients of the included variables, 
however, indicate that the axis confounded body size with a contrast of a variety of appendicular 
and trunk dimensions (Table VITI). On the basis of these coefficients and the negative scores of 
Pelecanoides, the flighted diving-petrels were not only smaller than the penguins but also had long 
humeri, ulnae and tarsometatarsi, and wide sterna relative to the lengths of their femora and 
coracoids, and the widths of their radii and tarsometatarsi (Table VIII). 

Cluster analyses 

CVs of external measurements. A cluster analysis of Recent spheniscids, using Mahalanobis' 
distances on the first three CVs of external measurements and incorporating 95% of the 
interspecific differences, produced mostly generic groupings (Fig. 1 1). One exception was P. papua, 
which was joined to the Eudyptes-Megadyptes cluster after its congeners. Moreover, excluding 
p. papua and the exceptionally small S.  mendiculus, species within each genus were clustered on 

TABLE VIII 
Standardized coefficients and summary statistics of skeletal variables incorporated into a 
canonical contrast between the common diving-petrel (Pelecanoides urinator) and 18 

Recent species of penguin 

Variable Coefficient Variable Coefficient 

Cranium length 
Height 
Width 

Humerus length 
Head width 
LWM 

Radius MWM 
Ulna length 

LWM 
Carpometacarpus APW 

DVW 
Digit-11, phalanx 1 length 

Phalanx 2 length 

0.23 
0.12 
0.12 

-0.39 
-0.24 

0.13 
0.67 

-0.41 
0.14 

- 0.20 
0.21 

-0.16 

-0.31 

Femur length 
Head width 

Tarsometatarsus length 
LMW 

Scapula blade width 
Coracoid length 
Sternal least width 

Posterior width 
Carina depth 

Synsacrum length 

Eigenvalue 
Canonical R 

0.42 
0.19 

- 0.49 
0.40 
0.29 
0.47 
0.34 

- 0.44 
-0.18 

0.08 

429.9 
1.0 
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FIG. 1 1. Diagram of cluster analysis of 18 Recent species of penguin based on Mahalanobis' distances among taxa on 
first three canonical variates of seven external measurements. 

external CVs at very similar distances (approximately two units). At greater distances, three major 
groups of species were defined-Aptenodytes, Eudyptula and Pygoscelis-Megadyptes-Eudyptes- 
Spheniscus-which also approximated groupings by body size (Fig. 1 1). 

CVs of skeletal measurements. A cluster analysis of Recent penguins on the first six CVs of skeletal 
data, which incorporated over 95% of the total interspecific dispersion, defined phenetic groupings 
that closely correspond with current taxonomy (Fig. 12) and the phenogram based on external 
characters (Fig. 11). However, the cluster analysis of skeletal CVs differed from that for skin 
measurements in several ways: (1) P. antarctica and P. adetiae were more similar to P. papua than 
to Eudyptes or Megadyptes; (2) the distances at which genera were linked varied considerably (e.g. 
Aptenodytes), indicating comparatively great differences in intergeneric dissimilarity; and (3) there 
were minor differences in linkage patterns within Pygoscelis, Eudyptes and Spheniscus (excluding 
aberrant S.  mendiculus). 

PCs of myological variables. A PCA of 88 myological variables compiled by Schreiweis (1972) 
defined 15 components which summarized variation among the mean vectors for 16 species of 
penguin; seven of these had eigenvalues greater than 4.0 and together accounted for 79.1 o/o of the 
total interspecific variance. A cluster analysis of the 16 species on these seven axes (Fig. 13) 
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Fic;. 12. Diagram of cluster analysis of 18 Recent species of penguin based on Mahalanobis’ distances among taxa on 
first six canonical vatiates of 42 skeletal measurements. 

produced phenetic groupings that were broadly congruent with those based on skin (Fig. I I )  and 
skeletal (Fig. 12) measurements. The myologically-based phenogram differed in several respects: 
(1) M .  antipodes and (more importantly) E. schlegeli were linked to the remaining Eudyptes after 
the latter were to Spheniscus; and (2) there were linkage patterns within Pygoscelis and Spheniscus 
different to either of the other phenograms. Comparisons between the myologically-based 
phenogram and the other two cluster analyses were problematic because: (1) only mean 
measurements were available, thus necessitating a PCA instead of a CA; (2) two taxa (E.  scluteri 
and E. robustus) were not included; and (3) the measurements had been ‘standardized’, i.e. 
presented as ratios of associated bones. The impact of these methodological differences is not 
known but may have been substantial. 

Sexual dimorphism 

Skin measurements. Stepwise CAs discriminating the sexes in each species revealed that, when skin 
measurements were used, penguins fell into two groups with respect to magnitude of sexual 
dimorphism (Table IX). Aptenodytes and Eudyptula showed comparatively low dimorphism 
(intersexual D = 1 .O), whereas Pygoscelis, Eudyptes, Megadyptes and Spheniscus were more 
dimorphic ( D  = 2.0). In only three species of penguin did more than two variables enter the CAs, 
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F IG.  13. Diagram ofcluster analysis of 16 Recent species of penguin based on scores on first seven principal components 
of correlation matrix for 88 myological measurements compiled by Schreiweis (1972). 

indicating relatively low dimensionality of sexual differences in external measurements. Skin 
measurements of Pelecanoides provided an estimated intersexual D of 0.9, comparable to those of 
Aptenodytes and Eudyptulu (Table IX). 

Skeletal measurements. Adequate samples of skeletons were available for contrasts of sexes for one 
species representing each genus of penguin, as well as Pelecanoides urinator. Three rough 
groupings of the represented species emerged (Table X): comparatively weakly dimorphic 
(Eudyptula, Spheniscus), moderately dimorphic (Aptenodytes, Eudyptes, Megudyptes), and 
strongly dimorphic (Pygoscelis). Unlike the comparisons of sexes using skin measurements, the 
richer skeletal data permitted the inclusion of many more measurements in the estimation of 
intersexual D (1 5-24 variables entered significantly). Skeletal sexual dimorphism in Pelecanoides 
was relatively low, comparable in magnitude to that of Spheniscus (Table X). 

The size-shape differences reflected by the intersexual CAs were difficult to interpret. For each 
species, the intersexual contrasts were linear combinations of 15-24 variables; because of high 
correlations between variables, those entered into the model for one species might be precluded in 
that for another species by the prior entry of anatomically related measurements. Associated 
coefficients varied up to eight-fold in magnitude and were positive or negative with approximately 
equal frequency. Despite this diversity of contributions by variables, a few generalities were 
apparent: (1) males arc larger than females in spheniscids and Pelecanoides, and this size difference 
contributed to the multivariate intersexual contrasts; (2) the presence of positive and negative 
coefficients indicates that shape differences were confounded with size in the contrasts; (3) signs of 
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T A B L E  IX 
Sample sizes n (males, females: parentheses enclose numbers 
of specimens sexed a posteriori) and numbers of uuriubles 
entered (pe)  in estimated Mahalanobis’ distances (0) in 
exiernal measurements between ihe sexes in common diving- 
petrel and 18 Recent species of penguin: intersexual differ- 
ences were significant (*-P<O.OS, **-P<O.Ol, ***- 

P i  0.001) 

Species I1 D 
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Pelecunoides urinaior 

Aptenodytes purugonicus 
A .  forsieri 
Pygoscelis pupua 
P. adeliae 
P. anturcticu 
Eudvp fes chrysocome 
E. pachyrhynchus 
E. robustus 
E. scluteri 
E. chrysolophus 
E. schlegeli 
Megadyptes an tipodes 
Eudypiula minor 
E. albosignaia 
Spheniscus deniersus 
S. huniboldii 
S. magellunicus 
S. mendiculus 

15, I6 (0) 

14, 16(7) 
12, 10 (8) 
15,16(10) 
22, 10 ( 5 )  
16.9 (4) 
20, 16 (0) 
18, 8 ( 5 )  
8, lO(I1) 

15, 23 (8) 
17, 21 (4) 
17, 19 (9) 
29, 12 (15) 
22, 24 (2) 
19, I 5  (4) 
17, 11  (9) 
16, 21 (0) 
12, 14 (5) 
16, 22 (3) 

I 

1 
2 
1 
1 
1 
4 
3 
2 
1 
2 
2 
2 
1 
1 
1 
4 
2 

T A B L E  X 
Sample sizes n (mules. females; parentheses enclose 
numbers of specimens sexed a posteriori) and numbers of 
uuriubles entered (p,) in esiiniaied Mahalanobis’ distances 
(0) in skeletuldimensions between the sexes in the common 
diving-petrel und seven Recent species of penguin; all 

intersexual differences were significant (P< 0,001) 

Species n Pc D 

Pelucunoides urinutor 25, 17 (8) 26 10.5 

Aptenodvtes forsteri 19,15(15) 16 11.8 
Pygoscelis udeliae 18, 14 (7)  21 20.8 
Eudyptus chrysocome 32, 8(23) 23 14.1 
Megadyptes antipodes 14, 16 (15) 15 12.3 
Eudyptula minor I S ,  19 ( 8 )  I7 9.7 
Spheniscus mugellanicus 24.27 (12) 24 9.1 

coefficients indicate that the greater skull lengths of males contributed significantly to intersexual 
contrasts in most species; and (4) widths of limb elements were important in most contrasts but 
there were no obvious patterns in their coefficients among species. These generalizations apply also 
to skeletal differences between sexes of Pelecanoides. 
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PCAs and 'skeletal size' 

PC-based size axes conformed to general expectations (loadings of all variables positive and 
significant), but differed in detail from each other and from a hypothetical eigenvector describing 
isometric size-[(43)-'i2, . . ., (43)-'/*] (Table XI). PC-I for within-species variation of penguins 
accounted for 42% of the pooled intraspecific skeletal variation, and deviated by 12.2" from strict 
isometry in 43-dimensional morphometric space. The first component for interspecific variation of 
penguins accounted for 96% of the dispersion among mean vectors, and deviated geometrically 
from isometric size by 11.8". In the pooled within-species analysis, notable deviations of loadings 
from those for isometry (0.152) included all three cranial dimensions, least widths of mid-wing 
elements, and furcula MWM (Table XI). In the among-species PCA, pronounced allometry was 
indicated in cranial dimensions, lengths of distal leg elements, and in the several measurements of 
the pectoral girdle. Therefore, intraspecific and interspecific axes of skeletal size differ in the 
allometry represented in each, a differential reflected by the 12.1" difference between the 
orientations of the two axes. Additional evidence for the difference between these two measures of 
size is the marked dissimilarities between loadings for several variables: lengths and selected widths 
of the humerus, radius, ulna, tarsometatarsus and coracoid, and widths of distal wing elements, 
femur and furcula (Table XI). Ranks of species on both the within-species and among-species 
'skeletal size' axes were highly correlated with mean body masses; 0-88 and 0.90, respectively. 

PC-I for skeletons of Pelecanoides urinator, although conforming to the general patterns of 
loadings characteristic of size factors, deviated somewhat more from isometric size (18.8"). Like 
both PC-Is for penguins, cranial dimensions showed pronounced negative allometry (loadings 
well below 0.152); in addition, in Pelecanoides there were notable deviations in several dimensions 
of distal leg elements, scapula, sternum, furcula and pelvis from those for isometric size (Table XT). 
These differences in allometry, and other discrepancies between loadings for intraspecific 'size' in 
penguins and Pelecanoides, resulted in a geometric divergence of 16.0" between the corresponding 
first eigenvectors. 

Estimated body masses of fossil penguins 

PCAs of mean skeletal measurements for fossil penguins, in combination with parallel skeletal 
data and body masses for the 18 Recent species of penguin, permitted the estimation of body 
masses of 17 fossil species (Table XII). Specifically, estimated body masses were the exponentiated 
estimates derived from stepwise regressions of log-transformed mean body masses of Recent 
species on PCs of skeletal measurements available for each fossil species. In all but two of the 
species, estimated masses were based on more than PC-I (largely 'skeletal size') alone; subsequent 
'shape' components (PCs 11, I11 or V) contributed to the precision of the models as well. 

A number of the fossil taxa represented were comparable in mass to medium-sized Recent 
species (3-9 kg); these included Palueospheniscus, Paraptenodytes, Kororu and Marplesornis 
(Table XII). Platydyptes novaezealandiae and Archaeospheniscus wimani approximated extant 
Aptenodytes patagonicus in body mass, and the estimates indicate that Wimanornis seymourensis 
and Aptenodytes ridgeni were only slightly more massive than the largest modern penguin, 
Aptenodytes forsteri. The remaining six fossil species analysed were substantially more massive 
than A .  forsteri; the largest estimated body mass was 81 kg for Anthropornis grandis, which 
evidently approached a bulk three times that of the largest modern spheniscid (Table XII). 
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TABLE XI  
First eigenvectors (first principd components) and associa fed summary 
statistics of43 skeletal voriobles,for the pooled within-species and species- 
mean cavarionce mutrices .for penguins, and the within-species covariance 
matrix for Peleeanoides urinator: eniries in boldface show positive allo- 

metry, and standurd typeJuce indicates negative allometry 
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~~ 

Recent penguins 
Pelecanoides 

Variable Within species Among species urinator 

Bill length 
Cranium length 

Height 
Width 

Humerus length 
Head width 
LWM 
MWM 

LWM 
MWM 

Ulna length 
LWM 
MWM 

APW 
DVW 

Phalanx 2 length 
Phalanx I MWM 

Femur length 
Head width 
LWM 
MWM 

LWM 

APW 
LMW 

Radius length 

Carpometacarpus length 

Digit-11, phalanx 1 length 

Tibiotarsus length 

Tarsometatarsus length 

Digit-111 length 
Scapula length 

Blade width 
Coracoid length 

Basal width 
Sternal carina length 

Basin length 
Least width 
Posterior width 
Carina depth 

MWM 
Furcula height 

Synsacrum length 
Interacetabular width 

Eigenvalue 
Variance (%) 
Deviation from isometry 

0.146 
0.085 
0.069 
0.058 
0.116 
0.138 
0.167 
0.180 
0.115 
0.208 
0.163 
0.115 
0.210 
0,186 
0. I25 
0,169 
0.207 
0.135 
0.146 
0,159 
0,125 
0,122 
0.183 
0,174 
0.112 
0.179 
0.128 
0.176 
0,153 
0. I30 
0.157 
0,172 
0,130 
0.144 
0.180 
0.175 
0.164 
0.165 
0.163 
0.124 
0.200 
0.1 17 
0.140 

0.06 
42.4 
12.2" 

0.128 
0.094 
0.080 
0.090 
0.155 
0.174 
0.171 
0. I82 
0.155 
0,159 
0.147 
0,154 
0.156 
0.129 
0.159 
0.146 
0.153 
0.166 
0.171 
0.129 
0.121 
0. I52 
0.161 
0.166 
0,149 
0.148 
0.104 
0.130 
0.151 
0,040 
0.180 
0.171 
0.193 
0.191 
0.190 
0.184 
0.171 
0.173 
0.167 
0.156 
0.144 
0.160 
0.1 19 

2.57 
95.8 
11.8" 

0.063 
0.054 
0.07 1 
0.097 
0.128 
0. I28 
0.134 
0.147 
0.138 
0.155 
0.137 
0,139 
0.134 
0,170 
0.126 
0.149 
0.177 
0.138 
0.153 
0.132 
0.138 
0.126 
0.128 
0.146 
0.127 
0.144 
0.130 
0.190 
0.125 
0.065 
0,197 
0.282 
0,166 
0.185 
0.161 
0,162 
0,179 
0,307 
0.108 
0.158 
0.227 
0.128 
0.059 

0.07 
34.9 
18.8" 
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TABLE XI1 
Estimated body masses of 17,fossil species ofpenguin hased on regressions of mean hody masses 
qf Recent species qf penguin on principal components qf available mean skeleial measurements 

Numbers of incorporated 

Species Elements Measurements Components R2 (%) Mass (kg) 

Palaeeudyptes antarcticus 9 24 2 98.0 49 
P .  gunnari 6 18 2 97.4 42 
Wirnanornis seymourensis 1 3 2 956 35 
Pachydyptes ponderosus 3 8 2 98.6 54 
Plutydyptes novaezeulandiae 3 6 2 93.5 12 
Archaeospheniscus wimani 1 2 1 90.1 12 
Anthropodytes gilli 1 3 3 96.2 48 
Anthropornis grandis 1 2 2 92.6 81 
A .  nordenskjoeldii 8 20 2 98.3 52 
Paraptenodytes antarcticus 5 12 2 95.5 9 
Palaeospheniscus bergi 1 18 2 96.4 4 
P .  gracilis 4 14 2 91.5 3 
P .  patagonicus 7 11 2 97.5 4 
P. wimani 5 14 2 95.8 I 
Marplesornis novaezealandiae 1 20 2 91.6 9 
Aptenodytes ridgeni 3 10 2 96-5 38 
Korora olivieri 1 3 1 93.2 5 

Discussion 

Form and function in penguins 

Unique anatomical characters 

Penguins possess a diversity of unusual morphological characters, many of which are unique for 
the Class Aves. These anatomical novelties include: highly derived features of the integument 
(extreme reduction in size and increase in number ofcontour feathers, the loss of flight feathers, the 
absence of apteria, and well developed fat layer); skeletal modifications (reduced articulative 
mobility within the wing, pronounced dorsoventral flattening of wing elements, great shortening 
of the tarsometatarsus and thickening of walls of long bones); and numerous myological changes 
(loss of the patagium, unique radial insertion of the M .  brachialis, the reduction of eight alar 
muscles to ligamental vestiges, and the complete loss of 12 other wing muscles) (Coues, 1872; 
Lowe, 1933; Simpson, 1946, 1976; Meister, 1962; Schreiweis, 1982; Bannasch, 1986a, b, 1987). 
Most of these morphological characters have been recognized as adaptive in that they have 
conspicuous functional implications, specifically for wing-propelled diving or thermal insulation, 
and several are convergent with those found in the Alcidae (Charadriiformes) and the extinct 
Plotopteridae (Pelecaniformes) (Miller & Howard, 1949; Storer, 1960, 1971; Stonehouse, 1967; 
Harrison, 1977; Olson & Hasegawa, 1979; Olson, 1980; Raikow, 1985). Analyses presented here 
also document a diversity of form within the Spheniscidae, the functional correlates of which are 
less clear. 

Thermodynamics 

Stonehouse (1 967, 1970) provided an interpretational framework for thermodynamic implica- 
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tions of body form in penguins. Although penguins include the most massive extant carinate birds, 
they are among the smallest marine endotherms and most inhabit cold marine environments 
(Stonehouse, 1970). Several features of penguins have obvious significance for energetics and show 
interspecific variation-depth of the subcutaneous fat layer, length of body plumage, size of the 
extremities (flipper, feet and bill) and body size. Stonehouse (1967) demonstrated that much of the 
variation in lengths of body feathers and sizes of extremities was explainable in terms of 
thermodynamics; tropical and temperate species typically have shorter body feathers (i.e. reduced 
insulation) and longer extremities (more effective radiators of body heat) than antarctic and 
subantarctic breeders. Although interspecific ranking of body size is significantly correlated with 
latitude in Recent penguins (Simpson, 197 la), confounding effects of terrestrial temperatures 
faced during nesting and large seasonal variations in body mass obscure environmentally adaptive 
patterns in body size, patterns which would be predicted on the basis of hypothesized advantages 
of large size for heat retention, lower temperatures of thermoneutrality and increased endurance 
under conditions of fasting (Calder, 1974). The last advantage would be of special importance to 
antarctic-breeding species which undergo protracted fasts during incubation and chick-rearing 
(Stonehouse, 1967). Length of breeding season, however, may limit body size of species which 
reproduce at higher latitudes by placing an upper bound on the developmental period (Volkman & 
Trivelpiece, 1980). 

Locomotion 

Diving proficiency is considered to be at least as important as thermodynamics for an adaptive 
interpretation of body form of penguins (Stonehouse, 1970; Simpson, 1971a). Large body size is 
generally advantageous for diving, affording birds greater respiratory capacities and more 
favourable hydrodynamic properties, thereby enlarging depths and areas available for foraging 
(Kooyman et al., 1971, 1982; Kooyman, 1975; Butler & Woakes, 1984; Montague, 1985; 
Trivelpiece et al., 1986). Body size of penguins is also correlated with frequencies of wing strokes 
and gliding phases during dives (Clark & Bemis, 1979). Stonehouse (1967) hypothesized that 
flipper lengths of spheniscid species were optimized for efficacy in diving, specifically to provide the 
propulsive power necessitated by the cross-sectional area of the body. Stonehouse (1967) also 
suggested that standing height imposes an upper limit on flipper length in massive, relatively short- 
flippered Aptenodytes (Fig. 1); significant lengthening of flippers in this genus would require 
proportional increases in standing height to prevent the flippers from touching the ground during 
walking. Importance of body form for hydrodynamics of diving, however, probably imposes 
strong selective constraints on body length in penguins and other diving birds (Mordvinov, 1980). 
The relatively broad flippers and low aspect ratios of Aptrnodytes may compensate, in part, for the 
height-imposed limits on flipper lengths in these large species, affording additional propulsive 
power and manoeuvrability, but possibly incurring greater drag. Although not used for 
propulsion, the feet, bill and tail assist the wings in underwater steering (Hui, 1985); however, a 
lack of information on relative manoeuvrability of penguins precludes a locomotion-related 
interpretation of interspecific differences in the sizes of these structures (Table 11, Fig. 8). 

Feeding ecology 

Zusi (1975) defined three major groups of penguins on the basis of diet: (1) species essentially 
dependent on small shoaling organisms, especially euphausiids and amphipods ( P .  adeliae, 
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P. antarctica and tentatively Eudyptes, confirmed by Croxall et al. (1985) for E. chrysocome); (2) 
species with more diverse diets, feeding on crustaceans, fish and squid (Aptenodytes, P. papua); and 
(3) species which are comparatively specialized for piscivory (Spheniscus). Zusi (1  975) was unable 
to classify Eudyptula and Megadyptes because of a lack of information on food habits, but the 
references given suggest that both genera may be relatively generalized in their diets (group 2). Zusi 
( I  975) found that: members of group 1 had disproportionately large tongues; species in group 2 
had short, narrow tongues and long, narrow bills; and members of group 3 had stoutly constructed 
bills with a relatively great span between the tips of the opened jaws. 

Multivariate patterns in external measurements conform broadly with the ‘foraging groups’ 
defined by Zusi (1975); members of group 1 had medium scores on CV-I and low scores on CV-XI, 
group 2 scored highly on CV-I and varied on CV-11, and species in group 3 had moderate scores on 
CV-I and high scores on CV-I1 (Fig. 8). Based on the coefficients of variables for these axes (Table 
VI), the groups can be characterized morphometrically: group-1 penguins were large with 
relatively long bills; group-2 species had moderate body sizes, short but deep bills and long tails; 
members of group 3 were of moderate size and had moderately long, deep bills and short tails. The 
two poorly known genera-Megadyptes and Eudyptula-appear closest to groups 2 and 3, 
respectively. 

Patterns in skeletal form (Fig. 9) also lend some support to the species groups of Zusi (1975): 
species in group 1 had medium scores on skeletal CV-I but spanned the range of scores on skeletal 
CV-I1 (Pygoscelis low, Eudyptes high); members of group 2 scored highly on skeletal CV-I and had 
medium scores on CV-11; the piscivorous specialists of group 3 (Spheniscus) formed a tight cluster 
with relatively low scores on both CV-I and CV-11. Megadyptes was intermediate between groups 
1 and 2 in skeletal morphometrics, and Eudyptula was extreme and closest to group 3 (Fig. 9). 
Coefficients of variables for these axes indicate that CV-I separates the groups primarily by body 
size and to a lesser degree the relative lengths of bill, femur, tarsometatarsus, middle-toe and 
sternal carina (Table VII). CV-11, a contrast incorporating much of the interspecific variation in 
limb proportions (Table VII, Figs 4, 5 ) ,  tightly clustered only the comparatively specialized 
piscivores Spheniscus and Eudyptula (Fig. 9). 

Sexual dimorphism 

Males are larger than females in all species of Spheniscidae. Previous studies documented sexual 
dimorphism in selected external characters in Pygoscelis (Sladen, 1958; Ainley & Emison, 1972), 
Eudyptes (Stonehouse, 1971; Warham, 1963, 1971, 1972a, 6, 1 9 7 4 ~  b, 1975), Megadyptes 
(Richdale, 195 I), Eudyptula (O’Brien, 1940; Kinsky, 1960), and Spheniscus (Boersma, 1976; 
Scolaro, Hall & Ximenez, 1983; Scolaro, 1987). The present analysis provided comparable 
measures of dimorphism for all Recent species using external characters, and for representatives 
for each genus using skeletal measurements (Tables IX, X). Magnitude of sexual differences was 
not correlated with body mass among species in skin measurements (r(ranks) = 0.09, n = 18) or 
skeletal measurements (r(ranks) = 0.20, n = 6). However, there was significant variation among 
genera in sexual differences; Pygoscelis, Eudyptes, Megadyptes and Spheniscus were most 
dimorphic in skin measurements, whereas Pygoscelis and to a lesser degree Aptenodytes, Eudyptes 
and Megadyptes were most dimorphic in skeletal characters (Tables IX, X). 

Two of the most frequently hypothesized evolutionary interpretations of avian sexual 
dimorphism-intersexual differences in niche and sexual selection (Selander, 1966, I972)-have 
been applied to Pygoscelis (Ainley & Emison, 1972) and Eudyptes (Warham, 1975). A 
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modification of a third rationale, one based on sexual differences in energy balances associated 
with reproduction (Downhower, 1976), also may apply to penguins, especially antarctic breeders. 
Male penguins participate in incubation, and in several species (e.g. Aptenodytes) the males endure 
a protracted incubation period immediately following egg-laying, during the early, typically 
coldest part of the nesting period. During this time (six weeks in A.forsteri) the males must fast 
(Sparks & Soper, 1987). This energetic hardship, and the ability to withstand periods of fasting 
afforded by large body size (Calder, 1974), may select for larger body size in males of some 
spheniscids. 

Allometric trenA 

Wing-loadings 

Wing-propelled diving birds. Wing-loadings of penguins include the heaviest known for the 
carinate birds, and greatly exceed those permitting flight (Meunier, 195 1). However, allometry of 
wing ('flipper') area with body mass in spheniscids (slope [6] = 0-62; Table IV, Fig. 1) approaches 
that for geometric similitude (067). This coefficient is comparable to those relating wing area with 
body mass in two distantly related groups of flighted birds, both of which include wing-propelled, 
diving species-the Alcidae (6=0.63, n = 10; Livezey, 1988) and the Procellariiformes (6=0.60, 
n = 47; excluding Pelecanoides, corrected for geometric-mean regression; Warham, 1977). Wing- 
loadings of Pelecanoides urinator deviated from the allometric curve for typical procellariiforms, 
and conformed instead with that for alcids (Warham, 1977). The very different wing-loadings of 
the three groups were reflected instead in the intercepts (a )  of the allometric models-least in 
penguins, intermediate in alcids, and greatest in procellariiforms. Therefore the three groups 
approximate allometric 'transpositions' in wing-body proportions (Gould, 1966). 

Comparison with hummingbirds. Based on the relative masses of the breast muscles that power the 
upstroke ( M .  supracoracoideus) of the wings (Owen, 1866; Dabelow, 1925), and on experimental 
observation of locomotion (Clark & Bemis, 1979), penguins derive forward thrust during both the 
downstroke and upstroke of the propulsive cycle. This condition also is achieved in the (aerial) 
flight of hummingbirds (Trochilidae; Rayner, 1985), a family at the opposite extreme from 
penguins in body mass, but comparable to the Spheniscidae in the relative sizes of M .  pectoralis 
and M .  supracoracoideus (Greenewalt, 1962). For comparison of allometry between the two 
families, published body masses and wing lengths of 135 species of trochilid were compiled from 
Greenewalt (1962, 1975), Kodric-Brown & Brown (1978), Feinsinger et al. (1979), and Kodric- 
Brown et al. (1984). Wing areas (WA) were estimated from wing lengths (WL) using the formula of 
Feinsinger et al. (1979): 

WA = (WL + 0.404[WL]"'6)2. 

Estimated wing-loadings for the trochilids averaged 0.034 4 0.001 g-cm-?. The allometric 
coefficient (slope) relating these estimated wing areas with body mass was 1.09 f 0.04, an estimate 
that exceeds that for penguins by almost 0.50. Given the very similar slopes for the structurally 
diverse penguins, alcids and procellariiforms (cited above), the vastly different scaling of wing area 
with body mass in hummingbirds must reflect a combination of the 800-fold difference in density 
between air and water (Pennycuick, 1987) and differences in the details of flight mechanics, as well 
as the unique energy budgets characteristic of hummingbirds (Greenewalt, 1975). 
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Skeletal dimensions 

In three of the four allometric models presented (Table V), widths of long bones essentially 
maintained geometric similitude with interspecific differences in length of elements (b  = 1.0). Least 
widths of humeri, however, scaled significantly more rapidly with lengths; the estimated slope of 
1.20 closely approximated that hypothesized for maintenance of breaking strength in tibiotarsi of 
gulls (Dinnendahl2k Kramer, 1957), but was significantly less than the slope of 1.50 predicted for 
elastic similitude (McMahon, 1975). An alternative interpretation of allometry in limb elements 
suggests that these relationships represent phylogenetically imposed, nonadaptive outcomes of 
relative developmental rates (Lervtrup & Mild, 1979). 

Deviations from strict isometric size also were evident in the size-related, first principal 
components (PC-I) of skeletal measurements of penguins and Pelecanoides urinator (Table XI). In 
penguins, the allometry of skeletal dimensions with PC-I (‘general skeletal size’) differed 
substantially in within-species and among-species analyses. Not surprisingly, the first component 
for flighted Pelecanoides urinator showed allometry of skeletal measurements not indicated in 
either analysis of penguins (Table XI). Compared to a vector of isometric size (all ele- 
ments = 0.1 52), the within-species ‘size’ vector for penguins is characterized by positive allometry 
of widths of limb elements and dimensions of scapula and sternum, and negative allometry of skull 
dimensions, limb lengths and the remaining dimensions of the coracoid, furcula and pelvis (Table 
XI). In contrast, ‘skeletal size’ in Pelecanoides deviated from isometric size primarily by strong 
positive allometry in the pectoral girdle (scapula, coracoid, sternum and furcula) and weaker 
negative allometry in most other dimensions. The only communality in allometry shared by all 
three ‘size’ components of skeletons (Table XI) was the pronounced negative allometry of the three 
cranial dimensions. 

Intraspecific ‘skeletal size’ in penguins revealed several major groups of measurements which 
shared allometric relationships: cranial dimensions, limb lengths, limb widths and scapulo-sternal 
measurements (Table XI). These groups parallel the major ‘covariant sets’ of skeletal variables 
revealed in the cluster analysis within-species correlation structure in penguins (Fig. 7). Relative 
independence of limb-element lengths, limb-element widths and sternal dimensions was found in 
other avian species of diverse relationship (Power, 1971 ; Cracraft, 1976; Livezey & Humphrey, 
1986). This general pattern of osteological correlations suggests a common developmental 
partitioning of skeletal structures. Although it has been shown that intraspecific allometry of 
adults reflects ontogenetic allometry only under certain statistical conditions (Cheverud, 1982), a 
basis for the developmental autonomy of lengths and widths of limb elements is known (Lsvtrup 
& Mild, 1979). 

Comparative phenetics of penguins 

With a single exception (P. papua using skin measurements), multivariate clustering of Recent 
species of penguins using external, skeletal and myological measurements confirmed the relatively 
close similarity of congeners (Figs 11-13). This is not surprising, in that current taxonomy of 
penguins is based on traditional appraisals of overall similarity, especially of external morphology. 
Patterns of similarity within genera (Pygoscelis, Eudyptes, Spheniscus), however, varied among the 
three data sets. In particular, a variety of patterns of similarity emerged among members of two 
groups of Eudyptes, considered by some to be superspecies: E. pachyrhynchus-E. sclateri- 
E. robustus and E. chrysolophus-E. schlegeli (Figs 11-1 3). The two species of Aptenodytes on the 
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basis of skeletal and myological data are remarkably dissimilar and were clustered at distances 
exceeding those between most other spheniscid genera (Figs 12, 13). Myological data, although 
based on very small samples (Table I), indicated that the two sibling species of Eudyptulu also 
differ dramatically (Fig. 13). 

Patterns of similarity, however, generally do not accurately reflect phylogenetic relationships 
(Wiley, 1981), although such an equivalence was assumed in several previous studies of penguins 
(Simpson, 1946; Verheyen, 1958; Schreiweis, 1982). Because of a tradition of depicting overall 
similarity using phenograms, and the resemblance of phenograms to phylogenetic trees, the cluster 
analyses in this study were illustrated with left-facing phenograms to emphasize their phenetic 
nature. Although the recurrent patterns of morphometric similarity in penguins revealed in the 
present study may result, in part, from phylogenetic relationships, a hypothesis of intrafamilial 
relationships of the Spheniscidae must await a cladistic analysis in which primitive and derived 
character-states are distinguished. 

Despite the lack of a phylogenetic analysis of the Sphenisciformes, a substantial morphological 
basis for such inferences already exists. Anatomical support for the monophyly of the order is 
abundant, and includes numerous, complex characters which are unique in the Class Aves (cf. 
Coues, 1872; Shufeldt, 1901; Meister, 1962; Schreiweis, 1982). A diversity of qualitative 
morphological characters which partition the Spheniscidae into subgroups, and therefore will help 
resolve intrafamilial relationships, also have been described, including at least three characters of 
the middle-ear region by Saiff (1976), 14 characters of the skeleton by Zusi (1975), and eight 
discrete myological characters by Schreiweis ( I  982). Simpson (1946, 1971a) discussed numerous 
additional osteological characters of fossil penguins. The polarities of these and other characters 
then could be determined through comparisons with selected outgroups, e.g. the Procellarii- 
formes, Gaviiformes, Tinamiformes and Pelecaniformes. Until such an analysis is complete, 
however, the correspondence between morphometric similarity and phylogenetic relationship will 
remain uncertain. 

Evolutionary speculations 
The manifest thermal and locomotory specializations of penguins can distract one from the fact 

that the group is completely (aerially) flightless. For example, Olson (1 973 : 3 I )  wrote: ‘Penguins 
and the nonvolant alcids should not be included in discussions of flightlessness. Their outstanding 
adaptations are for flying through a medium many times denser than air and are very different 
from other flightless birds; in a sense, these birds are the best fliers of all’. However, loss of (aerial) 
flight has important implications for any lineage of birds; for penguins, flightlessness limits 
migrational capacities, foraging radii and potential nest sites (cf. Stonehouse, 1967, 1970; Croxall 
& Prince, 1980; Hui, 1983; Wilson, 1985). Submarine predators are the principal nonhuman 
threats to adult penguins, and flightlessness limits spheniscids to swimming (including diving and 
‘porpoising’) and beaching for escape (Spellerberg, 1975; Hui, 198 1). 

On the other hand, evolutionary specialization for aquatic locomotion by penguins has its 
advantages; swimming is generally more energetically economical than flying or running 
(Schmidt-Nielsen, 1972), and penguins have achieved impressively low drag coefficients (Clark & 
Bemis, 1979) and high energetic efficiencies (Hui, 1983). In  penguins, the depths made accessible 
for foraging by specializations for diving compensate, at  least in part, for the reduced foraging 
radii imposed by the associated loss of flight (Croxall & Prince, 1980). 

Morphological specializations for wing-propelled diving, convergent with some found in 
penguins, are found in the Pelecanoididae, Alcidae and Plotopteridae, with the similarities most 
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pronounced in the (extinct) flightless members of the last two families (Miller & Howard, 1949; 
Storer, 1960, 1971; Kuroda, 1967; Harrison, 1977; Olson & Hasegawa, 1979; Olson, 1980). The 
evolutionary scenario for the extreme specializations and loss of flight in penguins remains 
conjectural, however. Most authorities have envisioned a flighted aquatic ancestor, similar to the 
modern Pelecanoididae, which sacrificed aerial flight through selection for diving-related increases 
in body mass, alar rigidity and modifications of body form (Simpson, 1946, 1957, 1971a; Storer, 
1960; Stonehouse, 1969,1975; Pennycuick, 1975; Rayner, 1985). Raikow, Bicanovsky & Bledsoe 
(1988) reasoned that evolutionary increases in body size and reductions in wing area, both 
adaptively related to wing-propelled diving, initially led to flightlessness in penguins, and that the 
uniquely restricted mobility of alar joints in the Spheniscidae represents a further, subsequent 
specialization for underwater ‘flight’. Comparative analyses presented here demonstrate vast 
morphometric differences between Pelecanoides and the Spheniscidae, including substantially 
lighter wing-loadings, very different skeletal proportions within limbs and among anatomical 
regions, and fundamentally divergent allometric relationships (Tables 11, 111, VIII, XI; Figs 1-5, 
10). Clearly, these interfamilial morphological differences do not reflect the changes associated 
with flightlessness alone, but also incorporate a number of evolutionary peculiarities of both 
families that are only indirectly related to the ability to fly or its loss. In spite of this, and the 
unresolved interfamilial phylogenetic relationships concerned, Simpson (1 946, 1975, 1984) was 
justified in his description of the hypothesized evolutionary transformation of penguins as a major 
shift in adaptive zones. The rapidity of this shift and its ontogenetic bases are unknown, although 
the ‘primitive’ and ‘juvenile’ characters of penguins cited by Lowe (1933) suggest that 
heterochronic developmental processes may be involved; such mechanisms have been hypothe- 
sized to be important in the flightlessness of a diversity of other birds (Olson, 1973; James & Olson, 
1983). 

These uncertainties notwithstanding, it is known from fossils that (flightless) penguins existed 
by the late Eocene (Simpson, 1970). The present study indicates that fossil penguins included 
several species of substantially larger body size than exists today. These estimated body masses are 
correlated strongly (Y = 0.96, n = 14, log-transformed data) with median estimates of standing 
height for fossil penguins by Simpson (1975). Moreover, fossil species tended to have more 
primitive skeletal proportions than Recent species (Table 111; Figs 2, 3); this finding is in 
opposition to that of Lowe (1939) but corroborates the inferences of Simpson (1946). 
Evolutionary trends within the penguins, however, are small in relation to the morphological shift 
suggested by comparisons presented here between penguins and Pelecanoides. 

Geochemical evidence indicates that the temperatures of seas inhabited by the ‘giant’ fossil 
penguins were higher than most frequented by modern species, thereby precluding a simple 
thermodynamic explanation for the large size of Miocene penguins (Stonehouse, 1969). Instead, 
the evolutionary radiation of pinnipeds and toothed whales during the Miocene, as competitors 
for food and perhaps as predators, may have caused the demise of the larger spheniscids 
(Stonehouse, 1969; Simpson, 1971a, 1975). It may be that the foraging advantages afforded 
penguins by large body mass may have been countered by possible size-related decreases in 
manoeuvrability and increased vulnerability to predation by marine mammals. 

Conclusions 

The extremely derived morphology shared by Recent and fossil species of penguins 
(Sphenisciformes), primarily related to specialization for wing-propelled diving, obscures an 
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interspecific diversity of size and shape. Pronounced allometric relationships of external and 
skeletal dimensions characterize the family, some of which are shared by other wing-propelled 
diving birds. Recent species display a diversity of external, skeletal and myological proportions, 
phenetic patterns which are associated broadly with dietary differences within the family and 
which correspond closely with current generic classification. 

Fossil penguins share the unique morphology of Recent spheniscids but include much larger 
species than exist today (to 80 kg) and tend to be characterized by more primitive skeletal 
proportions. 

Correlation of structures within species identified several subgroups of variables-limb lengths, 
limb widths, sternal dimensions and cranial measurements-that strongly covary. These covariant 
sets contribute differentially to major axes of multivariate skeletal variation within and between 
species of penguin, and may represent genetically or developmentally coupled characters. 

Sexual dimorphism varies in magnitude among species of penguin, in both external and skeletal 
characters, but tends to be similar within genera. The relatively larger size of males may be, in part, 
the result of differential selection for increased body size associated with ability to withstand 
prolonged fasting during incubation in cold environments. 

Comparisons between penguins and Pelecanoides document numerous and substantial 
morphometric differences between the families and suggest the morphological shift penguins 
underwent during the evolutionary loss of flight. Determination of the validity of these 
evolutionary inferences, and the possible correspondence between phylogenetic relationships and 
morphometric similarity within the Spheniscidae, must await a phylogenetic (cladistic) analysis of 
Recent and fossil penguins, a study which is feasible with currently available specimens. 
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