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ABSTRACT 

Thermoregulatory behaviour, terrestrial locomotion and postcranial skeletal 

morphology of the New Zealand fur seal (Arctocephalus forsteri) and Hooker's sea lion 

(Phocarctos hookeri) are quantified and the results compared betWeen the two species. 

Differences and I or similarities are discussed in terms of the evolutionary ecology of these 

two sympatric otariid species. Additionally, a single chapter, describes some aspects of 

the behavioural ecology of P. hookeri. 

Quantitative and qualitative analyses of filming studies reveal that fundamental 

differences exist between the gaits of Arctocephalus forsteri and Phocarctos hookeri. 

Terrestriallo9omotion of the latter species is similar to that of terrestrial vertebrates in 

which the limbs are moved in sequence, alternately and independently. In contrast, the 

gait of the New Zealand fur seal does not conform to this sequence, the hind limbs being 

moved in unison. The gaits of both species are defined and illustrated. 

The gaits are here considered to be ecological specialisations which are adaptations 

to the mechanical problems imposed by different habitats. Gaits of these species appear 

typical or representative of members of their inferred subfamilies (Arctocephalinae and 

Otariinae). The gaits of A. forsteri and P. hookeri are however paradoxical in light of 

their inferred evolutionary history since the gait of the Hooker's sea lion resembles more 

closely that of the putative ancestors of otariids (ursids =bears) than does the gait of the 

New Zealand fur seal; fur seals supposedly gave rise to the sea lions and are traditionally 

considered to possess retained primitive features. 

There were minor (statistical) quantitative differences in some of the limb bone and 

vertebrae linear dimensions between A. forsteri and P. hookeri but these were 

differences in degree rather than kind. Analysis of gait and structure of A. forsteri and 

P. hookeri together with several specimens of the Australian otariids (A. pusillus 

doriferus andNeophoca cinerea) suggest that: 

a) There is no correlation between gait and postcranial morphology in these 

otariids. 

b) There do not appear to be any phylogenetic differences in the linear dimensions 
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of postcranial morphology between fur seals (Arctocephalinae) and sea lions 

(Otariinae). 

There was no statistical difference in the relative width of the humerus between A. 

forsteri and P. hookeri. This finding casts doubt on the utility of this character as a 

diagnostic indicator between fur seals (Arctocephalinae) and sea lions (Otariinae) as 

proposed by Repenning & Tedford (1977). 

While the gaits of the New Zealand fur seal and Hooker's sea lion are profoundly 

different, no major concomitant structural differences between the species appear to exist. 

Selection for the behavioural control of the gait has apparently preceded concomitant 

structural modifications. 

Thermoregulatory behaviour of the sympatric Hooker's sea lion and New Zealand 

fur seal in relation to air temperature and solar radiation were studied, quantified, and the 

results compared between the two species. Both species adjusted posture and flipper 

exposure so that surface area exposed to air increased as solar radiation intensified, 

providing quantifiable evidence that flippers are the major sites of heat exchange. The 

general pattern of thermoregulatory behaviour in these species, while showing minor 

differences in the magnitude of postural and flipper adjustments to solar radiation, does 

not differ in the basic sequence or type of response. Non - postural thermoregulatory 

behaviour was shown to be influenced by the respective habitat substrates and 

topographies of the two species. 
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CHAPTER ONE 

General Introduction 

Aims and Rationale 

This study compares the evolutionary ecology of the New Zealand otariid 

pinnipeds, Phocarctos hookeri and Arctocephalus forsteri. The primary aims of the 

study are firstly, to determine whether these sister group species exhibit behavioural 

features which adapt them to their different and preferred habitats; comparison of 

divergent traits in closely related species in different environments provides a scientific 

approach to the issue of adaptation (Clutton-Brock & Harvey 1979, Bradshaw 1987, 

Calow 1987). Secondly, otariid systematics is not well understood (see below) and this 

study is an attempt to clarify the taxonomic relationship between sea lions and fur seals. 

The study is based primarily on the following areas of research: 

1) Terrestrial locomotion (chapter 3). 

2) Postcranial skeletal morphology (chapter 4). 

3) Behavioural thermoregulation (chapter 5). 

These topics provide a sound quantitative basis for comparing behaviour and 

functional morphology between two closely related species. Sampling methods were 

designed to facilitate direct comparison of the results between the species. The results of 

each of these discrete studies is discussed with respect to ecological adaptations and the 

postulated evolutionary history of the otariids. 

Because so few studies on the Hooker's sea lion have been published, a study 

focusing on some aspects of the ecology of sea lions on Papanui Beach was initially 

undertaken (chapter 2). 
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Pinniped Classification and Distribution 

Pinnipeds are mammals that have secondarily adopted semi - aquatic or amphibious 

lifestyles. Aquatic specialisations of all pinnipeds include a streamlined 'torpedo' shaped 

body form, limbs modified into flippers, enlarged orbits, reduced pinnae and modified 

external genitalia. Pinnipeds (Order Carnivora: Suborder Pinnipedia) are currently 

classified into two superfamilies, the Phocoidea and the Otarioidea. 

The Superfamily Otarioidea comprises two families, the Odobenidae (walruses) and 

Otariidae (sea lions and fur seals= 'eared seals') (Figure 1.1). This study is concerned 

almost exclusively with the Otariidae although non - otariid pinniped species are referred 

to occasionally. Otariids, are most easily recognised by the following characteristics: 

1) Pelage dense (underfur in fur seals). 

2) Neck region distinct. 

2) Hindlimbs can be turned forward under the body to provide support 

3) Terrestrial locomotion is quadrupedal with the trunk lifted clear of the substrate. 

4) Aquatic propulsion is derived solely from the forelimbs 

5) Forelimbs are long with cartilaginous extensions distal to the nails. 

(See King 1983a, page 17 for anatomical features). 

Otariids may be further subdivided into the subfamilies Arctocephalinae 

(Callorhinus and Arctocephalus fur seals) and Otariinae (sea lions), although the nature 

of this Subfamily division has been questioned (see below). The Northern fur seal, 

Callorhinus ursinus and eight species of Arctocephalus constitute the Subfamily 

Arctocephalinae. Apart from Callorhinus ursinus and A. townsendi, all species within 

the Subfamily Arctocephalinae occur in the Southern Hemisphere. 

The Otariinae comprise five monotypic genera of sea lion, three of which are 

endemic to the Southern Hemisphere. Two otariid species, the New Zealand fur seal 

(Arctocephalus forsteri) (Lesson 1828)1 and Hooker's sea lion (Phocarctos hookeri) 

(Gray 1844), are found in waters around New Zealand and occur sympatrically on the 

mainland at Papanui Beach on the Otago Peninsula. 

1authors that first described a species are not cited in the references. 
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ODOBENIDAE 
Walrus 

Odobenus rosmarus 

OTARIOIDEA 

OTARIIDAE 

I 

Arctocephalinae 
(fur seals) 

Arctocephalus spp. 
Callorhinus ursinus 

Otariinae 
(sea lions) 

P hocarctos hookeri 
Neophoca cinerea 
Otaria byronia 
Za/ophus californianus 
Eumetopias jubata 

Figure 1.1. Summary of the traditional subdivision of the Superfamily Otarioidea. 
(Modified from King 1983a). 

Otariid Evolutionary History and Systematics 

The systematics of the Otarioidea is not well understood due, in part, to the paucity 

of defmitive fossils and a major revision based on modern techniques such as biochemical 

tests and detailed cladistic analyses is required. The enaliarctids of early Miocene age 

(about 17 - 22.5 m.y.)2 are the oldest known otarioids and are the putative ancestors of 

the Otariidae (Mitchell & Tedford 1973, Repenning and Tedford 1977) (Figure 1.2). The 

similarities in skull structure and dentition between enaliarctids and the Ursidae (bears) 

were noted by Mitchell & Tedford (1973) and Tedford (1977) who recognised a sister 

group relationship between the Ursidae and the Otarioidea. Additionally, the calcanea of 

extant otariids shows a closer resemblance to the ursid calcaneum than to any other 

carnivore (Robinette and Stains 1970). The oldest known otariid, Pithanotaria starri 

(Kellogg 1925, Repenning 1977) (about 9 - 12 m.y. old) shows a closer phenetic 

similarity to Arctocephalinae (fur seals) than to Otariinae (sea lions) both cranially and 

postcranially (Kellogg 1925, Repenning & Tedford 1977). Furthermore, fur seals have 

2millions of years. 
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thick underfur (considered a shallow water adaptation) and are generally smaller than sea 

lions. For these reasons, Repenning & Tedford (1977) considered that the differences 

between sea lions and fur seals represent retained primitive features in the latter group. In 

addition, the oldest known fossil sea lions are of late Pliocene I early Pleistocene age 

(about 2 - 3 m.y. old) (Burleson 1948, Horikawa 1981, Kaseno 1951, King 1983b), 

which might further support the suggestion that modern sea lions evolved from the 

arctocephaline - like otariid stock around this time (Repenning & Tedford 1977). 

Assuming that fur seal characters are relatively primitive for otariids, then sea lion 

evolution involved an increase in body size, loss of underfur, an increase in the incidence 

of single rooted cheek teeth and a reduction in the number of upper molars. 

Repenning et al. (1971) found no morphological character other than underfur that 

consistently distinguishes the nominal Subfamily Arctocephalinae (fur seals) from the 

Otariinae (sea lions) and together with Mitchell (1968), Repenning (1977), Barnes (1979) 

and Barnes et al.(1985), questioned the validity of the Subfamily distinction. Taxonomic 

distinction at the Subfamily level is contentious and the subdivision into Arctocephalinae 

and Otariinae is retained herein only for the sake of convenience. There is however, 

evidence supporting the notion that fur seals (Arctocephalinae) and sea lions (Otariinae) 

are taxonomically distinct. For example Repenning & Tedford (1977) reported minor 

postcranial differences in limb proportions and muscle attachments. Studies on the 

baculum (Morejohn 1975), calcanea (Robinette & Stains 1970), sucking lice fauna (Kim 

et al. 1975) and pelage characteristics (Ling 1978) of otariids further support the 

taxonomic distinction between fur seals and sea lions. 

It has been suggested that the Northern fur seal Callorhinus ursinus (Linnaeus 

1758) diverged from the arctocephaline lineage before the sea lions about 6 m.y. ago. It 

shows features of the skull, foreflipper pelage (Repenning et al. 1971) and baculum 

(Morejohn 1975) which Repenning & Tedford (1977) interpreted to indicate that 

Callorhinus is less closely related to the arctocephaline fur seals than are the sea lions. 

Thus, Callorhinus may be a sister group of the sea lion I fur seal taxa, a view also shared 

by de Muizon (1978). More recently, however, Berta & Demere (1986) applied a 

cladistic analysis to the problem of otariid phylogenetic relationships. The resulting 

cladogram suggests that the modern fur seals (Arctocephalus and Callorhinus) and the 

sea lions represent separate and distinct monophyletic groups and consequently Berta & 

Demere advocate that the Subfamily distinction is valid (Figure 1.2). The taxonomic 

status of fur seals and sea lions remains controversial and has yet to be resolved. 
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Ursidae 

Arctocephalinae 
(fur seals) 

Otariinae 
(sea lions) 

Figure 1.2. Cladistic representation of Otarioid relationships. Based on the cladistic 
analysis of Berta & Demere (1986). 

Otariid Biogeography 

Otariids are thought to have evolved in the northeastern Pacific (Repenning et al. 

1979). According to these authors the closure of the Central American Seaway, some 5 

m.y. ago, was responsible for a cooling of the equatorial waters which allowed fur seals 

to cross the equator into the southern oceans. The oldest sea lion fossils in the Southern 

Hemisphere are from New Zealand (King 1983b) indicating that sea lions had crossed the 

equator by the late Pliocene, 2- 3 m.y. ago. Today three of the five nominal sea lion 

genera are endemic to the Southern Hemisphere. Studies on the endemic sucking lice 

fauna of sea lions by Kim et al. (1975) suggest that sea lions share a common origin. 

Mitchell (1968, 1975) did not rule out the evolution of the sea lions in the Southern 

Hemisphere followed by a northward migration; support of this theory, Mitchell claims, is 

given by the generalised form of the southern sea lions, particularly P hocarctos hookeri a 

species considered by Mitchell to be more like the ancestral stock of sea lions. Mitchell 

(1975) also considered that the present morphological diversity of sea lions reflects an 

evolutionary history older than Pleistocene. 

In summary, it seems that the systematics and zoogeography of otariids is not well 

understood and awaits more detailed behavioural, biochemical, morphological and 
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paleontological studies. 

Thesis Layout 

This thesis is divided into four major chapters plus a general introduction and 

general discussion. Each of the four major chapters is written in a format suitable for 

publication and therefore may be considered as discrete studies. Chapters 2 and 3 are in 

press and appear in the thesis largely unaltered from the submitted format. 
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CHAPTER TWO 

Haul - Out Patterns, Site Fidelity and Activity Budgets of Male Hooker's 

Sea Lions (Phocarctos hookeri) on the New Zealand Mainland 

In Press, Beentjes, M.P. 1989. Marine Mammal Science 5 (3). July. 

INTRODUCTION 

Breeding of Hooker's sea lion (Phocarctos hookeri, Gray 1844) is largely 

restricted to the subantarctic islands of New Zealand, between 48°S and 53°S (Walker & 

Ling 1981) although smaller numbers are known to haul - out on Macquarie Island 

(Csordas 1963), Stewart Island (Wilson 1979), the Snares Islands (Crawley & Cameron 

1972) and at Papanui Beach on the South Island of New Zealand where a small 

population of male Hooker's sea lions hauls out on a year round basis (Hawke 1986). 

While studies on phocids have investigated haul - out patterns of non - breeding 

individuals (Yochem et al. 1987) similar studies on otariids are lacking. I report the 

results of a study on individually identifiable otariids (Hooker's sea lions) during which 

diurnal and seasonal haul - out patterns of a non - breeding colony were monitored and 

the degree of recruitment and emigration of individuals was determined. Site preferences 

of individuals on Papanui Beach were also investigated. This study was undertaken 

primarily to provide baseline information on the ecology of the Hooker's sea lion. It 

contributes to the broader aims of the thesis by examining such areas as behavioural 

thermoregulation and terrestrial locomotion in an ecological context. 

Activity budgets of both phocids and otariids have been well documented 

(Anderson & Harwood 1985, Boness 1984, Crawley et al. 1977, Harwood 1976, 

Hawke 1986, Johnstone & Davis 1987, McCann 1983, Sandegren 1976, Stirling 1971). 

Most of these studies have been restricted to either the breeding or non - breeding season. 

Seasonal effects on activity budgets have not previously been considered. In this study 

however, both summer and winter activity budgets are compared. 
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METHODS 

(i) Study Area- Papanui Beach is located at the southern end of a 1.5 km wide 

bay on the eastern tip of Otago Peninsula (45°52'S, 170°44'E) (Figure 2.1). The beach 

is 350 m long and at each end has steep rocky banks which continue into steep bluffs. 

Two small streams flow through the beach at either end. Access inland is limited by 

fences bordering intensively grazed farmland. Papanui Beach offers little in the way of 

vegetation shelter from winds or shade from the sun. 

(ii) Identification Techniques - Sea lions were identified initially by marking 

dorsally with red paint (Epiglass Poly Colour- Polyurethane Enamel) which remained 

visible for up to two weeks. The paint was administered by aerosol at close range, all 

markings being made behind the foreflippers. With experience it became possible to 

identify each animal by individual markings - scars provided the most reliable source of 

identification marking while size, colour, facial characteristics and whisker patterns also 

contributed (Figure 2.2). A photographic identification library was kept for each 

individual and this was frequently updated. Moulting, while having the effect of 

temporarily darkening the pelage colour, did not affect the appearance of the scars. 

(iii) Monthly Presence of Individuals - From November 1985 through to 

November 1987 an average of seven visits per month (N = 164 visits) were made to 

Papanui Beach and a record was taken of how many and after February 1986, which 

individuals were present. The duration of visits was variable (2 - 13 hr), usually 

overlapping with 1400 hr (N.Z. Standard Time). Between March 1986 and March 1987 

(N = 123 visits) the identity of individuals on Papanui Beach was intensively monitored. 

(iv) Site Selection - Papanui Beach was divided arbitrarily into seven blocks 

each 50 m wide (Figure 2.1). During each visit a record was taken of the time spent in 

each block by individuals. Additionally, in both summer (7 - 31 December, 1986) and 

winter (27 June- 30 July, 1986) air temperature (Temperature Probe- Novasina MIK 

2000) and specific site preferences were recorded; positions of animals at hourly intervals 

were recorded in one of two categories: 1) On sand beach but not closer than 3 m to the 

grass dunes; 2) On or within 3m of the grass dunes. 

(v) Activity Budgets - Scan sampling observations (Altmann 1974), taken at 

five minute intervals, were used to record activity budgets of individual sea lions in winter 

(27 June- 30 July, 1986; 4017 observations, 114 hr, 0800-1730 hr) and summer (7- 31 

December 1986; 2341 observations, 152 hr, 0800- 1730 hr). 

8 



NEW ZEALAND 

SOUTH 

ISLAND 

OTAGO PENINSULA 

PAPANUI BEACH 
0 20 40 

m 

GRASS SLOPES 

PAPANUI BEACH (Shore Profile Through Block 4) 

GRASS SLOPES 

OTAGO PENINSULA 

0 2 4 
lcm 

N 

T 

Pepanui 
Beech 

170°45'E 

0 5 10 
m 

Figure 2 .1. Location map of Papanui Beach including aerial and shore profile 

illustrations 

9 



Figure 2.2. Photographs of sea lions #1 (top), #3 (center) and #9 (bottom), showing 
scars that were used to identify these animals. Arrows indicate the positions of the scars. 
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Behavioural activities were defined as follows: 

Lying: stationary in prone posture, flippers tucked or extended, eyes open or closed. 

Sit Up: sitting posture (this would be included in the 'alert' behaviour of Crawley et 

al. (1977) and Stirling (1971)). 

Social Interaction: intrasexual agonistic behaviours; either threat or physical 

interaction. 

Walk: movement involved in location changes to and from the sea and along the 

beach. 

Groom: the claws of the hindflippers, foreflippers, as well as the mouth and nose 

were used to scratch the body. 

Sand Roll: lateral rolling motions of the body on the sand. 

Position Change: when changing from one lying posture to another. 

Water: the time a sea lion was observed in the surf during arrival and departure. 

Stretch: rigid extension of the fore and hind flippers from the body. Digits of hind 

flippers widely spread. 

Elimination: defecate or urinate. 

The degree of tolerance shown by sea lions to observer presence varied greatly 

between individuals. Sea lions new to Papanui Beach were most intolerant; within weeks 

however sea lions appeared untroubled by human presence. 

(vi) Diurnal Habits- Between 15 - 21 March 1986 (seven consecutive days), 

data were collected (dawn - dusk, 0600 - 1930 hr) on sea lion numbers, arrival and 

departure times of individuals and time spent ashore. Focal animal sampling (Altmann 

1974) was employed to determine the proportion of time individual sea lions spent in 

lying behaviour. 

(vii) Age Structure - The age structure of the population was estimated from 

measured lengths of the sea lions. Where possible a tape measure was placed along side 

the resting outstretched sea lion and the length was recorded (error estimate=± 3 em). 

Confirmation of these lengths was obtained by photographing the outstretched sea lion 

from exactly 5 m distance. The relative length of the sea lion on the print was then 

measured and compared to a standard photograph of a two metre rule also taken at 5 

metres distance; good agreement between these methods was obtained (most lengths were 

recorded in March 1986). The ages of the sea lions were estimated from 'Standard Body 
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Length (males) I Age' data ( Martin W. Cawthorn, pers. comm., 13 Nov. 1987). 

Breeding status is related to age; sea lions less than 5 years old are classified as immature, 

5 - 8 years as sexually mature and older than 8 years as sexually and socially mature 

(Martin W. Cawthorn, pers. comm., 8 Feb. 1988). 

RESULTS 

Papanui Beach Sea Lion Population 

Fourteen sea lions were identified on Papanui Beach from March 1986 to December 

1987 (Table 2.1). These animals were all males ranging in length from 1.65- 2.28 m 

(mean= 1.98 m, s.d. = 0.18) and estimated ages from 2- 11 years (mean= 6.53 yr, s.d. 

= 2.19). Four of these sea lions were considered to be both sexually and socially mature, 

eight to be sexually mature and two to be immature. 

Based on the attendances of individual sea lions the residential status of the sea 

lions was defined as follows: 

Resident - individual observed more than 15 times. (Maximum recorded 

monthly haul-out frequency exceeding 50%). 

Visitor - individual observed between 3 to 15 times. 

Itinerant - individual observed fewer than 3 times. 

Fourteen sea lions were observed to make a total of 483 haul - outs on the beach. 

Resident sea lions (nine individuals) were responsible for 95.6 % of these with the 

remainder by two visitors (3.5 %) and three itinerants (0.8 % ). The length of time that 

resident individuals continued to haul - out on Papanui Beach as well as the frequency of 

these haul- outs varied between individuals (Table 2.1). Three individuals were present 

for the duration of the study while four emigrated and two were recruited. 

Diurnal Haul - Out Patterns 

The movements of sea lions followed for seven consecutive days (15- 21 March 

1986, dawn- dusk, 0600- 1930 hr), showed that animals typically arrived ashore mid 
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Table 2.1. Number of haul-out days, minimum duration of stay, residential status, length, age and breeding status of individual Hooker's 

sea lions on Papanui Beach from March 1986 to December 1987. 

SEA LION NO. HAUL- MINIMUM RESIDENTIAL LENGTH ESTIMATED BREEDING 
J.D. NO. OUT DAYS STAY (months) STATUS (m) AGE (yrs) STATUS 

1 70 21 Resident 1.70 3 Immature 

3 103 21 Resident 1.89 5-6 Sexually mature 

4 54* 12 Resident 2.25 8- 10 Sexually & socially mature 

6 23 * 1.5 Resident 2.20 8- 10 Sexually & socially mature 

7 44 21 Resident 1.97 6-7 Sexually mature 

9 67 * 17 Resident 1.98 6-7 Sexually mature 

10 53* 19 Resident 1.86 5-6 Sexually mature 

14 31 ** 15 Resident 2.00 6-7 Sexually mature 

15 17 ** 11 Resident 2.20 8- 10 Sexually & socially mature 

5 9 9 Visitor 2.28 9- 11 Sexually & socially mature 

8 8 1 Visitor 1.95 6-7 Sexually mature 

16 1 - Itinerant 1.65 2-3 Immature 

17 2 - Itinerant 1.85 5-6 Sexually mature 

18 1 - Itinerant 2.00 6-7 Sexually mature 

X= 1.98 Ill x = 6.53 yrs 

Individuals= 14 Total= 483 S.d. = 0.18 S.d. = 2.19 

* emigration 

** recruitment 



morning (0844 hr, s.d. = 1.49, N = 29 arrivals) and departed again in the evening (1802 

hr, s.d. = 1.18, N = 20 departures). Peak numbers of sea lions ashore were recorded 

between 1200- 1500 hr (Figure 2.3a). The peak number is significantly greater than sea 

lion numbers at dawn (t[6] = 5.23, P < 0.01) and at dusk (t[6] = 6.0, P < 0.001). On 

all but one of the seven days there were sea lions ashore before dawn (0600 hr) and on all 

seven days there was at least one sea lion still ashore at dusk (1730 hr). Numbers present 

at dusk were, however, not significantly different than at dawn (t[6] = 1.327, P > 0.1). 

In 20 % of cases sea lions were suspected of remaining ashore overnight. This is based 

on the finding that eight sea lions still present at dusk were found to be occupying the 

same haul- out 'pit' at dawn on the following day. Additionally, the absence of tracks 

leading toward or from the sea indicated that these animals had not moved all night. 

These animals would then remain ashore all day returning to the sea in the late afternoon 

or evening of the second day ashore. In 25 % of cases sea lions were either present 

before dawn or still ashore after dusk but did not stay overnight. 

Table 2.2. Total time and corresponding proportion of the twenty four hour day that 
individual Hooker's sea lions were observed on Papanui Beach during seven consecutive 
days in March 1986. 

SEA LION TIME PROPORTION OF NO. DAYS 
I. D. NO. ASHORE DAY ASHORE OBSERVED 

(mean hrs.) (std. dev.) (%) 

1 9.37 2.82 39.0 2 
3 11.33 2.84 47.2 6 
4 10.01 1.67 41.7 7 
5 11.66 48.6 1 
6 10.22 2.40 42.6 7 
7 11.10 2.59 46.2 3 
8 10.34 2.18 43.1 3 
9 10.47 2.67 43.6 6 
10 10.13 1.63 42.2 5 

mean = 10.51 hrs. mean =43.8% Total Days = 40 
s.d. = 0.72 S.d.= 3.0 
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Figure 2.3. a) Mean hourly sea lion numbers hauled out on Papanui Beach over 
seven consecutive days from 15-21 March 1986. b) Mean monthly sea lion numbers 

hauled out on Papanui Beach from November 1985 to November 1987 (n = 164 
days). (V erticallines represent the daily standard error in both cases.) 

15 



During the seven day period the mean number of hours spent ashore by individual 

sea lions was 10.51 hours (s.d. = 0.72, N = 9 sea lions) or 43.8 %of the 24 hour day 

(Table 2.2). This figure is the actual recorded time that each sea lion was observed on 

Papanui Beach during daylight hours (Daylight hours at this time of year account for 

about 13.5 hours; sea lions therefore spent on average, 78 % of the daylight hours 

ashore). 

Seasonal Haul - Out Patterns 

Numbers of sea lions hauled out on Papanui Beach varied on a daily basis 

(November 1985- November 1986, mean= 4.0, s.d. = 1.75, N = 104; November 1986 

- November 1987, mean = 2.4, s.d. = 1.49, N = 60). Both summer seasons were 

marked by a decrease in numbers of sea lions (Figure 2.3b). The decrease in numbers 

recorded during this period reflects a marked downturn in the haul - out frequency of all 

resident individuals (Figure 2.4). Apart from the largest of the resident sea lions, (sea 

lion #4, estimated age = 8 -10 yr), all the resident sea lions returned to Papanui Beach in 

late January I early February (Figure 2.4). 

Site Selection 

The pattern of block use varied between individuals and no particular block was 

consistently favoured by any one animal. Study animals tended to select the middle of the 

beach (blocks four and five ) followed by the extreme ends as the preferred haul - out 

sites (Figure 2.5). Blocks two and six were used the least. During summer (7-31 

December, 1986) the sand beach was the only recorded substrate utilised by sea lions 

(sand beach use = 100 %, grass dune use = 0.0 %, N = 119 hourly observations; mean 

air temperature = 18.0°C , s.d. = 2.55). In winter (27 June- 30 July, .1986) the sand 

beach was still the most commonly used resting site, but considerable use was also made 

of the grass dunes (sand beach use= 58.4 %, grass dune use =41.6 %, N = 111 hourly 

observations; mean air temperature = 7.6°C, s.d. = 2.87). At no time were sea lions 

observed to lie in either of two small streams or to actively seek out and use shade, 

regardless of the air temperature. Sea lions engaged in 'sandflipping' at temperatures 

exceeding 14°C; the foreflippers were used to throw sand on to the backs of the animals. 

(Sandflipping behaviour is dealt with in detail in chapter 5). 
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Figure 2 .4. The observed monthly presence of six resident sea lions as a percent of the 

number of observer visits to Papanui Beach. (The three remaining resident sea lions not 

shown were not hauling out on Papanui Beach during this period). 
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Table 2.3. a) Relative percent of time allocated to behavioural activities by Hooker's sea 
lions during summer (December 1986, N = 2341 observations) and winter (June I July 
1986, N = 4017 observations). The results of Chi square analyses on each behaviour 
between seasons are shown. b) Percentage of time spent in the lying behaviour by 
individual sea lions with corresponding mean hourly air temperature for the different 
months. 

a) 

BEHAVIOUR 

Lying 
Sit Up 
Social Interaction 
Walk 
WatJ?J: 
Groom 
Sand Roll 
Position Change 
Stretch 

Eliminate 

SUMMER 
(relative percent) 

90.2 
1.9 
1.3 
1.1 
0.5 
2.6 
0.8 
0.9 
0.5 
0.3 

* p < 0.05, ** p < 0.001, ns -not significant 

b) 

WINTER 
(relative percent) 

80.6 
3.8 
8.8 
1.8 
0.7 
1.2 
0.4 
1.6 
0.8 
0.4 

MONTH LYING 

Autumn (March 1986) 
Winter (June I July 1986) 
Summer (December 1986) 

(mean percent) 

90.9 
80.6 
90.2 

(std. dev.) 

2.57 
9.40 
2.56 

CHI· SQUARE 
SIGNIFICANCE 

** 
** 
** 
* 
ns 

** 
* 
* 
ns 
ns 

NO. OF AIR TEMP (0 C) 

SEA LIONS (mean hourly) (std. dev.) 

9 15.7 2.37 

7 7.6 2.87 

5 18.0 2.55 
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Activity Budgets 

Chi square analysis of all behavioural activities between seasons showed that the 

activity budgets in summer were significantly different from those in winter (X2 
[9] = 

203, P < 0.001). Analysis of each behaviour between seasons showed that time spent in 

the Lying, Grooming and Sand Rolling behavioural activities was significantly greater in 

summer than in winter. Conversely, time spent in the Sit Up, Walk, Social Interaction 

and Position Change activities was significantly less in summer than in winter. Lying 

was by far the most common behavioural activity (Table 2.3a and b). Analysis of the 

data for individuals showed that the time spent in this activity in both summer and March 

was significantly greater than in winter (t[3] = 6.455, P < 0.001; t[5] = 2.299, P < 0.05, 

respectively, paired one tail). There was no significant difference, however, between 

December and March (t[2] = 0.424, P > 0.5; paired two tail). Mean hourly air 

temperatures for these periods are given (Table 2.3b). 

DISCUSSION 

The pre - European range of the Hooker's sea lion has been reported as far north as 

Cape Kidnappers (39°38'S, 177°6'E) (Berry & King 1970, Weston et al. 1973) and the 

Coromandel Peninsula (37°00'S, 175°35'E) (Smith 1978) -locations in the North Island 

650 and 900 km respectively, north of Otago Peninsula .. The few previous reports of 

Hooker's sea lion sightings along the Otago coast (Gaskin 1972, Wilson 1979) suggest 

that the haul - out ground on Papanui Beach was established relatively recently. Sealing 

activities on the Auckland Islands in 1806 (Gaskin 1972 - page 48) would almost 

certainly have resulted in a marked reduction in Hooker's sea lion numbers and probably 

a retraction in their historical range, so it is possible that the Hooker's sea lion is 

recolonising historical haul - out grounds. Climatic changes affecting the historical 

distribution of the Hooker's sea lion may, however, provide an alternative explanation. 

The nearest haul- out grounds to Papanui Beach are at Stewart Island, 240 km 

south west of Otago Peninsula (Wilson 1979) (Figure 2.1). The selection of Papanui 

Beach as the only current mainland haul- out ground may be related to bathymetric 

features of the coastal waters. A series of four deep water canyons extend west from the 

continental slope toward the Otago Peninsula. Papanui Beach is only 15 km from the 
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nearest of these canyons which potentially provide sea lions with close access to deep 

water food resources. The continental shelf west of the Auckland Islands is also narrow 

(10 km), suggesting that proximity to deep water may be a factor in the haul - out 

location. The question remains however, as to why this haul - out ground should be 

used predominantly by non - breeding males and why females are absent. 

The implications of studying individuals as opposed to groups is far reaching -

while group studies reveal behaviour patterns of the population as a whole, no indication 

of the individual contribution to these patterns is afforded. In this study the ability to 

identify sea lions at Papanui Beach on a daily I monthly basis has resulted in findings that 

were otherwise not apparent. For example, Hawke (1986) observed that two individual 

Hooker's sea lion were present on Papanui Beach for periods of nine weeks and six 

months respectively, after which time they were not seen again. Based on this evidence 

Hawke considered the population to be itinerant. The results of this study, in which all 

animals were identified, showed that the great majority (95.6 %) of haul - outs on 

Papanui Beach were made by known individuals returning on a daily basis. These 

fmdings, together with the limited degree of emigration and recruitment observed during 

21 months, indicate that the turnover of individuals is low. Additionally, the frequency 

of haul - outs of resident individuals suggest that these sea lions are site-specific. 

The mean arrival and departure times together with the daily population fluctuations 

(Figure 2.3a) are consistent with nocturnal feeding in P. hookeri. Other otariids which 

are known to be predominantly nocturnal feeders include the New Zealand fur seal 

(Arctocephalus forsteri, Street 1964, Stirling 1968), Antarctic fur seal (A. gazella, 

Kooyman et a!. 1986), South American fur seal (A. australis, Trillmich et a!. 1986), 

Northern fur seal (Callorhinus ursinus, Kooyman & Goebel 1986), Galapagos fur seal 

(A. galapagoensis, Kooyman & Trillmich 1986a), Steller's sea lion (Eumetopias 

jubatus, Mathisen & Lopp 1963), and Californian sea lion (Zalophus californianus, 

Mate 1975). Not all otariids, however, feed exclusively at night; the South African fur 

seal (A. pusillus, Kooyman & Gentry 1986, Rand 1959) may feed during both the day 

and night while the Galapagos sea lion (Zalophus californianus wollebaeki, Eibl

Eibesfeldt 1955, Kooyman & Trillmich 1986b, Orr 1967) feeds mainly during day time. 

During March 1986 sea lions spent on average, 43.8 %of each day ashore (78% 

of daylight hours). This figure is probably an underestimate of the actual time spent 

ashore, since no account has been taken of sea lion presence before dawn, or after dark. 

The variability in the length of haul - out stays may be related to foraging success. 
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Sea lion abundance in 1986 and 1987, although associated with a high degree of 

variability on a daily basis, is much the same as that reported by Hawke ( 1986) for less 

intensive studies in 1984 and 1985. The apparent desertion of Papanui Beach by the 

resident sea lions in the summer period of 1986 I 87 coincides with the breeding season 

of P. hookeri on the Auckland Islands (Falla 1965, Marlow 1975, King 1983a). It is 

possible that these sea lions travelled to southern breeding grounds during this time. 

Their size and age, however, would exclude all but one of these sea lions shown in figure 

2.4 as potential breeders since males are not capable of holding a territory until they are 

both sexually and socially mature (8 years and older; M.W. Cawthorn, pers. comm., 8 

Feb. 1988). One of the larger resident sea lions returned in February 1987, bearing 

multiple superficial wounds, plausibly the result of intrasexual fighting. That these sea 

lions should return to the same haul - out ground after a protracted absence suggests 

strong homing ability and site specificity. Release studies of captive Californian sea lions 

(Zalophus californianus) have shown conclusively that sea lions have well developed 

navigational skills and homing ability (Ridgway & Robison 1985). 

The proportion of time spent in each block on Papanui Beach indicates that sea lions 

are preferentially hauling out on selected areas of the beach, favouring the middle and 

extreme ends. The use of these preferred areas was not restricted to a particular size class 

suggesting that age is not a factor in block selection at Papanui Beach. During the cooler 

winter period sea lions tended to occupy the grass dune areas which probably provided 

shelter from the prevailing southwest winds and reduced heat loss - heat losses to the 

substrate are presumably less on grass than damp sand. Ling & Walker (1979) found 

that the Australian sea lion (Neophoca cinerea) also occupies dune areas more often in . 

winter. Marlow (1975) reported that during heavy rainstorms large numbers of Hooker's 

sea lions would leave the beach on Enderby Island and enter the water, returning when 

the rain had eased. This behaviour was not however, observed at Papanui Beach. 

During warmer temperatures (black bulb exceeding 14°C) sea lions on Papanui 

Beach engaged in 'sandflipping', a behaviour in which the foreflippers are used to throw 

damp sand onto the backs of the animals, presumably to cool the sea lion and provide 

protection from the sun (see chapter 5). Even during very warm temperatures (air 

temperature 25°C, black bulb temperature 35°C) sea lions did not resort to using shade, 

the edge of the sea or either of the two streams for cooling purposes suggesting that 

sandflipping may be an effective thermoregulatory behaviour. Sea lions on Enderby 

Island have also been described as behaving in this manner (Marlow 1975). The fmal 
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recourse of the sea lions when the temperature had apparently exceeded their behavioural 

(sandflipping and postural adjustments) and physiological capacity to thermoregulate was 

to vacate the beach and move into the sea. 

Behavioural studies of phocids and otariids on land have shown that species in both 

groups allocate a large amount of time to the resting behaviours. Although no studies on 

activity budgets of Hooker's sea lions in a breeding colony have been published, it is 

clear that like most pinnipeds, a major proportion of the activity budget is given over to 

resting in the non- breeding season. The claim by Boness (1984) that phocids spend a 

greater proportion of their activity budgets resting than do otariids is not supported by 

data on breeding Gray seals (Halichoerus grypus, Boness 1984, Anderson & Harwood 

1985) and breeding New Zealand fur seals (Arctocephalus forsteri, Stirling 1971, 

Crawley et al. 1977). 

Why should sea lions spend so much time inactive ? Blubber and fur which insulate 

pinnipeds from even the coldest water, present major problems of heat dissipation while 

on land (Stirling 1970). These problems are compounded during physical activity and I 

or when air temperature rises and the gradient between body temperature and air 

temperature diminishes. In summer P. hookeri allocated significantly more time to Lying 

and less to Social Interaction and the associated Walk and Sit Up behaviours. 

Comparison of air temperatures with the proportion of time spent Lying by individual sea 

lions during summer (December), autumn (March) and winter (June I July) suggests that 

physical activity at warmer temperatures may be limited by the capacity to effectively 

thermoregulate under these conditions. Temperature dependent physiological constraints 

on terrestrial activity were demonstrated for the Northern fur seal, Callorhinus ursinus 

(Ohata & Miller 1977). In addition, Johnstone & Davis (1987) concluded that A.forsteri 

was less active during warmer temperatures. Behaviours other than Lying that were 

significantly more frequent in summer included Grooming and Sand Rolling; the latter 

was most commonly observed on arrival or just prior to departure from the beach. The 

significant rise in Grooming frequency during the summer may be a response to 

increasing irritation to the skin during periods of intense solar radiation. Johnstone & 

Davis (1987) also found that the frequency of Grooming increased with temperature. 
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CHAPTER THREE 

Comparative Terrestrial Locomotion of the New Zealand Fur Seal 

(Arctocephalus forsteri) and Hooker's Sea Lion (Phocarctos hookeri): 

Evolutionary and Ecological Implications. 

In Press: Beentjes, M.P. 1989. Zoological Journal of the Linnean Society 

INTRODUCTION 

Living pinnipeds comprise three families, the Odobenidae (walrus), the Phocidae 

(true seals) and the Otariidae (eared seals) or sea lions and fur seals (chapter 1). Unlike 

the truly aquatic sirenians and cetaceans, pinnipeds are still dependent on land or ice for 

breeding and rest. The evolution of structural adaptations for aquatic propulsion has 

resulted in a mode of terrestrial locomotion that can be regarded as a compromise to life 

both on land and in the water. 

The taxonomic status of modern fur seals and sea lions has been a contentious issue 

for many years (chapter 1 - page 3). Barnes (1979), Barnes et al.(1985), Mitchell 

(1968) and Repenning et al. (1971) argued that distinction between fur seals and sea 

lions is not valid at the Subfamily level. Conversely, taxonomic distinction into the 

nominal subfamilies Arctocephalinae and Otariinae was supported by Kim et al. (1975), 

Ling (1978) and Repenning & Tedford (1977). More recently Berta & Demere (1986) 

applied a cladistic analysis to the problem of otariid phylogenetic relationships. The 

resulting cladogram suggests that the modern fur seals (both Arctocephalus spp. and 

Callorhinus) and the sea lions belong to separate and distinct monophyletic groups and 

consequently Berta & Demere advocate that the Subfamily distinction is valid. Thus the 

taxonomic status of fur seals and sea lions still remains controversial and has yet to be 

satisfactorily resolved. 

The highly specialised hindflippers of phocids, while providing propulsion in 

water, play little part in terrestrial locomotion (Backhouse 1961, Howe111929, Mordinov 

1968, O'Gorman 1963). Although otariids (fur seals and sea lions) are highly adapted to 

an aquatic existence, unlike the phocids they have retained a comparatively high degree of 

locomotor efficiency on land. While the forelimbs are used almost exclusively to provide 
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propulsion during swimming and the hindflippers trail passively (English 1976a, 

Feldcamp 1987, Ray 1963), on land otariids employ both the fore and hind limbs for 

terrestrial locomotion (English 1976a). The hindlimbs are brought forward under the 

body and together with the forelimbs enable the animal to lift and support the trunk clear 

of the substrate. 

Most previous studies on otariid terrestrial locomotion have been general 

descriptions lacking a firm quantitative basis (Bonner 1968, Gambarjan & Karapetjan 

1961, Howell 1929, 1970, Marlow 1975, Mordinov 1968, Peterson & Bartholomew 

1967, Ray 1963, Tamino 1951, 1952). The aquatic and terrestrial locomotion of the 

California sea lion (Zalophus californianus) (English 1976a) and the walrus (Odobenus 

rosmarus) (Gordon 1981) have however, been studied in some detail. Although no 

detailed studies of the terrestrial locomotion of fur seals (Arctocephalus spp.) have been 

undertaken it is generally assumed implicitly that the gait of sea lions and fur seals is the 

same (English 1976b, King 1983a- page 143). 

This study investigated the terrestrial locomotion of the New Zealand fur seal 

(Arctocephalus forsteri, Lesson 1828) and Hooker's sea lion (Phocarctos hookeri, Gray 

1844). Gaits were filmed, quantified, and limb and body movements determined. The 

respective gaits of these otariids are discussed here in light of other locomotion studies, 

and with regard to the inferred evolutionary history and systematics of the otariids. The 

adaptive ecological significance of the gaits is also discussed. 

METHODS 

The gaits of the New Zealand fur seal and Hooker's sea lion were filmed in the wild 

on the Otago Peninsula, New Zealand (45°52'S, 170°44'E). Gait sequences of known 

individuals were filmed using a portable National video camera (WVP - F2N) and 

recorder (NV - 180EN) which operates at a fixed speed of 25 frames per second. The 

camera was equipped with a character generator (WV - KB 1 ON) which produced a 

simultaneous record of time on the video tape. Tape was analysed frame by frame on a 

television monitor. Tracings of the screen images were made to aid the qualitative 

description of the limb and body movements during locomotion. Those tracings 

representative of the different gaits of the New Zealand fur seal and Hooker's sea lion are 
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presented herein. 

Six individually identifiable male sea lions (ranging from sub- adult to mature) and 

one female were filmed on haul - out beaches with a sandy substrate. Sixteen male fur 

seals (ranging from sub- adult to mature) were filmed on sand beaches close to their more 

usual rocky habitat. In each case analysis involved averaging the measured variables of at 

least two consecutive cycles of locomotion movement. It was usually possible to measure · 

accurately the stride length of the gait from tracks left in the sand. Speed of travel was 

determined from the measured stride length and the duration of the cycle calculated from 

the video footage. 

Other Otariids 

The gaits of the South American fur seal (Arctocephalus australis, Zimmerman 

1783) ('South Georgia' documentary- Remarkable Films 1986), the Australian sea lion 

(Neophoca cinerea, Peron 1816) (Taronga Zoo, Sydney- library footage) and Hooker's 

sea lion (Phocarctos hookeri) ('Sea Lion Summer'- TVNZ Natural History Unit, 1982) 

were also analysed from the above video footage. I also filmed the gaits of Neophoca 

cinerea and the Australian fur seal Arctocephalus pusillus doriferus (Schreber 177 6) at 

Taronga Zoo, Sydney, Australia. 

Definitions 

Definitions of terms used to describe the gaits - listed in alphabetical order. 

Asymmetrical Gait - gait in which footfalls of a pair (fore or hind) are unevenly spaced in time 

(Hildebrand 1977). 

Bound- gait in which both fore and hind leads are very short or absent (Dagg 1973, Hildebrand 1977, 

1980). 

Diagonal Couplets - placement of feet such that contralateral feet (LH, RF - RH, LF) are coupled in time 

(Hildebrand 1966,1980). 

Diagonal Sequence - gait in which the contralateral forefoot strikes the ground after the hindfoot (in the 

sequence LH, RF, RH, LF). 

Duty Factor- percentage of the stride that a given foot contacts the ground (left hind foot in this case) 

(Hildebrand 1966, 1976, McGhee & Frank 1968). 

Gallop - asymmetrical gait in which the feet of a pair (fore or hind) strike the ground in quick succession 
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(Gray 1968, Hildebrand 1977). 

Half- Bound- gait in which the hind feet are placed down simultaneously yet there is evident fore lead 

(Dagg 1973, Hildebrand 1977, 1980). 

Lateral Couplets- placement of feet such that ipsilateral feet (LH, LF- RH, RF) are coupled in time 

(Hildebrand 1980). 

Lateral Sequence - gait in which the ipsilateral forefoot strikes the ground after the hindfoot (in the 

sequence LH, LF, RH, RF) (Hildebrand 1966, 1980). 

Midtime - point midway between placement of the trailing foot and lifting of the leading foot of a pair 

(fore or hind) (Hildebrand 1980). 

Midtime Lag - interval between midtime of the hind and midtime of the fore feet (Hildebrand 1980). 

Relative Phase- percentage of the stride that the ipsilateral forefoot is placed down after the hind foot 

(Hildebrand 1966, 1976). 

Single Foot- placement of the feet such that the time interval between placement of each foot is nearly 

the same (Hildebrand 1966, 1980). 

Stride - a complete cycle of leg movements, eg. from successive placements of a given foot (Alexander 

1984). 

Symmetrical Gait - gait in which the footfalls of a pair (fore or hind) are evenly spaced in time, i.e. the 

interval between the left footfall and the right footfall is the same as the interval between 

the right footfall and the left footfall (Hildebrand 1976). 

Walk- a symmetrical gait in which the phase difference between placement of successive feet is always 

one quarter of a stride (Gray 1968). 

RESULTS 

Hooker's Sea Lion Terrestrial Gaits 

Despite the semi aquatic lifestyles of otariids the Hooker's sea lion employs a 

modified gallop and a walking gait, the latter bearing remarkable similarities to that used 

by their terrestrial ancestors. 

(i) Walk - The walk is termed symmetrical since the footfalls of a pair are evenly 

spaced in time. Only two variables, the duty factor and the relative phase, are necessary 

to describe the symmetrical gait (Hildebrand 1966, 1976). The gait diagram is commonly 

used in tetrapod locomotion studies to illustrate footfall patterns (Gray 1968, Hildebrand 
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1966, 1976, Taylor 1970, Vander Graaf eta/. 1982). A single stride of the walking gait 

of most tetrapods can be divided into eight phases, each with a different configuration of 

feet on the ground (Gray 1968, Howe111944, Muybridge 1957). The walking gait of the 

Hooker's sea lion similarly is composed of eight phases with alternating support from two 

and three feet (numerical formula = 3-2-3-2-3-2-3-2) and a relatively constant stride 

interval of 1.1 seconds (Figure 3.1a). When the numerical formula is two, support is 

alternately by two ipsilateral and two contralateral feet. The mean hind limb duty factor is 

64.3 % (s.d. = 4.63) and relative phase 20.2 % (s.d. = 3.37) (Table 3.1a). The fore 

contact interval averages 104.9 % (s.d. = 7.23) of the hind contact interval. When the 

hind limb duty factor and relative phase are plotted on Hildebrand's gait distribution graph 

(Hildebrand 1966, 1968, 1976, 1980) (Figure 3.2 herein), the walking gait of the 

Hooker's sea lion can be accurately defined as a lateral sequence (L.S.) walk in which 

foot placement lies in the region between single foot and lateral couplets (S.F. I L.C.). 

The speed of the gait is defined as a moderate walk and corresponds to an average 

measured speed of0.73 m/ s (s.d. = 0.10) (Table 3.1a). Sequential tracings of body and 

limb movements during a single stride interval of the lateral sequence walk are illustrated 

in figures 3.4 and 3.5. 

(ii) Gallop- the second and faster gait employed by the Hooker's sea lion is 

asymmetrical but does not conform completely to the definition of a gallop (Gray 1968, 

Hildebrand 1977), i.e. the footfalls of a pair (fore or hind) do not impact successively to 

form couplets. Instead the sequence of foot placement is the same as for the lateral 

sequence walk (LH, LF, RH, RF). The fast gait of the Hooker's sea lion, appears to lie 

intermediate between a walk and a gallop. Herein, for the purpose of convenience only, I 

refer to this gait as the gallop. The gallop of the Hooker's sea lion can also be illustrated 

in the form of a gait diagram (Figure 3.1b). A single stride is completed in slightly more 

than half the time it takes to complete a walking stride (stride interval = 0.6 seconds). 

There are eight phases each with different combinations of support by one, two or three 

feet. No period of suspension is associated with this gallop. Hooker's sea lions use 

either a right or left lead as do most mammals (Hildebrand 1977). Sequential tracings of 

body and limb movements during a single stride interval of a gallop are illustrated in 

figure 3.6. 

Because the second half of the gait cycle does not reflect the events of the first, i.e. 

it is not symmetrical, a minimum of five variables is required to define the asymmetrical 

gait (Hildebrand 1977) (Table 3.1b). These variables are the fore and hind contact 
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N 
\0 

Table 3 .1. Gait variable means and standard deviations for the Hooker's sea lion and New Zealand fur seal. a) Hooker's sea lion 
symmetrical gait (walk), n = 69 strides. b) Asymmetrical gaits of (i) Hooker's sea lion (gallop) (n = 38 strides), (ii) New Zealand fur 

seal half- bound (n = 38 strides), and (iii) New Zealand fur seal bound (n = 31 strides). 

a) 

DUTY FACTOR RELATIVE FORE CONT. SPEED 
(hindlimbs) PHASE (%of hind) (m/ s) 

Mean 64.3% 20.2% 104.9% 0.73 
S.D. 4.36 3.37 7.23 0.10 

b) 

lUND CONT. FORE CONT. HIND LEAD FORE LEAD MIDTIME LAG SPEED 
(% stride) (%stride) (% hind contact) (%fore contact) (%stride) (m/ s) 

(i) Mean 43.0 49.3 56.0 79.7 25.2 2.21 
S.D. 3.5 4.6 9.6 11.6 3.1 0.19 

(ii) Mean 49.1 60.5 0 39.2 33.8 1.26 

S.D. 10.7 13.5 20.6 5.3 0.85 

(iii) Mean 37.1 41.0 0 0 32.1 2.6 

S.D. 7.2 10.0 2.3 0.46 



a) LH 

LF 

RH 

RF 

PN 1 2 3 4 5 6 7 8 

FN 4 6 10 14 18 20 25 28 

• • • • • • • • • • FF 
II II • • • • • • • • 

NF 3 2 3 2 3 2 3 2 

b) LH 

LF 

RH 

RF 

PN 1 2 3 4 5 6 7 8 

FN 1 2 4 7 8 10 11 15 

• • • • • • • • • FF • • • II II • • 

NF 2 1 2 3 2 3 2 1 

Figure 3.1. Phocarctos hookeri- Hooker's sea lion gait diagrams. a) Walk, b) Gallop. 
Stipled areas indicate that the limb is in contact with the ground. LH -left hind, LF -left 
fore, RH- right hind, RF -right fore, PN- phase number, FN -frame number, FF
footfall formula, NF - numerical formula. 
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Figure 3.2. Symmetrical gait distribution graph. (The symmetrical gaits of 156 genera 
of tetrapod lie within the outlined area on the grid- Hildebrand 1976). The positions of 
the walking gaits of the Hooker's sea lion (Phocarctos hookeri), the California sea lion 
(Zalophus californianus- English 1976a) and the walrus (Odobenus rosmarus divergens 

-Gordon 1981) are shown on the graph. v.sl.- very slow, mod.- moderate, Lat.
lateral, Diag.- diagonal. (Modified from Hildebrand 1976). 
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intervals as a percent of the stride interval(= duty factor), the hind lead as a percent of the 

hind contact interval, the fore lead as a percent of the fore contact interval and the rnidtime 

lag. The fore limbs tend to remain on the ground longer than the hind limbs, and there is 

a greater lead between fore limbs than hind. The average speed of travel relative to the 

ground was 2.21 m I s (s.d. = 0.19). The speed of the gallops recorded for these 

individuals probably does not represent a maximum effort since an individual sea lion was 

recorded travelling, in pursuit of another sea lion, at a speed of 3.6 m Is. 

New Zealand Fur Seal Terrestrial Gaits 

Compared to the Hooker's sea lion, the gaits of the New Zealand fur seal show less 

resemblance to the gaits of their terrestrial ancestors. 

(i) Half - Bound and Bound- The gaits of the New Zealand fur seal can be 

categorised into two types, the half- bound and the bound. New Zealand fur seals were 

not observed performing a lateral sequence walk, a true gallop or the modified gallop 

employed by the Hooker's sea lion. Both the bound and half - bound are included in the 

asymmetrical gaits (Hildebrand 1966, 1977). By definition however, the bound is a 

symmetrical gait (Brown & Yalden 1973) but is often included with the gallop in the 

asymmetrical gaits since some animals tend to gallop at slow speeds and bound at faster 

speeds (Dagg 1973, Hildebrand 1977). Gait diagrams of the half- bound and bound are 

shown in figures 3.3a and 3.3b respectively. The half- bound consists of six phases 

with support by one, two, three and four feet and a stride interval of 0.65 seconds. The 

bound consists of only four phases with support by two and four feet and a stride interval 

of 0.45 seconds. There is one period of suspension associated with the bound. 

Sequential tracings of body and limb movements for the half - bound and bound are 

illustrated in figures 3.7 and 3.8 respectively. 

The difference between the bound and half- bound is one of transition rather than 

change, i.e. as the fur seal increases its speed there is often a transition between the half

bound and bound. The half- bound is more commonly performed during slow speeds 

and only occasionally at faster speeds while the bound is employed only at faster speeds 

(Table 3.1 b). Thus while the speed of the lateral sequence walk of the Hooker's sea lion 

was found to be relatively invariant (mean = 0.73 m I s, s.d. = 0.10), considerably more 

variation was associated with fur seal gaits (half- bound mean = 1.27 m I s, s.d. = 0.85; 

bound mean = 2.65 m I s, s.d. = 0.46). The five variables used to define the gallop 
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PN 1 2 3 4 

FN 3 4 8 12 

• • • • FF • • • • 
NF 2 4 2 0 

Figure 3.3. Arctocephalus forsteri- New Zealand fur seal gait diagrams. a) Half
bound, b) Bound. (Abbreviations as for figure 3.1). 
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Figure 3.4. P hocarctos hookeri - Tracings of the limb and body movements during a 

complete cycle of the walking gait of the Hooker's sea lion (posterior view). Frame 
numbers are shown and arrows indicate when each limb is lifted and placed down. 
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Figure 3 5. P hocarctos hookeri - Tracings of the limb and body movements during a 

complete cycle of the walking gait of the Hooker's sea lion (lateral view). (Frame 

numbers and arrows as for figure 3.4). 
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Figure 3.6. Phocarctos hookeri- Tracings of the limb and body movements during a 

complete cycle of the gallop of the Hooker's sea lion (lateral view). (Frame numbers and 
arrows as for figure 3.4). 
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Figure 3 .7. Arctocephalus jorsteri - Tracings of the limb and body movements during a 

complete cycle of the half- bound of the New Zealand fur seal (lateral view). (Frame 

numbers and arrows as for figure 3.4). 
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Figure 3.8. Arctocep hal us forsteri - Tracings of the limb and body movements during a 
complete cycle of the bound of the New Zealand fur seal (lateral I posterior view). (Frame 

numbers and arrows as for figure 3.4). 
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of the Hooker's sea lion can be applied to the bound and half- bound gaits (Table 3.1 b). 

The hind feet are always placed down simultaneously with no hind lead recorded. 

Step Cycle Description 

Descriptions of the step cycles of the New Zealand fur seal and Hooker's sea lion 

are provided in Appendix A. (Unpublished). 

Oscillations of the Centre of Gravity 

Limb movements of both the New Zealand fur seal and Hooker's sea lion are aided 

by oscillations of the centre of gravity. In the case of the Hooker's sea lion the centre of 

gravity lies in the region of the forelimbs and oscillates laterally along a spiral path about 

the axis of progression, rising and falling twice during a complete step cycle. The hind 

limbs of the Hooker's sea lion are protracted alternately by lateral rotation of the pelvis 

about the vertical axis in tandem with flexion of the posterior axial skeleton. The centre of 

gravity in fur seals also lies in the region of the forelimbs but in contrast, oscillates 

sagittally along the plane of progression between anterior I dorsal and anterior I ventral 

positions rising and falling only once during a complete step cycle. The maximum 

anterior I ventral and anterior I dorsal positions correspond to lifting of the hind and 

forelimbs respectively (Figure 3.9). The hind limbs of the New Zealand fur seal, in 

contrast to the Hooker's sea lion, are moved in unison, predominantly by flexion of the 

posterior axial skeleton. 

Gaits of Other Otariids 

Video footage on other species of otariids was more limited and less detailed than 

that available for the two study species, but still serves to determine whether other otariids 

employ gaits which are qualitatively similar to either of the two study species. In 

summary, both pups and adults of Neophoca cinerea and pups of Phocarctos hookeri 

employ a lateral sequence symmetrical gait similar to that of P hocarctos hookeri adults. 

Similarly adults of Arctocephalus australis and A. pusillus doriferus employ a half

bound gait similar to that of A.forsteri adults. 

The gaits of the Hooker's sea lion differ in the following ways from that of the 
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a) 

b) 

Figure 3.9. Tracings illustrating the differences in the directional displacement of the 

centre of gravity between the Hooker's sea lion and New Zealand fur seal. a) Maximum 
lateral displacement of the centre of gravity to the left and right during a complete cycle of 

the walk of the Hooker's sea lion. b) Maximum anterior I dorsal and anterior I ventral 
displacement of the centre of gravity during a complete cycle of the bound of the New 

Zealand fur seal. Large arrows indicate the direction in which the centre of gravity is 

moving. Small arrows indicate lifting and placement of the limbs. 
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California sea lion as determined by English (1976a). The duty factor and relative phase 

variables of the walk of the California sea lion are greater than for the Hooker's sea lion. 

Consequently although both sea lions use lateral sequence walking gaits, the California 

sea lion employs single foot I diagonal couplet foot placement while the Hooker's sea lion 

employs single foot I lateral couplet foot placement (Figure 3.2). The walk of the 

California sea lion is termed slow while that of the Hooker's sea lion is a medium walk. 

Californian sea lions were not observed by English (1976a) to gallop in the sense that all 

four limbs are placed down and lifted independently as they are in the Hooker's sea lion. 

English's description of the gallop or 'fast walk' of the California sea lion conforms to the 

half- bound of Hildebrand (1977). 

DISCUSSION 

Structure and Function 

The results of this study show clearly that the sea lion Phocarctos hookeri and the 

fur seal Arctocephalus forsteri differ profoundly in the type of gait employed during 

terrestrial locomotion. While sea lions are able to move each limb independently, fur seals 

employ a gait in which the hind limbs are predominantly moved in unison. The type of 

gait employed is widely considered to reflect the functional morphology of the animal 

(Dagg 1973, Hildebrand 1968, Maynard Smith & Savage 1956). Current knowledge of 

the postcranial skeletal morphology of otariids however, indicates that the nominal 

subfamilies Arctocephalinae and Otariinae are barely distinguishable (Repenning & 

Tedford 1977, this study - chapter 4). An evolutionary change in the function of a 

structure without an apparent evolutionary change in the morphology has been shown for 

two families of shark (Isuridae and Cetorhinidae) in which the lunate tail functions 

differently without any apparent change in anatomy and construction (Reif 1983). In 

another example Brown & Yalden (1973) cited two species of Rattus (R. rattus and R. 

norvegicus) in which limb morphology was indistinguishable despite differences in 

locomotion. Similarly, it appears that the limbs and vertebral column in the Hooker's sea 

lion and New Zealand fur seal function differently during locomotion despite any major 

structural differences in osteology. Brown & Yalden (1973) discussed the evolutionary 

sequence leading to changes in limb morphology, and reasonably concluded that changes 
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in ecology often lead to behavioural modifications in locomotion that may precede any 

apparent morphological changes. They argued that the persistence of the modified 

behavioural pattern in a species, will eventually become assimilated in the neural pathways 

for particular patterns of muscular coordination. Implicit in this argument must be the 

underlying assumption that the initial change in gait behaviour increases the reproductive 

fitness of the animal such that natural selection will favour the genetic assimilation of this 

behaviour. 

The 'Principle of Optimal Design' (Rosen 1967) contends that structures evolve in 

such a way as to minimise energy requirements. Rief (1983) however, made the point 

that organs such as limbs cannot be optimised for a single purpose since they are a 

compromise for several different functional requirements. The limbs of otariids in 

particular, function as aquatic propulsive organs, provide support and thrust on land (an 

important function when considered in terms of breeding success) and additionally are 

important in thermoregulation (Gentry 1973). Ultimately, morphology is controlled by at 

least three constraining factors: 1) historical or phylogenetic, 2) structural and 3) 

functional factors. The interaction of these constraining factors largely determines the 

resultant morphologic structure (Seilacher 1970). Natural selection cannot act to optimally 

adapt the limb for a single function, but instead will be directed by the many conflicting 

functional requirements of the limbs. 

Habitat 

The gaits of P. hookeri and A. forsteri are apparently not associated with any 

major concomitant structural differences. Ecological variables may have influenced the 

divergent evolution of the gaits of these species. Studies of locomotion have shown that 

habitat in particular is important in determining the type of gait employed by an animal 

(Dagg 1973, 1979, Dagg & DeVos 1968a, b, Maynard Smith & Savage 1956, Taylor 

1970, Webb 1972, Windsor & Dagg 1971). Windsor & Dagg (1971) provided some 

examples of closely related species of Macropodinae in which the gaits of these kangaroos 

appear adapted to their specific habitats (see Dagg 1973 for additional examples). 

A. forsteri and P. hookeri occupy radically different habitat types. The fur seal 

lives on rocky and usually very exposed coasts of the New Zealand mainland and 

offshore islands (Armstrong 1988, Crawley & Wilson 1976, Wilson 1981). The gait of 

the New Zealand fur seal appears well adapted in relation to its rugged habitat. Large 
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rocks and uneven ground are easily negotiated using the bound and half - bound gaits 

which are often used by animal species that need to negotiate rugged terrain (Hildebrand 

1977, 1980). In contrast, observations of Hooker's sea lions using a symmetrical 

walking gait on the rocky substrate normally used by A. forsteri reveal a slow, 

cumbersome and apparently inefficient movement. 

Hooker's sea lions are found almost exclusively on sand beaches of the subantarctic 

islands south of New Zealand (Falla et al. 1979, Marlow 1975, Waite 1909) and in small 

numbers on the mainland (Beentjes 1989b, Hawke 1986). The Hooker's sea lion is 

considerably more mobile than the New Zealand fur seal on sand and other non- rocky 

substrates; sea lions frequently undertake walks of several hundred metres and on 

subantarctic islands may be found distances of over a kilometre inland (Marlow 1975). 

The New Zealand fur seal in contrast does not undertake such lengthy journeys and is 

usually found no more than a few metres from the waters edge. The Lateral sequence gait 

used by the Hooker's sea lion on sand provides the most stable triangular configurations 

of support by three limbs (Gray 1944, Hildebrand 1980) and indeed it is employed by 

most mammal tetrapods (Dagg 1979, Hildebrand 1966). The remarkable similarity 

between the walking gait of the Hooker's sea lion and terrestrial mammals presumably 

enables this sea lion to undertake extended and lengthy walks more typical of terrestrial 

animals. 

The Adaptive Explanation 

The respective gaits of the Hooker's sea lion and New Zealand fur seal are here 

considered as ecological specialisations which are adaptations to the mechanical problems 

imposed by different habitats. A consequence of the resulting gaits presumably was a 

minimising of the metabolic power requirements, thus increasing the overall fitness of the 

animal through fine tuning to their respective micro - habitat (Alexander 1981, 1984, 

Maynard Smith & Savage 1956). To pursue this interpretation further for these species is 

beyond the scope of this study for conservation, legal and financial reasons, but some 

theoretical points are noteworthy. When proposing an adaptive argument to explain 

phenotypic behavioural differences between two closely related species, no indication of 

the generality of the trait and the ecology can be assumed. Two species may simply have 

evolved alternative solutions to similar problems, that is, they may occupy different 

'adaptive peaks' (Lewontin 1978). Only by comparing proposed adaptive traits of 
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morphology, physiology and behaviour across groups of species and their ecological 

variables can the real adaptive significance be determined (Lack 1968). Accordingly, a 

comparison of gait and ecological variables of all otariids would be necessary to determine 

whether gait is adapted, as proposed here, principally to habitat. .Available information on 

the habitats and gaits of otariids however, does tend to support the hypothesis that gaits 

are closely linked to habitat. For example, all of the five genera of extant sea lions, to a 

lesser or greater extent, haul - out on sandy beaches while the arctocephaline fur seals are 

found almost exclusively on rocky substrates (Beentjes 1989b, Bester 1982, Hawke 

1986, King 1983a, Ling & Walker 1979, Marlow 1975, Mattlin 1978, Me Cann 1980, 

Orr 1967, Peterson et a/.1968, Rand 1967, Ridgway & Harrison 1981, Warneke & 

Shaughnessy 1985, Wilson 1981). 

Centre of Gravity 

Large oscillations of the centre of gravity are considered to be energetically wasteful 

(Gray 1968, Maynard Smith & Savage 1956). The magnitude of this oscillation for the 

Hooker's sea lion and New Zealand fur seal, while directed in different planes, is 

substantial compared to cursorial tetrapods. The relatively large oscillations in the centre 

of mass are necessary for two reasons. Firstly, the centre of gravity in sea lions lies more 

anteriorly than is typical in cursorial tetrapods, a result of increased muscular development 

of the aquatically adapted forelimbs (English 1976a). Secondly, the osseous parts of the 

limbs are relatively short, project transversely and have the humerus and femur effectively 

enclosed in tissue of the torso. The limbs are thus unable to swing freely (analogous to a 

pendulum - Gregory 1912) and consequently large movements of the centre of gravity are 

necessary to facilitate the swing phase of the forelimbs along with extensive movements 

of the pelvis and the axial skeleton to advance the hind limbs. The centre of gravity is 

moved predominantly in the transverse plane in the Hooker's sea lion while in the New 

Zealand fur seal it is in the sagittal plane. Although the gaits of sea lions and fur seals 

seem energetically costly when compared to their terrestrial mammal counterparts, the 

respective gaits nevertheless enable these animals to effectively maintain the terrestrial 

component of their amphibious lifestyles. 
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Phylogeny of Gaits 

The evolution of tetrapod gaits has been discussed by Magna De La Croix (1936), 

Garnbarjan (1974) and Hildebrand (1976, 1977). The lateral sequence symmetrical gait, 

bound and half- bound are considered by Hildebrand (1977) to be primitive gaits. The 

symmetrical gaits of tetrapods fall into discrete regions on a gait distribution graph which 

Hildebrand (1976) interpreted in an evolutionary sequence. The adoption of an 

amphibious lifestyle by the otarioids however, would have involved changes in gait that 

do not reflect, to the same extent, the evolutionary patterns of terrestrial tetrapod gaits. 

Despite this, the lateral sequence walk of the Hooker's sea lion lies in the same region as 

the symmetrical gait of the ursids, the terrestrial ancestors of the otarioids. The gaits of 

the earliest otariids appear not to have been deduced and as indicated in this study 

qualitative morphological analysis of the otariid fossils would not provide an indication of 

the type of gait employed, except perhaps for extreme morphologies. The Odobenidae 

(walruses) were thought to have diverged from the lineage that was to lead to the otariids 

21 m.y. ago while phocids were thought to have evolved from a separate mustelid stock 

of mammals (Repenning & Tedford 1977). More recently however, Wyss (1987) has 

provided evidence suggesting that otariids are the sister group of both odobenids and 

phocids thus supporting the monophyletic origin of pinnipeds. The walrus employs a 

modified lateral sequence gait (Gordon 1981), which as a result of its massive size and 

limbs, intermediate in length between otariids and phocids, encompasses aspects of 

phocid terrestrial locomotion, i.e. the lunge. In light of Wyss's (1987) study, the 

presence of a lateral sequence gait in walruses suggests that this type of gait may be a 

primitive pinniped character. The differences in terrestrial gaits of A. forsteri and P. 

hookeri seem paradoxical in light of the postulated evolutionary history of otariids since 

the gait of the Hooker's sea lion more closely resembles that of the ursids than does that 

of the New Zealand fur seal. Relative to the gait of ursids, fur seals appear to possess the 

more derived and sea lions the more primitive gait. The most parsimonious explanation 

argues that the Hooker's sea lion inherited and retained the primitive symmetrical gait 

while the New Zealand fur seal has adopted a derived and more specialised form of 

locomotion within the last three million years since sea lions evolved. Alternatively, the 

gait of the Hooker's sea lion is convergent with that of fissiped carnivores (eg. ursids) 

while the fur seal has retained the primitive gait of otariids. 

The value of gait analysis as an indicator of phylogenetic relatedness is not a new 

concept (Dagg 1973, Windsor & Dagg 1971). The latter authors inferred the probable 
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phylogeny of 19 species of Macropodinae based on the results of gait analysis studies. 

My less intensive analyses of the gaits of A. australis and A. pusillus doriferus suggest 

that these species employ the bound and half- bound gaits similar to that in the New 

Zealand fur seal. Similarly the Australian sea lion Neophoca cinerea employs a lateral 

sequence symmetrical gait similar to the walking gait of the Hooker's and California sea 

lions. Gait analyses of otariids may therefore provide a behavioural character that may 

help distinguish between the postulated subfamilies Arctocephalinae and Otariinae. 
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CHAPTER 4 

Comparative Morphology of the Postcranial Skeleton of the New Zealand 

Fur Seal (Arctocephalus forsteri) and Hooker's Sea Lion (Phocarctos 

hookeri): Functional and Phylogenetic Significance. 

INTRODUCTION 

The distinction between the nominal subfamilies Arctocephalinae (southern fur 

seals) and Otariinae (sea lions) is contentious and problematical since few osteological 

characters have been shown to be wholly diagnostic of either group. Diagnostic 

postcranial characters reportedly include for sea lions, a more robust humerus with the 

pectoral crest directed toward the midpoint of the distal articulation (Repenning & Tedford 

1977), and a baculum with a broad keeled apex (Morejohn 1975). Cranially sea lions 

possess a more convoluted neopallium (Repenning & Tedford 1977), the M1 tooth is 

single- rooted, I3 is large and circular in cross section (Repenning et al. 1971) and the 

cheek toothrow is straight (Berta & Demere 1986). These differences have been 

considered to represent derived characters (apomorphies) in sea lions and retained 

primitive features in fur seals (plesiomorphies) (Repenning & Tedford 1977). Separation 

of the nominal subfamilies by non - osteological features include thigmotaxis in sea lions 

(convergent in A. p. doriferus) (Stirling & Warneke 1971), presence of dense underfur 

in fur seals (Sheffer 1958) and sucking lice host specificity (Kim et al. 1975). 

The aims of this study are to determine: 

1) Whether there are quantifiable structural differences between the postcranial 

skeletal morphology of P hocarctos hookeri and Arctocephalus forsteri. 

2) How structure relates to the terrestrial locomotion in P. hookeri and A. 

forsteri. 

3) How the results relate to the postulated phylogeny of otariids and their 

separation into the subfamilies Arctocephalinae and Otariinae. 

Previous studies have detailed the osteology and myology of the California sea lion 
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-(Zalophus californianus) (English 1976b, 1977, Howe111929, Mori 1958), the Hooker's 

sea lion (Beddard 1890) and the South American sea lion (Otaria jubata = Otaria 

byronia) (Murie 1872, 1874). It is not my intention to apply their largely descriptive 

methods to the Australasian otariids; rather, I present the results of univariate and 

multivariate statistical analyses comparing selected metrical morphological measurements 

of postcranial bones from the otariid species Arctocephalus forsteri (New Zealand fur 

seal) and P hocarctos hookeri (Hooker's sea lion). The Australian otariid species 

Neophoca cinerea and Arctocephalus pusillus doriferus were also studied but these were 

too few in number to be used in the statistical analyses. 

METHODS 

The postcranial elements of complete or partial skeletons of 22 A. forsteri, 22 P. 

hookeri, 6 N. cinerea, and 6 A. p. dorijerus specimens were obtained from institutions 

in New Zealand and Australia (Appendix B). Australian specimens were examined in the 

Australian Museum, Sydney, Australia. 

Linear measurements of bones were taken with vernier calipers (accuracy ± 0.1 

mm). Measurements (Figures 4.1 - 4. 5) were taken from the following bones: vertebrae 

(cervical C3 -C7, thoracic, lumbar), humerus, ulna, radius, femur, tibia, coxa, and 

scapula. Measurements of linear dimensions were selected on the basis of ease and 

accuracy of measurement and I or possible functional significance. Male and female 

specimens were considered as a single group for each species since often the gender of 

museum specimens was unknown and additionally small sample sizes did not allow for 

such a discrimination. Regardless, structural differences between species, if present, 

should be manifested in both sexes. The variables measured are shown in figures 4.1 to 

4.5 and defined below. 

Definitions of Variables: 

(i) Humems (Figure 4.1 - A, B & C) 

HLM: humerus length (maximum) - maximum proximal to distal length of the humerus. 

HLF: humerus length (functional) - distance from the proximal head to the center of the distal articulating 
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face. 

HLDC: humerus length (deltoid crest) - from the proximal tip of the greater tuberosity to the distal 

portion of the crest where it joins with the main shaft of the humerus. 

HWP: humerus width (proximal) - the greatest lateral or medial width of the humerus across the 

proximal head. 

HWT: humerus width (trochlear) - from the medial to the lateral epicondyle. 

HWD: humerus width (distal articulation)- the lateral or medial width of the distal articulating surfaces. 

HWDC: humerus width (deltoid crest)- the lateral or medial width of the humerus shaft and deltoid crest 

measured at the exact mid point of humerus length (HLM). 

HWMS: humerus width (mid sagittal)- the width of the humerus shaft as viewed from the medial- caudal 

aspect, measured at the exact mid point of humerus length (HLM). 

HWLS: humerus width (least sagittal) - the width of the humerus shaft as viewed from the medial - caudal 

aspect, measured at the point where width is least 

HWL T: humerus width (least transverse) - the least width of the humerus shaft viewed from the caudal 

aspect 

HWPH: humerus width (proximal head) - the width of the proximal articulating head as viewed from the 

caudal aspect 

(ii) Femur (Figure 4.2 - C & D) 

FL: femur length - maximum proximal - distal length of the femur. 

FWS: femur width (sagittal) - width of the femur shaft as viewed from the medial aspect, measured at the 

exact mid point of femur length (FL). 

FWT: femur width (transverse) -width of the femur shaft as viewed from the cranial .aspect, measured at 

the exact mid point of femur length (FL). 

FWH: femur width (head) - width of the proximal articulating head as viewed from the medial aspect 

FWD: femur width (distal articulation) - width of the distal articulating processes as viewed from the 

medial aspect 

FLLT: femur length (lesser trochanter) -length between the lesser and greater trochanter as viewed from 

the medial aspect. 

(v) Ulna (Figure 4.2- A & B) 

UL: ulna length - maximum proximal to distal length. 

UWS: ulna width (sagittal) - width of the ulna shaft at a point mid length, as viewed from the medial or 

lateral aspect. 
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UWT: ulna width (transverse)- width of the ulna shaft at a point mid length as viewed from the cranial or 

caudal aspect 

(vi) Radius (Figure 4.3 -A & B) 

RL: radius length - maximum proximal to distal length of radius. 

RWS: radius width (sagittal) - width of the radius shaft at a point mid length as viewed from the medial 

or lateral aspect. 

RWT: radius width (transverse)- width of the radius shaft at a point mid length as viewed from the cranial 

or caudal aspect. 

(vii) Tibia (Figure 4.3 - C) 

TL: tibia length - maximum proximal to distal length of the tibia. 

(iv) Coxa (Figure 4.3 -D) 

CL: coxa length - maximum ischium to ilium length. 

CLIS: coxa length (ischium)- from the middle of the acetabulum to the distal ischium. 

CLIL: coxa length (ilium) - from the middle of the acetabulum to the distal ilium. 

CWlS: coxa width (ischium) - maximum width of the ischium as viewed from the lateral aspect. 

CWIL: coxa width (ilium) - maximum width of the ilium as viewed from the lateral aspect. 

(iii) Scapula (Figure 4.4- A & B) 

SW: scapula width - maximum cranial to caudal width. 

SL: scapula length- maximum length from the vertebral border to the glenoid cavity. 

SHS: scapula height (spine)- maximum height of the spine as viewed from the caudal aspect. 

SWS: scapula width (supraspinatus fossa) - distance from midway between the acromion of the spine and 

the vertebral border to the point where the vertebral and cranial borders intersect. 

SWI: scapula width (infraspinatus fossa) - from midway between the acromion of the spine and the 

vertebral border to the point on the caudal border mid length of the diagonal width (SWD). 

SWD: scapula width (diagonal) -distance from the glenoid cavity to the point where the vertebral and 

caudal borders intersect. 

SWP: scapula width (posterior border) -the width of the posterior (caudal) border at the point mid length 

of the diagonal width (SWD) as viewed from the caudal aspect. 
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Figure 4.1. Phocarctos hookeri -left humerus, A) mediocaudal B) caudal and C) lateral 

views. (Figures 4.1- 4.5 drawn from photographs of specimen A85:4- corrected for 

parallax and distortion). 51 
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Figure 4.2. P hocarctos hookeri - left ulna and femur, A) ulna medial and B) caudal 

view. C) femur cranial and D) medial view. 
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Figure 4 .3. P Jwcarctos fwokeri - left radius and tibia and right coxae, A) radius medial 
and B) caudal views. C) tibia medial view. D) coxae lateral view. 
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Figure 4.4. Phocarctos hookeri -left scapula, A) lateral and B) caudal view. 
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Figure 45. P hocarctos hookeri - second thoracic vertebrae (T2) -intermediate vertebra 

with both radial and tangential zygapophyseal facets. A) lateral B) cranial and C) caudal 
v1ew. 
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(viii) Vertebrae (Figure 4.5 - A, B & C) 

VLC: vertebra length (centrum) - cranial to caudal length of the centrum. 

VBC: vertebra breadth (centrum) - breadth of the centrum cranial articulating face. 

VHC: vertebra height (centrum)- height of the centrum cranial articulating face. 

VWZ: vertebra width (zygapophysis) - distance between the lateral borders of the left and right pre 

zygapophysis facets. 

VHS: vertebra height (spine)- height of the neural spine. 

VLS: vertebra length (spine)- length of the neural spine. 

VWT: vertebra width (transverse process)- maximum lateral width of the vertebra. 

One of the major problems in studies of comparative morphology is determining 

whether measured differences between taxa are real or merely an artifact of allometric 

growth, i.e. ontogenetic changes in proportions with increasing size. Radinsky (1981a,b) 

studied the evolution of skull shape in carnivores and devised a method by which 

measurements could be directly compared, regardless of size differentials, by 

transforming them into Dimensionless Variables. Radinsky's method, adopted in this 

study, is as follows: 

For each bone a variable (usually length of the bone or combined length of the 

thoracic and lumbar vertebrae) was selected to serve as a standard or predictor against 

which the variables measured for that particular bone could be regressed. Variables were 

transformed into dimensionless variables by the relationship of the expected to the 

observed or measured value and thus could be compared across a range of species. Thus 

the transformed dimensionless variable was obtained by inserting appropriate values into a 

master equation: 

Y' Yi 

a (std.) b 

where: Y' = transformed dimensionless variable. 

Yi = observed or measured. 

a (std.)b =expected (equivalent of a X b). 
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and: std.= standard (predictor). 

a = y intercept (from A. forsteri data). 

b = slope (from all otariid data). 

The resulting Y' (transformed) is a dimensionless variable which is calculated from the 

measured value (Yi) divided by the expected Y value (Y = a X b - which is equivalent to 

log Y = log a + b.log X). The transforms are actually the antilogs of the residuals from 

the log transformed equations, that is, Yi (measured) I Y (expected) is the antilog of log Yi 

minus expected log Y (see Radinsky 1981a). 

The slope exponent (b) for the master equation was obtained in the following way. For 

each variable the data were pooled for all four species, converted to logs (base 10) and 

regressed against the log (base 10) of the standard or predictor variable using BMDP 

(programme 1R - Least Squares Regression); the resulting slope for each variable was 

used to form the slope component of the master equation. The y - intercept (a) for the 

. master equation was recalculated from the mean log X and mean log Y of the A. forsteri 

data for each variable, incorporating the slope (b) from the pooled data for all species (log 

a = mean log Y - b. mean log X). The New Zealand fur seal was used because fur seals 

are considered to be the more primitive taxa (Repenning & Tedford, 1977). It makes no 

difference, however, which species is used to calculate the master equation y- intercept 

since it is the relative value of the transformed variable compared between species that is 

of interest (Radinsky 1981a). This method, in effect, negates the confounding effects of 

allometric growth and allows direct comparison between specimens of different size and I 

or age. 

Univariate T - tests (BMDP - 3D ) were used to test whether there were significant 

differences between the transformed dimensionless variables of A. forsteri and P. 

hookeri. Multivariate discriminant function analyses (BMDP - 7M) were used to 

determine which variable or group of variables provided the greatest separation between 

A. forsteri and P. hookeri. 
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RESULTS 

Limb Bones 

(i) Univariate and Multivariate Analysis 

The slope (b) andy- intercept (a) data used to calculate the expected Y- value for 

each limb bone variable are given in appendix C. Division of the measured Y - value (Yi) 

by the expected Y- value (a.X.b) yielded the transformed variables in each case. Where 

the resulting transformed variable for each limb bone was found to be significantly 

different (P < 0.05) between A. forsteri and P. hookeri the mean, standard error, 

significance level and degrees of freedom are given (Table 4.1). 

Humerus -results of the univariate 't- test' statistical analyses showed that A. 

forsteri and P. hookeri differed significantly in the linear lengths of the HLDC, HWP, 

HWT, HWD, and HWPH variables (Table 4.1). Apart from HLDC which was smaller, 

the other variables were all larger in P. hookeri. Discriminant function analyses indicated 

that the variable HWP alone, gave the greatest separation (94.1 % correctly classified) 

between the species (Table 4.2). 

Femur - Significant differences were found in the linear lengths of the FWS, 

FWT, FWH, FWD and FLLT variables between A.forsteri and P. hookeri (Table 4.1). 

In all cases the variables were larger in P. hookeri. Variables FWH and FWS gave the 

greatest separation (96.9% correctly classified) between the species (Table 4.2). 

Scapula - Significant differences were found in the linear lengths of the SW, 

SWS and SWI variables between A. forsteri and P. hookeri (Table 4.1). Of these three 

variables, only SW was smaller in P. hookeri. Variables SWS and SWI together gave 

the greatest separation (84.8% correctly classified) between the species (Table 4.2). 

Coxa- Significant differences were found in the linear lengths of the CWIS and 

CWIL variables between A. forsteri and P. hookeri (Table 4.1). Both variables were 

larger in P. hookeri. Variables CWIS and CWIL together, gave the greatest separation 

(82.9 % correctly classified) between the species (Table 4.2). 

Radius - Significant differences were found in the linear lengths of the RWS 

variable between A. forsteri and P. hookeri (Table 4.1). This variable was larger in P. 

hookeri. Variable RWS, gave the greatest separation (67.9 % correctly classified) 

between the species (Table 4.2). 

Ulna - Significant differences were found in the linear lengths of the UWS 
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Table 4.1. Limb bone means and standard errors of transformed variables. Only 
those variables significantly different (95 % level) between Arctocephalus forsteri and 
Phocarctos hookeri are given. Var.- variable (defined on pages 48- 50), S.E.

standard error, P- significance level, D.F.- degrees of freedom. 

BONE 

Humerus 

Femur 

Scapula 

Coxa 

Radius 

Ulna 

A.forsteri 
VAR. MEAN S.E. 

HLDC 1.0003 0.0068 
HWP 1.0014 0.0135 

HWT 1.0009 0.0107 
HWD 1.0020 0.0161 
HWPH 1.0015 0.0138 

FWS 1.0015 0.0148 
FWT 1.0034 0.0226 
FWH 1.0024 0.0191 
FWD 1.0008 0.0126 
FLLT 1.0040 0.0277 

sw 1.0005 0.0088 
sws 1.0010 0.0108 
SWI 1.0126 0.0406 

CWIS 1.0058 0.0261 
CWIL 1.0040 0.0211 

RWS 1.0010 0.0135 

UWT 1.0033 0.0220 

P. hookeri 
MEAN S.E. 

0.9751 0.0093 
1.1048 0.0097 

1.0616 0.0063 

1.0642 0.0105 
1.0840 0.0105 

1.1245 0.0192 
1.1022 0.0204 

1.1508 0.0119 

1.1246 0.0127 
1.0715 0.0143 

0.9642 0.0156 
1.0461 0.0069 
1.1560 0.0338 

1.1465 0.0138 
1.1161 0.0203 

1.0561 0.0165 

0.9127 0.0274 

p D.F. 

0.05 29 
0.001 32 

0.001 32 

0.01 31 
0.001 32 

0.001 30 
0.01 30 
0.001 30 
0.001 26 
0.05 19 

0.05 25 
0.01 32 

0.05 31 

0.001 33 
0.001 33 

0.05 26 

0.05 23 
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Table 4.2. Limb bone discriminant function analyses summary table. For each 
bone the variable or variables that provide the greatest separation between 
Arctocephalus forsteri and P hocarctos hookeri are given. V ar. - variable ( dermed 
on pages 48 - 50), Coeff. Can. V ar. - canonical variable coefficient, const. -

constant, F- F statistic, P- significance level. 

BONE V AR. COEFF. CONST. CORRECTLY F p 

CAN. VAR. CLASSIFIED 

Humerus HWP 21.48708 -22.62020 94.1% 44.11 0.001 

Femur FWH 12.7700 -22.25246 96.9% 45.62 0.001 
FWS 7.91567 -22.25246 31.67 0.001 

Scapula sws 24.77055 -30.13656 84.8% 16.29 0.001 
SWI 4.437660 -30.13656 13.91 0.001 

Coxa CWIS 8.36796 -15.76858 82.9% 21.97 0.001 
CWIL 6.40577 -15.76858 15.22 0.001 

Radius RWS 17.74781 -18.25429 67.9% 6.70 0.01 

Ulna UWT -11.59345 11.16919 68.0% 6.79 0.01 
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variable between A. jorsteri and P. hookeri (Table 4.1). This variable was smaller in 

P. hookeri. Variable UWT gave the greatest separation (62.5 % correctly classified) 

between the species (Table 4.2). 

Vertebrae 

(i) Univariate Analysis 

The slope (b) andy- intercept (a) data used to calculate the expected Y- value for 

each vertebra variable are given in appendix D. Where the resulting transformed variable 

for each vertebra was found to be significantly different between A. forsteri and P. 

hookeri, the mean, standard error, significance level and degrees of freedom are given 

(Table 4.3). These means represent those of the transformed variables not the actual 

recorded measurements. Since the same variables were recorded for all vertebrae the 

results are presented with respect to each variable rather than each vertebra. 

VLC -vertebra centrum length was significantly greater in P. hookeri than A. 

forsteri for vertebrae T6, 17, TS, TlO, L3 and less only for T15, the last thoracic 

vertebrae. (Total= 6 vertebrae). 

VBC -vertebra centrum breadth was significantly greater in P. hookeri than A. 

forsteri for all vertebrae measured except C3, C4 and C7 the last cervical. (Total = 22 

vertebrae). 

VHC - vertebra centrum height was significantly greater in P. hookeri than A. 

forsteri for all vertebrae caudal to and including T2. (Total = 19 vertebrae). 

VWZ - vertebra zygapophysis width was significantly greater in P. hookeri than 

A.forsteri for L1 and less for C4. (Total= 2 vertebrae). 

VHS- vertebra spine height was significantly less for P. hookeri than A. jorsteri 

for all vertebrae caudal to and including C6, except T7. (Total= 14 vertebrae). 

VLS -vertebra spine length was significantly less in P. hookeri than A. forsteri 

for vertebrae C5, C6, C7, T1, T2, T3, T4, T13, T14 and significantly greater for L3. 

(Total = 10 vertebrae). 

VWT- vertebra transverse process width was significantly less in P. hookeri than 

A. forsteri for vertebrae C3, C4, C5, C6, C7, T2, T3, T4 and significantly greater in 

T13, T14, L4 and L5. (Total= 12 vertebrae). 
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Table 4.3. Vertebra means and standard errors of transformed variables. Only 
those variables significantly different (95% level) betweenArctocephalusjorsteri 
and P hocarctos hookeri are given. Abbreviations as for table 4.1. (Variables 
defined on page 56). 

A.forsteri P. hookeri 
VERT. VAR. MEAN S.E. MEAN S.E. p D.F. 

C3 vwr 1.0017 0.0149 0.9284 0.0775 0.01 27 
C4 vwz 1.0013 0.0122 0.9592 0.0163 0.05 27 

vwr 1.0010 0.0101 0.9320 0.0232 0.01 27 
C5 VBC 1.0020 0.0162 1.0574 0.0134 0.05 27 

VLS 1.0145 0.0415 0.7633 0.0244 0.001 26 
vwr 1.0011 0.0110 0.9136 0.0264 0.001 27 

C6 VBC 1.0018 0.0153 1.0687 0.0114 0.01 27 
VHS 1.0042 0.0229 0.8583 0.0186 0.001 27 
VLS 1.0132 0.0386 0.7348 0.0213 0.001 27 
vwr 1.0016 0.0132 0.8970 0.0268 0.001 27 

C7 VHS 1.0027 0.0181 0.8545 0.0189 0.001 27 
VLS 1.0077 0.0296 0.7822 0.0207 0.001 27 
vwr 1.0018 0.0143 0.9491 0.0186 0.05 27 

T1 VBC 1.0047 0.0251 1.1661 0.0129 0.001 27 
VHS 1.0014 0.0146 0.9008 0.0165 0.001 26 
VLS 1.0045 0.0247 0.8677 0.0531 0.001 26 

T2 VBC 1.0043 0.0243 1.1691 0.0170 0.001 26 
VHC 1.0015 0.0139 1.0445 0.0149 0.05 26 
VHS 1.0011 0.0126 0.9139 0.0183 0.001 26 
VLS 1.0030 0.0207 0.8894 0.0101 0.001 26 
vwr 1.0008 0.0098 0.9678 0.0130 0.05 27 

T3 VBC 1.0026 0.0176 1.1296 0.0145 0.001 27 
VHC 1.0017 0.0155 1.0567 0.0097 0.05 27 
VHS 1.0010 0.0099 0.9301 0.0184 0.01 27 
VLS 1.0021 0.0155 0.8996 0.0137 0.001 27 
vwr 1.0010 0.0111 0.9683 0.0100 0.05 27 

T4 VBC 1.0028 0.0192 1.1263 0.0158 0.001 27 
VHC 1.0022 0.0162 1.0714 0.0110 0.01 27 
VHS 1.0016 0.0134 0.9373 0.0176 0.01 27 
VLS 1.0036 0.0204 0.9212 0.0137 0.05 27 
vwr 1.0011 0.0115 0.9691 0.0087 0.05 27 
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TABLE 4.3. (continued) 

A.forsteri P.hookeri 
VERT. VAR. MEAN S.E. MEAN S.E. p D.F. 

T5 VBC 1.0034 0.0208 1.1151 0.0132 0.001 27 
VHC 1.0025 0.0173 1.0916 0.0085 0.001 27 
VHS 1.0015 0.0135 0.9524 0.0162 0.05 27 

T6 VLC 1.0004 0.0066 1.0207 0.0062 0.05 27 
VBC 1.0038 0.0218 1.1269 0.0174 0.0001 27 
VHC 1.0024 0.0174 1.0968 0.0129 0.001 27 
VHS 1.0019 0.0154 0.9359 0.0169 0.01 27 

T7 VLC 1.0003 0.0062 1.0281 0.0081 0.05 27 
VBC 1.0030 0.0193 1.1257 0.0139 0.001 27 
VHC 1.0018 0.0151 1.0835 0.0111 0.001 27 

T8 VLC 1.0005 0.0066 1.0251 0.0073 0.05 27 
VBC 1.0033 0.0214 1.1226 0.0182 0.001 26 
VHC 1.0021 0.0166 1.0932 0.0113 0.001 26 
VHS 1.0029 0.0194 0.8855 0.0097 0.001 27 

T9 VBC 1.0032 0.0202 1.1382 0.0184 0.001 25 
VHC 1.0023 0.0171 1.1092 0.0127 0.001 25 
VHS 1.0032 0.0195 0.8999 0.0106 0.001 26 

TlO VLC 1.0988 0.0066 1.1246 0.0076 0.05 26 
VBC 1.0038 0.0217 1.1490 0.0187 0.001 26 
VHC 1.0023 0.0171 1.1123 0.0112 0.001 26 
VHS 1.0026 0.0176 0.9146 0.0099 0.001 26 

Tll VBC 1.0039 0.0222 1.1548 0.0194 0.001 27 
VHC 1.0021 0.0159 1.0810 0.0129 0.01 27 
VHS 1.0012 0.0121 0.9328 0.0131 0.001 27 

T12 VBC 1.0036 0.0211 1.1306 0.0160 0.001 27 
VHC 1.0019 0.0152 1.0619 0.0131 0.01 27 
VHS 1.0027 0.0178 0.9297 0.0132 0.01 27 

T13 VBC 1.0029 0.0189 1.1227 0.0164 0.001 27 
VHC 1.0029 0.0187 1.0679 0.0131 0.05 27 
VHS 1.0016 0.0140 0.9462 0.0159 0.05 27 
VLS 1.0025 0.0172 0.9343 0.0242 0.05 27 
vwr 1.0029 0.0187 1.0821 0.0137 0.01 27 

T14 VBC 1.0032 0.0198 1.1229 0.0120 0.001 26 
VHC 1.0029 0.0188 1.0815 0.0169 0.01 26 
VLS 1.0027 0.0184 0.9312 0.0195 0.05 26 
vwr 1.0040 0.0218 1.0907 0.0133 0.01 26 
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TABLE 4.3. (continued) 

A.forsteri P. hookeri 
VERT. VAR. MEAN S.E. MEAN S.E. p D.F. 

T15 VLC 1.0004 0.0059 0.9758 0.0053 0.01 27 
VBC 1.0025 0.0174 1.1305 0.0193 0.001 27 
VHC 1.0037 0.0212 1.0917 0.0151 0.01 27 

L1 VBC 1.0015 0.0138 1.0742 0.0106 0.001 26 
VHC 1.0028 0.0183 1.0887 0.0116 0.01 26 
vwz 1.0027 0.0186 1.0775 0.0203 0.05 26 

L2 VBC 1.0023 0.0166 1.1223 0.0109 0.001 26 
VHC 1.0028 0.0187 1.0928 0.0148 0.01 26 

L3 VLC 1.0007 0.0080 1.0272 0.0078 0.05 27 
VBC 1.0023 0.0167 1.1030 0.0098 0.001 27 
VHC 1.0026 0.0177 1.0736 0.0142 0.01 27 
VLS 1.0044 0.0240 1.0775 0.0209 0.05 27 

L4 VBC 1.0020 0.0167 1.1018 0.0080 0.001 25 
VHC 1.0027 0.0194 1.1060 0.0156 0.001 25 
vwr 1.0014 0.0133 1.0645 0.0220 0.05 25 

L5 VBC 1.0017 0.0150 1.1123 0.0091 0.001 27 
VHC 1.0035 0.0207 1.1131 0.0137 0.001 27 
vwr 1.0027 0.0177 1.0635 0.0211 0.05 27 
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Table 4.4. Vertebra discriminant function analyses summary table. For each 
vertebra the variable or variables that provide the greatest separation between 
Arctocephalus forsteri and P hocarctos hookeri are given. Abbreviations as for 

table 4.2. (Variables defined on page 56). 

BONE VAR. COEFF. CONST. CORRECTLY F 
CAN. VAR. CLASSIFIED 

C3 vwr -16.27388 4.17782 75.9% 8.07 
VHC 11.50465 7.02 

C4 vwr -16.52736 16.07211 79.3% 9.15 

C5 VLS -7.22216 6.54935 92.9% 22.55 

C6 VLS -7.62899 6.85065 89.7% 31.71 

C7 VLS -9.57941 8.75975 89.7% 32.82 

T1 VBC 8.07787 -2.03393 89.3% 23.55 
VLS -7.03226 16.62 

T2 VLS -14.94335 14.26083 89.3% 19.75 

T3 VBC 15.49235 -16.34687 79.3% 27.26 

T4 VBC 13.44571 -1.0013 79.3% 21.67 
vwr -13.33219 4.77 

T5 VBC 13.86696 -14.55523 86.2% 16.85 

T6 VBC 11.67555 -36.57142 82.8% 17.04 
VLC 24.05321 12.57 

T7 VBC 22.09854 -36.02763 82.8% 22.48 
VLC 12.97137 

T8 VHS 10.40348 -1.11464 92.9% 21.20 
VHC -10.20688 15.05 

p 

0.001 
0.01 

0.01 

0.001 

0.001 

0.001 

0.001 
0.001 

0.001 

0.001 

0.001 
0.05 

0.001 

0.001 
0.001 

0.001 
0.001 

0.001 
0.001 
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TABLE 4.4. (continued) 

BONE VAR. COEFF. CONST. CORRECTLY F p 

CAN. VAR. CLASSIFIED 

T9 VBC 9.85643 -2.40410 88.9% 20.26 0.001 
VHS -8.25310 13.95 0.001 

TlO VHC 16.66218 -17.42037 82.1% 22.45 0.001 

Tll VBC 8.57235 3.31211 82.1% 21.54 0.001 
VHS -12.81176 16.03 0.001 

T12 VBC 13.20457 -13.94599 82.8% 19.76 0.001 

T13 VBC 14.26523 -15.01351 75.9% 20.55 0.001 

T14 VBC 14.5766 -15.30441 85.7% 20.30 0.001 

T15 VBC 14.32890 -15.12411 75.9% 23.67 0.001 

L1 VBC 21.62595 -16.95199 82.1% 14.28 0.001 
vwr -5.38315 10.75 0.001 

L2 VBC 17.16324 -18.01197 82.1% 28.29 0.001 

L3 VBC 17.45780 -18.22580 86.2% 21.76 0.001 

L4 VBC 18.33856 -19.12093 85.2% 21.86 0.001 

L5 VBC 19.29679 -20.21324 86.2% 32.02 0.001 
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Because so many variables have been compared between the two species one would 

expect to find significant differences that are not real but are the result of 'random 

sampling error'. Given this, significance levels of P < 0.05 should be viewed with 

caution. 

(ii) Multivariate Analysis 

Discriminant function analyses for each vertebra indicated which variable or 

combination of variables gave the greatest separation between A. forsteri and P. hookeri 

(Table 4.4). The percent of cases correctly classified per vertebra ranged from 75.9 -

92.9 %. Centrum breadth (VBC) most frequently (17 out of 25 vertebrae) discriminated 

between the species with smaller contributions from spine length (VLS) (5 vertebrae), 

transverse process width (VWT) (4 vertebrae), centrum height (VHC) (3 vertebrae), spine 

height (VHS) (3 vertebrae), and centrum length (VLC) (2 vertebrae). 

(iii) Vertebral Bodies 

The results of the univariate and multivariate analyses of vertebrae indicate that A. 

forsteri and P. hookeri differ most notably in the variable centrum breadth (VBC) and 

thus in the relative strength of their spines. Slijper (1946) stated that the principal static 

function of the vertebral column in quadrupedal animals is to resist bending in the sagittal 

plane. He contended that the size and shape of each vertebra depended on the forces 

acting upon them. To measure the stresses acting upon each vertebra Slijper calculated the 

moment of resistance against bending from the product of the breadth times the square of 

the height of the caudal surfaces of each vertebrae, i.e. Moment of Resistance = Breadth 

.(Height) 2. When the moment of resistance for each ve~tebra is plotted against the 

vertebral column in series, a curve characteristic of a given species results. To 

demonstrate the differences in the relative strengths of the vertebral columns of A. 

forsteri and P. hookeri the moments of resistance were calculated and plotted (Figure 

4.6). Since the moments of resistance were necessarily calculated on actual measurements 

(i e. not transformed variables) the only valid comparison could be between specimens of 

equal size. Three specimens with equal thoracic - lumbar lengths were used for the 

comparison (P. hookeri MM1689, 734 mm; A. forsteri MM1827, 735 mm and 

MM1934, 736 mm). 
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Figure 4.6. Moments of resistance (b.h 2) plotted against the vertebrae in sequence. 
(One sea lion and two fur seal specimens with equivalent thoracic - lumbar lengths). 

Vertical bars represent standard errors. 

Examination of Figure 4.6 reveals that the moments of resistance of the cervical 

vertebrae appear to be slightly greater in A. forsteri. Caudal to the last cervical (C7) 

however, the moments of resistance of P. hookeri are clearly greater. Additionally, 

while the moments of resistance of the lumbar vertebrae in P. hookeri continue to 

increase caudally, this is not evident in the A. forsteri specimen. While figure 4.6 is 

based on only three specimens, the univariate and multivariate statistical analyses between 

the species confmns that the differences are indeed real. 

(iv) Zvgapophyses 

Mammalian vertebrae are separated by intervertebral discs and articulate cranially by 

prezygapophyses and caudally by postzygapophyses. The articular facets of the 

zygapophyses are of two kinds, radial and tangential (Slijper 1946) (Figure 4.5 B, C). In 

the four otariid species studied the radial facets on prezygapophyses faced dorsomedially 

while postzygapophysial radial facets faced ventrolaterally. Similarly, tangential facets on 

prezygapophyses faced dorsolaterally while postzygapophysial tangential facets faced 

ventromedially. In the four species of otariids studied radial facets were present as far 

posteriorly as T2, a transition vertebra which had postzygapophyses with tangential 
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facets. From T3 to TlO all vertebrae had tangential facets on both pre and 

postzygapophyses. Tll was the second transition or intermediate vertebrae in which 

tangential facets were present on the prezygapophyses and radial facets were present on 

the postzygapophyses. This vertebra is termed the 'Diaphragmatic Vertebra' (Slijper 

1946). Caudal to this the remaining thoracic and lumbar vertebrae had radial facets. 

While Tll was the diaphragmatic vertebra in all P. hookeri, N. cinerea and A. p. 

doriferus specimens, the diaphragmatic vertebra was T12 in three specimens of A. 

forsteri. 

Australian Otariids 

Since only three complete skeletons each of N. cinerea and A. p. doriferus were 

available for study these specimens were not included in the univariate analyses, nor were 

they used in the multivariate analyses to form the discriminant functions. It was possible 

however, to calculate a discriminant score for each variable by inserting the data into the 

discriminant function calculated only for A.forsteri and P. hookeri. Based on similarity 

of features between the New Zealand and Australian species, shown by the resulting 

discriminant scores, the BMDP - 7M programe assigned N. cinerea and A. p. doriferus 

to either the A. forsteri or P. hookeri group. The results of the limb bone analyses 

revealed that, of the measurements taken, N. cinerea had slightly more features in 

common with P. hookeri than A. forsteri (Appendix E). Similarly, A. p. doriferus had 

slightly more features in common with A.forsteri than P. hookeri. 

The vertebrae analyses revealed that, of the measurements taken, N. cinerea had 

overall, more features in common with P. hookeri than A. forsteri; this was most 

apparent caudal to T3 where centrum breadth (VBC) was the predominant discriminatory 

variable between A. forsteri and P. hookeri (Appendix F). The cervical vertebrae 

however, had features such as neural spine length (VLS) more in common with A. 

forsteri. A. p. doriferus also had more features in common with P. hookeri than A. 

forsteri; likeN. cinerea this was particularly apparent caudal to T3. 
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DISCUSSION 

The results of this study reveal that minor quantitative differences in the skeletal 

morphology of the limb bones and vertebrae exist between the New Zealand fur seal 

(Arctocephalus forsteri) and Hooker's sea lion (Phocarctos hookeri). Univariate and 

multivariate statistical tests yielded similar results; the discriminant function analyses 

served merely to highlight those variables that best discriminated between A.forsteri and 

P. hookeri. 

Limb Bones 

In general the limb bones of P. hookeri were more robust, with dimensions 

relatively greater than those of A.forsteri. Since differences in terrestrial locomotion are 

reflected in the shape and proportions of the postcranial skeleton (Maynard Smith & 

Savage 1956, Savage 1977), it seems reasonable to assume that the differences in the 

relative dimensions of the limb bones of A. jorsteri and P. hookeri reflect their different 

terrestrial habits. The terrestrial locomotion of these species, for example, differs in that 

they employ fundamentally different terrestrial gaits (Beentjes 1989a- chapter 3) and that 

P. hookeri is considerably more mobile on land, often undertaking lengthy inland 

journeys (Marlow 1975). For this argument to be supported one might expect that 

Neophoca cinerea, a sea lion that occupies a similar niche toP. hookeri and employs a 

similar gait, would also possess limb bones relatively more robust than A. forsteri. 

Discriminant function analyses (Appendix E), however, indicated that N. cinerea shared 

almost as many features of its limb bones with A. jorsteri as it did with P. hookeri. 

Similarly Arctocephalus pusillus dorijerus shared only slightly more features in common 

with A. forsteri than P. hookeri. Thus, it is possible that the differences in limb 

structure between A. forsteri and P. hookeri might not be attributed to differences in 

terrestrial locomotion. These results should be treated with caution, however, since the 

small sample size of Australian otariids may not be truly representative of these taxa. In 

addition, the discriminant scores for all species were derived from functions determined 

using only the A. forsteri and P. hookeri data. More otariid species would need to be 

examined before any firm conclusion on the correlation between gait and structural 

morphology could be reached. 

One of the few postcranial characters traditionally considered to be diagnostic at the 
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Subfamily level is the humerus 'length I diameter' relationship. Repenning & Tedford 

(1977) examined the humeri of nine specimens of fur seal (4 Arctocephalus pusillus,l 

A. townsendi, 4 Callorhinus ursinus) and twelve sea lion specimens (3 Zalophus 

californianus, 2 Neophoca cinerea, 4 Phocarctos hookeri, 3 Eumatopias jubatus). 

They concluded that in fur seals the 'greatest length I least diameter' averaged> 5.7 

compared to a smaller but unspecified average value for sea lions. The results of this 

study, in contrast, revealed that there was no statistical difference in the relative humerus 

'length I diameter' relationship between A. forsteri and P. hookeri. This finding must 

therefore cast doubt on the utility of this character as a diagnostic indicator at the 

Subfamily or any other taxonomic level. However, the orientation of the deltoid crest, as 

discussed by Repenning & Tedford (1977), is distinctly different between the fur seals 

(A. forsteri and A. p. doriferus) and sea lions (P. hookeri and N. cinerea) examined 

in this study and may prove to be the only valid character of postcraniallimb bones that 

distinguishes sea lions from fur seals. 

If limb structure of otariids was measurably different at the nominal Subfamily level 

(i.e. between fur seals and sea lions), we would expect to see Neophoca grouping with 

Phocarctos and A. p. doriferus grouping with A. forsteri. No such grouping was 

found and consequently there do not appear to be any phylogenetically quantifiable 

differences between the limbs of the sea lions and fur seals studied. 

Vertebrae 

While there was no single variable that was consistently significantly different 

between A. forsteri and P. hookeri for all 25 vertebrae examined, centrum breadth 

(VBC) and height (VHC) were the most diagnostic variables with differences in 22 and 19 

vertebrae respectively. Other notable results of the study were that spine height (VHS) 

and length (VLS) were always greater in A. forsteri while centrum breadth (VBC) and 

height (VHC) were always greater in P. hookeri. 

(i) Neural Spines 

Slijper, in his (1946) detailed comparative study of the spinal column of vertebrates, 

discussed the function of neural spines, stating that they serve as levers which transmit the 

forces exerted by attaching muscles and ligaments. Slijper (1946) and Davis (1964) 

commented that posture and locomotion are the major determinants of neural spine length 
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and inclination. Slijper illustrated this point with measurements on a range of vertebrates. 

In light of Slijper's work, the results of this study suggest that the muscles attached to the 

relatively larger neural spines of A. forsteri may provide greater leverage. The different 

types of gait employed by A. forsteri and P. hookeri (Beentjes 1989a- chapter 3) may 

be related to this structural difference. 

(ii) Vertebral Bodies 

Slijper (1946) likened the vertebral column to a bow, with the sternum, abdominal 

muscles and ligaments acting as the bow string. He categorised vertebral columns 

depending on the resultant curves of the moments of resistance plotted against the 

vertebrae in series. For A. forsteri and P. hookeri the curve is similar to that of 

carnivores, i.e. type II curve. These curves characteristically rise sharply in the cervical 

region, decrease and level out in the anterior thoracic region and increase gradually in the 

posterior thoracic and lumbar regions (Figure 4.6). The putative terrestrial ancestors of 

the otariids, the Ursidae (bears), are the only terrestrial carnivores that lack this type II 

curve; in bears the cervical region lacks the 'hump'. Slijper (1946) assigned the curve of 

bears an intermediate position between quadrupeds and bipedal terrestrial mammals in 

which stresses are greatest posteriorly. Phocids also lack a pronounced hump in the 

cervical region of the curve (Slijper 1946). This pattern seems logical since aquatic 

locomotion in phocids is achieved solely by the action of the hind limbs while support on 

land by forelimbs is minimal. In contrast the strength of the cervical vertebral bodies in 

A. forsteri and P. hookeri probably reflects the functional importance of otariid 

forelimbs both on land and in water. While the curves of A.forsteri and P. hookeri are 

similar in shape, the moments of resistance in P. hookeri were generally greater, 

particularly in the thoracic and lumbar regions, indicating that the spine of P. hookeri is 

subject to greater stress posteriorly. An increase in the breadth or height of the centra, 

might decrease spine mobility in the respective planes (eg. Slijper 1946, Rose 1975) . 

Halpert et al. (1987), however, in a study on bovid lumbar vertebrae concluded that 

increased sagittal diameter (Height) did not correlate with spinal rigidity. Lateral 

movements of the spinal column of P. hookeri are more pronounced than in A. forsteri 

despite the greater centrum breadth (VBC), a finding that supports the conclusions of 

Halpert et al. 
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(iii) Zvgapophyses 

The zygapophyses are the major articulating structures of the vertebral bodies. 

Spinal flexibility depends on the degree of interlocking and the distance between caudal or 

cranial articulating facets (VWZ). In comparison with other carnivores, a group 

considered to possess very flexible spines (Savage 1977), otariids and phocids show 

extreme flexibility. Such increased flexibility in otariids and phocids probably results 

from a reduction in the zygapophyses and associated structures that would otherwise 

collide with ajoining vertebrae during contortive movements (Howe111929). 

The functional significance of the position of the 'Diaphragmatic Vertebra' was not 

discussed by the functional morphologists Slijper and Howell. The more anterior position 

(T10) of the diaphragmatic vertebra in the Ross seal (Ommatophoca rossi) (Pierard & 

Bisaillon 1979) and the Weddell seal (Leptonycotes weddelli) (Pierard 1971), according 

to these authors, indicates that movements in the sagittal plane are made easier. In three 

A. forsteri specimens the diaphragmatic vertebra was more posteriorly positioned at T12 

instead of the usual T11. The conclusions of Pierard (1971) and Pierard & Bisaillon 

(1979) might therefore indicate a trend towards decreasing movement in the sagittal plane 

in A. forsteri. This interpretation is however, not consistent with the gait of A. forsteri 

in which extreme flexibility of the anterior thoracic and lumbar region in the sagittal plane 

is more apparent than in P. hookeri (chapter 3). The distance between the articulating 

facets (VWZ) was significantly different in only two vertebrae (C4, L1) indicating that 

there is no difference in the lateral movement capabilities between the two otariids. 

Phocids for example, in which lateral movements of the hind limbs provide propulsion in 

water, have articulating facets relatively three times as far apart as in otariids (Howell 

1929). 

Structure, Function and Phylogeny 

Slijper (1946) considered the spine in engineering terms, remarking that size, shape 

and construction are a reflection of the demands of posture and locomotion. In studies of 

comparative morphology there has been a tendency to fit post hoc explanations to 

observed structural differences (Clutton-Brock & Harvey 1979). Thus, it is tempting to 

ascribe all measured differences in spinal structure to the differences in terrestrial 

locomotion between P. hookeri and A. forsteri. Such explanations may account for 

everything and thus are effectively untestable. To determine whether the documented 

73 



structural differences are adaptations to locomotion and not simply a result of genetic drift, 

for example, a comparison of aquatic I terrestrial locomotion and structure of all otariids 

would be required. When terrestrial locomotion and structure were studied, for example, 

in the Australian otariids, N. cinerea and A. p. doriferus, differences in terrestrial 

locomotion were in accordance with a sea lion I fur seal taxonomic distinction while 

structural differences were not. Structural features of Arctocephalus pusillus doriferus, 

for example, grouped overwhelmingly with P. hookeri, supporting the contention of 

Warneke & Shaughnessy (1985) that A. pusillus is intermediate between sea lions and 

fur seals (Appendix F). These results suggest that gait is not the major factor in 

explaining the structural differences between A. forsteri and P. hookeri, given that 

Otariinae and Arctocephalinae are satisfactorily diagnosed. More species would need to 

be examined before the problem of functional significance and phylogeny can be 

satisfactorily addressed. 

Constraints on Structural Evolution 

Although minor differences in the relative dimensions of the postcranial skeletons of 

A. forsteri and P. hookeri were identified, these were only apparent using statistical 

analyses, without which the bones were indistinguishable - the baculum and humerus 

being the notable exceptions. This finding is not surprising given that the postcranial 

skeleton of the oldest known otariid Pithanotaria starri (11 m.y. old) differs only in size 

and in minor aspects to living otariids (Repenning 1977, Repenning & Tedford 1977). 

Given the apparent conservative nature of structural modification in otariids, the more 

meaningful approach might be to consider not what the minor differences between species 

indicate, but why postcranial structure has remained so conservative. The developmental 

and ontogenetic processes which underly structural changes are highly buffered and 

stabilised systems which play a strongly conservative role in evolution (Rief eta!. 1985). 

Rief eta!. considered that the processes of morphological evolution are better explained 

by looking at the constraints that limit change rather than the more traditional 

'Adaptationist Programme' (see Clutton-Brock & Harvey 1979). Three major constraints 

on constructional morphology may be viewed as representing the three corners of a 

triangle. The three corners represent 1) Historical I Phylogenetic 2) Functional I 

Adaptive and 3) Constructional I Morphological constraints. It is the interaction of 

these three factors (and others such as ecophenotypic and chance) which ultimately 
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determine the resultant structure. Conceptualising structures in this way negates the 

necessity to consider all structures, a priori, as optimally designed, a theory which is 

seldom testable. This approach was first suggested by Seilacher (1970) and more recently 

expanded upon by others (Raup 1972, Rief 1975, 1982, Rief et al. 1985, Thomas 

1979). 

For structural changes to occur, Historical I Phylogenetic constraints must be weak 

while the functional requirements must dominate; in this case the ecological selection 

pressure for modification of the structure would be strong. Alternatively, Historical I 

Phylogenetic constraints favour the retention of the existing structure and resist change. 

The postcranial skeletal morphology of otariids might be viewed in the latter manner; the 

changes in function (terrestrial locomotion) have been accompanied by only minor 

structural changes because Historical I Phylogenetic constraints are dominant. Schopf 

(1984) made this point when he remarked that anatomical traits can remain for immense 

periods of time because of the generalised and effective nature of the trait relative to the 

environmental gradient. 
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CHAPTER 5 

Comparative Thermoregulatory Behaviour of the New Zealand Fur Seal 

(Arctocephalus forsteri) and Hooker's Sea Lion (Phocarctos hookeri). 

INTRODUCTION 

Semi - aquatic mammals such as pinnipeds face conflicting thermoregulatory 

demands imposed by air and water mediums. These environments place vastly different 

requirements on maintaining thermoneutrality. The geographical distribution ofpinnipeds 

attests to the effective insulative properties of blubber and I or fur; most occupy cool 

temperate or sub - polar regions in which the water temperature may be only a few 

degrees above zero while the Northern fur seal seasonally remains pelagic for months at a 

time (Ohata et a!. 1977). All pinnipeds haul - out at some stage either for rest or 

breeding; during these haul- out periods the effective insulation which is so necessary for 

survival in water can place pinnipeds under thermal stress even in cool air temperatures 

(Bartholomew & Wilke 1956, Bartholomew 1966). 

Studies on thermoregulation of pinnipeds have generally been divided between 

physiological and behavioural aspects. Physiological studies have examined such areas as 

evaporative heat loss (Matsuura & Whittow 1974, South eta!. 1976) and insulative 

properties of the skin (Bryden 1964, Matsuura & Whittow 1975, Ohata & Whittow 1974) 

while other studies have investigated body temperature in relation to environmental 

temperature and I or activity (Bartholomew & Wilke 1956, Bonner 1968, Irving eta!. 

1962, Umberger eta!. 1986, Ohata & Miller 1977, Ohata eta!. 1977, Whittow eta!. 

1971, Whittow et a!. 1972). A consistent finding of the latter studies is that the 

temperature of the skin on the body varies little, while the temperature of the naked 

flippers fluctuates widely and these act as heat conduits regulating heat loss from the 

body. Additionally, it was generally concluded that seals are not physiologically well 

adapted to thermoregulation on land and that behaviour offers an important means of 

augmenting physiological regulation of body temperature. Studies have shown that 

otariids and walruses respond to changing environmental temperature behaviourally by 

adjusting posture and indirectly flipper exposure (Bartholomew & Wilke 1956, Bonner 
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1968, Campagna & LeBoeuf 1988, Eibl- Eibesfeldt 1955, Fay & Ray 1968, Gentry 

1973, Marlow 1975, Miller 1971, Odell 1974, Peterson & Bartholomew 1967). 

Quantitative data on the actual relationship between the number of flippers exposed ( = 
effective surface area for thermoregulation) and environmental temperature are, however, 

lacking. 

Behavioural features of thermoregulation on land such as postural adjustment with 

temperature, seem to be common to all otariids, while some species may exhibit different 

non - postural thermoregulatory behaviours. Examples include panting, flipperwaving, 

fanning, sandflipping, urohidrosis and the use of shade or water for cooling 

(Bartholomew & Wilke 1956, Bonner 1968, Campagna & LeBoeuf 1988, Gentry 1973, 

Irving et al. 1962, Marlow 1975, Mattlin 1978, Miller 1971, Odel11974, Paulian 1964, 

Rand 1967, Stirling 1970, Vaz Ferreira & Palerm 1961, Whittow et al. 1971). To a 

large extent both climate and habitat will presumably play a role in determining the type of 

behaviour which is found in each species. 

The otariids Phocarctos hookeri (Hooker's sea lion) and Arctocephalus forsteri 

(New Zealand fur seal) have overlapping distributions and can be found sympatrically on 

the New Zealand mainland and the subantarctic islands south of New Zealand. On the 

mainland, these species occur on the Otago Peninsula in the same bay (Papanui Beach), 

the fur seals occupying the rocky headlands while the sea lions inhabit only the sandy 

middle portion and dune areas. This situation provides the opportunity to compare 

behavioural thermoregulation between a sea lion (Subfamily Otariinae) and a fur seal 

(Subfamily Arctocephalinae) in one locality and thus under the same climatic conditions. 

Although Gentry (1973) studied the relationship between posture and solar radiation in 

two otariid species (A. forsteri and Eumetopias jubatus), flipper exposure was not 

directly quantified. Additionally, Gentry studied these species within their natural 

distributions and thus under different climatic conditions. This study expands on the 

work of Gentry (1973) by quantifying the relationship of flipper exposure and posture as 

well as non - postural behaviours to solar radiation. With this in mind, the aim of this 

study is to quantify thermoregulatory behaviours of A. forsteri and P. hookeri and 

compare the sequence of behaviours and threshold responses to environmental 

temperature. The findings are discussed in relation to habitat differences, morphology, 

behaviour of other species and otariid systematics. 
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METHODS 

Study Sites 

All temperature measurements and observations on Hooker's sea lions were carried 

out at Papanui Beach, a documented male haul - out ground (Beentjes 1989b ), located at 

the eastern most tip of Otago Peninsula, New Zealand ( 45°52' S, 170° 44' E). The gently 

sloping sand beach is 350m long and is backed by grass covered dunes (chapter 2-

figure 2.1 ). Two small streams flow through the beach at either end which terminate in 

rocks and boulders continuing into steep bluffs. Access inland is limited by fences 

bordering intensively grazed farmland. Papanui Beach offers little in the way of 

vegetation shelter from winds or shade from the sun. New Zealand fur seal observations 

and temperature measurements were made at a small rocky reef 50 m wide and extending 

30 m out from the land; this area is located 300 m north of Papanui Beach and within the 

same bay (not shown on figure 2.1). This area, typical of fur seal haul- out grounds 

(Crawley & Wilson 1976), provided an assortment of microhabitats from smooth 

boulders to jagged rocks, sand, rock pools, shade and ready access to the sea. The reef 

itself is exposed to prevailing southwest winds while some shelter is afforded by the 

topography of rocks. 

Behavioural sampling 

Observations were taken between October 1985 and April1987. Sampling days 

were spaced throughout the year in order to record thermoregulatory behaviour in as wide 

a range of environmental temperatures as possible. Fifteen minute focal animal sampling 

(Altmann 197 4) periods were employed. Observations on sea lions were made from 

behind grass covered sand dunes while fur seals were observed from a vantage point 

behind and 5 m above the haul- out colony. When sea lions were in close proximity to 

each other and activities such as postural adjustments and sandflipping were low, more 

than one individual could be simultaneously sampled; it was more usual, however, to 

sample animals singly. Because fur seals gathered in groups, up to four individuals were 

simultaneously sampled. 

Only sea lions and fur seals that met the following criteria were sampled: 

1) They were male (female sea lions rarely haul - out on the New Zealand 

mainland). 
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2) For sea lions, that the individual was not resting in contact with another 

individual (A.forsteri does not exhibit thigmotaxis). 

3) They were dry and had not been active in locomotive behaviour for at least 30 

min prior to sampling. 

4) They were at rest and occupied a site with a dry, unshaded substrate(= boulders 

or rock for fur seals and sand for sea lions). 

These criteria were chosen so that the recorded behavioural response to ambient 

environmental temperature was shown primarily by posture and flipper exposure 

adjustment rather than non - postural thermoregulatory behaviours such as the use of 

shade or water. 

I used binoculars when necessary to record the following behavioural data for sea 

lions during each 15 min sampling period: 

(i) Posture- Five postures were identified (Figure 5.1): 

Prone- animal on its ventrurn with hindflippers directed forward under body. 

Curled- animal on its side with hindflippers tucked and usually covered by exposed 

foreflipper. 

Oblique - animal on its side with hindflippers outstretched. 

Ventral - Up - animal on its dorsum with hindflippers outstretched. 

Dorsal - Up - animal on its ventrum with hindflippers outstretched. 

These postures are not equivalent to those defined by Gentry (1973) since the 

Curled posture as defined by Gentry (hindquarters positioned close to head with no 

flippers exposed) was observed on only one occasion in A. forsteri. Furthermore, I 

sought to define and quantify all the postures adopted by both species, based primarily on 

the relation of the position of the animals body to the substrate. Unlike Gentry's study, 

flipper exposure was quantified independently of posture. 

During each 15 min sampling period, times were recorded when sea lions changed 

postures and later the occurrence of each of the five postures was expressed as a 

proportion of each 15 min sampling period. Data from all periods were sorted into 3°C 

black bulb temperature groups and the mean proportion and standard error for each 

posture at each temperature group was calculated (BMDP - 1D Simple Data Description). 

3°C temperature groups were chosen so as to provide a reasonable number of sampling 
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Figure 5.1. Postures used by P. hookeri andA.forsteri. 
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periods per species per temperature group and also to yield enough groups to demonstrate 

trends in postural adjustment with temperature. 

(ii) Flipper Exposure - Flipper exposure scores ranged from zero (no flippers 

exposed) to four (all flippers exposed) while a record was taken of whether the flippers 

were fore or hind. Flipper exposure scores were treated in the same way as postures. 

That is, during each 15 min sampling period, times were recorded when sea lions changed 

their configuration of flipper exposure and later the occurrence of each of the 

configurations was expressed as a proportion of each 15 min sampling period. The mean 

proportion of each flipper score (0, 1, 2, 3, 4) was plotted separately for 3°C black bulb 

temperature groups. 

a) Total Flipper Exposure- if the animal was recorded with all flippers tucked 

(flipper exposure score= zero) during the entire sampling period then the Total Flipper 

Exposure for that period was equal to 0 %. If two flippers were exposed for the sampling 

period then the Total Flipper Exposure would equal 50 % while 100 % would result if all 

four flippers were exposed. 

b) Heat Conserving I Dissipating Flipper Exposures - Heat Conserving 

Flipper Exposure was arbitrarily defmed as when Total Flipper Exposure was less than or 

equal to 50 %; Heat Dissipating Flipper Exposure was defined as when Total Flipper 

Exposure was greater than 50 %. 

(iii) Flipperwaving- when a flipper, either fore or hind, was waved through the 

air and placed down again (flipperwave counts per sampling period); a behaviour lasting 

about 10 seconds. The mean number of flipperwaves by sea lions per 3°C black bulb 

temperature group was calculated. 

(iv) Sandflipping - when one or both foreflippers were used to throw sand on 

the back of the sea lion (sandflip counts per sampling period). The mean number of 

sandflips by sea lions for each 3°C black bulb temperature group was calculated. 

(v) Sandcover- an estimate of the maximum proportion of the sea lion dorsal 

surface covered by sand (maximum cover during sampling period). The mean sandcover 

for each 3°C black bulb temperature group was calculated. 
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The same data were collected for fur seals except that flipperwaves, sandflipping 

and sandcover were not recorded (A. forsteri does not sandflip ). 

Environmental Variables 

Immediately before and after each 15 min sampling period air temperature (airt) and 

black bulb temperature (bbt) were recorded; the mean value of the two readings was taken 

as the air or black bulb temperature, respectively, representative of the particular 15 min 

sampling period. Air temperature was recorded from a shaded and exposed location using 

a temperature probe (Novasina, MIK 2000). Black bulb temperature was recorded using 

a Jenway Temperature Meter equipped with a thermocouple (101J) placed inside a ping 

pong ball which was painted mat black and attached to a 20 em long stick. The small hole 

in the ball through which the thermocouple wire was fed inside was covered with black 

insulation tape and this prevented any air circulation within the ball itself. Black bulb 

temperature is linearly related to solar radiation (Campagna & LeBoeuf 1988) and is also 

affected by wind velocity (Gentry 1973). Based on the assumption that seals themselves 

act as black bodies (Gentry 1973), black bulb temperature provides a reasonable 

approximation of solar radiation intensity experienced by the seals. The black bulb was 

always placed in the sun as close as possible (usually within 10 m) to the animals being 

sampled, 15 em above the substrate. A 15m extension lead connecting the temperature 

meter to the black bulb enabled readings to be taken with minimal or no disturbance to the 

animals. Non- breeding New Zealand fur seals do not tolerate observer presence and 

invariably leave the haul- out ground when disturbed. Consequently, the black bulb was 

always positioned out of view of the animals but still within 10 m distance. Similarly, 

non- breeding Hooker's sea lions will not tolerate observer presence much closer than 10 

m distance, but in contrast, they seldom leave the haul - out ground if disturbed but tend 

to remain and direct aggressive behaviour at the observer. 

As part of the study of sandflipping behaviour in Hooker's sea lions, sand substrate 

temperatures were recorded using a YSI telethermometer and thermister probes (401) 

buried at depths of 1 em, 5 em and 12 em just above high tide on Papanui Beach. Since 

fur seals do not sandflip, rock substrate temperatures were not recorded. 
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Surface Areas 

Flipper and body surface areas were calculated for eleven fur seals and six sea 

lions. All sea lion specimens were retrieved from the nets of fishing trawlers and had 

drowned while fur seals were usually found dead on local beaches. Body surface area 

was calculated by dividing the curvilinear length (CVL) of the animal into eight sections of 

known length and then using a tape measure the circumference or girth at each of the 

seven points was recorded (C2 - Cs) (Figure 5.2). Body surface area was then calculated 

by using the following equations: 

.(Ql + C2l x 1 + .(Q2--±-Q3l x2 + ............... ~9l xs 
2 2 2 

Where: Ci =circumference at a givenpoint.(C1 and C9 =zero) 

Xi = distance between circumference measurements. 

The total body surface area (excluding flipper surface area) was approximated by 

the sum of the areas of the eight individual sections. 

Flipper surface area was determined by tracing around the extended foreflipper and 

extended and fully splayed hindflipper using a pencil; the areas within the flipper outlines 

were determined with a Polar Compensation Planimeter. The resultant areas of one hind 

and foreflipper were added together and multiplied by four to give an estimate of total 

flipper surface area. 

Weather Conditions 

The south of New Zealand has a temperate climate with cool temperatures in winter 

(average = 6.8°C) and mild summer temperatures (average = 14.7°C - N.Z. 

Meteorological Office figures for Otago Peninsula). In relation to the climates experienced 

by otariids such as the Northern fur seal and Galapagos sea lion & fur seal, temperatures 

experienced by the New Zealand study species are not extreme. Prevailing winds are 

generally from the southwest and bring some cloud on most days. Both haul - out sites 

are exposed and strong southwest winds occur frequently. 
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Figure 5.2. Points at which circumference measurements were recorded on P. 
hookeri andA.forsteri. The circumference at points C1 and C9 (tip of tail and head, 
respectively) equals zero. X2 and X3 indicate how linear distances between 
circumference measurements were recorded. 
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RESULTS 

Data were collected during a total of 860 sampling periods for Hooker's sea lion 

and 546 for the New Zealand fur seal. The numbers of 15 min sampling periods per 3°C 

black bulb temperature groups are shown in table 5.1. While the 3°C temperature groups 

do not overlap (table 5.1), for the sake of convenience, temperature groups are hereafter 

presented as whole numbers (eg. 14.1- 17.0 is presented as 14- 17; 17.1- 20.0 is 

presented as 17 - 20). Recorded environmental temperatures for sea lions ranged from 

3.0 - 26.5°C (airt), 4.0 - 35.1 °C (bbt) and for fur seals 10.7 - 18.5°C (airt), 12.5 -

28.8°C (bbt). 

Thermoregulatory behaviour was generally expressed in relation to black bulb 

temperature since previous studies have shown that solar radiation is the principal climatic 

variable affecting thermoregulatory behaviour (Campagna & LeBoeuf 1988, Ohata & 

Miller 1977). Because posture may be associated with several flipper exposure scores, 

posture and flipper exposure are considered separately in the results. 

Table 5.1. The number of 15 minute sampling periods per 3°C black bulb temperature 

group for A.forsteri and P. hookeri. 

bbt °C <14 

Sea Lion 186 

Fur Seal 25 

14.1-17 17.1-20 

135 

170 

181 

180 

Postural Adjustments 

20.1-23 

132 

107 

23.1-26 >26.1 Total 

97 

60 

129 860 

4 546 

The trends in postural adjustment with black bulb temperature as well as the relative 

proportions of each posture appear similar in both the Hooker's sea lion and New Zealand 

fur seal (Figure 5.3). In both cases Prone and Curled postures declined in use as 

temperature increased; above 20°C (bbt) these postures were seldom recorded. The use 

of the Oblique posture increased until temperature exceeded 26°C (bbt), when its use 

85 



100 PRONE 100 CURLED 

l l 
z 80 z 80 
0 0 
f= f= 
ct: ct: 
0 60 [J SEAUON 0 60 c. c. 
0 2:1 FUR SEAL 0 
ct: ct: 
c. c. 
z 40 z 40 
< < 
w w 
:::0 :::0 

20 20 

0 0 
;! ..... 0 "' <D <D ;! ..... 0 "' <D <D 

"' "' ":' "' "' "' "' "' v ..,. ,.:.. 0 "' A v .... ,.:.. 0 M A 
~ ~ "' "' ~ ~ "' "' 

TEMPERATURE (BB) TEMPERATURE (BB) 

100 OBLIQUE 100 VENTRAL UP 
l z z 80 z 80 0 0 i= I= c: 
0 60 c: 
c. 0 60 
0 c. 
c: 0 
c. a: 
z 40 c. 
< z 40 
w < 
:::0 w 

:::0 
20 20 

0 0 
;! ..... 0 "' <D "' ;! ..... 0 "' "' <D ~ "' "' ":' "' "' "' ":' "' v ..,. ,.:.. 0 "' A v .... ,.:.. 0 "' A 

~ ~ "' "' ~ "' C\1 

TEMPERATURE (BB) TEMPERATURE (BB) 

100 DORSAL UP 

l 
z 
0 

80 

f= c: 
0 60 c. 
0 
c: c. 
z 40 
< w 
:::0 

20 

0 ..,. ..... 0 "' "' "' ~ C\1 N C\1 C\1 

v ..;. ,.:.. 0 M " ~ N C\1 

TEMPERATURE (BB) 

Figure 5.3. The mean sampling period proportion that postures were used by P. 
hookeri (stippled) andA.forsteri (cross hatched) at six 3 °C black bulb temperature 

groups. Vertical bars represent the total standard errors of the means. (See table 5.1 for 
sample sizes). 
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declined. Ventral - Up posture was uncommon and there appeared to be no obvious trend 

associated with temperature. The Dorsal - Up posture was the most frequently recorded 

posture and also demonstrated the most obvious trend of increased use at higher 

temperatures. These results indicate that both species assume Prone and Curled postures 

at cooler temperatures, presumably when heat conservation is important, while the 

remaining three postures (Oblique, Ventral- Up and particularly Dorsal- Up) are used at 

warmer temperatures, presumably to dissipate heat. 

To examine more closely whether interspecific differences exist in behavioural 

response to environmental temperature, the inferred heat conserving postures (Prone and 

Curled) were pooled. The mean proportions of the heat conserving postures fell 

dramatically as temperature increased (Figure 5.4). At lower temperatures, however, A. 

forsteri spent a statistically greater proportion of time in heat conserving postures than P. 

hookeri. This was significant in the temperature range of 14 - l7°C (bbt) (Mann -

Whitney U test, P < 0.001). Above 20- 23°C (bbt) the trend was reversed and there was 

a tendency for P. hookeri to spend a significantly greater proportion of time in heat 

conserving postures than A. forsteri in the temperature range 23- 26°C (bbt) (Mann -

Whitney U, test, P < 0.05). All other tests on the proportion of time spent in heat 

conserving postures between the two species were non significant. 
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Figure 5.4. The mean sampling period proportion that inferred heat conserving postures 

(Prone and Curled) were used by P. hookeri (solid line) and A. forsteri (dotted line) at 

six 3°C black bulb temperature groups. Vertical bars represent standard errors of the 
means. (See table 5.1 for sample sizes) 
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Figure 55. The mean sampling period proportion that flipper exposures scores were 
used by P. hookeri (stippled) andA.forsteri (cross hatched) at six 3 °C black bulb 

temperature groups. Vertical bars represent the total standard errors of the means. 
(See table 5.1 for sample sizes). 
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Flipper Exposure 

The trends in flipper scores with black bulb temperature as well as the relative 

proportions of the scores appear similar in both A. forsteri and P. hookeri (Figure 5.5). 

Zero and one flipper scores declined as temperature increased and were seldom recorded 

above 20°C (bbt). A flipper score of two was the least common and while a trend was 

not obvious, two flippers were never recorded above 26°C (bbt). Three flipper scores 

were most common at intermediate temperatures and less common at extreme high and 

low temperatures. A flipper score of four was most frequently recorded with a clear trend 

towards increased use as temperature rose. 

To determine more precisely whether there are interspecific differences in the degree 

of flipper exposure with increasing solar radiation, Mean Total Flipper Exposure was 

calculated for each species (see methods for definition). As black bulb temperature rose, 

there was a corresponding increase in Mean Total Flipper Exposure which is most 

pronounced between temperature groups 17 - 20°C and 20- 23°C (bbt) (Figure 5.6). 
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Figure 5.6. Mean Total Flipper Exposure used by P. hookeri (solid line) and A. 
forsteri (dotted line) at six 3°C black bulb temperature groups. Vertical bars represent 
standard errors of the means. (See table 5.1 for sample sizes). 
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Mean Total Flipper Exposure in fur seals was statistically less than in sea lions 

within the temperature ranges of< 14°C and 14- 17°C (bbt) (Mann- Whitney U test, P < 

0.05 & P < 0.01, respectively). Above 20- 23°C (bbt) the trend reversed and there was a 

tendency for flipper exposure in A. forsteri to be greater than in P. hookeri. This was 

statistically significant in the temperature range of 23 - 26°C (bbt) (Mann -Whitney U 

test, P < 0.01). All other tests on the Mean Total Flipper Exposure proportions between 

the species were non significant. 

The individual contribution to Mean Total Flipper Exposure by the hind and 

foreflippers was calculated. Hindflippers were exposed less than foreflippers with values 

of 86.6% and 89.4% of foreflipper exposure for fur seals and sea lions respectively. 

Threshold temperatures are herein defined as those at which animals change 

between either Heat Conserving or Heat Dissipating Flipper Exposures (see methods for 
' 

definitions). When animals changed from Heat Conserving Flipper Exposures in one 

sampling period to Heat Dissipating Flipper Exposures in the adjacent period, or vice 

versa, then threshold temperature was taken as the mean of the temperatures recorded 

between the two sampling periods. There was no statistically significant difference in the 

threshold air and black bulb temperatures between A.forsteri and P. hookeri (Table 5.2) 

(t- test, P > 0.05). 

Table 5.2. Threshold black bulb and air temperatures (°C) at which Hooker's sea lions 
and New Zealand fur seals changed from either Heat Conserving to Heat Dissipating 
Flipper Exposures or vice versa (see methods for definitions of Heat Conserving and 
Dissipating Flipper Exposures). bbt- black bulb temperature, airt- air temperature, S.E. 
- standard error, N - sample size, P - significance level. 

P hocarctos hookeri 
Mean S.E. N 

bbt °C 17.65 0.412 81 

airt °C 13.82 0.340 81 

Arctocephalus forsteri 
Mean S.E. N 

18.61 0.314 55 

14.20 0.250 55 

p 

0.100 

0.409 
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Sandflipping 

Sandflipping behaviour was initiated at black bulb temperatures exceeding 14°C; the 

frequency increased gradually until 17 - 200C after which sandflipping frequency 

increased markedly with temperature (Figure 5.7a). The maximum mean frequency was 

14 sandflips per 15 mins (s.d. = 12) at a black bulb temperature of> 26°C, with a 

maximum frequency of 51 recorded. The larger sea lions sometimes excavated pits as 

deep as 12 em after only a few hours exposure to warm temperatures and intense solar 

radiation. The hindflippers were not involved in throwing sand but were often positioned 

laterally and forced into the cool excavated sand which accumulated posteriorly. As 

sandflipping frequency increased so did the estimated proportion of sandcover (Figure 

5.7b). Maximum mean sandcover was about 60%. 

Flipperwaving 

Although mean frequencies of flipperwaving were associated with high standard 

errors, flipperwaving frequency (combined fore and hind) increased with black bulb 

temperature (Figure 5.8). Frequency of foreflipper waves was only 44.4 % of that of the 

hindflippers. 

Flipper and Body Surface Areas 

To determine whether the ratio of flipper surface area (FSA) to body surface area 

(BSA) (FSA I BSA) changed as a function of increasing size, the ratio for both species 

was regressed against curvilinear length (CVL) for the seventeen animals measured. 

There was no evidence that slope differed from zero (t- test, P > 0.2) and therefore the 

ratio did not change with size. Given this fmding the FSA I BSA ratio for fur seals (N = 

11, mean CVL = 1.21 m, range= 0.76- 1.83 m) was compared to the ratio for sea lions 

(N = 6, mean CVL = 2.06 m, range= 1.60-2.35 m); there was no evidence that the FSA 

I BSA ratio differed between A. forsteri and P. hookeri (t- test, P > 0.1). All FSA I 

BSA ratios for both species were therefore pooled and the mean and standard error 

calculated (Table 5.3). 
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Figure 5.7. a) P. hookeri mean number of sandflips. b) Mean sand cover at six 3 °C 
black bulb temperature groups. Vertical bars represent standard errors of the means. (See 
table 5.1 for sample sizes). 
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Figure 5.8. P. hookeri mean number offlipperwaves at six 3 °C black bulb 

temperature groups. Vertical bars represent standard errors of the means. (See table 5.1 
for sample sizes). 

Figure 5.9. Sand substrate temperatures (°C) taken at 15 min intervals at depths of 1 em, 

5 em, and 12 em on 15th Dec. 1985. Black bulb (bbt) and air temperatures (airt) at periods 

zero and eighteen are shown. 
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Table 5.3. Relationship between 1) total flipper surface area (FSA) and body surface 
area (BSA) and 2) hindflipper surface area (HFSA) and foreflipper surface area (FFSA) 
of combined A.forsteri and P. hookeri data. S.E.- standard error, N- sample size. 

Mean 
S.E. 
N 

FSA I BSA 
(%) 

31.27 
0.946 
17 

HFSA I FFSA 
(%) 

86.58 
2.789 
17 

Similarly, the hindflipper surface area (HFSA) to foreflipper surface area (FFSA) 

ratio (HFSA I FFSA) was compared between the fur seal and sea lion group. Again there 

was no evidence (t- test, P > 0.5) that this ratio was different between the groups and 

therefore the data for both species were pooled (Table 5.3). Data on lengths and surface 

areas of individual specimens are provided in appendix G. 

Substrate Temperature Profile 

The sand temperatures shown (Figure 5.9) were taken on a day which I regarded as 

representative of warm summer conditions at Papanui Beach. As air and black bulb 

temperature increased the sand temperature rose with steeper gradients evident in the 

upper layers. Within one em of the surface, sand temperature rose to 500C while at 12 em 

depth the corresponding temperature was 18°C. 

DISCUSSION 

This study quantifies the relationship of posture and flipper exposure to air 

temperature and solar radiation in Arctocephalus forsteri and Phocarctos hookeri. 

Postural adjustment with temperature was remarkably similar in A. forsteri and P. 

hookeri, both in relative proportions and in the overall trends recorded (Figure 5.3). 
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Based on the temperatures at which postures were most commonly employed, the Curled 

and Prone postures are considered to be heat conserving measures in both species. 

Similarly, the Dorsal- Up posture is considered to be a heat dissipating measure. The 

remaining Oblique and Ventral - Up postures were employed at intermediate temperatures, 

perhaps in transition between heat conservation and dissipation postures. Behavioural 

differences in postural adjustment between A. forsteri and P hookeri were evident at 

black bulb temperatures of less than about l7°C, below which fur seals maintained a 

significantly higher proportion of heat conserving postures (Figure 5.4). This finding 

suggests that A. forsteri is less tolerant of cold than P. hookeri at low temperatures. At 

warmer temperatures, however, statistical analyses revealed that at 23 - 26°C (bbt), sea 

lions maintained a slightly higher proportion of heat conserving postures than fur seals. 

The type of posture assumed at different temperatures indicates that surface area 

exposed to air is related to the intensity of solar radiation. The results of the flipper 

exposure studies suggest that flipper exposure represents the 'fine tuning' of this process. 

Minimum exposure of surface area is achieved by exposure of zero to one flippers to the 

air; based on the relationship between flipper exposure and black bulb temperature, these 

are considered to be heat conserving flipper configurations. Similarly but conversely, 

heat would be dissipated most effectively by the adoption of the four flipper exposure 

configuration. The general absence of a strong trend in use of the two and three flipper 

configurations suggests that these exposures may be used when neither heat conservation 

or dissipation is necessary; the use of these flipper configurations at intermediate 

temperatures supports this theory. Below about l7°C (bbt) fur seals exposed less flipper 

surface area to air than did sea lions (Figure 5.6). This further supports the conclusion 

above that at lower temperatures, A. forsteri is less cold tolerant than P. hookeri. The 

result that mean Total Flipper Exposure was statistically greater in fur seals in the 

temperature range 23 - 26°C (bbt) is consistent with the results on posture. In both cases 

the resulting curves (Figures 5.4 & 5.6) were steeper for fur seals than sea lions, 

suggesting that the threshold temperatures, although not statistically different between the 

species (Table 5.2), may be more precisely defmed in fur seals. 

The general pattern of thermoregulatory behaviour in A. forsteri and P. hookeri, 

did not differ in the basic sequence or type of response, while it did show minor 

differences in the magnitude of postural and flipper adjustments to temperature. Gentry's 

(1973) comparative study on the behavioural thermoregulation of Eumetopias jubatus and 

A.forsteri revealed similar findings. The results of this study support the commonly 
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held view that flippers are important organs in controlling heat loss in otariids and that the 

sequence of postural changes associated with temperature is similar while the frequency or 

magnitude of the response may vary between species. Given the size differences between 

A. forsteri and P. hookeri (Adult male= 2.0 m and 3.5 m respectively; Crawley & 

Wilson 1976, Crawley & Cameron 1972, respectively) and that sea lions lack the dense 

underfur of fur seals, it is interesting that no significant difference in threshold 

temperatures was recorded. That is, the 'thermoneutral zone' in both species appears to 

be the same ( about 14°C airt, 18°C bbt) (Table 5.2) and above or below these 

temperatures both species are, to a lesser or greater extent, attempting to dissipate or 

conserve heat respectively. The temperatures at which the California sea lion changed 

between having all flippers tucked and postures in which flippers were exposed 

(approximately equivalent to the threshold temperatures described herein) were similar to 

those of the New Zealand species (14.7- 15.0°C airt, 18.9- 19.7°C bbt) (Odell 1974). 

Northern fur seals from the Pribilof Islands in which summer air temperatures seldom rise 

above l2°C, find even this temperature thermally stressful (Bartholomew & Wilke 1956). 

Gentry (1973) noted that the difference in response to temperature between Eumetopias 

jubatus and A.forsteri was in the same direction as the difference between their climatic 

thermal ranges. The New Zealand species studied share the same local climate (Papanui 

Beach) and their similar behavioural responses to environmental temperature may be the 

result of acclimation to the same thermal conditions. The smaller surface area to volume 

ratio in the larger sea lions favours heat conservation and may partly explain why the loss 

of underfur has not reduced the apparent ability of sea lions to withstand cold. 

Control of surface area exposure by postural adjustment I flipper exposure attains 

most importance at temperatures around the thermoneutral zone. When temperatures are 

well above this region additional thermoregulatory behaviours become effective. 

Sandflipping in Hooker's sea lions increases in frequency as a function of the intensity of 

solar radiation and serves two functions: 1) moist sand is thrown onto the back to 

increase evaporative heat loss and shield the sparsely furred skin from solar radiation. 2) 

Conduction of heat between the palmar surfaces of the naked foreflippers and the cooler 

and moister deeper sand layers (Figure 5.9) is enhanced. California sea lions have been 

shown to lose more heat by conduction on damp than on dry sand substrates (Ohata & 

Whittow 1974). Sandflipping assumes a greater thermoregulatory role when the surface 

substrate temperature rises above body temperature. Under these conditions the reversed 

temperature gradient would actually enhance heat gain through conduction. The elephant 
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seals (Mirounga angustirostris and M. leonina) (White & Odell1971 and Carrick et al. 

1962, respectively) and the Southern sea lion (Otaria byronia) (Campagna & LeBoeuf 

1988, Vaz- Ferriera & Palerm 1964) are the only otherpinnipeds in which sandflipping 

behaviour has been described. Since all these species occupy sand or pebble beaches it 

seems likely that habitat substrate has been a factor in selection for this behaviour. 

Flipperwaving, while not equivalent to the 'fanning' behaviour described by 

Bartholomew & Wilke (1956) for Callorhinus ursinus, promotes heat loss by convection 

and radiation to the air. The relationship between flipperwaving and solar radiation in the 

Hooker's sea lion suggests that along with sandflipping this behaviour is an important 

additional means of behavioural thermoregulation, particularly in summer. Campagna & 

Le Boeuf (1988) found a positive correlation between solar radiation and the mean 

percentage of Southern sea lions (0. byronia) with at least one hindflipper up and 

exposed to the wind. The New Zealand fur seal does not sandflip and while it 

flipperwaves occasionally, I do not consider this to be of significance in thermoregulation. 

Additional thermoregulatory behaviours of A. forsteri include use of shade, urohidrosis, 

immersion of hindflippers in rock pools, lying in the splash zone or, as a last resort, 

leaving the rookery (Gentry 1973, Mattlin 1978, Miller 1971, Stirling 1970). These 

results highlight the influence of habitat on determining or restricting the form of non -

postural thermoregulatory behaviours (see Campagna & LeBoeuf 1988, Marlow 1975). 

Thermoregulatory requirements therefore seem important considerations in habitat 

selection by fur seals (Bester 1982). 

Total flipper surface area to body surface area and foreflipper to hindflipper surface 

area ratios did not differ statistically between A. forsteri and P. hookeri (Table 5.3). 

The hydrodynamic fusiform body shape of seals, presents a low surface area to volume 

ratio to the environment, an adaptation for heat conservation (Bonner 1982). In contrast, 

the flippers have a large surface area to volume ratio, a feature which promotes heat loss. 

The anatomy of the major blood vessels (Tarasoff & Fisher 1970), the presence of large 

numbers of arterio venous anastomoses in the flippers of otariids (Bryden & Molyneux 

1978) and the lack of insulating blubber and fur from the distal flippers are anatomical 

features which suggest that flippers are adapted for heat exchange. Quantitative studies on 

the aquatic locomotion of the California sea lion have shown that hindflippers have no 

observable function during swimming (English 1976a, Feldcamp 1987). Prior to these 

studies, Howell (1929) was aware that otariids do not employ their hindlimbs for aquatic 

propulsion and commented that, in evolutionary terms, the relatively large size of the 

hindflippers presents a paradox. The historical or ancestral function of hindflippers in 
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aquatic locomotion is unknown and may account for their relatively large size. Their 

present role in behavioural and physiological thermoregulation may provide an alternative 

selection pressure which favours the retention of their large size. This explanation may 

also provide a function for the large cartilaginous extensions of the pedal digits as sites for 

heat exchange. The hindflippers were exposed less than the foreflippers in both A. 

forsteri and P. hookeri, an indication that they may be more susceptible than the 

foreflippers to heat loss. This in turn may explain why the hindflippers were waved more 

frequently than the foreflippers in P. hookeri. The results of surface area measurements 

for the two study species do not support the claim of Bartholomew & Wilke (1956) that 

furred otariids have relatively larger hindflippers than sea lions. 
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CHAPTER 6 

General Discussion 

This study compares thermoregulatory behaviour, terrestrial locomotion and 

postcranial skeletal morphology of the New Zealand fur seal (Arctocephalus forsteri) and 

Hooker's sea lion (Phocarctos hookeri). Additionally, some aspects of the behavioural 

ecology of P. hookeri are described (chapter 2). Here, I summarise the major points of 

the thesis and focus on the broader implications in terms of the evolutionary ecology of 

the two species. Recommendations for future research are also suggested. 

SUMMARY 

Ecology of Hooker's Sea lion at Papanui Beach (Chapter 2) 

This chapter presents the results of a two year study on the diurnal & seasonal haul 

- out patterns and site fidelity of individually identified male Hooker's sea lions on 

Papanui Beach, Otago Peninsula, New Zealand. The results of activity budgets recorded 

in both summer and winter are also presented. 

1) Papanui Beach is the only documented haul- out ground for P. hookeri on the New 

Zealand mainland. Suggested reasons for its location include proximity to deep water. 

Papanui Beach may once have been an historical haul - out ground which is being 

recolonised as sea lion numbers increase and their range expands. 

2) Fourteen male sea lions were identified on Papanui Beach during the two year study. 

These animals ranged in length from 1.65 - 2.28 m (mean= 1.98, s.d. = 0.18) and 

estimated age from 2 - 11 yr (mean= 6.5, s.d. = 2.19). Four of these sea lions were 

considered to be both sexually and socially mature (potentially breeding), eight to be 

sexually mature and two to be immature. 

3) The majority of haul - outs by sea lions on Papanui Beach were made by known 

individuals returning on a regular basis and to a negligible extent by itinerants, suggesting 

a high degree of site specificity. Emigration and recruitment were low in relation to the 

length of the study. 
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4) The daily pattern of attendance of sea lions at Papanui Beach suggests that these 

animals are nocturnal feeders. Sea lions arrived ashore early morning (0844 hr, s.d. = 

1.49) and departed in the evening (1802 hr, s.d. = 1.18) with maximum numbers 

recorded between 1200- 1500 hours, spending on average 43.8% of each day ashore(= 

78 % of daylight hours). When sea lions remained ashore overnight they usually did not 

return to sea until the evening of the second day. 

5) Numbers of resident sea lions decreased during the breeding season; these sea lions 

may have migrated to the Auckland Islands or other southern breeding grounds during 

this time. The return of all but one of the resident sea lions after the breeding season 

suggests strong site specificity and homing ability. 

6) Sea lions displayed a preference for the middle and the extreme ends of the beach. 

During summer sea lions occupied only the sand beach areas while in winter use was 

made of the grass dune areas (summer: sand beach use = 100 %; winter: sand beach use = 

58.4 %, grass dune use= 41.6 %). Sandflipping occurred at black bulb temperatures 

exceeding 14°C while no use was made of shade, the edge of the sea or onshore water for 

cooling purposes regardless of air temperature. 

7) Analysis of activity budget data revealed that P. hookeri allocates a large amount of 

time to resting; lying was by far the most common behavioural activity (summer = 90.2 

%, winter = 80.6%). Chi square analyses showed significant differences in the 

frequencies of most behavioural activities between summer and winter, i.e. in general 

more time was allocated to rest in summer. It is concluded that the warmer temperatures 

of summer are responsible for limiting the degree of physical activity that these sea lions 

would otherwise engage in. 

Terrestrial Locomotion (Chapter 3) 

1) It is generally assumed that the gaits of sea lions and fur seals are not substantially 

different. Analysis of filming studies, however, shows clearly that there are fundamental 

differences between the gaits of Arctocephalus forsteri and P hocarctos hookeri. 

Briefly these differences include: 

a) The Hooker's sea lion moves each limb alternately and independently of the 

other limbs in a manner similar to terrestrial carnivores. The fur seal, in contrast, lifts and 

places its hind limbs simultaneously. At faster speeds the forelimbs are also moved in 

unison. 
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b) Weight is shifted in the transverse plane rising and falling twice· during a 

complete step cycle of the Hooker's sea lion while in the fur seal, however, weight is 

shifted in the sagittal plane rising and falling only once during a step cycle. (Large 

oscillations of the centre of gravity are an integral part of the gaits of otariids and are 

necessary for the animal to be able to lift and swing each limb forward). 

c) The gait of the sea lion incorporates lateral rotation of the pelvis about the vertical 

axis in tandem with flexion of the posterior axial skeleton to advance each hind limb 

alternately. The hind limbs of the fur seal in contrast, are moved in unison predominantly 

by flexion of the posterior axial skeleton. 

2) While the gaits of the New Zealand fur seal and Hooker's sea lion are profoundly 

different, no major differences in postcranial morphology between the species were 

found. This might be explained if selection for the behavioural control of the gait had 

preceded concomitant structural modifications. 

3) It is postulated that the different gaits of the New Zealand fur seal and Hooker's sea 

lion are ecological specialisations which are adaptations to the mechanical problems 

imposed by different habitats, i.e. rock and sand substrates respectively. Gait analyses of 

other otariids (from this study and literature) suggest also that gait relates to the general 

habitat substrates used by fur seals and sea lions, and thus supports this hypothesis. 

4) Comparison of these gaits with those of other otariids suggests that the gaits of the 

New Zealand fur seal and Hooker's sea lion may be typical or representative of members 

of their nominal subfamilies, Arctocephalinae and Otariinae respectively. 

5) The differences in the terrestrial gaits of A. forsteri and P. hookeri are paradoxical in 

light of the postulated evolutionary history of otariids, since the gait of the Hooker's sea 

lion more closely resembles that of the arctoid fissiped carnivores (ursids) than does that 

of the New Zealand fur seal. Relative to the gait of ursids, fur seals appear to possess the 

more derived and sea lions the more primitive gait. 

Postcranial Skeletal Morphology (Chapter 4) 

1) There were minor (statistical) quantitative differences found in some of the limb bone 

and vertebrae linear dimensions between A. forsteri and P. hookeri. 

2) Analysis of gait and structure of A. forsteri and P. hookeri together with several 

specimens of the Australian otariids (A. pusillus doriferus and Neophoca cinerea) 

suggests that: 
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a) There is no correlation between gait and postcranial morphology in these 

otariids. 

b) There are no phylogenetic differences in the linear dimensions of 

postcranial morphology between fur seals (Arctocephalinae) and sea 

lions (Otariinae ). 

3) There was no statistical difference in the relative width of the humerus between A. 

forsteri and P. hookeri. This finding casts doubt on the utility of this character as a 

diagnostic indicator between fur seals (Arctocephalinae) and sea lions (Otariinae), in 

contrast to the proposal ofRepenning & Tedford (1977). 

4) In interpreting the lack of correlation between morphology and gait & taxonomy, the 

concept of 'Constructional Morphology' was introduced. Developmental and ontogenetic 

processes which underly structural changes are generally thought to be highly buffered 

and stabilised systems and might therefore have played a strongly conservative role in the 

evolution of otariid morphology. The resultant structure is ultimately determined by the 

interaction of at least three major constraining factors: 1) Historical I Phylogenetic 2) 

Functional I Adaptive 3) Constructional I Morphological (Reif et al. 1985, Seilacher 

1970 and others). Because the morphology could not be interpreted clearly as having 

significant interspecific differences in functional and constructional components, I 

considered Historical I Phylogenetic constraints to be responsible for the conservative 

postcranial morphology in otariids. 

Behavioural Thermoregulation (Chapter 5) 

1) Thermoregulatory behaviour of the sympatric Hooker's sea lion and New Zealand fur 

seal in relation to air temperature and solar radiation was studied, quantified, and the 

results compared between the two species. 

2) Both species adjusted posture and flipper exposure so that surface area exposed to air 

increased as solar radiation intensified, providing quantifiable evidence that flippers are 

the major sites of heat exchange. 

3) Two general types of posture were recognised based on the relationship between solar 

radiation and posture: Heat - Conserving (Prone and Curled = low surface area exposure) 

and Heat Dissipating postures (Oblique, Ventral - Up and particularly Dorsal - Up = high 

surface area exposure). When the Heat- Conserving postures were plotted against solar 

radiation, their use declined as a function of increasing black bulb temperature. 

102 



4) Adjustment of the number of flippers exposed represents the 'fine tuning' control of 

effective surface area for thermoregulation. Based on the relationship between flipper 

exposure scores and solar radiation, flipper exposures were of two main types: Heat -

Conserving (= zero and one flipper exposure scores) and Heat- Dissipating (= four 

flipper exposure scores). When total flipper exposure was plotted against solar radiation, 

flipper exposure increased as a function of increasing black bulb temperature. 

5) The general pattern of thermoregulatory behaviour in these species, while it showed 

minor differences in the magnitude of postural and flipper adjustments to solar radiation, 

did not differ in the basic sequence or type of response. At lower temperatures sea lions 

appeared to be slightly more cold tolerant. This trend reversed, however, at warmer 

temperatures. 

6) Threshold temperatures at which these otariids changed between Heat- Conserving 

and Heat - Dissipating flipper exposures, or vice versa, were not statistically different 

between the species (about l4°C airt, l8°C bbt). 

7) Sandflipping and flipperwaving in Hooker's sea lion were important non - postural 

thermoregulatory behaviours which increased in frequency as solar radiation intensified. 

The New Zealand fur seal did not sandflip and flipperwaved only occasionally. Shade 

and water use by the latter species assumed greater importance for non - postural 

thermoregulation. The influence of habitat on both restricting and determining 

thermoregulatory behaviours is discussed. 

8) Flipper surface area to body surface area ratio was not statistically different between 

the species nor was the relationship between foreflipper and hindflipper surface area. The 

large surface area of the hindflippers does not seem to be related to a(j.uatic locomotion. 

The retention of their large relative size and the cartilaginous extensions of the pedal 

digits, are considered to reflect a thermoregulatory function. 
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DISCUSSION 

Habitat: Influence on Thermoregulation and Locomotion 

An important point to emerge from this study is that habitat may have had a marked 

influence on directing the evolution of both terrestrial locomotion and behavioural 

thermoregulation. The respective gaits of the New Zealand fur seal and Hooker's sea 

lion, for example, are considered to be ecological specialisations which are adaptations to 

the mechanical problems imposed by different habitats (Beentjes 1989a- chapter 3, page 

43). Similarly, the thermoregulatory behaviour of both species depends, to a large extent, 

on habitat resources such as sand, rock, shade and water. The complementary 

relationship between thermoregulatory behaviour I terrestrial locomotion and habitat is 

exemplified by the strong fidelity of each species to a single habitat type (New Zealand fur 

seal on a heterogeneous rocky substrate and Hooker's sea lions on a homogeneous sand 

or non rocky substrate) despite the availability of haul - out sites with alternative 

substrates. The site fidelity of Hooker's sea lions to Papanui Beach, for example, is 

particularly strong (Beentjes 1989b- chapter 2). Note: habitat preferences of sea lions 

and fur seals in general conform to the pattern observed at Papanui Beach. 

Thermoregulation: Phylogenetic Significance 

While some of the differences in thermoregulatory behaviour could be attributed to 

the influence of habitat, or vice versa, similarities are compatible with a close phylogenetic 

relationship between the Hooker's sea lion and New Zealand fur seal. The behavioural 

pattern of postural adjustment and flipper exposure in response to solar radiation was 

similar in both species. This stereotyped response appears to be a feature of all otariids 

and reflects the importance of this behaviour as a thermoregulatory strategy as well as 

phylogenetic relatedness. An interesting finding was that the absence of the insulative 

underfur in the Hooker's sea lion (presumed to be a derived feature of sea lions -

Repenning & Tedford 1977) had not reduced the tolerance of this otariid to cold; indeed 

the Hooker's sea lion appeared to be more cold adapted than the New Zealand fur seal 

(Chapter 5). Additional studies are required to determine whether the sea lion has 

compensated for the loss of underfur by physiological means or by morphological 

changes (eg., increased blubber thickness and I or decreased surface area to volume ratio 

by virtue of larger overall size). Certainly the results of this study suggest that no 
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differences exist in the relationship between body surface area and flipper surface area 

between the species. Although there were differences found in non - postural 

thermoregulatory behaviour between the Hooker's sea lion and New Zealand fur seal, 

these differences are not consistent with their Subfamily designations, i.e. sea lions 

(Otariinae) and fur seals (Arctocephalinae) cannot be separated on the basis of 

thermoregulatory behaviour. Thigmotaxis in sea lions, although often cited as such a 

discriminatory character, occurs in the fur seal Arctocephalus pusillus; Berta & Demere 

(1986), however, regard this as convergence. A. p. doriferus contains features of 

structure and behaviour which tend to support the contention of W am eke & Shaughnessy 

(1985) that this species is intermediate between fur seals and sea lions. Accordingly, I 

believe it is incorrect to designate thigmotaxis in A. pusillus as convergence. 

Locomotion: Constructional Constraints and Phylogeny 

In Chapter 3 (page 45) it was remarked that the differences in terrestrial gaits of A. 

forsteri and P. hookeri seem paradoxical in light of the postulated evolutionary history 

of otariids, since the gait of Hooker's sea lion more closely resembles that of the ursids 

than does that of the New Zealand fur seal. (Fossil evidence indicates that fur seals are 

the older group (12 m.y. old) and gave rise to the sea lions about 3 m.y. ago). Past 

studies have assigned all differences between fur seals (Arctocephalinae) and sea lions 

(Otariinae) as representing retained primitive features in fur seals and derived features in 

sea lions (Repenning & Tedford 1977 ..: chapter 1). The New Zealand fur seal is not, 

however, demonstrably 'more primitive' overall than the Hooker's sea lion, i.e. relative to 

the gait of their common ancestors, the ursids, the gait of the New Zealand fur seal 

appears to be derived while that of the Hooker's sea lion appears to be primitive. Since 

there have been no experimental studies to determine the flexibility of gaits in relation to 

different habitats, it is not reasonable to comment on whether the polarity mode of gaits 

are 'stable' in an evolutionary sense or flexible with respect to the interaction of ontogeny 

and habitat. Regardless of how the gaits evolved, they enable each species to effectively 

maintain the terrestrial component of its amphibious lifestyle on its preferred substrate. 

Whether there is a case for separating the sea lion (Otariinae) and fur seal 

(Arctocephalinae) taxa on the basis of gait, as the results from this study suggest, needs to 

be verified by the inclusion of more otariid species. 

The morphology of the postcranial skeletons of the New Zealand fur seal and 
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Hooker's sea lion showed only very minor statistical differences in structure and these 

were differences in degree rather than kind. The initial suggestion of correlation between 

gait and structure in these species was not corroborated by the analysis of gait and 

structure of the Australian otariids (Arctocephalus pus ill us doriferus and N eophoca 

cinerea). These findings might indicate that there is little or no structural (osteological) 

basis underlying the different gaits of the fur seals and sea lions studied. Similar 

quantitative studies on soft tissues of otariids are necessary to determine whether there 

have been concomitant changes in musculature associated with the different gaits, and 

whether such changes may have preceded osteological evolution. The approach adopted 

in this study to interpret these findings was that of Seilacher (1970), Reif et al. (1985) 

and others, in which phenotypic structure is conceptualised in terms of the constraints that 

limit change. In contrast, many earlier and current evolutionary studies invoke post hoc 

adaptationist arguments to account for relationships between structure and function (see 

Clutton-Brock & Harvey 1979). It is conjectured that Historical I Phylogenetic 

constraining factors may be dominant and responsible for resisting structural change in 

A.forsteri and P. hookeri. A corollary to this concept could be the notion that structures 

are conservative in evolution if they perform two or more functions (Maynard Smith 

1988). That is, postcranial structure of sea lions and fur seals may be constrained by the 

requirements of aquatic locomotion. Any change in structure that could potentially 

improve locomotory efficiency on land may be deleterious to aquatic locomotion and 

consequently to foraging efficiency. 

Structural changes in morphology must be considered not only within the 

framework of constraints, but also in relation to the processes or mechanisms that direct 

morphological changes. In Chapter 3 (page 41) examples are given of species in which 

function has changed yet structure has remained constant. Brown & Yalden (1973) 

proposed that behavioural modifications in locomotion may precede any apparent 

morphological changes and they outlined the process that underlies this idea. This is not a 

new concept in evolutionary biology and Gould (1985) credited Lamarck with recognising 

that 'behaviour is the trigger for structural modification'. Gould provided three examples 

to develop this theory. The flamingo (Phoenicopterus sp.) and the jellyfish (Cassiopa 

xamachana) have modified feeding systems that are considered, by Gould, to have 

evolved only after behaviour changed. In the flamingo's case this behavioural change 

was to feed with its head upside down and consequently the roles of the upper and lower 

beaks were effectively reversed; the jelly fish feeds upside down relative to the usual 

106 



position for medusoids, with its previously dorsal surface attached to the substrate and its 

feeding tentacles projecting upward. A more relevant example to this study, also given by 

Gould, is that of a catfish species (Synodontis nigriventris) which swims upside down 

despite the lack of signs that morphology has changed to adapt the fish to this new 

lifestyle. These examples add weight to the conclusion above that the differences in 

terrestrial locomotion between A. forsteri and P. hookeri shown in this study, may be 

expressed only at the behavioural level. It is tempting to speculate that given enough time 

(on an evolutionary scale) structural modification would express itself. Alternatively, one 

could argue that if selection pressure exists, then 3 million years - the time period that sea 

lions and fur seals are thought to have diverged - would be long enough for the 

phenotypic expression of morphological changes. 

Otariid Taxonomy 

There is little doubt that sea lions and fur seals are taxonomically distinct (see 

chapter 1). However, whether this distinction should be expressed at the Subfamily level 

is questionable. The evolutionary novelties of the sea lions that are the basis for 

distinguishing the two subfamilies are few in number and convergence is often invoked as 

an ad hoc explanation to warrant the distinction at this level. Cranially, these groups are 

also considered to be indistinguishable by some authors (Repenning et al. 1971). A 

major finding of this study, that there is little morphological difference postcranially 

between sea lions and fur seals, supports this view. Furthermore, interbreeding between 

Zalophus californianus and Arctocephalus pusillus doriferus (Mitche111968) provides 

additional evidence that the Subfamily distinction is indeed dubious. If one is to carry the 

argument further, there does not appear to be grounds, other than the history of species 

nomenclature, for the separation of the sea lions into five monotypic genera. A more 

realistic classification, for example, might group the sea lions into a single genus that is 

distinguishable from fur seals only at the generic level. Biochemical studies ( DNA 

hybridisation, DNA sequencing, isoenzyme electrophoresis and immunological methods) 

focusing on the molecular similarities I differences between all extant otariid species 

(based on the concept that molecular clocks tick at a constant rate for all species - see 

Wilson et al. 1987 for a review) could most usefully complement cladistic and other 

approaches in allowing a much needed reinterpretation of otariid systematics. 
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Concluding Remarks 

This thesis has employed the comparative approach to investigate the ecological and 

evolutionary significance of divergent and similar traits, behavioural and morphological, 

in two closely related species of pinniped. The results highlight the importance of species 

comparisons in ecological studies as a first approach in determining the relationship 

between morphology I behaviour and the environment. 
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Appendix A. Description of the step cycles of Arctocephalus forsteri and 
P hocarctos hookeri. 

INTRODUCTION 

Although the gaits of the Hooker's sea lion and the New Zealand fur seal have been defined in 

terms of the absolute and relative timing of limb placement and footfall patterns, a description of the step 

cycle of both the fore and hind limb is necessary to understand how the limbs and body function during 

locomotion. 

Limb movements during the step cycle of a mammal were first described for the domestic dog by 

Phillipson (1905). The terminology has been retained by most workers on mammalian locomotion 

studies (English 1976a, Gordon 1981, Goslow eta/. 1973, Vander Graaf eta/. 1982). The step cycle 

comprises two main phases - the swing phase (foot off the ground) and stance phase (foot on the ground). 

The swing phase comprises a flexion (F) and an extension phase (E1) while the stance comprises two 

extension phases (E2, E3). Flexion is from the time the limb is first lifted and protracted until the limb 

lies directly under the hip or shoulder. The first extension phase (El) begins when the limb is first 

extended forward of the hip or shoulder and ends when the extending limb first contacts the ground. The 

cycle then enters the stance or the second extension phase (E2) as the limb yields under the weight of the 

body. The third extension (E3) phase of the stance begins when the limb is again directly under the hip 

and the cycle ends as the limb is retracted and lifted. The third extension phase (E3) provides the thrust 

component of the step cycle. 

English (1976a) used this terminology to describe the limb movements of the California sea lion 

(Zalophus californianus) which he noted appear superficially similar to those used by the fissiped 

carnivores. As English pointed out however, the limbs of fissiped carnivores are oriented in a sagittal 

plane while those of the California sea lion are oriented in the transverse plane. No qualitative differences 

in the description of the limb movements of the California sea lion and the Hooker's sea lion during the 

walk were observed. The faster gait, in contrast, appears to be markedly different. Limb and body 

movements during both the walk and gallop are described below. 

Hooker's Sea Lion Step Cycle (Walk) 

The approximate relative proportions of forelimb step cycle phases during the walk are: F - 13 %, 

E1 - 19 %, E2- 27 %, E3 - 41 %. The flexion phase begins as the forelimb is first lifted, the wrist is 
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APPENDIX A (continued) 

dorsally flexed and the manus projects posteriorly. As the limb is protracted the manus is swung laterally 

until at the end of flexion the limb projects laterally from the shoulder and the humerus lies perpendicular 

to the longitudinal axis of the body (Fig. 3.4: 7-11, left fore; Fig. 3.5: 9-11, right fore). Before and 

during flexion, the weight of the head and shoulders is transferred onto the opposite forelimb to such an 

extent that the limb undergoing flexion is freed from a support role and appears initially to lift passively. 

The first extension phase (E1) begins as the elbow is extended and the limb moves anterior to the shoulder 

(Fig. 3.4: 11-15, left fore; Fig. 3.5: 11-15, right fore). At this stage weight of the head and shoulders is 

gradually shifted from the opposite forelimb to the extending limb as it contacts the ground and the stance 

phase begins. As the limb is retracted the manus gradually changes orientation from an anterior to a 

lateral projection until the limb lies directly under the shoulder and the humerus is again perpendicular to 

the longitudinal axis of the body; this corresponds to the yield or second extension phase (E2) during 

which maximum weight is borne on the retracting limb (Fig. 3.4: 15-25, left fore; Fig. 3.5: 15-23, right 

fore). As retraction continues the forelimb moves posterior relative to the shoulder and the third and last 

extension phase begins (E3). During the third extension phase (E3) weight is again gradually transferred 

onto the opposite forelimb prior to the flexion phase which begins as the limb is again lifted and a second 

step cycle begins (Fig. 3.4: 25-31 & 1-7, left fore; Fig. 3.5: 23-29 & 1-9, right fore). The major thrust 

component of the step cycle occurs during the third extension phase (E3) which also accounts for the 

largest proportion of the cycle (41 %). 

Unlike the forelimb, the step cycle of the hindlimb of the Hooker's sea lion does not conform as 

well to Phillipson's (1905) four phases of flexion and extension. As the cycle begins, at the end of the 

stance phase, the ankle is flexed dorsally, the phalanges lifting before the heel which lifts as weight is 

gradually transferred onto the contralateral forelimb (Fig. 3.4: 3, left hind; Fig. 3.5: 3, right hind). The 

hindlimb is protracted primarily by lateral rotation of the pelvis about the vertical axis and flexion of the 

posterior axial skeleton (Fig. 3.4: 3-11, left hind; Fig. 3.5: 3-11, right hind). Protraction is aided as 

weight continues to shift onto the contralateral forelimb. The foot is placed down with the phalanges 

oriented anteriorly, heel first then distal end. The pelvis then swings back toward the midline of the body 

to help lift and protract the opposite hindlimb; this action causes the first hindlimb to rotate laterally and 

posteriorly on its heel until it is positioned ready for the next protraction, completing a cycle (Fig. 3.4: 

11-31 & 1-3, left hind; Fig. 3.5: 11-29 & 1-3, right hind). The extent of the alternate lateral swings of 

the pelvis is observable in the sand since the tail traces a repeating sinusoidal curve. The function of the 

hindlimbs does not appear to be to generate thrust, but to advance the the hindquarters maximally in such 

a position that the sea lion is well balanced for the following protraction of the ipsilateral forelimb. 
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Interference between the ipsilateral feet is avoided since the forelimb is flexed and protracted just prior to 

placement of the hindfoot. The lateral sequence gait is said to be superior for avoiding interference 

between fore and hind limbs (Hildebrand, 1966). 

Hooker's Sea Lion Step Cycle (Gallop) 

While the sequence of limb movements during the gallop is the same as in the lateral sequence 

walk (LH, LF, RH, RF) (Fig. 3.1b, Fig. 3.6), the swing phase of both the fore and hind limbs increases 

with a corresponding decrease in the stance phase. The approximate relative proportions of the flexion and 

extensions phases of the forelimb are: F - 19 %, E1 - 24 %, E2 - 23 %, E3 - 34 %. During both the walk 

and the gallop the head and shoulders project dorsally and anteriorly throughout the stride. Lateral swings 

of the the head and shoulders are less apparent during the gallop, the increased forward momentum 

apparently facilitating the swing phase of the forelimbs. 

New Zealand Fur Seal Step Cycle (Half • Bound) 

The approximate relative proportions of forelimb step cycle phases during the half - bound are: F -

8 %, El- 17 %, E2- 71 %, E3- 4 %. During the yield phase (E2), weight of the head and shoulders is 

gradually transferred anteriorly and ventrally to such an extent that the head and shoulders of the seal 

almost contacts the substrate (Fig. 3.7: 7-23, right fore). When the centre of gravity is maximally 

anteriorly and ventrally positioned the seal pivots forward on its forelimbs resulting in the passive lifting 

of the hindlimbs (Fig. 3. 7: 15-17, left and right hind). The yield phase (E2) accounts for approximately 

71 % of the step cycle while the third extension phase (E3) is almost non - existent in the slow half

bound of fur seals. Unlike the Hooker's sea lion, the hind limbs of the New Zealand fur seal are lifted and 

placed down simultaneously. Transference of the centre of gravity anteriorly and ventrally helps lift the 

hindlimbs while advancement of the hindlimbs results from flexion of the posterior axial skeleton (Fig. 

3.7: 15-23, left and right hind). Extension of the axial skeleton begins after the hind limbs are placed 

down and during the swing phase of the forelimbs as they are alternately flexed and extended forward (Fig. 

3.7: 1-17). 
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New Zealand Fur Seal Step Cycle (Bound) 

The approximate relative proportions of forelimb step cycle phases during the bound are: F- 23 %, 

El - 27 %, E2 - 27 %, E3 - 23 %. The third extension phase (E3) is proportionally greater than for the 

half- bound indicating that the forelimbs provide thrust during the bound (Fig. 3.8: 7-10, left and right 

fore). The lift and placement of the hindlimbs is still achieved by shifting the weight of the head and 

shoulders anteriorly and ventrally while flexion and extension of the axial skeleton are more prominent. 

As the forelimbs are retracted during the stance phase sufficient thrust is generated to achieve a period of 

suspension (Fig. 3.8: 10-13, left and right hind). 
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Appendix B. Skeletal material examined. 

*A.D.- Anthropology Department (University of Otago), A.M.- Australian 
Museum (Sydney, Australia), M.A.F.- Ministry of Agriculture and Fisheries 
C:Wellington), N.M.N.Z.- National Museum of New Zealand (Wellington), 
O.M.- Otago Museum (Dunedin). 

CODE REPOSITORY* SPECIES 

A85:7 

A85:6 
A85:5 
MM1827 
MM1934 
MM1085 
MM1116 
MM1454 
MM1681 
MAF:2 
MAF:4 
MM1508 

O.M. 
O.M. 
O.M. 
N.M.N.Z. 
N.M.N.Z. 
N.M.N.Z. 

N.M.N.Z. 
N.M.N.Z. 
N.M.N.Z. 
M.A. F. 
M.A. F. 
N.M.N.Z. 

A.forsteri 
A.forsteri 
A.forsteri 
A.forsteri 
A.forsteri 
A.forsteri 
A.forsteri 
A.forsteri 
A.forsteri 
A.forsteri 
A.forsteri 
A.forsteri 

MATERIAL 

skull, post cranial elements. 

skull, post cranial elements. 
skull, post cranial elements. 
skull, post cranial elements. 

skull, post cranial elements. 
skull, post cranial elements. 
skull, post cranial elements. 
skull, post cranial elements. 
skull, post cranial elements. 
skull, post cranial elements. 

skull, post cranial elements. 
skull, post cranial elements 
(missing= ulnae, radii). 
post cranial elements. 
post cranial elements. 
post cranial elements. 

MM1641 
MM1919 
MM1640 

MM1918 
A85:16 

MM1094 
MAF:l 
MM17833 
A85:13 

MM1327 

N.M.N.Z. 
N.M.N.Z. 
N.M.N.Z. 

N.M.N.Z. 
O.M. 

N.M.N.Z. 
M.A. F. 
N.M.N.Z. 
O.M. 
N.M.N.Z. 

A.forsteri 
A.forsteri 
A.forsteri 
A.forsteri 
A.forsteri 
A.forsteri 
A.forsteri 
A.forsteri 
A.forsteri 
A.forsteri 

skull, vertebrae, scapulae, os coxae. 
humeri, scapulae, os coxae. 

A85:4 
M9981 
M12605 
M17822 

M17823 
M17825 

O.M. 
A.M. 

A.M. 
A.M. 
A.M. 

A.M. 

P. hookeri 
P. hookeri 
P. hookeri 
P. hookeri 
P. hookeri 
P. hookeri 

limb bones. 
skull, vertebrae. 
skull. 
skull. 

skull. 

Total = 22 specimens. 

skull, post cranial elements. 
skull, post cranial elements. 

skull, post cranial elements. 
skull, post cranial elements. 

skull, post cranial elements. 

skull, post cranial elements. 
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CODE REPOSITORY* SPECIES 

M12606 
M17824 
MM1689 
MM1966 
M12603 

FA527 
M9980 
M12604 

M9977 
M9982 
MM1362 
MM1685 

M17849 
M17848 
A89:1 
A89:2 

M17844 
M17838 

M17839 
S1032 

M17840 
12/99 

M17845 
M17841 

M17842 
M8948 
M17843 
M17850 

A.M. 
A.M. 
N.M.N.Z 
N.M.N.Z. 
A.M. 

A.D. 
A.M. 
A.M. 

A.M 
A.M. 
N.M.N.Z. 
N.M.N.Z. 
A.M. 
A.M. 

O.M 
O.M. 

P. hookeri 

P. hookeri 
P. hookeri 
P. hookeri 

P. hookeri 

P. hookeri 

P. hookeri 

P. hookeri 

P. hookeri 

P. hookeri 
P. hookeri 

P. hookeri 

P. hookeri 
P. hookeri 

P. hookeri 

P. hookeri 

A.M. 
A.M. 
A.M. 
A.M. 
A.M. 
A.M. 

A. p. doriferus 

A. p. doriferus 

A. p. doriferus 
A. p. doriferus 

A. p. doriferus 

A. p. doriferus 

A.M. 
A.M. 

A.M. 
A.M. 

A.M. 

A.M. 

N. cinerea 

N. cinerea 

N. cinerea 

N. cinerea 

N. cinerea 

N. cinerea 

MATERIAL 

skull, post cranial elements. 
skull, post cranial elements. 
skull, post cranial elements. 
skull, post cranial elements. 
humeri, femora. 

vertebrae. 
skull, limb bones. 
Skull, humeri, scapulae. 
skull, limb bones. 

skull, limb bones. 
humeri, femora, tibiae, fibulae, os coxae 

skull, limb bones. 
skull. 
skull. 
skull, post cranial elements. 

limb bones. 

Total = 22 specimens 

skull, post cranial elements. 
skull, post cranial elements. 

post cranial elements. 
humeri, femora (articulated). 

skull. 
skull. 

Total = 6 specimens 

skull, post cranial elements. 

skull, post cranial elements. 

skull, post cranial elements. 
skull, limb bones. 

skull. 

skull. 

Total = 6 specimens 
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Appendix C. Limb bone master slopes andy- intercepts used to calculate the expected Y 
- values of the master equations. The slope exponent was calculated from all four otariid 

species while the y - intercept exponents were calculated from the mean log X and mean 
logY of the A.forsteri data (log a== mean logY- b.(mean log X)). Var.- variables 
(defined on pages 48 -50), N- slope sample size, r- slope regression coefficient, *
Predictor variable (standard) is length of thoracic and lumbar vertebrae otherwise these 

variables themselves are the predictors. 

BONE VAR. N SLOPE r INTERCEPT 

Humerus HLM* 32 0.8288 0.956 0.75716 
HLF 41 0.9761 0.997 0.78216 
HLDC 39 1.0166 0.969 0.59377 
HWP 42 1.0833 0.964 0.22842 
HWT 42 0.9903 0.978 0.37422 

HWD 40 0.7814 0.899 0.67814 

HWMS 41 1.0083 0.945 0.15952 
HWLS 41 0.9773 0.938 0.18211 

HWLT 41 1.1277 0.913 0.05833 
HWPH 42 1.1350 0.966 0.12433 

Femur FL* 31 0.7251 0.929 0.83824 
FWS 40 1.1547 0.939 0.10727 
FWT 40 1.2494 0.939 0.03881 
FWH 39 0.8637 0.902 0.35963 
FWD 36 0.9470 0.933 0.52342 
FLLT 28 1.1942 0.948· 0.16318 

Coxa CL* 34 0.8355 0.978 0.77900 
CLIS 42 0.9356 0.992 0.82254 
CLIL 42 1.1024 0.987 0.24011 
CWIS 42 1.2708 0.924 0.06001 
CWIL 42 1.3503 0.946 0.02560 

Scapula SW* 33 0.8747 0.966 0.72929 
SL 41 1.1281 0.983 0.39857 
SHS 41 1.6203 0.960 0.00316 
sws 41 1.0271 0.984 0.48747 
SWI 40 0.9670 0.770 0.15219 
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BONE V AR. N SLOPE r INTERCEPT 

Scapula SWD 40 1.0703 0.981 0.49050 
SWP 40 0.9226 0.828 0.08651 

Radius RL* 30 0.8958 0.961 0.48004 
RWS 35 0.9544 0.970 0.24260 
RWT 35 1.0021 0.937 0.07807 

Ulna UL* 20 0.8829 0.969 0.63396 
uws 23 1.1979 0.983 0.04299 
UWT 23 1.0533 0.916 0.04589 

Tibia 1L* 22 0.8070 0.981 1.01791 
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Appendix D. Vertebra master slopes (b) andy- intercepts (a) used to calculate the 
expected Y values of the master equations. The slope exponents were calculated from all 
four otariid species. The y - intercepts were calculated from the mean log Y and the mean 
log X of the A.forsteri data (log a= mean logY- b. (mean log X)). Length of the 
thoracic and lumbar vertebrae was the standard or predictor variable in each case. 
r - regression coefficient, N - sample size. Variables defined on page 56. 

VERT. VLC VBC VHC vwz VHS VLS VWT 

C3 b 1.2896 0.7308 0.8635 0.6668 0.9855 1.6260 1.0325 
a 0.0073 0.1935 0.0668 0.5844 0.0604 0.0003 0.0900 
r 0.993 0.938 0.945 0.933 0.952 0.896 0.932 
N 35 35 35 35 33 33 35 

C4 b 1.3203 0.7386 0.8308 0.7297 0.9868 1.2932 1.0600 
a 0.0061 0.1844 0.0882 0.4394 0.0646 0.0046 0.0766 
r 0.993 0.923 0.938 0.938 0.943 0.895 0.953 
N 35 35 35 35 35 35 35 

C5 b 1.3106 0.7802 0.8384 0.7232 0.8332 1.1149 0.9240 
a 0.0067 0.1439 0.0888 0.4715 0.2148 0.0208 0.1779 
r 0.991 0.939 0.952 0.932 0.894 0.788 0.921 
N 35 35 35 35 34 34 35 

C6 b 1.3067 0.7605 0.9133 0.7728 0.8832 1.1293 0.8074 
a 0.0073 0.1649 0.0561 0.3327 0.1969 0.0241 0.3687 
r 0.990 0.939 0.963 0.946 0.859 0.776 0.886 
N 35 35 35 35 35 35 35 

C7 b 1.2401 0.7395 0.7952 0.8407 1.0338 1.1389 0.9671 
a 0.0111 0.1926 0.1294 0.2198 0.0840 0.0206 0.1481 
r 0.992 0.917 0.952 0.967 0.900 0.837 0.946 
N 34 34 34 35 35 35 35 

T1 b 1.0839 0.8219 0.8587 0.8383 1.1178 1.1803 0.9584 
a 0.0264 0.1051 0.0845 0.2104 0.0478 0.0257 0.1452 
r 0.984 0.866 0.953 0.934 0.942 0.910 0.967 
N 35 35 35 35 34 34 35 
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VERT. VLC VBC VHC vwz VHS VLS VWT 

T2 b 1.1054 0.8236 0.8192 0.8592 1.0272 1.0902 0.9800 
a 0.0228 0.0899 0.1050 0.1504 0.0853 0.0467 0.1164 
r 0.992 0.849 0.958 0.937 0.937 0.927 0.971 
N 34 34 34 35 34 34 35 

T3 b 1.0880 0.8002 0.7764 0.7691 1.0120 1.1307 0.9280 
a 0.0253 0.1033 0.1402 0.2255 0.0908 0.0344 0.1499 
r 0.991 0.886 0.954 0.929 0.938 0.928 0.968 
N 35 35 35 35 35 35 35 

T4 b 1.0724 0.7686 0.8121 0.7282 1.0714 1.1970 0.8749 
a 0.0283 0.1249 0.1098 0.2538 0.0587 0.0210 0.2031 
r 0.991 0.874 0.947 0.931 0.949 0.941 0.962 
N 35 35 35 35 35 35 35 

T5 b 1.0720 0.7938 0.7850 0.6639 1.0100 1.1633 0.8139 
a 0.0287 0.1088 0.1273 0.3676 0.0814 0.0249 0.2871 
r 0.985 0.891 0.929 0.900 0.955 0.938 0.943 
N 35 35 35 34 35 35 35 

T6 b 1.0675 0.7787 0.7528 0.5914 1.0308 1.1314 0.7599 
a 0.0295 0.1192 0.1528 0.5503 0.0675 0.0304 0.3889 
r 0.992 0.871 0.919 0.837 0.948 0.939 0.943 
N 35 35 35 34 35 35 35 

T7 b 1.0613 0.7964 0.7507 0.5870 0.9492 1.1578 0.7436 
a 0.0307 0.1047 0.1532 0.5404 0.1052 0.0259 0.4151 
r 0.992 0.889 0.931 0.891 0.896 0.947 0.933 
N 35 35 35 34 35 35 35 

T8 b 1.0382 0.7735 0.7500 0.6423 0.9417 1.2350 0.7262 
a 0.0360 0.1227 0.1532 0.3537 0.1069 0.0159 0.4515 
r 0.9921 0.883 0.930 0.845 0.909 0.943 0.936 
N 35 34 34 35 35 35 35 
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VERT. VLC VBC VHC vwz VHS VLS VWT 

T9 b 1.0144 0.7376 0.7077 0.6928 0.8966 1.2169 0.7433 
a 0.0424 0.1572 0.2011 0.2352 0.1319 0.0178 0.3889 
r 0.994 0.866 0.910 0.879 0.910 0.941 0.933 
N 34 33 33 34 34 34 34 

TlO b 1.0010 0.7394 0.7156 0.6562 0.9142 1.1846 0.7512 
a 0.0420 0.1559 0.1900 0.2845 0.1115 0.0203 0.3529 
r 0.994 0.845 0.906 0.837 0.932 0.927 0.930 
N 34 34 34 34 34 34 34 

Tll b 0.9919 0.7702 0.7293 0.6743 1.0170 1.1190 0.7976 
a 0.0498 0.1316 0.1788 0.2524 0.0536 0.0272 0.2484 
r 0.994 0.837 0.931 0.893 0.952 0.933 0.960 
N 34 35 35 35 35 35 35 

T12 b 0.9767 0.8139 0.7590 0.5730 0.9761 1.1020 0.8063 
a 0.0556 0.1049 0.1471 0.5463 0.0653 0.0265 0.2200 
r 0.994 0.874 0.943 0.778 0.934 0.923 0.935 
N 35 35 35 34 34 34 35 

T13 b 0.9672 0.8315 0.7648 0.4737 0.9726 1.0539 0.8530 
a 0.0593 0.1014 0.1408 0.8971 0.0651 0.0345 0.1529 
r 0.994 0.894 0.925 0.754 0.945 0.903 0.931 
N 35 35 35 35 35 35 35 

T14 b 0.9652 0.7970 0.7470 0.3932 0.9615 0.9897 0.8725 
a 0.0601 0.1321 0.1587 1.5617 0.0706 0.0497 0.0131 
r 0.995 0.899 0.898 0.716 0.941 0.904 0.912 
N 34 34 34 34 34 34 34 

T15 b 0.9664 0.8243 0.8084 0.4991 0.9670 1.0378 0.8326 
a 0.0603 0.1085 0.1098 0.8186 0.0675 0.0337 0.1728 
r 0.992 0.905 0.914 0.791 0.923 0.916 0.879 
N 34 34 34 34 34 34 34 
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VERT. VLC VBC VHC vwz VHS VLS VWT 

L1 b 1.0295 0.8088 0.8083 0.5827 1.0039 0.9905 1.0680 
a 0.0406 0.1208 0.1113 0.5138 0.0526 0.0446 0.0434 
r 0.995 0.950 0.925 0.837 0.930 0.925 0.862 
N 34 34 34 34 34 34 34 

L2 b 1.0168 0.8147 0.7929 0.6801 1.0317 0.9949 1.1688 
a 0.0438 0.1131 0.1221 0.2840 0.0452 0.0420 0.0242 
r 0.992 0.915 0.910 0.842 0.946 0.929 0.951 
N 34 34 34 34 34 34 34 

L3 b 1.0386 0.8500 0.8147 0.5686 0.9948 1.0680 0.9921 
a 0.0381 0.0891 0.1091 0.5930 0.0572 0.0255 0.0865 
r 0.990 0.934 0.919 0.828 0.928 0.909 0.951 
N 34 34 34 34 34 34 34 

L4 b 1.0406 0.7940 0.7984 0.5637 0.9350 1.0714 0.9128 
a 0.0368 0.1277 0.1218 0.6238 0.0835 0.0241 0.1330 
r 0.981 0.930 0.916 0.781 0.906 0.919 0.917 
N 33 33 33 33 33 33 33 

L5 b 1.0537 0.8309 0.8168 0.6978 0.9430 1.1314 0.9486 
a 0.0301 0.0991 0.1084 0.2569 0.0786 0.0153 0.0107 
r 0.979 0.922 0.908 0.826 0.899 0.916 0.931 
N 35 35 35 35 35 35 35 
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Appendix E. The number of specimens of Neophoca cinerea and Arctocephalus 

pus ill us doriferus that group with either Arctocephalus forsteri or P hocarctos 

hookeri based on discriminant function scores of the limb bone variables. The 
discriminant functions (Table 4.2) are those determined for the latter species. 

Var.- variable (defined on pages 48- 50). 

N. cinerea (n = 4) A. pusillus doriferus (n = 4) 

BONE V AR. A.forsteri P. hookeri A.forsteri P. hookeri 

Humerus HWP 2 2 2 2 

Femur FWH, FWS 3 1 1 2 
Scapula SWS, SWI 2 2 2 1 
Coxa CWIS, CWIL 1 3 2 1 
Radius RWS 1 2 2 2 

Ulna UWT 1 2 3 0 
Tibia 1L 1 2 1 2 

Total 11 14 13 10 
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Appendix F. The number of specimens of Neophoca cinerea and Arctocephalus 

pus ill us doriferus that group with either Arctocephalus jorsteri or P hocarctos 

hookeri based on discriminant function scores of the vertebra variables. The 
discriminant functions (Table 4.4) are those determined for the latter species. 

var.- variables (defined on page 56). 

N. cinerea (n = 3) A. pusillus doriferus (n = 3) 

VERT. VAR. A.forsteri P. hookeri A.forsteri P. hookeri 

C3 VHC,VWT 3 0 1 2 
C4 vwr 3 0 1 2 
cs VLS 2 1 2 1 
C6 VLS 3 0 1 2 
C7 VLS 3 0 1 2 
T1 VLS, VBC 3 0 1 2 
T2 VLS 3 0 1 2 
T3 VBC 0 3 0 3 
T4 VBC,VWT 2 1 0 3 
TS VBC 1 2 0 3 
T6 VBC, VLC 0 3 0 3 
T7 VBC, VLC 0 3 0 3 
T8 VHS, VHC 1 2 1 2 
T9 VBC, VHS 0 3 0 3 
TlO VHC 0 3 0 3 
Tll VBC, VHS 0 3 0 3 
T12 VBC 0 3 0 3 
T13 VBC 1 2 0 3 
T14 VBC 0 3 0 3 
T15 VBC 1 2 2 1 
L1 VBC,VWT 2 1 0 3 
L2 VBC 1 2 0 3 
L3 VBC 1 2 1 1 
L4 VBC 1 2 0 3 
L5 VBC 0 3 0 3 

Total 32 44 12 62 
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Appendix G. Flipper and body surface areas of A.forsteri and P. hookeri. CVL- curvilinear length, STD. L.- standard length, 

BSA- body surface area, HF- SA- hindflipper surface area, FF- SA- foreflipper surface area, FSA- total flipper surface area. 

(A) (B) (C) (D) 
CODE CVL STD.L. BSA HF-SA FF-SA FSA (B/C) (D/A) 

(ern) (em) (crn2) (crn2) (crn2) (cm2) (%) (%) 

Fur seal #1 183 181 15871 2084 2296 4380 90.76 27.59 
#2 76 74 3200 372 500 872 74.4 27.25 
#3 81 77 3200 428 668 1096 64.07 34.25 
#4 76 67 3179 528 536 1064 98.51 33.47 
#5 79 73 3179 452 528 980 85.60 30.83 
#6 111 109 6451 772 984 1756 78.45 27.22 
#7 180 167 16959 2856 2764 5620 103.32 33.14 
#8 181 172 15330 2036 2132 4168 95.49 27.19 
#9 90 80 4012 652 774 1426 84.24 34.79 
#10 158 152 9701 1860 2076 3936 89.59 40.60 
#11 116 112 6346 1008 1292 2300 78.02 36.20 

Sea Lion #1 189 180 16742 2308 2524 4832 91.44 28.86 
#2 160 155 12408 2008 2232 4240 89.96 34.17 
#3 192 181 14187 2096 1988 4084 105.43 28.79 
#4 230 211 22844 2856 3488 6344 81.88 27.77 
#5 235 230 25471 2960 4344 7304 68.14 28.67 
#6 231 223 25660 3812 4120 7932 92.52 30.91 
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