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Abstract 

New Zealand fur seals (Arctocephalusforsteri) are now increasing around the coasts ofNew Zealand 

after being extirpated from most of their former range through human exploitation. Fur seals breed on 

land and so their distribution will be limited by both terrestrial and marine factors. In this study, I 

examine the relationship between geographic and temporal variation in reproductive performance of 

the New Zealand fur seal and assess how this relates to variation in the marine and terrestrial 

environments. The main aim is to determine which factors control the rate and extent of colonisation 

by New Zealand fur seals. During three years (1996-1998), I captured, weighed and measured 6856 

New Zealand fur seal pups from 20 breeding colonies around South Island, New Zealand, and 

estimated the annual pup production at each colony. I measured terrain characteristics at each site to 

assess the role of terrestrial habitat in site selection. I obtained data on prey distribution and 

abundance, profiles of the continental shelf, and coastal substrate. Pup condition was estimated from a 

morphological index combining mass and length and showed variation and spatial clustering that 

appeared to follow geographical variation in ocean productivity. Pup condition was also related to pup 

density in El Nino/Southern Oscillation (ENSO) years only. Terrestrial habitat type showed a 

relationship to pup density, suggesting that sites with the highest pup densities have terrain features 

that facilitate thermoregulation onshore. I estimated the probability of pup survival using an intensive 

mark-recapture technique at colonies on Otago Peninsula, South Island. Pup survival (after correcting 

for tag loss) was 2':0.918 and did not differ between the sexes. Other sources of mortality, such as 

predation by sea lions, do not appear to occur often enough to limit the population of fur seals. At a 

finer spatial scale (Otago Penin~ula), I found that there was clustering of new colonies in relation to 

the distribution of established breeding colonies, and that the population was expanding at an average 

annual rate (r) of 0.30. This suggests that pup density, philopatry and site fidelity may also play 

important roles in the colonisation process. Finally, using artificial neural network (ANN) models I 

determined the relationship between environmental parameters (i.e., prey abundance, bathymetry, 

coastal substrate) and pup condition to predict the potential areas suitable for colonisation by New 

Zealand fur seals. Inference rules failed to describe consistent relationships between pup condition and 

oceanographic variables among years. Nonetheless, the model determined potential availability of 

coastline sites suitable for colonisation by fur seals. Ultimately, the rate and extent of colonisation by 

New Zealand fur seals appears to be controlled by the spatial and ~,emporal configuration of the marine 

and terrestrial environment, in addition to the effects of population demography and individual 
\ / 

behaviour operating at different spatial scales. 
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"Our vigil might have been insupportable 

because the vile smell of the fish-fed seals 

was peculiarly trying. " 

Homer (The Odyssey)1 

1 Translated by E. V. Rieu and revised by D. C. H. Rieu (Penguin Books, 1991). 
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Chapter 1 - Introduction 1.2 

Introduction 

New Zealand fur seals (Arctocephalus forsteri) are now common around the coasts of 

New Zealand, especially around South Island (Taylor 1992; Lalas and Harcourt 1995; Taylor 

et al. 1995; Lalas and Murphy 1998, the southern coastline of Australia (Brothers and 

Pemberton 1990; Shaughnessy et al. 1994, 1995) and many of the Australasian temperate and 

subantarctic islands (Crawley 1972, 1990; Shaughnessy and Goldsworthy 1993; Taylor 1982, 

1996; Carey 1998). However, there have been considerable fluctuations in their numbers and 

distribution during the last millennium (Falla 1962; Smith 1989; Taylor 1992). 

In New Zealand, A. forsteri has been the subject of considerable ecological and 

behavioural research during the last 35 years (e.g., Street 1964; Stirling 1971a, b; Crawley 

1972, 1975, 1990; McNab and Crawley 1975; Miller 1971, 1975; Crawley and Wilson1976; 

Mattlin 1978, 1981, 1987; Carey 1992, 1998; Dix 1993a, b; Taylor 1982; 1992, 1996; 

Harcourt et al. 1995; Lalas and Harcourt 1995; Taylor et al. 1995; Fea and Harcourt 1997; 

Harcourt and Davis 1997; Lalas and Murphy 1998; Mattlin et al. 1998; Fea etal. 1999). 

However, most ofthese studies have examined individual behaviours, the demography of few, 

localised colonies, basic diet or general distribution. 

At breeding colonies adult male New Zealand fur seals begin to come ashore to defend 

territories as early as late October (Stirling 1971 a; Miller 197 5; Goldsworthy and Shaughnessy 

1994). Pregnant females begin to arrive and give birth in late November (Miller 197 5; Lalas and 

Harcourt 1995), and the median pupping date in New Zealand varies from mid- to late 

December (Miller 1971; Mattlin 1978; Lalas and Harcourt 1995). Most adult males vacate 

breeding territories in mid-January (Miller 1975; Crawley and Wilson 1976), but pups remain 

ashore during the weaning period of approximately 7-10 months (Crawley and Wilson 1976; 

Crawley 1990). During this time lactating females alternate between feeding sea and coming 

ashore to suckle their pup (Crawley and Wilson 1976; Harcourt et al. 1995). Outside of the 

breeding season adult males and pre-breeders tend to move among various non-breeding 

colonies around New Zealand (Stirling 1970; Crawley and Wilson 1976; Bradshaw et al. 

1999). 



Chapter 1 - Introduction 1.3 

Our knowledge ofNew Zealand fur seal foraging habits while at sea is admittedly more 

rudimentary. This species is a generalist predator (i.e., relative to other otariid seals) that feeds 

on many different teleost fish and cephalopod species in New Zealand waters (Street 1964; 

Carey 1992; Dix 1993b; Fea et al. 1999). Although there is some discrepancy among the major 

diet studies completed on A. forsteri in New Zealand due, in part, to methodology (Fea and 

Harcourt 1997; Fea et al. 1999), the principal diet species have been identified (Street 1964; 

Carey 1992; Dix 1993b; Fea et al. 1999). To date the foraging behaviour at sea oflactating 

females has been limited to basic descriptions and analysis of seasonal trends (Harcourt et al. 

1995; Harcourt and Davis 1997; Mattlin et al. 1998). 

There has as yet been no research linking the various aspects ofNew Zealand fur seal 

ecology into a single theme investigating their relationship with the environment in which they 

live. Indeed, there is still much lacking in our understanding of even the most basic concepts 

concerning distribution, abundance, demography and population trends (e.g., Mattlin 1987; 

Crawley 1990; Duncan 1991; Taylor 1992; Richards 1994; Anon. 1995; Barton 1996). A more 

comprehensive understanding is required of the role of environmental variation on these 

processes. 

Historical Decline 

New Zealand fur seals bred around much ofNorth Island and South Island, New 

Zealand, before the arrival of Polynesians (Maori) in approximately 1000 AD (Cassels 1984; 

Smith 1985, 1989). It seems likely that subsistence hunting progressively eliminated fur seals 

from north to south and their mainland breeding range was confined to south-western South 

Island (Fig. 1.1) by the time of the initiation of continual European contact in the late 181
h 

century (Smith 1989). 
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A period of intensive and unregulated commercial sealing by Europeans began in 1 792 at 

south-western South Island, spread to offshore temperate and subantarctic islands after 1800, 

and ceased due to lack of seals by the 1830s (Gaskin 1972; Richards 1982; Taylor 1982, 1992; 

Crawley 1990). Closed seasons and hunting permits were introduced from 1875 and the last 

commercial take of fur seals in the New Zealand region was in 1946 (Crawley 1990). All seals 

within the New Zealand 200 nautical mile Exclusive Economic Zone (EEZ) are now fully 

protected under the Marine Mammals Protection Act 1978. 

The main breeding locations for fur seals in the New Zealand region north ofBoun:ty 

Islands, according to Crawley (1990), were around Stewart Island, islands in Foveaux Strait, 

the Fiordland coastline at the south-western corner of South Island, and around Chatham 

Islands. In 1973, the only record for breeding around South Island anywhere other than 

Fiordland and Foveaux Strait was for a few pups born on Banks Peninsula (Wilson 1981). 

Since then, New Zealand fur seals have been increasing in number and have spread northward 

from Fiordland and Foveaux Strait. Breeding colonies now encompass South Island (Baird 

1994; Lalas and Harcourt 1995; Taylor et al. 1995; Lalas and Murphy 1998) and breeding has 

begun to occur on the southern North Island (Dix 1993a). 

Population Recovery 

All fur seal species (Pinnipedia: Otariidae: Arctocephalus 8 spp., Callorhinus 1 sp.) 

were exploited either for their meat and fur by indigenous peoples (Yesner 1988; Smith 1989; 

Lanata 1990; Hildebrandt and Jones 1992; Woodborne et al. 1995) or for their pelts soon after 

their discovery by Europeans (Strange 1973; Best and Shaughnessy 1979; Chapman 1981; 

Vaz-Ferreira 1982; Richards 1982, 1994; Gentry and Kooyman 1986). Many ofthe species 

were extirpated locally or came near extinction and survived only in smaller remnant 

populations in the more isolated regions of their range (King 1964; Clark 1979; Gentry and 

Kooyman 1986; Torres 1987; Richards 1994). 

Most fur seal species are now recovering (Chapman 1981), with many populations 

increasing rapidly in number (e.g., Payne 1977; Condy 1978; Bester 1980, 1990; Jouventin et 
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al. 1982; Vaz-Ferreira 1982; Hes and Roux 1983; Kerley 1983; Majluf 1987; Smith 1988; 

Boyd et al. 1990; Wilkinson and Bester, 1990; Guinet et al. 1994; Lalas and Harcourt 1995; 

Hofmeyr et al. 1997; Hodgson et al. 1998; Lalas and Murphy 1998; Shaughnessy 1998). This 

has lead to there-colonisation of much of their former range, especially in the last 30 years 

(Wilson 1981; McCann and Doidge 1987; Vaz-Ferreira and Ponce de Leon 1987), and the New 

Zealand fur seal is no exception to this. There-colonisation process has been the subject of 

some research (e.g., Roux 1987; Hofmeyr et al. 1997; Lalas and Murphy 1998), although the 

processes controlling rates of population increase and spread are poorly understood. 

Colonisation 

There-colonisation of fur seals in mainland New Zealand represents a rare opportunity 

for ecological research at a spatial scale not previously studied. The theoretical processes of 

population expansion and recovery can be tested in a kind of natural experiment (Bowen 

1997). Understanding and predicting colonisation of fur seals in New Zealand will also give 

information essential to determine the real and potential conflicts between this species and 

humans. 

Concepts and Aims 

This thesis sets out, then, to examine how the reproductive performance of breeding fur 

seals is affected by environmental variation. As there are spatial and temporal changes in the 

productivity of the marine environment (White and Peterson 1996) in which fur seals live, 

habitat quality can vary markedly from one year to the next and among foraging areas (Croxall 

et al. 1988, 1998; Costa 1991; Boyd et al. 1994; Boyd 1998). Habitat quality may directly 

influence individual survival and reproduction, and population size and viability may be 

influenced in tum by local landscape factors, such as the area of individual habitat patches and 

the distances between them (Bellamy et al. 1998). It is, therefore, essential to sample from a 

large area of a species' distribution in order to account for spatial influences on local 

population parameters (Hengeveld 1989). 
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Geographic Variation in Fur Seal Demography 

By what means can we determine the suitability of an area for an animal to breed? For 

fur seals the first step is to develop objective methods to assess the suitability of particular 

areas of coastline where they breed (Chapter 2). This requires an index of breeding 

performance or success. Variation in breeding success may occur, in part, as a result of 

environmental variation (Cundiff 1972; Clutton-Brock 1983), so measuring the reproductive 

output of the individuals from a particular region is likely to be related to variation in the 

environment. 

Population increases may depend upon the amount of food available and the intrinsic 

ability of the species to use this resource to enhance fecundity and reduce mortality (Caughley 

and Sinclair 1994). Hence, recruitment (pup production) may be used as an indicator of 

population success. However, there are several problems associated with comparing pup 

production among colonies to assess breeding site quality. First, the colonies being compared 

must be in the same phase of ~ncrease or decrease. If not, then colonies with a longer history 

since establishment may contain larger numbers simply due to the time that has elapsed since 

initial colonisation. Second, pup density (abundance/colony area) must be calculated to control 

for colony area, and this parameter must be measured precisely. A. forsteri are now increasing 

in number in much of the New Zealand region and different colonies are in different phases of 

colonisation (e.g., Dix 1993a; Taylor et al. 1995; Carey 1998; Lalas and Murphy 1998). 

Therefore, while the number of pups per unit area gives some indication of the reproductive 

output of a colony, it alone should not be used as an index of habitat quality. 

Female fur seals must regularly alternate between feeding at sea and suckling a pup 

ashore (Bom1er 1984; Gentry and Kooyman 1986). Fur seals are small for marine mammals 

and have a high mass-specific metabolism (Costa 1993; Boyd 1998). Hence their energetic 

requirements, particularly for fasting pups and lactating females, are high. The distribution of 

fur seals in general appears to reflect these constraints with concentrations in areas of high 

marine productivity (Riedman 1989). Female fur seals, at least during lactation, exploit locally 

abundant and predictable food resources (Costa 1993; Boyd 1998). Therefore, for fur seals, 
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pup survival, growth rates and condition should be, in part, a reflection of local food 

availability and the foraging efficiency of the lactating female (Boyd et al 1994; Boyd 1998; 

Croxall et al. 1999). This is in marked contrast to the much larger phocid seals in which 

lactation is serviced by stored blubber reserves (Costa 1993). The separation of reproduction 

and foraging in phocids means that they can feed in areas of less-predictable prey availability 

much farther from their breeding sites (Costa 1993; Boyd 1998). However, fur seals must rely 

on more on local resources to provision their pups during the lactation period (Costa 1993; 

Boyd 1998). 

In general, temporal and spatial variation in food resources is thought to be a major 

determinant of the rates of individual growth and population increase (Wynne-Edwards 1962; 

Andrewartha and Birch 1984; Trillmich and Ono 1991; Boltnev et al. 1998; Boyd 1998; 

Croxall et al. 1999). Assuming that growth is a reflection of an animal's physical and biological 

environment, then measured population parameters (e.g., individual growth, condition, 

survival, fecundity) should be good indicators of fluctuation in local prey availability (Fowler 

and Siniff 1992; Bester and Van Jaarsveld 1997). 

Although individual growth and survival rates have often been used in this regard 

(Fowler and Siniff 1992; Bester and Van Jaarsveld 1997; Boltnev et al. 1998), estimating these 

parameters requires multiple captures of individuals and contains inherent biases (Trites 1991, 

1993). For example, biases can include heterogeneity of capture probability, loss of tags and 

dependence oftags lost (Eberhardt et al. 1979; Amason and Mills 1981; Trites 1991, 1993). 

Multiple captures are time-consuming and this restricts the number of colonies that can be 

sampled (e.g., Crawley 1975; Mattlin 1981; Doidge et al. 1984). For fur seals, extreme 

fluctuations in food supply can result in variation in pup survival (Trillmich and Ono 1991). 

This may result from the following process. As the magnitude of a reduction in food resources 

needed to cause a reduction in milk transfer (Boyd 1998) and pup condition is likely to be less 

than that required to elicit a reduction in survival, then pup condition should be a more 

sensitive measure of environmental variation. Therefore, assessing pup condition may be a 

more practical method of comparing populations over a wide geographic distribution with 



I,_ 

I ., 
j t 

Chapter 1 - Introduction 1.9 

respect to food availability (e.g., Kirkpatrick 1980; Read 1990; Virgl and Messier 1993). In 

Chapter 2 I give a detailed description of the geographic variation in pup condition and density 

at 20 colonies sampled around South Island, New Zealand (Appendix 1.1) to provide a better 

understanding of wide-scale variation in population parameters in re-colonising New Zealand 

fur seals (also Chapter 8). 

Terrestrial Habitat 

Species of pinnipeds, penguins and many procellariform birds feed at sea but are 

required to breed on a land or ice (Costa 1991; Boyd 1998; Croxall and Davis, in press). 

Although life history patterns among these species vary in terms of the time spent ashore for 

breeding, ultimately they are all required to return to a solid substrate to breed, give birth or 

lay eggs, and provision their young (Costa 1991; Boyd 1998; Croxall and Davis, in press). 

Otariid seals cannot store enough energy to provision their young throughout the entire 

development period (Costa 1991; Boyd 1998), so the duration of their foraging trips will be 

constrained by the distance to the foraging grounds (Costa 1991). To provision the young 

with the energy required for full development, otariid mothers must make many foraging trips 

during the development period (Bonner 1984; Costa 1991; Boyd 1998). Indeed, for otariid 

seals the period during which lactating females must return to provision their young can range 

from four months for A. gazella to approximately three years for A. galapagoensis (Gentry 

and Kooyman 1986; Costa 1991). New Zealand fur seals typically provision their young for 

7-10 months (Crawley and Wilson 1976; Crawley 1990). This extensive period ashore for 

otariid pups suggests that the choice of terrestrial habitat is an important factor in the 

distribution of these species. 

Therefore, the characteristics of these terrestrial sites must be conducive to the survival 

of pups. Factors important to fur seals include shelter from inclement weather, physical 

attributes that facilitate thermoregulation, and isolation from predators (including humans) 

(Stirling 1971a; Gentry 1973; Odell1974; Crawley and Wilson 1976; Ohata and Miller 1977; 

Limberger et al. 1986; Trites 1990; Ryan et al. 1997). This may require sites to have enough 

space for pups and mothers to separate themselves from neighbours with sufficient protection 
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from aggressive conspecifics (Harcourt 1992) and inclement weather (Limberger et al. 1986). I 

provide a detailed description of both breeding and non-breeding terrestrial habitat (Chapter 

3), comparing colony terrain based on these characteristics. I also assess whether terrain 

characteristics can explain a significant proportion of the variation in pup production, namely 

pup density. 

Estimating Parameters 

There are some methodological problems associated with the estimation of population 

parameters of fur seals in general (Chapters 4 and 5). Mark-recapture studies require that 

marks are not lost (Seber 1982) or that rates oflosing marks are estimated reliably (Pollock 

1981; Seber 1982). However, many marking techniques are susceptible to loss of the 

individual mark over time (Eberhardt et al. 1979; Krebs 1989) and this loss can bias parameter 

estimation (Amason and Mills 1981; Diefenbach and Alt 1998). 

There are many methods used to identify individuals, including hot and cold branding 

(Herbinger et al. 1990; Harcourt et al. 1994), transponders (Thomas et al. 1987), tattooing 

(Diefenbach and Alt 1998) and tagging (Testa and Siniff 1987; Trites 1991). Tagging the 

flippers is the most widely used form of marking individual pinnipeds (e.g., Testa and Siniff 

1987; Trites 1991; Testa and Rothery 1992; Shaughnessy 1994; Shaughnessy et al. 1995; 

Wilkinson and Bester 1997). However, tags are often lost (e.g., Eberhardt et al. 1979; Testa 

and Siniff 1987; Shaughnessy 1994; Wilkinson and Bester 1997; Ries et al. 1998), so a 

standard practice has been to apply two tags to each animal in order to reduce the chances of 

being unable to identify individuals and to estimate the probability of tag retention (Amason 

and Mills 1981; Stobo and Horne 1994). I examine the assumption that there is independence 

of tags lost from fur seal pups and estimate the effect of any bias in the estimation of tag loss 

rate (Chapter 4) and other population parameters such as pup survival (Chapter 5). 

The estimation of survival probability is important for interpreting population dynamics 

(Caughley 1977; Lebreton et al. 1992; Clobert 1995) and is a potential indicator of population 

status in large mammals such as pinnipeds (Eberhardt 1981 ). I will estimate pup survival as 
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well as investigate the role of differential capture probability on survival estimation (Chapter 

5). In addition, I aim to correct survival estimates for the bias due to tag loss (as calculated in 

Chapter 4). 

Predation 

Top-down effects have in general been neglected in studies of the population dynamics 

of higher marine predators in favour of the resource-dependency hypothesis (Trillmich and 

Ono 1991; Bowen 1997). However, recent studies suggest that pinniped predators may have 

the capacity to limit other pinniped populations through predation (Boveng et al. 1998; 

Robinson et al. 1999). Indeed, predation by leopard seals appears to be an important factor in 

the rate and extent of population expansion of the Antarctic fur seal (A. gazella) population in 

the South Shetland Islands (Boveng et al. 1998). Sea lions are known to eat fur seal species 

(e.g., Gentry and Johnson 1981; Majluf 1987; Mattlin 1987; Reidman 1990; Harcourt 1991, 

1992, 1993; Robinson et al. 1999), and the population ofNew Zealand sea lions (Phocarctos 

hookeri) appears to be increasing in southern New Zealand. I look at the incidence of sea lion 

predation on New Zealand fur seal pups by examining sea lion regurgitates for the remains of 

fur seals (Chapter 6). 

Density and Behavioural Effects 

Gregariousness persists in many marine mammal species, suggesting that colonial 

breeding confers some benefit to fitness (Boness 1990). Indeed, Campagna et al. ( 1992) found 

that southern sea lion (Otaria byronia) pups born in colonies survive better to the first month 

oflife than pups born from solitary breeders. However, colonial living at high densities may 

impart certain disadvantages in seabird and marine mammal populations. These include 

competition for food resources at sea, competition for space on land, increased aggression 

among conspecifics, and increased mother-offspring separations and mortality due to crowding 

(Ashmole 1963; Coulson and Hickling 1964; Le Boeuf et al. 1972; Le Boeuf and Briggs 1977; 

McCann 1982; Riedman and LeBoeuf 1982; Doidge et al. 1984; Ribic 1988; Harcourt 1992; 

Maj1uf 1992). Indeed, population density has been shown to influence parameters of fur seal 
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population such as survival, growth rates, and foraging behaviour (Doidge et al. 1984; York 

1985; Harcourt 1992; Majluf1992). 

Shortage of space for breeding due to increasing numbers of seals ashore may result in 

breeding individuals seeking or establishing alternate breeding sites. However, there is some 

evidence to suggest that fur seals are philopatric (i.e., return to the natal site) (Stirling 1971a; 

Gentry 1998), so their fidelity to a certain site may outweigh other factors. In addition, once a 

fur seal has bred at a particular site, that individual usually returns to breed there in 

subsequent years (Kenyon 1960; Bonner 1968; Peterson et al. 1968a, b; Baker 1978; Pierson 

1987; Wilkinson and Bester 1990; Lunn and Boyd 1991; Trites and Antonelis 1994; Gentry 

1998). In Chapter 7 I aim to develop a spatial clustering model for breeding and non-breeding 

colonies on Otago Peninsula (Chapter 7). This model will investigate the potential role of 

philopatry on re-colonisation patterns, as well as look for evidence of movement of 

individuals from established colonies to newer colonies (i.e., spatial clustering). 

Spatial Variation 

Oceanic currents, coastal upwellings and the distance and configuration of the 

continental shelf can all influence relative prey abundance (Knox 1994; Wanless et al. 1997). 

Measures of geographical variation in both the marine and terrestrial environment are needed 

to establish the relationship between the survival, distribution and behaviour of otariid seals 

and their environment (e.g., Doidge et al. 1984; Gentry and Kooyman 1986; Croxall et al. 

1988; Boyd and Amborn 1991). This approach requires measures of the quality and 

distribution of habitat types in both media used by fur seals: the marine and terrestrial 

environments. In theory, this could provide an index of coastline suitability for colonisation. I 

develop a spatial model that investigates the relationship between pup condition and the 

spatial distribution and abundance of prey, the configuration of the coastline and the 

continental shelf (Chapter 8). My aim is to provide a predictive index of the suitability of 

New Zealand coastline to support breeding colonies ofNew Zealand fur seals as well as to 

investigate which elements of the marine and terrestrial environment influence pup condition 

and potential colonisation. 
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In light of the results of the thesis, the concluding chapter re-examines New Zealand fur 

seals under the theme of population expansion, colonisation and demographic parameter 

estimation (Chapter 9). I discuss my results and outline the new hypotheses generated from 

them. In addition, I discuss the assumptions required to analyse the data I collected, and I 

offer topics for future research. Therefore, Chapter 9 is a synthesis of the various components 

that must be considered in the study of pinniped colonisation, and there I discuss which 

elements have been addressed by this thesis. I also offer what I believe are the elements that 

still require further development both in terms of hypotheses to make and empirical evidence 

to obtain. 
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Appendix 1.1: Breeding Colonies Sampled 

The choice of sample colonies was difficult. In an attempt to cover the majority of the 

mainland breeding range I searched for colonies that covered most of South Island, New 

Zealand. Certain large regions of South Island do not contain many fur seal breeding colonies 

(e.g., West Coast). On the West Coast I sampled all known breeding colonies from south 

Westland (OBI) to north Westland (WEKN). Fiordland was completely unrepresented due to 

the extreme difficulty in access. Other colonies were not accessible by land or by boat, thus 

preventing their inclusion. In addition, it is likely that the existence of all fur seal breeding 

colonies in New Zealand is not known, especially considering the rapid expanse and 

colonisation in some areas (e.g., Otago Peninsula). I relied on some local knowledge (e.g., New 

Zealand Department of Conservation, local inhabitants, other scientists) as to the existence, 

status and accessibility of certain colonies (e.g., OBI, CHN, OKP). A major assumption rising 

from the choice of sample colonies is the time since re-colonisation. Since this parameter is 

unknown for the majority ofNew Zealand fur seal breeding colonies in New Zealand, I have 

had to assume that my sample was a random selection relative to this parameter. 

The following section briefly describes the main breeding colonies sampled (see also Fig. 1.1): 

Wekakura Point North (WEKN) and South (WEKS): This point is situated approximately 

5 km north of Heaphy Bluff on the northern section of the West Coast. Fur seals are 

distributed into 3 distinct breeding colonies on three different headlands. I have focussed on 

the southern-most and northern-most of these colonies. Wekakura Point North ( 40°54'08" S I 

172°06'02" E) (4533 m2
) is comprised mostly of medium to large rocks (1.25- >5.00 m 

diameter). A 60 m vegetated, sloping cliff overlooks the site. Wekakura Point South 

(40°54'53" S I 172°05'52" E) is a small site (1715 m2
) of pebble-like rocks (<0.60- 1.25 m 

diameter) and rock shelves. A 60 m cliff overlooks this site. Access is by boat or helicopter. 

Cape Foulwind (CF): This colony is a well-known tourist attraction approximately 18 kn1 

west of Westport on the West Coast (41 °45'48" S I 171 °27'23" E). The 3284 m2 site is made 

up of medium rocks (0.60- 2.50 m diameter) and contains a central rock platform. The 
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western and eastern extremes of the colony are small gullies that cut into the cliff face. A 

small, 12m cliff separates the colony from a viewing platform that is accessible by foot from 

the main car park (500 m). 

Charleston (CHN): Located approximately 17 kilometres south of Cape Foulwind and 1.5 

km from the village of Charleston on the West Coast (41 °55'12" S I 171 °24'45" E), this 7848 

m2 site is characterised by large rocks (>5 m diameter) and a complex network of both 

freshwater and saltwater pools. The colony is backed by a gently-sloping cliff that is densely 

vegetated. Access is by foot from the nearby main road. 

Open Bay Islands (OBI): The Open Bay Islands consist of a main island (Taumaka) 

surrounded by smaller islets and reefs. The islands are approximately 5 km north-west of 

Okuru on the West Coast. Breeding occurs mainly on the north and north-western sides of the 

600 m-long island ofTaumaka. This well-studied colony has been divided into 7 "sectors" 

separated by recognisable gorges, rocks or other physical features. I have focussed on sector 7 

only (43°51 '39" S I 168°52'50" E). This is the most western sector of the island and contains 

probably one of the highest pup densities on the island (5112 m2
). Sector 7 is characterised by 

flat, jagged rock surfaces with few rocks or crevices. A central pool fed directly by the sea is 

exploited by all seals in this part of the colony and fluctuates in size with the tides. There is a 

small cliff (5 m) to the south of the sector; above this area the island is heavily vegetated and 

not used much by fur seals. The main island is accessible by boat or helicopter, and each 

sector is accessible by foot from a central path running the length of the island. 

Big Bight (BB): This colony lies on the south-western side of Codfish Island, or Whenuahou 

(46°47' S I 167°37' E), a wildlife reserve situated approximately 5 km west ofWaituna Bay 

on Stewart Island's north-west coast. The 10509 m2 site occupied by fur seals is made up of 

medium to large rocks (1.25 - >5.00 m diameter) and is steep in places. A steep, vegetated 

slope of approximately 100 m overlooks the entire colony. Access from the north-eastern side 

of Codfish Island is from a semi -developed foot path. 
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Bench Island West (BIW): This island lies approximately 5 km west ofHalfmoon Bay on 

Stewart Island and is also known as Te Wahi. The colony studied is on the south-west of the 

island (46°54'36" S /168°13'48" E) and is characterised by small to medium rocks (0.60-

2.50 m diameter) along a narrow (~5 m) strip of the coastline. The area immediately above the 

colony is thickly vegetated with scrub, and fur seals regularly penetrate into the vegetation for 

cover. This colony is approximately 4419 m2
, and in parts, a small cliff (12m) overlooks the 

site. Access is by boat only. 

Nugget Point North (NUGN): This colony is located directly opposite the Nugget Point car 

park in the Catlins south of Dunedin (46°26'45" S I 169°49'12" E). This small, 685m2 site is 

a well-protected cove surrounded on all sides by cliffs or steep, vegetated slopes. There are 

few large rocks, and the cove is comprised of many saltwater pools and medium rocks (1.25 -

<5.00 m diameter). Access is by foot down the steep, grassy slope from the car park. 

Sandymount North (SMN): Located on Otago Peninsula (45°53' S I 170°41' E), this 1493 

m2 site is made up of medium to large rocks (1.25 - 5.00 m diameter) and is relatively flat. 

There are 2 main sections of the site separated by an area of small pebbles that appears to be 

used only by non-breeding fur seals. Foot access to the site is down through a grassy slope 

approximately 60 m high overlooking the site. 

Puddingstone Rock (PUD): This colony is located on Otago Peninsula approximately 5.2 km 

east/north-east of the Sandymount North colony (45°52'26" S I 170°44'50" E). This 1594 m2 

site is a large, rock platform with few loose rocks and many saltwater pools. Access is by foot 

across a paddock and down a small cliff. 

Fuchsia Gully (FG): Located on Otago Peninsula (45°51 '23" S /170°44'39" E), Fuchsia 

Gully is also known as Ohinepuha. The 2596 m2 site is characterised by medium to large rocks 

(0.60- 5.00 m diameter) on a mostly flat surface. Some scrub vegetation populates the base of 

a 20m cliff overlooking the colony. The colony is accessible by foot through a paddocl~. 
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Titikoraki South (TKS): This small, 907 m2 colony just south of Titikoraki Point and north 

of Fuchsia Gully (45°51 '00" S /173°44'34" E) on Otago Peninsula is accessible by abseiling 

down a 70 m cliff overlooking the site. The colony is characterised by a narrow, rocky region 

above high tide (approximately 7 m) with medium rocks (1.25- 2.50 m diameter). The colony 

is split into several sections by large rock embankments that pups do not appear to traverse 

easily until closer to the weaning period. 

Victory Beach North (VICN): This 3088 m2 colony is situated at the northern end of 

Victory Beach, Otago Peninsula (45°49'03" S /170°44'20" E). The site is comprised of 

medium to large rocks (1.25 to >5.00 m diameter) and is backed by a steep, vegetated cliff. 

Access is by foot from Okia Flat via the Pyramids and along Victoria Beach. 

Okahau Point (OKP): This colony is found on Moeraki Peninsula approximately 65 km 

north of Dunedin (45°22'54" S I 171°51 '55" E). This 1046 m2 site is a small piling of large 

rocks (most >5 m) surrounded by two small, sandy beaches and backed by a vertical rock cliff. 

Access is by foot along the paddock atop the headland, and then by abseiling down a small 

cliff. 

Horseshoe Bay (HB): This colony is situated on the south-eastern headland of Horseshoe 

Bay (43°53'07" S I 172°49'33" E), a small bay on the southern side ofBanks Peninsula. The 

5290 m2 site is characterised by large rocks (1.25 - >5.00 m diameter) and a gradual slope. A 

27m cliff overlooks the majority ofthe colony, and access is through a paddock on the 

headland. 

Barneys Rock (BR): Situated approximately 10 km south of the Kaikoura Peninsula on the 

north-east coast ( 42°27'39" S /173°33 '28" E), Barneys Rock is no more than a small rocky 

projection about 300m from the coastline. The site is comprised of small to medium ( <0.60 -

1.25 m diameter) rocks with vegetation on the upper portions. Only 377m2 in area, the site is 

a narrow slot in the rock, with two openings to the sea. Access is by boat only. 
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Lynch Reef (LR): This site is the most eastern point of the Kaikoura Peninsula (42°25'25" S 

I 173 ° 4 3' 13" E) and is a flat, jagged rock bed exposed to the surf. There are very few shaded 

areas and few distinguishable rocks. A few pools are distributed throughout the rock surface. 

The site is small, at 520 m2
, and is accessible by foot at low tide from the Kaikoura Peninsula 

road. 

Ohau Point (OP): This area of the main coastline is approximately 30 km north of the 

Kaikoura Peninsula and only metres from the main highway (42°14'54" S I 173°49'45" E). 

The 8991 m2 site is comprised mainly of medium to large rocks (0.60- 2.50 m diameter) with 

scattered pools. 

Queens Beach East (QBE): This smal11569 m2 colony is situated on the south-eastern side 

of Stephens Island, or Takapourewa ( 40°40' 16" S I 174 °00'21" E), a wildlife reserve 

approximately 4 km north-east of Cape Stephens, D'Urville Island, Marlborough Sounds. The 

site is characterised by medium rocks (1.25 - 2.50 m diameter) with a 50 m cliff overlooking 

the colony. Access is by boat or helicopter. 

Tonga Island (TI): This small island is situated approximately 1.5 km north of Foul Point in 

Abel Tasman National Park (40°53'25" S /173°04'05" E) within a 1835 ha national Marine 

Reserve. Fur seals have colonised most of the island, but breeding occurs mostly on only 50% 

of the available site (2942 m2
), on the eastern and southern sides ofthe island. The site is 

characterised by medium to large rocks (0.60- >5.00 m diameter) and is severely restricted (1 

m width) during high tide at certain points. A 40 m cliff overlooks most of the site. Access is 

by boat only. 
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Abstract 

Productivity in the marine environment varies both spatially and temporally. Predators such as seals 

may show responses to this variation with changes in the condition of their pups. We report 

geographic and temporal variation in pup condition in 20 New Zealand fur seal (Arctocephalus 

forsteri) colonies around South Island, New Zealand during three consecutive breeding seasons, 1996-

98 (n = 6856 pups) and provide hypotheses to explain the observed patterns. We present four 

alternative data combinations to calculate pup condition from body measurements and identify which 

combination appears to be best suited for analysing geographic patterns. A morphometric index of 

pup condition was best estimated by comparing all pups in all years using least-squares linear 

regression of the loge-transformed measurements of length versus mass. Condition varied significantly 

among years and colonies, but not between sexes. We also estimated seasonal changes in pup 

densities at colonies and investigated the relationship between pup density and condition. Mean pup 

densities among colonies ranged from 4.94 to 7.46 pups/100m2 (summer) and 4.99 to 7.04 pups/100 

m2 (winter), and differences between summer and winter densities varied with year. Pup density 

explained a significant proportion of the variation in pup condition in 1996 and 1998, suggesting that 

condition may be, in part, density-dependent. We searched for evidence of spatial clustering in mean 

pup condition, pup density and condition controlled for density (condition scale). There was some 

evidence of spatial clustering based on condition, but this varied regionally. We also show that the 

1998 El Nifio coincided with a reduction in pup condition. A morphometric index of pup condition 

appears to be useful as an indicator of spatial and temporal variation in the marine environment. 

Introduction 

Marine productivity is determined by the complex interactions of nutrient upwelling, 

ocean circulation and climatic processes (Knox 1994). Consequently, primary productivity 

varies both spatially and temporally (White and Peterson 1996). Variation in the biological 

parameters of higher predators may reflect subtle changes in the marine environment 

occurring lower down the food web (Trillmich and Ono 1991). Due to their position atop the 

marine food web, seals are affected by variation in the intensity and location of food resources 

in the marine environment with changes in parameters such as growth, survival, condition, 

reproductive behaviour, and diet composition (Kirkpatrick 1980; Doidge et al. 1984; Gentry 

and Kooyman 1986; Croxall et al. 1988; Read 1990; Boyd and Amborn 1991; Croxall et al. 

1999). 
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Female fur seals must regularly alternate between feeding at sea and suckling a pup 

ashore (Bonner 1984; Gentry and Kooyman 1986), and they appear to-be adapted to exploiting 

locally abundant and predictable food resources (Costa 1993; Boyd 1998). Pup growth rate is, 

in part, a reflection of food availability and the foraging efficiency of the lactating female 

(Boyd et al. 1994; Boyd 1998), and this parameter has been used to investigate seasonal 

variations in local food availability within and among populations of different otariid species 

(e.g., Mattlin 1981; Doidge et al. 1984; Kerley 1985; Trillmich and Ono 1991; Lunn et al. 

1993; Bester and Van Jaarsveld 1994, 1997). Variation in foraging efficiency of females 

results in variation of energy transfer to pups (Boyd 1998), and milk transfer dictates pup 

growth rates (Arnould et al. 1996). The reliance on local food resources makes the 

measurement of otariid population parameters good indicators of fluctuation in local prey 

availability (Bester and Van Jaarsveld 1997). 

However, estimating pup growth requires multiple captures of individuals and contains 

inherent biases (Trites 1991, 1993). Multiple captures are time-consuming and this restricts 

the number of colonies that can be sampled (e.g., Crawley 1975; Mattlin 1981; Doidge et al. 

1984 ). Assessing condition and production of pups may be more practical methods of 

comparing populations in response to variations in food availability over a wide geographic 

distribution (e.g., Kirkpatrick 1980; Read 1990). Extreme fluctuations in food supply can 

result in variation in pup survival (Trillmich and Ono 1991). However, as the magnitude of a 

reduction in food resources required to cause a reduction in milk transfer (and subsequent pup 

condition) would be less than that required to elicit a reduction in survival, then condition 

could well be a more sensitive measure of environmental variation. A detailed description of 

the geographic variation in pup condition could potentially provide insight into variation in 

population parameters in colonising otariid populations. 

The process of re-colonisation by Southern Hemisphere fur seals (Arctocephalus spp.) 

after the cessation of depletive human exploitation has been divided into four successive 

phases: survival, establishment, re-colonisation, and maturity (Roux 1987). New Zealand fur 

seals (Arctocephalus forsteri) are now increasing in number in the New Zealand region 

following former decimation by humans (Taylor 1982, 1992; Mattlin 1987; Dix 1993; Lalas 

and Harcourt 1995; Taylor et al. 1995; Lalas andMurphy 1998), and different colonies are in 
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different phases of colonisation (Chapter 7). Therefore, pup production alone cannot be used 

as a measure of variation in the marine environment for this species. 

In addition, density dependence has been shown to act in fur seal populations, mainly on 

pup survival and growth (Eberhardt 1981; Doidge et al. 1984; York 1985; Harcourt 1992; 

Majluf 1992). Some of the hypothesised effects of increasing density in seabird and marine 

mammal populations include competition for food resources at sea, competition for space on 

land, increased aggression among conspecifics, and increased mother-pup separations and 

mortality due to crowding (Ashmole 1963; Coulson and Hickling 1964; LeBoeuf et al. 1972; 

LeBoeuf and Briggs 1977; McCann 1982; Riedman and LeBoeuf 1982; Doidge et al. 1984; 

Ribic 1988; Harcourt 1992; Majluf 1992). We hypothesise, therefore, that variation in pup 

condition may be explained, in part, by differences in pup density among colonies. In other 

words, any combination of the potentially negative impacts of increasing density at these 

colonies may contribute to lower pup condition. 

In this paper we report the geographic, seasonal and annual variation in pup condition 

around South Island, New Zealand, over a three-year period. We present four alternative 

methods for calculating pup condition from body measurements and identify which methods 

appear to be best suited for analysing geographic patterns. We also report the range of pup 

densities at breeding colonies around South Island and investigate the effect of density on pup 

condition. Finally we test the hypothesis that there is spatial autocorrelation (clustering) of 

colonies based on the mean condition and density of pups. We also discuss whether pup 

condition is a useful index of spatial differences and temporal variation in marine 

productivity. 

Methods 

We investigated 16 (1996), 19 (1997) and 20 (1998) breeding colonies of New Zealand 

fur seals around South Island, New Zealand (Fig. 2.1; Table 2.1; see Chapters 1 and 4 for a 

more detailed description of the colonies). During the three summers (late December to early 

March) and the three winters (late May to early July) we caught pups by hand (Lalas and 

Harcomi 1995) or with a noose pole (Gentry and Holt 1982) in the breeding colonies studied 

(Fig. 2.1). Colony area was delineated by a minimum convex polygon around the distribution 

of pups. We attempted to catch as many pups as possible, with the minimum number usually 

being at least 50% of the estimated pup population. During summers we applied Allflex® 
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Mini tags to the trailing edge of both fore flippers to mark pups (Shaughnessy et al. 1995). 

During the winters we returned to a sub-sample of the colonies (i.e., 8 colonies in 1996 and 10 

colonies in 1997 and 1998) and again caught pups as in summer (Chapter 3). However, we did 

notre-tag these pups; rather, we shaved a small circle (approximately 6 em diameter) of fur 

from the top of their heads for marking. For all pups captured, we recorded mass (to the 

nearest 0.1 kg) and standard body length (to the nearest 0.01 m) (Laws 1993). To immobilise a 

pup for the measurement of body length we secured the pup's head while extending its body 

by gripping the hind flippers. This technique has the advantage of minimising pup movement 

and standardising body length through gentle stretching. All pup measurements were made by 

CJ AB throughout the sampling period to minimise researcher variation. All animal treatment 

procedures were approved by the University of Otago Animal Ethics Committee (No. 83-95) 

and licensed under a New Zealand Department of Conservation Permit to Take Marine 

Mammals (30 July 1996). 



Fig. 2.1. Map of South Island, New Zealand showing distribution of colonies sampled 

and the scaled condition scores controlled for pup density (s), mean pup condition (c; 

Mo/Mp), and mean pup density ( d; pups/100 m2
). Inset of mainland New Zealand shows 

250m-, 500 m-, 750 m-, and 1000 m-isobaths. 
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Table 2.1. Area of sampled colonies (for pup density estimates) and numbers of pups 

captured per colony (for the estimation of pup condition). Numbers in parentheses 

represent the percentage of individuals re-captured from the summer season each year. 

A'·' indicates the colony was not sampled that season. See Figure 2.1 for distribution of 

colonies. 

Colony Area Sum96 Win96 Sum97 Win97 Sum98 Win98 

FG 2596 77 74 144 120 150 110 

SMN 1493 47 113 70 107 68 

' TKS 907 34 21 94 71 100 65 
'·- ', 

VICN 3088 91 100 

PUD 1594 23 20 

OKP 1046 13 

NUGN 685 71 37 74 43 

BB 10509 80 156 187 

BIW 4419 70 70 187 127 174 105 

OBI 5112 79 100 199 148 181 130 

CF 3284 55 143 107 150 96 

CH 7848 50 158 

WEKS 1716 110 147 150 

WEKN 4533 49 117 149 

TI 2942 57 54 80 71 90 58 

QBE 1569 55 64 65 

OP 8991 23 23 54 40 66 38 

( .' LR 520 7 8 6 

BR 377 8 10 10 9 

HB 5290 65 60 116 100 120 88 

Total 402 235 983 510 1058 418 

Total 367 224 884 381 1011 383 

Total 769 459 1867 891 2069 801 

(35.4%) (45.1 %) (46.6%) 
~~====••••..w•<''!=n=~-'="=* \!;~-""" ~~''1 ~~= 
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To estimate the population of pups at each colony we returned to each colony 1-2 days 

after tagging and counted the number of tagged and untagged pups (or shaved and unshaved in 

winter) by walking from one end ofthe colony to the other (Shaughnessy et al. 1995). We 

counted both marked and unmarked pups ink separate counts (k = 2 in 1996; k = 4 to 6 in 

1997 and 1998) (Shaughnessy et al. 1995; Appendix 2.1). Once we recounted 7 times when 

the time permitted (Appendix 2.1). We waited at least 15 minutes between counts, and usually 

used a different observer for each count (Chapter 3). This meant most recounts could be 

completed in one day, and the use of different observers maximised the independence of 

counts. All counts were combined to estimate mean abundance of pups (see below). We 

defined the area of a breeding colony as the extent of rocks from which all pups were captured 

(Chapter 3). 

Parameter Estimation 

Pup Condition 

It is necessary to account for body size when analysing changes in body mass because 

mass is proportional to length3 (Virgl and Messier 1993; Chabot 1994). Therefore, we 

calculated a condition index by regressing loge pup mass (kg) against loge length (metres) for 

each sex and each season-year combination (Cone 1989; Read 1990; Boltnev et al. 1998). 

Applying the regression equation to loge length (L) gives loge predicted mass (Mp): 

[1] 

where a and b are the least-squares regression coefficients. Solving for Mp, the ratio of 

observed mass (M0 ) to Mp gives a relative condition index (CI): 

CI=MJMp [2] 

The season-year combinations resulted in three different types of CI: (1) all years and 

seasons combined (Combined CI), (2) all seasons combined (All-Season CI) (i.e., summers 

combined and winters combined from 1996-98, separately), and (3) all 6 seasons individually 

(Individual-Season CI). We defined a general linear model (GLM) using SAS® (SAS Inst. Inc. 
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1988) to test whether the slopes of the least-squares regression for Individual-Season CI were 

equal among seasons and years. In the model, 

loge(M0 ) =season+ loge(L) + season*loge(L) +error, [3] 

the term season *loge(L) tests whether the slopes for each loge(M) versus loge(L) regression 

were equal (i.e., Ho: hsum96 = hwin96 = hsum97 = hwin97 = hsum9s = hwin9s). We also calculated the 

ratio of M!L3
, but not the simple ratio MIL (e.g., Doidge and Croxall1989; Lunn and Boyd 

1993) as the latter does not remove the variation caused by body size (Read 1990). 

Pup Density 

We used the maximum likelihood (ML) method by calculating the product of the 

hypergeometric likelihood function (Seber 1982) to estimate total pup population size (N). 

The log gamma (y) distribution of the ML method estimates pup abundance assuming all k 
A 

estimates of N are identical ( N. ): 

[4] 

The ML estimate of N. can be compared to the mean N; of k Lincoln-Petersen (LP) estimates 

( N) (e.g., Bartmann et al. 1987) to test for population closure among recounts. Lincoln

Petersen estimates abundance using: 

A \n1 + 1,Xn1+i + 1) 
N; = -1 [5] 

ml+i +1 

where n1 =number of pups marked (tagged) in the first sample, n1+i =number of pups 

recounted in sample 1 +i (e.g., the 1st recount= sample 2), and m1+i =number of pups with tags 

in the (1 +iYh sample. We estimated the variances (s/) of N; as: 
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[6] 

(Seber 1970) and combined s/ over q counts to estimate variance (s?) of N assuming 

independence of counts: 

q 

l'.s,2 
2 i=l s = --2-
t q 

[7] 

We divided N by the total area per colony to give estimates of pup density (pups/1 00 m2
) 

(Shaughnessy et al. 1995). We divided s? by colony area (m2i as an estimate of density 

variance (Chapter 3). 

Statistical Analysis 

Because during each season we had to sample colonies sequentially, it is possible that 

pup condition varied with date of capture. To examine the amount of variation in pup 

condition that could be explained by sampling date we used a least-squares regression of the 

loge of each condition index (loge-transformed to normalise the data) for all pups against the 

day of the year each pup was measured. We assumed that the best index was the CI that 

showed the lowest Pearson correlation coefficients (R 2) over all year and season 

combinations, because this index would vary the least with date of capture. We determined, 

therefore, the maximum R2 for each CI over all years and seasons, and then chose the CI with 

the lowest maximum R2
. This CI was then used for all subsequent statistical analyses. 

We constructed a series of general linear models (GLM) to examine the effect of colony, 

year, season and pup sex on variation on the best CI. Model selection was based on Akaike's 

Information Criterion (AIC; Lebreton et al. 1992), with the best model having the lowest AIC 

and the highest model weight. 
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Pup Density 

To test for differences between N. andN we used the log-likelihood (l) ratio test cZar 

1984) where the parameter: 

X~-1 = -2[l(N.) -l(N)] [8] 

follows the i distribution with k- 1 = 1 degree of freedom. When the null model ( N.) was 

rejected, we concluded that the population was not closed during recounts and thatN was the 

most valid estimate of pup population size. 

We also tested for independence of recounts using the Durbin-Watson (DW) statistic 

and its corresponding significance test as calculated from the PROC AUTOREG command in 

SAS® (SAS Inst. Inc. 1988). We used this test only for 1997 and 1998 recount data since k > 2 

in those years only. When the probability exceeded 0.05 we failed to reject the null hypothesis 

that counts were independent. 

We also investigated the change in pup density between seasons for each year and for 

each colony. To detect whether the change in pup density from summer to winter depended on 

year, we constructed a repeated-measures GLM using differences between the loge

transformed densities calculated in summer and winter for each year. 

Under the hypothesis of density-dependent pup condition, we constructed another GLM 

testing the effects of mean summer loge (pup density) among years on the loge-transformed 

best mean CI. Model terms included both main effects and the interaction between pup 

density and year. With an effect of pup density on pup condition (see Results) we did a least

squares regression of the summer loge(best CI) and loge(pup density) for each year and 

calculated the residuals from the best-fit line for each colony. For 1997 there was no 

significant regression (see Results), so for this year we calculated the residuals from the mean 

loge(best CI) among colonies. We then calculated the mean residual for each colony among 

years and standardised these means from 0 to 1 to construct a relative scale of mean pup 

condition per colony controlling for pup density. 



Chapter 2- Geographic and Temporal Variation in Pup Condition and Density 2.12 

Spatial Clustering 

To test the hypothesis that mean pup condition and density at colonies reflect the 

geographic variation in environmental variables, we looked for evidence of clustering of the 

study colonies based on their mean estimates of pup condition, density and the condition scale 

controlled for density. We calculated Moran's I (Upton and Pingleton 1985) using the 

minimum swimming distance (i.e., the shortest distance through water between two colonies; 

Appendix 2.2) matrix for all study colonies: 

[9] 

where n =number of colonies; So= L(Wu) fori* j; Wis the proximity matrix (i.e., Wij is the 

inverse of the distance between colonies i and j); and x = the mean parameter estimate for n 

colonies. 

To test the significance of the calculated statistics for condition, density and condition 

scale we used a Monte Carlo approach (Manly 1991). This involved randomly assigning the 

observed parameter estimates to colonies, then simulating the procedure 10,000 times to build 

a probability distribution. The Type I error of rejecting the null hypothesis that there is no 

positive spatial autocorrelation among colonies based on each parameter is approximately the 

number of times the randomised I> observed I. If no spatial autocorrelation exists the 

expected value of I= -1/(n-1), and I -7 1 with increasing spatial autocorrelation (Upton and 

Pingleton 1985). 

We repeated this procedure for different regions of South Island in addition to analysing 

all study colonies together because clustering may occur at different spatial scales. That is, 

local areas of similar environmental configuration may impart clustering of colonies based on 

pup condition and density, but this effect may be diluted at broader spatial scales. We 

calculated separate Moran's I statistics for the following regions: south-east (colonies BB, 

BIW, NUGN, SMN, PUD, FG, TKS, VICN and SMN); north-east (colonies HB, BR, LR and 

OP); and north-west (colonies QBE, TI, WEKN, WEKS, CF and CHN). 
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Results 

Pup Captures 

Overall we estimated condition indices for n = 5917 different pups; however, 44.3% of 

the pups captured in winter were also caught during the previous summer season, and the total 

number of pup captures (including re-captures) was 6856 (Table 2.1 ). Mean pup masses and 

lengths are summarised by season and year (Table 2.2). 

Table 2.2. Mean (± SE) mass and standard length of pups by year, season and sex. 

Sex Season 

Female Summer 

Winter 

Male Summer 

Winter 

Condition 

Measure 

mass (kg) 

length (m) 

mass (kg) 

length (m) 

mass (kg) 

length (m) 

mass (kg) 

length (m) 

1996 

6.6 ± 0.09 

0.68 ± 0.003 

11.5 ± 0.22 

0.77 ± 0.005 

7.2 ± 0.10 

0.69 ± 0.003 

12.6± 0.21 

0.80 ± 0.005 

1997 

6.6± 0.05 

0.67 ± 0.002 

11.0 ± 0.14 

0.78 ±0.003 

7.6±0.06 

0.70± 0.002 

12.5 ± 0.14 

0.81 ± 0.003 

1998 

6.4 ± 0.05 

0.70± 0.002 

10.3 ± 0.14 

0.80 ± 0.003 

7.2 ± 0.05 

0.73 ± 0.002 

11.4±0.15 

0.83 ± 0.002 

Regression coefficients differed according to the season-year combination for both 

males and females, and all slopes were significantly different from 0 (Fig. 2.2). The 

relationship between loge(mass) vs. loge(length) using all data showed significant linearity for 

each sex (female: F1,32o2 = 9818.9, P < 0.001; male: F1,3557 = 10925.5, P < 0.001). The GLM 

testing for differences among Individual-Season CI slopes demonstrated a significant 

season *loge(L) interaction (F = 3.827; df = 161,6636; P < 0.001), thus at least one of the six 

Individual-Season CI loge(M) versus loge(L) regressions' slopes differed from the other 

seasons (Fig. 2.2). Mean condition indices(± SE) for all years and seasons combined were: 



Fig. 2.2. Individual-season condition index and the all season/year condition index 

(Combined CI) regressions of loge(mass) versus loge(length) for female and male pups 

captured. Regression coefficients a and b are given for each year-season combination. 

All regressions were significant (P < 0.0001) with R2 ranging from 0.55 to 0.79. 
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(1) Combined CI = 1.0154 ± 0.0022, (2) All-Season CI = 1.0129 ± 0.0020, and (3) Individual

Season CI = 1.0096 ± 0.0017. 

The lowest maximum R2 for the regression of CI versus capture date was for Combined 

CI (Table 2.3). However, none of the condition indices showed strong trends within season or 

year (Table 2.3). In addition, Combined CI and M!L3 were the only condition indices for 

which inter-annual comparisons of condition could be made (Fig. 2.3). Other methods only 

allow for intra-annual comparison (All-Season CI) or intra-season comparison (Individual

Season CI), but Combined CI shows relative annual and seasonal differences among all years. 

Table 2.3. Correlation parameters (R2 and P) for the MJMp (Combined CI, All-Season 

CI, Individual-Season CI, J\l[fl}) calculations of pup condition versus time of capture. 

Maximum R2 values for each condition index are in boldface. 

Season loge loge loge loge loge loge 

Comb. Comb. All-Seas. All-Seas. Ind-Seas. Ind-Seas. Rz p 

CIR2 CIP CIR2 CIP CIR2 CIP 
-

sum96 0.071 <0.001 0.176 <0.001 0.161 <0.001 0.044 <0.001 

win96 0.008 0.034 0.007 0.038 <0.001 0.388 0.010 0.019 

sum97 0.040 <0.001 0.001 0.086 <0.001 0.941 0.063 <0.001 

win97 0.061 <0.001 0.061 <0.001 0.069 <0.001 0.065 <0.001 

sum98 <0.001 0.537 0.060 <0.001 0.007 <0.001 0.001 0.063 

win98 0.088 <0.001 0.088 <0.001 0.092 <0.001 0.098 <0.001 

all sum <0.001 0.838 0.038 <0.001 0.013 <0.001 0.002 0.001 

All win 0.006 <0.001 0.006 <0.001 0.001 0.066 0.005 0.001 
-·-~···---· ---·~--->=«««--»-->-=<>,,~,---,~ ,.,..,--~-~-

The best general linear model testing the effect of year, season, colony and sex on 

loge(Combined CI) included all main effects and the four-way interaction (model weight > 

0.999), and all terms, except sex, were significant (P < 0.001) (Table 2.4). This demonstrates 

that variation in condition can be explained by season, year and colony. The interaction 



Fig. 2.3. Distribution of the all season/year condition index (Combined CI) per pup over 

all years and seasons studied (1996-98). 
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demonstrates that all these variables influence condition dependently. In other words, there 

were differences between the sexes in some colonies in some years and in some seasons. 

The model accounted for 44.1% of the variation in pup condition (adjusted R2 = 0.427). 

Removing each term sequentially from the model showed that year made the highest 

contribution to the total variation explained (R2 without year term= 0.149), and sex the lowest 

contribution (R2 without sex term= 0.431). The amount of variation described by the other 

two variables were similar (R2 without colony term= 0.316; R2 without season term= 0.333). 

Table 2.4. Best general linear model for the effect of season, colony, year, and sex on 

loge(Combined CI). Adjusted R2 for the model= 0.427. Significant terms (P < 0.05) in 

boldface. 

Source TypeillSS df MS F p 

corrected model 91.397 161 0.568 32.742 <0.001 

season 8.274 1 8.274 477.213 <0.001 

colony 9.192 19 0.484 27.903 <0.001 

sex 0.006 1 0.006 0.344 0.558 

year 23.528 2 11.764 678.526 <0.001 

4-way interaction 17.747 138 0.129 7.417 <0.001 

error 116.059 6694 0.017 

The differences among years were due to the low condition values for 1998 relative to 

1996 (,6 = 0.146 ± 0.023; P < 0.001) and 1997 (,6 = 0.139 ± 0.021; P < 0.001) (Fig. 2.3 and 

Table 2.5). Mean condition was also higher in winter than in summer, and this bias occurred 

in all 3 years (Table 2.5). However, the 4-way interaction demonstrated that the deviance 

between mean summer and winter condition (in general, winter> summer) occurred in some 

colonies and depended on sex. The following colonies demonstrated significant seasonal and 

annual variation in pup condition (listed in descending order of variation in condition): FG, 

TKS, CF, NUGN, SMN, VICN, HB, BIW, TI, OP, CHN, WEKN. In general, colonies on the 

east coast of South Island were more variable than those on the west coast. 
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Table 2.5. Mean combined Cis (± SE) summarised by year, season and sex. 

Sex Season 96 97 98 

Female summer 1.0299 ± 0.0095 1.0599 ± 0.0050 0.8894 ± 0.0034 

winter 1.2298 ± 0.0142 1.1316 ± 0.0083 0.9889 ± 0.0071 

Male summer 1.0384 ± 0.0095 1.0564 ± 0.0046 0.8851 ± 0.0032 

winter 1.2194 ± 0.0158 1.1309 ± 0.0072 0.9723 ± 0.0069 

Pup Density 

The mean proportion of pups marked per colony (estimated as the proportion of the 

estimated total pup population from mark-recapture) was 0.44 (sum 96), 0.33 (win 96), 0.59 

(sum 97), 0.48 (win 97), 0.64 (sum 98), and 0.53 (win 98). In total, the number of pups caught 

represented 0.48 of the estimated total pup population among all colonies sampled. The 

Durbin-Watson test statistic failed to show any dependence among successive recounts (all 

but one colony P > 0.16) for the 1997 and 1998 data. However, the summer 1997 recounts for 

colony WEKN suggested possible dependence among recounts (DW = 1.67; P = 0.09). 

Summer pup densities at colonies sampled ranged from 0.58 to 16.53 pups/100m2 in 

1996, 1.01 to 14.34 pups/100m2 in 1997, and 1.15 to 15.49 pups/100m2 in 1998 (mean 

summer densities shown in Fig. 2.1). The difference in densities between seasons depended 

on year (F1,7 = 5.72; P = 0.048). The mean differences (summer- winter) and standard errors 

in mean densities were: -0.03 ± 0.59 pups/100m2 in 1996; 0.42 ± 0.49 pups/100m2 in 1997; 

and 1.48 ± 0.54 pups/100m2 in 1998 (see also Table 2.6). The difference in mean seasonal 

densities was highest in 1998 (Table 2.6), indicating a mean decline in pup numbers during 

that year. There was no difference in density between seasons in 1996 and 1997 (Table 2.6). 

The difference in summer and winter densities in 1998 was probably not due to early 

emigration by pups since the proportion of pups re-captured in winter 1998 was similar to that 

in winter 1997 (Table 2.1). 
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Table 2.6. Mean seasonal pup densities (pups/100 m2
) per year (± SE). Sample sizes (i.e., 

number of colonies) are shown in parentheses. 

Year Summer Density Summer Density Winter Density 

(all colonies) (comparison group)* 

1996 5.69 ± 0.88 (15) 5.19 ± 0.96 (8) 5.22 ± 0.70 (8) 

1997 6.28 ± 0.90 (19) 7.46 ± 1.15 (10) 7.04 ± 1.06 (10) 

1998 6.21 ± 0.89 (20) 7.33 ± 1.16 (10) 5.85 ± 0.84 (10) 
--'"'"*' ·"·· .. ,..,.. .. »>_,.,.,.,.,. "'*'~'»_,....__~--~--

* Means calculated only from colonies also sampled in winter. 

Of the 75 x2 tests comparing the maximum likelihood and Lincoln-Petersen abundance 

estimators (i.e., over all colonies, years and seasons) there were six tests (8%) where the null 

hypothesis of a closed population was rejected (i.e., CH sum 97/98, FG win 97/98 and sum 

98, NUGN sum 98; Fig. 2.1). However, the difference between the maximum likelihood and 

Lincolon-Petersen density estimates was only 1.9% on average. The number of pups marked 

in the first capture expressed as a percentage of the total estimated abundance of pups at each 

colony averaged 53.8% during summer and 44.6% during winter. 

There was a significant effect of loge( density) (F1,46 = 18.89; P < 0.001) and year (F2,46 = 

21.46; P < 0.001) on mean loge(Combined CI). The coefficient for the loge( density) term ( /3) 

was negative (-0.03 ± 0.14 SE), showing that an increase in pup density at colonies is 

associated with a decline in pup condition (Fig. 2.4). However, there was a significant 

interaction between loge(density) and year (F2,46 = 6.42; P = 0.003), demonstrating that 

Combined CI decreased with increasing pup density only in 1996 and 1998 (Fig. 2.4). 

Spatial Clustering 

There was some evidence for spatial autocorrelation (i.e., clustering) of all study 

colonies based on their mean condition scores. There was no evidence for clustering based on 

density, and marginal evidence based on condition scale (Table 2.7). 



Fig. 2.4. Summer pup condition (loge[Combined CI]) versus pup density (Ioge[pups/100 

m2
]) for colonies during 1996 (a), 1997 (b), 1998 (c), and the mean among years (d). 

There was a significant negative relationship for 1996, 1998, and the mean among years 

only. Mean condition among colonies in 1997 is shown as a straight line in b. 
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Table 2.7. Calculation of Moran's I (probability of making a Type I error in 

parentheses) by region based on mean pup condition, density and condition scale 

estimates for each colony. Under H0 (i.e., no spatial autocorrelation) Moran's I= -1/(n-1) 

where n = the number of colonies being compared. 

Region n Expected! Condition Density Condition 
under Ho Scale 

all colonies 20 -0.053 0.279 (0.079) -0.080 (0.578) 0.309 (0.100) 

south-east 9 -0.125 0.327 (0.014) -0.085 (0.484) 0.126 (0.153) 

north-east 4 -0.333 -0.701 (0.790) -0.313 (0.377) -0.782 (0.831) 

north-west 6 -0.200 -0.086 (0.486) -0.833 (0.271) 0.118 (0.288) 

Examining colonies regionally gave somewhat different results than combining all 

colonies. Clustering based on condition was apparent for the south-east region, although this 

was not the case for the other two regions examined (Table 2.7). No regional clustering was 

apparent based on density or condition scale. 

Discussion 

Although estimates of pup mass used in comparisons among years may be subject to 

biases resulting from asynchrony in sampling periods or different rates of population change 

among colonies (Trites 1993), our large samples sizes relative to the size of each colony 

reduced such biases. Condition indices based on morphometries are widely used (e.g., Garrow 

1983; Krebs and Singleton 1993; Viggers et al. 1998) because of their simplicity, although 

such indices may not always adequately reflect body condition in some mammals (Krebs and 

Singleton 1993; Viggers et al. 1998). While indices of body composition probably provide 

more accurate indicators of the adipose stores in individuals than do morphometric condition 

indices (Virgl and Messier 1993; Arnould 1995), Arnould (1995) found that body mass 

appeared to be an adequate predictor of body composition in adult female Antarctic fur seals 

(A. gazella), with the inclusion of length in the predictive equation improving the accuracy 

slightly. The quick and simple combination of mass and length to predict condition is 

preferable as a predictor of body composition since techniques such as bioelectrical 
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impedance to measure adipose stores require much extra time and effort with little added 

accuracy (Arnould 1995). To compare relative pup condition among colonies, the all 

season/year relative pup condition index (Combined CI) was a better overall predictor of 

condition because (1) it can be used to compare relative condition among seasons and years 

and (2) there was no evidence to suggest that it changed over the course of the sampling 

period (e.g., Read 1990). However, this result is contingent upon the assumption that capture 

probability was not affected by pup condition. If pups of lower or higher condition have 

differential capture probabilities then our samples may have been biased, although we were 

unable to test this assumption. 

As we captured a large proportion of the pups at each colony and there was little 

evidence of dependency among recounts, our estimates of pup density should reflect the true 

range in relative population densities. The fact that the best estimates were typically derived 

from the hypergeometric maximum likelihood method assuming single estimates of 

population size, suggests that our sampling technique was robust. However, we did find some 

instances where the Lincoln-Petersen method provided a better estimate of pup abundance. 

This is probably an indication of heterogeneity of capture probability among counts. It is 

possible that some pups vacate the breeding colony temporarily upon disturbance from 

researchers during counts (e.g.,Yochem et al. 1987). 

An effect of population density on pup condition appeared to exist, but only in certain 

years. One would e~pect any effects of density on pup survival (and possibly pup condition) to 

be maximised when resources are limiting during environmental perturbations (Doidge et al. 

1984 ). Indeed, we found that the magnitude of the negative correlations between pup density 

and condition varied among years. Furthermore, 1998 was the only season where winter 

density differed significantly from summer density, suggesting a higher mortality rate in pups. 

It is debatable whether the suggested effect of density on pup condition results from 

competition among lactating females for food at sea, or from costs associated with aggressive 

interactions and mother-pup separations (Chapter 7) onshore at the breeding site. It is possible 

that during years when resources are limiting, a reduction in mean pup condition is 

exacerbated by the negative effects of density onshore prior to weaning. This is an important 

aspect of geographic variation where demography and behaviour may be modified in response 

to years when resources are limiting (Williams and Croxall1991). 
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After removing the effect of pup density, the remaining variation in pup condition 

among New Zealand fur seal breeding colonies around South Island may reflect natural 

variation in the environment. However, we are forced to assume that age structure of the 

population and the time since colonisation were random with respect to geographic location. 

Unfortunately, the data required to test these assumptions do not exist. However, we suggest 

the variation in pup condition can be used as an indirect estimate of biological productivity in 

the ocean near breeding colonies, especially since small pinnipeds such as fur seals appear to 

be adapted to exploiting locally abundant and predictable food resources (Costa 1993; Boyd 

1998). Temperate fur seals usually depend on upwelling systems or on productive ocean 

currents that provide food throughout the year (Gentry and Kooyman 1986; Costa 1993; Gales 

et al. 1994; Shaughnessy et al. 1994). Nevertheless, the requirement of suitable land for 

breeding by pinnipeds may restrict their coastal distribution in addition to the variation in 

marine productivity alone (Ryan et al. 1997; Chapter 3). 

Although there was only marginal evidence for spatial autocorrelation (i.e., clustering) 

of colonies based on mean pup condition and condition scale, regional clustering based on the 

condition alone for the south-east region colonies was significant. The higher values for the 

mean condition scales in this region of South Island (Fig. 2.1) may reflect the proximity to the 

continental shelf edge (i.e., approximately 12-20 km from Otago Peninsula). This may 

indicate a proximity to more productive waters; indeed, fur seals are thought to forage in the 

vicinity of the continental shelf edge near Otago Peninsula (Hawke 1991; Harcourt et al. 1995; 

Harcourt and Davis 1997). Despite no clustering on the West Coast, all colonies there but one 

(CHN) had low condition ranks (Fig. 2.1). The oceanic currents to the west of New Zealand 

are generally weak (Stanton 1976), although the presence of temporary, wind-driven 

upwellings in the vicinity of the Hokitika Canyon can increase local productivity (Stanton 

1976; Vincent et al. 1991; Chang et al. 1995; Fig. 2.1). The temporal variability in nutrient 

availability may result in a less-consistent prey base for seals than in other parts of South 

Island. 

It should be noted that the power to detect significant clustering is reduced with fewer 

comparisons (i.e., low n; Cliff and Ord 1981; Upton & Pingleton 1985). Nonetheless, the 

regional division did provide more information on spatial clustering, and pup condition was 

the best overall index in that regard. The choice of spatial scale will necessarily dictate the 
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degree of clustering measured, since environmental patterns do not necessarily follow linear 

gradients at all scales (e.g., Johnson 1980; Danielson 1991; Hanski and Gilpin 1991; 

Bradshaw et al. 1995; Boulinier and Lemell996; MacNally and Quinn 1998). For example, 

the environmental conditions that result in specific level of colony performance (as measured 

by pup condition or pup density) may be similar for areas of South Island separated by large 

distances (i.e., >500 km). Therefore, an analysis based on distance separating colonies will 

only be meaningful at spatial scales where these similarities are reduced. Of course, this 

conclusion assumes that the population dynamics of seals do indeed respond to local 

environmental conditions (e.g., Trites and Ono 1991; Costa 1993; Boyd et al. 1994; Boyd 

1998). 

There are certain precautions that must be taken when interpreting pup condition 

indices. Differences in pup growth rates linked to changes in the availability of food to their 

mothers may only be detected in seasons when resources are limiting (Doidge et al. 1984). 

Otariids in the Pacific Ocean are subject to periodic El Nino/Southern Oscillation (ENSO) 

events that may create changes in the relative abundance of food (Barber and Chavez 1983; 

Trillmich et al. 1986, 1991; Gentry 1998). This highlights the necessity for multi-year 

sampling when attempting to detect the relationship between oceanographic variation and any 

possible response by higher predators (Barber and Chavez 1983). 

It is important to note that the sample size in this study was the number of colonies 

sampled and not the number of pups captured, and that the temporal replication was over three 

years only. Although three years' data may appear insufficient to analyse fully any temporal 

trends (Wanless et al. 1997), we were fortunate that our sampling coincided with two ENSO 

events: a weak La Nifia (1996) and strong El Nifio (1998) (Basher 1998). This probably 

increased the likelihood of detecting significant trends in the data. Indeed, the effect of density 

on condition was only apparent in 1996 and 1998 (Fig. 2.4), suggesting that these 

environmental perturbations may have been partly responsible for the putative negative impact 

of density in these years. Furthermore, the variance in pup condition was noticeably lower in 

1998 than 1996 or 1997. One hypothesis explaining this phenomenon is that during years of 

high resource availability some efficient individuals are able to accumulate energy beyond 

their requirements, thus increasing the population variance in energy transferred to pups. 

However, during years of lower resource availability most individuals struggle to meet their 
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minimum energy requirements, attenuating variance in the process. In conclusion, the 

geographic variation in pup condition of New Zealand fur seals appears to be explained, in 

part, by variation in both pup density and marine productivity. 
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Appendix 2.1. Number of recounts per colony from 1996-98. Number of colonies in each 

recount class in parentheses. 

season/recounts 2 4 5 6 7 

sum96 all colonies 
(14) 

win 96 all colonies 
(19) 

sum97 BB,CHN,OP, remainder (7) CF,HB,OBI, 
PUD,TI,TKS SMN,WEKS 

VICN (7) (5) 

win 97 BIW,TI (2) remainder (8) 

sum98 BB,BIW, remainder 
CHN,PUD, (15) 

TKS (5) 

win 98 BIW (1) remainder (8) NUGN (1) 
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Appendix 2.2. Shortest swimming distance (km) among all sample colonies. 

colony WEKN WEKS CF CHN OBI BB BIW NUGN SMN PUD FG TKS VICN OKP HB BR LR 
WEKS i .5 - - - - -
CF 110.0 "108.5 - - - - -
CHN 125.3 "123.9 i 5.4 - - - - - - -
OBI 426.2 424.7 314.4 300.9 - - - - - - -
BB 872.4 919.8 757.1 744.2 446.2 - - - - - - - -
BIW 913.0 911.4 806.0 793.1 495.1 64.0 - - - - - - - - -
NUGN 1047.3 1045.7 919.9 907.0 608.9 183.1 134.3 - - - - - - - -
SMN 874.8 876.3 978.9 994.9 700.2 274.4 225.6 92.4 - - - - - -
PUD 869.5 870.9 973.6 989.6 704.3 278.5 229.7 96.5 5.6 - - - - - -
FG 868.7 870.2 972.9 988.8 706.2 280.4 231.6 98.4 7.4 1.9 - - - - -
TKS 868.0 869.4 972.1 988.0 706.9 281.1 232.3 99.1 8.1 2.6 1.2 - - - - -
VICN 865.2 866.7 969.4 985.3 710.7 284.9 236.1 102.9 11.9 6.4 5.0 4.1 - - - -
OKP 813.7 815.2 917.8 933.8 759.1 333.3 284.5 151.3 60.1 54.8 53.3 52.6 49.0 - - - -
HB 588.6 590.1 692.8 708.7 979.1 553.3 504.5 371.3 280.1 274.8 273.7 273.5 289.3 228.0 - - -
BR 415.3 416.8 519.4 535.4 838.0 720.5 671.7 538.5 447.3 442.0 441 .5 440.7 447.8 396.2 181.6 - -
LR 401.4 402.8 505.5 521.4 824.1 728.3 679.5 546.3 455.1 449.8 449.2 448.4 455.5 404.0 189.4 13.9 -
OP 380.4 381.9 484.5 500.5 803.1 749.5 700.7 567.5 476.3 471.0 470.5 469.7 476.8 425.2 210.6 35.3 21.4 
QBE 182.4 183.9 286.5 302.5 605.1 965.6 916.8 783.6 692.4 687.1 686.3 685.5 682.8 631.3 406.2 233.3 219.0 
Tl 135.5 137.0 239.6 255.6 558.2 996.2 999.8 866.6 775.4 770.1 769.4 768.6 765.9 714.3 489.3 316.4 302.5 
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Abstract 

Features of terrain are important in the selection. of terrestrial habitat by otariid seals. Fur seals use 

rocky shorelines where terrain features such as crevices and ledges may provide shelter for pups. New 

Zealand fur seals (Arctocephalus forsteri) are increasing in number and expanding their range, 

requiring them to select new habitat for breeding. We quantified features of terrain at 25 breeding 

colonies and 8 non-breeding colonies around South Island. Univariate tests demonstrated some 

differences in terrain between breeding and non-breeding colonies, although principal components 

analysis (PCA) did not reveal any obvious differences. We suggest the power to detect differences is 

limited because of the geographic variance in terrain types and because there is a tendency for non

breeding colonies to become breeding colonies over time as population size increases. That is, non

breeding colonies may already have all or some of the physical attributes necessary for breeding to 

occur. We found a significant relationship between pup density and terrain (i.e., as interpreted from 

PCA variables) in breeding colonies. Colonies with high pup density contained more and smaller 

rocks, more crevices and ledges, less-pronounced slopes, higher cliffs, and a more westerly exposure 

than low-density colonies. Smaller rocks may provide more spaces in which more pups can find 

shelter and get better individual protection; less-pronounced slopes may facilitate pup movement, and 

higher cliffs may increase shading. However, factors other than the availability of shelter for pups will 

be involved in the selection of breeding locations, for example, fidelity, gregariousness, proximity to 

food sources and the degree of human disturbance. Understanding all such factors involved in site 

selection could be important for predicting trends in fur seal abundance and distribution. 

Introduction 

Fur seals (Otariidae: Arctocephalus 8 spp., Callorhinus 1 sp.) are colonial when ashore, 

forming groups along rocky coastlines to rest and to breed (e.g., Crawley and Wilson 1976). 

Sites used for breeding must be accessible from the sea and contain habitat suitable for 

mating, birth, lactation, shelter from heavy seas and, in some cases, escape from predators 

(Stirling 1971a; Gentry 1973; Miller 1975; Crawley and Wilson 1976; Umberger et al. 1986; 

Ryan et al. 1997). 

Fur seals require land for reproduction but feed in water. Therefore, they must regularly 

shift between media of different temperatures and convective properties (Gentry 1973). Water 

acts as a heat sink and seals are adapted to retain body heat when in the sea, but these 

adaptations can cause overheating when on land (Limberger et al. 1986). However, seals have 
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some physiological (Matsuura and Whittow 1973; Blix et al. 1979a, b) and behavioural 

mechanisms for thermoregulation when ashore (Umberger et al. 1986; Trites 1990). 

Temperate fur seal species have lactation periods lasting between 8 and 12 months 

(Gentry et al. 1986), during which time pups are restricted to land and require suitable 

terrestrial habitat (Umberger et al. 1986). Pups are particularly vulnerable to thermal stress 

when ashore (Umberger et al. 1986; Trites and Antonelis 1994) from either periods of 

extremely high or low air temperatures (Trites 1990; De Villiers and Roux 1992; York 1995). 

Fur seal breeding habitat could therefore be expected to contain terrain aspects that facilitate 

behavioural thermoregulation by pups (e.g., Odelll974; Ohata and Miller 1977; Limberger et 

al. 1986; Trites 1990) . 

Fur seals (A. forsteri) are currently increasing in number in the New Zealand region, 

and are re-colonising their former range following decimation by humans (Taylor 1982; Lalas 

and Harcourt 1995; Taylor et al. 1995; Lalas and Murphy 1998). Understanding the features 

required for re-colonisation of this species in New Zealand will allow researchers to better 

predict its distribution as population size and re-distribution occur. 

In a qualitative assessment of their terrestrial habitat, Crawley and Wilson (1976) 

indicated that terrain requirements of A. forsteri in non-breeding colonies were less stringent 

than in breeding colonies. The only quantitative description of the terrestrial habitat of A. 

forsteri (Ryan et al. 1997) was restricted to Banks Peninsula (44° S, 173° E), South Island, 

New Zealand. These authors found that the terrain at breeding areas within this localised area 

was characterised by steeper slopes, larger rocks and more numerous crevices and ledges than 

that at non-breeding sites. 

Terrain is likely to be only one factor driving the selection of breeding locations. Other 

factors such as breeding site fidelity (e.g., Kenyon 1960; Stirling 1971b, Pierson 1987; Lunn 

and Boyd 1991), gregarious behaviour (Bonner 1968), proximity and availability of food 

sources (Boyd 1991; Harcourt and Davis 1997), and degree of human disturbance (Taylor et 

al. 1995) influence site selection in addition to terrain features (Gentry 1998). Nevertheless, 
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we hypothesise that breeding colonies with terrain features that provide shelter for pups will 

be expected to hold the highest densities of pups. 

Here we contrast the terrain of breeding and non-breeding colonies of New Zealand fur 

seals distributed around South Island, New Zealand, and compare our results with those for 

Banks Peninsula (Ryan et al. 1997). We hypothesise those terrain parameters that could affect 

thermoregulatory costs for pups will differ between a sample of breeding and non-breeding 

colonies. For example, we predict that breeding colonies will have larger rocks, more ledges, 

crevices and pools, greater slopes and higher cliffs than non-breeding colonies. 

Colonies can be expected to vary spatially according to their terrain features; therefore, 

the suitability of terrestrial habitat for the individual fur seals among colonies will also vary. 

Assuming a population may respond to favourable habitat with an increase in the production 

of offspring (Caughley and Sinclair 1994), then one might expect offspring density to vary, in 
·' 

part, according to terrain features. Therefore, we also investigate whether the density of pups 

is related to terrain in breeding colonies to test our hypothesis that high-density colonies are 

more likely to be comprised of terrain features that facilitate low thermoregulatory costs for 

pups. We predict that colonies with more areas in which pups can seek shelter from 
J 

temperature extremes, inclement weather or aggressive conspecifics will support a higher 

density of pups. 

Methods and Analysis 

We investigated 25 breeding colonies and 8 non-breeding colonies of New Zealand fur 

seals around South Island, New Zealand (Fig. 3.1). Sample colonies were chosen to (a) give a 

uniform coverage of most regions of South Island where New Zealand fur seals are found, (b) 

allow feasible access during both summer and winter, and (c) maximise the range in colony 

size and pup density (see below; Chapter 1). We defined breeding and non-breeding colonies 

as aggregations of seals ashore that included or did not include pups, respectively, during the 

breeding season. We defined the area of a breeding colony as the area encompassing all pups 

and the area of a non-breeding colony as the area encompassing all sites used regularly by 

seals. At both types of colony this area was typically stained creamy-brown from pelage oil 

and faeces. Most colonies were also delimited by physical barriers such as cliffs. However, 



Fig. 3.1. Map of South Island, New Zealand showing distribution of colonies 

investigated. Breeding colonies: Wekakura North (WEKN); Wekakura mid (WEKM); 

Wekakura South (WEKS); Cape Foulwind (CF); Charleston (CHN); Open Bay Islands 

(OBI); Big Bight (BB); Northwest Bay (NWB); Bench Island West (BIW); Bench Island 

South (BIS); Nugget Point North (NUGN); Sandymount North (SMN); Puddingstone 

(PUD); Fuchsia Gully (FG); Titikoraki South (TKS); Victory Beach North (VICN); 

Okahau Point (OKP); Horseshoe Bay (HB); Barneys Rock (BR); Lynch Reef (LR); 

Ohau Point (OP); Stephens Island East (SIE); Queens Beach East (QBE); Queens Beach 

West (QBW); Tonga Island (TI). Non-breeding colonies (denoted by lower-case 'n' after 

abbreviation): Cape Foulwind (CFn); Gillespies Beach (GBn); Papanui South (PSn); 

Papanui mid 1 (PMln); Papanui mid 2 (PM2n); Papanui mid 3 (PM3n); Queens Beach 

(QBn); Separation Point (SPn). 
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where this was not the case we defined colony limits by marking a line perpendicular to the 

water's edge from the high tide mark to the most inland position of pups or resting seals. We 

quantified terrain parameters in one dimension along transects at 20 m intervals perpendic,ular 

to the water's edge. We counted the number of rocks touching each transect line and measured 

the longest diameter of each rock and assessed its shape. We scored rocks into one of five size 

classes: (1) <0.60 m, (2) 0.60- 1.25 m, (3) 1.25- 2.50 m, (4) 2.50- 5.00 m, and (5) >5.00 m 

(Ryan et al. 1997) and into one of three angularity classes: (1) round; with no discernible 

edges, (2) few discernible edges; or flat, (3) block-like rocks with many edges and comers. To 

reduce subjectivity we simplified the angularity classification from Ryan et al. (1997) and 

avoided combining rock size and angularity into a single parameter. Other parameters were 

quantified in two dimensions within rectangular subdivisions (blocks) of the colony. We 

counted the number of ledges, crevices and saltwater pools within 5 m of either side of each 

transect line. We defined a ledge as a surface on a rock on which an adult seal could lie (Ryan 

et al. 1997) and a crevice as a cavity between or under rocks that could hold an entire pup. If a 

ledge could support more than one adult fur seal (e.g., rock platforms) we still recorded it as a 

single ledge. A large crevice that could shelter more than one pup was recorded as a single 

crevice. We recorded the number of saltwater pools above the high tide mark in which adult 

fur seals could at least submerge themselves partially. If crevices or pools spanned more than 

one transect we counted them only once. 

We constructed the following formula to calculate the weighted means for rock size and 

angularity at each colony by: 

n In weighted parameter=~ xlj ~ tj [1] 

where xj is the mean value of the parameter for transect j, tj = length of transect j, and n = 

number of transects. 

We calculated the overall rock, ledge, crevice and pool densities by: 
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n In parameter = ~ Ti ~ t i [2] 

where T 1 is the total number of rocks, ledges, crevices or pools per transect}. 

To calculate total colony area we subdivided colonies into blocks and summed their 

areas. We used a 30 m tape to measure block lengths and widths, or a Wild Heerbrugg® 

rangefinder when the distance exceeded 30 m. For each block we also measured slope, 

exposure and the height of cliffs overlooking the colony. We measured slope with an abney 

scale from the high-tide mark to the inland limit (Ryan et al. 1997). For exposure we recorded 

the compass bearing for each block by standing at the high-tide mark and pointing the 

compass to the sea perpendicular to the water's edge. For cliff height we estimated the 

distance (z) with the rangefinder and the angle (8) with the abney scale from the high-tide 

mark to the top of the cliff. Cliff height (h) was equal to z*SINE(8).We calculated the mean 

exposure and mean slope by first calculating the vector co-ordinates X and Y, then calculating 

the arcsine of the quotient of Y and the length of the mean vector ( v) (Zar 1984): 

n 

I,cosai 
X = -'-i=~l __ [3] 

n 

n 

L sinct,-
Y=-'-'i=:c:cl __ [4] 

n 

and 

[5] 

where ai = slope or exposure angle for ito n angles per colony. We calculated the mean slope, 

exposure and cliff height for all blocks as the mean estimates for each colony. 
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Rock size and angularity, densities of rocks, ledges, crevices and pools, slope, and cliff 

height were tranformed by loge(x + 1) to homogenise variances (Snedecor and Cochran 1980). 

Exposure angles were linearly discontinuous so we transformed the mean angles per colony 

into their vector co-ordinates (X= cos e, Y =sin e) (Zar 1984). The X co-ordinate describes 

east-west exposure, and the Y co-ordinate describes north-south exposure. 

We tested the transformed parameters (except exposure and slope) for differences of 

means between breeding and non-breeding colonies using Student's t-test. Watson and 

William's F-test (Zar 1984) was used to test for differences in the mean exposure and slope 

between colony types. We rejected null hypotheses when P < 0.05. 

As it was likely that habitat parameters were correlated we used the SAS® (SAS Inst. 

Inc. 1988) PROC PRINCOMP statement to combine the transformed parameters into 

principal components (PC). Principal component scores were derived from the covariance 

matrix and were not standardised to unit variance. We defined two separate principal 

components analysis (PCA) models using (1) transect parameters only (rock size and rock 

angularity, and densities of rocks, ledges, crevices, and pools) averaged by colony and (2) all 

parameters averaged by colony. For use in a general linear model testing the relationship 

between pup density and terrain parameters we also calculated another PCA using only the 

terrain parameters from breeding colonies for which we had estimates of pup density. 

Pup Counts 

During the summers of1996, 1997 and 1998 we caught pups by hand (Lalas and 

Harcourt 1995) or with a modified noose pole (Gentry and Holt 1982) in 16, 20 and 21 

breeding colonies, respectively. VIe applied Allflex® sheep tags to the trailing edge of both 

fore flippers to mark pups (Harcourt et al. 1995). We returned to the site 1-2 days after tagging 

and counted the number of tagged and untagged pups by walking from one end of the colony 

to the other (Shaughnessy et al. 1995). We recounted pups between 2 and 7 times at each 

colony during each site visit (Shaughnessy et al. 1995), waiting at least 15 minutes between 

counts (see Chapter 2). A different observer was used for each count when possible. All 

counts were combined to estimate mean abundance of pups (see below). All animal treatment 

procedures were approved by the University of Otago Committee on Ethics in the Care and 
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Use of Laboratory Animals (No. 83-95) and the Department of Conservation Permit to Take 

Marine Mammals (30 July 1996). 

For each count per colony we estimated pup abundance ( N) using the unbiased 

Lincoln-Petersen estimator (e.g., Shaughnessy et al. 1995): 

[6] 

where n1 =number of pups marked (tagged) in the first sample, n 1+i =number of pups 

recounted in sample 1 + i (e.g., the 1st recount= sample 2), and ml+i =number of pups with 

tags in the ( 1 + i) th sample. The mean of all Ni per colony was calculated as the final pup 

- 2 A 

abundance ( N ). We estimated the variances (si ) of Ni as: 

and combined s? over q counts to estimate variance (s/) of N assuming independence of 

counts: 

q 

I.si2 
2 i=l s = --2-
f q 

Estimates of pup density (pups/1 00 m2
) were obtained by dividing N by the total area 

per colony. We divided s/ by area2 as an estimate of density variance. 

Pup Density versus Principal Components 

[7] 

[8] 

We constructed a series of general linear models ( GLM) to test the effect of year, PC 1, 

PC2 and PC3 on the pup density (D) estimate at each breeding colony (pups/100m2
). We 

defined two separate model series using principal components from breeding colony transect 
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parameters only and from all parameters combined. This was necessary as the principal 

components from each PCA were defined by different habitat variables (see Results). To 

avoid excessive weighting by certain colonies with extreme values of PC1 and PC2, we 

removed one colony (PUD) from the transect-only PCA, and two colonies (LR and OBI) from 

the all-parameter PCA. 

Model selection was based on Akaike' s Information Criterion (AIC) (Lebreton et al. 

1992), with the best model having a low AIC value and a high model weight. To account for 

the variance in density estimates we constructed a second series of models where we weighted 

the least squares by the reciprocal of density variance on the loge scale. However, there was no 

effect due to weighting, so we report the unweighted model results only. 

Results 

There was a lot of variation in the characteristics of the colonies studied (Table 3.1 ), but 

most colonies: were comprised of medium to large rocks (1.25 to >5.0 m longest diameter); 

had a slope down toward the sea; possessed either a cliff, dense vegetation, or both backing 

the colony; and had either prominent nearshore rocks, extensive bull kelp (Durvillaea sp.) 

beds, or both immediately offshore (Crawley and Wilson 1976). The inland limit of a colony 

was often delineated by dense vegetation or a cliff. 

There were significant differences between breeding and non-breeding colonies for 

ledge and crevice density, exposure and cliff height (Table 3.2). In breeding colonies, ledges 

and crevices were more numerous, and abutting cliffs were higher. The direction of exposure 

tended towards the south in breeding colonies but towards the west in non-breeding colonies. 



Table 3.1. Summary of mean summer pup densities and terrain parameters by colony. 

0 Colony Area 96 Pup 97 Pup 98 Pup Rock Rock Rock Ledge Crevice Pool Exposure Slope Cliff :r 
tu 

(m2) Density Density Density Size Angul. Density Density Density Density (deg) {de g) Height "'0 ... 
(per 100m2

) (per 100m2
) (per 100m2

) 
G 

(m) 
C1) 

(1-5) (1-3) (perm) (perm) (perm) (perm) .... 
(..) WEKN 4533 7.67 6.41 7.14 2.01 1.64 0.48 0.64 0.18 0.02 271 13.2 . 59.4 I 

WEKM 12960 3.59 3.37 3.56 2.11 2.03 0.44 0.04 0.02 0.00 283 14.0 148.1 -1 
C1) 

WEKS 1716 16.53 14.30 15.49 1.23 1.43 1.74 0.11 0.14 0.04 0 13.0 57.4 .... .... 
C1) 

CF 3284 10.39 7.50 10.13 2.17 2.17 1.14 0.31 0.47 0.03 276 23.4 11.5 (/) -CHN 7848 6.07 3.40 2.42 0.75 0.49 0.60 0.07 314 29.0 37.9 
.... 3.56 iii' 

OBI 5112 5.75 6.05 6.61 2.18 2.19 0.15 0.17 0.35 0.11 320 16.9 0.0 :c 
88 10509 2.64 2.82 3.11 3.12 2.57 0.74 0.30 0.52 0.01 208 25.4 98.8 tu 

C' 
BIW 4419 6.88 8.66 5.29 1.40 1.82 1.83 0.20 0.22 0.02 283 22.9 12.0 ;::;: 

tu 
NUGN 685 14.34 14.22 0.77 1.29 0.65 0.34 0.19 0.29 50 20.0 72.0 -c SMN 1493 6.70 8.92 9.37 2.51 2.09 1.14 0.55 0.63 0.05 118 16.2 61.6 (/) 

C1) PUD 1594 1.46 1.45 0.43 0.57 0.05 0.33 0.04 0.22 80 21.5 27.8 
FG 4046 6.29 8.39 7.56 2.29 2.05 0.62 0.37 0:25 0.00 159 14.3 18.8 
TKS 1636 7.49 10.17 9.22 2.33 2.18 1.16 0.53 0.50 0.01 52 12A 69.9 
VICN 3088 5.65 4.35 2.60 2.55 1.70 0.73 0.92 0.00 170 28.6 46.4 
OKP 1046 3.23 2.55 2.58 1.09 0.50 0.64 0.05 74 9.0 30.0 
HB 5290 3.77 3.85 3.61 2.63 2.58 1.04 0.37 0.60 0.06 304 28.5 27.4 
BR 377 2.92 2.65 2.92 1.62 2.86 1.28 0.34 0.34 0.03 157 35.0 40.0 
LR 520 1.58 1.54 1.15 2.00 1.64 0.37 0.26 0.02 0.12 164 0.0 0.0 
OP 899"1 0.58 1.01 1.25 2.01 2.55 1.29 0.51 0.26 0.02 141 28.8 15.0 
OBE 1569 6.54 6.31 5.96 2.29 2.65 1.49 0.35 0.65 0.01 152 26.2 51.1 
Tl 2942 4.08 5.68 6.00 2.64 2.08 1.20 0.42 0.88 0.00 88 20.2 37.8 
BIS 1054 2.32 2.09 0.77 0.44 0.55 0.10 192 18.8 0.0 
NWB 2500 2.69 2.15 0.90 0.29 0.31 0.01 240 17.0 31.8 
OBW 252 2.08 2.27 1.27 0.79 0.45 0.14 121 18.0 46.1 
SIE 965 2.11 1.87 1.58 0.39 0.38 0.05 190 16.0 56.4 
CFn 6744 1.94 1.92 1.14 0.17 0.05 0.04 264 22.3 0.0 
GBn 6773 1.80 2.25 1.75 0.30 0.20 0.00 346 18.8 32.2 
PM1n 3771 3.04 2.08 0.46 0.28 0.04 0.09 76 3.6 0.0 
PM2n 464 2.36 2.11 1.07 0.20 0.23 0.00 99 20.0 0.0 
PN13n 1715 2.54 2.30 1.39 0.46 0.25 0.00 92 15.0 0.0 
PSn 1448 1.97 1.77 1.33 0.29 0.05 0.00 328 9.1 45.5 
OBn 585 2.04 2.51 1.44 0.21 0.33 0.00 128 26.5 63.5 
SPn 1930 1.79 1.62 0.78 0.38 0.21 0.00 136 18.9 45.8 \.;.) 

....... 

....... 
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Table 3.2. Mean ± SE and univariate significance tests for terrain parameters between 

breeding and non-breeding colonies. Significant differences in boldface. 

In the PCA using only transect parameters, PC1 accounted for 51.1% of the total 

variation; PC2 accounted for 31.1 %, and PC3 accounted for 11.3% (total= 94% ). PC1 was 

defined mostly from rock density (0.56), rock size (0.50) and pool density ( -0.84) 

(eigenvectors in parentheses). PC2 was defined mainly from rock size (0.63) and rock density 

(-0.74). PC3 was defined largely by crevice (0.70) and ledge density (0.52). There was no 

obvious separation of breeding and non-breeding colonies within the plot of PC2 versus PC 1 

(Fig. 3.2). 

In the PCA for all parameters, PC1 accounted for 59.0% of the total variation, PC2 

accounted for 15.9%, and PC3 accounted for 12.9% (total= 88%). PC1 was defined mostly by 

cliff height (0.97). PC2 was defined by the exposure vector co-ordinate Y (0.59) and slope 

(-0.63). PC3 was defined by the exposure vector co-ordinate X (0.79) and the exposure vector 

co-ordinate Y ( -0.59). There was no clustering or separation between breeding and non

breeding colonies when all parameters were used in the model. 



Fig. 3.2. Principal component 2 (PC2) versus PCl for transect parameters only. 
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For the 21 breeding colonies for which we had pup density estimates we re-calculated 

the principal components using the PCA for transect variables only and for all variables 

combined. For transect variables only, PC 1 accounted for 59.1% of the total variation, PC2 

accounted for 27.8%, and PC3 accounted for 8.3% (total= 95%). PC1 was defined by rock 

size (0.57), rock density (0.49), rock angularity (0.45) and crevice density (0.44). PC2 was 

defined by rock density (0.78) and rock size (-0.59), and PC3 mostly by crevice (0.64) and 

ledge density (0.60). For all variables, PC1 accounted for 50.4% ofthe total variation, PC2 

accounted for 17.1 %, and PC3 accounted for 15.7% (total= 83%). Here, PC1 was defined 

mostly by cliff height (0.90) and slope (0.41). PC2 was defined largely by the exposure vector 

co-ordinate Y (0.81), the exposure vector co-ordinate X (-0.42), and slope (-0.35). PC3 was 

defined mostly by the exposure vector co-ordinate X (0.66) and slope ( -0.67). 

In general, the majority of the variation in terrain among colonies when considering 

transect parameters only was described by rock characteristics. With the addition of the other 

parameters the variation due to rock characteristics was reduced compared to that due to 

terrain features such as slope, exposure and cliff height. 

Mean pup densities for colonies ranged from 0.58 to 16.53 pups/100m2 over all years, 

and the overall mean pup density was 6.03 ± 0.50 pups/100m2 (mean+ standard error) for all 

colonies in all three years (n =57 mean estimates). 

Pup Density versus Principal Components 

For principal components derived from only transect-parameters, the best GLM based 

on AIC (model weight= 0.46) included all PC main effects and the PCl *PC2 and PC1 *PC3 

interactions (F5,51 = 13.06; P < 0.001), and all terms were significant (all P < 0.01) except the 

PC1 *PC3 interaction (P = 0.18). Coefficients for the significant terms were: (PC1) ~ = -7.69, 

SE = 1.73; (PC2) ~ = 5.41, SE = 1.62; (PC3) ~ = 10.58, SE = 3.74; and (PC1 *PC2) ~ = 

-24.34, SE = 6.83. The coefficients' signs indicate that colonies of high pup density tend to 

have more rocks per linear metre of transect line, smaller rocks, and more crevices and ledges 



-r : r 

: ,.-

i-
y ' 

Chapter 3-Terrestrial Habitat Use 3.15 

when compared to colonies of low pup density (Fig. 3.3). However, there was only a weak 

relationship between pup density and PC3 (i.e., ledge and crevice density; Fig. 3.3). 

For principal components derived using all parameters, the best GLM based on AIC 

(model weight= 0.82) included the PC main effects, all two-way interactions, and the three

way interaction (F7,49 = 11.41; P < 0.001), and all terms were significant (all P < 0.01) except 

the two-way interactions (all P > 0.07). Coefficients for the significant terms were: (PC1) ~ = 

-4.10, SE = 0.83; (PC2) ~ = 3.67, SE = 1.35; (PC3) ~ = 5.66, SE = 1.40; and 

(PC1 *PC2*PC3) ~ = -20.76, SE = 5.82. However, there were no obvious relationships 

between pup density and PC1 or PC2 (Fig. 3.4). According to the relationship with PC3, there 

is evidence to suggest that colonies of high pup density tend to have a more westerly exposure 

(i.e., high positive values of the X vector co-ordinate) and less-pronounced slopes when 

compared to colonies of low pup density (Fig. 3.4). The three-way interaction among PCs is 

more difficult to interpret. Any combination of PCs giving a negative result is associated with 

high pup density. For example, colonies OP and CF had relatively steep slopes, low cliffs, a 

south-easterly exposure and low densities; whereas colonies WEKN, WEKS and NUGN had 

less-pronoun~ed slopes, high cliffs, a more south-westerly exposure, and high densities. This 

suggests that high cliffs, in association with less-pronqunced slopes and more westerly 

exposures, resulUn higher relative pup densities. 

Discussion 

Breeding colonies of New Zealand fur seals around South Island generally had more 

ledges and crevices than non-breeding colonies but the delineation was not as obvious as that 

found by Ryan et al. (1997). Several differences between the studies may explain this disparity 

in conclusions. First, we sampled colonies around approximately 2500 km of coastline of 

South Island, whereas colonies sampled by Ryan et al. (1997) were restricted to a single 

geological formation of volcanic rock around approximately 90 km of Banks Peninsula. 

Second, non-breeding colonies of New Zealand fur seals can become breeding colonies 

through time (Wilson 1981; Lalas and Harcourt 1995; Ryan et al. 1997; Lalas and Murphy 

1998) and, therefore, the distinction by terrain based on current breeding status may not hold 

indefinitely. Therefore, a broad classification of New Zealand fur seal habitat may not be 



Fig. 3.3. Mean pup density during 1996-98 versus the terrain-only principal component 

terms from the best AIC general linear model. 
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possible considering the different geological formations on which fur seals colonise. 

Furthermore, such classifications based on breeding status may not adequate describe a feature 

that changes as a colony matures. 

Relationships between pup density and features of the terrain in breeding colonies 

support the hypothesis that the best performing colonies will be those that offer the most 

shelter among rocks for thermoregulation. Of course, this assumes a random selection of 

colonies with respect to the time since colonisation. However, we were unable to test this 

assumption because for most colonies the detailed history since colonisation is unknown. 

High-density colonies contained relatively more and smaller rocks, and more crevices 

and ledges. Smaller rocks probably create more suitable spaces (crevices) in which pups can 

obtain the shelter necessary for thermoregulation and protection from extremes in air 

temperature. Better shelter and lower energetic costs for pups in these colonies could result in 

greater survival and hence, higher densities of pups. While Ryan et al. (1997) found that non

breeding colonies contained smaller rocks than breeding colonies on Banks Peninsula, these 

results could be explained by there being a size threshold below which spaces among rocks 

are too small to contain pups. We also found that high-density colonies also had a more 

westerly exposure, less-pronounced slopes and higher cliffs. A gradual slope may facilitate 

pup movement within the colony, whereas high cliffs likely increase shading (see below). 

Although highly variable, we found a statistically significant difference in the direction 

of exposure between breeding and non-breeding colonies that somewhat contradicts previous 

conceptions. Crawley and Wilson (1976) observed that breeding colonies have a westerly or 

north-westerly exposure, but we found that the direction of exposure of breeding colonies 

tended southward and that of non-breeding colonies tended westward. However, high-density 

colonies tended toward a more westerly exposure, corroborating to some extent the Crawley 

and Wilson (1976) observation. Afternoon shade provided by cliffs abutting colonies reduces 

the likelihood of heat stress during the hottest part of the day (Peterson et al. 1968; Pierson 

1987). The cooling effect of shade can be an important for pup survival (Trites 1990). Our 

results indicated that not only did cliffs tend to abut the northern side of breeding colonies, but 

they were also on average higher than those abutting non-breeding colonies. Both features 

would enhance shade in breeding colonies. 
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While suitable terrestrial habitat is important for the breeding of A. forsteri, ·the 

availability of such sites around South Island is probably high since the archaeological 

evidence suggests that their breeding distribution was greater than that observed today (Smith 

1989). Further investigations of terrestrial habitat could compare sites used by seals to 

randomly-chosen sites along the coast. However, the proximity and availability of food 

sources is also an important factor influencing the location of breeding fur seal colonies (Boyd 

1991; Harcourt and Davis 1997). In the case of abundant terrestrial habitat, food availability 

could therefore be the most influential factor in the distribution of this species. 
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Abstract 

Mark-recapture studies of pinnipeds commonly use double-tagging to reduce bias of parameter 

estimates and to allow estimation of tag retention rates. However, most tag retention estimates assume 

independence of tag loss. Here we were able to identify when individual New Zealand fur seal 

(Arctocephalus forsteri) pups had lost both tags; therefore, we tested the assumption of no association 

between the tag-loss rates of left and right tags. We also tested for differences in tag retention among 

three different types of plastic tag (Allflex® Cattle, Mini and Button tags), between two attachment 

types (i.e., 'fixed' or 'swivel'), and whether retention varied among years and colonies sampled. 

Finally, we examined the relationship between the probability of retaining at least one tag and terrain 

features at breeding colonies as summarised by principal components analysis (PCA). Using analysis 

of deviance for log-linear models, we determined there was a significant intra-individual tag loss 

association for most tags in most years. This dependency did not vary among colonies. Overall tag 

retention was highest for Mini tags (P = 0.92 to 0.95), and the odds of fixed-attachment tags being 

retained were 2.75 times higher than those for swivel-attachment tags. Mean estimates of tag retention 

among colonies differed according to whether the assumption of independence was made. There was 

a weak, albeit significant, association between terrain PCA variables and tag retention rate. Smaller 

rocks and greater crevice and ledge densities in colonies were associated with lower probabilities of 

tag retention. We suggest researchers should attempt to use permanent marks in combination with tags 

to assess unbiased estimates of tag retention. 

Introduction 

Mark-recapture is a valuable tool used by ecologists to estimate parameters of animal 

populations (e.g., Lebreton et al. 1992). Without the information provided by the marking of 

animals, much of our current knowledge of population dynamics would not exist. A key 

requirement of mark-recapture studies is that either marks are not lost (Seber 1982) or that 

rates oflosing marks are estimated reliably (Pollock 1981; Seber 1982). However, many 

marking techniques are susceptible to loss of the individual mark over time (Eberhardt et al. 

1979; Krebs 1989) and this loss can bias parameter estimation (Amason and Mills 1981; 

Diefenbach and Alt 1998). Thus, precise estimates of the probability of losing individual 

marks are often required (e.g., Amason and Mills 1981; Croxall and Hiby 1983; Testa and 

Siniff 1987; Shaughnessy 1994; Wilkinson and Bester 1997; Diefenbach and Alt 1998). 

Pinniped tagging has been used to study life history, population biology, behaviour, 

growth and development, dispersal from natal colonies, and philopatry (Testa and Siniff 1987; 
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Trites 1991; Testa and Rothery 1992; Shaughnessy 1994; Shaughnessy et al. 1995; Wilkinson 

and Bester 1997; Chapter 7). However, tags placed in the connective tissue of flippers are 

often lost (e.g., Eberhardt et al. 1979; Testa and Siniff 1987; Shaughnessy 1994; Wilkinson 

and Bester 1997; Ries et al. 1998). A common practice to overcome this problem is to apply 

two tags to each animal to reduce the chances of being unable to identify individuals and to 

estimate the probability of tag retention (Amason and Mills 1981; Stobo and Home 1994; 

Diefenbach and Alt 1998). In most studies estimates are made of the probability that the 

animal has lost both tags based on the assumption of independence of the two tags (Fairley 

1969; Bowen and Sergeant 1983; Testa and Siniff 1984; Testa and Rothery 1992; 

Shaughnessy 1994; Stobo and Horne 1994; Wilkinson and Bester 1997). However, this 

assumption may often be invalid, as certain individuals may be more prone to losing their tags 

than others due to variation in behaviour (Diefenbach and Alt 1998) or the proficiency of 

researchers applying the tags (e.g., Shaughnessy 1994). Few studies have examined this issue. 

Siniff and Ralls (1991) provided evidence that the number of double-tagged sea otters 

(Enhydra lutris) that lost both ear tags was greater than expected under the assumption of 

independent fates. More recently, Diefenbach and Alt (1998) showed that the probability of 

losing a second ear tag was greater if a black bear (Ursus americanus) had already lost one. 

We studied the six-month tag-retention rate of double-tagged New Zealand fur seal 

(Arctocephalus forsteri) pups over several years and at several colonies around South Island, 

New Zealand using three types of tags. Because pups that had lost both tags could be 

recognised from scarring on the flippers, we were able to test the assumption that the loss of 

tags from left and right flippers were independent events. Other objectives were to determine 

the type of tags best suited for maximising tag retention in New Zealand fur seals, to define 

some of the factors causing tag loss over time, and to estimate the tag-retention probability for 

each of the methods considered. 

Methods 

During summer (late December to early March) we caught and tagged pups from 16 

( 1996), 19 ( 1997), and 20 (1998) fur seal breeding colonies in South Island, New Zealand 

(Fig. 4.1). See Chapters 1 and 3 for a more detailed description of study colonies. For all pups 

captured we placed individually numbered plastic tags (Allflex New Zealand Ltd.) in the 

connective tissue on the trailing edge of both foreflippers (Harcourt et al. 1995; Chapter 3). 



Fig. 4.1. Map of South Island, New Zealand showing locations of breeding colonies 

sampled. 
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Collaboration with other tagging programmes and modification to the tagging protocols 

through experience meant that we used three different types of tag that differed in both size 

and shape. In 1996 we used large Allflex® Cattle tags (57 x 69 mm; numeric characters 30 

mm high) in all colonies except colony TI (colony TI was the site of another tagging program 

where Button tags were used- see below) (Fig. 4.1). In 1997 and 1998 we switched to 

rectangular Allflex® Mini tags (52 x 17 mm; numeric characters 13 mm high) for most 

colonies. However, in 1998 a previous tagging program was re-initiated on the West Coast of 

South Island (H. Best, pers. comm.); therefore, at colonies OBI, CF, WEKS and WEKN we 

used round Allflex® Button tags (28 mm diameter; numeric characters 8 mm high) (Fig. 4.1). 

In 1998 we used two types of attachments on all Mini tags: 'fixed' attachments where the two 

halves of the tag were fused and did not rotate independently, and 'swivel' attachments where 

each tag half rotated independently (in 1997 all Mini tags had fixed attachments). For each 

pup captured we randomly assigned either a fixed or swivel Mini tag to each flipper. 

During winter (late May to early July) we returned to eight of the colonies visited in 

summer to recapture pups in 1996 (FG, SMN, TKS, HB, OP, TI, OBI, BIW), ten in 1997 (FG, 

SMN, TKS, NUGN, HB, OP, TI, CF, OBI, BIW), and ten in 1998 (same colonies as 1997) 

(Fig. 4.1). We clipped a small circle (approximately 6 em diameter) of fur from the top of the 

heads of pups in these colonies. In addition to fur-clipping we noted for all pups captured in 

winter the status of their tags (i.e., present, missing or never tagged). Lost tags left a small 

notch in the connective tissue of the flipper; in this way we were able to distinguish pups that 

had never been captured to those that had lost both tags (e.g., Amason and Mills 1981; Stobo 

and Horne 1994). All animal treatment procedures were approved by the University of Otago 

Animal Ethics Committee (permit no. 83-95) and the Department of Conservation (New 

Zealand). 

Analysis 

Tag loss 

We classified pups recaptured in winter according to the status of their tags: ( 1) retained 

both tags, (2) retained left tag only, (3) retained right tag only, or (4) lost both tags. To 

determine whether loss of the tag from one flipper affects the probability of loss from the 

other flipper, and also to determine if tag loss was influenced by year and colony we fitted a 
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series of log-linear models to the counts of seals appearing in the above four classes. Factors 

included in the models were left flipper (L), right flipper (R), colony (C), and year (Y). All 

models included main effects of the relevant factors and the type of association in the model 

was determined by the interactions between factors. We adopted a model-naming convention 

where: L.R denotes the interaction between the Land R factors, L.Y the interaction between 

the LandY factors, etc. A name such as L*R*Y is used to denote a model that has all2-way 

interactions between the three main factors L, R, and Y as well as the 3-way interaction 

L.R.Y. 

Model selection was based on Akaike' s Information Criterion (AIC; Lebreton et al. 

1992), with the best model having a low AIC value and a high model weight calculated from 

the differences in AIC (Buckland et al. 1997). We also used likelihood ratio tests to assess the 

importance of key terms included in the model. 

We used a logistic model for binary matched pairs to test the hypothesis that there was 

no difference in the probability oflosing fixed versus swivel Mini tags. We also tested for any 

colony effects using a randomised contingency table. 

To express the magnitude ofthe effect of the association between left and right-flipper 

tag loss on tag loss estimates we compared colony- and year-specific estimates of the 

probability that at least one tag is retained ( r), first making no assumption about the 

independence of tag-loss from left and right flippers ( f 1 ), and second assuming that tag-loss 

acts independently between the two flippers ( f 2 ). The estimatorf1 was the proportion of seal 

pups that retained at least one tag. Assuming that the number of seals retaining at least one tag 

(y) was a binomial random variable with parameters n (the total number of pups), f 1 has a 

standard error of ~r(1-r) In. Under the assumption of independence between left and right 

flippers we used the multinomial probability structure given by Diefenbach and Alt (1998) to 

derive the maximum likelihood estimator. If p is the probability any particular tag is lost 

(ignoring the other tag), Y11 is the number of seals losing both tags, y10 is the number of seals 

losing the left flipper tag, Yo1 is the number of seals losing the right flipper tag, and y00 is the 

number of seals losing neither tag, then 
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with standard error 

A 2yu + Y10 + Yo1 p= 
2n 

SE(p)=r==============p=(1=-=p=)============== 

and 

with standard error 

2 Y 11 ( 1- P f + ( Y 10 + Yo1 )~ p( 1 - P) + ( 1-2 P f ]+ 2 Yoo P 
2 

A 1 A 2 r2 = - P ' 

Effect of terrain on tag loss 

4.7 

To summarise the type of terrain at each breeding colony studied, we used three terrain

type indices based on principal components analysis (PCA) of transect data (Chapter 3). The 

three terrain type variables (PC1, PC2 and PC3) were linear combinations of rock size, rock 

density, rock angularity, crevice density, and ledge density and accounted for 95.2% of the 

variation in the original transect data (Chapter 3). 

To determine the effect of terrain type on tag-loss rates of Cattle and Mini tags we 

constructed a series of logistic regression models to test the effect of PC 1, PC2 and PC3 on 

the estimated probability of retaining at least one tag ( r) at the breeding colonies. Models for 

Mini tags also included a year term as we obtained estimates of r in 1997 and 1998. 

Goodness-of-fit (GOF) of the models was determined using Pearson's chi-square statistic to 

compare fitted and observed values of the number of seals retaining at least one tag. 

Results 

Tag loss 

A total of 1199 pups tagged in summer were retrieved in winter (Table 4.1 ). Of those pups 

376 (31.4%) had lost at least one tag. 
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Table 4.1. Frequency of pups re-captured in winter in terms of tags lost. Tag loss 

categories are y 11 = retained both tags; Yro = lost left tag; y01 = lost right tag; Yoo = lost 

both tags. Tag types include C = Cattle; M = Mini; B = Button. 

Colony Year No. Tagged Type Y11 Y10 Yo1 Yoo 
in Summer 

BIW 1996 70 c 3 1 4 12 

1997 187 M 57 7 7 4 

1998 174 M 67 0 2 0 

CF 1996 

1997 143 M 45 4 4 1 

1998 198 B 26 6 10 10 

FG 1996 77 c 8 2 12 25 

1997 144 M 77 2 2 1 

1998 150 M 52 8 17 7 

HB 1996 65 c 13 3 3 1 

1997 117 M 52 0 2 1 

1998 120 M 51 2 4 3 

NUGN 1996 

1997 71 M 12 1 4 9 

1998 74 M 23 8 3 2 

OBI 1996 79 c 17 1 3 3 

1997 199 M 55 15 11 11 

1998 181 B 14 7 14 33 

OP 1996 23 c 13 0 0 0 

1997 54 M 15 4 3 3 

1998 66 M 20 1 0 0 

SMN 1996 60 c 3 6 3 8 

1997 113 M 47 0 1 0 
r >· 1998 106 M 30 10 8 4 

TI 1996 57 B 19 0 0 0 

1997 80 B 21 3 2 0 

1998 91 B 32 1 0 0 

TKS 1996 34 I' 2 0 4 4 ""' :< '--' 

1997 94 M 28 0 1 0 

1998 100 M 21 5 9 4 

I"' 
There was a significant association between the loss of left and right flipper tags (L.R) 

for all tag types in all years except for Button tags at TI (Table 4.2). The odds ratios for the 

L.R effect (Table 4.2) indicate that the odds of tag loss were higher when one tag had already 

been lost. 
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Table 4.2. Odds ratios of the association between the loss of left and right (L.R) flipper 

tags (i.e., if one tag is lost the odds that the ·other tag will be lost is higher by this 

amount), and the mean estimates of r among colonies with the L.R. association ( f 1 ) and 

1998 Mini 8.9 0.588 0.964 0.024 0.977 0.011 

1998 Button 4.5 0.421 0.661 0.058 0.735 0.044 

1996-98 Button No L.R 1.000 0.000 0.997 0.006 

(TI) association 

For Cattle tags (1996) the best model was L.R,L.C.,R.C and had the highest AIC model 

weight of 0.942. Under this model the probability a tag was lost from a flipper depended on 

whether the tag had been lost from the other flipper, and this association could be modelled in 

the same way for each colony. Using likelihood ratio tests there was strong evidence for 

including the three two-way interactions L.R, L.C and R.C in the model (X~3 = 114.45; P < 

0.001), but no evidence for the 3-way interaction L.R.C (X~ = 4.96; P = 0.55). 

For Mini tags (1997-98) the best-performing model was L.R.Y,L.C.Y,R.C.Y (model 

weight= 0.612). The models with the next highest weights included 

L.R.C,L.R.Y,L.C.Y,R.C.Y (model weight= 0.184) and L.C.Y.,R.C.Y (model weight= 0.175). 

All other models had a combined model weight of <0.05, with none exceeding 0.028. Under 

the model L.R.Y,L.C.Y,R.C.Y there was an association between right and left flipper tags that 

depended on year, and the probability of tag loss from either flipper depended on both colony 
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and year. Likelihood ratio tests provided strong evidence for including in the model all three

way interactions L.R.Y (X1
2 = 5.73; P = 0.017); L.C.Y (X~ = 44.51; P < 0.001), and R.C.Y 

(X~ = 41.11; P < 0.001), but no evidence for the interaction L.R.C (X~ = 9.59; P = 0.143). 

For West Coast Button Tags (1998) the model L.R,L.C,R.C was superior to all others 

(model weight= 0.866), with the model L.R,L.C,R.C having the next highest weight (0.118). 

All other models had a combined AIC weight of <0.02. Under the best model the probability 

of tag loss from both flippers depended on the colony. There was also an association between 

flipper tags, but this association can be modelled in the same way for each colony. Using 

analysis of deviance there was strong evidence for including all two-way interactions in the 

model (X;= 106.86;P < 0.001), but no evidence for the three-way interaction (X~= 0.01;P = 

0.99). 

For Tonga Island Button tags (1996-98) the results of model selection using AIC were 

inconclusive. The best model had an AIC value of only 0.195, with another three models 

having model weights in the range of 0.151 to 0.194 (Table 4.3). However, none of these 

models included a term for association between left and right flipper tags. The likelihood ratio 

tests among models demonstrated at best weak evidence only for any dependencies 

ex; = 9.01; p = 0.11), and there was no evidence for the L.R dependency (X12 = 0.511; p = 

0.475). However, the estimate of the L.R effect under model L.R,L.Y,R.Y is -6.50 (SE = 

29.29); this imprecision indicates that there is virtually no information in these data about the 

left-right dependency. The mean probability over all years of retaining at least one Button tag 

at Tonga Island was 1.00 ± 0.00 (i.e., although there was some tag loss at TI, no recaptured 

pups lost both tags in any of the years studied) (Table 4.2). 
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Table 4.3. Model-fitting summary for log-linear models fitted to data for Button tags for 

Tonga Island (Tl) from 1996-98 (L =left tag, R =right tag, Y =year). 

Model Deviance df p AIC ~AIC Model 

weight 

L*R*Y 0.000 0 1.00 24.000 5.490 0.012 

L.R,L. Y,R. Y 0.002 2 >0.99 20.002 1.492 0.092 

L.R,L.Y 4.801 4 0.31 20.801 2.291 0.062 

L.R R.Y 4.295 4 0.37 20.295 1.785 0.080 

L.Y,R.Y 0.513 3 0.92 18.513 0.003 0.194 

R.Y 4.510 5 0.48 18.510 0.000 0.195 

L.Y 5.013 5 0.41 19.013 0.503 0.151 

L.R 8.796 6 0.19 20.796 2.286 0.062 

Main effects only 9.008 7 0.25 19.008 0.498 0.152 

Attachment type 

If a Mini tag was lost, it was more likely that it was the swivel attachment compared to 

the fixed attachment (X~ = 25.46; P = 0.0006). The odds oflosing a swivel tag were 2.75 (SE 

= 0. 718) times higher than the odds of losing a fixed tag. There was no evidence of 

differential tag loss rate between the two attachment types among colonies (P = 0.382). 

Terra in effect 

Both Cattle and Mini tags demonstrated a significant, albeit weak, effect of terrain on 

the tag retention rate -r. For Cattle tags the model with the smallest AIC included all three PCs 

and the PCl.PC2 interaction, and provided an adequate GOF (Xf = 1.67;P = 0.20). However, 

this model had a weight of only 0.211 and there were four other models with weights between 

0.119 and 0.171 (Table 4.4); hence, there is little to distinguish among these five models. 

Analysis of deviance demonstrated weak evidence only for including all two-way interactions 

in the model (X;= 6.548;P = 0.088) (Table 4.4). The lowest-AIC model demonstrated all 
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significant main effects (PCl: X1
2 = 15.96;P = 0.0001, ~ = 16.21, SE(~) = 4.06; 

PC2: X1
2 = 7.61; P = 0.0058, ~ = -6.31, SE(~) = 2.29; PC3: X1

2 = 12.06;P = 0.0005, ~ =-

19.83, SE(~) = 5.71). 

Table 4.4. Model-fitting summary for logistic regression models of the relationship 

between tag loss and PCA variables (PCl, PC2, PC3) for Cattle tags. Another 10 models 

were fitted in addition to those listed below but these models all had a model weight < 

0.001. 

Model Deviance df p AIC 1-.AIC Model 

Weight 

PC 1 ,PC2,PC3 ,PC l.PC2 3.579 2 0.17 171.877 0.000 0.211 

PC 1 ,PC2,PC3 ,PC l.PC2, 0.000 0 1.00 172.298 0.421 0.171 

PC1.PC3,PC2.PC3 

PC 1 ,PC2,PC3,PC 1.PC3 4.271 2 0.12 172.569 0.692 0.149 

PC 1 ,PC2,PC3 6.548 3 0.09 172.846 0.969 0.130 

PC 1 ,PC2,PC3 ,PC 1.PC3, 2.713 1 0.10 173.011 1.134 0.119 

PC2.PC3 

PC 1 ,PC2,PC3 ,PC l.PC2, 3.542 1 0.06 173.840 1.963 0.079 

PCl.PC3 

PC 1 ,PC2,PC3 ,PC 1.PC2, 3.578 1 0.06 173.876 1.999 0.078 

PC2.PC3 

PC 1 ,PC2,PC3 ,PC2.PC3 2.387 1 0.12 174.263 2.386 0.064 

All other models <0.001 

For Mini tags the best model included only terms PC1 (X;= 15.61;P = 0.0001, ~ = 

2.29; SE( ~) = 0.58) and PC3 ( X1
2 = 2.65; P = 0.10, ~ = -2.49; SE( ~) = 1.53); but there was 

little to distinguish among the remaining models (Table 4.5). Analysis of deviance did not 

reveal any evidence for the inclusion of two-way interactions (xi = 3.458; P = 0.33) or the 

year term (X;= 0.234;P = 0.63) (Table 4.5). Nonetheless, the best model provided an 
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adequate fit to the data (X~= 3.55;P = 0.62). In general there is weak evidence to suggest that 

for both Cattle and Mini tags pups were more likely to. lose tags at colonies where the terrain 

is comprised of smaller rocks. In addition, colonies with more crevices and ledges were more 

likely to cause pups to lose tags. 

Table 4.5. Model-fitting summary for logistic regression models of tversus PCA 

variables (PCl, PC2, PC3) and year (Y) for Mini tags. Another 23 models were fitted in 

addition to those listed below but these models all had a model weight < 0.001. 

Model Deviance df p AIC ~AIC Model 

Weight 

PC1,PC3 0.234 1 0.63 368.455 0.000 0.132 

PC1,PC2,PC3 3.458 3 0.33 369.111 0.656 0.095 

PC1 4.085 2 0.13 369.196 0.741 0.091 

PC1,PC2 2.263 1 0.13 369.374 0.919 0.083 

Y,PC1,PC3 1.135 1 0.29 370.221 1.766 0.055 

PC1,PC3,PCl.PC3 1.169 1 0.28 370.232 1.777 0.054 

PC 1 ,PC2,PC 1.PC2 1.926 1 0.17 370.695 2.240 0.043 

PC 1 ,PC2,PC3 ,PC 1.PC2 1.423 1 0.23 370.769 2.314 0.042 

PC 1 ,PC2,PC3 ,PC2.PC3 3.166 2 0.21 370.819 2.364 0.040 

PC 1 ,PC2,PC3 ,PC 1.PC3 1.717 1 0.19 371.063 2.608 0.036 

Y,PC1,PC2,PC3 0.322 1 0.57 371.086 2.631 0.035 

Y,PCl 1.770 1 0.18 371.128 2.673 0.035 

PC 1 ,PC2,PC3 ,PC 1.PC2,PC 1.PC3 1.693 1 0.19 371.346 2.891 0.031 

Y,PC1,PC2 0.669 1 0.41 371.358 2.903 0.031 

All other models < 0.030 

Discussion 

The assumption that all tags have an equal and independent probability of being lost 

appears to be invalid. We discovered a significant association between the fate of left and 

right foreflipper tags. Importantly, this means that estimates of tag-loss rates based on double

tagging and assuming independence of left and right tags cannot be used to provide reliable 
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estimates of tag-loss rates. Estimating tag retention using the assumption of independence 

resulted in an upward bias. Although the bias is minimal· if tag retention is high (Diefenbach 

and Alt 1998), survival estimates corrected for tag loss (assuming independence) in fur seals 

would have been underestimated according to the type of tag used (Table 4.2). 

This association between losses of left and right tags was possibly due to variation in 

individual behaviour (see also Diefenbach and Alt 1998). Pups spend a certain proportion of 

their time playing or engaged in mock fights (Stirling 1971; Crawley and Wilson 1976; 

Crawley et al. 1977), and such aggressive activity could increase the probability of catching 

tags among the rocks. Some pups are likely to play more than others, perhaps as a function of 

condition and general health; therefore, some individuals would seem more prone to losing 

tags than others. Other factors contributing to this variation could have been differences in the 

terrain within colonies and the age or condition of the pup when tagged. Furthermore, in 

studies using many different researchers to apply tags, variation in tagger experience may also 

contribute to the L.R. association (e.g., Shaughnessy 1994). 

Overall we found that tag type had a major influence on the probability of tag retention 

(e.g., Testa and Rothery 1992). However, in contradiction to what one might expect, the 

smallest tags (Button) did not always demonstrate the highest retention probabilities. 

Although larger, Mini tags (both fixed and swivel attachments) had relatively high retention 

probabilities among all colonies sampled, and were higher than those reported for monel

metal tags on South African fur seals (A pusillus pusillus) (0.85 ± 0.005 SE- Shaughnessy 

1994). In addition, the numeric characters on Mini tags were more easily identifiable from a 

distance than those on Button tags. This has important implications for the study of pinniped 

populations where individual identification from a distance is required (e.g., Testa and 

Rothery 1992; Wilkinson and Bester 1997). 

A partial explanation for the lower retention probabilities of Button tags may have been 

the presence of the raised stub on the ventral surface of these tags. This 8-mm stub houses the 

end of the upper tag component and we believe it can catch on rocky projections within the 

colony. Mini tags, on the other hand, have a smooth ventral surface and do not appear to have 

this problem. However, Mini tags do have a greater surface area, with most of the tag 
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extending past the edge of the flipper. Greater surface area may result in an increased 

probability of tag loss and the low tag retention probability of the large Cattle tags supports 

this. 

We hypothesise that tags are lost predominantly due to the mechanical action of the 

rocky substrate (e.g., Testa and Rothery 1992), and the weak effect ofterrain on the variation 

in the probability of tag loss lends some support to this view. Tags can become caught 

between rocks and tear the connective tissue of the flipper, which agrees with our observation 

that smaller rocks (and hence, more interstitial spaces available for catching tags) and more 

crevices caused an increase in the rate of tag loss. Unlike other pinniped tagging programmes, 

we did not observe any retrieved tags that had broken at the attachment (e.g., Testa and 

Rothery 1992). Variation in the probability of tag loss may have also been influenced by 

random events such as storms, or demographic effects such as population density. At higher 

pup densities there may be a higher probability that conspecifics will tread on tags extending 

past the flipper edge. 

Some pups were discovered with tag scars that were unbroken holes in the flipper. It is 

possible that the tags lost from these particular pups broke at the upper-lower tag connection, 

but we believe it is possible one half of the tag could have been forced back through the hole 

(e.g., Stobo and Horne 1994). Movement of the tags in the flipper could stretch the connective 

tissue and enlarge the hole. 

That fixed Mini tags had higher retention probabilities than swivel Mini tags is probably 

another consequence of exposure to rocky substrates. Although swivel attachments allow tag 

halves to move if caught, swivelling may, in fact, leave a larger effective surface area to catch 

between rocks. Contrary to the recommendation made by Shaughnessy (1994), we suggest 

that the independent rotation of upper and lower tag halves reduces retention probability in 

this case. 

The low tag retention probability for Button tags in 1998 on the West Coast may have 

been due, in part, to different tag-application procedures and tagging by different people. In 

winter 1998 we noticed many large tag scars in CF and OBI pups that were previously unseen 

in Mini tags and Button tags applied in earlier years (e.g., colony TI, Fig. 4.1). An important 
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factor in the application of tags is their careful placement the appropriate distance from the 

axilla and from the trailing edge of the flipper (Shaughnessy 1994; Wilkinson and Bester 

1997). Haste and tagger inexperience may contribute to lower retention rates. 

Flipper tagging remains an important tool for studying pinnipeds because it allows 

identification of seals at a distance. However, mark-recapture studies of fur seals should 

incorporate information on tag loss rates to minimise bias in parameter estimates (Diefenbach 

and Alt 1998). Because losses of left and right flipper tags are associated we recommend that 

permanent marking such as tattoos (e.g., Diefenbach and Alt 1998), branding (e.g., Herbinger 

et al. 1990; Harcourt et al. 1994), or PIT tags (e.g., Thomas et al. 1987) be further developed 

for use on pinnipeds to estimate tag loss rates. In addition, tag loss rates should be estimated 

separately for each tagging program since rates can vary among colonies and over time. 

Since the type of tag applied appears to dictate, in part, the probability of tag retention 

(Testa and Rothery 1992; Shaughnessy 1994), we recommend that researchers should apply 

fixed Mini tags to New Zealand fur seals carefully to maximise the effective sample size (i.e., 

the number of tags that remain attached) rather than the apparent sample size (i.e., the number 

of pups initially tagged). Although swivel Mini tags have a lower probability of retention, the 

combination of a lower (i.e., "male") Button tag and an upper (i.e., "female") swivel Mini tag 

may increase tag retention further. In addition, we encourage the continued development of 

mark-recapture models that incorporate tag loss information from double-tagged individuals 

into the estimation of parameters such as survival and growth. 
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Abstract 

Population parameters such as survival are required to understand and model trends in populations. 

Pup survival in otariid seals is an important element in models to estimate population size, trends and 

biomass, to examine the effects of commercial harvest on fur seal populations, and to determine the 

effects of fur seals on commercial fish stocks. While mark-recapture models can potentially provide 

precise estimates of survival, it is important that variability in capture probability populations as well 

as size, age and sex classes be correctly accounted for to ensure unbiased survival estimates. Here we 

use a multi-stratum mark-recapture model incorporating body mass to estimate the survival of New 

Zealand fur seal (j.rctocephalus forsteri) pups from three sites on Otago Peninsula, New Zealand. 

Survival was high (~0.918) after correcting for tag loss and there was evidence that there were 

differences between years at one site. Survival did not differ among body-mass classes or between 

sexes. Capture probabilities differed among years, body-mass classes and times, but not between the 

sexes. Transition probabilities among mass classes also differed with capture time and between sexes 

and years. Although bias in estimates of survival probability are minimal when survival is high, 

heterogeneity in capture probabilities among different classes of individuals can bias estimates of 

growth rate and sex ratio. We recommend measuring mass of individuals and incorporating this 

information into multi-stratum mark-recapture models when attempting to estimate survival, and to 

determine the effect of capture probability on estimates of other parameters. 

Introduction 

Precise estimates of population parameters are required to understand and model trends 

in populations. Parameters such as survival are important in interpreting population dynamics 

(Caughley 1977; Lebreton et al. 1992; Clobert 1995) and are potential indicators of 

population status in large mammals such as pinnipeds (Eberhardt 1981). Many models 

incorporating survival estimates have been constructed for fur seals (Otariidae) (Wickens and 

York 1997) to examine the effects of commercial harvests on populations (e.g., De Master 

1981; Eberhardt 1981; Lett et al. 1981; Smith and Polacheck 1981; Frisman et al. 1982; Trites 

and Larkin 1989), to estimate population size, trends and biomass (Lander 1981; Smith and 

Polacheck 1981; Shaughnessy and Best 1982; Wickens et al. 1992; Butterworth et al. 1987, 

1995), and to examine the effects of fur seals on commercial fish stocks (e.g., Wickens et al. 

1992; Butterworth et al. 1995). In addition, outputs of models used to predict population 

growth rates of fur seals and food consumption rates are sensitive to changes in survival 

(Butterworth et al. 1995; Wickens and York 1997). 
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It is important, however, to determine if there is heterogeneity in capture rates among 

individuals or groups of individuals (Gehrt and Fritze111996) because this can bias estimates 

of population parameters (Johnson et al. 1986; Pollock et al. 1990; Trites 1991; 1993; Nichols 

1992; Clobert 1995). Capture or recovery probabilities can vary among areas and times (e.g., 

Gehrt and Fritze111996; Pradel et al. 1997; Lindenmayer et al. 1998; Cameron et al. 1999; 

Pace and Afton 1999), among size, condition, or age classes (e.g., Trites 1991, 1993; 

Anderson 1995; Pradel et al. 1997; Pace and Afton 1999), and between the sexes (e.g., 

Buskirk and Lindstedt 1989; Gehrt and Fritze111996; Flatt et al. 1997; Pradel et al. 1997; 

Lindenmayer et al. 1998; Prevot-Julliard et al. 1998). If the assumption of homogenous 

capture probabilities is violated, then estimates of survival, growth and sex ratios may be 

biased. 

New Zealand fur seals (Arctocephalus forsteri) are now increasing in number in the 

New Zealand region, and are re-colonising their range following exploitation by humans 

(Mattlin 1987; Dix 1993; Lalas and Harcourt 1995; Taylor et al. 1995; Lalas and Murphy 

1998; Chapters 1, 7). Despite nearly 30 years of research on the population dynamics and 

behaviour of A. jorsteri, there are still no regionally replicated, precise estimates of pup 

survival. Many studies investigating pup mortality count carcasses and total number of pups 

and assume the ratio accurately reflects true mortality (Mattlin 1978b; Calambokidis and 

Gentry 1985; De Villiers and Roux 1992). The problem with this technique is that the 

detection probability of carcasses may well be different to the detection probability of live 

animals. 

The only estimates of pup mortality for A. jorsteri in New Zealand are for the Open Bay 

Islands on the west coast of South Island (Mattlin 1978b) and Otago Peninsula (Lalas and 

Harcourt 1995). However, neither Mattlin's (1978b) nor Lalas and Harcourt's (1995) 

mortality estimates provide associated estimates of variance. Indeed, many estimates of pup 

mortality in otariid seals do not include within-season estimates of variance (e.g., Bester 

1980; Hes and Roux 1983; Doidge et al. 1984a; Calambokidis and Gentry 1985; Kerley 1987; 

Torres 1987; Trillmich 1987; Vaz-Ferreira and Ponce de Leon 1987; Shaughnessy and 

Goldsworthy 1990; De Villers and Roux 1992). In this paper, we use a multi-stratum, mark

recapture model (Nichols et al. 1992; Schwarz et al. 1993) using multiple captures of uniquely 

tagged pups to estimate A. forsteri pup survival up to approximately 150 days from expanding 
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colonies on Otago Peninsula, New Zealand. Multi-stratum mark-recapture models have the 

advantage of estimating variation in capture probability due to individual characteristics. We 

also provide a correction for tags lost during the period of the study, and investigate the effect 

of differential capture probabilities on the estimation of these parameters. 

Methods 

Study Sites 

In 1997 we captured pups from Fuchsia Gully (FG), Otago Peninsula (45°50' S, 

170°45'E) (Fig. 5.1). In 1998 we sampled FG again, and added Sandymount North (SMN; 

45°53' S, 170°41' E) and Titikoraki South (TKS; 45°51' S, 173°44' E) (Fig. 5.1). See 

Chapters 1, 2 and 3 for a more detailed description of the sites. 

Capture and Tagging 

We captured pups on 4 separate occasions between January and June during both years 

(Table 5.1). For all pups captured, we placed individually numbered plastic tags (Allflex® 

New Zealand) in the connective tissue on the trailing edge of both foreflippers (Harcourt et al. 

1995; Shaughnessy et al. 1995; Chapter 2) and weighed pups to the nearest 0.1 kg (Chapter 

2). During each session we began at one end of the colony and captured as many pups as 

possible while moving to the other extremity of the colony. We applied tags to all captured 

pups and, for capture sessions thereafter, we noted the status of previously tagged animals 

(i.e., tags present or missing). Lost tags left a small notch in the connective tissue of the 

flipper; in this way we were able to distinguish pups that had never been captured from those 

that had lost both tags (Chapter 4). All animal treatment procedures were approved by the 

University of Otago Committee on Ethics in the Care and Use of Laboratory Animals (No. 

83-95) and a New Zealand Department of Conservation Permit to Take Marine !v1ammals (30 

July 1996). 



Fig. 5.1. Map of Otago Peninsula and position of study colonies: Fuchsia Gully (FG), 

Sandymount North (SMN), and Titikoraki South (TKS). 
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Table 5.1. Capture dates, number of pups captured, and total number of pups newly 

tagged (in parentheses) per colony and per capture session. 

Colony 1st Capure 

FG 1997 5 Jan 

144 (144) 

FG 1998 5 Jan 

150 (150) 

SMN 1998 8 Jan 

107 (107) 

TKS 1998 6 Jan 

100 (100) 

Analysis 

2no Capture 

26Feb 

126 (45) 

25Feb 

124 (32) 

27 Feb 

84 (40) 

26 Feb 

97 (21) 

Model selection and likelihood ratio tests 

3ro Capture 

30Apr 

113 (26) 

8 Apr 

123 (19) 

lOApr 

76 (19) 

9 Apr 

86 (16) 

4tn Capture 

27May 

110 (0) 

25 May 

96 (0) 

29May 

59 (0) 

27 May 

55 (0) 

Totals 

493 (215) 

493 (201) 

326 (166) 

338 (137) 

We used the program MARK to construct reduced-parameter variations of a multi

stratum (Nichols et al. 1992; Schwarz et al. 1993) Jolly-Seber mark-recapture model to 

estimate the probabilities of apparent pup survival(¢) and capture (p). In addition, this model 

incorporated information on the mass of pups when caught (111) and assessed the probability of 

transition from one mass class to another (lf/) among capture sessions. We defined three 

uniform mass classes based on the range of pup masses at initial capture. Models used 

different combinations of the estimated parameters to test for differences among sites, capture 

times, years and sexes (Table 5.2). We selected the model with the lowest Akaike's 

Information Criterion (AIC; LeBreton et al. 1992). 

We also calculated the difference in survival estimates for the best model (see below) 

between the multi-stratum method and a classic Jolly-Seber model collapsed across mass 

strata. This was necessary to estimate the bias inherent in models assuming mass-independent 

capture probability. 
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Table 5.2. Parameters defined in the models. 

Notation Parameter Description 

</J;~k Apparent survival probability from time ito i+ 1 for pups at site j (j = 1, ... ,4) and 

of sex kin body-mass states. 

p ;~k Capture probability from time i to i+ 1 for pups at site j (j = 1, ... ,4) and of sex k in 

body-mass state s. 

lf!ij~·1 > Probability that a pup at site j and of sex k alive at time i in body-mass state s and 

alive at time i+ 1 is in body-state tat time i+ 1. 

We tested for body-mass (m) or time (t) effects on survival rates by comparing the 

model: 

¢ (m*t)p(1n*t)lfl(t) with ¢ (.)p(m*t)lfl(t) [1] 

individually for each of the 8 site/year combinations. Here, ¢ (m*t) means ¢depends on mass 

and time, while ¢(.)means ¢ is constant. Results from each site were pooled to form a 

composite test using the result that the sum n of independent i random variables also follows 

a i distribution with n degrees of freedom (Larsen and Marx 1986). To test for effects of 

body mass on capture probabilities we compared the models: 

¢ (m*t)p(m*t) lfl(t) and ¢ (1n*t)p(t)lfl(t) 

by likelihood ratio test. To test for time effects on capture probability we compared the 

models: 

¢ (m*t)p(m*t) lfl(t) and ¢ (m*t)p(m)lfl(t) 

[2] 

[3] 

As for survival probability, a composite test was constructed across all site/year combinations 

by summing the individual test contributions. To test for effects of time on body-mass state 

transition probabilities we compared the models: 

¢ (m*t)p(m*t)lfl(t) and ¢ (m*t)p(t)lfl(.) [4] 
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However, there were severe numerical difficulties fitting all ljlmodels with site*sex*time 

effects (i.e., models failed to converge due to some combinations having few or no 

representative individuals); therefore, the time effect on lj/was tested ignoring all other 

effects. To test for sex and year effects we used reduced models simultaneously fitted to data 

for all site/sex combinations with the most general model. 

Tag loss correction 

Estimates of survival probability are confounded with the probability that a pup loses 

both tags (Chapter 4). After Amason and Mills (1981), the estimated true survival rate ( S) 

after correcting for tag loss is therefore: 

A 

A ¢ 
S=-

f 

where f is the estimated probability of retaining at least 1 tag (i.e., 1 - probability of losing 

both tags) (Chapter 4). The variance of S is estimated as: 

[6] 

[7] 

(Seber 1982). 

Since tag loss varies among sites (Chapter 4), we calculated separate estimates ofT for each 

site. 

Results 

Overall, the best-fit model was¢ (site)p(year*m*t)lfl(year*sex*t). Under this model 

there is one survival probability for male and female seal pups at each site/year combination 

(Table 5.3). Correcting for tag loss, the true estimated survival (S) probabilities for each 

site/year combination were :2:0.918 (Table 5.3). 
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Table 5.3. Apparent survival(¢) under the multi-stratum model 

¢(site)p(year*m*t)lfl(year*sex*t), estimates of-rand survival estimates corrected for tag 

" loss ( S ). Also shown are the estimates of¢ under the Jolly-Seber model collapsed across 

mass strata (¢c)· 

Site A A SE (f) s SE(S) 
A A 

¢ SE(¢) T l/Jc SE(¢ c) 

FG97 1.000 0.000 0.988 0.012 1.000 0.000~ 0.974 0.030 

FG98 0.903 0.022 0.917 0.030 0.985 0.040 0.905 0.022 

SMN98 0.824 0.031 0.897 0.049 0.918 0.061 0.823 0.031 

TKS98 0.861 0.029 0.923 0.037 0.933 0.049 0.861 0.028 

* Asymptotic standard errors are not valid for estimated survival at the boundary value of 1.0. 

The Jolly-Seber model collapsed across mass strata did not bias survival estimates 

greatly (Table 5.3). The mean difference in survival among colonies between both models 

was 0.007. 

Survival 

There was no evidence of mass- or time-dependent variability in survival probabilities 

CXi7 = 38.189; P = 0.415), with a significant difference observed at just one site (SMN 

females: x; = 10.403; P = 0.034). There was no sex effect, but a strong site effect (however, 

there was evidence that this could be adequately explained by year) (Table 5.4). 
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Table 5.4. Model comparison for testing site, sex and year effects on estimates of 

apparent survival(¢). 

Effect Models Compared df 

5.10 

p 

site ¢(site* sex)p(site* sex*m *t) lJI(year* sex*t) versus 

¢(sex)p(site* sex*m*t) lJI(year*sex*t) 

44.565 6 <0.0001 

sex ¢(site* sex)p(site* sex*m*t) lJI(year* sex*t) versus 5.530 4 0.237 

¢(site )p(site* sex*m* t) lJI(year* sex*t) 

year ¢(site* sex)p(site*sex*m*t) lJI(year* sex*t) versus 6.271 2 0.044 

¢(year)p(site* sex*m*t) lJI(year* sex*t) 

Capture 

There was strong evidence for mass (i.e., the heaviest mass class had the lowest 

capture probability) and time effects on capture probability, but no effect of sex (Table 5.5). 

There was also a strong site effect; however, this could be adequately explained by a year 

effect (Table 5.5). 
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Table 5.5. Model comparison for testing mass, time, sex, site and year effects on 

estimates of capture probabilities (p). Note that the models all contain 4> (site*sex) and 

lfl(year*sex*t). 

Effect Models Compared df p 

mass p(site*sex*m*t) versus p(site*sex*t) 284.083 32 <0.0001 

time p(site*sex*m*t) versus p(site*sex*m) 242.435 24 <0.0001 

sex p(site*sex*m*t) versus p(site*m*t) 46.234 36 0.118 

site p(site*sex*m*t) versus p(sex*size*t) 229.311 54 <0.0001 

year p(site*sex*m*t) versus p(year*sex*m*t) 45.442 36 0.135 

Mean capture probability for all data combinations was 0.66. Individual year*t*m probability 

estimates are shown in Table 5.6. 
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Table 5.6. Estimates of capture probability (p) and standard error (SE) under the model 

if>(site)p(year*m*t)lfl(year*sex*t) for each year (FG 97 and ALL colonies 98), capture 

session (t = 2, 3 and 4) and mass class (m = 1, 2 and 3) combination. 

Combination p SE 

p(FG97, t2, m 1) 0.10 0.0394 

p(FG97, t3, m1) 0.00 0.0000 

p(FG97, t4, m1) 1.00 * 

p(ALL98, t2, m1) 0.73 0.1480 

p(ALL98, t3, m1) 0.77 0.1226 

p(ALL98, t4, m1) 0.12 0.0595 

p(FG97, t2, m2) 1.00 

p(FG97, t3, m2) 1.00 

p(FG97, t4, m2) 0.06 0.0248 

p(ALL98, t2, m2) 0.76 0.1251 

p(ALL98, t3, m2) 0.75 0.1094 

p(ALL98, t4, m2) 1.00 

p(FG97, t2, m3) 0.92 0.1656 

p(FG97, t3, m3) 1.00 

p(FG97, t4, m3) 0.91 0.0972 

p(ALL98, t2, m3) 0.51 0.1112 

p(ALL98, t3, m3) 0.50 0.0790 

p(ALL98, t4, m3) 0.74 0.1700 

* Asymptotic standard errors are not valid for estimated capture probability at the boundary 

value of 1.0. 

State Transition 

There was strong evidence for an effect of time, sex and site on mass-state transition 

probabilities (Table 5.7). However, there was some evidence that the site effect could be 

adequately explained by the year effect (X 2 = 20.506; df = 12; P = 0.058; Table 5.7). 
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Table 5.7. Model comparison for testing time, sex, site and year effects on estimates of 

capture state transition probabilities ( lfl). Note that the models all contain 

cp(site*sex )p(site*sex*m *t). 

Effect Models Compared x2 df p 

time lf!(year*sex*t) versus lfl(year* sex) 373.257 76 <0.0001 

sex lf!(year*sex*t) versus lfl(year*t) 46.099 31 0.040 

site lfl(site) versus lfl(.) 80.172 34 <0.0001 

year lfl(site) versus lfl(year) 20.506 12 0.058 

Transition probabilities ranged widely among the different combinations (i.e., 0.00 to 

1.00). Mean transition probabilities among the different combinations are shown in Table 5.8. 

Some transition probabilities could not be calculated due to insufficient data (i.e., when lfl= 

0). Transitions from lower to higher strata represent a gain in mass between captures i and}. 

Transitions from higher to lower strata (i.e., j to i) represent loss of mass. 

Table 5.8. Mean state transition probabilities (lf/) among all sites, years and capture 

times. 

mass gain sex mass loss sex lfl 
(transition (transition 
mi tom) m·to mD 

1-2 male 0.46 2-1 male 0.36 
1-2 female 0.44 2-1 female 0.33 

2-3 male 0.42 3-2 male 0.25 
2-3 female 0.73 3-2 female 0.14 

1-3 male 0.31 3-1 male 0.31 
1-3 female 0.34 3-1 female 0.15 

Discussion 

Pup survival from shortly after birth to approximately 150 days was high during the 

period of our study. Our estimates fall within the upper range of pup survival estimated for 
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other otariid seal species (Mattlin 1978b; Bester 1980; Warneke 1982; Hes and Roux 1983; 

Doidge et al. 1984a; Calambokidis and Gentry 1985; York 1985; Kerley 1987; Trillmich 

1987; Torres 1987; Vaz-Ferreira and Ponce de Leon 1987; York and Kozloff 1987; 

Shaughnessy and Goldsworthy 1990; De Villiers and Roux 1992; Harcourt 1992; Majluf 

1992), albeit they are cover a longer period (see Wickens and York 1997 for review; Table 

5.9). They estimated the proportion of pups surviving to 55 days at 0.92. However, there is a 

discrepancy with the 50- and 300-day survival estimates estimated by Mattlin (1978b) for 

Open Bay Islands (OBI). 

Table 5.9. Mean survival (proportion of pups born that survive) reported for 

Arctocephalus spp. (see also Wickens and York 1997). 

Species 

A. gazella 

A. gazella 

A. galapagoensis 

A. tropicalis 

A. tropicalis 

A. australis 

A. australis 

A. p. pusillus 

A. p. pusillus 

A.forsteri 

A. forsteri 

A.forsteri 

A. forsteri 

Years Period 

(days) 

1978-82 b -0-40 

1979-82 c -0-40 

1979-81 0-30 

1982 0-84 

1987-88 0-77 

1984-89 0-41 

1987-88 0-55 

1987-90 0-30 

1988-90 0-30 

Surv Source 

prop 

0.95 1218 Doidge et al. (1984a)- Schlieper Bay 

0.77 2002 Doidge et al. (1984a)- Bird Is 

0.91 202 Trillmich (1987); Limberger et al. (1983) 

0.85 10898 Hes & Roux (1983)- Amsterdam Is 

0.96 248 Shaughnessy & Goldsworthy (1990)- Heard Is 

0.64 8309 Majluf (1982) 

0.60 3959 Harcourt (1992) 

0.80 ± 560 De Villiers & Roux (1992)- Atlas Bay 

0.03 

0.65 ± 735 De Villiers & Roux (1992)- Wolf Bay 

0.01 

1988-93 -0-39 0.99 5792 d Shaughnessy et al. (1995)- Kangaroo Is 

1990-93 -0-39 0.98 2869 d Shaughnessy et al. (1995)- North Casuarina 

1993-94 -0-55 0.92 142 e Lalas and Harcourt 1995 

1997-98 -12-155 0.92± 719g thisstudy 

0.06! 1650 h 

a total pups counted or esti~ated over all years of study; 6 excluding 1979; c excluding 1980; 

d estimated from mark-recapture; e maximum daily count; f minimum± SE ; g number of 

individual pups tagged; h number of pups caught (includes re-captures) 

Although Mattlin (1978b) provided the first estimates of A. forsteri pup survival in New 

Zealand, there were methodological problems associated with the technique he used. Mattlin 
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(1978b) estimated pup survival to 50 days from the total number of dead pups counted over 

50 days and divided by the total number of pups present (i.e., maximum number of live pups 

counted at any one time + total number of dead pups counted before maximum count of live 

pups) (Table 5.1 0). He assumed that the bias in counting live and dead pups was identical. 

However, this assumption may impart some bias because of the different processes that 

determine the visibility of carcasses and live pups. Mattlin's (1978b) estimates of pup survival 

to 235 (1975) and 290 (1976) days, respectively, were based on a decline in estimates of the 

pup population (Table 5.10). We argue that mortality estimates calculated from trends may 

lead to bias given the high variance associated with single population estimates (Bradshaw 

and Hebert 1996). Mattlin (1978b) himself suggested that his estimates of pup survival up to 

300 days were more speculative than those up to 50 days. 

Table 5.10. Pup census data from Open Bay Islands 1975-76 (from Mattlin 1978b). 

Survival from 0-50 days is based on surveys of only two sub-areas of the entire colony. 

Year Period No. Born No. Alive No. Dead Prop. Surv 

(days) 

1975 0-50 127 26 1 - 26/127 = 0.795 

1976 0-50 133 29 1-29/133 = 0.782 

1975 0-235 1319 758 1- (1319 -758)11319 = 0.575 

1976 0-290 1628 984 1 - (1628- 984)/1628 = 0.604 

Although the pup survival estimates calculated from this study apply only to the period 

immediately after pupping and up to approximately 150 days, Mattlin (1978b) suggested that 

there is little pup mortality after 140 days. This has not been tested thoroughly, and for the 

moment our results should be viewed as possibly over-estimating annual pup survival. There 

is evidence to suggest that probability of surviving from birth to weaning in pinnipeds is 

higher than that from weaning to the end of the first year (Carrick et al. 1962; Mattlin 1978b; 

De Villers and Roux 1992). If this is true for A. forsteri in New Zealand then our survival 

estimates are overestimates of annual pup survival. Another source of over-estimating 

survival is that we did not take into account any mortality that occurred prior to our initial 

capture session (Lalas and Harcourt 1995). Mortality during this period cannot be dismissed 

as negligible or unimportant as it may well be higher during this period relative to the 
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estimated annual mortality (De Villiers and Roux 1992; Harcourt 1992; Majluf 1992). 

Nevertheless, if we assume a constant survival rate throughout the first year of life, it is 

possible to calculate the annual survival probability. For example, assuming the median 

pupping date is on 24 December (Lalas and Harcourt 1995) then the proportion of the year 

covered during this study for FG in 1998 was 144/365 days= 0.43. The annual survival rate is 

then 0.985 taken to the reciprocal of 0.43 (i.e., 0.965). 

As population size and pup production has been approximately stable at OBI since the 

early 1970s (Mattlin 1978a; H. Best, pers. comm.), it is possible that pup survival there is 

density dependent. This may account in part for the lower survival estimates calculated by 

Mattlin (1978b). If pup survival is a density-dependent phenomenon (e.g., Doidge et al. 

1984a; York 1985; Majluf 1992; Harcourt 1992; Wickens and York 1997), then survival 

should decrease as populations approach maximum densities (Fowler 1987; Butterworth et al. 

1995). Indeed, large mammals tend to show non-linearity in density dependence where 

change is most pronounced at high population levels (Fowler 1981). Our estimates are derived 

from colonies that are expanding (Lalas and Harcourt 1995; Chapter 7) and are more 

representative of the population increases occurring at many A. forsteri breeding colonies 

around New Zealand at this time (Lalas and Harcourt 1995; Taylor et al. 1995; Chapter 7). 

Given this high rate it is possible that populations on Otago Peninsula have not yet reached a 

point where parameters such as pup survival become density dependent. Or, the disagreement 

in the estimates of survival probability may be due to differences in the marine or terrestrial 

characteristics between both regions. 

We found no evidence that the survival probabilities between male and female pups 

differed. Others have either found (e.g., Oosthuizen 1991; De Villiers and Roux 1992), or 

failed to find (e.g., Boltnev et al. 1998) differences in survival between the sexes in otariid 

seals. The phenomenon of sex-dependent survival may become apparent under conditions 

where the population is regulated by density. Clutton-Brock et al. (1985) suggested that the 

tendency for differences between sexes to increase as population density increases and food 

availability declines is a result of a reduction in the viability of males when food is short. 

Likewise, the sex effect may have been removed after taking mass into account, thus possibly 

explaining why sex differences are sometimes detected in other studies. The state-transition 

model identifies the process that results in differential survival probabilities between the 
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sexes. Individuals differ in their capture probabilities according to mass. Therefore, smaller 

female pups may be caught less and the subsequent estimate of their survival would tend to be 

lower. 

We did not find any effect of mass at time of capture on subsequent survival probability. 

Boltnev et al. (1998) demonstrated that pup survival correlates positively with mass at birth 

(Boltnev et al. 1998), and Calambokidis and Gentry (1985) found that dead pups were lighter 

at birth than the total marked population. Although we did not find evidence for this 

phenomenon, the high survival and the suggested lack of density dependence may have 

limited our capacity to detect such an effect. Continual monitoring of pup survival at these 

sites will be necessary to determine if this relationship appears during years when survival is 

lower. 

There are potentially many reasons why pups of a certain size class would have lower or 

higher capture probabilities. We found large pups were less likely to be re-captured, possibly 

due the increased mobility of these pups relative to their smaller conspecifics. A pup in good 

condition can likely avoid capture much more than can a smaller, weaker pup. Heterogeneity 

in the spatial distribution of pups of different size classes may also occur, although we 

endeavoured to search as much of the colony as possible. We also suspect that the size

dependent capture probability may fluctuate during the sampling period. As pups age the 

relative size classes may become more or less likely to be captured relative to the rest of the 

population, and this possibility should be investigated. 

It has been shown that heterogeneity in capture probabilities can lead to bias in 

estimates of survival (Nichols 1992; Clobert 1995) and growth (Trites 1991; 1993); this 

highlights the importance of measuring individual mass at time of capture. If the assumption 

of homogeneous capture probabilities is violated (Carothers 1973; Lebreton et al. 1992), then 

bias can become problematic (e.g., Buckland 1982; Prevot-Julliard et al. 1998), especially if 

re-capture rates are low. This usually results in under-estimating survival probabilities (e.g., 

Prevot-Julliard et al. 1998). Since survival estimates in this study were high, mass-dependent 

capture probabilities imparted little bias. 
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However, the multi-stratum model highlighted effects that would have otherwise been 

missed. The implications for the calculation of growth rate and sex ratios are obvious: if more 

individuals of a specific weight class are caught relative to others, then growth rates will be 

biased. As heavier pups had lower capture probabilities, transitions to higher mass states 

would be under-represented from random pup captures. This has also been found for northern 

fur seal (Callorhinus ursinus) pups by Trites (1993). This bias is especially pertinent to 

studies estimating growth with cross-sectional sampling (e.g., Crawley 1975; Payne 1979; 

Mattlin 1981; Doidge et al. 1984b; Kerley 1985; Lunn and Boyd 1993; Chilvers et al. 1995; 

Bester and Van Jaarsveld 1994, 1997). Cross-sectional sampling can over-estimate growth 

rate (Anderson and Fedak 1987; Lunn et al. 1993), and can modify the conclusions about sex 

differences (e.g., Doidge and Croxall1989; Lunn et al. 1993). If this bias depends also on sex, 

then estimates of the true sex ratio will also be biased. When attempting to accurately estimate 

survival, growth and sex ratios, and the factors that influence them, we recommend that 

researchers endeavour to weigh individuals in addition to marking to account for potential 

bias. As transition probabilities provide information on the growth process, we suggest using 

size-dependent capture probabilities to correct estimates of growth rate. 
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Abstract 

Several sea lion species are known to occasionally hunt fur seals for food, but there have been few 

reports of New Zealand (Hooker's) sea lions (Phocarctos hookeri) hunting and eating New Zealand 

fur seals (Arctocephalus forsteri). We describe the first reported incidence of P. hookeri eating A. 

forsteri pups in mainland New Zealand, and present evidence suggesting that it was active predation 

rather than scavenging. In late April, early May, and early September 1997 we found three sea lion 

regurgitations containing the remains of fur seal pups on Otago Peninsula, New Zealand. One 

contained three plastic tags formerly placed on three different female fur seal pups from a nearby 

breeding colony. When ingested at least two of the three identifiable pups fell within the lower 

condition quartile calculated from pups at their natal colony. The incidence of such predation may 

increase with increasing densities of both fur seals and sea lions in Otago, but the impact on the trends 

in fur seal populations is, and should remain, low. 

Introduction 

Several sea lion species have been reported to hunt fur seals. These include southern sea 

lions (Otaria byronia) eating South American fur seals (Arctocephalus australis) (Majluf 

1987; Harcourt 1991, 1992, 1993), Steller sea lions (Ewnetopias jubatus) eating northern fur 

seals (Callorhinus ursinus) (Gentry and Johnson 1981; Reidman 1990), and New Zealand 

(Hooker's) sea lions (Phocarctos hookeri) eating New Zealand fur seals (A.forsteri) (M. W. 

Cawthorn and D. S. Horning cited in Mattlin 1978, 1987), Antarctic fur seals (A. gazella) and 

subantarctic fur seals (A. tropicalis) (Robinson et al. 1999). 

Observations of this phenomenon are rare (Harcourt 1993), although there is some 

evidence that pinniped predators have the capacity to limit other pinniped populations through 

predation (Boveng et al. 1998; Robinson et al. 1999). Mattlin (1978, 1987) reported the 

observation of A. forsteri pup remains in a P. hookeri regurgitation on the Snares Islands ( 48° 

S, 168° E) but he did not indicate whether the remains represented scavenged carcasses or 

active predation. 

In this paper we report for the first time P. hookeri eating A. forsteri pups in mainland 

New Zealand. We also present evidence suggesting that this was the result of active predation 

rather than scavenging. Our aims were to assess the frequency of this behaviour and its 

potential impact on fur seal populations in southern New Zealand. 
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Methods 

Study sites and sampling method 

While surveying New Zealand sea lions in Otago, South Island, New Zealand 

(McConkey 1997) we collected a total of approximately 185 regurgitations and 2800 scats at 

monthly intervals during visits to known sea lion haul-out beaches from 1991 to 1997 (Lalas 

1997; McConkey 1997). We identified prey species found in regurgitations and scats to assess 

diet composition by following the procedures outlined in Lalas (1997). 

Capture of fur seal pups 

To determine seasonal change in fur seal pup weights and condition for comparison to 

pups identified from sea lion regurgitations (see Results) we captured fur seal pups born at 

Fuchsia Gully (Ohinepuha), Otago Peninsula (45°50' S, 170°45'E) from January to May 

1997. We captured pups by hand on 5 January (n = 68 males and 76 females), 26 February (n 

=56 males and 70 females), 30 April (n = 61 males and 52 females), and 27 May 1997 (n = 

63 males and 57 females) (see Lalas and Harcourt 1995). For all pups captured we recorded 

weight (to the nearest 0.1 kg) and standard body length (to the nearest 0.01 m), and placed 

individually numbered plastic tags (Allflex® New Zealand) in the connective tissue on the 

trailing edge of both foreflippers (Harcourt et al. 1995; Chapter 2). 

Analysis 

To compare the weight of pups identified from sea lion regurgitations to the population 

of pups at Fuchsia Gully we calculated the lower quartiles for each capture date. We 

calculated the condition of fur seal pups by regressing loge pup mass (kg) against loge length 

(m) for each sex and capture date (Cone 1989), and applying the regression equation to length 

to give predicted mass (mp)- The ratio of observed mass (m0 ) to mp gives a relative condition 

for each sex and capture date (Chapter 2). We calculated the lower quartile for condition at 

Fuchsia Gully to compare to the condition of ingested pups before predation. 
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Results 

Sea lion regurgitations and scats 

On 26 April, 9 May, and 2 September 1997 we found three separate sea lion 

regurgitations containing fur seal body parts. The first regurgitation (found at Victory Beach -

45°50' S, 170°44'E) contained hair, skin, and cartilage from fur seal pups formed into a 40 x 

8 em cylinder. Skin fragments ranged from 4 to 50 cm2
. 

The second regurgitation (Papanui Beach- 45°52' S, 170°45'E) was very fresh. It 

contained bone (cranium), a whole foreflipper, skin, hair, and three green plastic tags from 

three different female fur seal pups. All tags had been placed on pups from the fur seal 

breeding colony at Fuchsia Gully. We also found a sea lion scat containing fur seal pup hair in 

the vicinity of the second regurgitation. 

The third regurgitation (Victory Beach) contained skin fragments with hair from fur seal 

pups. We found three sea lion scats containing fur seal pup hair near this regurgitation. 

Pup weight and condition 

Two of the three pups identified from the second regurgitation were within the lower 

weight quartile for Fuchsia Gully when they were last captured (Fig. 6.1 ). All three pups were 

within the lower condition quartile when they were last captured (Fig. 6.1). The probability of 

all three pups falling within this lower condition quartile at random is (0.25i = 0.016. 



Fig. 6.1. Seasonal change in weight and condition of pups found in a sea lion 

regurgitation on 9 May 1997. Lower weight and condition quartile for female pups at 

the breeding colony of Fuchsia Gully are presented for comparison. 
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Discussion 

New Zealand sea lions are rarely seen with prey, and all known records are of males 

taking fish during daylight in shallow water close to shore (Lalas 1997). We cannot confirm 

that the regurgitated remains resulted from active predation rather than scavenging on 

carcasses. However, our results do suggest that the sea lion predator swallowed entire pups, 

and P. hookeri are known to usually swallow live prey whole (Lalas 1997). Pelagic feeding of 

whole organisms by sea lions suggests that the fur seal pups were alive and swimming when 

eaten. In addition, a New Zealand sea lion captured and abducted a small New Zealand fur 

seal while swimming 5 m offshore of Cape Saunders, Otago Peninsula (45°53' S, 170°44'E) 

on 6 May 1997 (G. Clark pers. comm.). This abduction and possible predation immediately 

prior to the discovery of the second regurgitation supports the suggestion of predation rather 

than scavenging. 

One might expect sea lions to target smaller, weaker pups if they are easier to catch than 

larger, stronger pups. Since all pups fell within the lower condition quartile our limited sample 

supports this hypothesis. The observation that all three pups ingested weighed ~1 0 kg (Fig. 

6.1) corresponds to the 11 kg maximum prey size recorded for New Zealand sea lions at 

Papanui Beach (Lalas 1997). 

It is unlikely that New Zealand sea lions have eaten many fur seal pups in Otago in 

recent years. The intensity of beach searches for sea lion scats and regurgitations (Lalas 1997; 

McConkey 1997) suggests a high probability of detecting such events. However, numbers of 

fur seals and sea lions have increased recently (Lalas and Harcourt 1995; Taylor et al. 1995; 

Taylor 1982, 1992, 1996; Lalas 1997; McConkey 1997). Fur seals began breeding in Otago c. 

1980 and have increased at a rate of 25% per annum (Lalas and Harcourt 1995; Chapter 7). 

Sea lions at Otago Peninsula have increased from 10-15 in 1986-87 (Beentjes 1989) to 43 in 

1995 (McConkey 1997), with the first successful breeding recorded in 1992-93. We can only 

speculate on whether the incidence of sea lion predation on fur seal pups will increase. 

Predation may occur more frequently if current trends in numbers of both species continue 

(Lowry and Fay 1984). Alternatively, the same sea lion may have been responsible for all 

regurgitations, indicating an individual variation or anomaly in prey selection (Harcourt 

1993). 
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We must stress that the observation of P. hookeri eating A. forsteri pups should not be 

confused with the more common behaviour of sea lions abducting pups, yearlings, and 

females of their own species and others (Marlow 1975; Wilson 1979; Campagna et al. 1988; 

Harcourt 1993; Miller et al. 1996). Death by abduction appears to be the by-product of 

aggressive sexual behaviour by sub-adult sea lions and does not represent active hunting or 

eating (Campagna et al. 1988; Harcourt 1993). 

Even with the possibility of increasing sea lion predation on fur seals, the frequency 

should remain too low to affect the rate of increase of fur seal populations. Individual sea 

lions may be efficient predators of fur seals (Harcourt 1993; S. Robinson pers. comm.), but if 

the pattern of predation reflects that observed for 0. byronia on A. australis (Harcourt 1993) 

then the incidences of this type of behaviour are rare (Reidman 1990). 
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Abstract 

New Zealand Fur seals i.n the New Zealand area are increasing in number following depletion by 

Polynesians and Europeans. Otago Peninsula, South Island is a region where recent re-colonisation has 

occurred. We identified 27 breeding and 41 non-breeding colonies in 1998. If fur seals are philopatric 

(they return to their natal colonies to breed), and exhibit site fidelity (continue to breed at the same 

location), we hypothesised that at higher densities the shortage of space in breeding colonies may 

cause emigration by first-time breeders to suitable sites nearby. We quantified the rate of increase in 

pup production at Otago Peninsula since the early 1980s using published data on pup numbers from 

1983- 1994 and annual counts of fur seals ashore (pups and non-pups) from 1995-98. The 

exponential rate of increase in pup numbers (b) ranged from 0.22- 0.30 (95% confidence interval) and 

the average (arithmetic) rate of annual increase (r) was 0.30. Pup counts from established colonies in 

1996-1998 were highly correlated. New breeding colonies were established nearer to six existing 

breeding colonies than would be expected by chance. However, we found no evidence for an 

association between the appearance of new colonies and rat nearby established breeding colonies. 

Increasing numbers of fur seals on Otago Peninsula have resulted in the rapid proliferation of colonies, 

and their clustering is consistent with a pattern whereby young individuals choose to breed near to 

established breeders. 

Introduction 

New Zealand fur seals (Arctocephalus forsteri) are presently distributed around New 

Zealand, southern Australia and the Australasian temperate and subantarctic islands (Crawley 

1990; Shaughnessy et al. 1994). Breeding colonies were once widespread around the entire 

coast of New Zealand, but human hunting reduced the breeding range to the south-west coast 

of South Island following the arrival of Polynesian settlers in approximately 1000 AD (Smith 

1989). European sealers eliminated this mainland remnant and had depleted numbers on 

temperate and subantarctic islands by 1830 (Taylor 1982; Mattlin 1987). Fur seals in the New 

Zealand region are now increasing in number (Lalas and Harcourt 1995; Taylor 1982, 1992, 

1996; Taylor et al. 1995) and expanding northward to breed in parts of their previous range 

(Dix 1993; Lalas and Harcourt 1995; Taylor et al. 1995). 

Otago Peninsula, South Island, New Zealand (Fig. 7.1) is a region where recent re

colonisation has occurred. No fur seals were reported during the initial period of settlement by 

Europeans in the 1820s, and in recent times they were first sighted on Otago Peninsula in 

1913 (Wilson 1981). No pups were observed in 1959 (Street 1964) and the first record of 
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breeding was the presence of a single pup in 1978 (Wilson 1981). Less than 30 pups were 

observed in 1983, but by 1994 in excess of 1100 pups were counted at 11locations (Lalas and 

Harcourt 1995). 

Roux (1987) divided the process ofre-colonisation by Arctocephalus species into four 

successive phases. The "survival" phase follows the cessation of depletive human exploitation 

(i.e., individuals surviving exploitation ensure that a remnant population exists for eventual 

breeding). The "establishment" phase is the period when breeding is restricted to a few 

founding colonies, followed by the "re-colonisation" phase during which numbers increase 

and new colonies arise in response to a shortage of space in the founding colonies. Finally, the 

"maturity" phase is initiated by a decline in the rate of population increase caused by density

dependent factors such as an absolute shortage of space ashore or food at sea. Indeed, there is 

some evidence for density-dependent processes operating in pinniped populations (Coulson 

and Hickling 1964; LeBoeuf et al. 1972; LeBoeuf and Briggs 1977; McCann 1982; Riedman 

and LeBoeuf 1982; Eberhardt 1981; Doidge et al. 1984; York 1985; Ribic 1988; Harcourt 

1992; Majluf 1992). 

As human exploitation eliminated the New Zealand fur seals at Otago Peninsula, 

immigrants must have been responsible for the initiation of the "establishment" phase. 

Immigration has been postulated to be an important source of population growth for many 

breeding colonies in New Zealand (Taylor et al. 1995), but no attempt has been made to 

quantify its role. 

Fidelity to breeding sites has been demonstrated for many otariid species (Kenyon and 

Wilke 1953; Kenyon 1960; Bonner 1968; Peterson et al. 1968a, b; Baker 1978; Pierson 1987; 

Wilkinson and Bester 1990; Lunn and Boyd 1991; Trites and Antonelis 1994; Gentry 1998). 

Following the definitions of Gentry (1998: 153), the continual use of a particular breeding site 

is created by a combination of two not necessarily mutually-exclusive phenomena in 

individuals: "philopatry" (return to the natal site) and "site fidelity" (repeated return to a 

breeding or non-breeding site). Philopatry has yet to be demonstrated for New Zealand fur 

seals and while site fidelity is assumed to be relatively high (Stirling 1971), its occurrence 

among New Zealand fur seals has yet to be quantified. 
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The growth of otariid breeding colonies slows as numbers approach saturation (Bester 

1982; Kerley 1983; Boyd et al. 1990; Hofmeyr et al. 1997) and the population enters the 

"maturity" phase. Bonner (1968) and Roux (1987) suggested that when the density of 

breeding individuals at a particular site reaches a certain threshold, the shortage of space will 

initiate emigration by first-time breeders to suitable sites nearby. This hypothesis assumes that 

the dispersal of seals is constrained to a degree by philopatry. When individuals disperse from 

the natal colony, two possibilities are that: (1) they disperse to breeding sites as close to their 

natal site as possible, or (2) they disperse randomly when choosing breeding sites. 

In this study we quantify the average rate of increase in pup production of the entire fur 

seal population on Otago Peninsula since the early 1980s, with the aim of identifying patterns 

of colonisation from counts of pups ashore at many different breeding colonies. We test the 

following hypotheses: (1) that the rate of increase in pup production will vary among breeding 

colonies; (2) that new breeding colonies are established nearer to existing breeding colonies 

(i.e., colony clustering occurs) than would be expected by chance; (3) that new breeding 

colonies will tend to be located closer to slower-growing, existing colonies (i.e., indicative of 

established colonies that are approaching their carrying capacity) than would be expected by 

chance alone. 

Methods 

Annual Sun;eys 

Annual direct counts of fur seals ashore were made on Otago Peninsula from Bird 

Island (colony n1: 45° 55' S, 170° 33' E) to Heyward Point (colony b24: 45° 45' S, 170° 41' 

E) during 1994-98 (Fig. 7.1). We surveyed from January to March each year (i.e, early pup 

stage- Lalas and Harcourt 1995), each count consisting of 1-2 people patrolling the length of 

shoreline frequented by fur seals (see Lalas and Harcourt 1995). We accessed the shoreline 

from land or from a boat moored approximately 50 m offshore. Attempts were made to avoid 

counting pups that ran ahead of the observers more than once by counting pups only as we 

passed them, and any pup carcasses found were included in the counts. Pup counts were not 

corrected for mortality or undercounting from pups being missed. Data on pup numbers 

before 1994 were obtained from Lalas and Harcourt (1995). 
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Colonies were defined as breeding or non-breeding colonies respectively by the 

presence/absence of pups. Pups were distinguishable by. their relatively small size and dark 

pelage, obtuse snout and distinctive vocalisation (Shaughnessy et al. 1995), and all other 

animals were classified as 'non-pups' (Lalas and Murphy 1998). Colony area was assessed by 

determining the distribution of pups at breeding colonies and of non-pups at non-breeding 

colonies (Chapter 3). Adjacent colonies were treated as separated colonies if there was the 

presence of a physical barrier, typically a cliff or sandy beach, between adjacent groups of 

seals. 

Data Preparation 

We plotted the coastal extent of all colonies on Otago Peninsula using a geographic 

information system (GIS) with ARC/INFO® software (Environmental Systems Research 

Institute 1995). To determine the marine distances between all colonies vector maps were 

translated to 10 x 10m raster grids using the ARC/INFO® application GRID. The 

COSTDIST ANCE procedure in GRID was used to calculate the path of least effort (i.e., the 

shortest swimming distance) from the mid-point of each colony to the mid-point of all other 

colonies (Appendices 7.1 - 7.6). 

Analysis 

Otago Peninsula Pup Trends 

The rates of increase in numbers of pups were determined by least-squares regression of 

the loge pup counts from 1983-98 (see Loughlin and Miller 1989). The slope of the regression 

line (b) which gives the exponential rate of population increase, and the 95%-confidence 

interval forb were calculated, as well as the average annual (arithmetic) rate of increase (r) 

which can be estimated from b by the formula: 

[1] 

(after Gerrodette 1987). 
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Difference in Rates of Increase Among Colonies 

To test for differences in the rates of change in pup numbers among colonies we used 

the SAS® (SAS Inst. Inc. 1988) PROC GLM statement to construct a general linear model of 

the 1994-98 pup count data: 

N = colony+ year+ colony*year + error [2] 

where N is the loge (pup counts+ 1) and year is a covariate with 1 degree of freedom. The 

interaction term colony*year tests for differences in linear trends over time among colonies. 

We restricted our analysis to those colonies already established by 1994 (n = 16 were tested; 

Table 7.1). 

Table 7.1. Annual counts of fur seals on Otago Peninsula 1994-98. 
__.,.,.,._._,_,..,.,w, . 

~~·--·""-· 
Survey Dates Total Total No. Breeding No. Non-Breeding 

Non-pups Pups Colonies Colonies 
-------~~---~--··-·---~--~--~--------------·- N~-~-----~--

24 Feb-30 Mar 1994 3210 697 16 30 

20 Jan-10 Feb 1995 6551 931 17 36 

26 Feb-26 Mar 1996 7393 1062 18 39 

3 Feb-21 Feb 1997 6778 1385 24 43 

27 Jan-4 Feb 1998 4809 1322 27 41 

Colony Clustering 

A modification of the T statistic, proposed by Stone ( 1988) and described by Waller et 

al. (1994), was used to test for spatial clustering of breeding colonies against the null 

hypothesis that colonies were spaced randomly on the Otago Peninsula. The six colonies that 

had at least five pups in 1987 (colonies b1, b5, b7, b8, b19, and b23; Fig. 7.1) were designated 

the focal colonies (i.e., those older colonies around which new colonies may be established 

over time). The number of pups in focal colonies ranged from 5 to 59 in 1987. The three other 

colonies with pups in 1987, but which were not designated as focal colonies, remained 

breeding sites throughout the period of this study. The foci were considered in the calculation 

of: 
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[3] 

where Cj is the number of pups observed in the /h colony, and Cis the mean number of pups 

counted per colony in a particular year (i.e., total pups/number of breeding colonies). Colonies 

were ordered (1, ... , n) by increasing distance from any one of the six focal colonies. To 

account for the distance to the nearest focal colony being 0 for the six focal colonies, 1} = T6 

were set for}= 1, ... , 5. The test statistics were calculated as: 

T= maxT 
J 

[4] 

We estimated the probability of making a Type I error (P) using the Monte Carlo 

approach (Manly 1991) of randomly assigning observed pup counts to colonies. This involved 

simulating 10,000 T max statistics, combining estimates of Type I (a) error probabilities across 

focal colonies. This procedure was used for all breeding colonies, as well as for all the 

colonies combined (breeding and non-breeding). Non-breeding colonies were included under 

the assumption that they were likely to be situated at potential breeding sites (see Chapter 3). 

To account for T max being weighted by focal colonies themselves (evidence for 

individuals breeding at their natal colony), we tested for a 'spill-over' effect (individuals 

breeding near to their natal colony). For all colonies the distance to the nearest existing 

breeding colony present was calculated for the period 1983-94. Differences in the distances 

between colonies where pups were first observed in 1995-98, and all non-breeding colonies 

(again, assuming non-breeding colonies represent potential breeding sites) were tested using a 

1-tailed Mann-Whitney test. We hypothesised that due to a combination of philopatry and site 

fidelity once breeding had been established, breeding colonies should, on average, be closer to 

focal colonies than are non-breeding colonies. 

To test for any similarity in spatial pattern over the five-year consecutive annual survey 

period (1994-98), Pearson's correlation coefficients for loge pup numbers at all breeding 

colonies, for each pair of years, were calculated. 
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Model for the Rate of Change of Colony Establishment 

An exponential model was fitted to the number of pups at all colonies for which (1) 

pups were present in 1994 or earlier and (2) a minimum of 20 pups were observed during at 

least one year of observation. An attempt was made to fit logistic growth models to these 

colonies, but the parameter estimates either failed to converge, or had large standard errors. 

Analysis was thus restricted to exponential models. These colonies (bl-9, b12, b17-20, and 

b23 -Fig. 7 .1) were considered to be 'established'. For each of the colonies initiated during 

1994-98 the average annual relative rate of increase (r) for the nearest established colony was 

determined. For all non-breeding colonies r for the nearest established colony was 

determined. The distribution of r values for established colonies nearest to the newly-formed 

breeding colonies and those nearest to the non-breeding colonies were then compared. All r 

values were divided into 3 uniform classes: (1) <0.15, (2), 0.15 to 0.25, and (3) >0.25; and the 

proportion of newly-formed breeding colonies and non-breeding colonies in each class were 

calculated. Interval limits were chosen to contain approximately the same number of colonies 

in each class. Differences among the proportions were tested with a X2 test. 

Results 

Colonies Attributes 

On Otago Peninsula 27 breeding colonies and 41 non-breeding colonies were identified 

in 1998 (Table 7.2). Seventeen (61 %) of the breeding colonies identified in 1998 had been 

previously identified as non-breeding colonies. The minimum swimming distance between 

adjacent breeding colonies was 1.04 ± 0.23 km (mean± SE). The minimum swimming 

distance between adjacent colonies (all' colonies) was 0.95 ± 0.19 km. 
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Table 7.2. Counts of pups ashore in the breeding colonies on Otago Peninsula, 1983-

1998. A'·' denotes no survey was done. 

Colony 1983 1987 1994 1995 1996 1997 1998 

b1 25 59 97 82 104 128 114 

b2 0 0 22 74 67 98 114 

b3 0 0 0 3 

b4 2 9 25 26 37 

b5 2 5 7 11 34 22 24 

b6 2 8 13 28 21 

b7 0 5 83 151 135 151 118 

b8 0 12 118 123 113 138 101 

b9 22 12 48 59 12 

b10 0 6 0 5 4 

b11 0 5 16 14 12 

b12 24 35 51 74 88 

b13 1 2 1 2 13 

b14 0 0 7 6 

b15 0 0 0 2 0 

b16 0 0 0 1 0 

b17 0 6 10 16 28 33 

b18 0 37 64 87 125 143 

b19 0 35 193 231 235 285 277 

b20 0 3 18 28 34 25 48 

b21 0 0 3 32 20 

b22 0 7 0 0 5 16 16 

b23 64 80 75 117 107 

b24 0 0 0 1 0 

b25 0 0 0 0 2 

b26 0 0 0 0 8 

b27 0 0 0 0 

Otago Peninsula Pup Trends 

The least-squares regression of the loge pup counts from 1983-98 (Fig. 7.2) revealed a 

significant positive linear trend (R2 = 0.98; F0 ,5) = 280.0; P < 0.0001). 



Fig. 7.2. Relationship between the loge sum of pup counts for all breeding colonies and 
,.. 

year since 1983. Line of best fit by least-squares regression (Y == 3.310 + 0.2604X) and 

its 95% confidence interval are shown. 
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The regression equation was: 

Y = 3.310 + 0.2604X 

where Y = loge total number of pups and X= year ( 1983 = Year 1 ). The exponential rate of 

increase (b) was 0.26, with a 95% confidence interval of 0.22- 0.30 (based on the standard 

error of b from the least squares regression), and the average (arithmetic) rate of annual 

increase (r) was 0.30, with a 95% confidence interval of 0.25 - 0.35. Extrapolating the 

[5] 

regression equation back toY= 0 yields the prediction that the first pups on Otago Peninsula 

during the recent re-colonisation were born in 1969-70. A drop in pup numbers at most 

colonies was observed in 1998, the first downward fluctuation in pup numbers since the 

commencement of annual counts. No significant correlation was found between the loge 

counts of non-pups and loge counts of pups from 1994-98 (R2 = 0.15; F(l,3) = 1.69; P = 0.28; 

Table 7.1). 

Differences in Rates of Increase Among Colonies 

The mean exponential rate of increase in pup numbers (b) among the 16 breeding 

colonies from 1994-98 was 0.27 ± 0.05 SE (range: -0.02 to 0.61) (Table 7.3). The general 

linear model revealed a significant difference in the loge (pup counts + 1) among colonies 

(F05,48) = 16.72; P < 0.0001), and for the year covariate (F(1,48) = 69.32; P < 0.0001). The 

interaction term, colony*year, was significant (FosAS) = 2.16; P = 0.0225), indicating that the 

linear trend in loge (n pups+ 1) varied among colonies. 
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Table 7.3. Exponential rates of increase (b) and the average (arithmetic) rates of 

increase (r) from 1994-98 at breeding colonies established by 1994. · 

Breeding Colony b r 

bl 0.08 0.08 

b2 0.35 0.42 

b4 0.61 0.84 

b5 0.29 0.34 

b6 0.52 0.67 

b7 0.07 0.07 

b8 -0.02 -0.02 

b9 0.04 0.04 

b12 0.33 0.39 

b13 0.39 0.48 

b14 0.46 0.58 

b17 0.41 0.51 

b18 0.33 0.39 

b19 0.09 0.10 

b20 0.18 0.20 

b23 0.14 0.15 

Colony Clustering 

7.13 

There was significant clustering of new breeding colonies around the 6 focal colonies 

for both breeding colonies and for all colonies combined (Table 7.4). 
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Table 7.4. Combined clustering statistic (T max) and probabilities of making a Type I 

error for breeding colonies and all colonies combined (focal colonies included). 

Breeding Colonies All Colonies 

Year Tmax p Tmax p 

1994 3.63 <0.0001 9.14 <0.0001 

1995 3.28 0.0001 8.25 <0.0001 

1996 2.95 <0.0001 7.43 <0.0001 

1997 2.73 <0.0001 6.88 <0.0001 

1998 2.52 0.0016 6.35 <0.0001 

The difference in the distance to focal colonies was lower for new breeding colonies (n 

= 8) than for non-breeding colonies (n = 41) (P = 0.0252). Pearson's correlation coefficients 

were large (all R > 0.85), indicating consistent temporal trends in the loge-transformed pup 

numbers at all breeding colonies (Table 7 .5). 

Table 7.5. Pearson's correlation coefficients (R) for loge pup numbers from 1994-98. All 

coefficients are significant at P < 0.0001. 
·----·-

1994 1995 1996 1997 

1995 0.9461 

1996 0.9108 0.9350 

1997 0.8709 0.8898 0.9457 

1998 0.8515 0.8858 0.9133 0.9061 

Model for the Rate of Change of Colony Establishment 

For the average annual relative rate of change classification, 3 of 20 (15%) colonies 

with estimated r < 0.15 at the nearest established colony were newly-formed breeding 

colonies, 9 of 21 (43%) colonies with r = 0.15 to 0.25 at the nearest established colony were 

newly-formed, and 5 of 17 (29%) colonies with r > 0.25 at the nearest established colony 

were newly-formed. The differences in proportions between the newly-formed breeding 

colonies and non-breeding colonies were not significant("/}= 3.387; DF = 2; P = 0.147). 
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Discussion 

There has been a significant increase in annual pup production at Otago Peninsula since 

1983. The average rate of annual increase (0.25 - 0.35) in pup numbers (r) from 1983-98 is 

the highest ever reported for an Arctocephalus species (Payne 1977; Candy 1978; Bester 

1980, 1990; Jouventin et al. 1982; Hes and Raux 1983; Kerley 1983; Smith 1988; Boyd et al. 

1990; Wilkinson and Bester 1990; Guinet et al. 1994; Lalas and Harcourt 1995; Hofmeyr et 

al. 1997; Goldsworthy et al. 1998; Hodgson et al. 1998; Lalas and Murphy 1998; 

Shaughnessy 1998), and encompasses the rate of increase of 0.25 determined for Otago 

Peninsula for the period 1983-94 (Lalas and Harcourt 1995) (Table 7.6). Among otariids our 

estimate is only surpassed by the 0.46 recorded for northern fur seal ( Callorhinus ursinus) 

pups at Bogoslof Island, Alaska during the 10 years after establishment of breeding (Loughlin 

and Miller 1989) (Table 7.6). 
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Table 7.6. Average annual (arithmetic) rates of population increase (r) published for fur 

seals. 
--Species r Period Source Site 

A. tropicalis 0.22 1979-82 Jouventin et al. (1982) Possession Is 

A. tropicalis 0.19 1978-91 Guinet et al. (1994) Possession Is 

A. tropicalis 0.16 1956-78 Bester (1980) Gough Is 

A. tropicalis 0.10 1978-89 Bester (1990) Gough Is 

A. tropicalis 0.19 1985-93 Guinet et al. (1994) St. Paul Is. 

A. tropicalis 0.08 1956-71 Hes & Roux (1983) Amsterdam Is 

A. tropicalis 0.17 1971-82 Hes & Roux (1983) Amsterdam Is 

A. tropicalis 0.00 1982-93 Guinet et al. (1994) Amsterdam Is 

A. tropicalis 0.10 1952-75 Condy (1978) Marion Is 

A. tropicalis 0.15 1975-82 Kerley (1983) Marion Is 

A. tropicalis 0.13 1982-89 Hofmeyr et al. (1997) Marion Is 

A. tropicalis 0.02 1989-95 Hofmeyr et al. ( 1997) Marion Is 

A. tropicalis 0.10 1982-88 Wilkinson & Bester (1990) P. E. Is 

A. gazella 0.17 1983-92 Guinet et al. ( 1994) Possession Is 

A. gazella 0.19 1958-72 Boyd et al. (1990) South Georgia 

A. gazella 0.17 1959-73 Payne (1977) South Georgia 

A. gazella 0.17 1950-94 Smith (1988); Hodgson et al. (1998) Signy Is 

A.forsteri 0.05 1903-80 Taylor (1996) Bounty Is. 

0.02 1980-94 

A. forsteri 0.04 1969-85 Taylor (1992) Antipodes Is. 

A. forsteri 0.00 a 1971-97 Carey (1998) Snares Is. 

A. forsteri 0.06 1950-82 Taylor (1992) Macquarie Is. 

A. forsteri 0.03 1950-96 Goldsworthy et al. (1998) Macquarie Is. 

A. forsteri 0.16 1989-93 Shaughnessy et al. (1995) C. Gantheaume 

0.19 Nautilus North 

0.04 N. Casuarine Is 

0.001 Nautilus Rock 

C. ursinus 0.46 1979-89 Loughlin & Miller (1989) Bogoslof Is 

an~ det~table in~as~·-.-~~~·· -~·~·,--·---·-·---~-·---·---~~-·-
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The high rate of increase at Otago Peninsula is surely due to immigration coupled with 

high intrinsic population growth. Deterministic Leslie matrix models using the highest 

reproductive parameters known for all Arctocephalus species resulted in maximum average 

rates of population increase (intrinsic) of approximately 0.13 (Lalas and Bradshaw, In press). 

Since marked fur seals born in colonies outside this region have been identified in Otago 

Peninsula colonies (Bradshaw et al. 1999), it would seem that the high rates of population 

increase must be maintained in part by permanent immigration (Taylor et al. 1995). With 

increased tagging of New Zealand fur seals both on and outside of Otago Peninsula it should 

be possible to estimate the relative contribution of immigration to population growth rates. 

Colony choice by immigrants arriving from beyond Otago Peninsula (Bradshaw et al. 

1999) is probably affected by colony density and other habitat criteria (Baker 1978). Seals 

concentrate more than is expected from the distribution of their resting sites alone (Krieber 

and Barrette 1984), and young, first-time breeders may deem a site to be suitable merely by 

the presence of other breeding individuals (Bonner 1968; Baker 1978; Gentry 1998). At this 

stage it is impossible to determine the relative contribution of immigration to population 

growth at Otago Peninsula, or whether this contribution has changed since the beginning of 

re-colonisation. High immigration rates could potentially obscure clustering resulting from 

philopatry. 

A high immigration rate may also bring the Otago Peninsula population to carrying 

capacity (i.e., highest population density) before intrinsic growth on its own could achieve the 

same result (Butterworth et al. 1988). Colonising fur seal populations appear to follow logistic 

growth patterns (Kerley 1983; Bester 1990; Hofmeyr et al. 1997), and high immigration 

would tend to shorten the exponential growth phase. In contrast, with low immigration rates 

A. tropicalis population growth rate at Marion Island did not reach an asymptote until 

approximately 40 years after initial re-colonisation (Hofmeyr et al. 1997). 

However, the asymptote for the Marion Island population was established from only 

one count that was inferior to a previous maximum count (Hofmeyr et al. 1997). Although the 

trend may indeed follow a logistic model, it is impossible to establish a true asymptote with 

only one survey indicating a reduction in the rate of population increase. Although the lower 

counts we observed in 1998 may possibly indicate the beginning of a reduction in population 
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growth on Otago Peninsula, they could also be the result of a random event or an anomalous 

environmental effect. A strong El Nifio occurred in 1998 (Basher 1998) and could-potentially 

have been responsible for lower pup production or higher mortality (Chapter 2) during that 

year. It is impossible to conclude much about the importance of the reduced count in 1998 

until more surveys are done. 

Increasing numbers of fur seals on Otago Peninsula has resulted in the rapid 

proliferation of colonies, with some non-breeding colonies becoming breeding colonies over 

time, as found elsewhere in New Zealand by Wilson (1981) and Carey (1998). Indeed, 61% of 

the breeding colonies identified in 1998 began as non-breeding colonies. The appearance of 

pups in these non-breeding colonies relatively soon after they were established suggests that 

the transformation of breeding status in a colony can be fairly abrupt. Gregariousness is 

common to many marine mammal species, suggesting that colonial breeding confers some 

benefit to fitness (Boness 1990). We suggest that a minimum threshold of fur seals hauled out 

may act as an indicator that terrain is suitable for breeding or as a catalyst to encourage 

potential breeders to investigate the site. Once breeding telTitories are established by adult 

males the incidence of pregnancy and pup production can increase rapidly from one year to 

the next. 

Not only did pup production increase during the study period, but the rates of pup 

production varied significantly among breeding colonies. Clustering of new breeding colonies 

around established colonies was apparent, indicating that seals choose to breed close to where 

other seals already breed or close to where they were born. While it is possible that the spatial 

clustering was due to the clustering of suitable terrain features required for breeding, the 

configuration and composition of the coastal geology along Otago Peninsula is similar along 

its length relative to the diversity in terrain types around the New Zealand coastline (see 

Chapter 8). Further research is needed to measure the variation in terrain quality among 

breeding sites to explore these effects on colonisation patterns. 

Newly-established breeding colonies were closer to focal breeding colonies than non

breeding colonies, suggesting a 'spill-over' effect. It has been shown for other species that 

high densities in marine mammal populations disadvantage individuals within colonies due to 

competition for space on land, increased aggression among conspecifics, increased mother-
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pup separations and elevated pup mortality due to crowding (Coulson and Hickling 1964; Le 

Boeuf et al. 1972; LeBoeuf and Briggs 1977; McCann 1982; Riedman and LeBoeuf 1982; 

Doidge et al. 1984; Ribic 1988; Harcourt 1992; Majluf 1992). Indeed, population density has 

been shown to influence fur seal population parameters such as survival, growth rates, and 

foraging behaviour (Doidge et al. 1984; York 1985; Harcourt 1992; Majluf 1992). However, 

since the rate of increase at focal colonies was not significantly related to colony 

establishment we cannot conclude that this was due to density-dependent effects. 

High density at a colony may be reached through immigration, site fidelity and 

philopatry. For philopatry, this means that individuals will tend to breed where they were 

born, so density may increase if there is competition for space on land. However, to test 

whether philopatry is pmtly responsible for the observed pattern we would need to: (1) mm·k 

pups born on Otago Peninsula and monitor their subsequent breeding distribution; and (2) 

continue to monitor pup trends to more accurately investigate the relationship between rates 

of population change and the incidence of colony establishment. Although the results of our 

analysis showing clustered colonies support the model of a density-dependence resulting 

partly from philopatry, it must remain only a hypothesis. 

If density-dependent emigration (Roux 1987) was operating, we predicted that the 

appearance of a new colony would be related to the relative rate of increase in adjacent 

colonies, but we failed to find evidence to support this. However, this hypothesis could be 

tested more accurately once more data are obtained (i.e., pup counts during more years). The 

exponential model we fitted to pup numbers assumes a constant relative rate of change. If 

colonies reach saturation in terms of pup numbers, an alternative model with an inflection 

point (such as a logistic growth model) would be more appropriate. However, there are too 

few data presently available to fit logistic models to the growth in pup numbers at individual 

colonies with the precision needed to reveal trends. 

The geographical delineation of colonies can be difficult. Defining the true number of 

colonies can be problematic if not all groups are clearly separated (Shaughnessy et al. 1994). 

In such circumstances, bias due to observer subjectivity could occur, although the magnitude 

of any such bias in this study is probably small and is unlikely to affect our conclusions since 

the largest concentrations of pups were found within distinct physical barriers. In this case, by 
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using physical barriers to delineate colonies, we believe we used the most objective possible 

method for examining colonisation patterns. 

Another potential problem with a study such as this is the typically large annual 

variation in pup production. However, annual pup censuses provide the most effective way of 

determining population status and density-dependent phenomena. Interpreting population 

trends from counts taken at longer intervals (e.g., 5- or 10-year intervals) may give misleading 

impressions of the actual status of a fur seal population (Guinet et al. 1994). Continued 

monitoring of annual pup production on Otago Peninsula is therefore necessary to distinguish 

inter-annual fluctuations, due to environmental stochasticity, from long-term trends (Guinet et 

al. 1994). While a logistic model may ultimately fit the long-term trend in pup production on 

Otago Peninsula, it is possible that numbers will eventually fluctuate around some mean 

carrying capacity. 
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Appendix 7."1. Shortest swimming distances (km) among all breeding colonies. 
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Appendix 7.2. Shortest swimming distances (km) among non-breeding colonies (n1-n20). 

n1 n2 n3 n4 n5 n6 n7 n8 n9 n10 n11 n12 n13 n14 n15 n16 

n2 2.0 - - - - - - - - - - - - - -
.~ 5.4 3.3 - - - - - - - - - - - - - -

n4 6.8 4.8 1.8 - - - - - - - - - - - - -
n5 7.3 5.3 2.4 1.1 - - - - - - - - - - - -
n6 7.4 5.4 2.6 1.3 0.2 - - - - - - - - - - -

n7 7.7 5.7 2.8 1.2 0.5 0.5 - - - - - - - - - -
n8 8.3 6.3 3.3 1.8 1.0 0.9 0.6 - - - - - - - - --
n9 12.0 10.0 7.1 5.8 4.7 4.6 4.6 4.0 - - - - - - - -

n·1o 13.6 11.6 8.7 7.4 6.3 6.2 6.2 5.6 2.8 - - - - - - -
n11 13.5 11.5 8.5 7.2 6.2 6.0 6.0 5.5 3.0 0.7 - - - - - -
n12 14.3 12.3 9.4 8.1 7.0 6.9 6.9 6.3 3.8 1.4 0.9 - - - - -
n·13 16.2 14.2 11.2 9.9 8.9 8.8 8.7 8.2 5.7 3.5 2.9 2.1 - - - -
n14 16.8 14.8 11.9 10.6 9.5 9.4 9.4 8.8 6.3 4.1 3.6 2.8 0.7 - - -
n15 17.6 15.6 12.6 11.3 10.3 10.1 10.1 9.6 7.1 4.9 4.3 3.5 1.4 0.7 - -

n16 17.6 15.6 12.7 11.4 10.3 10.2 10.2 9.6 7.1 4.9 4.4 3.6 1.5 0.8 0.1 -
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Appendix 7.3. Sh011est swimming distances (km) among non-breeding colonies (n21-n41). 

n21 n22 n23 n24 n25 n26 n27 n28 n29 n30 n31 n32 n33 n34 n35 n36 
r---· 

n22 0.8 - - - - - - - - - - - - - - -
n23 1.8 1.1 - - - - - - - - - - - - - -

n24 4.1 3.8 4.4 - - - - - - - - - - - -
n25 5.5 5.4 6.0 1.9 - - - - - - - - - - -
n26 5.9 5.8 6.4 2.2 0.8 - - - - - - - - - - -
n27 6.3 6.1 6.7 2.6 1.2 0.4 - - - - - - - - - -
n28 6.7 6.6 7.2 3.1 1.7 0.9 0.6 - - - - - - - - -
n29 7.0 6.9 7.5 3.3 2.0 1.5 1.2 0.8 - - - - - - - -
n30 7.7 7.6 8.2 4.1 2.7 2.2 2.0 1.5 0.7 - - - - - - -
n31 8.2 8.1 8.7 4.5 3.2 2.6 2.4 2.0 1.2 0.5 - - - - - -

n32 8.7 8.6 9.2 5.0 3.7 3.1 2.9 2.5 1.7 1.0 0.6 - - - - -
n33 9.7 9.6 10.2 6.0 4.6 4.1 3.9 3.5 2.7 2.0 1.5 1.0 - - - --
n34 9.9 9.7 10.4 6.2 4.8 4.3 4.1 3.7 2.9 2.2 1.7 1.2 0.2 - - -
n35 10.2 10.0 10.6 6.5 5.1 4.6 4.4 3.9 3.2 2.4 2.0 1.5 0.5 0.3 - -
n36 10.5 10.3 11.0 6.8 5.5 4.9 4.7 4.3 3.5 2.8 2.3 1.8 0.8 0.6 0.5 -

1137 10.9 10.7 11.4 7.2 5.8 5.3 5.1 4.7 3.9 3.2 2.7 2.2 1.2 1.1 0.9 0.5 

n38 10.2 10.0 10.6 6.5 5.1 4.6 4.4 3.9 3.2 2.4 2.0 1.5 0.6 0.8 1.1 1.4 

n39 11.9 11.7 12.3 8.2 6.8 6.3 6.1 5.6 4.8 4.1 3.7 3.1 2.3 2.5 2.8 3.1 

n40 12.5 12.3 13.0 8.8 7.4 6.9 6.7 6.3 5.5 4.8 4.3 3.8 3.0 3.1 3.4 3.7 
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- - -
- - -
- - -
- - -
- - -
- - -
- - -
- - -
- - -
- - -
- - -
- - -
- - -

- - -
- - -
- - -
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3.4 1.7 -
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Appendix 7.4. Shortest swimming distances (km) among non-breeding colonies (n1-n20 vs. n21-n41). 

n1 n2 n3 n4 n5 n6 n7 n8 n9 n10 n11 n12 n13 n14 n15 n16 n17 n18 --n21 19.5 17.5 14.6 13.3 12.2 12.1 12.1 11.5 9.0 6.8 6.3 5.4 3.3 2.7 2.1 2.2 2.3 1.9 

n22 20.1 18.1 15.2 13.9 12.8 12.7 12.7 12.1 9.6 7.4 6.9 6.0 3.9 3.3 2.7 2.8 2.9 2.5 

n23 21.2 19.2 16.2 14.9 13.9 13.7 13.7 13.2 10.7 8.5 7.9 7.1 5.0 4.3 3.8 3.9 3.9 3.5 

n24 23.4 21.4 18.5 17.2 16.1 16.0 16.0 15.4 12.9 10.8 10.2 9.4 7.3 6.6 6.0 6.1 6.2 5.8 

n25 24.8 22.8 19.9 18.6 17.5 17.4 17.4 16.8 14.3 12.1 11.6 10.8 8.7 8.0 7.4 7.5 7.6 7.2 

n26 25.2 23.2 20.3 19.0 17.9 17.8 17.8 17.2 14.7 12.5 11.9 11.1 9.0 8.4 7.8 7.9 8.0 7.6 

n27 25.6 23.5 20.6 19.3 18.3 18.1 18.1 17.6 15.1 12.9 12.3 11.5 9.4 8.7 8.1 8.3 8.3 7.9 

n28 26.0 24.0 21.1 19.8 18.7 18.6 18.6 18.0 15.5 13.3 12.8 11.9 9.9 9.2 8.6 8.7 8.8 8.4 

n29 26.3 24.3 21.4 20.1 19.0 18.9 18.9 18.3 15.8 13.6 13.0 12.2 10.1 9.5 8.9 9.0 9.1 8.7 

n30 27.0 25.0 22.1 20.8 19.7 19.6 19.6 19.0 16.5 14.3 13.8 12.9 10.8 10.2 9.6 9.7 9.8 9.4 

n31 27.5 25.5 22.6 21.3 20.2 20.1 20.0 19.5 17.0 14.8 14.2 13.4 11.3 10.7 10.1 10.2 10.3 10.0 

n32 28.0 26.0 23.1 21.8 20.7 20.6 20.5 20.0 17.5 15.3 14.7 13.9 11.8 11.2 10.6 10.7 10.8 10.4 

n33 29.0 27.0 24.0 22.7 21.7 21.6 21.5 21.0 18.5 16.3 15.7 14.9 12.8 12.2 11.6 11.7 11.8 11.4 

n34 29.2 27.2 24.2 22.9 21.9 21.7 21.7 21.2 18.7 16.5 15.9 15.1 13.0 12.3 11.8 11.9 11.9 11.5 

~ 29.4 27.4 24.5 23.2 22.1 22.0 22.0 21.4 19.0 16.8 16.2 15.4 13.3 12.6 12.0 12.2 12.2 11.8 

n36 29.8 27.8 24.8 23.6 22.5 22.4 22.3 21.8 19.3 17.1 16.5 15.7 13.6 13.0 12.4 12.5 12.6 12.2 

n37 30.2 28.2 25.3 24.0 22.9 22.7 22.7 22.2 19.7 17.5 16.9 16.1 14.0 13.4 12.8 12.9 13.0 12.6 

n38 29.4 27.4 24.5 23.2 22.1 22.0 22.0 21.4 19.0 16.8 16.2 15.4 13.3 12.6 12.0 12.2 12.2 11.8 

n39 31.1 29.1 26.2 24.9 23.8 23.7 23.7 23.1 20.6 18.5 17.9 17.1 15.0 14.3 13.7 13.8 13.9 13.5 

n40 31.8 29.8 26.8 25.5 24.5 24.3 24.3 23.8 21.3 19.1 18.5 17.7 15.6 14.9 14.4 14.5 14.5 14.1 

~ 32.6 30.6 27.7 26.4 25.3 25.2 25.2 24.6 22.1 20.0 19.4 18.6 16.5 15.8 15.2 15.4 15.4 15.0 
- --

n19 n20 
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Appendix 7.5. Shortest swimming distances (km) among breeding and non-breeding colonies (n1-n20). 

b1 b2 b3 b4 b5 b6 b7 bB b9 b10 b11 b12 b13 b14 b15 b16 b17 b18 

n1 10.8 11.3 11.6 15.4 15.4 16.6 17.1 18.5 19.2 19.6 20.4 23.3 23.9 24.2 24.5 25.4 25.7 26.4 

n2 8.8 9.3 9.6 13.4 13.4 14.6 15.1 16.5 17.2 17.6 18.4 21.3 21.9 22.2 22.5 23.4 23.7 24.4 

n3 5.9 6.4 6.6 10.4 10.5 11.6 12.2 13.6 14.3 14.7 15.5 18.4 18.9 19.2 19.6 20.5 20.8 21.4 

n4 4.6 5.1 5.3 9.1 9.2 10.3 10.9 12.3 13.0 13.4 14.2 17.1 17.6 17.9 18.3 19.2 19.5 20.1 

n5 3.5 4.0 4.3 8.1 8.1 9.3 9.8 11.2 11.9 12.3 13.1 16.0 16.6 16.9 17.2 18.1 18.4 19.1 

n6 3.4 3.9 4.1 8.0 8.0 9.1 9.7 11.1 11.8 12.2 13.0 15.9 16.4 16.7 17.1 18.0 18.3 18.9 

n? 3.4 3.9 4.1 7.9 8.0 9.1 9.7 11.1 11.8 12.2 13.0 15.9 16.4 16.7 17.1 18.0 18.3 18.9 

nB 2.8 3.3 3.6 7.4 7.4 8.6 9.1 10.5 11.2 11.6 12.4 15.3 15.8 16.2 16.5 17.4 17.7 18.4 
n9 1.2 0.9 0.5 4.9 4.9 6.1 6.6 8.0 8.7 9.1 9.9 12.8 13.4 13.7 14.0 14.9 15.3 15.9 
n10 2.8 2.6 2.6 2.7 2.7 3.9 4.4 5.9 6.5 7.0 7.7 10.6 11.2 11.5 11.8 12.7 13.1 13.7 
n11 2.8 2.8 2.8 2.1 2.2 3.3 3.9 5.3 6.0 6.4 7.2 10.0 10.6 10.9 11.3 12.1 12.5 13.1 
n12 3.6 3.7 3.6 1.3 1.3 2.5 3.0 4.5 5.1 5.6 6.3 9.2 9.8 10.1 10.4 11.3 11.7 12.3 
n13 5.5 5.5 5.5 1.3 1.2 0.4 0.9 2.4 3.1 3.5 4.2 7.1 7.7 8.0 8.3 9.2 9.6 10.2 

n14 6.1 6.2 6.2 1.9 1.8 0.3 0.3 1.7 2.4 2.8 3.6 6.5 7.0 7.3 7.7 8.6 8.9 9.6 
n·1s 6.9 6.9 6.9 2.7 2.6 1.0 0.5 1.0 1.8 2.2 3.0 5.9 6.4 6.8 7.1 8.0 8.3 9.0 

n16 6.9 7.0 7.0 2.7 2.6 1.1 0.5 1.1 1.9 2.4 3.1 6.0 6.6 6.9 7.2 8.1 8.4 9.1 

n17 7.2 7.2 7.2 3.0 2.9 1.3 0.8 1.0 2.0 2.4 3.2 6.1 6.6 6.9 7.3 8.2 8.5 9.1 

n18 7.5 7.5 7.5 3.3 3.2 1.6 1.1 0.6 1.6 2.0 2.8 5.7 6.2 6.5 6.9 7.8 8.1 8.7 

n19 7.7 7.7 7.7 3.5 3.4 1.8 1.3 0.3 1.4 1.8 2.6 5.5 6.0 6.3 6.7 7.6 7.9 8.5 

~- _B.B 8.8 8.8 4.6 4.5 2.9 2.4 1.4 0.2 0.6 1.3 4.2 4.8 5.1 5.5 6.4 6.7 7.3 

b19 b20 b21 b22 b23 b24 

26.6 26.8 27.3 28.6 28.8 32.3 

24.6 24.7 25.3 26.6 26.8 30.3 

21.6 21.8 22.3 26.4 23.9 27.3 

20.3 20.5 21.0 22.4 22.6 26.0 

19.3 19.4 20.0 21.3 21.5 25.0 

19.1 19.3 19.8 21.2 21.4 24.8 

19.1 19.3 19.8 21.2 21.4 24.8 

18.6 18.7 19.3 20.6 20.8 24.3 

16.1 16.3 16.8 18.1 18.3 21.8 

13.9 14.1 14.6 15.9 16.2 19.6 

13.3 13.5 14.0 15.4 15.6 19.0 

12.5 12.7 13.2 14.5 14.8 18.2 

10.4 10.6 11.1 12.4 12.7 16.1 

9.8 9.9 10.4 11.8 12.0 15.4 

9.2 9.3 9.9 11.2 11.4 14.9 

9.3 9.5 10.0 11.3 11.5 15.0 

9.4 9.5 10.0 11.4 11.6 15.0 

8.9 9.1 9.6 11.0 11.2 14.6 

8.7 8.9 9.4 10.8 11.0 14.4 

7.5 7.7 8.2 9.6 9.8 13.2 

b25 b26 

15.2 24.3 

13.2 22.3 

10.2 19.4 

8.9 18.1 

7.9 17.0 

7.7 16.9 

7.7 16.8 

7.2 16.3 

4.7 13.8 

2.5 11.6 

1.9 11.0 

1.1 10.2 

1.4 8.1 

2.0 7.5 

2.7 6.9 

2.8 7.0 

3.1 7.1 

3.4 6.7 

3.6 6.5 

4.6 5.2 

b27 

28.5 

26.5 

23.6 

22.3 

21.2 

21.1 

21.1 

20.5 
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Appendix 7.6. Sh01test swimming distances (km) among breeding and non-breeding colonies (n21-n41). 

b1 b2 b3 b4 b5 b6 b7 bB b9 b10 b11 b12 b13 b14 b15 b16 b17 b18 -n21 8.8 8.9 8.8 4.6 4.5 3.0 2.4 1.5 0.4 0.3 1.1 4.0 4.5 4.8 5.2 6.1 6.5 7.1 

n22 9.4 9.5 9.4 5.2 5.1 3.6 3.0 2.1 1.1 0.5 0.3 3.5 4.2 4.7 5.1 6.0 6.3 6.9 

n23 10.5 10.5 10.5 6.3 6.2 4.6 4.1 3.1 2.2 1.5 0.8 3.8 4.9 5.3 5.7 6.6 6.9 7.5 

n24 12.7 12.8 12.7 8.5 8.4 6.9 6.3 5.4 4.5 3.8 3.9 0.9 0.7 1.2 1.6 2.4 2.8 3.4 

n25 14.1 14.2 14.2 9.9 9.8 8.3 7.7 6.8 5.9 5.2 5.6 2.5 1.2 0.7 0.3 1.0 1.4 2.0 
n26 14.5 14.5 14.5 10.3 10.2 8.6 8.1 7.2 6.3 5.6 5.9 2.9 1.5 1.1 0.7 0.3 0.6 1.3 

n27 14.9 14.9 14.9 10.7 10.5 9.0 8.5 7.5 6.6 6.0 6.3 3.3 1.9 1.4 1.1 0.2 0.4 1.0 
n28 15.3 15.4 15.4 11.1 11.0 9.5 8.9 8.0 7.1 6.4 6.8 3.7 2.4 1.9 1.6 0.7 0.3 0.5 

n29 15.6 15.7 15.6 11.4 11.3 9.8 9.2 8.3 7.4 6.7 7.0 4.0 2.6 2.2 1.8 1.3 0.9 0.5 

n30 16.3 16.4 16.3 12.1 12.0 10.5 9.9 9.0 8.1 7.4 7.8 4.7 3.4 2.9 2.6 2.0 1.6 1.2 

n31 16.8 16.8 16.8 12.6 12.5 10.9 10.4 9.5 8.6 7.9 8.2 5.2 3.8 3.4 3.0 2.5 2.1 1.7 
n32 17.3 17.3 17.3 13.1 13.0 11.4 10.9 10.0 9.1 8.4 8.7 5.7 4.3 3.9 3.5 3.0 2.6 2.2 
n33 18.3 18.3 18.3 14.1 14.0 12.4 11.9 11.0 10.1 9.4 9.7 6.7 5.3 4.9 4.5 4.0 3.5 3.2 
n34 18.5 18.5 18.5 14.3 14.2 12.6 12.1 11.1 10.3 9.6 9.9 6.9 5.5 5.1 4.7 4.2 3.7 3.4 
n35 18.8 18.8 18.8 14.6 14.5 12.9 12.4 11.4 10.5 9.9 10.2 7.2 5.8 5.3 5.0 4.4 4.0 3.6 
n36 19.1 19.1 19.1 14.9 14.8 13.2 12.7 11.8 10.9 10.2 10.5 7.5 6.1 5.7 5.3 4.8 4.4 4.0 

n37 19.5 19.5 19.5 15.3 15.2 13.6 13.1 12.1 11.3 10.6 10.9 7.9 6.5 6.1 5.7 5.2 4.7 4.4 

n38 18.7 18.8 18.8 14.5 14.4 12.9 12.3 11.4 10.5 9.8 10.2 7.2 5.8 5.3 5.0 4.4 4.0 3.6 

n39 20.4 20.5 20.5 16.2 16.1 14.6 14.0 13.1 12.2 11.5 11.9 8.9 7.5 7.0 6.7 6.1 5.7 5.3 

n40 21.1 21.1 21.1 16.9 16.8 15.2 14.7 13.7 12.9 12.2 12.5 9.5 8.1 7.7 7.3 6.8 6.3 6.0 

L~41 21.9 .. ~2.0 22.0 17.7 17.6 16.1 15.5 14.6 13.7 13.0 13.4 10.4 9.0 8.5 8.2 7.6 7.2 6.8 

b19 b20 b21 b22 b23 b24 

7.3 7.5 8.0 9.3 9.6 13.0 

7.1 7.3 7.8 9.2 9.4 12.8 

7.8 7.9 8.4 9.8 10.0 13.4 

3.6 3.8 4.3 5.7 5.9 9.3 

2.2 2.4 2.9 4.3 4.5 7.9 

1.7 1.9 2.4 3.8 4.0 7.4 

1.5 1.7 2.2 3.6 3.8 7.2 

1.1 1.2 1.8 3.1 3.3 6.8 

0.3 0.5 1.0 2.3 2.5 6.0 

0.6 0.3 0.3 1.6 1.8 5.3 

1.1 0.8 0.3 1.2 1.4 4.8 

1.6 1.3 0.8 0.6 0.8 4.3 

2.5 2.3 1.8 0.4 0.2 3.5 

2.7 2.5 1.9 0.6 0.4 3.6 

3.0 2.8 2.2 0.8 0.7 3.9 

3.3 3.1 2.6 1.2 1.0 4.2 

3.7 3.5 3.0 1.6 1.4 4.5 

3.0 2.8 2.2 0.8 0.8 2.8 

4.7 4.5 3.9 2.5 2.5 1.7 

5.3 5.1 4.5 3.2 3.1 0.6 

6.2 6~0- '-5~ 4.0 4.0 0.4 
·-

b25 b26 

4.7 5.0 

5.3 4.8 

6.3 5.5 

8.6 1.3 
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14.3 4.9 
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17.8 8.4 
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CHAPTER 8 

MODELLING THE EFFECTS OF THE MARINE AND COASTAL ENVIRONMENT ON 

FUR SEAL BREEDING SITE QUALITY 

Corey J. A. Bradshaw, Lloyd S. Davis, Martin Purvis, Qingqing Zhou and George L. Benwell 
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Abstract 

New Zealand fur seal (Arctocephalus forsteri) numbers and distribution were reduced by human 

exploitation but the species is now re-colonising much of its former range. Pinnipeds occupy two 

different habitat media during their life cycle: the marine (feeding) and terrestrial (breeding) 

environments. Measures of geographic variation in both the marine and terrestrial environment can be 

modelled together to predict an index of coastline suitability for colonisation (i.e., potential availability 

of breeding sites). Here we use an artificial neural network (ANN) to: (1) predict the suitability of 

coastline in South Island, New Zealand to support breeding A. forsteri colonies by creating a model 

using pup condition (measured from 20 breeding colonies during 1996-98), prey distribution and 

abundance, bathymetry, and the type of coastal substrate; (2) compare the predicted distribution of 

suitable coastline for colonisation from the model to the current distribution of A. forsteri colonies (n = 
198 colonies); and (3) using ANN inference rule extraction, determine which factors are the most 

influential in predicting coastline suitability. ANN model predictions overlapped current distributions 

of A. forsteri colonies in South Island. Inference rule extraction gave good predictions of colony 

performance (i.e., the ability to predict observed pup condition); however, they were not consistent 

among years in terms of the prey species constituting the rules or in the direction of the relationships. 

Arrow squid and octopus were important model terms in 1996 and 1997, but the direction of their 

coefficients in the inference rules were opposite between years. Hoki was an important term in 1997 

and 1998, but it also varied in direction between years. Terms of secondary importance include the 

distance from sample colonies to 250m-, 500 m- and 1000 m-isobaths. Variation in model predictions 

may result from climatic variation, the constant index of prey availability that was used and the 

potential for New Zealand fur seals to switch main prey species among year (i.e., generalist predator). 

Resource availability appears to be a good predictor of the potential distribution of A. jorsteri colonies, 

but future models should attempt to incorporate indices of temporal variation in resource availability 

as well as population density to better predict the colonisation process and understand the ecological 

mechanisms operating within. 

Introduction 

Spatial and temporal changes in the productivity of the marine environment can lead to 

high spatial heterogeneity in habitat quality (Croxall et al. 1988; Costa 1991; Boyd et al. 

1994; White and Peterson 1996; Boyd 1998; Croxall et al. 1999). This variability in resources 

produces measurable variation in the biological parameters of higher predators such as 

pinnipeds due to their physical mobility and position atop the marine food web (J ouventin and 

Weimerskirch 1990; Trillmich and Ono 1991; Chapter 2). Furthermore, otariid seals are 

limited in the distance they are able to forage from their breeding sites (Costa 1991, 1993; 
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Boyd 1998), so they may be particularly sensitive to fluctuations in local prey availability 

(Croll·and Tershy 1998). However, recent evidence for Juan Femadez fur seals (A. phillippi) 

demonstrates longer foraging ranges than previously recorded for other Arctocephalus species 

(> 550 km from the breeding colony) (Francis et al. 1998). This suggests that some plasticity 

in foraging behaviour exists for at least some fur seal species, and is perhaps related to the 

specific constraints imposed upon A. phillippi by the local marine environment. 

Breeding female fur seals (Pinnipedia: Otariidae: Arctocephalus 8 spp., Callorhinus 1 

sp.) must regularly alternate between feeding at sea and suckling a pup ashore (Bonner 1984; 

Gentry and Kooyman 1986). Therefore, prey must be readily available to replenish the lipid

rich milk reserves of the mother while foraging at sea to ensure successful raising of the 

young (Trites and Antonlis 1994; Boyd 1998). The complete dependence of fur seal pups on 

their mothers to provide food during the lactation period (Bonner 1984; Gentry and Kooyman 

1986; Amould et al. 1996) makes the measurement of pup condition a good index of spatial 

variation in relative prey availability in the marine environment (Chapter 2). 

All fur seal species were exploited by humans during the last millenium either for their 

meat or pelts (e.g., Strange 1973; Chapman 1981; Vaz-Ferreira 1982; Gentry and Kooyman 

1986; Yesner 1988; Smith 1989; Lanata 1990; Hildebrandt and Jones 1992; Richards 1994; 

Woodbome et al. 1995). Many of the species were extirpated locally or came near to 

extinction and survived only in smaller remnant populations in the more isolated regions of 

their range (King 1964; Gentry and Kooyman 1986; Torres 1987; Richards 1994). 

Most fur seal species are now recovering (Chapman 1981), with many populations 

increasing rapidly in number (e.g., Bester 1980, 1990; Jouventin et al. 1982; Vaz-Ferreira 

1982; Hes and Roux 1983; Kerley 1983; Majluf 1987; Smith 1988; Boyd et al. 1990; 

Wilkinson and Bester, 1990; Guinet et al. 1994; Lalas and Harcourt 1995; Hofmeyr et al. 

1997; Hodgson et al. 1998; Lalas and Murphy 1998; Shaughnessy 1998; Chapters 1, 7). This 

has lead to there-colonisation of much of their former range, especially in the last 30 years 

(Wilson 1981; McCann and Doidge 1987; Vaz-Ferreira and Ponce de Leon 1987), and the 

New Zealand fur seal is no exception. There-colonisation process has been the subject of 

some research (e.g., Roux 1987; Hofmeyr et al. 1997; Lalas and Murphy 1998; Chapters 2, 3, 
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7), although the processes controlling rates of population increase and spread are largely 

hypothetical and lack supporting evidence. 

There are many factors that may affect the rate, extent and permanence of re

colonisation by otariid seals. Possibly the most important factor is the proximity and 

availability of food sources near to the coast (Boyd 1991; Harcomi and Davis 1997). Oceanic 

currents, coastal upwellings and the distance and configuration of the continental shelf can all 

influence relative prey abundance (Trillmich and Ono 1991; Knox 1994; Wanless et al. 1997; 

Chapter 2), and the configuration of terrestrial habitat at breeding sites is related to pup 

production (Chapter 3). Therefore, measures of geographical variation in both the marine and 

terrestrial environment need to be combined to model habitat requirements of otariid seals 

(e.g., Doidge et al. 1984; Gentry and Kooyman 1986; Croxall et al. 1988; Boyd and Amborn 

1991). An extension of such a model could, in theory, provide an index of coastline suitability 

for colonisation. Such information could provide insight into the hypothetical processes of 

marine mammal colonisation and would allow management authorities to identify potential 

areas of conflict between humans (i.e., usually commercial fisheries) and fur seal populations 

(e.g., Harwood 1992; Wickens et al. 1992; Taylor et al. 1995; Trites et al. 1997). 

In this paper we develop an artificial neural network (ANN) model (Purvis et al. 1998) 

to ( 1) predict suitability of New Zealand coastline to support breeding New Zealand fur seal 

(Arctocephalus forsteri) colonies by determining the relationship between pup condition and 

prey distribution and abundance, bathymetry, and coastal substrate, (2) compare the predicted 

suitability of coastline for fur seal colonies to the current distribution of colonies, and (3) 

determine which factors are the most influential in the ANN model predictions (see Bengtson 

et al. 1990; Wanless et al. 1997). This last objective requires the extraction of inference rules 

(Liu and Tan 1995; Andrews et al. 1996; Setiono and Liu 1997) from the ANN models to 

examine the importance of model inputs on breeding site quality (i.e., pup condition). 

Methods 

Pup capture 

We caught, measured and marked a total of 4705 pups (summer) and 1341 pups 

(winter) in 20 breeding colonies around South Island, New Zealand from 1996 to 1998 (Fig. 

8.1a; Chapter 2). See Chapters 1, 2 and 3 for a detailed description of study colonies. All 



Fig. 8.1. Map of South Island, New Zealand and the data sources used: (a) the 

distribution of colonies sampled to estimate pup condition (colony abbreviations shown); 

(b) the current distribution of New Zealand fur seal colonies (breeding and non

breeding colonies) in South Island (excluding Fiordland in the south-west); (c) 250m-, 

500 m-, 750 m-, 1000 m-, and 1250 m-isobaths shown for South Island; and (d) 

distribution of trawl surveys around South Island from 1979-97. 



., .., 
" ... 1:. l1 

q 

N ~·· 

./ 
,~ 

0_, / 
r<' 
[ 

/ 

South 
Island 

... ""v--~ 
'I 

JY 0 200 400 km 
~I 

<; 11 """"'f 
</_ 

,. 
> .... 

WEKN ,/('' Tl .• QBE \ ,• _·v- - ~~. 
WEKs,...T \v·""'§t)r 

! \ 
CF'/ /' 

CHN( •op 

i -/ BR LR . / 
/ -·' 

'( ': 

/ t ' • ' ,, ----~ 
1 \ / -e·~ = 

! \ 

. j .i . / 

j / 
I , 

/( _,/ 
. / ,,.... . ( 

/_/"' i .... / t .f .;, 
.~ ----- -~ OBV ,... -" •..• ') 

. ,. "',.- HB ,....,...... / 

/ 

; OKP a l ----viCN 
/ .. ~TKS 

~ ... f'' . _/ \ FG 
.. ":··~ ... -- ___ ,... 'PUD 
ss•;,k• ,, -'NUGN sMN 

. :.:~,/_;~ BIW 

(/ 

c ( 
""' -, ; 

~-"a '-'~'"""'-/ ' 
f,~( 

kii"' 

)' 

); 

· ·· · ' ( /J. / 
f ; 

b 
o+ -+' '\ .. .. , ; 

' ~---, ..... . ,.).. . 
r''1 ~J 

._Jr 
.{1 

•• _!\_.("" d (f '' 

~ 1· 
fit " 9-& -:~ ,. : ··J~ 

-~.· ~ .... ' ' t 'f ~.Sit: )-.,_·d .· ..# 
·~ ''Vl•~. -?·M.";y.:_.;P .. .a ; tF& · ..?!'~~ . 7~;t·;, .• 

·~~!:1 ··~ ~- ... 'J"#: 
• .! ·4:'!. ~ f,.l • 

• ,i 
,.-' 

/ 

) 

·ft·-:.<::-.::1 
.':f.· .. --"··t.'' 

.. ',-(.t.:,.,~:c;.l~~ 
·~ · :;,. • \•' • .: ... . !._.· ~-~ .. ~.. .f:'f' 

~ .. · .. 

0 
-=r 
Ill 
-c -CD ... 

CXl 
I 

$: 
0 
c. 
!!?.. 
:;· 

(Q 

m 
:J 
< ... 
0 
:J 
3 
CD 
:J -Ill 
m --CD 
0 -Ill 
0 
:J 
en 
::+ 
CD 

0 
1: 
Ill 
::+ 
'< 

00 

Vl 



Chapter 8 - Modelling Environmental Effects on Site Quality 8.6 

animal treatment procedures were approved by the University of Otago Committee on Ethics 

in the Care and Use of Laboratory Animals (No. 83-95) and the New Zealand Department of 

Conservation Permit to Take Marine Mammals (30 July 1996). 

Model input parameters 

New Zealand fur seals are generalist predators that feed on many different teleost fish 

and cephalopod species in New Zealand waters (Street 1964; Carey 1992; Dix 1993; Fea et al. 

1999). Diet has been determined for this species primarily by the identification of teleost 

otoliths (Treacy and Crawford 1981; Dellinger and Trillmich 1988) and cephalopod beaks in 

faeces and regurgitations sampled onshore (e.g., Carey 1992; Lake 1997; Fea et al. 1999), or 

by the identification of remains in stomach contents (e.g., Street 1964). Although there is 

some discrepancies among the major diet studies completed on A. forsteri in New Zealand 

(Fea et al. 1999), the principal diet species have been identified. These are arrow squid 

(Nototodarus sloanii), barracouta (Thyrsites atun), jack mackerel (Trachurus sp.), benthic 

octopus (Octopus spp.), lanternfish (Myctophidae), ahuru (Auchenoceros punctatus), hoki 

(Macruronus novaezelandiae), red cod (Pseudophycis bachus) (Street 1964; Carey 1992; Dix 

1993; Fea et al. 1999). 

We obtained inshore trawl survey data (1979-1997) for South Island from the National 

Institute ofWater and Atmospheric Research (NIWA). Trawl surveys (n = 4388 trawls) used 

a stratified random design, with strata based on bathymetric and land features. Most surveys 

attempted to represent equally three depth ranges including inshore (30-1 00 m), shelf edge 

(100-200 m) and continental slope (200-400 m). For each stratum in each survey region, the 

reports list the mean catch rate (kglkm2
), catch rate SD, biomass caught (kg) and coefficient 

of variation (%) for the species caught (NIW A, Greta Point, Wellington, New Zealand). 

We extracted data from the trawl surveys for the eight principal A. forsteri prey species 

(Fig. 8.1d). These were arrow squid (SQU), octopus (OCT), barracouta (BAR), hoki (HOK), 

red cod (RCO), and jack mackerel (Trachurus novaezelandiae, T n1.urphyi, T. declivis- JMA, 

JMM, JMD). We did not include two of the smaller prey items (i.e., lanternfish and ahuru) for 

two reasons: (1) Although numerical dominance of these species in most diet studies of A. 

forsteri has been found, they represent a low proportion of biomass ingested (Fea et al. 1999); 
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(2) the trawling survey data available for lanternfish do not identify individual species caught 

and the broad classification of this taxon makes it a dubious covariate for spatial relationships. 

New Zealand fur seals forage mostly over the outer continental shelf over a bottom 

depth of 100-300 m (Harcourt et al. 1995; Fea et al. 1999), but can forage beyond the 

continental slope in deeper water (Harcourt and Davis 1997). As an index of water depth and 

configuration of the continental slope situated offshore breeding colonies, we obtained from 

NIW A digitised data on the position of the 250, 500, 750, 1000 and 1250 m isobaths for New 

Zealand waters (Fig. 8.1c). These isobaths are annotated with the prefix 'B' in all subsequent 

models. 

Fur seals must come ashore to breed and rest (Gentry and Kooyman 1986), and they 

form groups along rocky coastlines (Crawley and Wilson 1976). The terrain at areas where 

New Zealand fur seals come ashore is an important component in their life history (Ryan et al. 

1997; Chapter 3). Although we could not classify the fine-scale features of the terrain on all 

areas of New Zealand coastline (e.g., Chapter 3), we were able to use a broad terrestrial 

habitat classification as an indication of coastline suitability. We classified and digitised the 

entire coastline of New Zealand from The New Zealand Atlas of Coastal Resources (Tortell 

1981). Coastline classifications were determined at a scale of 1:20000 (Tortell1981). 

Analysis 

Data preparation 

We estimated pup condition by regressing loge mass against loge length for each sex to 

give predicted mass (Mp) (Cone 1989; Read 1990; Boltnev et al. 1998). The ratio of observed 

mass (M0 ) to Mp for each pup gives a relative condition index among years (Chapter 2). We 

used the all-season/year condition index from Chapter 2 as the response variable for all 

analyses. We summarised pup condition per colony for each year (seasons combined), for the 

mean among years and for all years combined. 

Pup condition per colony was summarised by calculating the range of the pup condition 

index and dividing the range of all observed pups into five uniform-width classes. The 

proportion of pups falling into each condition class for each colony (polytomous response) 
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was then calculated. This method maximised the data available for models that have only 

limited capacity for multiple response variables. 

We used a geographic information system (GIS) with ARC/INFO® software to split 

South Island coastline into approximately uniform lengths or segments (416 m ± 7.2 SE; n = 

11404). In this way were able to model each coastline segment (SEG) independently of all 

others for colonisation potential. With a vector projection of coastline it was necessary to 

convert the data into a type of raster image that could be used to predict condition classes 

based on the models developed (see below). We excluded the coastline in Fiordland (south

western South Island; Fig. 8.la) for all analyses because few trawling surveys had been done 

in Fiordland waters (Fig. 8.1d) and because we were unable to sample from breeding colonies 

within this region. 

We calculated the mean biomass (kg) of each prey species from all trawl survey stations 

located within 50 km of each SEG. Although a conservative and somewhat arbitrary estimate, 

we chose 50 km as the potential foraging distance of female A. forsteri because most foraging 

in summer occurs within the limit of the 200m isobath (Harcourt and Davis 1997), and this is 

typically located within 50 km of the coast (mean distance to 250m-isobath for all South 

Island coastline segments= 43.6 km). While A. forsteri can travel as much as 220 km 

offshore (Harcourt et al. 1995), most foraging in otariid seals is restricted to exploiting the 

locally-abundant food sources near the natal colony (Costa 1993; Boyd 1998). Therefore, 50 

km-buffers should adequately summarise local prey abundance for each SEG. 

We also calculated the minimum straight-line distance from each SEG to each isobath 

(B250, B500, B7 50, B 1000, and B 1250) to account for variation in the aspect of the 

continental slope. These distances (km) were used as separate input parameters for both the 

input (i.e., all colonies sampled) and recall (i.e., all coastline segments for South Island) 

datasets (see below). We also determined the coastal substrate class for each SEG (classes 1 

to 12; Table 8.1; Tortell1981). 
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Table 8.1. Coastal substrate classes for New Zealand (from Tortell1981). 

Class Description 

1 Exposed rock and cliff 

2 Eroding wave-cut platforms 

3 Flat fine-grained sandy beaches 

4 Steeper medium- to coarse-grained sandy beaches 

5 Exposed tidal flats 

6 Mixed sand and gravel beaches 

7 Gravel, cobble and boulder beaches 

8 Sheltered rock 

9 Protected estuarine and tidal flats 

10 Estuarine salt marsh and mangrove swamp 

11 Unclassified 

12 Mixture of classes 2 and 7 

Artificial neural network model 

A neural network (or connectionist model) is a computational model that consists of 

processing elements (i.e., nodes or neurons) and connections between them, as well as 

training and recall algorithms (Gershenfeld and Weigend 1993; Kasabov 1996). A suitably 

trained neural network has the interesting property of being able to 'generalise' (Kasabov 

1996) from the training set by providing reasonably accurate predictions when presented with 

inputs that were not part of the training set. In many cases problems can be solved more 

effectively with neural network analysis than with conventional parametric modelling 

techniques (Masters 1993; Guegan et al. 1998). 

Neural networks can be represented by sets (or layers, usually three in number- input, 

hidden and output layers) of nodes connected by links. Input layer nodes are assigned values 

from input data used in the neural network computation. Node values from the other layers 

are determined by all the values of the nodes connected to them and the weight values of the 

links associated with these connections (Kasabov 1996). 
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A variation of this approach is called a "fuzzy neural network" (Kasabov 1996), 

wherein each of the input values is first 'fuzzified' into one or more membership values of a 

fuzzy set. In other words, an individual datum can have a degree of membership anywhere 

between 0 (not a member) and 1 (definitely a member) for fuzzy sets, and it can also have 

membership in more than one of the overlapping subsets. In contrast, conventional non-fuzzy 

representations have subset memberships that are mutually exclusive. For example, if one 

were to set three fuzzy subsets for height (short, medium, tall), an individual who is 1.75 m 

tall might be considered to have partial membership in both the medium and tall fuzzy 

subsets. Unlike conventional neural networks where a single input node is associated with 

each input value, fuzzy neural networks are designed to have several input nodes associated 

with each input value (i.e., one for each possible fuzzy subset). The neural network then has a 

greater number of input nodes than an ordinary neural network (i.e., one for each of the 

possible fuzzy membership values for each of the original data inputs). Similarly the output 

layer of the neural network can represent fuzzy membership values for the output, and these 

values can be 'de-fuzzified' (i.e., assigned to a specific output node) in order to arrive at the 

final outputs. The basic operation and training of a fuzzy neural network is as described 

above; the only difference being the 'fuzzification' and 'de-fuzzification' that are applied to 

the data prior to and subsequent to the neural network analysis. 

A neural network model is developed by repeatedly presenting a set of example cases 

(input sets and output classes) and adjusting the network connection weights and biases so 

that the output units Ok come to match the example cases. The example cases are referred to 

as the "training set". There are several procedures, the most popular of which is known as 

'backpropagation' (Rumelhart et al. 1986), for adjusting the connection weights appropriately 

during training. Backpropagation is essentially a neural network implementation of gradient 

descent and requires the specification of some additional parameters: the learning rate (which 

basically represents the search step size) and, optionally, the mmnentum, which takes into 

account the effect of previous search steps in order to lessen over-sensitivity to the training 

data (Rumelhart et al. 1986). The learning rate is often set to a number around 0.1 - 0.4; if the 

number is too small, training will take a long time to converge to satisfactory results, but a 

learning-rate that is too large can cause the procedure to pass over a satisfactory result in the 

search space. Momentum is usually set to a number less than 1.0 and can help speed model 

convergence. 
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For this study, a three-layer, multi-layer perception (MLP) neural network with back

propagation training was generated using the Otago Spatial Analysis and Management System 

(Purvis et al. 1999) to predict the potential distribution of condition classes for each coastal 

segment (SEG). This neural network was initialised with the following parameters: neurons= 

18 input, 10 hidden, 1 output; momentum (a)= 0.4; learning rate = 0.3; and training epochs 

= 500. We also used a fuzzy neural network with 22 input nodes (the five graded pup classes 

were separated into single nodes for each class) and five fuzzy membership values for each 

node (this meant that the fuzzy membership input layer had 110 nodes). The same training 

parameters (learning rate and momentum) were used for the fuzzy neural network. The 

number of epochs (i.e., iterations through the data) was determined by randomly separating 

the input data into two uniform training and validation sets, and then continuing training with 

the training set until the error on the validation set began to increase. This procedure was used 

to avoid overfitting, that is, the undesired reproduction of training data set peculiarities and 

the loss of the regularity that is needed for good model generalisation (Gershenfeld and 

Weigend 1993; Scardi 1996). The neural network model was run for each year separately (96, 

97 and 98), for the mean condition among years per colony (mean), and for all years 

combined (i.e., including all data; all-year) using the polytomous response (five condition 

classes). Validation of the training set occurred for each data combination separately. The 

recall set used the structure of the neural network to predict the distribution of pup condition 

classes for each SEG (incuding those SEGs that did not contain any fur seal colonies). 

Model Corroboration 

To assess the reliability of model predictions, we compared the locations of 230 A. 

forsteri colonies (Fig. 8.1 b) to the predicted colonisation classes. These colonies represent the 

most up-to-date distribution of all breeding and non-breeding fur seal colonies in South Island 

(with the exception of south-western South Island- see above) from the literature, local 

knowledge and government reports (e.g., Wilson 1981; Lalas and Harcourt 1995; Taylor et al. 

1995; Lalas and Murphy 1998; Chapters 1, 2, 7). Some colonies fell within the same coastline 

segment; therefore, our total sample of segments with colonies was reduced to 198. The 

distribution of condition classes for SEGs with colonies compared to that without colonies is 

indicative of model performance. 
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Our assumption is that those coastal segments that already have fur seal colonies must 

have relatively favourable conditions for the breeding of fur seal pups. Although these 

currently-colonised segments represent only a subset of the total set of segments potentially 

available for colonisation, we would expect that the already-colonised segments would have a 

higher proportion of seal pups in classes 4 and 5 (the class representing the pups in best 

condition) than the average from all segments. We assume that model results are reliable if 

they consistently predict relatively high proportions in classes 4 and 5 for the colonised SEGs, 

and relatively low proportions in classes 1 and 2. 

We used a randomisation (Manly 1991) of a multivariate, one-way analysis of variance 

(MANOVA; Sokal and Rohlf 1981) to test for differences between the predicted condition 

class proportions of SEGs with and without known colonies. For each condition class the 

following model was used: 

predicted proportion = colony presence + error [1] 

After 10000 iterations of the randomisation were nm, we calculated the F ratios for all terms 

in each condition class model. We then calculated composite F ratios for each model term 

over all condition classes to account for the multivariate response: 

t 

Fj = I_,log10 (FJ [2] 
i=l 

where F1 is the composite F ratio for the l condition class, and Fi is the F ratio of the ith term 

summed overt model terms (Edgington 1987). 

Inference rule extraction 

There are two fundamental motivations for modelling complex system behaviour. One is 

to develop an instrument that can reliably predict the future patterns of these types of systems. 

A second, and underlying motivation, is to use a model to arrive at a better overall 

understanding of the mechanisms that affect the system (Caughley 1981; Tilman 1987). When 

there are numerous input parameters incorporated into the analysis, however, it can be 

difficult to summarise the associations within a model. This is particularly the case with 
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neural networks, where the complex connectionist architecture is something of a "black box" 

and not readily transparent to ordinary observers. To summarise associations in this study we 

analysed the neural network trained with the pup condition data to yield inference rules 

(Andrews et al. 1996). The derived inference rules represent knowledge that has been 

extracted from the neural network model, and they can be used independently of the neural 

network to make predictions. Although the extraction of such rules involves some loss of 

information (and, therefore, a somewhat reduced accuracy with respect to prediction), they are 

easier to understand. 

To extract the inference rules we used a neural network with a configuration different 

from that described above. Our goal was to develop a neural network that could predict the 

"pup condition performance" for a fur seal colony for each year sampled. A colony's 

performance was determined by the mean condition of its pups. We sorted the colonies per 

year according to their mean pup condition values and separated them into distinct classes 

because the rule-based approach requires discrete output classes. The class divisions were 

identified where there was an obvious break in the mean condition values. The class divisions 

were not chosen based on a linear division of the range of condition values; rather, classes 

were delineated where there was obvious clustering of the values (Table 8.2). 
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Table 8.2. Mean annual condition indices for all sample colonies (winter and summer 

samples combined. 

Colony 1996 1997 1998 

BB 1.0186 1.0426 0.8834 

BIW 1.1471 1.0351 0.9208 

BR 1.2159 1.0298 0.9044 

CF 1.0346 1.0532 0.8693 

CHN 1.1162 0.9168 

FG 1.1342 1.1567 0.9211 

HB 1.2033 1.1039 1.0126 

LR 1.1945 1.0837 0.9297 

NUGN 1.1241 0.8811 

OBI 1.0727 1.0289 0.8846 

OKP 0.8803 

OP 1.2108 1.1095 1.0095 

PUD 1.1126 0.8794 

QBE 1.0297 1.0115 0.9200 

SMN 1.2621 1.1514 0.9073 

TI 1.1398 1.1054 0.9414 

TKS 1.0983 1.1713 0.9295 

VICN 1.1401 0.9154 

WEKN 0.9628 1.0454 0.9043 

WEKS 0.9904 0.9776 0.8425 

For example, consider the data for 1996. The difference between 1.0346 (CF) vs 

1.0727 (OBI) is greater than the differences between the colony condition values < 1.0346. 

Thus, the latter colonies were considered to be members of the same class (class 0). These 

classes then represented different levels of colony performance (Table 8.3). 
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Table 8.3. Inference rule performance class ranges and colony classifications per year. 

Year Mean pup condition range Performance class No. colonies/class 

1996 0.9628- 1.0346 0 5 

1997 

1998 

1.0727- 1.0983 1 2 

1.1342- 1.1471 

1.1945 - 1.2621 

0.9776- 1.0532 

1.0837-1.1241 

1.140 1 - 1.1 713 

0.8425- 0.8846 

0.9034-0.9211 

0.9295- 1.0126 

2 

3 

0 

1 

2 

0 

1 

2 

3 

5 

8 

7 

4 

6 

8 

5 

A neural network was configured with 17 input nodes, 4 (1996), 6 (1997) and 10 (1998) 

hidden-layer nodes, and 4 (1996), 3 (1997) and 3 (1998) output nodes. Thirteen of the input 

nodes corresponded to the inputs SQU, OCT, BAR, RCO, JMA, JMD, JMM, B250, B500, 

B750, B 1000 and B 1250. Colonies for the input data fell into only 4 of the 12 coastal classes 

(Table 8.1): classes 0, 1, 2 and 11. These corresponded to inputs 14 to 17. The output nodes 

corresponded to the performance classes (Table 8.2). The network was trained using a weight 

penalty term (Setiono and Liu 1997) in the merit function (training error calculation) that 

induces the neural network to reduce the weight values of neural network node connection 

links that are not significant for performance. This approach can cause a number of network 

links to be pruned during training. A node will also be pruned if all its input links have been 

pruned. 

The rule extraction process involves three basic steps: (1) train a neural network with 

normalised inputs and prune connections and nodes, (2) 'discretise' (i.e., classify into discrete 

groups) the original input values and the hidden node activation values. Output values are 

already effectively discretised, and (3) generate rules from the transfer of the discrete values 

to each layer. The discretisation and rule extraction methods used in steps 2 and 3 were 
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'CHI2', 'X2R', and 'NeuroLinear' (Liu and Setiono 1995; Liu and Tan 1995; Setiono and Liu 

1997; Purvis et al. 1999). The CHI2 procedure apportions a set of real-valued input-output 

terms into clusters based on the x2 statistic (Liu and Setiono 1995). The ensuing rule 

generation proceeds in two phases. First, the X2R rule generation procedure (Liu and Tan 

1995), which requires discrete values and is used for the transfer of values from the hidden

layer to the output layer, follows in three steps: (a) generate a rule to cover the most 

frequently occurring pattern. This is the shortest rule that can differentiate the pattern from 

patterns of other classes. Then, remove this pattern from further consideration and iteratively 

repeat this step, (b) group the generated rules in terms of their output classes, and (c) for each 

rule group, remove redundant rules and drop more specific rules that are covered by more 

general rules in the group. Second, the NeuroLinear approach (Setiono and Liu 1997) is then 

used. Here the boundaries of the hidden-layer node subintervals generated by the CHI2 

procedure create real-valued constraint equations describing the relation between the input 

values and the hidden-layer values. For the neural network used in this study, the activation 

function of the hidden-layer nodes was the hyperbolic tangent function (Setiono and Liu 

1997), so the hidden-layer node values could range from -1.0 to 1.0, and the subintervals exist 

within that range. After these two types of rules have been generated, it is frequently 

convenient to combine them into a single set of rules. 

Results 

Input parameters 

The minimum straight-line distances from each study colony to the 5 isobaths are 

summarised in Table 8.4. All study colonies had a coastal substrate class= 1 (exposed rock 

and cliff) except colonies BRand OBI (unclassified), and LR (eroding wave-cut platforms). 
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Table 8.4. Straight-line distances (km) from study colonies to the 250m-, 500 m-, 750 m-, 

1000 m- and 1250 m-isobaths. 

Colony B250 B500 B750 BlOOO B1250 

WEKN 3.0 107.5 120.9 127.1 133.5 

WEKS 85.9 138.1 161.5 170.2 177.1 

CF 48.5 76.6 140.9 204.6 220.0 

CH 49.2 76.9 141.9 205.9 219.3 

OBI 56.7 67.1 102.0 136.1 159.8 

BB 61.2 71.3 102.2 126.1 152.1 

BIW 11.6 12.7 15.0 15.9 19.2 

NUGN 6.1 6.4 6.5 7.7 7.9 

SMN 1.9 2.2 2.5 4.8 10.3 

PUD 57.0 70.1 79.5 88.4 98.9 

FG 10.6 12.4 14.1 25.8 37.0 

TKS 29.8 32.1 34.3 35.8 49.4 

VICN 16.1 20.0 24.8 27.1 52.4 

OKP 13.3 17.5 22.6 25.1 53.3 

HB 12.8 17.1 22.2 24.8 53.8 

BR 11.5 15.9 21.1 23.9 54.2 

LR 14.9 19.5 24.6 27.9 59.4 

OP 32.6 36.1 40.8 63.1 91.9 

QBE 15.3 17.1 20.5 53.4 72.9 

TI 62.1 63.6 65.2 97.2 117.2 

Prey biomass calculated from the trawl surveys within 50 km of each colony are 

summarised in Table 8.5. Maximum mean biomass for each prey species occmTed in the 

vicinity ofLR (squid), SMN (octopus), BR (barracouta), OKP (red cod), NUGN (hoki), OP 

(jack mackerel- JMA), TI Uack mackerel- JMD), and BB Uack mackerl- JMM). 
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Table 8.5. Mean biomass (kg) of prey species (SE in parentheses) calculated from n 

trawl surveys situated within 50 km of each study colony. 

Colony n trawls SQU OCT BAR RCO HOK JMA JMD JMM 
WEKN 188 21.21 0.07 59.65 18.14 0.05 3.93 11.56 0.95 

(3.05) (0.03) (7.50) (4.54) (0.05) (0.78) (4.93) (0.70) 

WEKS 187 21.98 0.07 59.75 17.99 0.06 3.83 11.62 0.96 
(3.09) (0.03) (7 .55) (4.53) (0.05) (0.78) (4.95) (0.71) 

CF 280 16.43 0.04 100.66 27.09 3.39 3.92 0.99 0.35 
(1.84) (0.02) (11.24) (4.77) (1.22) (0.80) (0.28) (0.12) 

CH 294 17.03 0.04 97.83 30.49 3.62 3.41 0.87 0.30 
(1.81) (0.02) (9.86) (4.89) (1.21) (0.74) (0.21) (0.08) 

' ' 
OBI 29 20.08 0.33 58.81 110.13 128.90 2.87 3.55 7.70 

(7.12) (0.14) (17 .33) (54. 50) (82.54) (2.56) (0.93) (2.87) 

BB 91 44.17 0.06 290.23 34.85 103.28 3.30 1.01 133.69 
(13.32) (0.06) (64.61) (24.33) (50.48) (1.06) (0.41) (88.83) 

BIW 55 4.74 0.79 453.41 0.28 0.00 16.65 1.07 16.33 
(0.66) (0.34) (147.98) (0.11) (12.83) (0.53) (7.35) 

NUGN 131 54.96 0.46 175.55 35.79 222.37 0.83 0.18 30.37 
(12.17) (0.13) (41.61) (19.66) (106.47) (0.38) (0.11) (17.15) 

SMN 113 33.51 0.84 184.00 7.54 4.73 4.71 0.02 23.13 
(14.46) (0.23) (32.37) (3.18) (3.83) (2.19) (0.01) (22.64) 

PUD 114 34.13 0.74 175.42 113.71 4.69 4.67 0.03 23.03 
(14.35) (0.21) (31.78) (105.24) (3.79) (2.17) (0.02) (22.44) 

FG 116 33.64 0.74 170.02 115.88 4.60 4.73 0.03 22.63 
(14.10) (0.20) (31.25) ( 103 .46) (3.73) (2.14) (0.02) (22.05) 

TKS 117 33.38 0.74 168.61 207.63 4.56 4.69 0.03 22.44 
(13.98) (0.20) (31.02) (102.85) (3.82) (2.98) (0.02) (21.86) 

VICN 115 33.25 0.75 167.36 228.28 5.59 6.82 0.04 22.50 
(14.20) (0.21) (31.46) (140.29) (3.89) (3.03) (0.02) (22.25) 

OKP 132 13.71 0.82 259.76 391.49 5.43 6.97 0.21 1.69 
(2.68) (0.28) (42.00) (137.51) (3.48) (2.72) (0.07) (0.47) 

HB 185 11.03 0.14 268.37 94.62 0.67 1.41 4.15 1.77 
(3.66) (0.05) (43.45) (29.01) (0.65) (0.73) (1.80) (0.53) 

BR 51 53.25 0.08 474.21 20.49 32.57 11.79 0.17 0.27 
(30.10) (0.06) (171.21) (8.97) (15.28) (4.61) (0.13) (0.19) 

LR 68 56.92 0.06 431.93 23.51 57.01 20.34 0.09 0.09 
(26.06) (0.05) (130.13) (7.24) (17.42) (5.18) (0.09) (0.09) 

OP 100 34.67 0.04 383.63 22.16 125.67 22.21 2.20 0.97 
(11.32) (0.03) (94.59) (6.03) (38.17) (4.35) (2.01) (0.73) 

QBE 108 6.78 0.32 26.34 6.71 57.70 6.51 48.00 0.00 
(2.38) (0.11) (7 .08) (4.52) (55 .56) (2.98) (20.76) 

TI 186 6.05 0.35 45.49 38.01 6.15 9.81 48.11 0.01 
(0.85) (0.07) (6.07) (7.47) (2.79) (4.52) (13.93) (0.01) 
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Neural Network Model 

Training data sets for the neural networks were obtained by taking random subsets 

(typically about 60%) of the data for the colonised SEGs for a given year. The trained neural 

network model was then compared with the remaining data to evaluate accuracy. An example 

is shown for 1997 data (Table 8.6) and used in connection with a fuzzy neural network. 

Table 8.6. Neural network training results for 1997. 

Fur seal pup Mean actual Mean predicted 

condition class membership membership 

Class 1 0.0749 0.0288 

Class 2 0.4710 0.3597 

Class 3 0.3632 0.2886 

Class 4 0.0710 0.0464 

Class 5 0.0094 0.0132 

Colonisation potential 

For each model (year combination; n = 5 models) we calculated the range of condition 

class 5 (i.e., highest predicted condition class) proportions for all SEG in South Island, then 

displayed the upper two divisions of this class from a uniform, 5-division split (Fig. 8.2). The 

figure shows that the ANN was relatively consistent in its predictive capacity over all year 

combinations in that major areas of highest predicted condition did not vary markedly from 

year to year (Fig. 8.2). However, there were a few notable differences. The 1996 model 

appeared to overlap the distribution of current fur seal colonies (Fig. 8.1 b) better than all other 

combinations, followed closely by the 1997, mean and the all-year models (Fig. 8.2; Table 

8.7). 

Model Corroboration 

Corroboration of the models with known fur seal colonies demonstrated that for all year 

combinations the predicted proportions of pups in each condition class for SEGs with colonies 

differed significantly from those without known colonies (Table 8.7; Fig. 8.3). In most 

combinations (except 1998), the predicted proportions were higher in condition classes 4 and 

5, and lower in condition classes 1 and 2, for SEGs with colonies than SEGs without colonies 

(Fig. 8.3). This conforms to our assumption that an effective model should predict a 



Fig. 8.2. The distribution of the two upper divisions (from a five-division split) in 

condition class 5 (i.e., highest pup condition) for all data combinations from the 

predictions of the artificial neural network models. Black coastline segments represent 

the highest potential pup condition under this classification. 
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Fig. 8.3. Mean condition class (1 to 5) proportions for all data combinations and 

coastline segments (SEG) with and without fur seal colonies. Condition class 1 

represents the lowest pup condition. 
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distribution mimicking the current one, and corroborates the power of the model to accurately 

synthesise the variables influencing A. forsteri colonisation. 

Table 8.7. ANOVA rejection probabilities for the null hypothesis of no difference 

between SEGs with and without known colonies per condition class and for the 

composite (multivariate response) test. Significant terms (P < 0.05) in boldface. 

Model/Class Class 1 Class 2 Class 3 Class 4 Class 5 Composite 

All-year P=0.2539 P<O.OOOl P=0.0078 P<O.OOOl P<O.OOOl P<O.OOOl 

Mean P=0.8402 P=0.0002 P=0.6326 P<O.OOOl ?=0.4007 P=0.1199 

1996 P=0.0012 P=0.0212 P=O.OOOl P<O.OOOl P<O.OOOl P<O.OOOl 

1997 ?=0.5901 P<O.OOOl P<O.OOOl P<O.OOOl P<O.OOOl P<O.OOOl 

1998 P=0.0348 P=0.6291 P<O.OOOl P=0.0803 ?=0.0617 P=0.0069 

Inference rule extraction 

After 100 training epochs that included the network connection weight pruning regime, 

the network achieved almost perfect (>95%) classification with respect to the performance 

classes (Table 8.3), and some of the hidden-layer nodes were removed from the network. 

The CHI2 discretisation procedure generated only single discrete values for 4 (1996), 3 

(1997), and 3 (1998) of the hidden-layer nodes. For the purposes of inference rule extraction, 

the single-valued hidden-layer nodes only contribute constant values to the constraint 

equations associated with the remaining (multi-valued) hidden-layer nodes. For the remaining 

hidden-layer nodes, CHI2 discretisation generated subintervals for each node (Table 8.8). 
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Table 8.8. Hidden-layer subintervals generated by the CHI2 procedure. 

Year Hidden Unit Subintervals 

1996 Al [-1 to -0.202] and [-0.202 to 1] 

A2 [-1 to 0.46] and [0.46 to 1] 

A3 [-1 to 0] and [0 to 0.47] 

1997 A1 [-1 to0.196] and [0.196to 1] 

A2 [-1 to -0.320] and [-0.320 to 1] 

A3 [0.025 to 0.034] 

1998 A1 [ -1 to -0.39] and [ -0.39 to 1] 

A2 [ -1 to -0.03] and [ -0.03 to 1] 

A3 [-1 to 0.012] and [0.012 to 1] 

The generated rules (the first phase of rule generation) associated with going from the hidden 

layer subintervals to the output layer were: 

1996: 

IF A1 < -0.2017 

THEN performance class 0 

ELSE IF A2 ~ 0.46 AND A3 < 0 

THEN performance class 1 

ELSE IF A2 < 0.46 

THEN performance class 3 

ELSE IF A3 < 0.47 

THEN performance class 3 

ELSE (DEFAULT) performance class 2 [ 3] 
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1997: 

IF A1 ~ 0.196 and A2 ~ -0.320. 

THEN performance class 1 

Else IF A2 < -0.320 AND 0.025 < A3 ::; 0.034 

THEN performance class 2 

ELSE (DEFAULT) performance class 0 

1998: 

IF A3 < 0.012 

THEN performance class 1 

ELSE IF A1 > -0.3 9 and A2 > -0.03 

THEN performance class 2 

ELSE (DEFAULT) performance class 0 

The second phase generated rules (from the input layer to the hidden layer) in the form of 

constraint equations and were: 

1996: 

A1 1.1902*SQU- 0.5440*BAR- 0.6916*JMM + 2.9400*B250- 3.7480*B1000 

A2 1.4306*0CT 

A3 -0.6869*RCO + 0.4653*COAST2 

1997: 

A1 0.9175*SQU 0.3639*0CT - 0.9706*BAR + 4.6167*B250 - 4.8612*B1000 

A2 -0.4372*0CT 

A3 1. 2198*HOK 

1998: 

A1 -2.2979*JMM 

A2 

A3 

-0.4703*HOK + 0.5451*JMA + 0.5875*B500 

0.3899*JMD + 0.6346*B250 0.7549*B750 

0.4341*B1000 

0.4156*COAST1 

[4] 

[5] 

[6] 

[ 7] 

[ 8] 

The two sets of rules can be combined to yield composite rules. For example, combining the 

1997 rules yields the following: 
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IF (0.9175*SQU- 0.3639*0CT- 0.9706*BAR + 4.6167*B250 - 4.8612*B1000) 

~ 0.196 

AND (-0.4372*0CT) ~ -0.320 

THEN performance class 1 

ELSE IF (-0.4372*0CT) < -0.320 

AND 0.025 < (1.2198*HOK) ~ 0.034 

THEN performance class = 2 

ELSE (DEFAULT) performance class 0 [ 9] 

These rules are shown with respect to normalised inputs, but it is straightforward to generate 

similar rules with different coefficients for the non-normalised inputs. 

When the input for the number of colonies was presented to each combined rule set, the 

inference performances ranged from 73.7 to 89.5% correct for all years (Table 8.9). Although 

the decreased perfonnance of the inference rules when compared with the neural network 

indicates that some information has been lost, the rules provide some additional insight. Only 

a portion of the input parameters appear explicitly in the generated rule set (i.e., 8 in 1996; 7 

in 1997, and 9 in 1998), indicating that these are the most significant parameters affecting seal 

colony performance. Rules parameters are summarised in Table 8.10. 

Table 8.9. Inference rule performance classes for fur seal colonies sampled 1996-98. 

'Correct' refers to the capacity of inference rules to classify colonies in the correct 

condition (performance) class. 

Class Correct/Incorrect Correct/Incorrect Correct/Incorrect 

0 

1 

2 

3 

1996 

510 

2/0 

0/3 

5/0 

1997 

8/0 

5/2 

4/0 

1998 * 

3/3 

7/1 

4/1 

Total 12/3 17 /2 14/ 5 

%Correct 80.0 89.5 73.7 

*Colony OKP was removed from the 1998 analysis because of small sample size (13 pups). 
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Table 8.10. Summary of input parameters from inference rules extracted for each year. 

An upward-pointing arrow indicates that a higher value for the specific term drives the 

performance in the direction indicat~d (i.e., high pup condition or low pup condition). A 

downward-pointing arrow indicates the opposite. 

Year Performance Input Parameters 

1996 HIGH toctopus; tred cod*; icoast2* 

LOW tsquid; ibarracouta; ijack mackerel (JMM); tB250; iB1000 

1997 

1998 

HIGH 

LOW 

HIGH 

LOW 

relative to performance class 1 

t octopus; ihoki** 

toctopus; tbarracouta; isquid; iB250; tB1000 

t JMM; thoki; tJMA; iBSOO; tB1000 

iJMM; ihoki; tJMA; tBSOO; iB 1000 

** lesser importance due to the constraint between two positive values 

The inference rules for 1996 show that when squid, octopus and red cod biomass is low, 

pup condition also tends to be low. The opposite is true in 1997. High biomass of barracouta 

and jack mackerel impart low condition values in 1996, whereas low barracouta biomass 

results in low condition in 1997. High hoki biomass results in high condition in 1997, but this 

relationship reverses in 1998. A short distance to the 250 m-isobath results in low condition in 

1996, whereas a longer distance to the 1000-m isobath also gives low condition. The opposite 

is true in 1997. The relationship switches again in 1998, although the 500-m isobath replaces 

the importance of the 250-m isobath. 

Discussion 

We have shown in this study that the distribution and availability of prey species (e.g., 

Wanless et al. 1997), along with information on the physical configuration of the marine 

environment, can be modelled with artificial neural networks to predict the potential 

distribution of New Zealand fur seals. Sampling from a large area of a species' distribution is 

usually necessary to account for spatial influences on local population parameters (Hengeveld 

1989). Although the ANN model gave relatively consistent predictions in the distribution of 

the coastline segments with the highest condition classes, in some year combinations the 



Chapter 8 - Modelling Environmental Effects on Site Quality 8.27 

predictions for certain areas of South Island were noticeably different. For example, the south

eastern section of South Island was predicted to have high·pup condition in only three of the 

five data combinations (all, 1996, 1997- Fig. 8.2), and all data combinations predicted high 

condition for the north-west section except the 'all' combination (Fig. 8.2). 

Despite achieving high predictive performance from our inference rules, they did not 

result from consistent relationships among years. For example, while high octopus and low 

squid in 1997 predicted high colony performance, the opposite was true in 1996. Few of the 

same parameters applied to the 1998 rules, suggesting that different mechanisms were 

responsible for the patterns observed in that year. We propose a number of explanations for 

the observed inconsistencies: 

( 1) We relied on a constant index of prey availability among years, using pup condition as 

our only index of temporal variation in food availability. Since we were not able to 

measure shifts in relative prey abundance during the climatic perturbations, we were not 

able to examine the particular details of the relationships between pup condition and 

food availability. Future models should attempt to incorporate temporal variation in 

marine productivity in conjunction with terrestrial sampling. Such information could be 

available through satellite imagery of sea-surface temperatures and other indices of 

primary productivity (e.g., Vincent et al. 1991; Tynan and DeMaster 1997). 

(2) A. forsteri, like other temperate otariid seals, are generalist predators (Carey 1992; Fea 

et al. 1999). The lack of reliance on few species probably relates to their capacity to 

adapt to relative changes in prey abundance and availability among years. For example, 

prey species such as arrow squid are probably of lower nutritive quality than other 

teleost fish (e.g., Croxall and Prince 1982; Vlieg 1984; Clarke et al. 1985; Heath and 

Randall 1985; Kirsch et al. 1998), so reliance on squid by foraging mothers may depend 

on whether other fish prey are available. This phenomenon may reduce the direct effect 

of variation in energy accumulated by foraging females and its subsequent transfer to 

pups (e.g., relative to more specialist predators such as A. gazella- see Croxall et al. 

1988; Boyd et al. 1994; Boyd 1998). 

(3) Modification in female foraging behaviour in response to relative prey availability 

among seasons and years (Doidge et al. 1984; Boyd et al. 1994) may compensate for 

some of the effects of environmental stochasticity. This behavioural plasticity could 
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make SEGs predicted to be of marginal quality by our models in reality suitable for 

colonisation. This would require individuals in less-productive areas to modify their 

foraging behaviour to incorporate a different array of prey species (i.e., different relative 

proportions) than those foraging in more productive waters. Again, this would tend to 

reduce the direct effect of spatial variation in prey abundance on pup condition. 

Furthermore, the relationship to bathymetry did not remain constant among years; 

however in 1996 and 1998, the shorter the distance to the 1000 m isobath, the higher the 

colony performance. This is partially consistent with the prediction that steeper slopes 

facilitate local upwellings that lead to higher local productivity (Stanton 1976; Trillmich and 

Ono 1991; Vincent et al. 1991; Knox 1994; Livingston and Schofield 1996). 

The lack of a definitive set of rules among years highlights the need for multi-year 

sampling (Wanless et al. 1997) when attempting to define process from temporally- and 

spatially-variable systems (Chapter 2). Had we only modelled pup condition during one year 

we may have made some erroneous, or at least temporally-dependent, conclusions regarding 

the processes controlling pup condition and, ultimately, colonisation. This also highlights the 

advantage of inference rule extraction from neural networks versus conventional parametric 

modelling. Parametric models use stringent model selection criteria to determine best-fit 

models (Lebreton et al. 1992; Gershenfeld and Weigend 1993), so terms of weak effect are 

usually rejected. In contrast, the extraction of inference rules from neural network models is 

more sensitive to fluctuations in the underlying relationships due to the absence of 

assumptions concerning linearity and the distribution of the data (Lek et al. 1996; Guegan et 

al. 1998). Parametric models having the assumptions of linearity and normality will tend to 

reject significant terms that have real causal effects on the dependent variable when there are 

deviations from these assumptions. 

However, we must entertain the possibility that the inference rules are not consistent 

among years due to a lack of some underlying causal relationships. Although the variable 

nature of the effects observed may be the product of a dynamic system with a generalist 

predator, it is also possible that some of the relationships lack a definitive causal link. In other 

words, there may be patterns in some of the variables that match pup condition, although they 
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only have post hoc predictive power. The underlying causal relationships will only be 

identified through continued sampling. 
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It is also important to note that the differences in predicted proportions for each pup 

condition class between the coastline segments currently with colonies and those without are 

minimised due to the predictive nature of the model. SEGs currently with colonies only 

represent a small subset of the total number of SEGs predicted to be of suitable quality for fur 

seal colonisation. This inevitably leads to a reduction in the power to detect differences 

between the current colony distribution and the available coastline not yet colonised. 

Nonetheless, we found the neural network models gave predictions consistent with our 

expectations based on the current known distribution of fur seals in New Zealand. This 

suggests that the magnitude of the effect (i.e., the accuracy of our predictions) was large 

enough to counter the lower statistical power. 

We are not proposing that New Zealand fur seals will necessarily colonise all those 

coastline segments identified as capable of producing pups of good condition (Fig. 8.2). Our 

predictions have essentially identified areas of coastline potentially available to fur seals for 

colonisation. New Zealand fur seals may be limited by absolute food availability before 

complete colonisation of the identified available coastline. Also, breeding fur seals are 

gregarious (Baker 1978; Gentry 1998) and appear to demonstrate high site fidelity (e.g., 

Stirling 1971; Lunn and Boyd 1991; Gentry 1998) and philopatry (Chapter 7) to breeding 

sites. These behaviours are likely to restrict not only the rate of colonisation, but also the 

extent to which individual fur seals colonise new areas of coastline. 

There is some evidence that population density negatively affects the condition of New 

Zealand fur seal pups (Chapter 2). Due to the structure of the data and the inability to model 

density into the recall set for SEGs, we could not incorporate pup density into the model. 

Indeed, the 1998 model did not appear to give good predictions, possibly as a result of the 

hypothesised negative effect of pup density during that year (Chapter 2). Future models 

should incorporate population demography if the ultimate goal is to assess the most realistic 

distribution of available fur seal habitat. 
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Our models have provided insight into the factors driving colonisation at the scale of 

South Island- namely those marine and terrestrial features that relate to pup condition. 

However, rule extraction identified certain associations that are, as yet, too complex to fully 

understand. The correlative nature of this model and the problems identified with input 

variables (e.g., constant index of prey availability) may mask some of the true relationships. 

With additional information such as temporal shifts in prey abundance available from satellite 

imagery it should be possible to better examine these potential relationships. Nonetheless, our 

models can help predict the change in distribution of New Zealand fur seals over time and 

will allow coastal resource managers to plan for potential conflicts with commercial inshore 

fisheries. The real test of our predictions will come with the colonisation of new fur seal 

colonies as the population continues to expand and spread. 
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This thesis has been the first comprehensive attempt at linking the various aspects of 

New Zealand fur seal ecology to geographic variation in demography and environmental 

composition. Although I have only begun to explore some of the complex interactions between 

fur seals and the environment in which they live, this research has defined a series of models 

that will both facilitate our understanding and direct future research. In this chapter I begin by 

giving a brief summary of the main results while linking the different concepts under the 

umbrella of colonisation and geographic variation. Next, I provide a general model that helps 

the reader to better visualise the various components of the colonisation process as it pertains 

to individual selection of breeding sites. I also outline some of the concepts that still impede 

our understanding of the processes I explored, including assumptions I was forced to make and 

hypotheses generated from this study. Finally, I recommend specific research priorities for the 

expansion of our knowledge of New Zealand fur seal population dynamics and pinniped 

colonisation in general. 

Chapter Links 

I outlined in the introduction (Chapter 1) how New Zealand fur seals were subject to 

intensive exploitation by humans during the last 1000 years, specifically during the period of 

European sealing in the late 18th and early 19th centuries. Following this period of exploitation 

New Zealand fur seals, much like most species of Arctocephalus, have been increasing in both 

range and abundance. This has lead to colonisation of both new and previously occupied 

breeding and non-breeding sites around the New Zealand coast. The processes that drive the 

rate and extent of this expansion were until now mostly hypothetical. This thesis attempted 

to address this problem using a more comprehensive and holistic approach than had been 

attempted previously. 

Two main questions must be posed when investigating the processes of population 

expansion: 1) how well does a population do relative to the choice of a particular habitat 

patch? and 2) how does one measure variation among the different habitats chosen to be 

colonised? In this thesis I addressed both of these issues. 
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The reproductive output of a population is a function of both the amount of food 

available and the ability of the species to find, assimilate and allocate this resource to 

reproduction and survival (Caughley and Sinclair 1994). Estimating the variance and mean 

values of basic population parameters such as offspring production and the condition of 

offspring should reflect then, in part, the variation in resource availability among populations. 

Chapter 2 was an attempt to quantify production in terms of pup density and condition, and 

to explore the geographic and temporal trends in these parameters during the course of this 

study. Indeed, there was some spatial clustering of colonies based on the mean condition of 

pups at each colony sampled within the study area (South Island, New Zealand), supporting 

the hypothesis that pup condition is a reflection of local resource availability. However, 

temporal shifts in both condition and density were observed. This highlights another element 

of environmental variation with which New Zealand fur seals must contend in addition to 

spatial variation. 

Like all pinnipeds, penguins and other seabirds that forage at sea, New Zealand fur seals 

must return to a solid substrate (in this case, tenestrial coastline) to give birth, mate and 

provision their young (Costa 1991; Boyd 1998; Croxall and Davis, in press). Chapter 3 was 

an attempt to investigate the types of tenain characteristics that fur seals deem suitable for 

reproduction. The delineation between breeding and non-breeding tenain was not as clear as 

that found in previous studies investigating fur seal tenain (Crawley and Wilson 1976; Ryan 

et al. 1997). However, terrain characteristics that are hypothesised to facilitate pup 

thermoregulation and survival (e.g., crevices, rock size) were significantly related to pup 

density. This suggests that there is a gradient of terrain types chosen by fur seals. As 

colonisation occurs fur seals must not only consider the availability of food resources at sea 

(Chapter 2), but also the configuration of the terrain suitable for tenestrial breeding. 

Now, assuming again that there is a measurable relationship between the amount and 

availability of prey in the environment and the condition, growth and survival of pim1iped 

offspring, then it should be possible to correlate spatial differences in either productivity or 

offspring condition to geographic differences in prey availability. Measures of geographical 
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variation in both the marine and terrestrial environment can be combined to model the 

relationship between the survival, distribution and behaviour of otariid seals and their 

environment (e.g., Doidge et al. 1984; Gentry and Kooyman 1986; Croxall et al. 1988; Boyd 

and Amborn 1991). In Chapter 8 I developed a model to investigate the relationship between 

pup condition at sample colonies and the configuration of the marine and terrestrial 

environment around South Island. Under the assumption that pup condition is an index of a 

mother's ability to find, assimilate and transfer to her pup the food accumulated at sea near the 

breeding colony, we found that our model could predict the potential availability of coastline 

suitable for fur seal colonisation. The model showed that the current distribution of fur seal 

colonies overlapped the maximum predicted distribution better than a random model. 

The other chapters (Chapters 4 - 7) address a number of issues related to the complex concept 

of colonisation and the methodological assumptions often made when estimating population 

parameters. As some of the parameters used to develop the spatial models described above 

relied on marking individuals, we investigated the rate of tag loss in double-tagged pups 

(Chapter 4). Pups were marked to obtain estimates of density and survival; therefore, the rate 

of tag loss could have biased some ofthese parameters. We determined that tag loss between 

right and left flipper tags was not independent, and we found that assuming independence 

biases tag loss rates upwardly. In Chapter 5, we estimated pup survival at three sites on 

Otago Peninsula. Although condition was used in the spatial models described in Chapters 2 

and 8, pup survival may provide additional clues about the effects of environmental variation 

on colonisation. This preliminary investigation also addressed the assumption of equal re

capture probabilities among different size-classes of pups. This has important implications for 

estimates of survival, growth and population estimates because differential capture 

probabilities can impart significant biases. 

In Chapter 7, we addressed a potentially important phenomenon that could alter the 

patterns and rates of pim1iped colonisation. It has been shown that pinniped predators have 

the capacity to limit other pinniped populations through predation, and this could affect the 

rate and extent of population expansion during colonisation (Boveng et al. 1998; Robinson et 
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al. 1999). We assessed the occurrence of predation by New Zealand sea lions (Phocarctos 

hookeri) on New Zealand fur seals. It appears that active predation is not a common 

phenomenon at this point in the re-colonisation process; however, with increasing populations 

of both species, it is possible that it may one day contribute to the choice of sites for re

colonisation. 

Conceptual model 

Based on the findings of this thesis, I have defined a simple model for the persistence of 

an individual fur seal within a geographical area (Fig. 9.1). When a new individual, either a 

first-time breeder or a transient foreigner, arrives in a new area it requires certain resources to 

remain (i.e., colonise). If sufficient food is available, and with at least a semblance of temporal 

and geographic predictability, then this area of the marine environment can be regularly foraged 

(see also Hansson 1991). Of course, this requires the individual to remain in the new area at 

least temporarily (see Bradshaw et al. 1999) to assess the quality of the potential foraging 

area. In addition, if all the requirements for life ashore are present, and that coastal site is near 

enough to the aforementioned marine foraging grounds, then breeding may occur (Fig. 9.1). 

Demographic and behavioural phenomena will also modify the outcome of the process 

(Switzer 1993). If any of the parameters are missing, not in the appropriate balance, or are 

altered through temporal shifts in climate (e.g., Trillmich and Ono 1991), then an individual 

can either not breed, fail to raise offspring, or migrate (see also Grant 1978; McCullough 1985) 

to an alternative area where the resources are present in sufficient quality and quantity (Fig. 

9.1). This will result in dispersing individuals (see also Dobson 1982; Stenseth and Lidicker 

1992; Boulinier and Lemel1996). However, I am not advocating that fur seals 'decide' to 

remain or migrate; this model simply organises each ecological phenomenon involved in the 

process of colonisation. The physiological or behavioural mechanisms driving these 

phenomena are beyond the scope of this study. 



Fig. 9.1. Decision flowchart for a new individual (e.g., newly-weaned pup or migrant 

foreigner) to colonise a particular area. For colonisation of a site ashore, all aspects of 

terrain conducive to the survival of pups must be present. In addition, sufficient food 

resources must be within swimming distance from that site, and these resources must be 

reasonably permanent and predictable. El Nino/Southern Oscillation (ENSO) variation 

will affect both the permanence and predictability of marine food patches. When any of 

these conditions are not met, a migrant female can (a) fail to :raise an offspring, (b) not 

breed, or (c) migrate to an area with the appropriate conditions. Population density, site 

fidelity and philopatry will modify the decision to remain in the natal colony or migrate 

(i.e., dispersal). 
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Assumptions and Hypotheses 

Historical population changes 

9.7 

An assumption that must be acknowledged is the view that New Zealand fur seals are 

re-colonising in environmental conditions similar to those that existed prior to the arrival of 

humans. The archaeological evidence suggests that the aboriginal people ofNew Zealand, the 

Maori, used fur seals as an important food source (Cassels 1984; Davidson 1984; Smith 1989; 

Anderson and McGlone 1992). However, the archaeological record is far from complete 

(Smith 1989), so our knowledge of the prehistoric distribution of fur seals around the New 

Zealand coastline is arguably incomplete as well. If climatic and marine conditions were 

extensively different than those observed today the expansion of the remnant population 

during the last 200 years may differ markedly from their pre-human distribution. Nonetheless, 

future models predicting fur seal distribution and abundance should investigate further the 

overlap between the hypothesised pre-historic, current and projected distributions. This may 

give some additional insight into the capacity of specific regions to support fur seal 

populations, especially if certain sites are re-colonised after historical extirpation. 

It could also be argued that the distribution of existing fur seal colonies in New Zealand 

is derived from the expansion of historical refugia, and these refugia may not have been 

adjacent to optimum marine resources or found on optimum terrestrial habitat. However, the 

near absence of fur seals throughout the earlier period of this century (Crawley and Wilson 

1976; Crawley 1990; Taylor 1982, 1992, 1996; Richards 1994; Lalas and Harcourt 1995; 

Taylor et al. 1995) suggests that if refugia did exist, they were not numerous. Although the 

records are incomplete, more inaccessible areas such as Fiordland and regions of southern 

Stewart Island could have harboured mainland refugia thereby negating the assumption of re

colonisation following complete extirpation. 

Effects of seals on the marine environment 

Much of the recent research investigating the effects ofpinnipeds on the marine 

environment results from a desire to investigate the interactions between seals and commercial 

fisheries. Valid quantified assessments of competition between seals and fisheries involve a 
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comparison of the estimates of consumption by seals, catches by fisheries and the biomass of 

fish stocks (Bonner 1982; Butterworth et al. 1988; Harwood and Croxall1988; Crawford et al. 

1992; Meyer et al. 1992; Wickens et al. 1992a, b; Bowen 1997; Trites 1997). Although fur 

seals are conspicuous as top predators, it has been suggested that their impact on fish stocks 

has been overemphasised (David 1987; Crawford et al. 1992; Harwood 1992; Wickens et al. 

1992b ). To date there are no known cases where a reduction in the abundance of marine seals 

has benefited fisheries catches (Butterworth et al. 1988; Trites 1997). 

However the difficulty with many of these studies is the magnitude of the effects being 

investigated and the high variance associated with estimates of seal ingestion rates (Lavigne et 

al. 1986; Harwood and Croxall1988; Butterworth et al. 1988; Harwood 1992; Balmelli and 

Wickens 1994), prey composition (e.g., Carey 1992; Trites et al. 1997; Fea et al. 1999) stock 

assessment, and fur seal abundance (Crawley 1990; Duncan 1991; Barton 1996). This, in 

combination with a limited understanding of how indirect effects operate in marine food webs 

(Abrams et al. 1996), means that the role of pinnipeds on the marine ecosystem is still rather 

unclear. I expect that this relationship will be rather difficult to investigate until we gain a 

much better indication of fur seal diet shifts relative to spatial and temporal changes in prey 

abundance and prey species migration patterns and population trends. 

Carrying Capacity 

The number and distribution of A. forsteri in New Zealand may be limited by absolute 

food availability before complete colonisation of the suitable coastline occurs. I suggested in 

Chapter 7 that the number of fur seals may eventually fluctuate around some mean 'carrying 

capacity', that is, how many individuals an ecosystem can support (McLeod 1997). 

Management authorities and commercial fisheries representatives often express their need for 

an objective assessment of total population size (e.g., Taylor et al. 1995; Anon. 1997), and 

projected population maxima for use in models assessing the impact of fur seals on the marine 

environment (e.g., Wickens et al. 1992a, b; Trites et al. 1997). Since populations founded by 

few colonists require many generations to reach carrying capacity (Ibrahim et al. 1996), and 

fur seals require 3 to 10 years to reach reproductive maturity (Wickens and York 1997), the 
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population of fur seals in New Zealand may not reach a theoretical upper limit for many years 

to come. 

However, the concept of carrying capacity may not be useful in systems of high 

environmental variability (McLeod 1997). Indeed, we are still largely ignorant of temporal 

fluctuations that occur in the abundance and distribution of the fur seals' prey species. With 

the hypothesised effect of temporal variability in prey abundance and availability (Chapter 2), 

and marked geographic variability among marine foraging areas, estimates of equilibrium 

density or distribution (see Boulinier and Lemel 1996) of fur seals may not be realistic or even 

meaningful. 

Spatial scale 

As I have shown, the factors controlling colonisation are numerous, and the interactions 

between them are complex. The spatial scale at which the relationship between environmental 

and demographic factors is assessed will dictate the types of conclusions made (e.g., Johnson 

1980; Danielson 1991; Hanski and Gilpin 1991; Bradshaw et al. 1995; Boulinier and Lemel 

1996; MacNally and Qui1m 1998). For example, it is logical to assume that the factors driving 

the colonisation patterns ofNew Zealand fur seals at the scale of the entire South Island will 

be those most related to marine productivity because large differences in the distribution and 

abundance of prey are expected at this scale. These include all those factors that allow fur 

seals to obtain adequate food to survive and reproduce. The results of the neural network 

model to predict colonisation potential for South Island appear to corroborate this idea. On 

the other hand, the factors controlling colonisation at a finer scale can modify the decisions 

ultimately based on food availability. The results from the analysis on the clustering of 

colonies (Chapter 7) suggest that demographic parameters such as population density are 

important in site selection (see also Dobson and Jones 1985; Hansson 1991; Boulinier and 

Lemel 1996). In addition, individual behavioural patterns like philopatry and site fidelity 

operate within the subset of factors required for a coastal site to be deemed suitable for 

breeding (see also Wade and McCauley 1988; Hansson 1991; Switzer 1993). 
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Temporal variation 

With only three years' data on fur seal pup condition and density, any association to 

climatic changes has to be largely superficial and untested. I was unable to address the true 

influence of climatic perturbations (e.g., El Nino/Southern Oscillation events- ENSO) on the 

parameters measured (Barber and Chavez 1983). To achieve this, one would require access to 

a time series of fluctuations in marine productivity during the period when pup sampling 

occurs (see Research Implications- this chapter). However, this relationship is crucial to the 

understanding oflong-term trends in pinniped population ecology. Without a well-understood 

link between climatic variation on the marine environment and its subsequent effect on marine 

predators, our understanding of the pinniped colonisation process will be incomplete. 

Density dependence 

The literature treating the concept of density dependence in ecological issues is extensive 

and largely beyond the scope of this thesis. However, the data I collected did suggest a 

possible negative effect of pup density on other parameters such as pup condition. I was 

obliged to assume that pup density could be used as a proxy for general population density. 

However, this may not necessarily be the case. Pup production (and hence, density) is a 

function of pregnancy rate, survival probability, and age structure and composition at each 

colony. It is unlikely that the age structures at each colony are identical. Therefore, shifts in 

age structure could lead to a much different ratio between the number of adults and offspring 

at each colony (see below). 

Gregariousness persists in many marine mammals, suggesting that colonial breeding 

confers some fitness benefits (Boness 1990). However, colonial living at high densities may 

impart certain costs in marine mammal populations (Coulson and Hickling 1964; LeBoeuf et 

al. 1972; Le Boeuf and Briggs 1977; McCmm 1982; Riedman and Le Boeuf 1982; Doidge et al. 

1984; Ribic 1988; Harcourt 1992; Majluf 1992). Although there is some evidence for a 

negative influence of population density on population parameters in fur seals (Doidge et al. 

1984; York 1985; Harcourt 1992; Majluf 1992), the relationship has not been confirmed. If 

density does, indeed, affect fur seal population dynamics, then the implications encompass 
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many aspects of the colonisation process. The following hypotheses have been generated 

during the course of this study: 

1. Pup condition is density-dependent. With an increasing population there will be 

competition for food at sea (see also Croxall et al. 1988), and for space and optimal habitat 

on land. At high population densities the quantity of milk transferred to pups from 

mothers may be restricted. Therefore, it is hypothesised that pup condition will decrease, 

and ultimately, so will pup survival. 

2. Density-dependence may only operate in years when resources are limiting. Indeed, 

demography and behaviour may be modified in years when resources are limiting (Williams 

and Croxall1991). This hypothesis warrants further research, and should encourage 

researchers to standardise their data for temporal shifts in resource abundance, either 

through modelling co-variates of environmental change, or by grouping data where annual 

conditions are similar. 

Demographic variation 

Some of the problems associated with the use of pup condition as an index of 

environmental variation have already been discussed briefly in the chapters. If condition varies 

in response to environmental variation, then the models used here are justified. However, an 

underlying assumption of the condition-environment relationship is that local demographic 

differences do not modify condition to an extent where they would dilute or bias the 

environmental response. 

Indeed, the sample of colonies where pups were measured was not entirely random, and 

the age structure at each colony may not have been random either. Although I investigated the 

effects oftime since colonisation at one spatial scale in Chapter 7, these data for the majority 

ofthe sample colonies around South Island do not exist. That is, we do not know when 

colonies were established, when the first pups appeared, or even at what rate most of these 

colonies are increasing in number. 
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If certain regions of the South Island coast were colonised much before others, it is 

possible that the age structure at those colonies would have had time to stabilise relative to 

other, newer colonies elsewhere. If this were true, then the mean condition and survival 

probabilities of the pups born could differ between these colonies (assuming all geographic 

conditions were identical). There is some evidence for pinnipeds that the survival and growth 

of pups is related to the age of the mother. Luru1 et al. (1994) and Gentry (1998) have both 

found evidence that younger mothers are less successful at raising pups than older, more 

experienced mothers. Furthermore, there is some evidence in phocid seals that offspring sex 

ratios vary in accordance to the mean mass of mothers in the sample population. Amborn et 

al. (1994) found that small southern elephant seal (M leonina) mothers are more likely to give 

birth to sons than to daughters. However, without the detailed age and mass structure of 

breeding females at the colonies sampled in this study, and the general lack of evidence 

supporting the hypothesised relationships, we are obliged to assume that the geographic 

variation in pup condition was a product of environmental variation rather than differences in 

population demography. 

Sex differences 

In relation to the hypothesis of demographic variation among sample colonies, the 

theory of parental investment generates other hypotheses yet to be tested rigorously for 

pinniepeds. In polygynous and sexually dimorphic species such as seals there may be greater 

maternal investment in male offspring (Fisher 1930; Maynard Smith 1980). There is some 

support for this hypothesis in otariid seals (e.g., Boyd and McCmm 1989; Francis and Heath 

1991; Goldsworthy 1995), although it has been questioned (Doidge and Croxall1989; Lunn et 

al. 1993; Arnauld et al. 1996). If differential maternal investment does occur, then the 

relationship between variation in pup condition and environmental variation may be more 

detectable in male pups, especially in years when resources are limiting. 

Dispersal and individual behaviour 

There was some evidence that the distribution of breeding colonies was influenced by 

behavioural mechanisms such as philopatry and site fidelity (Chapter 7). It was not possible, 



Chapter 9 - Conclusions 9.13 

however, to gauge the magnitude of these phenomena. This would require a more intensive 

sampling regime· of individual fur seals (see Research Implications). Perhaps the least

understood mechanism in the colonisation process of otariid seals is the dispersal phase. There 

are still no estimates of juvenile survival or dispersal capacity (Bradshaw et al. 1999) for A. 

forsteri, and this information is vital for the refinement of all subsequent population models. 

Even without some of the more long-term data required to fit the colonisation processes 

of A. forsteri to existing theoretical models, some general conclusions can be drawn. Ebenhard 

(1991) suggested that generalist species with good dispersal abilities tend to be good 

colonisers. A. forsteri do appear to disperse well in their continuous marine matrix (Bradshaw 

et al. 1999), and there is evidence for both 'spill-over' dispersal (i.e., possibly density

dependent) and pre-saturation (sensu Lidicker 1975) dispersal (i.e., density-independent), 

resulting perhaps from enviromnental uncertainty (Grant 1978). A. forsteri are also generalists 

in that they feed on a relatively broad spectrum of cephalopod and fish prey (e.g., Carey 

1992; Fea et al. 1999). 
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Research Implications 

The parameters estimated by this study and the projected colonisation model are a good 

beginning to the understanding of how fur seals interact with and respond to changes in the 

environment. However, as detailed in the section above, we still do not fully understand the 

causal relationships that dictate temporal and spatial population trends through time. The 

logical course of action following this study is the constmction of a more detailed model to 

project the rate and extent of future expansion. Although many of the parameters required for 

such a model are poorly estimated or simply unknown (e.g., juvenile survival and dispersal 

capability, philopatry and site fidelity, foraging extent, etc.), it should be possible to provide 

some possible scenarios for colonisation using the information already available. In addition, a 

model of this type must incorporate a measure of environmental stochasticity because this 

study has identified a possible link between climatic perturbations and population parameter 

values. I suggest the following questions should be the priority for A. forsteri research over the 

next few years: 

1. Estimate juvenile survival and dispersal through the continuation of intensive tagging 

programmes at several colonies around New Zealand. Existing tagging programmes have 

fulfilled this requirement satisfactorily, but their maintenance is essential. In addition, after 

several years of tagging it should be possible to organise a systematic survey of key fur 

seal colonies with a view to identify previously-tagged individuals that have migrated. This 

tagging information would also provide information regarding the extent of philopatry and 

site fidelity. 

2. Establish the relationship between ENSO events and the relative availability of the main 

prey species of fur seals. A detailed analysis offisheries catch data corrected for catch 

effort could be compared to indices of the Southern Oscillation. This would clarify what 

changes in prey availability are potentially responsible for the patterns observed in this 

thesis. 

3. Construct a long-term database of pup survival and production at several key fur seal 

colonies around New Zealand to investigate the changes in density dependence during the 
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colonisation process. These data are being collected continuously for areas such as Otago 

Peninsula, but other regions of New Zealand should also be monitored for comparison. 

4. Construct a stochastic model to estimate rate and extent of colonisation given the available 

information, perhaps incorporating better estimates of regional primary productivity such 

as chlorophyll a concentrations from satellite image1y. 

I suggest then that enumeration of the total population should not be the primary goal of 

researchers and managers. Estimating local population parameters such as pup production, 

survival, dispersal and foraging behaviour are more impmiant to understand the mechanisms 

involved in long-term changes in the size and distribution of the population. Regardless of the 

many management issues surrounding our detailed understanding of pinniped population 

dynamics, one must not forget that New Zealand fur seals are perhaps one of the few native 

species in New Zealand that have managed to come back from extensive reductions in numbers 

and range. Unlike so many species in New Zealand, the fur seal population no longer appears 

to be endangered. The comeback of fur seals should be regarded as positive for the 

preservation ofNew Zealand's unique fauna, and the processes involved in its re-colonisation 

provide an excellent opportunity for scientific research. 
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