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ABSTRACT 

The objectives of the present study were to: 1 )  describe the gross chemical 

mi lk composition of the New Zealand sea lion (NZSLs), Phocarctos hookeri, in 

early lactation; 2) validate an analytical method for sea l ion mi lk composition; 

3) investigate a series of temporal ,  ind ividual and dietary factors that i nfluence 

the mi lk composition of the NZSL and ; 4) investigate the temporal and spatial 

differences in the fatty acids signatures of sea lion mi lk .  

A comprehensive l iterature review revealed that data on mi lk composition in 

otariid species is either m issing or l imited, that to be able to fu l ly describe their 

milk composition extensive sampling was requ ired and that the temporal , 

maternal and offspring factors that influence mi lk composition in pinnipeds are 

poorly understood . The review identified that considerable work has been 

conducted to infer diet via the application of fatty acids signature analysis of 

mi lk and blubber. There are many factors (Le. metabolism, de novo synthesis 

and endogenous sources) that contribute to the differences in fatty acid 

composition between the diet and milk or blubber. 

Mi lk samples from NZSL were used to test whether a new method would g ive 

simi lar results as the standard methods of mi lk analysis. Agreement between 

analytical methods for mi lk components was assessed using different 

measures of statistical fitness and the results ind icated that the new method 

was comparable to the standard methods and appl icable to the mi lk  of sea 

l ions, pinnipeds and to ecological studies of lactation.  Milk from NZSLs was 

collected over a period of seven years (1 997, 1 999 to 2003, and 2005) in early 

lactation to describe the composition of mi lk of NZSL and to test for 

d ifferences between years. The results indicated that: i )  the milk protein 

concentration was comparable to other species of pinnipeds; i i )  the mi lk fat 

concentration and the mi lk  energy content of NZSL is the lowest reported for 

otariids in early lactation; however i i i )  the mi lk fat concentration was 

significantly different between years. These results suggested that the mi lk 

composition of NZSLs was influenced by annual changes in the environment; 

however, there may be other unidentified factors. Month, maternal body 
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condition, age, body weight and length , offspring sex and age, and attendance 

pattern were compared with milk components. The results identified that 

month, maternal body condition and age significantly affected mi lk fat 

concentration . These resu lts and the fact that maternal body condition varied 

significantly between years and mothers nurs ing male pups had lower body 

condition and produced mi lk lower in energy content suggested that local food 

resources along with other unidentified factors have an effect on the 

reproductive success of NZSLs. To test whether the fatty acid Signature 

analysis (FASA) of l ipid rich tissues (mi lk, blubber and serum) of otari ids cou ld 

be used to infer diet a mixture of vegetable oi l (with d istinctive fatty acid 

Signature)  was fed to 24 lactating NZSL and tissue samples were collected at 

different time intervals .  Significant increases in the concentration of specific 

fatty acids in serum and mi lk were observed with peaks with in  1 2hrs and 

24hrs respectively of ingestion .  Concentrations in milk remained elevated for 

up to 72hrs and there were d ifferential rates of incorporation into mi lk .  These 

findings confirm the potential of FASA to infer the composition of the diet. The 

variation in mi lk fatty acid signatures from lactating NZSL from four years 

( 1 997, 2003, 2004 and 2005) of sampling were measured in order to test 

whether d ifferences occurred between years. Fatty acids signatures from five 

potential prey species including the commercial ly important arrow squid were 

incorporated into the analysis to associate the changes in milk fatty acids with 

a shift in prey choice. The results ind icated that mi lk fatty acid signatures were 

different in 1 997 and 2003; however, it was not possible to relate these 

differences to the five prey species. The variabi l ity in the annual arrow squid 

catch data suggested that local food resources arou nd the Auckland Islands 

may also be variable. 

In conclusion, the milk produced by the NZSL has the lowest concentration of 

fat and energy in early lactation reported for any otari id species. The main 

factors that contributed to changes in  mi lk quality were stage of lactation, year 

and maternal body cond ition . The yearly variation in the qual ity of mi lk 

appears to be a resu lt of their lactation strategy or to variable local food 

conditions that also affect maternal body condition . Therefore monitoring the 

annual m ilk qual ity may be a means to monitor the health of a pinniped 
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population and potential management tool for pinniped species. This thesis 

has shown that annual changes in the diet of NZSL can be assessed with milk 

fatty acid signatures. 
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PREFACE 

A lack of understanding of the lactation strategies adopted by New Zealand 

sea l ions (NZSL) was the keystone that initiated the work presented in this 

thesis.  A priori there were some questions that were proposed such as what's 

the gross chemical milk composition of the mi lk?; Does it vary in relation to 

environmental conditions?; What are the factors that are determining the mi lk 

qual ity produced by NZSLs?; Do these factors have detrimental effects on the 

qual ity of the mi lk of NZSLs and thus on their reproductive success as a 

measured by pup survival? 

The interaction with the commercial squid fisheries is evident and thus the 

question that comes to mind is whether both fisheries and NZSLs are 

targeting the same food source, and if so would the competition adversely 

impact on the lactating NZSL? Would this interaction reduce the qual ity and 

quantity of mi lk produced by the NZSL? 

I started th is project with the idea of analysing the gross chemical composition 

of mi lk of NZSL and relating its composition to a number of maternal and 

offspring characteristics and temporal factors . Although there has been some 

work in this area but not necessarily on sea l ions, I realize that there were 

many bias incorporated in  these studies, for instance, methodologies were not 

standardized for the analysis of milk composition . 

The first step in  th is  project was to val idate for the mi lk of NZSL an analytical 

method based on infra-red technology that is usually applied in the analysis of 

mi lk of dairy animals. Next it was evident that the factors scuh as maternal 

characteristics that influence the mi lk composition needed to be investigated 

and eventually the long and short term effects of d iet. It soon became obvious 

that the complex mechanisms of mi lk fat synthesis/secretion related to the 

physiology of sea l ions and the factors governing this mechanism would make 

it d ifficult to ful ly u nderstand the relation between mi lk  and d iet and to draw 

objective conclusions. I found that there was l ittle known about the 

mechanism of transfer of d ietary l ipids to mi lk lipids, in particular in pinnipeds. 
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Finally, my study focused on the mi lk composition and the factors that affect it 

because of its importance in the dynamics and recovery of the population of 

the species. I nformation on the quality of the mi lk can be used as an indirect 

i ndex of the reproductive success and as a measure of the health of the 

population. 
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Figure 1 3. 

Figure 1 4. 
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The relationship between maternal weight (kg) and maternal length 

(cm) for 402 adult lactating female New Zealand sea lions, 

Phocarctos hookeri, at Enderby Island, Auckland Islands. 

The a) body weight (kg) (1 997 n=5, 1 999 n=62, 2000 n=70, 2001 

n=98, 2002 n=32, 2003 n=61 , 2005 n=30) and b) body condition 

index (kg/cm) ( 1 997 n=5, 1 999 n=62, 2000 n=70, 2001 n=98, 

2002 n=31 , 2003 n=6 1 ,  2005 n=30) of lactating New Zealand sea 

lions, Phocarctos hookeri, in early lactation during seven years at 
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Enderby Island, Auckland islands. Mean values are expressed with 

standard errors. 1 86 
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Figure 1 6. 
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Figure 1 8. 

Figure 1 9. 

Figure 20. 

Most abundant fatty acids and their baseline composition (mass %) 

of a cocktail of natural vegetable oil composed of 60% sunflower oil 

and 40% coconut oil administered to lactating New Zealand sea 

lion; lipid extracted from milk (n=16),  serum (n=22) and blubber 

(n=18) from lactating New Zealand sea lions, Phocarctos hookeri, 

at Enderby Island, Auckland Islands. Values are means ±SE. 

Temporal changes in the concentration of C 1 0:0, C12 :0 and C1 4:0 

fatty acids (mass %) in a )  milk , b) serum and c) blubber from 4 

hrs to 72 hrs after a cocktai l  of natural vegetable oil was 

administered at 0 hrs to lactating New Zealand sea lions, 

Phocarctos hookeri, at Enderby Island, Auckland Is lands. Values 

are means ±SE. * P>0.05. 

Tempora l changes in the concentration of selected fatty acids 

mass (%) in a) mi lk,  b) serum and c) blubber from 4 hrs to 72 hrs 

after a cocktail of natural vegetable oil was administered at 0 hrs 

to lactating New Zealand sea lions, Phocarctos hookeri, at Enderby 

Island , Auckland Islands. Values are means ±SE. * P<0.05. 

Tempora l changes in the concentration (mass %) of saturated fatty 

acids (SAFA), monounsaturated fatty acids (MUFA), and 

polyunsaturated fatty acids (PUFA) in a)  milk and b) serum 4 to 72 

hrs after a cocktai l  of natural vegetable oi l  was administered at 0 

hrs to lactating New Zealand sea lions, Phocarctos hookeri, at 
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Enderby Island, Auckland Islands. Values are means ±SE.* P<0.05 231 

The calculated equivalency of oil (g/1 00) that was needed to be 

secreted into the milk to change the concentration of (a) C1 0:0, (b) 

C1 2:0, (c) C1 4:0, (d) C16:0 and (e) C1 8:2n-6 fatty acids in the milk 

fat from that measured at 0 hrs to that observed at each of the 

interva ls from 4 to 72 hrs after a cocktai l  of natural vegetable oil 

was administered at 0 hrs to lactating New Zealand sea lions, 

Phocarctos hookeri, at Enderby Island, Auckland Islands. Each 

point represents the value for an individual sea l ion. 

Plot of canonical scores of fatty acid data showing the relationship 

between the fatty acid composition of mi lk samples collected from 

New Zealand sea l ions, Phocarctos hookeri, at the Auckland 

Islands and a mixture of natural vegetable oils (oil) administered at 

time O. Legends represent the pooled time intervals at which the 
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Figure 21 . 

Figure 22. 

Figure 23. 

Figure 24. 

samples were col lected before (0 hrs) and from 4 hrs to 72 hrs 

after the oil was administered . 

Plot of canonical scores of fatty acid data showing the relationship 

between the fatty acid composition of serum samples collected 

from New Zealand sea lions, Phocarctos hookeri, at the Auckland 

Islands and a mixture of natural vegetable oils (oi l )  administered at 

time 0 hr. Legends represent the pooled time intervals at which the 

samples were collected before (0 hrs) and 4 to 72 hr after the oil 

was administered. 

Canonical scores plot of the fatty acids data showing the 

relationship between blubber samples of New Zealand sea l ions, 

Phocarctos hookeri, collected at the Auckland Islands. Legends 

represent the time intervals at which sea lion were captured before 

(0 hrs) and after (4 hrs to 72 hrs) a mixture of vegetable was 

administered. 

Classification tree, determined by CART (R2=0.65), of milk samples 

classified by the pooled time interval (0, 1 2, 24, 48, 72 hrs) that 

they were collected after a cocktai l of natural vegetable oil was 

administered to lactating New Zealand sea lions, Phocarctos 

hookeri, at the Auckland Islands. Each node is labelled with the 

fatty acid used by CART algorithm to create the split. Values on the 

branches (arrows) show the concentration (% mass) of the fatty 

acid at which the split was made. Bracketed numbers at the 

terminal nodes indicate the numbers of samples from each time 
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interval (0, 1 2, 24, 48, 72 hrs). 236 

Classification tree, determined by CART (R2=0.48), of serum 

samples classified by the pooled time interval (0, 1 2 ,  24, 48, 72 

hrs) that they were collected after a cocktail of natural vegetable oil 

(CoNVO) was administered to lactating New Zealand sea lions, 

Phocarctos hookeri, at the Auckland Islands. Each node is labelled 

with the fatty acid used by CART algorithm to create the split. 

Values on the branches (arrows) show the concentration (% mass) 

of the fatty acid at which the split was made. Bracketed numbers at 

the terminal nodes indicate the numbers of samples from each time 

interval (0, 1 2, 24, 48 and 72 hrs). 237 
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Fatty acid (FA) composition (weight percent of major (FA)) ,  sum of 

Omega 3 fatty acids, Omega 6 fatty acids (and their ratio) and 

saturated fatty acids (SAFA), monounsaturated fatty acids (MUFA) 

and polyunsaturated fatty acids (PUFA) in the milk fat of New 
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Figure 30. 

Zealand sea l ions, Phocarctos hookeri, during early lactation in 

1 997 (n= 1 2), 2003 (n= 1 4), 2004 (n= 9) and 2005 (n= 1 7) summer 

seasons. Values are given as means ±SEM.*p<0.05. 

Means ± SE of the weight percent of major fatty acids in milk of the 

New Zealand sea lion, Phocarctos hookeri, collected in summer 

(
,
97:1 997, n=1 2 ;  '03:2003, n=1 4; '04:2004, n=9; and '05:2005, 

n=17) at the Auckland Islands and prey species collected at 

Campbell plateau in the summer and the autumn of 2005/2006 

(Meynier unpubl ished data). Prey species: RC: Red cod 

(Pseudophycis bachus); JL: Javelin (Lepidorhynchus denticulatus) ;  

OF: Opalfish (Hemerocoetes spp.);  AS: Arrow squid (Nototodarus 

sloanil); HK: Hoki (Macruronis novaezelandiae). 

The weight percent of selected fatty acids and the ratio of C20: 1 n-

1 1  : C20: 1  n-9 in milk (sampled in four  summer seasons) of New 

Zealand sea l ion, Phocarctos hookeri, and in prey species 

collected at Campbell plateau summer and autumn 2005/2006 

(Meyner et al. unpublished data). Values are means ± standard 

errors. See (Iverson, 1 993; Iverson et al. , 1 997b). *Significantly 
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different p<0.05. 269 

Classification tree, determined by CART, of the fatty acid 

composition of milk from New Zealand sea l ions, Phocarctos 

hookeri, collected at their breeding site on either Dundas Island or 

Sandy Bay at the Auckland Islands. Each node is labelled with the 

fatty acid used by CART algorithm to create the split. Values on the 

branches (arrows) show the level (% mass) of the fatty acid at 

which the split was made. Bracketed numbers at the terminal 

nodes indicate the numbers of samples from each breeding site. 270 

Relationship between monounsaturated (MUFA) and 

polyunsaturated fatty acids (PUFA) in the austral summers of 1 997, 

2003, 2004 and 2005 (PUFA =-0.65*M U FA + 55.38 ,  R2 = 0.76) 

milk samples collected from New Zealand sea lions, Phocarctos 

hookeri, in early lactation at the Auckland Islands. 271 

Plot of the canonical scores of the milk fatty acids in milk of New 

Zealand sea l ion, Phocarctos hookeri milk fatty acids and prey 

species in milk samples collected in 1 997, 2003, 2004, 2005 (lines 

are i l lustrative and delimit the samples by years).at the Auckland 

Islands and prey species collected at the Campbell plateau in the 

summer and autumn of 2005/2006 (Meynier unpubl ished data). 

Prey species were as follow. Prey species: RC: Red cod 

(Pseudophycis bachus); JL :  Javelin (Lepidorhynchus denticulatus); 
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Figure 31 . 

Figure 32. 

OF: Opalfish (Hemerocoetes spp. ) ;  AS: Arrow squid (Nototodarus 

sloanii) ; H K: Hoki (Macruronis novaezelandiae). 

Plot of canonical scores of the fatty acids (FA) in milk of Zealand 

sea lions, Phocarctos hookeri milk fatty acids and FA in potential 

prey species. Milk samples collected in 1 997, 2003, 2004, 2005 at 

the Auckland Islands and prey species col lected at the Campbell 

plateau in the summer and autumn of 2005/2006 (Meynier 

unpubl ished data). a)  only dietary "indicator FAs" and b) only main 

FAs in prey species were used . Prey species: RC: Red cod 

(Pseudophycis bachus); JL: Javelin (Lepidorhynchus denticulatus); 

OF: Opalfish (Hemerocoetes spp.) ;  AS: Arrow squid (Nototodarus 

sloanil); H K: Hoki (Macruronis novaezelandiae). 

Classification tree, determined by CART, of the fatty acid (FA) 

composition of milk collected from the New Zealand sea l ion, 

Phocarctos hookeri, in 1997, 2003, 2004 and 2005 at the Auckland 

Islands. Each node is labelled with the FA used by CART algorithm 

to create the split. Values on the branches (arrows) show the level 

(% mass) of the FA at which the split was made. Bracketed 

numbers at the terminal nodes indicate the numbers of samples 

from each year ( 1 997, 2003, and 2004 2005) and letters at each 

the terminal indicate prey species (AS= arrow squid; HK=Hoki; 
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JL=Javelin; OF=Opalfish; RC= Red cod). 277 
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Fisheries annual catches (tonnes) of arrow squid (Nototodarus 

sloanil) at the Auckland Islands. (Data provided from Ministry of 

Fisheries, New Zealand). 297 
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