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SUMMARY

Previous studies suggest that the milk of the quokka (Setonix brachyurus) could change

composition coincident with critical stages of development of the young, and that the

milk energy provided by the mother and its utilisation by the joey would determine the

young’s growth rate.

To test this general hypothesis, quokkas (n = 19) were bred in captivity and milk was

collected during lactation.  The samples were analysed using specific biochemical

assays and sensitive analytical techniques to determine the composition of the milk of

the quokka.  The stable isotope, deuterium oxide, was employed to estimate the volume

of milk consumed by the joeys.  The adult females and their young were weighed and

body measurements taken periodically, in order to calculate the body condition of the

adults and monitor the growth rate of the offspring.

Marsupial lactation can be divided in three phases.  Phase 1 of lactation covers the

period during pregnancy.  Phase 2a of lactation in the quokka (0 to 70 days post

partum), is the period when the young is permanently attached to the teat, while Phase

2b (70 to 180 days post partum) is when the joey suckles intermittently but is still

confined to the pouch.  Phase 3 of lactation extends from the time when the young

initially emerges from the pouch to the end of lactation (180 to 300 days post partum).

The concentration of protein in the milk of the quokka averaged 60 g/L during Phase 2b

of lactation.  From the start of Phase 3, the protein levels began to increase, peaking at

120 g/L towards the end of lactation.  The lipid and total solids content of the milk

averaged 50 and 180 g/L during Phase 2b, increasing to 150g/L and 250 g/L after

permanent pouch exit (200 days post partum).  In contrast, the total carbohydrate

concentration of the milk decreased from 80 to 20 g/L at 150 days post partum.  The

concentration of free lactose started to decrease at the beginning of Phase 3 of lactation

from 30 to 10 g/L and galactose and glucose began to rise from 1 to 9 g/L and 0.5 to 4.0

g/L, coincident with the decline in total carbohydrate.  The percentage composition of

only two of the five major fatty acids, oleic (18:1n9) and stearic (18:0) acids, varied

significantly during lactation (p < 0.05).

Most of the fatty acids present in the main dietary item of the adult female quokkas

appeared in the milk.  The milk consisted mainly of long and medium chain fatty acids,
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with no short chain fatty acids detected.  The major fatty acids present were palmitic

(16:0) and oleic (18:1n9) at approximately 28% of the total fatty acid composition,

followed by linoleic (18:2n6), trans-vaccenic (18:1n7t) and stearic (18:0) acids at 10%.

During Phase 2a of lactation, the milk intake of the young quokka averaged 2 ml/d.  The

rate of milk consumption increased exponentially reaching 30 ml/d during Phase 2b of

lactation, resulting in an elevation in the intake of milk energy from 20 to 150 kJ/d.

Consequently, the growth rate of the joey rose sharply during this period from

approximately 2 to 8 g/d.  Lactating females were significantly heavier during Phases

2b and 3 of lactation, than after weaning occurred (p < 0.05).  There was no correlation

between the body weight or condition index of the adults, and the body weight of their

joeys aged 180 days (p < 0.05).

The composition of the milk of the quokka changed markedly at 150 days post partum,

at initial pouch emergence and at permanent pouch exit.  On the other hand, the

majority of the concentrations of fatty acids did not vary during lactation.  It seems that

the composition and volume of milk supplied to the young marsupial alter to meet the

needs of the developing offspring.  The metabolism of fatty acids in quokkas appears to

be a combination of the processes in monogastric and ruminant mammals.  The growth

rate of the young quokkas was dependent on the volume and energy content of the milk

consumed.  The crude growth efficiency indicates that quokkas are equally efficient as

other marsupials reported in the literature, in converting milk energy to body mass.  It

seems that female quokkas maintained energy balance during lactation, most probably

by increasing their food intake rather than mobilising body fat stores.  In addition, it

appears that quokkas are capable of producing young of similar mass, irrespective of

their own body weight or condition, when they have access to an adequate supply of

food and water.

This was the first study to provide detailed information about milk composition and

lactational energetics in the quokka.  While the results supported the unifying

hypothesis in relation to the major changes associated with the transition through the

phases of lactation, wide variations were detected between the quokka and other

marsupial species in the changes in the detailed composition of milk and milk

production.
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Chapter 1

GENERAL INTRODUCTION

Newborn mammals rely on milk as the major source of nutrients for growth and

development (Jensen 1995).  In most placental mammals, the young are physiologically

competent at birth or soon thereafter (Tyndale-Biscoe 2001).  By contrast, in

marsupials, some physiological processes such as differentiation of the central nervous

system and thermoregulation occur during the first phase of lactation (Tyndale-Biscoe

2001).  Therefore, lactation is of crucial importance for the reproductive process in

marsupials (Blaxter 1961).

When investigating the growth of young marsupials, it is critical to study both the

composition of milk and the volume consumed (Crowley et al. 1988).  The main

constituents of marsupial milk and the rate of milk intake by the offspring vary

throughout lactation (Green et al. 1980, 1983, 1987, 1988, 1991, 1996, 1997; Rose

1987; Crowley et al. 1988; Merchant and Libke 1988; Cork and Dove 1989; Cowan

1989; Dove and Cork 1989; Merchant et al. 1989, 1994, 1996a, 1996b; Munks et al.

1991; Krockenberger 1996; Muths 1996; Munks and Green 1997; Krockenberger et al.

1998; Rose et al. 2003; Trott et al. 2003).  The changes in the concentration of milk

components generally coincide with developmental stages in the young marsupial such

as pouch emergence; however, the mechanisms of control are still under investigation

(Nicholas et al. 1997, 2001).

There is evidence to suggest that the marsupial mother regulates the changes in milk

composition and volume and thus determines the rate of growth and development of the

juvenile (Merchant and Sharman 1966; Findlay 1982a; Trott et al. 2003).  This contrasts

with eutherians, in which the young controls the rate of milk secretion through the

frequency of suckling (Wilde et al. 1996).  In some marsupial species, it appears that

the quality of nutrition and hence body condition of the lactating female impacts on the

growth rate of the young (Dudzinski et al. 1978; Bell 1981; Green et al. 1988; Serena

and Soderquist 1988).  Growth rate of the young during lactation is also influenced by

the utilisation of the milk components by the young (Green et al. 1997).
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Most of the prior research has been undertaken on one species, the tammar wallaby

(Macropus eugenii), and comprehensive data are only available for three other species

of macropods, the allied rock-wallaby (Petrogale assimilis), red kangaroo (Macropus

rufus) and red-necked wallaby (Macropus rufogriseus bankianus) (Green et al. 1980,

1983, 1988; Merchant et al. 1989, 1996b; Muths 1996; Trott et al. 2003).  Differences

have been detected in the composition of the milk and energetics of lactation in these

macropods.  In this connection very large differences have also been found in the

physiology of lactation in eutherian mammals (Oftedal 1984).  Therefore, there could be

either subtle or major differences in the milk composition and physiology of lactation in

other species of macropods, such as the quokka (Setonix brachyurus).

Little is known about lactation in the quokka.  The purpose of the current study was to

establish how the milk constituents and milk intake by the young quokka vary during

lactation, and whether changes occur in association with critical milestones in the joey’s

development.  The effects of the mother’s body condition on the milk supply and in

turn, the growth rates of the young quokkas were also determined.

To achieve these aims, biochemical assays were modified and validated to accurately

measure the concentrations and determine the types of components in the milk of the

quokka, and a minimally invasive, non-toxic method was developed to measure milk

intake by young marsupials.

Our knowledge thus far suggests that the milk of the quokka could change in

composition coincident with the critical stages of development and that the milk energy

provided by the mother, and its utilisation by the young, would determine the growth

rate of the joey.

Apart from providing a greater understanding of the physiology of lactation in the

quokka, the information gained from this study could be applied in wildlife

management programs such as cross-fostering, formulating milk replacements for

orphaned mammals or assisting in the breeding success of wild populations of

marsupials.  The work presented in this thesis enhances our knowledge of marsupial

lactation and, on a broader scale, supplements the current understanding of nutritional

requirements of developing mammals.
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REVIEW OF THE LITERATURE

Physiology of marsupial lactation with special reference to the quokka

2.1 Introduction

There is a wide diversity in milk composition and consumption rates across the

mammals (Oftedal 1984, Jensen 1995).  These differences represent highly divergent

patterns of nutrient transfer to the young, and presumably reflect adaptations in

maternal rearing to environmental opportunities and physiological constraints (Oftedal

and Iverson 1995).  This review of the literature outlines the current knowledge

regarding the composition of marsupial milk and its rate of intake by the young.  The

impact of the combination of these factors on the growth and development of the

offspring is discussed.  Also included is the background to the methods adopted for

measuring milk consumption.  The review concludes with information regarding the

biology of the quokka and the technique of cross-fostering.

2.2 Growth and development in marsupials

The young marsupial is born at a very early stage of development and weighs only

0.001 to 0.01% of its final adult body mass (Tyndale-Biscoe 2001).  The newborn

makes its way from the urogenital sinus to the pouch and attaches to a teat (Gemmell et

al. 2002).  Colostrum, which is produced for a short period (less than 48 hours) after

birth, and milk, nourishes the young mammal through major anatomical and

physiological changes, supports growth of intestinal flora, transmits passive immunity

and provides energy and essential nutrients (Jenness and Sloan 1970; Munks et al.

1991; Adamski and Demmer 2000).  Processes such as differentiation of the brain,

central nervous system and sense organs, thermoregulation and development of thyroid

and kidney function occur after birth in marsupials (Tyndale-Biscoe 2001).  This is

distinct from placental mammals, where the young are born with a much higher degree

of physiological competency (Tyndale-Biscoe 2001).  Therefore, lactation plays an

essential role in the reproductive cycle of the female marsupial (Crowley et al. 1988).

The investment in reproduction of marsupials is spread over a relatively longer period

of time when compared to eutherians with a similar life style (Cork and Dove 1989).
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2.3 Lactation in marsupials

Marsupial milk changes in composition and volume consumed over the course of

lactation (Green et al. 1980, 1983, 1987, 1988, 1991, 1996, 1997; Rose 1987; Crowley

et al. 1988; Merchant and Libke 1988; Cork and Dove 1989; Cowan 1989; Dove and

Cork 1989; Merchant et al. 1989, 1994, 1996a, 1996b; Munks et al. 1991;

Krockenberger 1996; Muths 1996; Munks and Green 1997; Krockenberger et al. 1998;

Rose et al. 2003; Trott et al. 2003).  The growth of the pouch young may reflect milk

composition, the volume of milk consumed, or both (Munks and Green 1997).

A unique aspect of marsupial lactation is the ability of the mother to supply milk

simultaneously to two young of different ages on adjacent teats, with milk of differing

composition and volume to suit the requirements of each offspring (Nicholas 1988b;

Merchant 1989).  This finding suggests that the suckling stimulus of the young may

control milk production.  In eutherian mammals, the rate of milk secretion is regulated

by the young, possibly by a protein named Feedback Inhibitor of Lactation (FIL),

through the frequency of suckling (Wilde et al. 1996).  In sharp contrast, there is

evidence to suggest that the marsupial mother regulates milk composition and

production, and thus determines the rate of growth and development of the pouch young

(Green et al. 1988; Trott et al. 2003).  When small marsupials are transferred to larger

mammary glands and vice versa, there is an increase in weight gain by the small young

and emaciation of large young (Merchant and Sharman 1966; Findlay 1982b; Green et

al. 1988; Soderquist 1993; Trott et al. 2003).

In a recent study, the pouch young of tammar wallabies were fostered onto a group of

host mothers fortnightly to create a 56 day delay in the sucking pattern, which was

assumed to change during lactation (Trott et al. 2003).  For example, it was suggested

that while the young were confined to the pouch the sucking was frequent, while after

pouch emergence the sucking became less frequent but more rigorous (Trott et al.

2003).  This is a reasonable assumption, in that while the young are in the pouch, they

have easy access to the teat and would presumably spend most of their time either

feeding or sleeping.  When the young emerge from the pouch and begin to eat herbage

they would venture further from their mother, but would require more nourishment at
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each feed (Trott et al. 2003).  The timing in the changes in protein and carbohydrate

concentrations generally did not vary, however increased rates of growth and

development of the fostered pouch young were reported, compared with the control

group (Trott et al. 2003).  This was most likely the result of the foster pouch young

receiving milk of a higher energy content, probably due to an increased volume and

different composition of the milk, than the control pouch young of the same age (Trott

et al. 2003).

The duration of lactation in marsupials is longer than in eutherians of similar size,

however the gestation period is generally shorter (Blaxter 1971; Green 1984).  The

length of lactation varies between marsupial species.  For example, lactation in the

northern brown bandicoot (Isoodon macrourus) lasts for approximately 60 days,

in the brush-tailed bettong (Bettongia penicillata), 120 days and in the koala

(Phascolarctos cinereus), 360 days (Table 2.1) (Merchant and Libke 1988; Merchant et

al. 1994; Krockenberger 1996).

Due to the differing lactation periods, it is convenient to use three phases of lactation as

described by Tyndale-Biscoe and Janssens (1988a).  This allows comparisons to be

made between milks of different marsupial species at similar stages in lactation.  In

Phase 1 of lactation, during pregnancy, the mammary glands develop the ability for

milk synthesis.  Phase 2 of lactation begins at birth and ends when the young first exits

the pouch.  Phase 2 can be divided in to Phase 2a, when the pouch young is

continuously attached to the teat and Phase 2b when intermittent sucking occurs.  Phase

3 of lactation extends from pouch emergence to the end of lactation.

2.4 Milk composition

Milk composition has been examined in a diverse range of marsupial species, for

example the North American opossum (Didelphis virginiana), eastern grey kangaroo

(Macropus giganteus), numbat (Myrmecobius fasciatus), northern brown bandicoot and

koala (Bergman and Housley 1968; Messer and Mossop 1977; Poole et al. 1982a;

Griffiths et al. 1988; Merchant and Libke 1988; Krockenberger 1996; Green et al.

1996).
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Table 2.1  The phases of lactation in marsupials (Tyndale-Biscoe and Janssens 1988a).

Species name Common name
Beginning

of Phase 2b
Beginning
of Phase 3

Permanent
pouch exit

End of
lactation Source

(days)

Petrogale assimilis Allied rock-wallaby 130 170 200 270 Merchant et al. (1996b); Delaney (1997)

Didelphis virginiana North American opossum 70 85 105 Cutts et al. (1978); Green et al. (1996)

Bettongia penicillata Brush-tailed bettong 100 120 Merchant et al. (1994)

Trichosurus vulpecula Common brushtail possum 125 140 190 Cowan (1989)

Pseudocheirus peregrinus Common ringtail possum 50 105 125 210 Munks et al. (1991)

Dasyurus viverrinus Eastern quoll 65 105 155 Merchant et al. (1984); Green et al.
(1987)

Monodelphis domestica Gray short-tailed opossum 15 55 80 VandeBerg (1990)

Phascolarctos cinereus Koala 120 240 360 Krockenberger (1996)

Isoodon macrourus Northern brown bandicoot 50 55 60 Merchant and Libke (1988); Hall (1990)

Macropus parma Parma wallaby 175 210 300 Maynes (1973)

Potorous tridactylus Potoroo 35 125 135 175 Crowley et al. (1988)

Macropus rufus Red kangaroo 100 200 235 360 Lemon and Barker (1967); Muths (1996)

Macropus rufogriseus
banksianus

Red-necked wallaby 230 285 415 Merchant et al. (1989)

Bettongia gaimardi Tasmanian bettong 95 105 160 Rose (1986)

Macropus eugenii Tammar wallaby 100 200 250 350 Tyndale-Biscoe and Janssens (1988a)
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The most comprehensive studies of the composition of marsupial milk have been on the

tammar wallaby (for example, Nicholas 1988b; Messer and Nicholas 1991; Young et al.

1997; Trott et al. 2003), the red kangaroo (for example, Lemon and Barker 1967;

Griffiths et al. 1972; Poole et al. 1982a; Muths 1996; Nicholas et al. 2001) and

the common brushtail possum (Trichosurus vulpecula) (for example, Crisp et al. 1989a;

Jolly et al. 1996; Piotte et al. 1997, 1998).  Although the milk composition follow

similar patterns within the marsupial group, differences have been found in the

concentrations of milk components and the timing of these changes (Munks et al. 1991).

These variations may relate to the taxa, influence of diet, life history differences or the

analytical methods employed (Cowan 1989).  In all marsupial species, the most

dramatic changes occur at critical time points in the development of the young, such as

pouch emergence (Green et al. 1980, 1983, 1987, 1991, 1996, Crowley et al. 1988;

Merchant and Libke 1988; Cowan 1989; Merchant et al. 1989, 1994, 1996b; Munks et

al. 1991; Krockenberger 1996; Muths 1996; Rose et al. 2003; Trott et al. 2003).

In considering the selection of references for inclusion in the following sections on the

concentration of milk components, except for the quokka, factors described by Oftedal

(1984) were taken into account.  These include reporting the stage of lactation, avoiding

sample bias and outlining the methods used in the analysis of the milk.  Furthermore, in

all studies shown, data was collected throughout the lactation period.

2.4.1 Protein concentration

A large part of the rapid growth phase which occurs in utero in eutherians occurs in the

pouch for marsupials (Renfree et al. 1981).  It has been suggested that the pre-weaning

tammar young probably uses most of the protein for growth (Janssens and Ternouth

1987; Janssens and Messer 1988).  Throughout lactation in the tammar wallaby the

concentrations of caseins and whey proteins increase gradually, each constituting

approximately 50% of the total milk protein (Nicholas 1988b).  After pouch exit the

whey proteins increase more rapidly than the caseins (Nicholas 1988b).

When the young of the tammar wallaby changes to a herbivorous diet, at the beginning

of Phase 3 of lactation two distinctive late lactation proteins, A and B, appear in the

milk (section 2.4.2) (Nicholas et al. 1987, 1995, 1997; Nicholas 1988a, 1988b; Tyndale-
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Biscoe and Janssens 1988a; Collet et al. 1989; Woodlee et al. 1993; Bird et al. 1994).

Late lactation proteins increase dramatically to a level where they account for

approximately 25% of total milk protein (Nicholas et al. 1987; Nicholas 1988a, 1988b).

The appearance of late lactation proteins corresponds with the overall increase in

protein concentration at the beginning of Phase 3 of lactation (Nicholas et al. 1987;

Nicholas 1988a, 1988b; Tyndale-Biscoe and Janssens 1988a).  Jordan and Morgan

(1968) also observed an increase in the concentration of specific whey proteins in the

milk of the quokka at late stages of lactation.  Whey a2-globulin increased after 150

days post partum (intake of herbage) and whey a1-globulin increased after 200 days

post partum (permanent pouch exit) (Jordan and Morgan 1968; Yadav 1971).  Later,

Beg and Shaw (1994) presented the primary structure of late lactation protein in the

quokka.

The detection of late lactation proteins in the tammar wallaby also coincides with a

decrease in the concentration of milk carbohydrates (Nicholas et al. 1987; Green and

Merchant 1988; Nicholas 1988a, 1988b).  The decline in carbohydrate occurs before

fermentation of plant material can begin and a supply of the gluconeogenic volatile fatty

acid, propionate, becomes available to the young (Janssens and Messer 1988).  Many

forestomach microorganisms of eutherians do not tolerate a diet high in readily

fermentable carbohydrates (Schwartz and Gilchrist 1975).  During the transition from

milk to a solid diet, the young must use protein to supply an increasing proportion of its

glucose requirements (Janssens and Messer 1988).  There is little indication of a fall in

blood glucose in the young tammar wallaby as it leaves the pouch, suggesting that

gluconeogenesis is adequate to meet the glucose requirements at this time (Wilkes and

Janssens 1986).  Due to an increase in phosphoenolpyruvate carboxykinase and a

decrease in pyruvate kinase, gluconeogenesis increases while glycolysis decreases

(Figure 2.1) (Segal 1978; Wilkes and Janssens 1986; Janssens and Messer 1988).

It has been suggested that late lactation proteins may provide the extra substrate for

gluconeogenesis (Janssens and Messer 1988).  A consequence of increased

gluconeogenesis from protein is an elevation in the concentration of urea in the urine

(Janssens and Rogers 1989).  The authors of a previous study reported that like the

tammar wallaby, during Phase 2b of lactation the level of blood glucose did not

decrease and the concentration of urea in the urine increased in the quokka joey (Barker
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1961; Bentley and Shield 1962).  This suggests that gluconeogenesis from protein may

also increase in the quokka at this time.

Glycogen

Glucose

Glycerol

Galactose

Galactose-1-P

Glucose-1-P

Glucose-6-P

Glyceraldehyde-3-P

Phosphoenolpyruvate

Pyruvate

Proprionate

Amino acids
Lactate

Gluconeogenic 
substrates

1

2, 3

5

Oxaloacetate

6

7

4

Figure 2.1 Hepatic carbohydrate metabolism in the tammar wallaby pouch young, showing
some key enzymes. 1 galactokinase [EC 2.7.1.6]; 2 hexose-1-phosphate
uridyltransferase [EC 2.7.7.12]; 3 UDP-galactose 4-epimerase [EC 5.1.3.2]; 4
phosphoglucomutase [EC 2.7.5.1]; 5 glucose-6-phosphatase [EC 3.1.3.9]; 6
phosphoenolpyruvate carboxykinase [EC 4.1.1.32]; 7 pyruvate kinase [EC
2.7.1.40].  Sources: Segal (1978) and Janssens and Messer (1988).

The concentrations of proteins in the milk of marsupials demonstrate various trends

during lactation.  For example, in the milk of the tammar wallaby during the transition

from Phase 2a to Phase 2b of lactation, the concentration of early lactation protein

decreases and whey acidic protein increases (Simpson et al. 1998, 2000).  At the

transition from Phase 2 to Phase 3 of lactation, whey acidic protein disappears, the

concentrations of a-casein decreases slightly, and b-casein and b-lactoglobulin

increases (Nicholas et al. 1995).  a-lactalbumin levels changed little throughout

lactation (Messer and Elliot 1987; Nicholas et al. 1995).  Cystatin and whey acidic
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protein concentrations decrease in mid-lactation in the milk of the red kangaroo

(Nicholas et al. 2001).  It has been suggested that late lactation protein-A in the milk of

the tammar wallaby may be grouped with other lipocalins, such as b-lactoglobulin

which bind fatty acids (Collet and Joseph 1993; Nicholas et al. 1995).  As lipid and

protein levels increase concurrently during the transition from Phase 2 to Phase 3 of

lactation in the milk of the tammar wallaby, the extra proteins might act as fatty acid

binding proteins (Collet and Joseph 1993; Nicholas et al. 1995).

In general, the total protein content of marsupial milk increases during Phase 2 of

lactation (Table 2.2).  This pattern occurs in the milk of the common ringtail possum

(Pseudocheirus peregrinus), koala, Tasmanian bettong (Bettongia gaimardi), brush-

tailed bettong, potoroo (Potorous tridactylus), eastern quoll (Dasyurus viverrinus),

common brushtail possum, northern brown bandicoot, North American opossum, allied

rock-wallaby, red kangaroo red-necked wallaby and tammar wallaby (Cutts et al. 1978;

Merchant et al. 1984, 1989, 1994, 1996b; Rose 1986; Green et al. 1987, 1996; Crowley

et al. 1988; Merchant and Libke 1988; Tyndale-Biscoe and Janssens 1988a; Cowan

1989; Munks et al. 1991; Krockenberger 1996; Muths 1996; Rose et al. 2003; Trott et

al. 2003).  In the middle of Phase 2 of lactation, the protein concentration ranges from

30 to 90 g/L across the species.  This highlights the wide range of levels of this major

component in the milk of marsupials and presumably reflects the different protein

requirements of their offspring.

During Phase 3 of lactation, the concentration of protein does not change significantly

in the eastern quoll, but decreases in the milks of the northern brown bandicoot and

common brushtail possum (Merchant et al. 1984; Green et al. 1987; Merchant and

Libke 1988; Cowan 1989).  In the American marsupials, the average protein

concentration is relatively constant during lactation in the gray short-tailed opossum

(Monodelphis domestica) but increases in the North American opossum (Cutts et al.

1978; VandeBerg 1990; Green et al. 1991, 1996).
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Table 2.2.  The concentration of protein in the milk of marsupials during lactation.

Protein concentration (g/L)

Common Name Family Middle
of

Phase 2

Start of
Phase 3

Towards
end of

Phase 3

Source

Common ringtail possum Petauridae 40 80 90 1

Koala Phascolarctidae 50 80 120 2

Tasmanian bettong Potoridae 60 80 90 3, 4

Brush-tailed bettong Potoridae 80 100 120 5

Potoroo Potoridae 80 120 150 6

Eastern quoll Dasyuridae 60 90 90 7, 8

Common brushtail possum Phalangeridae 60 70 50 9

Northern brown bandicoot Permelidae 80 120 80 10

North American opossum Didelphidae 50 90 140 11, 12

Gray short-tailed opossum Didelphidae 90 90 80 13, 14

Allied rock-wallaby Macropodidae 30 50 70 15

Red kangaroo Macropodidae 50 70 50 16

Red-necked wallaby Macropodidae 50 80 90 17

Tammar wallaby Macropodidae 60 80 100 18, 19

Sources: 1. Munks et al. (1991); 2. Krockenberger (1996); 3. Rose (1986); 4. Rose et al. (2003);
5. Merchant et al. (1994); 6. Crowley et al. (1988); 7. Merchant et al. (1984); 8. Green et al.
(1987); 9. Cowan (1989); 10. Merchant and Libke (1988); 11. Cutts et al. (1978); 12. Green et
al. (1996); 13. VandeBerg (1990); 14. Green et al. (1991); 15. Merchant et al. (1996b); 16.
Muths (1996); 17. Merchant et al. (1989); 18. Tyndale-Biscoe and Janssens (1988a) and 19.
Trott et al. (2003).

Generally, within the family Macropodidae, that is the allied rock-wallaby, red-necked

wallaby and tammar wallaby, there is an increase in milk protein concentration during

lactation (Tyndale-Biscoe and Janssens 1988a; Merchant et al. 1989, 1996b; Trott et al.

2003).  During Phase 3 of lactation, although protein levels in the milk of the red

kangaroo peaked at approximately 90 g/L, a transient decline was observed within this

phase (Muths 1996).  It was unclear whether the decline was either an artefact of sample

size or a real phenomenon occurring in a wild population (Muths 1996).
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The whey and casein concentration in the milk of the quokka was reported for only four

samples as 18 g/L and 22 g/L, at an unknown stage in lactation (Jenness and Sloan

1970).  In another study, the concentration of whey protein in quokka milk averaged 30

g/L when pouch young were less than 50 days old (Phase 2a of lactation), increasing to

55 g/L when the young were older than 200 days (Phase 3) (Jordan and Morgan 1968).

These authors measured the protein concentration in only the whey fraction of the milk

using the biuret method (Kingsley 1942).  More sensitive methods are now available to

determine the protein concentration in milk (Bradford 1976).  Further experimental

work is required to establish the total protein concentration of the milk of the quokka

during lactation.

2.4.2 Types of proteins

Late lactation protein-A appears at 180 days post partum and late lactation protein-B at

200 days (Nicholas et al. 1987, 1995, 1997; Nicholas 1988b; Collet et al. 1989; Bird et

al. 1994).  Other proteins that have been studied in marsupial colostrum and milk

include early lactation protein, a-lactalbumin, whey and serum albumin, a- and b-

globulin, immunoglobulins, cystatin, whey acidic protein, transferrin, lysozyme,

trichosurin and a-, b- and k-caseins (for example, Yadav 1971; Green and Renfree

1982; Nicholas 1988b; Nicholas et al. 1989, 1995, 1997, 2001; Woodlee et al. 1993;

Bird et al. 1994; Muths 1996; Piotte and Grigor 1996; Piotte et al. 1997, 1998; Hendry

et al. 1998; Ginger and Grigor 1999; Simpson et al. 2000; Stasiuk et al. 2000).

Interestingly, an increase in the sulphur-containing amino acids occurs around the time

of hair follicle development in the tammar wallaby, strongly suggesting that the milk

composition is linked with developmental stages in the young (Renfree et al. 1981).

In the milk of the quokka, Jordan and Morgan (1968) analysed milk whey proteins and

identified serum albumin, a1, a2, a3, b and g-globulins, and transferrin.  Beg and Shaw

(1994) presented the complete primary structure of late lactation protein for the quokka

and identified a-lactalbumin and b-lactoglobulin in the milk.  The late lactation protein

displays 97% homology with the late lactation proteins from the tammar wallaby (Beg

and Shaw 1994).
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2.4.3 Lipid content

The lipid content of the milk of most marsupials, for example the potoroo, Tasmanian

bettong, eastern quoll, brush-tailed bettong, tammar wallaby, allied rock-wallaby, red-

necked wallaby and red kangaroo, increases during lactation (Table 2.3) (Green et al.

1983, 1987; Rose 1986; Crowley et al. 1988; Tyndale-Biscoe and Janssens 1988a;

Merchant et al. 1989, 1994, 1996b; Muths 1996; Rose et al. 2003).  The exceptions to

this pattern are the common ringtail possum, common brushtail possum, North

American opossum and koala where the lipid levels decline in Phase 3 of lactation

(Cutts et al. 1978; Cowan 1989; Munks et al. 1991; Green et al. 1996; Krockenberger

1996).  It has been suggested that the low energy folivore diet has resulted in selection

for milk with low lipid content in order to conserve maternal energy resources (Munks

et al. 1991).

The elevated lipid content of approximately 250 g/L found in the milk of the tammar

wallaby, has not been reported in studies of other macropod species such as the red-

necked wallaby, allied rock-wallaby and red kangaroo (Green et al. 1983; Merchant et

al. 1989, 1996b; Muths 1996).  A transient decline of lipid content to 60 g/L was

observed during Phase 3 of lactation in the red kangaroo (Muths 1996).  Possible

explanations for this decline were either artefacts of sample size or a real phenomenon

occurring in a wild population (Muths 1996).

The lipid content in the milk of the quokka was published for four samples as 0.9 g/L, at

an unknown stage in lactation (Jenness and Sloan 1970).  The author of a more recent

study on quokka milk reported that during Phase 2a of lactation, the lipid content

averaged 18.0 ± 6.0 g/L, followed by an increase to 85.1 ± 3.9 g/L during Phase 2b.  At

the beginning of Phase 3 of lactation, the lipid content averaged 88.2 ± 9.1 g/L

(Bennetts 1997).

The milk lipid was measured using the creamatocrit method (Fleet and Linzell 1964),

but was not validated for the milk of the quokka (Bennetts 1997).  Further investigation

is required to determine the content of milk lipid in quokka milk during Phase 3 of

lactation.
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Table 2.3.  The lipid content of the milk of marsupials during lactation.

Lipid content (g/L)

Common Name Family Middle of
Phase 2

Beginning
of Phase 3

Towards
the end of

Phase 3

Source

Potoroo Potoridae 10 80 250 1

Tasmanian bettong Potoridae 40 50 180 2, 3

Eastern quoll Dasyuridae 40 160 180 4, 5

Brush-tailed bettong Potoridae 50 110 130 6

Common ringtail possum Petauridae 20 30 20 7

Common brushtail possum Phalangeridae 30 80 60 8

North American opossum Didelphidae 80 150 100 9, 10

Koala Phascolarctidae 100 170 140 11

Northern brown bandicoot Permelidae 100 250 - 12

Tammar wallaby Macropodidae 30 80 250 13, 14

Allied rock-wallaby Macropodidae 40 70 130 15

Red-necked wallaby Macropodidae 50 70 160 16

Red kangaroo Macropodidae 70 80 100 17

Sources: 1. Crowley et al. (1988); 2. Rose (1986); 3. Rose et al. (2003); 4. Merchant et al.
(1984); 5. Green et al. (1987); 6. Merchant et al. (1994); 7. Munks et al. (1991); 8. Cowan
(1989); 9. Cutts et al. (1978); 10. Green et al. (1996); 11. Krockenberger (1996); 12. Merchant
and Libke (1988); 13. Green et al. (1983); 14. Tyndale-Biscoe and Janssens (1988a); 15.
Merchant et al. (1996b); 16. Merchant et al. (1989) and 17. Muths (1996).

2.4.4 Types of lipids

Fatty acids in milk are an important source of membrane components for growth and

development of tissues (Janssens et al. 1997).  They are obtained from two sources, the

blood and de novo synthesis in the mammary gland (Christie 1995).  Plasma lipids are

derived either from the diet or from lipolysis of adipose tissue (Christie 1995).

In lactating monogastric animals most of the fatty acids in the diet, as well as those

mobilised from body stores, are directed to the mammary gland during lactation and

appear in the milk (Iverson 1993).  Therefore, in non-ruminants dietary changes in the

mother can alter fatty acid levels in the milk (Christie 1995).  This phenomenon has also

been suggested to occur in marsupials after observations in two previous studies (Grigor
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1980; Griffiths et al. 1988).  Firstly, a sample of milk from a common brushtail possum

held without food for 30 hours after capture contained less linoleic acid (18:2) than a

fed animal (Grigor 1980).  Secondly, in the milk of captive numbats, a relatively low

level of oleic acid (18:1) was found compared with wild animals (Griffiths et al. 1988).

The lipid of ants and termites available to animals in the wild contained 52 to 64% oleic

acid, while in the captive diet there was only 36.6% oleic acid (Griffiths et al. 1984,

1988).

By contrast, in ruminants, changes in the levels of unsaturated fatty acids in the diet of

the mothers have little effect on the fatty acid composition of the milk due to extensive

biohydrogenation occurring in the rumen (Christie 1995).  Previous studies have shown

that the macropods including the quokka, have the ability to biohydrogenate dietary

polyunsaturated fatty acids in their rumen-like forestomach (Moir et al. 1954; Hartman

et al. 1955; Ford and Fogerty 1982; Fogerty and Ford 1983).  However, modification of

dietary lipids by gut fermentation in macropods is less than that seen in true ruminants

(Cook et al. 1970; Redgrave and Vickery 1973; Hume 1999).  This may be explained by

the shorter food retention times in the macropod forestomach and/or the difference in

the numbers and composition of the gut microflora in ruminants and non-ruminants

(Moir et al. 1954; Moir et al. 1956; Calaby 1958; Foot and Romberg 1965; Hume

1999).

The fatty acids of the milk of marsupials, for example the tammar wallaby, red

kangaroo, eastern quoll, northern brown bandicoot, potoroo, koala and common

brushtail possum, consist almost entirely of long chain fatty acids mainly C16 and C18,

with varying degrees of unsaturation (Table 2.4 and Figure 2.2a) (Griffiths et al. 1972;

Grigor 1980; Parodi 1982; Green et al. 1983, 1987; Crowley et al. 1988; Merchant and

Libke 1988). Palmitic (16:0) and oleic (18:1) acids are the two main fatty acids in the

mature milk of most mammals (Jensen 1995).  The leaf-eating folivores have lower

levels of oleic acid (18:1) in their milk but the highest levels of linolenic acid (18:3n3),

presumably as a result of the maternal diet (Table 2.4) (Grigor 1980; Parodi 1982).
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Table 2.4.  Fatty acid composition (weight percentage) of marsupial milk.  Adapted from Iverson and Oftedal (1995).  *Fatty acid key - Appendix 2.  n/a = not
available.

Common name Tammar wallaby Red kangaroo Eastern quoll Northern
brown

bandicoot

Potoroo Koala Common
brushtail
possum

Phase 2a 2b 3 2a 2b 3 2a 2b 3 2b/3 2b n/a n/a

Fatty acid*

16:0 54.5 24.4 20.9 51.1 25.3 23.4 39.2 27.3 23.0 27.3 28.0 24.4 18.9
18:1 16.6 40.3 45.8 15.6 45.3 50.8 32.6 35.0 36.7 36.3 36.5 16.8 18.2
16:1 8.4 3.8 5.0 7.6 5.4 3.9 6.9 4.8 6.1 5.0 6.7 4.3 1.3
18:2n6 6.0 5.6 7.0 11.1 5.4 5.0 5.8 16.5 15.6 12.4 13.9 10.7 23.8
14:0 4.4 1.0 1.2 3.3 1.7 1.6 2.2 1.4 1.9 2.9 2.1 3.3 1.0
18:0 2.8 16.3 9.2 2.2 10.2 8.6 7.9 6.7 6.9 10.1 5.6 5.2 2.8
15:0 and 17:0 2.1 1.9 1.0 1.5 1.4 0.7 2.6 1.8 0.8
15:1 and 17:1 0.9 0.8 0.5 0.5 0.4 0.6 0.8
18:3n3 0.8 2.2 3.7 0.7 1.6 1.7 trace 1.3 2.4 1.2 1.4 32.5 24.7
14:1 0.5 0.2 0.3 1.2 0.4 0.3 0.1 0.2
12:0 trace trace trace 0.6 trace 0.1 0.1
20:1-5 2.9 1.1 0.7 trace 1.3 1.4
10:0 trace trace trace

Source 1, 2 3, 4, 5 6,7 8, 9 10 11 12

Sources: 1. Green et al. (1983); 2. Tyndale-Biscoe and Janssens (1988a); 3. Lemon and Barker (1967); 4. Griffiths et al. (1972); 5. Muths (1996); 6. Green et al.

(1987); 7. Merchant et al. (1984); 8. Hall (1990); 9. Merchant and Libke (1988); 10. Crowley et al. (1988); 11. Parodi (1982) and 12. Grigor (1980).
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Figure 2.2 The fatty acid composition (wt% - weight percentage) of the milk of (a) the
tammar wallaby (Phase 2b of lactation) - marsupial and (b) the pig - monogastric.
Sources: Green et al. (1983); Hrboticky et al. (1990), and Iverson and Oftedal
(1995).  *Fatty acid key - Appendix 2.
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Figure 2.3 The fatty acid composition (wt% - weight percentage) of the milk of (a) the sheep -
ruminant and (b) the rabbit - herbivore.  Sources: Demarne et al. (1978); Leat and
Harrison (1980); Green et al. (1983), and Iverson and Oftedal (1995).  *Fatty acid
key - Appendix 2.
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Macropods are foregut fermenters, yet short chain fatty acids are virtually absent in the

milk of the red kangaroo and tammar wallaby, unlike other herbivores such as the rabbit

(Oryctolagus cuniculus) and true ruminants, for example the sheep (Ovis aries) (Figures

2.2a, 2.3 and Table 2.4) (Glass et al. 1967; Griffiths et al. 1972; Demarne et al 1978;

Leat and Harrison 1980; Green et al. 1983; Iverson and Oftedal 1995; Hume 1999).

The types of fatty acids in the milk of the pig (Sus scrofa) are more similar to those

found in tammar wallaby milk, than either the milk of the sheep or rabbit (Figures 2.2

and 2.3) (Demarne et al. 1978; Leat and Harrison 1980; Hrboticky et al. 1990; Iverson

and Oftedal 1995).

It is believed that no vertebrate can synthesise some polyunsaturated fatty acids, so

these acids must be obtained from the diet (Janssens et al. 1997).  There are two types

of such dietary essential fatty acids; the omega-3 and omega-6 polyunsaturated fatty

acids (Janssens et al. 1997).  Because nervonic acid (24:1) is derived from oleic acid

(18:1), it has been suggested that the high levels of oleic acid in marsupial milk are

required for the development and elaboration of the central nervous system (Green and

Merchant 1988).  Although palmitic acid is known to be important in the synthesis of

surfactants, its role in the developing marsupial young has yet to be elucidated (Green et

al. 1983; Green and Merchant 1988).

Fatty acid composition changes during the course of lactation in the red kangaroo

(Table 2.4) (Griffiths et al. 1972).  During Phase 2a of lactation, the milk has average

percentages of palmitic (16:0) and oleic (18:1) acids of approximately 50% and 16% in

contrast to approximately 25% and 45% after this period (Lemon and Barker 1967;

Griffiths et al. 1972).  A similar pattern is seen in the milk of the tammar wallaby and

eastern quoll (Green et al. 1983, 1987; Merchant et al. 1984; Tyndale-Biscoe and

Janssens 1988a).

There have been no previous reports on the fatty acid composition of the milk of the

quokka, therefore further research in this area is necessary.
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2.4.5 Carbohydrate concentration

While the young marsupial is totally dependent on milk, it is provided with energy from

carbohydrate largely in the form of simple carbohydrate that is readily utilisable

(Janssens and Messer 1988).  The decline in carbohydrate concentration occurs with a

change in diet from milk to solid food (Merchant 1989).  The young tammar wallaby

puts its head out of the pouch and nibbles grass at about 180 days (Janssens 1984;

Janssens and Ternouth 1987; Janssens and Messer 1988; Tyndale-Biscoe and Janssens

1988a).  From this time, the acidity in the forestomach starts to decrease, with the pH

increasing from 3 to 7 at Day 220 (Janssens and Ternouth 1987).  Since a balanced

population of bacteria and protozoa in the forestomach is necessary for optimal

digestion of herbage, it is likely that the decline in milk sugar allows for the

establishment of a mixed population of microorganisms (Janssens and Messer 1988).

Mackie et al. (1978) have shown that when sheep are fed diets high in simple

carbohydrates, bacteria ferment the carbohydrates to lactic acid causing a fall in the

forestomach pH, which is not well tolerated by protozoa.  As previously mentioned, it

has been suggested that the female tammar wallaby has dominant regulation over milk

composition (Trott et al. 2003).  If this were the case, then it would follow that the

changes in the young’s digestive system are made in response to the varying milk

composition.

Like other macropods, the adult quokka has ruminant-like digestion and a population of

microbes similar to that of eutherian ruminants (Moir et al. 1954).  As the pouch young

develop, changes presumably occur in the stomach to accommodate the change from

milk to a herbivorous diet (section 2.5).  The stomachs of young quokkas contained

plant material from 150 days post partum (Yadav et al. 1972).  Yeasts and clostridia

appeared at 126 days and ciliates were detected in young older than 150 days (Yadav et

al. 1972).

A decline in carbohydrate concentration seems to be dependent on different cues in

other species.  In the North American opossum and eastern quoll decreasing levels

coincide with the young first detaching from the teat (Cutts et al. 1978; Merchant et al.

1984; Messer et al. 1987; Green et al. 1996).  In contrast, the young of gray short-tailed
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opossum release the teat at two weeks of age, five weeks prior to the decline in

carbohydrate (VandeBerg 1990; Green et al. 1991).  The decline in milk carbohydrates

in the gray short-tailed opossum is associated with the start of weaning since young can

survive removal from their mother at seven weeks and utilise a pellet diet (VandeBerg

1990; Green et al. 1991).  Thus the stimulus for the decline in milk carbohydrate in

these marsupials remains unclear (Green et al. 1996).

Bolliger and Pascoe (1953) were the first to report that the total sugar in the milk of the

wallaroo (Macropus robustus) decreased with the age of the pouch young.  The

concentration of milk carbohydrate, for example in the North American opossum,

eastern quoll, gray short-tailed opossum, northern brown bandicoot, koala, common

brushtail possum, potoroo, brush-tailed bettong, common ringtail possum, Tasmanian

bettong, red kangaroo, tammar wallaby, allied rock-wallaby and red-necked wallaby,

also decreases during Phase 3 of lactation in other marsupials (Table 2.5) (Cutts et al.

1978; Merchant et al. 1984, 1989, 1994, 1996b; Rose 1986; Green et al. 1987, 1991,

1996; Crowley et al. 1988; Merchant and Libke 1988; Tyndale-Biscoe and Janssens

1988a; Cowan 1989; VandeBerg 1990; Munks et al. 1991; Krockenberger 1996; Muths

1996; Rose et al. 2003; Trott et al. 2003).  Although the decline in carbohydrate is

common to all marsupials listed, there are variations in the levels of concentrations

between species.

Peak carbohydrate concentrations in the eastern quoll and North American opossum are

low during Phase 2 but remain relatively high in the latter part of lactation (Cutts et al.

1978; Merchant et al. 1984; Green et al. 1987, 1996).  The pattern of change in the

carbohydrate concentration in the milk of the common brushtail possum and common

ringtail possum is similar to that seen in other marsupials during early and mid-lactation

(Cowan 1989; Munks et al. 1991).  However, late-lactation milk concentrations

decreases to only 40 g/L as compared with 10 to 20 g/L for most other marsupials

(Cowan 1989; Munks et al. 1991).
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Table 2.5.  The concentration of carbohydrates in the milk of marsupials during lactation.

Total carbohydrate concentration
(g/L)

Common Name Family Middle of
Phase 2

Beginning
of Phase 3

Towards
end of

Phase 3

Source

North American opossum Didelphidae 60 50 20 1, 2

Eastern quoll Dasyuridae 70 50 30 3, 4

Gray short-tailed opossum Didelphidae 80 120 10 5, 6

Northern brown bandicoot Permelidae 90 40 10 7

Koala Phascolarctidae 90 50 10 8

Common brushtail possum Phalangeridae 90 70 40 9

Potoroo Potoridae 110 70 20 10

Brush-tailed bettong Potoridae 110 90 20 11

Common ringtail possum Petauridae 110 100 40 12

Tasmanian bettong Potoridae 200 130 20 13, 14

Red kangaroo Macropodidae 55 55 10 15

Tammar wallaby Macropodidae 70 100 10 16, 17

Allied rock-wallaby Macropodidae 100 100 20 18

Red-necked wallaby Macropodidae 100 100 20 19

Sources: 1. Cutts et al. (1978); 2. Green et al. (1996); 3. Merchant et al. (1984) 4. Green et al.
(1987); 5. VandeBerg (1990) 6. Green et al. (1991); 7. Merchant and Libke (1988) 8.
Krockenberger (1996); 9. Cowan (1989) 10. Crowley et al. (1988); 11. Merchant et al. (1994)
12. Munks et al. (1991); 13. Rose (1986) 14. Rose et al. (2003); 15. Muths (1996) 16. Tyndale-
Biscoe and Janssens (1988a); 17. Trott et al. (2003) 18. Merchant et al. (1996b) and 19.
Merchant et al. (1989).

There are also differences in the milk carbohydrate concentrations within the macropod

family.  The allied rock-wallaby and red-necked wallaby follow a similar pattern, and

have higher concentrations of carbohydrate than either the red kangaroo or tammar

wallaby during Phase 2 of lactation (Tyndale-Biscoe and Janssens 1988a; Merchant et

al. 1989, 1996b; Muths 1996; Trott et al. 2003).

The carbohydrate concentration in the milk of the quokka was reported as 34 g/L

(recorded as lactose) for four samples at an unknown stage in lactation (Jenness and

Sloan 1970).  The total carbohydrate concentration in quokka milk has not been

measured throughout lactation and warrants investigation.
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2.4.6 Types of Carbohydrates

There are different patterns of change in the carbohydrate composition in the milk of

marsupials.  For instance, for the first four days after parturition, the carbohydrate of the

tammar wallaby milk consists only of lactose which is then gradually replaced with

oligosaccharides during Phase 2 of lactation (Messer et al. 1984).  Towards the end of

Phase 2, the milk of the tammar wallaby contains only oligosaccharides (Messer and

Green 1979; Tyndale-Biscoe and Janssens 1988a).  During Phase 3, there is a decrease

in oligosaccharides until the end of lactation, when only monosaccharides are present

(Messer and Green 1979; Tyndale-Biscoe and Janssens 1988a).  This follows a similar

pattern to another macropod, the red-necked wallaby (Merchant et al. 1989).  By

contrast, early milk of the gray short-tailed opossum contains lactose, galactose, glucose

and oligosaccharides (Crisp et al. 1989c).  The late lactation milk contains lactose,

oligosaccharides and monosaccharides (Crisp et al. 1989c).

Hydrolysis of milk carbohydrates in tammar wallaby milk result in the monosaccharides

galactose, glucose, glucosamine, galactosamine and sialic acid (Messer and Green

1979).  Galactose is the predominant monosaccharide constituent of acid hydrolysates

in the milk throughout lactation in the tammar wallaby, eastern quoll, common brushtail

possum and gray short-tailed opossum (Messer and Green 1979; Messer et al. 1987;

Crisp et al. 1989a; Crisp et al. 1989c).  The presence of galactose in milk could be

related to a unique requirement common to all young, growing mammals and it could

play a unique role in providing the requirements of the rapidly developing infant brain

(Newburg and Neubauer 1995).

Evidence suggests that the metabolism of galactose and glucose in marsupials is similar

to eutherians (Segal 1978; Vernon et al. 1981).  A study by Vernon et al. (1981)

concluded that pre-weaning marsupials, like eutherians, convert a major part of milk

galactose to glucose (Segal 1978).  Until pouch emergence, the livers of suckling

tammar wallabies contain higher levels of galactokinase, hexose-1-phosphate

uridyltransferase and UDP-galactose 4-epimerase compared with adult tammars (Figure

2.1) (Segal 1978; Vernon et al. 1981; Janssens and Messer 1988).  These enzymes
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catalyse the conversion of galactose to glucose-1-phosphate (Segal 1978; Janssens and

Messer 1988).  Glucose-1-phosphate is then either converted to glucose or stored as

glycogen (Segal 1978; Janssens and Messer 1988).  This was consistent with previous

findings that the livers of fed tammar wallaby pouch young contained significantly

more glucose than those of fasted animals and had higher levels of glucose-6-

phosphatase (Janssens et al. 1977).  Glucose-6-phosphatase catalyses the conversion of

glucose-6-phosphate to glucose (Figure 2.1) (Segal 1978; Janssens and Messer 1988).

Bird (1991) suggested that galactose and glucose play a vital role in the metabolic

processes of the neonate.  While glucose is targeted for immediate energy production or

storage by peripheral tissues, galactose is readily stored in the liver, providing a long

term supply of glucose (Bird 1991).

2.4.6.1 Lactose

The disaccharide lactose is the principal milk sugar of placental mammals but is not the

predominant constituent of marsupial milk carbohydrates (Bolliger and Pascoe 1953;

Jenness et al. 1964).  Free lactose has been detected in the milk of the common brushtail

possum, North American opossum, red kangaroo, quokka, eastern grey kangaroo,

eastern quoll, potoroo, red-necked wallaby, gray short-tailed opossum, common ringtail

possum and koala (Gross and Bolliger 1958, 1959; Bolliger and Gross 1960; Jenness et

al. 1964; Messer and Mossop 1977; Messer et al. 1987; Crowley et al. 1988; Merchant

et al. 1989; Crisp et al. 1989c; Munks et al. 1991; Krockenberger 1996).

The timing of the presence of lactose throughout lactation varies between species of

marsupials.  For example, the only carbohydrate found in tammar wallaby milk on day

one post partum is lactose and from day four, its concentration begins to decrease

(Messer et al. 1984).  Lactose is present in the milk of another macropod, the red-

necked wallaby, until permanent pouch exit (Merchant et al. 1989).  The milk of the

eastern quoll and gray short-tailed opossum contains lactose in the early and late stages

of lactation (Messer et al. 1987; Crisp et al. 1989c).  By contrast, lactose only appears

during late lactation in the koala (Krockenberger 1996).  The carbohydrates of

Phase 3 milk in the koala are dominated by lactose, as are the milks of the common

brushtail possum and common ringtail possum (Cowan 1989; Crisp et al. 1989a; Munks

et al. 1991; Krockenberger 1996).
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The activities of b-galactosidases, the enzymes responsible for the hydrolysis of lactose,

vary between marsupial species reflecting the change in either the presence or absence

of lactose in the milk.  Neutral b-galactosidase is absent from the tammar wallaby,

eastern grey kangaroo and red kangaroo (Crisp et al. 1987).  Instead, macropods have

an intestinal acid b-galactosidase located in the enterocytes (Crisp et al. 1987).  This

enzyme is absent from the brush border of the intestine (Crisp et al. 1987).  It has been

suggested that lactose is transported into the cell by pinocytosis and then hydrolysed

(Crisp et al. 1987).  There is evidence to suggest that pinocytosis occurs in the intestine

of suckling marsupials such as the quokka, common brushtail possum and tammar

wallaby, which acquire antibodies from milk by absorption (Yadav 1971).  During the

process of weaning in the tammar wallaby, there is a marked fall in the activity of b-

galactosidase in the young animal, coinciding with the fall in carbohydrate content in

the milk (Walcott and Messer 1980; Trott et al. 2003).

At the beginning of Phase 3 of lactation, in the common brushtail possum, there is a

change from an acid b-galactosidase enzyme in the intestinal brush border to a neutral

b-galactosidase in the lumen of the small intestine (Cowan 1989; Crisp et al. 1989b).

This allows them to hydrolyse lactose without transporting it into the brush border by

pinocytosis (Crisp et al. 1989b).

It has also been suggested that the disappearance of lactose in the tammar wallaby is

due to the increased activity of UDP-galactose hydrolase, making UDP-galactose

unavailable for lactose synthesis (Messer and Elliott 1987).

The forestomach in the adult macropod is the major site for microbial fermentation of

dietary carbohydrates, therefore it might be possible that microorganisms appearing in

the stomach of the developing quokka joey might have the ability to hydrolyse lactose

in the milk (Moir et al. 1954; Dellow and Hume 1982).

Messer and Elliott (1987) presented data on the concentration of total lactose (bound

plus free) in the milk of the tammar wallaby, yet no studies have reported the

concentration of free lactose in marsupial milk.  Bound lactose comprises lactose found
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at the reducing end of higher oligosaccharides (Messer et al. 1980, 1982; Collins et al.

1981; Bradbury et al. 1983).  The total lactose concentration increased gradually from

about 25g/L at day one post partum (Phase 2a of lactation) to 39 g/L at 90 days (end of

Phase 2a), remained at this level until 220 to 240 days (Phase 3) and then declined to

zero (Messer and Elliott 1987; Tyndale-Biscoe and Janssens 1988a).  A qualitative

study of two samples of the milk of the quokka collected at about four months post

partum showed the presence of free lactose (Jenness et al. 1964).

There is no information published regarding the quantitative concentration of free

lactose for any marsupial during lactation.  Research in this area is required to ascertain

the levels of free lactose in the milk of the quokka.

2.4.6.2 Galactose and glucose

Gross and Bolliger (1958, 1959) first reported the presence of free galactose in the milk

of the common brushtail possum.  Further qualitative investigations demonstrate that

the timing of the appearance of free galactose and glucose varies between species.

Phase 3 milk of the red-necked wallaby contained free galactose and glucose after 290

days post partum (Merchant et al. 1989).  Free galactose and glucose were present on

day one post partum in the milk of the gray short-tailed opossum, disappeared by day

11 and reappeared in mid-lactation (Crisp et al. 1989c).  The two monosaccharides

appeared in the milk of the potoroo in late Phase 2 of lactation (Crowley et al. 1988). A

late-lactation sample from the North American opossum showed high concentrations of

galactose and glucose, and a late-lactation specimen of the red kangaroo showed a

higher concentration of galactose and glucose than a sample taken in mid-lactation

(Jenness et al. 1964).  In contrast to an earlier finding, no free galactose or glucose was

detected in the milk of common brushtail possum, common ringtail possum and koala at

any time during lactation (Crisp et al. 1989a; Munks et al. 1991; Krockenberger 1996).

Other free monosaccharides that appear in marsupial milk towards the end of lactation

are N-acetylglucosamine, N-acetylgalactosamine and fucose (Messer and Mossop 1977;

Messer and Green 1979; Messer et al. 1987).
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Limited quantitative studies report on the concentrations of free monosaccharides in

marsupial milk.  Messer and Green (1979) found that galactose and glucose were

present in the milk of the tammar wallaby from 220 days post partum (Phase 3 of

lactation) (Tyndale-Biscoe and Janssens 1988a).  At 280 days of age, galactose was

found in the milk in concentrations approximately three times that of glucose (Messer

and Green 1979).  Galactose and glucose appeared in eastern quoll milk at 126 days

post partum (Phase 3 of lactation) and as reported for the tammar wallaby, galactose

was the predominant monosaccharide in the milk (Messer and Green 1979; Merchant et

al. 1984; Messer et al. 1987; Tyndale-Biscoe and Janssens 1988a).  A milk sample at

250 days post partum in the eastern grey kangaroo contained equal amounts of

galactose and glucose, whereas in a 280 day sample, galactose was the predominant

monosaccharide (Messer and Mossop 1977).  The average concentration of galactose in

milk collected at the end of lactation from the North American opossum was reported as

5.7 ± 0.6 g/L (Bergman and Housley 1968; Green et al. 1996).  No free glucose was

detected in these samples (Bergman and Housley 1968).

The authors of one study reported the concentrations of free galactose and glucose

throughout lactation in the tammar wallaby (Messer and Elliott 1987).  Free galactose

was present at 0.1 to 0.8 g/L during Phase 2 of lactation after which it increased to 13

g/L at initial pouch exit (Phase 3 of lactation) (Tyndale-Biscoe and Janssens 1988a).

The concentration then decreased to 10 g/L at permanent pouch exit (Phase 3 of

lactation) (Messer and Elliott 1987; Tyndale-Biscoe and Janssens 1988a).  Free glucose

averaged 0.2 g/L in Phase 2 of lactation, increasing sharply at initial pouch exit to 5 g/L

and then decreased to 4 g/L at permanent pouch exit (Messer and Elliott 1987; Tyndale-

Biscoe and Janssens 1988a).  The level of activity of b-galactosidase, which is secreted

directly into the milk, increased coincident with the rise in the concentration of

monosaccharides (Messer and Elliott 1987).  The galactose and glucose concentrations

of marsupial milks studied to date are generally higher than that of other eutherian milks

(Faulkner et al. 1981; Newburg and Neubauer 1995).  For instance, the levels of free

galactose and glucose in the milk of the sheep are approximately 0.011 and 0.003 g/L

(Faulkner et al. 1981).
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Free galactose and glucose were detected in two samples of the milk of the quokka

taken in Phase 2b of lactation (Jenness et al. 1964).  No studies have reported on the

concentration of these monosaccharides in the milk of the quokka throughout lactation

establishing a need for further research in this area.

2.4.6.3 Oligosaccharides

Studies show that most of the carbohydrate in the milk of marsupials is present as

oligosaccharides (Crisp et al. 1989a).  Oligosaccharides exert less osmotic pressure than

either lactose or monosaccharides (Messer and Green 1979).  The levels of

carbohydrates generally peak at higher values in marsupial milk than in eutherians

(Green and Merchant 1988; Oftedal and Iverson 1995).  The presence of

oligosaccharides in marsupial milk allows higher concentrations of total carbohydrates,

within the constraints of osmotic equilibrium with body fluids (Green 1984).  Human

oligosaccharides exhibit protective qualities such as inhibiting enteropathogens binding

to host cell receptors (Newburg and Neubauer 1995).  It has been postulated that species

that are confronted with strong challenges to their immune systems, such as marsupials,

may have more complex patterns of oligosaccharides (Warren et al. 2001).

Messer et al. (1987) observed that the oligosaccharides of the eastern quoll in mid-

lactation were of a larger molecular size and therefore exerted lower osmotic pressure

than those of the tammar wallaby (Messer and Green 1979).  They postulated that this

should allow the milk of the eastern quoll to have higher concentrations of electrolytes

(Messer et al. 1987).  This was in fact the case, with reports of concentrations of sodium

plus potassium in the milk of the eastern quoll milk at approximately 85 mM compared

with 40 mM for the milk of the tammar wallaby (Green et al. 1980, 1987).  In the milk

of the quokka, sodium plus potassium concentrations in mid-lactation are also

approximately 40 mM (Bentley and Shield 1962).  It could be suggested that the

molecular weight of oligosaccharides of the milk of the quokka would be similar in size

to the oligosaccharides of the tammar wallaby in mid-lactation, due to the similar

electrolyte concentrations (Green et al. 1980).
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The oligosaccharides of the milk of the North American opossum, red kangaroo,

quokka, eastern grey kangaroo and tammar wallaby yield glucose and galactose on

hydrolysis, indicating that they are polymers of these monosaccharides (Jenness et al.

1964; Messer et al. 1980, 1982; Collins et al. 1981).  The oligosaccharides in marsupial

milk are mostly composed of a single glucose unit linked to varying numbers of

galactose units; for example, polygalactosyllactose [Gal b(1Æ3)]1-5 Gal b(1Æ4) Glu

(Messer et al. 1980, 1982; Collins et al. 1981; Merchant 1989). The glucose-galactose

linkage is joined by a b (1Æ4) bond as in lactose, whereas the galactose-galactose

linkages are b (1Æ3) bonds (Messer et al. 1980; Collins et al. 1981).  Some of the

oligosaccharides contain N-acetylglucosamine and sialic acid (Merchant 1989).

Jenness et al. (1964) detected glucose and galactose as the constituents of

oligosaccharides in two samples of the milk of the quokka, collected in early Phase 2b

of lactation.  However, the types and concentration of oligosaccharides in the milk of

the quokka throughout lactation have not been studied.

2.4.7 Total solids content

The total solids content is the amount of dry matter in the milk and represents about 100

g/L of marsupial milk collected immediately after birth (Green and Merchant 1988).  It

increases gradually in the milk of most marsupials, for example the common ringtail

possum, common brushtail possum, koala, northern brown bandicoot, Tasmanian

bettong, eastern quoll, brush-tailed bettong, potoroo, North American opossum, gray

short-tailed opossum, allied rock-wallaby, red-necked wallaby, red kangaroo and

tammar wallaby, during Phase 2 of lactation reaching a maximum of between 200 to

450 g/L (Table 2.6) (Cutts et al. 1978; Green et al. 1980, 1987, 1991; Merchant et al.

1984, 1989, 1994, 1996b; Rose 1986; Crowley et al. 1988; Merchant and Libke 1988;

Tyndale-Biscoe and Janssens 1988a; Cowan 1989; VandeBerg 1990; Munks et al.

1991; Krockenberger 1996; Muths 1996; Rose et al. 2003).
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Table 2.6.  The total solids content of the milk of marsupials during Phase 3 of lactation.

Total solids content (g/L)

Common Name Family Beginning of
Phase 3

End of
Phase 3

Source

Common ringtail possum Petauridae 240 140 1

Common brushtail possum Phalangeridae 280 180 2

Koala Phascolarctidae 330 290 3

Northern brown bandicoot Permelidae 450 100 4

Tasmanian bettong Potoridae 300 450 5, 6

Eastern quoll Dasyuridae 330 340 7, 8

Brush-tailed bettong Potoridae 320 400 9

Potoroo Potoridae 350 450 10

North American opossum Didelphidae 300 300 11, 12

Gray short-tailed opossum Didelphidae 300 300 13, 14

Allied rock-wallaby Macropodidae 200 200 15

Red-necked wallaby Macropodidae 250 280 16

Red kangaroo Macropodidae 260 240 17

Tammar wallaby Macropodidae 300 400 18, 19

Sources: 1. Munks et al. (1991); 2. Cowan (1989); 3. Krockenberger (1996); 4. Merchant and
Libke (1988); 5. Rose (1986); 6. Rose et al. (2003); 7. Merchant et al. (1984); 8. Green et al.
(1987); 9. Merchant et al. (1994); 10. Crowley et al. (1988); 11. Cutts et al. (1978); 12. Green et
al. (1996); 13. Green et al. (1991); 14. VandeBerg (1990); 15. Merchant et al. (1996b); 16.
Merchant et al. (1989); 17. Muths (1996); 18. Green et al. (1980) and 19. Tyndale-Biscoe and
Janssens (1988a).

The wide range in total solids content in marsupial milk is attributable to the differing

concentrations of the major components in the milk of each species.  For example, the

widest variation in total solids content is between the milk of the northern brown

bandicoot and the allied rock-wallaby (Table 2.6) (Merchant and Libke 1988; Merchant

et al. 1996b).  This is the result of the lipid content in the milk of the northern brown

bandicoot measuring more than three times that of the allied rock-wallaby, and the

concentration of milk protein in the northern brown bandicoot measuring more than

twice than that reported in the allied rock-wallaby (Tables 2.2 and 2.3) (Merchant and

Libke 1988; Merchant et al. 1996b).  The increase in milk solids results in an overall

increase in the energy content of the milk (Janssens et al. 1997).  It has been suggested
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that the extra energy is required by the joey during the last few weeks of pouch life

(Janssens et al. 1997).

During Phase 3 of lactation, there are different trends in total solids content between

marsupial species (Table 2.6).  For instance, the concentrations decrease in the common

brushtail possum, common ringtail possum and koala (Cowan 1989; Munks et al. 1991;

Krockenberger 1996).  Levels of total solids also decrease, but more markedly, in the

milk of the northern brown bandicoot (Merchant and Libke 1988).  However, the

maximum total solids content reached in this species at the beginning of Phase 3 is

higher than that found in other marsupials and at the end of lactation is lower than that

for any other marsupial (Merchant and Libke 1988).

Conversely, the total solids content increases in the Tasmanian bettong, eastern quoll,

potoroo and brush-tailed bettong (Merchant et al. 1984, 1994; Rose 1986; Green et al.

1987; Crowley et al. 1988; Rose et al. 2003).  The average content does not change

significantly in two American marsupials, the North American opossum and gray short-

tailed opossum (Cutts et al. 1978; VandeBerg 1990; Green et al. 1991, 1996).

There are differences in the total solids content in milk within the family Macropodidae

during Phase 3 of lactation.  For example, it increases slightly in the red-necked

wallaby, does not vary significantly for the allied rock-wallaby and decreases in the red

kangaroo (Merchant et al. 1989, 1996b; Muths 1996).  The largest increase in total

solids content is reported for the tammar wallaby (Green et al. 1980; Tyndale-Biscoe

and Janssens 1988a).

The only study reporting the total solids content of the milk of the quokka was of 134

g/L for four samples taken at an unknown stage in lactation (Jenness and Sloan 1970).

Further investigations are required to establish the levels of total solids in quokka milk

during lactation to determine whether there are major changes coincident with the

critical stages of development.
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2.5 Changes in the digestive system during transition from milk to a herbage

diet

There are major structural and functional changes in the gastro-intestinal tract of

developing macropods due to the change from milk to herbage diet (Janssens and

Ternouth 1987).  The stomachs of early marsupial pouch young have a relatively high

pH and low proteinase activity, maybe to facilitate passive transfer of immunity from

mother to young a process that is known to continue until 98 days post partum in the

quokka (Yadav 1971; Janssens and Messer 1988).

The whole stomach contents of the red kangaroo at 60 days post partum have an acid

pH and proteolytic activity is high in all regions.  At pouch exit, mucous-secreting

glands start to appear in the anterior cardiac stomach and chief and parietal cells, that

produce pepsinogen and hydrochloric acid respectively, are seen in the gastric pouch.

By weaning, both regions resemble the adult stomach that is divided into two distinct

regions, an anterior cardiac region and a posterior gastric pouch (Griffiths and Barton

1966).  The larger anterior chamber does not secrete enzymes, pH is close to neutrality

and it contains a population of microorganisms for fermentation (Griffiths and Barton

1966; Hume 1999).  In contrast, the mucosal cells of the gastric pouch produce

pepsinogen and hydrochloric acid (Griffiths and Barton 1966).  Thus the anterior

portion changes its function from digestion using endogenous enzymes to microbial

fermentation when herbage becomes a part of the diet (Janssens and Ternouth 1987).

Similar changes are reported for the tammar wallaby, with the development of separate

forestomach and hindstomach regions commencing at 170 days post partum, just prior

to the transition to a herbage diet (Janssens and Ternouth 1987; Waite et al. 2005).

In the tammar wallaby, the stomach contains a mixture of milk and herbage in the

period from initial pouch exit until permanent pouch exit (Janssens and Ternouth 1987).

These findings are consistent with the possibility that the gastric sulcus, a structure that

facilitates the passage of milk directly from the oesophagus to the omasum in ruminant

sucklings, may not be functional in the macropodid pouch young until they have finally

left the pouch (Griffiths and Barton 1966; Hume 1999).
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The only published information regarding the variations in the forestomach of the

young quokka reported that the intestinal flora changes, with yeasts and clostridia

becoming apparent at 126 days post partum and ciliate protozoa at 150 days (Yadav et

al. 1972).

During the transition from initial to final pouch exit, the diet of the young tammar

wallaby increases in herbage (Janssens and Rogers 1989).  Concurrent changes occur in

the enzyme complement of a number of organs, particularly the alimentary canal and

liver (Janssens and Rogers 1989).  No information has been published on the enzyme

activities in the developing quokka.  Analysis of enzymes, for example hexokinase in

the liver, b-galactosidase in the small intestine and pepsinogen in the stomach, would

assist in the understanding of the metabolic changes in the young’s digestive system

during the transition from milk to a herbage diet.

2.6 Energetics of the quokka

2.6.1 Growth rate of the young

At birth marsupials are heterothermic and a vast proportion of energy transferred via

milk is converted to growth (Rose 1987).  The weight of the newborn marsupial ranges

from 10 mg for the brown antechinus (Antechinus stuartii) to 750 mg for the red

kangaroo (Tyndale-Biscoe 1973).  When weight is plotted against age of the young

marsupial, for example the quokka, common wallaroo, red kangaroo, parma wallaby

(Macropus parma), western grey kangaroo, eastern grey kangaroo, eastern quoll,

northern brown bandicoot, allied rock-wallaby, red-necked wallaby, tammar wallaby,

Tasmanian bettong and bare tailed woolly opossum (Caluromys philander), it appears

that the growth slows initially, followed by a dramatic rise and then slows again for the

rest of their lives or until it reaches an asymptote (Shield and Woolley 1961; Sadleir

1963; Sharman et al. 1964; Maynes 1976; Poole 1976; Poole et al. 1982b, 1982c;

Merchant et al. 1984, 1996a, 1996b; Louden 1987; Cockburn and Johnson 1988; Green

et al. 1988; Dove and Cork 1989; Rose 1989a; Hall 1990; Atramentowicz 1995).
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Figure 2.4 illustrates the weight increase for three marsupials, the Tasmanian bettong,

northern brown bandicoot and tammar wallaby (Rose 1986; Green et al. 1988;

Merchant and Libke 1988; Tyndale-Biscoe and Janssens 1988a; Dove and Cork 1989;

Rose 1989a; Hall 1990; Merchant et al. 1996a).
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Figure 2.4. The weights of northern brown bandicoots (l), Tasmanian bettongs (°) and
tammar wallabies (n) throughout lactation.  The arrows represent permanent pouch
exit.  Sources: Rose (1986); Green et al. (1988); Merchant and Libke (1988);
Tyndale-Biscoe and Janssens (1988a); Dove and Cork (1989); Rose (1989a); Hall
(1990) and Merchant et al. (1996a).

However, when the logarithm of the weight is plotted against age of the young

marsupial, for example the parma wallaby, eastern grey kangaroo, western grey

kangaroo, eastern quoll, Tasmanian bettong, northern brown bandicoot and tammar

wallaby, it is apparent that the growth rate is relatively constant until final pouch

vacation (Maynes 1973, 1976; Poole and Catling 1974; Poole 1975, 1976, 1982; Poole

et al. 1982b; Merchant et al. 1984, 1996a; Rose 1986, 1987, 1989a; Green et al. 1988;

Merchant and Libke 1988; Tyndale-Biscoe and Janssens 1988a; Dove and Cork 1989;

Hall 1990).  The growth rate then slows (Maynes 1973, 1976; Poole and Catling 1974;

Poole et al. 1982b; Merchant et al. 1984; Rose 1986, 1989a; Green et al. 1987).  Figure

2.5 illustrates the relative weight gain for three marsupials, the Tasmanian bettong,

northern brown bandicoot and tammar wallaby (Rose 1986, 1989a; Green et al. 1988;
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Merchant and Libke 1988; Tyndale-Biscoe and Janssens 1988a; Dove and Cork 1989;

Hall 1990; Merchant et al. 1996a).  As the young progressively becomes endothermic

the maintenance of its higher metabolic rate diverts some energy from growth (Rose

1987).
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Figure 2.5. The log regression of weights of northern brown bandicoots (l), Tasmanian
bettongs (°) and tammar wallabies (n) throughout lactation.  The arrows represent
permanent pouch exit.  Sources: Rose (1986); Green et al. (1988); Merchant and
Libke (1988); Tyndale-Biscoe and Janssens (1988a); Dove and Cork (1989); Rose
(1989a); Hall (1990) and Merchant et al. (1996a).

Growth rate can also be determined by measuring parameters such as the pes (foot) and

tail lengths.  During growth, sizes of body parts relative to adult size, are related to their

functional significance (Maynes 1976).  For instance, the characteristically large feet of

macropods are required by the young, once they have vacated the pouch, to keep pace

with the mother.  However, this is not a requirement early in pouch life (Rose 1989b).

Also, the tail of the parma wallaby grows at a faster rate when the young requires extra

stabilisation during pouch emergence (Maynes 1973, 1976).

For the majority of marsupials, for example the quokka, common wallaroo, red

kangaroo, tammar wallaby, parma wallaby, western grey kangaroo, eastern grey

kangaroo, eastern quoll, Tasmanian bettong, allied rock-wallaby and purple-necked
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wallaby (Petrogale purpureicollis), pes and tail lengths follow a sigmoidal pattern,

similar to weight (Shield and Woolley 1961; Sadleir 1963; Sharman et al. 1964;

Murphy and Smith 1970; Maynes 1976; Poole 1976; Poole et al. 1982b, 1982c;

Merchant et al. 1984; Rose 1989a; Close and Bell 1990; Delaney and De'ath 1990;

Johnson and Delean 2002).  Similar to the weight gain in marsupials, for example the

parma wallaby, eastern grey kangaroo, western grey kangaroo, eastern quoll and

Tasmanian bettong, the rate of growth of the pes and tail length slows at permanent

pouch exit (Maynes 1973, 1976; Poole and Catling 1974; Poole 1975, 1976; Poole et al.

1982b, 1982c; Merchant et al. 1984; Rose 1986, 1989a).  In addition, in some

marsupials, such as the Tasmanian bettong, eastern grey kangaroo and western grey

kangaroo, the rate of growth of the pes and tail also slows during Phase 2 of lactation,

resulting in three periods of growth (Poole and Catling 1974; Poole 1975; Poole et al.

1982b, 1982c; Rose 1986, 1989a).  Figures 2.6 and 2.7 illustrates an example of the pes

and tail measurements during lactation for a marsupial, the Tasmanian bettong (Rose

1986, 1989a).

Pes and tail 

length  

(mm)

0

100

200

300

0 50 100 150 200

Age of young (days)

Figure 2.6. The pes (°) and tail (l) lengths of the Tasmanian bettong throughout lactation.
The arrows represent permanent pouch exit.  Sources: Rose (1986, 1989a).
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Figure 2.7. The log regression of pes (°) and tail (l) lengths of the Tasmanian bettong
throughout lactation.  The arrow represents permanent pouch exit.  Sources: Rose
(1986, 1989a).

A previous study published data on the weight increase for young quokkas until their

initial pouch emergence, and pes and tail lengths for the period of lactation (Shield and

Woolley 1961).  From this data, the relative growth rate constant during pouch life for

quokka joeys was calculated (Rose 1989b).  Unpublished data of weight, pes and tail

Rottnest Island quokkas until pouch emergence and published the weights of one and

two year Rottnest Island quokkas is also available.  No studies have recorded the

continual growth of quokka young until adulthood, establishing a need to collect data

beyond pouch emergence.

2.6.2 Milk consumption

Growth rate of the young during lactation is influenced by the utilisation of the milk by

the young and the volume of milk supplied (Green et al. 1997).  The crude growth

efficiency (CGE) is the mass of body tissue that accrues from each millilitre of milk

consumed (Green and Merchant 1988).  The CGE for marsupials is in the intermediate

range of all mammals (Green and Merchant 1988).  For example, the CGE for the cow

(Bos taurus) is 0.10 g/ml, the dog (Canis familiaris), 0.22 g/ml and the Weddell seal
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(Leptonychotes weddellii), 0.51 g/ml (Yates et al. 1971; Oftedal 1984; Tedman and

Green 1987).  Therefore, the comparatively slow growth of the marsupial offspring is

not due to inefficient conversion of milk materials, but to the volume of milk supplied

(Green and Merchant 1988).

Milk production and energetics have been detailed for a limited number of marsupial

species, such as the tammar wallaby, brush-tailed bettong, eastern quoll, northern brown

bandicoot, allied rock-wallaby, common ringtail possum, koala and Tasmanian bettong

(Green et al. 1988, 1997; Rose 1987; Cork and Dove 1989; Dove and Cork 1989;

Merchant et al. 1994, 1996a, 1996b; Munks and Green 1997; Krockenberger et al.

1998; Rose et al. 2003).  For the tammar wallaby and koala, peak milk intake occurs at

the time of permanent pouch exit (Green et al. 1988; Tyndale-Biscoe and Janssens

1988a; Dove and Cork 1989; Krockenberger 1996; Krockenberger et al. 1998).

Variations between consumption energetics are highlighted when comparing four

marsupial species, the northern brown bandicoot, eastern quoll, allied rock-wallaby and

tammar wallaby, that have different reproductive strategies, diets and maternal body

size (Table 2.7) (Merchant et al. 1984, 1996a, 1996b; Green et al. 1987, 1988, 1997;

Green and Merchant 1988; Merchant and Libke 1988; Tyndale-Biscoe and Janssens

1988a; Hall 1990; Delaney 1997; Gordon 1998).  The three ages represent different

stages in the lactation; that is, early Phase 2a (on the teat), late Phase 2a (on the teat)

and the end of Phase 2b (off the teat and in the pouch) (Tyndale-Biscoe and Janssens

1988a).
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Table 2.7.  Comparative lactational energetics for individual young at different stages of lactation.  CGE, crude growth efficiency. The three ages represent early to
mid-Phase 2a, late Phase 2a to early Phase 2b and end of Phase 2b.  Adapted from Green et al. (1997).

Common
Name

Species Poly-
or mono-
tocous/

Lactation
period
(days)

Age of
young
(days)

Mass of
young

(g)

Daily milk intake Daily mass increase CGE Daily
energy
intake

Source

diet/
approximate

Absolute Mass specific Absolute Mass
specific

adult size
ml/d ml/100g/d g/d g/100g/d g/ml

kJ/100g/
d

21 9 2.3 27.4 0.8 8.8 0.32 154

42 48 10.0 21.1 3.0 6.3 0.28 206

Northern
brown
bandicoot

Isoodon
macrourus

Polytocous
Omnivorous
1-2 kg

60

49 112 17.2 15.3 7.1 6.3 0.42 178

Merchant and Libke
(1988); Hall (1990);
Merchant et al. (1996a);
Gordon (1998)

49 7 0.6 8.0 0.4 5.9 0.70 38

77 48 9.3 19.3 3.2 6.7 0.34 122

Eastern
quoll

Dasyurus
viverrinus

Polytocous
Carnivorous
1 kg

154

98 128 15.9 12.3 5.0 3.9 0.34 94

Merchant et al. (1984);
Green et al. (1987, 1997)

270 70 32 3.4 10.4 0.9 2.9 0.27 40

126 78 9.7 12.4 1.0 1.3 0.10 49

Allied
rock-
wallaby

Petrogale
assimilis

Monotocous
Herbivorous
4 kg

161 184 13.3 7.2 1.4 0.7 0.10 37

Merchant et al. (1996b);
Delaney (1997)

42 11 1.7 15.1 0.4 3.8 0.25 50

98 55 4.8 8.8 1.1 2.0 0.23 35

Tammar
wallaby

Macropus
eugenii

Monotocous
Herbivorous
4 kg

350

224 770 43.0 5.6 15.5 2.0 0.37 50

Green et al. (1988); Green
and Merchant (1988);
Tyndale-Biscoe and
Janssens (1988a)
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Young of the northern brown bandicoot reaches weaning about eight weeks after birth,

probably as a result of a high mass-specific rate of supply of milk (15.3 to 27.4

ml/100g/day) that is high in energy (154 to 206 kJ/100g/day) (Merchant and Libke

1988; Merchant et al. 1996a; Green et al. 1997).  The eastern quoll, another polytocous

(multiple young) marsupial has a lactation period more than twice that of the bandicoot

and has a slower growing young (Merchant et al. 1984; Green et al. 1987, 1997;

Merchant and Libke 1988).  This is reflected in the lower mass-specific rate of supply

of milk during Phase 2 of lactation (8.0 to 19.3 ml/100g/day) and lower milk energy (38

to 122 kJ/100g/day) (Merchant et al. 1984; Green et al. 1987, 1997; Merchant and

Libke 1988).  The CGE of 0.70 g/ml for the initial seven weeks in the eastern quoll is

relatively high but decreases to 0.34 g/ml for the remainder of pouch life (Merchant et

al. 1984; Green et al. 1987, 1997).

Although the two macropods, the allied rock-wallaby and tammar wallaby, have similar

maternal body weights, there are variations in the energetics data between species

(Green et al. 1988, 1997; Tyndale-Biscoe and Janssens 1988a; Merchant et al. 1996b;

Delaney 1997).  The tammar wallaby young seemingly benefit from a greater milk

intake of 43 ml/d compared with 13.3 ml/d for the allied rock-wallaby, towards the end

of Phase 2b of lactation (Green et al. 1988; Tyndale-Biscoe and Janssens 1988a;

Merchant et al. 1996b).  The tammar wallaby is also more efficient than the allied rock-

wallaby in converting milk into body tissue during this period, with a CGE of 0.37 g/ml

compared with 0.10 g/ml at (Green et al. 1988; Tyndale-Biscoe and Janssens 1988a;

Merchant et al. 1996b).

The reason for the marked differences in milk production by the two species of similar

adult size may reflect the differences in lifestyles of the two macropods (Green et al.

1988; Tyndale-Biscoe and Janssens 1988a; Merchant et al. 1996b; Delaney 1997).  The

tammar wallaby inhabits a temperate region where seasonal changes are highly

predictable and it has evolved a well-defined reproductive pattern resulting in peak

lactation and pouch young emergence coincidental with a good food supply (Merchant

et al. 1996b).  By contrast, the habitat of the allied rock-wallaby is characterised by

climatic extremes (Merchant et al. 1996b; Delaney 1997).  The allied rock-wallaby

breeds continuously and therefore peak lactation and pouch young emergence may not

necessarily occur at times conducive to successful lactation (Merchant et al. 1996b;
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Delaney 1997).  A lower rate of milk production may allow a mother to cope more

successfully with times of severe food and water restrictions (Merchant et al. 1996b).

The only study conducted on milk consumption of quokkas involved six animals with

young aged from 63 to 135 days post partum (Phase 2 of lactation).  Milk intake ranged

from 0.7 to 1.1 ml/day at 63 to 70 days (late Phase 2a), increasing to between 4.1 and

6.2 ml/day at 116 to 125 days (early Phase 2b).  The peak milk intake was 8.2 ml/day

about 135 days (mid-Phase 2b) (Bennetts 1997).  Crude growth efficiency and daily

energy intake were not calculated in that investigation and therefore further

experimental work is required to ascertain these values.

2.6.3 Techniques for measuring milk consumption

Due to the importance of milk production and consumption in studies of lactation, a

variety of techniques have been developed to estimate milk intake by the young

mammal.  One example is the weigh-suckle-weigh method (Barber et al. 1955; Coombe

et al. 1960; Robinson et al. 1968; Lewis et al. 1978).  As suggested, this procedure

involves weighing the young before and after suckling bouts to determine the weight of

milk consumed.  Although the method is relatively simple it has several disadvantages

(Pettigrew et al. 1985).  Firstly, the imposition of the procedure can reduce milk

consumption and secondly, errors can be made when estimating changes in weight due

to defecation, urination, metabolism and salivation (Pettigrew et al. 1985).  A method

such as this is difficult to employ when working with the pouch young of marsupials, in

that at least for a period, they are permanently attached to the teat (Green and Newgrain

1979).

A second method referred to as the ‘oxytocin technique’ involves measuring milk

production after an injection of this hormone (McCance 1959; Coombe et al. 1960;

Corbett 1968; Bencini 1995).  This procedure is less labour intensive than the weigh-

suckle-weigh method, however it tends to overestimate results because of supernormal

emptying of the mammary gland (McCance 1959).  An estimation of milk production in

the marsupial Tasmanian bettong was determined using the oxytocin technique, but the

validity of the method was not measured against a direct measure of milk intake (Rose

et al. 2003).
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The authors of two previous studies in the tammar wallaby and koala (Dove and Cork

1989; Krockenberger et al. 1998), employed the use of a double isotope method

described by Holleman et al. (1975).  This technique involves estimating the input of

maternal water to the young by measuring water turnover in both the mother and her

young, and the accumulation of maternal water tracer in the juvenile (Holleman et al.

1975; Dove and Cork 1989; Krockenberger et al. 1998).  Tritiated water is injected into

the adult female while deuterium oxide was administered to the young.  This technique

has been shown to be a reliable measure of milk intake and has the advantage that

consumption can also be estimated when solid food enters the diet (Holleman et al.

1975; Wright and Wolff 1976).

Another technique using single isotope dilution has proved to be a reliable method for

measuring milk intake by young animals (Rudolph et al. 1984; Pettigrew et al. 1987).  It

involves injecting the offspring with an isotope and measuring its dilution over time.

Provided changes of body water pool size are taken into account, the method gives

accurate estimates of milk intake, but only when milk is the sole source of water (Dove

and Freer 1979; Merchant et al. 1994).  A major advantage of this method is that it does

not disrupt the normal maternal-offspring relationship during the measurement period

(Dove 1988).  Tritiated water has been the isotope employed in studies of milk

consumption in a range of mammal species; for example the sheep, reindeer, caribou,

cow and rats (Macfarlane et al. 1969; McEwan and Whitehead 1971; Yates et al. 1971;

Romero et al. 1975).

The authors of the majority of studies of milk intake in marsupials, for example the

tammar wallaby, eastern quoll, brush-tailed bettong, northern brown bandicoot, allied

rock-wallaby and common ringtail possum, employed the use of the isotope 22Na

(Green and Newgrain 1979; Green et al. 1988, 1997; Merchant et al. 1994, 1996a,

1996b; Munks and Green 1997).  This method involves injecting pouch young with

radioactive 22NaCl and measuring levels of the isotope in subsequent blood samples

taken from the offspring (Green and Newgrain 1979).  Estimates of milk intake are

derived from 22Na turnover and the level of sodium content in the milk (Green and

Newgrain 1979).  This technique has the advantage that it accounts for any recycling of

water between pouch young and their mothers (Baverstock and Green 1975).  As the
22Na method was found to overestimate milk intake, due to differences between the
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estimated isotope turnover and the measured sodium intake, correction factors were

applied to the data to provide more accurate measures of milk intake (Green and

Newgrain 1979; Green et al. 1988, 1997; Merchant et al. 1994, 1996a).

The stable isotope, deuterium oxide has been used widely in studies of milk

consumption of piglets (Rudolph et al. 1984; Pettigrew et al. 1985, 1987; Toner 1996;

Glencross et al. 1997; Pluske et al. 1997).  This isotope has also been used to determine

milk consumption in humans as it is non-radioactive, relatively cheap and readily

available (Coward et al. 1982; Lucas et al. 1987).  The original method administered the

isotope to the infant (Coward et al. 1979).  An assumption of the technique was that the

baby’s only source of water intake was milk.  However, as this was difficult to

guarantee, the method was modified so that the deuterium oxide is administered to the

mother (Coward et al. 1982).  Saliva samples from the babies were then analysed for

increasing isotope levels and milk intake determined.  As the tracer is rapidly and

uniformly distributed, samples of any body fluid can provide values for deuterium

enrichment (Coward et al. 1982).  Laboratory analysis enables the detection of low

levels of deuterium oxide enrichment in relatively small volumes of plasma or urine

samples as collected from young marsupials (Hoffman et al. 2000).

The use of a less invasive, non-toxic method for determining milk intake in marsupials

is desirable.  Bennetts (1997) applied the deuterium oxide technique based on the model

designed by Coward et al. (1982) in six quokkas.  Although difficulties were

encountered in obtaining samples from the young, the method was demonstrated to be

feasible and warrants further investigation.

2.6.4 Maternal energetics

Lactation is generally considered to be the most expensive aspect of reproduction for a

female mammal (Hanwell and Peaker 1977; Gittleman and Thompson 1988).  The

young marsupial, for example the eastern quoll, brush-tailed bettong, northern brown

bandicoot and common ringtail possum, grows rapidly during Phase 2b and early Phase

3 of lactation, coincident with an increase in the intake of milk energy (Merchant et al.

1984, 1994, 1996a; Green et al. 1987, 1997; Merchant and Libke 1988; Munks et al.

1991; Munks and Green 1997).  This suggests that this period would be the most
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demanding period for female marsupials attempting to maintain energy balance and is

supported by the observations that peak milk intake occurs in the tammar wallaby and

koala at permanent pouch exit (Green et al. 1988; Tyndale-Biscoe and Janssens 1988a;

Dove and Cork 1989; Krockenberger 1996; Krockenberger et al. 1998).

The total energy requirements of the mother during lactation include the energy

exported in the form of milk, plus the metabolic costs of milk synthesis and secretion

(Krockenberger 2003).  A mammal may employ a combination of strategies to achieve

energy balance when faced with the increase in energy expenditure associated with

lactation (Racey and Speakman 1987).  These include increasing the quantity of

digested energy, utilising stored energy, reducing expenditure on some other component

of the energy budget or increasing the time span for lactation (Racey and Speakman

1987).

Different species of marsupials have various ways of achieving energy balance during

lactation.  For example, the maternal body mass of the Tasmanian bettong given ad

libitum diet in captivity and in the wild, varied little during lactation while those on a

maintenance diet lost weight (Rose et al. 2003).  This suggests that these animals’

elevated energetic demands are met by an increase in food intake, rather than utilising

body fat.  The red-necked wallaby, tammar wallaby, bare-tailed woolly opossum, rufous

bettong (Aepyprymnus rufescens), eastern barred bandicoot (Perameles gunii) and koala

also appear to adopt this strategy (Clarke and Louden 1985; Dove and Cork 1989; Cork

1991; Atramentowicz 1992; Wallis and Farrell 1992; Reimer and Hindell 1996;

Krockenberger 2003).

The lactating northern brown bandicoot increased in body weight during the first half of

lactation and then decreased to the original level during the latter part (Merchant and

Libke 1988; Merchant 1990).  Energy storage during lactation has also been observed in

the Tasmanian devil (Sarcophilus harrisii), common brushtail possum and common

ringtail possum (Nicol 1978; Bell 1981; Munks and Green 1997).  In contrast,

individual differences were reported in a recent study of lactating eastern quolls in

which some animals lost weight while others gained weight during the second half of

lactation, while consuming a similar diet (Green et al. 1987, 1997).  In these species it

appears that adipose tissue plays an important role in their reproductive strategies.
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Investigations of tammar wallaby, eastern barred bandicoot and koala mothers reported

no significant difference in their body weights, during and after lactation (Cork 1991;

Reimer and Hindell 1996; Krockenberger 2003).

There are no published reports on the live weight changes of female quokkas during and

after lactation.

2.6.5 Effect of maternal condition on growth of young

In macropods, the relatively long duration of lactation and slow growth of young are

well suited to a grazing existence in habitats that are frequently resource impoverished,

without compromising the survival of the young (Green et al. 1997; Tyndale-Biscoe

2001).  As the mother limits the rate of milk supply, this probably accounts for the

slower growth rates of marsupials compared with eutherians (Janssens and Ternouth

1987; Green et al. 1988; Trott et al. 2003).  The limitation of growth is not seen in

eutherians, where the supply of milk by the mother increases in response to the demand

by the young such that mothers produce milk in excess of that required by a single

offspring (Janssens and Ternouth 1987).

Significant positive correlations were reported at one point in the lactation (16 weeks

post partum) between maternal mass of tammar wallabies and both milk production and

the masses of pouch young (Green et al. 1988).  A similar relationship between the

weights of adult females and the mass of their young has also been observed in the agile

wallaby (Wallabia agilis), common brushtail possum, western quoll (Dasyurus

geoffroii) and Tasmanian bettong (Dudzinski et al. 1978; Bell 1981; Serena and

Soderquist 1988).  This suggests that the body weight of the lactating adult has a

positive impact on the growth rate of the young in these species.

No information regarding the weight of quokka joeys in relation to their mother’s

weight has been published.  Further research investigating the body weights of quokka

females during and after lactation, and the body weights of their young is required.
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2.7 The quokka

The quokka (Setonix brachyurus Quoy and Gaimard, 1830) is a medium-sized

marsupial (2.7 to 4.2 kg) belonging to the Macropodidae family.  It is endemic to the

south-west of Australia (Kitchener 1998).  Formerly the species was widespread on the

mainland but suffered a major decline in the 1930s (Shortridge 1909; White 1952).  The

reason for their disappearance includes loss of habitat, spread of foxes and feral cats,

competition with rabbits and disease (Sinclair and Morris 1996).  Existing mainland

populations are small and widely scattered (Christensen et al. 1985; Hayward et al.

2003).  There are large populations located on Rottnest and Bald Islands, off the coast

of Western Australia, due to the virtual absence of predators (Sinclair 1998; Alacs et al.

2003).  The quokka is classified as vulnerable according to the International Union for

Conservation and Natural Resources (IUCN) criteria (Hilton-Taylor 2000).

2.7.1 Biology of the quokka

Mainland quokkas breed continuously throughout the year whereas Rottnest and Bald

Island quokkas only reproduce once a year (Shield 1964, 1968).  Shield (1964) found

that the breeding season difference between the populations on Rottnest Island and the

mainland was probably related to food supply, as the climatic conditions in both regions

are similar (Hume 1999).  Like others in the family Macropodidae, the quokka is a

herbivorous marsupial in which the primary site of microbial fermentation is the

forestomach (Moir et al. 1954; Hume 1999).

The gestation period in quokkas is between 25 and 26 days and one joey is usually

produced from a pregnancy (Shield 1964, 1968).  The young vacate the pouch between

185 and 195 days of age (Shield 1968).  Lactation lasts for approximately 265 to 295

days (Waring et al. 1955).  Phase 2a of lactation is approximately from 0 to 70 days,

Phase 2b from 70 days to 175 days and Phase 3 from 175 to 295 days (Tyndale-Biscoe

and Janssens 1988a).  In captivity, the young reach maturity at approximately 13

months for males and 8 months for females (Shield 1968).
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2.7.2 Growth of young quokka

The quokka joey weighs 0.3 g at birth (Shield 1968).  This represents 0.01% of the adult

body weight.  The young increases in weight from approximately 2g at 15 days post

partum to 500g at 190 days (Department of Zoology, UWA unpublished data).  The tail

length increases from 5 mm to 200 mm and pes length from 3.5 to 85 mm from 15 to

190 days post partum (Shield and Woolley 1961).  During pouch life there is no sexual

dimorphism (Shield and Woolley 1961).  Table 2.8 shows the approximate ages at

which the quokka young’s external characteristics become apparent (Shield 1961,

1968).

Table 2.8. Critical events in the development of quokka young.  *Thermoregulation is the
ability of the young to regulate its own body temperature.  Sources: Waring et al.
(1955); Shield (1961, 1968) and Hulbert (1988).

Age of quokka joey

Event days months

First off teat (end of Phase 2a of lactation) 70 2

Eyes open 115 4

Thermoregulation* 120 4

Underhair 125 4

Initial pouch emergence (end of Phase 2b of lactation) 180 6

Final pouch exit 200 7

Weaned (end of Phase 3 of lactation) 300 10

2.8 Cross-fostering

Cross-fostering refers to the rearing of young by foster mothers of a different species

(Taggart et al. 2002).  Pouch young removal and cross-fostering have proved successful

with several marsupial species; for example between the eastern grey kangaroo and red

kangaroo, the swamp wallaby (Wallabia bicolour) and agile wallaby (Macropus agilis),

and the northern bettong (Bettongia tropica) and brush-tailed bettong (Merchant and

Sharman 1966; Johnson 1981; Smith 1998).  In terms of marsupial conservation, the
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aim is to allow the mother to undergo a series of pregnancies with a minimum of

intervening lactation and thereby enhancing her reproductive rate (Merchant and

Sharman 1966).  It has been suggested that this would be a simpler way to rescue rare

species than gamete preservation and in vitro fertilisation techniques (Tyndale-Biscoe

1997).  By determining the milk composition and consumption of milk by the young,

species may be identified as suitable candidates for cross-fostering.

2.9 Summary

Marsupials are a unique group of mammals.  They produce relatively small young, born

at a very early stage of development (Green et al. 1988).  While physiological systems

and biochemical pathways are forming, the young are located in a fully accessible

pouch (Tyndale-Biscoe and Janssens 1988a).  Marsupials develop differently to

eutherians and understanding physiology of marsupial development has increased our

understanding of processes in other mammalian species (Tyndale-Biscoe 1997).  The

marsupial young are totally dependent on milk until pouch emergence and therefore

milk has a direct impact on their development (Tyndale-Biscoe and Janssens 1988a).

The changes in the composition and rate of consumption by the young marsupial afford

an excellent opportunity for adding to our understanding of the nutritional requirements

of developing mammals (Green and Merchant 1988).

It has been well documented that there are large differences in milk composition

between mammalian species.  However, despite the wide variation in life histories, body

size and lactational strategies, marsupials are often considered as a homogeneous group.

Now considerable literature exists on the composition and consumption of milk in a

variety of marsupials and this review has identified many differences between the

species.  Variations occur in the concentration and types of milk components, the timing

of the changes during lactation and the rates of milk intake.  These differences occur

between and within taxonomic groups, highlighting the need for data from individual

species.

Little is known about the process of lactation in the quokka.  Although it may be

expected that patterns will follow those found in other macropods, this cannot be

assumed.  This thesis aims to fill the gap in knowledge on the composition of the milk
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of the quokka and the energetics of the young joey.  Many areas have been highlighted

in this review that warrant further investigation.  The current study intends to establish

whether changes in milk composition are related to the developmental stages in the joey

and identify factors that determine the growth rate of the young quokka.  Another aim

was to adopt techniques that would ensure minimal stress to the animals while obtaining

sufficient samples throughout lactation to provide statistically reliable data.  The

information gained in this research could be applied to captive wildlife management

techniques such as cross-fostering or assisting reproduction in the wild.
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GENERAL MATERIALS AND METHODS

3.1 Site

The quokkas were housed at The University of Western Australia’s Shenton Park

Animal Facility in large outdoor pens.  All animals were bred from a population sourced

from Rottnest Island.  Their main diet consisted of ‘quokka cubes’ which contain 45%

carbohydrate, 14% protein, 2.2% fat, vitamins and minerals (Glen Forest Stockfeeders).

The quokkas had access to vegetation and were provided with water.  The animals were

placed in laboratory holding cages for some procedures.

3.2 Animals

Nineteen female quokkas each produced one offspring.  The animals were captured in

large nets and transferred to hessian bags for handling.  The pouches were checked

fortnightly to detect the birth of the young.  The ages were estimated by the physical

appearance of the joey when first observed (P. Cowl, pers. comm.).

3.3 Milking technique

Milk was collected from fifteen female quokkas.  Pouch young (joeys) aged 70 days and

older were removed from the pouch.  At this age, the young release the teat and can be

reattached easily.  Furless animals were wrapped in a moist cloth and kept at 37°C in a

box warmed with a light globe.  Furred animals were wrapped in a woollen cloth.  The

joeys were separated from their mothers for a maximum of 20 minutes.  The mothers

were injected intramuscularly with 0.15 IU oxytocin (Ilium Syntocin ‚) (Plate 3.1a)

(Bennetts 1997).  Milk samples were obtained by manual expression of the teat.  All

milk that could be expressed was collected in Micro-haematocrit tubes (Brand) and 1.5

ml polypropylene Micro tubes (Sarstedt, Germany), and frozen at -20°C until analysis

(Plates 3.1b and 3.1c).  The furless joeys were reattached to the teat using a blunt

matchstick to place the teat in the mouth (Merchant and Sharman 1966).
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Furred joeys were placed in the mother’s pouch.  The mothers were kept in the hessian

sacks for at least one hour before release and checked to ensure reattachment to the teat.

(a)

(b)

(c)
Plate 3.1 Milking technique.  (a) Intramuscular injection with 0.15U oxytocin (Ilum

Syntocin ®) (b) Milk samples were obtained by manual expression of the teat and
collected in Micro-haemocrit tubes and (c) 1.5 ml polypropylene Micro tubes
(Sarstedt, Germany).  Photos by Ching Tat Lai and Leon Mitoulas.
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3.4 Developmental stages and length of lactation

Observations were made to confirm the timing of developmental and behavioural stages

in the young (Appendix 1) (Shield 1961, 1968).  The age of the joey when the last milk

was produced was recorded, in order to determine the length of lactation for each

mother.

3.5 Biochemical assays

The assays used to determine the levels of protein, lipid, total carbohydrate, lactose,

glucose and galactose in the milk samples were adapted from methods used to analyse

human milk samples.  Due to the differences in concentrations of the components in

human and quokka milk, trials were run with various dilutions of samples and

standards.  Where defatted milk samples were required 100 µl of whole milk was

pipetted into 400 µl polypropylene tubes (Disposable Products Pty Ltd., SA, Australia)

and centrifuged for 10 min at 10,000g (Beckman Microcentrifuge II, Beckman,

Woodville, SA, Australia).  The tube was cut just below the fat layer.  The defatted

samples were stored at -20°C until analysis.

Quality assurance assays were performed with quokka milk samples.  Quality controls

were prepared as follows:

QC1: 10ml milk sample + 10ml standard

QC2: 10ml milk sample + 10ml double deionised water

QC3: 10ml standard + 10ml double deionised water

Assays were performed using the quality controls and percentage recovery was

calculated using:

% recovery = (QC1 – QC2)/QC3 x 100.

3.6 Statistical analysis

Averages and standard errors (SE) were calculated using Microsoft Excel.  All values in

the text are reported as mean ± SE unless otherwise stated.  To identify the timing of

changes in the rate of change of the concentration of milk components and growth, the

data were plotted logarithmically using SuperANOVA (Version 1.11, Abacus Concepts,
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Inc).  The breaking into different sets was decided by determining the lines of best fit.

Regression analysis was performed using Microsoft Excel.  A description of other

statistical analyses used is located in the relevant chapters.

3.7 Animal ethics

The research was conducted with approval from the UWA Animal Ethics Committee

(reference RA/3/100/96).  Animal handling during this study was consistent with the

guidelines set out in the ‘Australian Code of Practice for the Care and Use of Animals

for Scientific Purposes’.
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CONCENTRATION OF COMPONENTS IN THE MILK OF THE QUOKKA

4.1 Introduction

During lactation the composition of all the major constituents of marsupial milk change,

presumably to accommodate the nutritional requirements of the offspring (Tyndale-

Biscoe and Janssens 1988b; Nicholas et al. 1997).  The patterns of change in the

components of marsupial milk depend on factors such as the animal’s diet, life history

and taxon (Cowan 1989).  Furthermore, the variations in the milk content coincide with

major developmental and behavioural changes in the young, for example pouch

emergence.  Few studies have investigated the concentrations of components in the milk

of the quokka throughout lactation.  One of the aims of this study was to determine

whether the composition of quokka milk varies during lactation and if any of these

changes occur at critical stages of the joey’s development.

A.  Protein, lipid, total carbohydrate and total solids content in the milk of the

      quokka

4.2 Introduction

Young marsupials require milk proteins primarily for growth (Renfree et al. 1981;

Hume 1999).  The quokka joey weighs 0.3 g at birth increasing to 500 g at pouch

emergence after approximately 6 months (Shield and Woolley 1961).  This represents a

1600-fold increase in weight during pouch life.  Another 4-fold increase occurs between

pouch exit and the end of lactation, at about 10 months of age (Waring et al. 1955).  It

could be expected that the joey requires extra protein when growing rapidly in the

pouch, yet for the majority of marsupials studied thus far, for example the common

ringtail possum, koala, Tasmanian bettong, brush-tailed bettong, potoroo, North

American opossum, allied rock-wallaby, red-necked and tammar wallabies, the protein

concentration in the milk increases after initial pouch emergence (Table 2.2) (Cutts et

al. 1978; Rose 1986; Crowley et al. 1988; Tyndale-Biscoe and Janssens 1988a;
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Merchant et al. 1989, 1994, 1996b; Munks et al. 1991; Green et al. 1996;

Krockenberger 1996; Rose et al. 2003; Trott et al. 2003).

Corresponding to an overall increase in the protein concentration in the milk of the

tammar wallaby is the appearance of late lactation proteins, when the young changes to

a herbivorous diet (Phase 3 of lactation) (Nicholas et al. 1987, 1995, 1997; Nicholas

1988a, 1988b; Tyndale-Biscoe and Janssens 1988a; Woodlee et al. 1993; Bird et al.

1994; Trott et al. 2003).  Because the concentration of carbohydrate in the milk of the

tammar declines at the end of Phase 2 of lactation, it has been suggested that the

appearance of late lactation proteins may provide extra substrate for gluconeogenesis,

concurrent with the decrease in carbohydrate concentration in the milk (Green and

Merchant 1988; Janssens and Messer 1988; Tyndale-Biscoe and Janssens 1988a).

The presence of late lactation protein, which contains gluconeogenic amino acids such

as alanine, has also been detected in the milk of the quokka (Janssens et al. 1977; Beg

and Shaw 1994).  Evidently, glucose levels in the blood of the quokka did not decrease

during Phase 2b and early Phase 3 of lactation (Barker 1961).  In addition, the urea in

the urine of the young quokka increased at this time suggesting, that like the tammar

wallaby, gluconeogenesis from protein may be occurring (Bentley and Shield 1962;

Janssens and Rogers 1989).

The authors of a previous study reported that whey a2-globulin increased in the milk of

the quokka after 150 days post partum and whey a1-globulin increased after 200 days

post partum (Jordan and Morgan 1968).  They also found that the concentration of whey

protein in the milk of the quokka averaged 30 g/L in Phase 2a of lactation, increasing to

50 g/L at the beginning of Phase 3 and reaching 55 g/L towards the end of lactation

(Jordan and Morgan 1968).  These values are generally lower than those reported for the

red-necked and tammar wallabies, especially towards the end of lactation (Table 2.2)

(Tyndale-Biscoe and Janssens 1988a; Merchant et al. 1989; Trott et al. 2003).  This

might be because in the quokka study the protein concentration of the whey fraction

only was measured (Jordan and Morgan 1968).
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Caseins and whey proteins each constitute approximately 50% of the total milk protein

in the tammar wallaby (Nicholas 1988b).  Therefore, it might be expected that the total

protein concentration in the milk of the quokka would be approximately twice that

reported by Jordan and Morgan (1968).  The whey and casein concentrations in the milk

of the quokka were reported for four samples as 18 g/L and 22 g/L respectively, at an

unknown stage in lactation (Jenness and Sloan 1970).  The purpose of the current study

was to determine the total protein concentration in the milk of the quokka throughout

the lactation period.  Based on previous investigations, it could be expected that the

concentration of protein in the milk of the quokka will increase during lactation.

Milk lipids provide a high source of energy for the young animal generating 39 kJ/g of

fat compared with 24 kJ/g and 17 kJ/g for protein and carbohydrate (Kleiber 1961).  An

increase in energy may be required once the young is out of the pouch, for

thermoregulation and increased muscle activity associated with independent movement

(Green and Merchant 1988).  Generally, the lipid content in the milk of marsupials, for

example the potoroo, Tasmanian bettong, eastern quoll, brush-tailed bettong, tammar

wallaby, allied rock-wallaby, red-necked wallaby and red kangaroo, increases

throughout lactation (Table 2.3) (Green et al. 1983, 1987; Merchant et al. 1984, 1989,

1994, 1996b; Rose 1986; Crowley et al. 1988; Tyndale-Biscoe and Janssens 1988a;

Muths 1996; Rose et al. 2003).

The lipid content of the milk of the quokka was reported for four samples as

approximately 1 g/L, at an unknown stage in lactation (Jenness and Sloan 1970).  A

more recent study found that the lipid content of quokka milk increased from

approximately 20 g/L to 90 g/L during Phase 2 of lactation (Bennetts 1997).  The levels

of lipid in the milk of the quokka have not been measured during Phase 3 of lactation

and the creamatocrit method used in the study by Bennetts (1997) was not validated for

quokka milk.  The current study involved measuring the lipid content during Phase 2b

and 3 of lactation and two methods of quantifying the lipid content were employed to

validate the results.

It might be expected that, as observed for other marsupial species, the lipid content of

the milk of the quokka will increase during lactation.
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Marsupial pouch young utilise carbohydrates as a ready source of energy (Janssens and

Messer 1988).  In the tammar wallaby, a decline in milk carbohydrate concentration

occurs prior to a population of microorganisms developing in the forestomach (Green

1984; Wilkes and Janssens 1986; Green and Merchant 1988; Janssens and Rogers 1989;

Merchant 1989).  A suggested reason for the decrease is that fermentation

microorganisms do not tolerate high levels of readily fermentable carbohydrates

(Mackie et al. 1978).  The author of a previous study reported that as the quokka pouch

young develops, yeasts and clostridia appeared in the forestomach at 126 days post

partum and ciliates at 150 days (Yadav et al. 1972).  Plant material also appeared in the

quokka stomachs from 150 days post partum (Yadav et al. 1972).

The decline in the concentration of carbohydrate during Phase 3 of lactation in the milks

of other marsupials, for example the North American opossum, eastern quoll, gray

short-tailed opossum, northern brown bandicoot, koala, common brushtail possum,

potoroo, brush-tailed bettong, common ringtail possum, Tasmanian bettong, red

kangaroo, tammar wallaby, allied rock-wallaby and red-necked wallaby, is also reported

(Table 2.5) (Cutts et al. 1978; Merchant et al. 1984, 1989, 1994, 1996b; Rose 1986;

Green et al. 1987, 1991, 1996; Crowley et al. 1988; Merchant and Libke 1988;

Tyndale-Biscoe and Janssens 1988a; Cowan 1989; VandeBerg 1990; Munks et al.

1991; Krockenberger 1996; Muths 1996; Rose et al. 2003; Trott et al. 2003).

The carbohydrate concentration in the milk of the quokka was reported for four samples

as approximately 30 g/L, at an unknown stage in lactation, but no studies have been

published on its changes throughout lactation (Jenness and Sloan 1970).  It is likely that

as the digestive system of the quokka is similar to that of other macropods, a decrease in

carbohydrate concentration in the milk will occur when herbage reportedly enters the

diet (Yadav et al. 1972).

In marsupials, for example the common brushtail possum, common ringtail possum,

koala, northern brown bandicoot, Tasmanian bettong, eastern quoll, brush-tailed

bettong, potoroo, North American opossum, gray short-tailed opossum, allied rock-

wallaby, red-necked wallaby, red kangaroo and tammar wallaby, the total solids content

in the milk increases from approximately 100 g/L to a range of 200 to 450 g/L during

Phase 2 of lactation (Table 2.6) (Cutts et al. 1978; Green et al. 1980, 1987, 1991, 1996;
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Merchant et al. 1984, 1989, 1994, 1996b; Rose 1986; Crowley et al. 1988; Green and

Merchant 1988; Merchant and Libke 1988; Tyndale-Biscoe and Janssens 1988a; Cowan

1989; VandeBerg 1990; Munks et al. 1991; Krockenberger 1996; Muths 1996; Rose et

al. 2003).  It has been suggested that the increase in total solids provides the additional

milk energy required around the time of initial pouch emergence (Janssens et al. 1997).

The pattern of change of total solids content varies between marsupial species during

Phase 3 of lactation.  There is only one report of the total solids content of quokka milk

for four samples at an unknown stage in lactation of approximately 130 g/L (Jenness

and Sloan 1970).  Based on previous studies it is expected that the total solids content of

the milk of the quokka will increase during lactation.

The hypothesis for this section is that the protein and lipid levels in the milk of the

quokka will increase, while the concentration of carbohydrate will decrease during

lactation.  In addition, it is expected that the total solids content will rise over the same

period.

4.3 Materials and methods

Milk samples from fifteen quokkas were collected, stored and defatted where necessary,

as described in Chapter 3.  Quality assurance assays were performed (Chapter 3).

4.3.1 Protein concentration

Protein concentration in the milk of the quokka was determined using the methods of

Bradford (1976) and the Bio-Rad Laboratories, “Bio-Rad protein Assay” technical

instructions, and modified by Atwood and Hartmann (1992).  The Bio-Rad protein

assay is a dye-binding assay that relies on the binding of Coomassie Brilliant Blue G-

250 to NH3
+ groups of amino acid side chains (Bradford 1976).  Dye-binding is rapid (2

min) and stable for approximately 60 min.  The Bio-Rad protein assay dye reagent

concentrate was diluted one in five with distilled, deionised water and filtered through

Whatman #1 paper.  The reagent was made weekly and stored at 4ºC.  Bovine Serum

Albumin (BSA) was used to make protein standards of 0, 0.1, 0.2, 0.4, 0.6, 1.8 and 1

g/L.
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Defatted milk samples were diluted 1 in 150 with double deionised water (DDI) and 5

µl pipetted in duplicate with standards onto a 96-well microtitre plate (Flow

Laboratories, McLean, Virginia, USA).  To each well 250 µl of Bio-rad protein assay

reagent were added and the plate mixed (Wellmix 2, Denley, England) for 1 to 2 min

and then allowed to stand for 5 min.  Absorbance was measured at 620 nm on a

microtitre plate reader (Titertek Multiskan MCC/340, Flow Laboratories, McLean,

Virginia, USA) every 5 min for 30 to 45 min, until peak absorbance was reached.  The

recovery of protein was 99.0 ± 1.10 % (n = 5).

4.3.2 Esterified fat content

The content of esterified fat was determined using a method developed by Stern and

Shapiro (1953) and modified by Atwood and Hartmann (1992).  The principle of the

assay is that carboxylic acid esters react with hydroxylamine hydrochloride to produce

hydroxamic acids in alkaline solution.  These acids react with ferric chloride to give a

red to violet end product that can be measured spectrophotometrically.

Whole milk (2.5 ml), warmed to 37°C, and 2.5 ml triolein in heptane standards (0-200

mM) were aliquoted into 1.5 ml polypropylene tubes (Disposable Products Pty. Ltd.,

Adelaide, SA, Australia) containing redistilled 600 ml ethanol and mixed for 10 s using

a vortex mixer.  The molecular weight of triolein is 885.4g.  Hydroxylamine

hydrochloride (100 ml of 2M) and NaOH (100 ml of 3.5 M) were then added to each

tube, and the tubes were mixed and left to stand at room temperature for 20 min.  Each

tube was acidified by the addition of 100 ml of 4 M HCl and colour production was

achieved by the addition of 100 ml of 7.5 g trichloroacetic acid (TCA) in 10 ml of 0.37

M FeCl3 in 0.1 M HCl.  The tubes were mixed and 250 ml of each tube was pipetted into

duplicate wells on a 96-well microtitre plate (Flow Laboratories, McLean, Virginia,

USA).  The absorbance of each well was determined at 540 nm using a plate

spectrophotometer (Titertek Multiscan MCC/340, Flow Laboratories, McLean,

Virginia, USA).
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4.3.3 Creamatocrit

The creamatocrit method used to measure lipid content was developed by Fleet and

Linzell (1964) and modified by Lucas et al. (1978).  Whole milk samples were warmed

to 37°C and 50 to 70 ml was collected into micro-haematocrit tubes (Chase Scientific

Glass, Rockwood, TN, USA).  Tubes were sealed at one end with plasticine (Seal-ease,

Clay Adams, Parippany, NJ, USA) and spun for 10 min in a micro-haematocrit

centrifuge (Clements, Australia).  The length of the skim milk and total length of the

milk sample were then measured with vernier callipers to the nearest 0.05mm.  The

creamatocrit percentage was calculated by subtracting the skim milk layer from the total

length, dividing by the total length and multiplying by 100.  The creamatocrit results

were correlated with the esterified fat assay results giving the equation:

Lipid (g/L) = [(6.67 x creamatocrit (%)] – 8.66.  (r2 = 0.93, p < 0.001, SE = 2.360, n =

44) (Figure 4.1).
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Figure 4.1. Comparison of milk lipid using the esterified fat assay and the creamatocrit
method.  Equation for the fitted line y = 6.67x – 8.66 (r2 = 0.93, p < 0.001, SE =
2.360, n = 44).
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4.3.4 Total carbohydrate concentration

The total carbohydrate concentration was determined using a method developed by

Dubois et al. (1956), and modified by Messer and Green (1979) and C. T. Lai (pers.

comm.).  The principle of the method is that simple sugars, oligosaccharides,

polysaccharides and their derivatives give an orange-yellow colour when treated with

phenol and sulphuric acid.  Lactose was used to make carbohydrate standards of 0, 0.01,

0.03, 0.05, 0.06, 0.08 and 0.10 g/L.  Defatted milk samples were diluted 1 in 1000 with

DDI.  Diluted sample (250 µl) and standards (250 µl) were pipetted into a 1.5 ml

polypropylene tubes (Disposable Products Pty. Ltd., Adelaide, SA, Australia).  Phenol

(125 µl of 6.8%) and concentrated sulphuric acid (625 µl) were added.  After 10 min the

contents were vortexed.  The tubes were incubated at 37°C for 30 min and 200 µl was

pipetted in duplicate onto a 96-well microtitre plate (Flow Laboratories, McLean,

Virginia, USA).  The absorbance was measured at 492 nm on a microtitre plate reader

(SPECTRAmax 340).  The recovery of total carbohydrate was 98.2 ± 6.47 % (n = 5).

4.3.5 Total solids content

The solids content in the milk of the quokka was calculated by summing the

concentration of protein, total carbohydrate concentration, lipid content and ash (9 g/L)

(Jenness and Sloan 1970).
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4.4 Results

4.4.1 Protein concentration

The concentration of protein in the milk of the quokka increased during the lactation

period (approximately 300 days post partum) (Figure 4.2).
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Figure 4.2.  The concentration of protein (g/L) in the milk of the quokka during lactation (n =
59).  The shaded area represents the transition period while the young is still
returning to the pouch.
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The average concentration of protein during Phase 2b of lactation was 63.5 ± 4.44 g/L

(Figure 4.3).  At the beginning of Phase 3, the protein concentration was 69.5 ± 7.38 g/L

increasing to 96.3 ± 5.05 g/L at permanent pouch exit.  Towards the end of lactation the

concentration averaged 124.5 ± 4.76 g/L.
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Figure 4.3.  The average concentration of protein (g/L) in the milk of the quokka during
lactation.  The shaded area represents the transition period while the young is still
returning to the pouch.  Bars represent the standard errors of the means.  Numbers
in parentheses show the sample size.

The variation in sample size was the result of sampling difficulties.
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4.4.2 Lipid content

The lipid content of the milk of the quokka rose during lactation.  However, after pouch

emergence, the variation increased markedly between individual milk samples (Figure

4.4).
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Figure 4.4. The lipid content (g/L) in the milk of the quokka during lactation (n = 54).  The
shaded area represents the transition period while the young is still returning to the
pouch.
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The lipid content of the milk of the quokka averaged 45.0 ± 6.50 g/L during Phase 2b of

lactation (Figure 4.5).  During the transition period, the lipid content increased to 79.3 ±

14.92 g/L at permanent pouch exit.  It then rose steeply to an average of 146.9 ± 18.43

g/L, finally decreasing to 72.2 ± 34.75 g/L.
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Figure 4.5. The average lipid content (g/L) in the milk of the quokka during lactation.  The
shaded area represents the transition period while the young is still returning to the
pouch.  Bars represent the standard errors of the means.  Numbers in parentheses
show the sample size.
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4.4.3 Total carbohydrate concentration

The total carbohydrate concentration in the milk of the quokka decreased sharply

approximately one month before initial pouch emergence (Figure 4.6).
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Figure 4.6. The total carbohydrate concentration (g/L) in the milk of the quokka during
lactation (n = 59).  The shaded area represents the transition period while the young
is still returning to the pouch.
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The decrease in total carbohydrate concentration in the milk of the quokka occurred at

approximately 150 days post partum (Figure 4.7).  The rate of decline began to slow at

permanent pouch exit.
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Figure 4.7. The log regression of the total carbohydrate concentration (g/L) in the milk of the
quokka during lactation (n = 59).  The shaded area represents the transition period
while the young is still returning to the pouch.

The equations describing the regression lines in Figure 4.7 are:

(1) log total carbohydrate concentration = 1.866 (r2 = 0.01, p > 0.10, SE = 0.058, n = 12),

(2) log total carbohydrate concentration = - 0.013 age (days) + 3.806 (r2 = 0.57,

p < 0.001, SE = 0.170, n = 18) and

(3) log total carbohydrate concentration = - 0.003 age (days) + 1.739 (r2 = 0.14, p >

0.10, SE = 24.550, n = 29).
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The average concentration of total carbohydrate during the early part of Phase 2b of

lactation averaged 75.4 ± 2.96 g/L (Figure 4.8).  There was a decline after

approximately day 150 post partum, falling to 42.1 ± 7.00 g/L at the beginning of Phase

3.  The carbohydrate level continued to decrease reaching 17.0 ± 1.80 g/L at permanent

pouch exit and then averaged 12.5 ± 0.89 g/L until the end of lactation.
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Figure 4.8. The average concentration of total carbohydrate (g/L) in the milk of the quokka
during lactation.  The shaded area represents the transition period where the young
still returns to the pouch.  Bars represent the standard errors of the means.
Numbers in parentheses show the sample size.
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4.4.4 Total solids content

The total solids content in the milk of the quokka displayed an increasing trend during

the lactation period (Figure 4.9).  Like the lipid content of milk, there were large

variations in the total solids content between individual samples.
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Figure 4.9. The total solids content (g/L) in the milk of the quokka during lactation. The
shaded area represents the transition period while the young is still returning to the
pouch.



Chapter 4 Concentration of Milk Components 70

The content of total solids averaged 175.0  ± 11.77 g/L during Phase 2, increasing to

233.8 ± 15.15 g/L during Phase 3 of lactation (Figure 4.10).
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Figure 4.10. The average content of total solids (g/L) in the milk of the quokka during lactation.
The shaded area represents the transition period while the young is still returning to
the pouch.  Bars represent the standard errors of the means.  Numbers in
parentheses show the sample size.
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The average protein and lipid levels in the milk of the quokka showed little variation

during Phase 2 of lactation, whereas the total carbohydrate concentration began to

decrease approximately one month prior to initial pouch emergence (Figure 4.11).  The

protein concentration and lipid content began to increase from the beginning of Phase 3

of lactation, with the lipid rising most significantly after permanent pouch emergence.

The carbohydrate concentration in the milk of the quokka continued to decrease until

the end of lactation.
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Figure 4.11. The average total carbohydrate concentration (g/L) (l), lipid content (g/L) (ö) and
protein concentration (g/L) (n) in the milk of the quokka during lactation.  The
shaded area represents the transition period while the young is still returning to the
pouch.  Bars represent the standard errors of the means.
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4.5 Discussion

The first part of the hypothesis, that the total protein concentration in the milk of the

quokka would increase during lactation, was supported.  The most dramatic rise

occurred between initial pouch emergence and approximately 240 days post partum.

The increase in protein concentration might be due to the combination of the appearance

of late lactation protein and a rise in the whey proteins, as reported in previous studies

(Jordan and Morgan 1968; Beg and Shaw 1994).  However, the appearance of late

lactation protein does not result an overall increase in protein for all marsupials.  Late

lactation protein is a minor whey protein in the brushtail possum (Demmer et al. 1988).

The elevation in protein levels may provide extra substrate for gluconeogenesis, as

suggested for the tammar wallaby (Green and Merchant 1988; Janssens and Messer

1988).  Supporting this notion is the reported presence of gluconeogenic amino acids in

the late lactation protein of the milk of the quokka, maintenance of blood glucose levels

and an elevation in the concentration of urea in the urine of the joey during the

transition period (Barker 1961; Janssens et al. 1977; Beg and Shaw 1994).

As predicted, the total protein levels measured in this study were approximately twice

those reported by Jordan and Morgan (1968).  The protein concentrations of

approximately 60 g/L in the middle of Phase 2 of lactation and 70 g/L at the beginning

of Phase 3, were similar to those reported for the majority of the macropods; that is, the

red-necked wallaby, red kangaroo and tammar wallaby (Table 4.1) (Tyndale-Biscoe and

Janssens 1988a; Merchant et al. 1989; Muths 1996; Trott et al. 2003).  On the other

hand, the value of 120 g/L for protein content towards the end of lactation is the highest

concentration for the macropods and closer to the levels recorded for the milk of the

koala and brush-tailed bettong (Tyndale-Biscoe and Janssens 1988a; Merchant et al.

1989, 1994, 1996b; Krockenberger 1996; Muths 1996; Trott et al. 2003).  Therefore,

although the hypothesis was supported, the values for protein concentration cannot

necessarily be predicted from data for marsupials within the same taxon.
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Table 4.1. The concentration of protein in the milk of marsupials during lactation.

Protein concentration (g/L)

Common Name Family Middle
of

Phase 2

Start of
Phase 3

Towards
end of

Phase 3

Source

Common ringtail possum Petauridae 40 80 90 1

Koala Phascolarctidae 50 80 120 2

Tasmanian bettong Potoridae 60 80 90 3, 4

Brush-tailed bettong Potoridae 80 100 120 5

Potoroo Potoridae 80 120 150 6

Eastern quoll Dasyuridae 60 90 90 7, 8

Common brushtail possum Phalangeridae 60 70 50 9

Northern brown bandicoot Permelidae 80 120 80 10

North American opossum Didelphidae 50 90 140 11, 12

Gray short-tailed opossum Didelphidae 90 90 80 13, 14

Allied rock-wallaby Macropodidae 30 50 70 15

Red kangaroo Macropodidae 50 70 50 16

Red-necked wallaby Macropodidae 50 80 90 17

Quokka Macropodidae 60 70 120 18

Tammar wallaby Macropodidae 60 80 100 19, 20

Sources: 1. Munks et al. (1991); 2. Krockenberger (1996); 3. Rose (1986); 4. Rose et al. (2003);
5. Merchant et al. (1994); 6. Crowley et al. (1988); 7. Merchant et al. (1984); 8. Green et al.
(1987); 9. Cowan (1989); 10. Merchant and Libke (1988); 11 Cutts et al. (1978); 12. Green et
al. (1996); 13. VandeBerg (1990); 14. Green et al. (1991); 15. Merchant et al. (1996b); 16.
Muths (1996); 17. Merchant et al. (1989); 18. This study; 19. Tyndale-Biscoe and Janssens
(1988a) and 20. Trott et al. (2003).

The second part of the hypothesis, that the lipid content of the milk of the quokka would

increase during lactation, was partially supported.  The lipid content showed an

increasing trend, however there was a large variation between results for individual milk

samples, particularly after pouch emergence.  The average lipid content increased most

dramatically after final pouch exit.  Presumably, the extra milk lipid is required by the

joey to meet the increasing level of activity of the young.  The values for lipid content

in the milk of the quokka reported in the current investigation were lower than those

recorded previously (Bennetts 1997).  This might be explained by the fact that the

correlation used in the previous study was not validated for quokka milk and higher
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values where obtained during the conversion from creamatocrit percentage to lipid

content.

During Phase 2 of lactation, the lipid content of approximately 50 g/L was within the

range reported for the tammar wallaby, allied rock-wallaby, red-necked wallaby and red

kangaroo (Table 4.2) (Green et al. 1983; Tyndale-Biscoe and Janssens 1988a; Merchant

et al. 1989, 1996b; Muths 1996).  Like others in the same taxon, the lipid content of the

milk of the quokka increased once the joey exited the pouch, however unlike other

macropods, there was a decline in lipid levels to approximately 70 g/L at the end of

lactation (Green et al. 1983; Tyndale-Biscoe and Janssens 1988a; Merchant et al. 1989,

1996b; Muths 1996).

The lipid content varied greatly between the marsupials studied to date; that is, the

potoroo, Tasmanian bettong, eastern quoll, brush-tailed bettong, common ringtail

possum, common brushtail possum, North American opossum, koala, northern brown

bandicoot, tammar wallaby, allied rock-wallaby, red-necked wallaby and red kangaroo

(Table 4.2) (Green et al. 1983, 1987, 1996; Crowley et al. 1988; Merchant and Libke

1988; Cowan 1989; Merchant et al. 1989, 1994, 1996b; Munks et al. 1991;

Krockenberger 1996; Muths 1996; Rose et al. 2003).  The reason for the variations in

milk lipid content for different studies, including the present investigation, may be due

to the milking technique employed.
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Table 4.2. The lipid content of the milk of marsupials during lactation.

Lipid content (g/L)

Common Name Family Middle of
Phase 2

Beginning
of Phase 3

Towards
the end of

Phase 3

Source

Potoroo Potoridae 10 80 250 1

Tasmanian bettong Potoridae 40 50 180 2, 3

Eastern quoll Dasyuridae 40 160 180 4, 5

Brush-tailed bettong Potoridae 50 110 130 6

Common ringtail possum Petauridae 20 30 20 7

Common brushtail possum Phalangeridae 30 80 60 8

North American opossum Didelphidae 80 150 100 9, 10

Koala Phascolarctidae 100 170 140 11

Northern brown bandicoot Permelidae 100 250 - 12

Tammar wallaby Macropodidae 30 80 250 13, 14

Allied rock-wallaby Macropodidae 40 70 130 15

Red-necked wallaby Macropodidae 50 70 160 16

Quokka Macropodidae 50 50 70 17

Red kangaroo Macropodidae 70 80 100 18

Sources: 1. Crowley et al. (1988); 2. Rose (1986); 3. Rose et al. (2003); 4. Merchant et al.
(1984); 5. Green et al. (1987); 6. Merchant et al. (1994); 7. Munks et al. (1991); 8. Cowan
(1989); 9. Cutts et al. (1978); 10. Green et al. (1996); 11. Krockenberger (1996); 12. Merchant
and Libke (1988); 13. Green et al. (1983); 14. Tyndale-Biscoe and Janssens (1988a); 15.
Merchant et al. (1996b); 16. Merchant et al. (1989); 17. This study and 18. Muths (1996).

In many mammal species, the withdrawal of milk from the mammary gland is

accompanied by a significant and progressive increase in the concentration of milk lipid

(Oftedal 1984).  In the current study, since less variation was observed in the lipid

content of the milk collected in Phase 2 of lactation than during Phase 3, suggests that

fore and hind-milk sampling may have affected the results (Atwood and Hartmann

1992).  A better estimate might have been obtained by taking the average of the lipid

content of samples taken at the beginning and end of each milking session (Atwood and

Hartmann 1992).  In the present study however, it was not possible to obtain these milk

samples due to low milk volumes.  Nevertheless to minimise error, an attempt was

made to express all the milk from the mammary gland at each milking.
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In most other marsupial milk studies, in an effort to avoid sample bias, the young

animal was separated from the mother for two to six hours to allow for accumulation of

milk in the mammary gland (Green et al. 1983, 1987, 1996; Crowley et al. 1988;

Merchant and Libke 1988; Cowan 1989; Munks et al. 1991; Merchant et al. 1989, 1994,

1996b; Krockenberger 1996; Rose et al. 2003).  For the separation technique to

decrease bias, milking should attempt to replicate normal suckling behaviour (Iverson

and Oftedal 1995).  As the suckling pattern for marsupials has not been measured,

separating the young from the mothers to allow milk accumulation may not

approximate the normal interval between sucking bouts and therefore the milk samples

may not represent precisely the milk that would be extracted by the young (Merchant

and Libke 1988; Krockenberger 1996).

A transient decline was also observed in the lipid content of red kangaroo milk, yet this

occurred earlier in Phase 3 of lactation than in the quokka (Muths 1996).  The authors

suggested that the observed decrease in the lipid content in the milk of the red

kangaroos may have been either a real phenomenon occurring in a wild population or an

artefact due to the sample size (Muths 1996).  Like the red kangaroo investigation

(Muths 1996), in the current study the quokka mothers were not separated before

milking.  The decline observed in the lipid content in the milk of the quokka might have

been the result of the milking technique employed.  This highlights the importance of

reporting the methods of milk collection when comparing data for different species.

The third part of the hypothesis, that the concentration of total carbohydrate in the milk

of the quokka would decrease during lactation, was supported.  The beginning of the

decline in carbohydrate concentration coincided with the reported first appearance of

herbage in the forestomach at 150 days post partum (Yadav et al. 1972).  This supports

the suggestion that changes in milk carbohydrate are related to the requirement for the

establishment of microorganisms in the macropod forestomach (Janssens and Messer

1988).  There is recent evidence to suggest that the marsupial mother regulates the

changes in carbohydrate concentrations in the milk of the tammar wallaby (Trott et al.

2003).  A similar maternal control may be operating in the quokka, as it is also a

macropod.
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The average carbohydrate concentration in the milk of the quokka was 80 g/L during

Phase 2 of lactation, decreasing to 40 g/L at the beginning of Phase 3 and falling to 10

g/L at the end of lactation.  The pattern of decline in carbohydrate concentration was

similar to that of some other marsupials previously studied, for example the North

American opossum, eastern quoll, northern brown bandicoot, koala, common brushtail

possum, potoroo, brush-tailed bettong, common ringtail possum and Tasmanian bettong

(Table 4.3) (Cutts et al. 1978; Merchant et al. 1984, 1994; Rose 1986; Green et al.

1987, 1996; Crowley et al. 1988; Merchant and Libke 1988; Cowan 1989; Munks et al.

1991; Krockenberger 1996; Rose et al. 2003).

Table 4.3. The concentration of carbohydrates in the milk of marsupials during lactation.

Carbohydrate concentration (g/L)

Common Name Family Middle of
Phase 2

Beginning
of Phase 3

Towards
end of

Phase 3

Source

North American opossum Didelphidae 60 50 20 1, 2

Eastern quoll Dasyuridae 70 50 30 3, 4

Gray short-tailed opossum Didelphidae 80 120 10 5, 6

Northern brown bandicoot Permelidae 90 40 10 7

Koala Phascolarctidae 90 50 10 8

Common brushtail possum Phalangeridae 90 70 40 9

Potoroo Potoridae 110 70 20 10

Brush-tailed bettong Potoridae 110 90 20 11

Common ringtail possum Petauridae 110 100 40 12

Tasmanian bettong Potoridae 200 130 20 13, 14

Red kangaroo Macropodidae 55 55 10 15

Tammar wallaby Macropodidae 70 100 10 16, 17

Quokka Macropodidae 80 40 10 18

Allied rock-wallaby Macropodidae 100 100 20 19

Red-necked wallaby Macropodidae 100 100 20 20

Sources: 1. Cutts et al. (1978); 2. Green et al. (1996); 3. Merchant et al. (1984); 4. Green et al.
(1987); 5. VandeBerg (1990); 6. Green et al. (1991); 7. Merchant and Libke (1988); 8.
Krockenberger (1996); 9. Cowan (1989); 10. Crowley et al. (1988); 11. Merchant et al. (1994);
12. Munks et al. (1991); 13. Rose (1986); 14. Rose et al. (2003); 15. Muths (1996); 16.
Tyndale-Biscoe and Janssens (1988a); 17. Trott et al. (2003); 18. This study; 19. Merchant et
al. (1996b) and 20. Merchant et al. (1989).
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Although the hypothesis was supported, the decrease in carbohydrate concentration in

the milk of the quokka began during Phase 2 of lactation rather than at the start of Phase

3 as reported for the macropods listed; the red kangaroo, tammar wallaby, allied rock-

wallaby and red-necked wallaby (Tyndale-Biscoe and Janssens 1988a; Merchant et al.

1989, 1996b; Muths 1996; Trott et al. 2003).  The earlier decrease may allow the young

quokka to establish gut microflora earlier than other macropod species.  This might be

due to the period of transition from initial pouch emergence to permanent pouch exit

being shortest for the quokka (20 days), compared with a range of 30 to 55 days for the

other macropods (Table 2.1) (Tyndale-Biscoe and Janssens 1988a; Merchant et al.

1989, 1996b; Muths 1996; Delaney 1997).

The carbohydrate in the milk of ruminants does not display the dramatic decrease

during lactation, as seen in marsupials (Green and Merchant 1988).  In ruminants, a

gastric sulcus allows milk to bypass the reticulum and rumen, and therefore the

fermentation microorganisms can establish in the forestomach (Hume 1999).  Although

the quokka adult stomach possesses a similar structure, evidence suggests that it may

not function in the suckling macropod joey as it does in ruminants (Moir et al. 1956;

Griffiths and Barton 1966; Janssens and Ternouth 1987; Hume 1999).

The final part of the hypothesis, that the total solids content in the milk of the quokka

would increase during lactation, was partially supported.  The total solids content did

show an increasing trend; however, due to the large variation between the results for

individual milk samples, a significant rise was not observed.  These differences would

largely be the result of variations observed in the lipid content in the milk of the quokka.

The average value for the total solids content in the milk of the quokka of

approximately 200 g/L was within the intermediate range for other marsupial species;

that is, the common ringtail possum, common brushtail possum, koala, northern brown

bandicoot, Tasmanian bettong, eastern quoll, brush-tailed bettong, potoroo, North

American opossum, gray short-tailed opossum, allied rock-wallaby, red-necked

wallaby, red kangaroo and tammar wallaby (Table 4.4) (Cutts et al. 1978; Green et al.

1980, 1987, 1991, 1996; Merchant et al. 1984, 1989, 1994, 1996b; Crowley et al. 1988;

Merchant and Libke 1988; Tyndale-Biscoe and Janssens 1988a; Cowan 1989;

VandeBerg 1990; Munks et al. 1991; Krockenberger 1996; Muths 1996; Rose and
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Johnson 1998; Rose et al. 2003).  The total solids content of approximately 200 g/L

during lactation was most like that of another macropod, the allied rock-wallaby

(Merchant et al. 1996b).

Table 4.4.  The total solids content of the milk of marsupials during Phase 3 of lactation.

Total solids content (g/L)

Common Name Family Beginning of
Phase 3

End of
Phase 3

Source

Common ringtail possum Petauridae 240 140 1

Common brushtail possum Phalangeridae 280 180 2

Koala Phascolarctidae 330 290 3

Northern brown bandicoot Permelidae 450 100 4

Tasmanian bettong Potoridae 300 450 5, 6

Eastern quoll Dasyuridae 330 340 7, 8

Brush-tailed bettong Potoridae 320 400 9

Potoroo Potoridae 350 450 10

North American opossum Didelphidae 300 300 11, 12

Gray short-tailed opossum Didelphidae 300 300 13, 14

Quokka Macropodidae 200 200 15

Allied rock-wallaby Macropodidae 200 200 16

Red-necked wallaby Macropodidae 250 280 17

Red kangaroo Macropodidae 260 240 18

Tammar wallaby Macropodidae 300 400 19, 20

Sources: 1. Munks et al. (1991); 2. Cowan (1989); 3. Krockenberger (1996); 4. Merchant and
Libke (1988); 5. Rose (1986); 6. Rose et al. (2003); 7. Merchant et al. (1984); 8. Green et al.
(1987); 9. Merchant et al. (1994); 10. Crowley et al. (1988); 11. Cutts et al. (1978); 12. Green et
al. (1996); 13. Green et al. (1991); 14. VandeBerg (1990); 15. This study, 16. Merchant et al.
(1996b); 17. Merchant et al. (1989); 18. Muths (1996); 19. Green et al. (1980) and 20. Tyndale-
Biscoe and Janssens (1988a).

Based on the results of the current investigation, the samples from the quokka milk

study by Jenness and Sloan (1970) appear to have been taken early in lactation.
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In summary, the most dramatic changes in the composition of the major components in

the milk of the quokka occurred when the young reportedly begins to eat herbage

(Yadav et al. 1972), at initial pouch emergence and at final pouch exit.  During Phase

2b of lactation (70 to 180 days post partum), the rapidly growing joey is no longer

permanently attached to the teat but remains in the pouch.  Until day 150 post partum,

while milk is the only source of nutrients, there were no obvious variations in the levels

of carbohydrate, lipid and protein in the milk, even though key physiological changes

such as the ability to thermoregulate occur at 120 days post partum (Shield 1961).

Once the joey reportedly begins to ingest solid food (Yadav et al. 1972), the

concentration of carbohydrate decreased significantly while protein levels increased.

During the transition period when the young is still returning to the pouch (early Phase

3), the concentration of protein and lipid content increased and total carbohydrate

concentration continued to decline.  Because the protein and lipid levels both rise in the

milk of the quokka suggests that, in addition to the suggestion that the extra proteins

provide a substrate for gluconeogenesis, the increase in proteins might act as fatty acid

binding proteins, as observed in the tammar wallaby (Collet and Joseph 1993; Nicholas

et al. 1995).  After permanent pouch emergence, when the herbage intake presumably

increases, the protein and lipid levels continued to rise while the carbohydrate

concentration stabilised.  Towards the end of lactation, the lipid content decreased.  The

macronutrient composition of the milk of the quokka changes during lactation

presumably to meet the changing needs of the developing joey.

B.  Lactose, galactose and glucose concentrations in the milk of the quokka

4.6 Introduction

In contrast to eutherians, lactose is not the principal carbohydrate of marsupial milk

(Bolliger and Pascoe 1953; Jenness et al. 1964; Newburg and Neubauer 1995).  The

carbohydrates in marsupial milk consist of higher oligosaccharides for the major part of

lactation (Messer and Mossop 1977; Messer and Green 1979; Messer et al. 1987).

Qualitative studies have reported on the presence of free lactose in the milk of several

marsupials including the quokka, for example the common brushtail possum, North
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American opossum, red kangaroo, eastern grey kangaroo, eastern quoll, potoroo, red-

necked wallaby, gray short-tailed opossum, common ringtail possum and koala (Gross

and Bolliger 1958, 1959; Bolliger and Gross 1960; Jenness et al. 1964; Messer and

Mossop 1977; Messer et al. 1987; Crowley et al. 1988; Merchant et al. 1989; Crisp et

al. 1989c; Munks et al. 1991; Krockenberger 1996).

Lactose appears at different stages of lactation depending on the species of marsupial.

The presence or absence of lactose in the milk may be reflected by the activity of the

enzymes that are involved in either lactose hydrolysis or synthesis.  For example, in the

young of the tammar wallaby there is a marked decrease in the activity of intestinal

b-galactosidase, coincident with the decline in the total carbohydrate in the milk

(Walcott and Messer 1980; Trott et al. 2003).  No studies have reported on the enzyme

activities in the quokka; but as it is also a macropod, it could be possible that the

metabolism would be similar to that of the tammar wallaby.

There has only been one report detailing the changes in concentration of lactose

concentration throughout lactation in marsupial milk.  Total lactose (free lactose plus

lactose covalently linked to additional monosaccharides within oligosaccharides) in

tammar wallaby milk increased gradually until the end of Phase 2a of lactation,

remained at this level until early Phase 3 and then declined to zero (Messer and Elliott

1987; Tyndale-Biscoe and Janssens 1988a).  There are no available data on free lactose

concentrations throughout lactation for any marsupial species.

The authors of a study of two samples of quokka milk collected at about four months

post partum, (Phase 2b of lactation) reported the presence of free lactose, but no

information regarding the quantitative concentration of lactose during lactation was

recorded (Jenness et al. 1964).

Qualitative studies report that free galactose and glucose appeared at various times in

the milk of different marsupial species.  For example, in the tammar wallaby the two

monosaccharides appeared in Phase 3 of lactation, whereas in the quokka they were

detected in Phase 2b (Jenness et al. 1964; Messer and Green 1979; Messer et al. 1987;

Tyndale-Biscoe and Janssens 1988a).  Free galactose was the predominant

monosaccharide found in the late-lactation milks of the eastern grey kangaroo, tammar
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wallaby and eastern quoll (Messer and Mossop 1977; Messer and Green 1979; Messer

et al. 1987).

A quantitative study of the concentration of free galactose and glucose in the milk of the

tammar wallaby found that during Phase 2 of lactation, the two monosaccharides

averaged approximately 0.5 g/L (Messer and Elliott 1987; Tyndale-Biscoe and Janssens

1988a).  The concentrations then increased during Phase 3 until the galactose content

was more than twice that of glucose, peaking at 13 g/L and 5 g/L (Messer and Elliott

1987; Tyndale-Biscoe and Janssens 1988a).  Coincident with the increase in

monosaccharide levels was an elevation of b-galactosidase activity in the milk (Messer

and Elliott 1987).

Despite qualitative studies on the presence of free galactose and glucose in the milk of

the quokka having been published, no studies have reported the concentration of these

monosaccharides throughout lactation (Jenness et al. 1964).

If enzymes have a similar activity in the quokka as in the tammar wallaby, it could be

expected that the lactose concentrations in the milk of the quokka will decrease, and

galactose and glucose concentrations will increase at the start of Phase 3 of lactation.

The hypothesis for this section is that the concentration of free lactose in the milk of the

quokka will decrease, while free galactose and glucose levels will increase during pouch

emergence.
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4.7 Materials and methods

The milk samples from fifteen quokkas were collected stored and defatted where

necessary, as described in Chapter 3.  Quality assurance assays were performed

(Chapter 3).

4.7.1 Lactose concentration

Lactose concentration was determined using a method by Kuhn and Lowenstein (1967)

and modified by Arthur et al. (1989).  The assay principle is explained by the following

reactions;

Lactose + H2O ’ b-Galactosidase Æ galactose + glucose

Glucose + O2 + H2O ’ glucose oxidase ’ gluconic acid + H2O2

H2O2 + ABTS(reduced) ’ peroxidase ’ H2O + ABTS(oxidised)

(ABTS: 2,2-azino-di-(3-ethyl-benztiazolinsulphonate)-6-sulphonate)

Lactase reagent was prepared by mixing 0.1 mM MgCl2, 0.01M potassium phosphate

buffer (K2HPO4/ KH2PO4, pH 7.4) and 8 U/ml b-galactosidase.  Glucose reagent was

prepared by mixing 0.1 mM potassium phosphate buffer (K2HPO4/ KH2PO4, pH 7.4),

9.6 U/ml glucose oxidase, 2.5 U/ml peroxidase and 500 mg/ml ABTS (reduced).

Defatted milk samples and lactose standards (0 to 150 mM) were diluted 1 in 60 with

DDI.  Duplicates of diluted standards and samples (5 ml) were pipetted into wells on a

96-well microtitre plate (Flow Laboratories, McLean, Virginia, USA).  Lactase reagent

(50 ml) was added to each plate and mixed and incubated for 37°C for 60 min.  Glucose

reagent (200 ml) was then added to each well and the plate mixed for one min.  The

absorbance was measured at 405 nm on a microtitre plate reader (Titertek Multiskan

MCC/340, Flow Laboratories, McLean, Virginia, USA) every 5 min for 30 to 45 min,

until peak absorbance was reached.  The recovery rate of lactose was 99.8 ± 1.97 % (n =

5).
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4.7.2 Galactose concentration

Galactose was determined using a method by Kulski and Buehring (1982) and modified

by Atwood and Hartmann (1995).  The principle of the assay is described by the

equation;

Galactose + NAD+’ b-galactose dehydrogenase S ’

b-galactono-d-lactone + NADH + H+

The galactose reagent was made by mixing 100 mM potassium phosphate buffer

(K2HPO4/ KH2PO4, pH 7.5), 0.15 U/ml b-galactose dehydrogenase S and 0.5 mM

NAD+.  Defatted milk samples were diluted 1 in 10 with DDI.  Duplicates of galactose

standards (0 to 10 mM) and diluted samples (5 ml) were pipetted into wells on a 96-well

microtitre plate (Flow Laboratories, McLean, Virginia, USA).  Galactose reagent (200

ml) was then added to each well and the plate mixed for one min.  After an hour the

absorbance was measured at 340nm on a microtitre plate reader (Titertek Multiskan

MCC/340, Flow Laboratories, McLean, Virginia, USA).  The recovery rate of galactose

was 97.7 ± 1.80 % (n = 5).

4.7.3 Glucose concentration

Glucose was determined using a method of Kuhn and Lowenstein (1967) and modified

by Arthur et al. (1989).  The assay principle is explained by the following equations;

Glucose + O2 + H2O ’ glucose oxidase ’ gluconic acid + H2O2

H2O2 + ABTS(reduced) ’ peroxidase ’ H2O + ABTS(oxidised)

(ABTS: 2,2-azino-di-(3-ethyl-benztiazolinsulphonate)-6-sulphonate)

Glucose reagent was made by mixing 0.1 mM potassium phosphate buffer (K2HPO4/

KH2PO4, pH 7.4), 9.6 U/ml glucose oxidase, 2.5 U/ml peroxidase and 500 mg/ml

ABTS(reduced).  Defatted milk samples and glucose standards (0-25 mM) were diluted 1

in 10 with DDI.  Duplicates of diluted standards and samples (5 ml) were pipetted into

wells on a 96-well microtitre plate (Flow Laboratories, McLean, Virginia, USA).

Glucose reagent (200 ml) was then added to each well and the plate mixed for one min.

The absorbance was measured at 405 nm on a microtitre plate reader (Titertek
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Multiskan MCC/340, Flow Laboratories, McLean, Virginia, USA) every 5 min for 30 to

45 min, until peak absorbance reached.  The recovery rate of glucose was 98.9 ± 3.07 %

(n = 6).

4.8 Results

4.8.1 Lactose concentration

The free lactose concentration in the milk of the quokka increased during Phase 2 of

lactation and then decreased after 180 days post partum (Figures 4.12 and 4.13).  The

rate of decline of lactose concentration slowed after approximately 230 days post

partum (Figure 4.13).
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Figure 4.12. The concentration of lactose (g/L) in the milk of the quokka during lactation (n =
58).  The shaded area represents the transition period while the young is still
returning to the pouch.
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Figure 4.13. The log regression of the concentration of lactose (g/L) in the milk of the quokka
during lactation (n = 58).  The shaded area represents the transition period while
the young is still returning to the pouch.

The equations describing the regression lines in Figure 4.13 are:

(1) log lactose concentration = 0.002 age (days) + 1.212 (r2 = 0.47, p < 0.001, SE =

0.067, n = 20),

(2) log lactose concentration = - 0.010 age (days) + 3.213 (r2 = 0.51, p < 0.001, SE =

0.137, n = 24) and

(3) log lactose concentration = - 0.003 age (days) + 1.659 (r2 = 0.14, p > 0.10, SE =

0.40, n = 14).
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The average concentration of lactose increased from 22.8 ± 0.75 g/L to 29.8 ± 1.80 g/L

during Phase 2b of lactation (Figure 4.14).  It then declined to 11.7 ± 0.78 g/L during

the transition from initial pouch emergence to permanent pouch exit.  The concentration

then averaged 8.5 ± 0.61 g/L, finally decreasing to 5.9 ± 0.14 g/L.
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Figure 4.14. The average concentration of lactose (g/L) in the milk of the quokka during
lactation.  The shaded area represents the transition period while the young is still
returning to the pouch.  Bars represent the standard errors of the means.  Numbers
in parentheses show the sample size.
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4.8.2 Galactose and glucose concentrations

The concentrations of free glucose and galactose in the milk of the quokka were

relatively constant until approximately 150 days post partum, after which they increased

until permanent pouch exit (Figures 4.15 and 4.16).  The monosaccharide

concentrations then gradually declined until the end of lactation.
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Figure 4.15. The concentration of galactose (g/L) (l) and glucose (g/L) (°) in the milk of the
quokka during lactation (n = 57, n = 58).  The shaded area represents the transition
period while the young is still returning to the pouch.



Chapter 4 Concentration of Milk Components 89

Log 

carbohydrate 

concentration

Age of joey (days)

Diet

Phase

Milk Milk and herbage

2a 2b 3

-1.5

-0.5

0.5

1.5

50 100 150 200 250 300

Figure 4.16. The log regression of the concentration of galactose (g/L) (l) and glucose (g/L) (°)
in the milk of the quokka during lactation (n = 57, n = 58).  The shaded area
represents the transition period where the young still returns to the pouch.

The equations describing the regression lines in Figure 4.16 are:

(1) log total galactose concentration = - 0.001 age (days) – 0.155 (r2 = 0.00, p > 0.10,

SE = 0.446, n = 12),

(2) log total galactose concentration = 0.022 age (days) – 3.158 (r2 = 0.67, p < 0.001, SE

= 0.244,  n = 17),

(3) log total galactose concentration = -0.001 age (days) + 1.220 (r2 = 0.12, p < 0.10,

SE = 0.088, n = 28),

(1) log total glucose concentration = - 0.343 (r2 = 0.00, p > 0.10, SE =  0.129, n = 12),

(2) log total glucose concentration = 0.022 age (days) – 3.645 (r2 = 0.64, p < 0.001, SE =

0.259, n = 18) and

(3) log total glucose concentration = - 0.003 age (days) + 1.220 (r2 = 0.27, p < 0.005, SE

= 0.118,  n = 28).
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The concentration of free galactose in the milk of the quokka initially averaged 1.1 ±

0.26 g/L, increasing to 6.9 ± 1.01 g/L at the beginning of Phase 3 of lactation (Figure

4.17).  It continued to increase reaching an average of 9.1 ± 0.32 g/L, then decreased to

6.0 ± 0.55 g/L at the end of lactation.  The concentration of free glucose in quokka milk

initially averaged 0.5 ± 0.06 g/L, increasing to 3.0 ± 0.73 g/L at the beginning of Phase

3 of lactation (Figure 4.17).  It continued to increase reaching 4.7 ± 0.42 g/L at

permanent pouch exit.  During Phase 3 the level of glucose averaged 3.6 ± 0.22 g/L and

then decreased to 2.7 ± 0.24 g/L at the end of lactation.  From 150 days post partum, the

galactose concentration in the milk was approximately twice that of glucose.
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Figure 4.17. The average concentration of galactose (g/L) (l) and glucose (g/L) (°) in the milk
of the quokka during lactation.  The shaded area represents the transition period
where the young still returns to the pouch.  Bars represent the standard errors of the
means.  Numbers in parentheses show the sample size which are the same for the
two components except where indicated.
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During the early stages of Phase 2b of lactation, there were relatively high

concentrations of total carbohydrate in the milk of the quokka consisting mainly of

lactose and presumably oligosaccharides (Figure 4.18).  Towards the end of Phase 2b,

the levels of total carbohydrate and lactose started to decline, while the concentrations

of monosaccharides increased in the milk.
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Figure 4.18. The average concentration of total carbohydrate (g/L) (l), lactose (g/L) (ö),
galactose (g/L) (n) and glucose (g/L) (o) in the milk of the quokka during
lactation.  The shaded area represents the transition period while the young is still
returning to the pouch.  Bars represent the standard errors of the means.
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Towards the end of lactation, when carbohydrate levels were relatively low, the total

carbohydrate minus lactose, galactose and glucose concentrations returned negative

values (Figure 4.19).  This highlights a discrepancy in the results obtained from the

biochemical assays.
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Figure 4.19. The concentration of total carbohydrate (g/L) minus lactose (g/L), galactose (g/L)
and glucose (g/L) in the milk of the quokka during lactation (n = 57).

4.9 Discussion

The first part of the hypothesis for this section, that the concentration of free lactose in

the milk of the quokka would decrease during pouch emergence, was supported.  After

an initial increase during Phase 2b of lactation from an average of 22 g/L, the

concentration decreased between day 180 and 200 post partum from approximately 30

to 12 g/L.  This is the period when the young is still returning to the pouch and

coincides with the decline in the concentration of total carbohydrate in quokka milk.



Chapter 4 Concentration of Milk Components 93

During Phase 2 of lactation, the values for lactose concentration were lower than those

published for the tammar wallaby.  This was most likely due to the fact that these

authors measured free lactose plus lactose within oligosaccharides (Messer et al. 1980,

1982; Collins et al. 1981; Bradbury et al. 1983; Messer and Elliott 1987).  Another

difference between the results for the two species was the value for the lactose

concentration in late-lactation.  In the current study, the concentration only decreased to

11 g/L, whereas in tammar wallaby milk the disaccharide disappears completely by

permanent pouch exit (Messer and Elliott 1987).  This may be an actual variation

between the species or the result of the use of different assay techniques.

The second part of the hypothesis for this section, that the concentrations of free

galactose and glucose in the milk of the quokka would increase during pouch

emergence, was also supported.  After 150 days of lactation (about one month prior to

pouch emergence), a rise in the galactose and glucose levels from approximately 1 to 9

g/L and 0.5 to 5 g/L was observed.  After final pouch exit, the galactose and glucose

concentrations in the milk remained relatively constant, declining slightly towards the

end of lactation. The concentration of galactose in the milk of the quokka remained at

approximately twice that of glucose throughout Phase 3 of lactation.

The appearance of free glucose and galactose in the milk of the quokka during Phase 2b

of lactation concurs with the qualitative findings of Jenness et al. (1964).  Although the

pattern of change in monosaccharide concentrations was similar to that of the tammar

wallaby, galactose peaked at a lower concentration in the milk of the quokka (Messer

and Elliott 1987).  The levels of glucose in the milks of the tammar wallaby and quokka

were comparable (Messer and Elliott 1987).  Although the function of monosaccharides

in the milk mid-lactation is not immediately apparent, galactose and glucose may

provide a readily absorbed supplement to herbage, while the young quokka’s

fermentation system is still developing (Messer and Mossop 1977; Janssens and Messer

1988).  It might also be possible, because fermentation of carbohydrates occurs in the

forestomachs of adult macropods, that microorganisms appearing in the stomachs of

quokka joeys utilise the galactose and glucose in the milk (Moir et al. 1954; Dellow and

Hume 1982).
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This might explain the observation that the concentrations of glucose in the blood of the

young quokka were lower than the milk glucose levels.  For example, at 200 days post

partum, the blood glucose level is 0.6 g/L (Barker 1961), compared with the milk

glucose concentration of 4 g/L.  Another reason for the low levels of blood glucose

might be that the absorbed glucose is either oxidised immediately in the tissues and/or

stored as glycogen in the liver (Moir et al. 1956).  By the time the quokkas reach

adulthood their livers do not take up blood glucose, reflected by the absence of

glucokinase (Ballard et al. 1969).  Quokkas, like sheep, release glucose into the blood at

all times (Barker 1961; Hume 1999).  Little digestible carbohydrate normally reaches

the small intestine in adult macropods, complementing the observation that quokkas

have lower blood glucose levels than simple-stomached mammals (Moir et al. 1956;

Hume 1999).  This could explain why the concentrations of monosaccharides decline

towards the end of lactation.  Galactose may also be converted to glycogen for later

mobilisation to glucose (Bird 1991).  In addition, as suggested for eutherians, galactose

may play an important role in the young’s brain development (Newburg and Neubauer

1995).

The results of the current study confirmed the presence of relatively high concentrations

of free galactose and glucose in late lactation marsupial milk compared with most

eutherians (Faulkner et al. 1981; Newburg and Neubauer 1995).  As the levels of

lactose and presumably oligosaccharides decline during the transition from milk to a

herbage diet, less monosaccharides would be available from hydrolysis of these

carbohydrates (Messer and Green 1979; Tyndale-Biscoe and Janssens 1988a).

Sustained high levels of the monosaccharides may still be required by developing

marsupials, during the second half of lactation.  Another explanation for the presence of

free monosaccharides during the transition to a herbage diet may not be related to the

quokka joey’s nutritional needs, but they may assist the fermentation microorganisms to

establish in the forestomach (Moir et al. 1956).

Considering the patterns of change in lactose, galactose and glucose concentrations in

the milk of the quokka and tammar are alike, suggests that the action of the enzymes

involved in carbohydrate metabolism are similar in these species (Messer and Elliott

1987).  For instance, the decrease in lactose and increase in the monosaccharides in the

milk of the quokka might be explained by the action of b-galactosidase.  The decline in
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lactose concentration in the tammar wallaby, at the beginning of Phase 3 of lactation, is

coincident with a decrease in the intestinal b-galactosidase in the young and an increase

in b-galactosidase in the milk (Walcott and Messer 1980; Messer and Elliott 1987).  The

rise in the level of b-galactosidase in the milk could explain the increase in the

monosaccharide concentrations (Messer and Elliott 1987).  However, the hydrolysis of

lactose would usually result in equal proportions of galactose and glucose being

produced (Messer and Elliott 1987).  As the acid b-galactosidase is able to hydrolyse

oligosaccharides to monosaccharides, it was suggested that the synthesis of some

oligosaccharides might still be occurring in the milk of the tammar wallaby during

Phase 3 of lactation (Messer et al. 1989).  If the activities of enzymes are similar in all

macropods, this assumption might also be drawn in relation to the quokka.

The main difference observed in the concentrations of carbohydrates in the milk of the

quokka and the tammar wallaby is the presence of lactose in Phase 3 of lactation in the

former species and not the latter (Messer and Elliott 1987).  This is difficult to explain,

especially since the increased levels of monosaccharides in the milk of the quokka

suggest the presence of b-galactosidase, as reported in the milk of the tammar wallaby

(Messer and Elliott 1987).  As mentioned previously it may be an actual difference

between the species or an artefact of the assay technique employed.

This was the first study to report on the concentrations of free lactose and only the

second investigation to measure the concentrations of free galactose and glucose in

marsupial milk during lactation.  Additional studies on the activities of enzymes in the

adult and young quokka are required before further conclusions can be drawn about the

timing of the appearance of these carbohydrates during lactation.  However, the

presence of different types of carbohydrates in the milk of the quokka during various

stages of lactation, presumably reflect the changing needs of the joey.  As the young

quokka’s digestive system is changing to a ruminant-like digestion, they require a

source of dietary carbohydrates from the milk (Janssens and Messer 1988).  Once the

joeys have a fully developed forestomach the sugars are fermented mainly to volatile

fatty acids, which are absorbed directly from the stomach (Moir et al. 1956).
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Specific enzyme assays were used to measure the concentrations of the disaccharide and

monosaccharides in the milk of the quokka, however a non-specific assay was used to

measure total carbohydrate (Dubois et al. 1956; Newburg and Neubauer 1995).  This

method assumes that all carbohydrates in the milk are broken down.  An

underestimation could have resulted if there was interference from other components in

the milk or the incubation period was too brief to ensure complete hydrolysis.  This

might explain why the sum of lactose, galactose and glucose concentrations equal more

than the total carbohydrate concentration.  Another reason for the discrepancy might be

the result of an overestimation of the free lactose concentration.  It has been suggested

that this may occur due to the action of b-galactosidase on the lactose moiety of

oligosaccharides (Newburg and Neubauer 1995).

This was the first investigation to detail the content of protein, lipid, total carbohydrate,

lactose, galactose and glucose in the milk of the quokka during lactation.  The

biochemical assays were adapted and validated for the analysis of quokka milk.  The

current investigation identified many differences between the patterns of change and

concentration of components in the milk of the quokka and the milks of other marsupial

species (Cutts et al. 1978; Green et al. 1980,1983, 1987, 1991; Merchant et al. 1984,

1989, 1994, 1996b; Rose 1986; Messer and Elliott 1987; Crowley et al. 1988; Merchant

and Libke 1988; Tyndale-Biscoe and Janssens 1988a; Cowan 1989; VandeBerg 1990;

Munks et al. 1991; Krockenberger 1996; Muths 1996; Rose et al. 2003; Trott et al.

2003).  The most significant changes in the components of the milk coincided with

important milestones in the young quokka’s development, such as pouch emergence.



Chapter 5

FATTY ACID COMPOSITION OF THE MILK OF THE QUOKKA

5.1 Introduction

Fatty acids in milk are an important source of energy and membrane components for

growth and development of tissues of the newborn of all mammalian species (Janssens

et al. 1997).  They are derived either from the blood, either via the diet or from lipolysis

of body stores, or from synthesis in the mammary gland (Christie 1995).

During lactation, most dietary fatty acids are uptaken by the mammary gland and appear

in the milk (Iverson 1993).  Therefore in monogastric animals, the fatty acid content of

the milk is affected by the fatty acid composition of the maternal diet (Iverson 1993).

Conversely, in ruminants, changes in the fatty acids in the maternal diet have little

effect on the fatty acid composition of the milk due to extensive biohydrogenation

occurring in the rumen (Christie 1995).  Previous studies of marsupials suggest that

changes in the diet of the mother can alter the fatty acid composition of the milk (Grigor

1980; Griffiths et al. 1988; Christie 1995).  Macropods including the quokka have

rumen-like digestion, which modify dietary lipids (Moir et al. 1954; Hartman et al.

1955; Ford and Fogerty 1982; Fogerty and Ford 1983; Hume 1999).  However,

biohydrogenation in the macropods studied thus far, appears to be less extensive than

that observed in ruminants (Cook et al. 1970; Redgrave and Vickery 1973; Hume

1999).  Thus the question arises as to whether the fatty acids in the diet of the adult

quokka will appear in the milk or be modified by forestomach microorganisms.

Short chain fatty acids are virtually absent from the milk of marsupials, for example the

tammar wallaby, red kangaroo, eastern quoll, northern brown bandicoot, potoroo, koala

and common brushtail possum, and the fatty acids present consist mostly of palmitic

(16:0) and oleic acids (18:1) (Figure 2.2a and Table 2.4) (Glass et al. 1967; Griffiths et

al. 1972, 1988; Grigor 1980; Parodi 1982; Poole et al. 1982a; Green et al. 1983, 1987;

Green 1984; Crowley et al. 1988; Merchant and Libke 1988).  The fatty acid profile in

the milk of macropods is more like the pig than the sheep, suggesting that the fatty acid

metabolism in this family is more similar to a monogastric mammal, than a ruminant
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(Figures 2.2 and 2.3a, and Table 2.4) (Demarne et al. 1978; Leat and Harrison 1980;

Hrboticky et al. 1990; Iverson and Oftedal 1995).

The main dietary item of the adult quokkas in the current study was ‘quokka cubes’

containing 2.2% lipid.  The fatty acid composition of the fat in these cubes was skewed

towards linoleic (18:2n6), oleic acids (18:1), linolenic (18:3n3) and palmitic acids

(16:1) (Table 5.1).  In addition the adults feed on native shrubs.

Table 5.1. Fatty acid composition of ‘quokka cubes’.  Source: Glen Forrest Stockfeeders.

Fatty acid Percentage of total lipid

Myristic acid 14:0 trace

Palmitic acid 16:0 14%

Palmitoleic acid 16:1 trace

Stearic acid 18:0 trace

Oleic acid 18:1 14%

Linoleic acid 18:2n6 45%

Linolenic acid 18:3n3 5%

Gadoleic acid 20:1 trace

Arachidonic acid 20:4n6 trace

EPA 20:5n3 no data

DHA 22:6n3 no data

In two macropods, the tammar wallaby and red kangaroo, oleic acid levels increase and

stearic acid levels decrease in the milk during Phase 2b and 3 of lactation (Table 2.4)

(Lemon and Barker 1967; Griffiths et al. 1972; Green et al. 1983; Tyndale-Biscoe and

Janssens 1988a; Muths 1996).  The reasons for the changes in the composition are still

unclear, due to the limited information regarding fatty acid metabolism in macropod

animals and the role of the fatty acids in the nutrition of the young marsupial.  As the

main diet of the quokka mothers in this study does not alter greatly during lactation and

the fatty acid metabolism of macropods is most similar to monogastric animals, it could

be expected that the fatty acid content will be similar throughout lactation.

Few studies have published information on the effect of diet on the fatty composition of

marsupial milk.  There have been no previous reports on the fatty acid composition of

the milk of the quokka.  The first hypothesis for this section is that the fatty acids

present in the main dietary item of the adult female quokkas will appear in the milk.
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The second hypothesis is that the fatty acid content will not vary significantly during

Phase 2b and 3 of lactation.

5.2 Materials and methods

5.2.1 Fatty acid analysis

Fatty acids were extracted using a method developed by Folch et al. (1957) and

modified by Gibson and Kneebone (1981).  The basis of the method is that fatty acids

are extracted from a polar, aqueous solution into a non-polar, organic solvent based on

their increased solubility in the organic fraction.

Milk samples were collected and stored as described in Chapter 3.  The samples were

thawed to 37°C and 100 ml pipetted into 2 ml glass, screw top vials with Teflon lids

(Alltech Australia, NSW, Australia).  To each vial, 125 ml 0.9% saline was added and

the vial mixed with a vortex mixer.  Methanol (300 ml) with 0.005% butylated

hydroxyanisole (BHA) was added, and the vial mixed and allowed to stand for 5 min.

Following this 600 ml of chloroform with 0.005% BHA were added and each vial mixed

and allowed to stand for another 5 min.  Vials were then centrifuged at 2000g for 10

min after which the lower layer was transferred to a new glass vial.  Following this the

sample was evaporated to dryness under nitrogen and the vial washed three times with

100 ml chloroform/methanol (9:1).  The three washes were collected in a new vial and

either stored at -20°C or transesterfied immediately.

The transesterification of fatty acids was performed using a method by Christie (1973)

and modified by Kneebone et al. (1985).  Protonation of the ester by the acid followed

by the addition of the exchanging alcohol produces the resulting ester through a series

of intermediates.  Each step is fully reversible, however, the presence of a large excess

of alcohol moves the equilibrium of the reaction so that the product is almost entirely

the required ester (Christie 1973).
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Samples from the extraction step were evaporated to dryness under nitrogen and 200 ml

benzene and 500 ml of 1% sulphuric acid in methanol was added to each vial.  The vials

were mixed, sealed tight and incubated at 70°C for 2 hours with mixing every 30 min.

Following this, samples were allowed to cool to room temperature and 75 ml of DDI and

200 ml of heptane were added and each vial mixed with a vortex mixer.  The top layer

containing the fatty acid methyl esters was then removed to a clean glass vial containing

a small amount of anhydrous sodium sulphate.  The gas liquid chromatography

technique used was developed by Makrides et al. (1995) and modified by Mitoulas et

al. (2003).  The principle of the procedure is that organic compounds are separated due

to differences in their partitioning behaviour between a mobile gas phase and a

stationary phase in a column.

Fatty acid methyl esters were separated by GC (Shimadzu GC-14A, Shimadzu

Corporation, Kyoto, Japan) using a 50 m capillary column (0.32 mm internal diameter)

coated with BPX-70 (0.25 mm film thickness; SGE Pty. Ltd., Ringwood, Victoria,

Australia).  Each sample (3 ml) was injected on to the column using an automatic

injector (Shimadzu AOC-14, Shimadzu Corporation, Kyoto, Japan) at a split ratio of

30:1.  The injector temperature was set at 250°C and the detector (flame ionisation)

temperature at 300°C.  The initial oven temperature was 140°C and was programmed to

rise to 230°C at 5°C/min.  Helium was used as the carrier gas at a velocity of 4 ml/min.

Fatty acids were identified based on retention time to authentic lipid standards (Nu-

Chek-Prep Inc, Elysian, Minnesota, USA).

5.2.2 Statistical analysis

A one-way analysis of variance using SuperANOVA (Version 1.11, Abacus Concepts,

Inc) was applied to the data to determine any changes in the individual fatty acid

content during lactation.  Significant differences were determined using Fisher’s

protected least square difference (LSD) at p < 0.05.
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5.3 Results

The milk of the quokka consisted mainly of long chain fatty acids (LCFA: C16 - C24)

at 95.9 ± 0.27% of total fatty acid composition, while medium chain fatty acids (C10 -

C15) were present at only 4.1 ± 0.27%.  No short chain fatty acids (C4 - C8) were

detected in the milk samples.  The milk consisted of monounsaturated LCFA at 44.5 ±

1.30% of total fatty acid composition and saturated LCFA at 38.1 ± 1.02%.  The

polyunsaturated LCFA accounted for 13.4 ± 0.59% of total fatty acid composition.

The current method allowed for the separation of 39 identifiable fatty acid peaks.  The

dominant fatty acid in the milk of the quokka was palmitic acid (16:0) representing 27.7

± 0.59% of the total fatty acid composition, followed by oleic acid (18:1n9) at 27.5 ±

0.82% (Figure 5.1).  The next highest proportions of fatty acids were linoleic (18:2n6),

trans-vaccenic (18:n7t) and stearic acids (18:0) at 10.9 ± 0.50%, 10.3 ± 0.68% and 8.5 ±

0.64% of the total fatty acid composition respectively.  The remaining fatty acids were

present at 2% or less.  When the fatty acids were grouped, the 18:1 isomers represented

the highest proportion of the total fatty acid composition at 39.7 ± 1.09% (Figure 5.2).
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Figure 5.1. The fatty acid composition (weight percentage) of the milk of the quokka (n = 17).  Bars represent standard errors of the means.  *Fatty acid key -
Appendix 2.
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acids in the milk of the quokka (n = 17).  Bars represent standard errors of the
means.  *Fatty acid key - Appendix 2.
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There was a significant increase in the content of oleic acid (18:1n9) in the milk of the

quokka between Phase 2b and late Phase 3 of lactation (p < 0.05) (Table 5.2).  By

contrast, stearic acid (18:0) levels decreased during Phase 3 (p < 0.05).  Palmitic (16:0),

linoleic (18:2n6), trans-vaccenic acid (18:1n7t) and the combined 18:1 isomer content

did not vary significantly during Phase 2b and 3 of lactation (p > 0.05).

Table 5.2. The average percentage composition of the fatty acids in the milk of the quokka
during lactation with standard errors of the means (n = 16).  Values included were
present at more than 2% of the total fatty acid composition.  The different
subscripts represent significant differences using Fisher’s protected least squared
difference, p < 0.05.

Fatty
acid

Generic name Phase 2b
n = 6

Early phase 3
n = 4

Late phase 3
n = 6

16:0 Palmitic 28.1 ± 0.82 28.3 ± 0.82 27.1 ± 0.96

18:1n9 Oleic 25.0 ± 1.65a 27.4 ± 0.95a,b 30.0 ± 0.68b

18:2n6 Linoleic 11.8 ± 0.80 11.3 ± 1.01 9.2 ± 0.52

18:1n7t trans-Vaccenic 11.1 ± 1.48 8.3 ± 1.20 11.4 ± 0.68

18:0 Stearic 9.3 ± 1.10a 10.4 ± 0.71a 6.2 ± 0.77b

18:1 38.0 ± 2.31 37.3 ± 1.38 43.0 ± 1.07

5.4 Discussion

The first hypothesis, that the fatty acids present in the diet of the adult quokka would

appear in the milk, was supported.  Most of the fatty acids in the main dietary

component of the adults’ diet were identified in the milk with the exception of gadoleic

acid (20:1n11), which was not a component of the lipid standards.  That the majority of

the fatty acids in the milk reflect those present in the diet, suggests that the most of the

fatty acids escape significant modification in the rumen-like forestomach of the quokka

(Moir et al. 1954).

There are limited reports on the fatty acid metabolism in relation to marsupial milk.

Nonetheless, based on studies of other mammals, the fatty acids not present in the main

component of the maternal diet but detected in the milk of the quokka would have been

derived either from other food sources, body stores, modification in the forestomach, or

synthesised de novo in the mammary gland (Moir et al. 1954; Hartman et al. 1955;
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Redgrave and Vickery 1973; Ford and Fogerty 1982; Fogerty and Ford 1983; Gurr et al.

2002; Kay et al. 2002).  For example, although palmitic acid (16:0) and stearic acid

(18:0) were present in the diet they would probably also be synthesised in the mammary

gland (Gurr et al. 2002).  This involves the provision of acetyl-CoA as ‘primer’ of

malonyl-CoA for the stepwise elongation of the primer by fatty acid synthetase and

NADPH for the reductive steps of the pathway (Dils 1983).  The major product of fatty

acid synthetase is palmitic acid (Gurr et al. 2002).  The formation of stearic acid from

palmitic acid would be catalysed by elongase (Gurr et al. 2002).

One of the most prominent fatty acids in the milk of the quokka was trans-vaccenic acid

(TVA) (18:1n9t), present at approximately 10% of the fatty acid content.  Trans-

vaccenic acid is found in the milk and fat of ruminants, and it is unlikely that these

would form part of the quokka diet (Gurr et al. 2002).  In ruminants, TVA is formed by

the modification of linoleic and linolenic acids (Kay et al. 2002).  In a previous study,

high levels of trans-acids in quokka perinephric fat stores were detected, suggesting that

biohydrogenation of polyunsaturated fatty acids was occurring in their rumen-like

forestomach (Moir et al. 1954; Hartman et al. 1955).  The presence of TVA was later

reported in the storage lipid of kangaroos, further supporting the notion of the

modification of linoleic and linolenic acids in the forestomach of macropods (Moir et

al. 1954; Ford and Fogerty 1982; Fogerty and Ford 1983).  Biohydrogenation in the

quokka forestomach may also result in the formation of stearic acid, in addition to its

synthesis in the mammary gland (Moir et al. 1954; Hartman et al. 1955; Ford and

Fogerty 1982; Fogerty and Ford 1983; Gurr et al. 2002).

The current study was the first to report the presence of TVA in the milk of a marsupial

and the detection of relatively high levels of this fatty acid.  This finding may have

implications in future studies involving human nutrition.  In ruminants, TVA is

converted to conjugated linoleic acid (CLA) in the forestomach, mammary and adipose

tissue (Kay et al. 2002; Engelke et al. 2004).  Conjugated linoleic acid is a collective

term for the isomers of octadecadienoic acids (C18:2) with conjugated double bonds.

They have been shown to reduce cancer in laboratory rats, thus stimulating an interest in

their presence in the meat and milk of domestic ruminants (Ip et al. 1999).  In a

previous study, CLA was detected in the adipose tissue of kangaroos (Ford and Fogerty

1982; Fogerty and Ford 1983).
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Recently it was reported that the concentrations of CLA and TVA in the adipose tissue

of kangaroos were approximately four and five times that of lambs (Engelke et al.

2004).  The levels of CLA were not measured in the current study due to time

constraints.  If the conversion of TVA to CLA follows a similar mechanism in

marsupials as it does in ruminants, the marsupial could be used as a model for studying

the production of relatively high levels of TVA and CLA.  Future studies could include

the identification and level of activity of microorganisms involved in the conversion of

TVA to CLA in the macropod forestomach, and measurement of the levels of CLA

relative to the concentration of TVA in the milk, compared with the concentrations of

these fatty acids in the digesta.

Two other fatty acids of interest are docosahexaenoic acid (DHA) (22:6n3) and

arachidonic acid (20:4n6).  There is evidence to suggest that long chain polyunsaturated

fatty acids may have benefits for visual and neural development in preterm and term

infants (Gibson and Makrides 1998; Innis et al. 2001).  The results of the current study

showed that low levels of DHA and arachidonic acid were present in the milk of the

quokka.  Arachidonic acid was present in trace amounts in the ‘quokka cubes’, however

there was no data available for DHA content.  Previous studies of marsupial milk were

unable to detect either of these fatty acids; this may have been due however, to the

experimental method employed or the absence of these two fatty acids in the animal’s

diet (Glass et al. 1967; Griffiths et al. 1969, 1972, 1988; Grigor 1980; Parodi 1982;

Poole et al. 1982a; Green et al. 1983, 1987; Green 1984; Crowley et al. 1988; Merchant

and Libke 1988).

The present study used temperature-programmed capillary gas liquid chromatography

that allowed the identification of additional fatty acids, especially those with more than

18 carbons.  By contrast, where the method was identified, most of the previous studies

used packed columns in the gas liquid chromatography analysis which may not have

resolved all the fatty acid components in the milk (Green et al. 1983, 1987; Crowley et

al. 1988; Merchant and Libke 1988; Iverson and Oftedal 1995).  Another limitation of

using a packed column is that not all long chain fatty acids are necessarily detected

(Iverson and Oftedal 1995).
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Generally, the main fatty acid content of the milk of the quokka during Phases 2b and 3

was similar to other macropods at the same stage of lactation (Table 5.3) (Lemon and

Barker 1967; Griffiths et al. 1972; Green et al. 1983; Tyndale-Biscoe and Janssens

1988a; Muths 1996).  Exceptions to this pattern were higher linoleic (18:2n6) and lower

palmitoleic (16:1) acid levels in the milk of the quokka compared with the tammar

wallaby and red kangaroo (Lemon and Barker 1967; Griffiths et al. 1972; Green et al.

1983; Tyndale-Biscoe and Janssens 1988a; Muths 1996).  These variations were

probably due to differences between the diet of the three marsupial species (Janssens et

al. 1997).  Like other macropods, palmitic acid (16:0) was the dominant fatty acid in the

milk of the quokka.  Higher levels of oleic acid were reported in previous studies on

macropods, as the combined total of all 18:1 isomers were included in this value (Table

2.4) (Lemon and Barker 1967; Griffiths et al. 1972; Green et al. 1983; Tyndale-Biscoe

and Janssens 1988a; Muths 1996).  In the current study oleic (18:1n9), cis-vaccenic

(18:1n7), elaidic acid (18:1n9t) and trans-vaccenic acid (18:1n7t) peaks were identified.

When the percentages of the 18:1 isomers were combined, the level was similar to that

of the two other macropods (Table 5.3) (Lemon and Barker 1967; Griffiths et al. 1972;

Green et al. 1983; Tyndale-Biscoe and Janssens 1988a; Muths 1996).

The observation that most of the type of fatty acids in the quokka’s maternal diet were

transferred to the milk, while some were modified in the forestomach, suggests that the

fatty acid metabolism in quokkas is a combination of processes observed in monogastric

mammals and ruminants (Moir et al. 1954; Iverson 1993; Christie 1995; Kay et al.

2002).  Although the quokka has ruminant-like digestion, there were no short chain fatty

acids present in the milk, in contrast with the sheep (Figures 2.3a and 5.2) (Moir et al.

1954; Leat and Harrison 1980; Iverson and Oftedal 1995).  Like the tammar wallaby,

the fatty acid composition of the milk of the quokka was most similar to that of the pig

(Figures 2.2, 2.3 and 5.2) (Hrboticky et al. 1990; Iverson and Oftedal 1995).  This

suggests that while some biohydrogenation occurs in the forestomach, the fatty acid

metabolism of the quokka is more closely aligned to that of a monogastric mammal

(Moir et al. 1954; Hartman et al. 1955; Hrboticky et al. 1990; Iverson and Oftedal

1995).
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Table 5.3. Fatty acid composition (weight percentage) of marsupial milk.  n/a = not available. Adapted from Iverson and Oftedal (1995). *Fatty acid key -
Appendix 2.

Tammar wallaby Red kangaroo Quokka Eastern quoll Northern
brown

bandicoot

Potoroo Koala Common
brushtail
possum

Phase 2a 2b 3 2a 2b 3 2b 3 2a 2b 3 2b/3 2b n/a n/a

Fatty acid*

16:0 54.5 24.4 20.9 51.1 25.3 23.4 27.8 27.6 39.2 27.3 23.0 27.3 28.0 24.4 18.9

18:1 16.6 40.3 45.8 15.6 45.3 50.8 38.1 40.7 32.6 35.0 36.7 36.3 36.5 16.8 18.2

16:1 8.4 3.8 5.0 7.6 5.4 3.9 1.5 2.2 6.9 4.8 6.1 5.0 6.7 4.3 1.3

18:2n6 6.0 5.6 7.0 11.1 5.4 5.0 12.2 10.2 5.8 16.5 15.6 12.4 13.9 10.7 23.8

14:0 4.4 1.0 1.2 3.3 1.7 1.6 2.1 1.9 2.2 1.4 1.9 2.9 2.1 3.3 1.0

18:0 2.8 16.3 9.2 2.2 10.2 8.6 9.4 7.9 7.9 6.7 6.9 10.1 5.6 5.2 2.8

15:0 and 17:0 2.1 1.9 1.0 1.5 1.4 0.7 2.6 2.4 2.6 1.8 0.8

15:1 and 17:1 0.9 0.8 0.5 0.5 0.4 0.7 1.0 0.6 0.8

18:3n3 0.8 2.2 3.7 0.7 1.6 1.7 1.6 1.7 trace 1.3 2.4 1.2 1.4 32.5 24.7

14:1 0.5 0.2 0.3 1.2 0.4 0.3 0.4 0.5 0.1 0.2

12:0 trace trace trace 0.6 trace 0.1 0.3 0.1 0.1

20:1-5 2.9 1.1 0.7 2.4 3.2 trace 1.3 1.4

10:0 trace trace trace

Source 1, 2 3, 4, 5 6 7, 8 9,10 11 12 13

Sources: 1. Green et al. (1983); 2. Tyndale-Biscoe and Janssens (1988a); 3. Lemon and Barker (1967); 4. Griffiths et al. (1972); 5. Muths (1996); 6. This study; 7.
Green et al. (1987); 8. Merchant et al. (1984); 9. Hall (1990); 10. Merchant and Libke (1988); 11. Crowley et al. (1988); 12. Parodi (1982) and 13. Grigor (1980).
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The proportions of short to medium chain fatty acids in milk are determined by the

properties of acylthiol ester hydrolases associated with the fatty acid synthase of each

species (Christie 1995).  The absence of short chain fatty acids in the milk of the quokka

might be explained by the observation that some non-ruminants preferentially use

cofactors such as butyryl-CoA and hexanoyl-CoA as primers for the synthesis of longer

chain fatty acids, in contrast to ruminants that esterify short chain fatty acids from these

cofactors (Dils 1983; Iverson and Oftedal 1995).  However, the absence of short chain

fatty acids in quokka and tammar wallaby milks, is not generally a feature of other

herbivores, such as the rabbit (Figures 2.2a, 2.3b and 5.2) (Demarne et al. 1978; Iverson

and Oftedal 1995).  Accordingly, the mechanism of fatty acid metabolism of macropod

marsupials remains unclear.

The second hypothesis, that the fatty acid content would not vary significantly during

Phase 2b and 3 of lactation, was not supported.  The oleic acid (18:1n9) content

increased and stearic acid (18:0) content decreased significantly during this period.

This was similar to the findings for the milks of the tammar wallaby and red kangaroo

(Table 5.3) (Lemon and Barker 1967; Griffiths et al. 1972; Green et al. 1983; Tyndale-

Biscoe and Janssens 1988a; Muths 1996).  The changes in levels may be due to either a

variation in dietary lipid intake or an alteration in fatty acid metabolism during lactation

(Gurr et al. 2002).  Considering the main food item for the female quokkas did not vary

during lactation, seasonal changes in the native vegetation may explain the variations

observed in the fatty acid composition in the milk.  Although native vegetation was also

available to the animals in the tammar wallaby and red kangaroo studies, details of the

timing of changes in the diet were not provided in the literature (Green et al. 1980;

Griffiths et al. 1972).  Therefore, it is not possible to determine whether changes in the

maternal diet influence the variations in the fatty acid composition of the milk.

Oleic acid and its metabolic product nervonic acid (24:1n9) constitute major fatty acids

in mature myelin (Berry 1997).  The elevated levels of oleic acid in the milk of the

quokka during Phase 3 of lactation may be advantageous to the young quokka in

providing precursors for myelin formation.  The proportions of two other major fatty

acids, palmitic (16:0) and linoleic acids (18:2n6) in the milk did not change

significantly during Phase 2b and 3 of lactation.  This also agrees with the reports for

the two other macropod species listed (Table 5.3) (Lemon and Barker 1967; Griffiths et
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al. 1972; Green et al. 1983; Tyndale-Biscoe and Janssens 1988a; Muths 1996).  As the

changes in fatty acid composition during lactation in the quokka were similar to the

other macropods studied, suggests that genetic factors may influence their fatty acid

metabolism.

This was the first study to report on the fatty acid composition and the changes in the

their relative content during different phases of lactation in the milk of the quokka.  The

fatty acid composition of the maternal diet was compared with the fatty acid content of

the milk.  Fatty acids with 22 or more carbons had not previously been detected in

marsupial milk.  The variations in the levels of only two of the five major fatty acids

found in the milk coincided with pouch emergence.  In order to explain fully the fatty

acid composition of quokka milk further investigation of the lipid metabolism in adult

and juvenile marsupials is required.



Chapter 6

ENERGETICS OF LACTATION IN THE QUOKKA

A. Growth of the young quokka

6.1 Introduction

The growth rate of young marsupials, for example the parma wallaby, eastern grey

kangaroo, western grey kangaroo, eastern quoll, northern brown bandicoot, allied rock-

wallaby, Tasmanian bettong and tammar wallaby, is generally constant prior to

permanent pouch exit and then slows until adult weight is attained (Maynes 1973, 1976;

Poole and Catling 1974; Poole 1975, 1976; Poole et al. 1982b, 1982c; Merchant et al.

1984, 1996a, 1996b; Rose 1986, 1989a; Green et al. 1988; Tyndale-Biscoe and Janssens

1988a; Dove and Cork 1989; Hall 1990).

For most marsupials, for example the quokka, common wallaroo, red kangaroo, tammar

wallaby, parma wallaby, western grey kangaroo, eastern grey kangaroo, eastern quoll,

Tasmanian bettong, allied rock-wallaby and purple-necked wallaby, the pes and tail

lengths follows a similar pattern to weight (Shield and Woolley 1961; Sadleir 1963;

Sharman et al. 1964; Murphy and Smith 1970; Maynes 1976; Poole 1976; Poole et al.

1982b, 1982c; Merchant et al. 1984; Rose 1989a; Close and Bell 1990; Delaney and

De'ath 1990; Johnson and Delean 2002).  However, the stage of development at which

the rate of change in body size parameters varies, depending on the species of marsupial

(Maynes 1973, 1976; Poole and Catling 1974; Poole 1975, 1976; Poole et al. 1982b,

1982c; Merchant et al. 1984; Rose 1986, 1989a).

Data exists for the change in weight, pes and tail lengths for quokka joeys until pouch

exit (Shield and Woolley 1961; Dunnet 1962).  Dunnet (1962) also recorded the masses

of one and two years old Rottnest Island quokkas; however, the young were not

weighed on a regular basis after pouch life.  Rose (1989b) calculated the relative growth

rate constant for quokka joeys during pouch life from the data of Shield and Woolley

(1961).  There are no reports detailing the continuous growth rate of the young quokka

from pouch life to maturity.
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The purpose of the work in this section was to determine the growth rate of young

quokkas until adulthood with respect to their weight gain and changing body size.

6.2 Materials and methods

The quokka joeys were weighed to the nearest gram using an integrating balance.  The

pes and tail lengths of the young were measured to the nearest 0.1 mm using vernier

calipers.  The pes length was measured from the insertion of the claw into the first

phalange to the back of the heel (Bakker and Main 1980).  The tail length was measured

from the insertion of the base to the tip.  The weights, weight gain, pes and tail lengths

were plotted logarithmically against age allowing comparisons between different

periods of growth (Rose 1989b).  The slope of the various linear segments represent the

mean ‘instantaneous relative growth rate’ (k) (Maynes 1976; Rose 1989b).

k was calculated for the respective body measurements as:

† 

(lnweight2 - lnweight1)
time2 - time1

† 

(ln peslength2 - ln peslength1)
time2 - time1

 and

† 

(ln taillength2 - ln taillength1)
time2 - time1

.
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6.3 Results

The weight of the young quokkas averaged 35 ± 0.7 g at 75 days post partum,

increasing to 475 ± 42.0 g at initial pouch emergence (approximately 180 days post

partum) (Figure 6.1).  At final pouch exit (200 days post partum), the average weight

was 688 ± 17.2 g.  The weights then increased to 2024 ± 103.8 g for males and 1689 ±

27.4 g for females towards the end of lactation.  The males weighed an average of 2888

± 88.5 g and the females 2509 g at 500 days post partum.

The log regression of weight displayed three distinct periods of growth; (1) from the

beginning of Phase 2b until permanent pouch exit (PPE) at approximately 200 days post

partum, (2) from PPE to the end of lactation and (3) from the end of lactation until 550

days post partum (Figure 6.2).  The growth rate constants, k values, for the periods were

(1) 2.53 x 10-2 for males and females, (2) 1.15 x 10-2 for males and 9.21 x 10-3 for

females and (3) 1.38 x 10-3 for males and 1.84 x 10-3 females.

The equations describing the regression lines were:

(1) Males log weight = 0.011 age (days) + 0.707 (r2 = 0.99, p < 0.001, SE = 0.044, n

= 12),

(1) Females log weight = 0.011 age (days) + 0.740 (r2 = 0.96, p < 0.001, SE = 0.081, n

= 28),

(2) Males log weight = 0.005 age (days) + 1.994 (r2 = 0.94, p < 0.001, SE = 0.033, n

= 17),

(2) Females log weight = 0.004 age (days) + 2.154 (r2 = 0.72, p < 0.001, SE = 0.070, n

= 31),

(3) Males log weight = 0.001 age (days) + 3.145 (r2 = 0.83, p < 0.001, SE = 0.022, n

= 10) and

(3) Females log weight = 0.001 age (days) + 3.000 (r2 = 0.82, p < 0.001, SE = 0.025, n

= 19).

Period 1 was characterised by a sharp increase in weight, which slowed during period 2

and again in period 3.  These three periods corresponded to different daily weight gains.
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Figure 6.1. The weights of male (l) (n = 39) and female quokkas (°) (n = 78) for the first 550
days post partum.  The shaded area represents the transition period while the young
is still returning to the pouch.  The dashed line represents the end of lactation.
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Figure 6.2. The log plot of the weights of male (l) (n = 39) and female quokkas (°) (n = 78)
for the first 550 days post partum.  The shaded area represents the transition period
while the young is still returning to the pouch.  The dashed line represents the end
of lactation.
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The daily weight gain averaged 1.6 ± 0.02 g/d at 100 days post partum, increasing to

11.0 ± 1.13 g/d at initial pouch emergence and 14.3  ± 0.68 g/d at final pouch exit

(Figure 6.3).  At the end of lactation the weight gain has decreased to an average of 6.2

± 0.90 g/d and by 500 days post partum to 2.2 g/d.
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Figure 6.3. The daily weight gain of male (l) (n = 33) and female quokkas (°) (n = 66) for the
first 500 days post partum.  The shaded area represents the transition period while
the young is still returning to the pouch.  The dashed line represents the end of
lactation.
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The average pes length of the young quokkas reached 74.9 ± 2.06 mm at initial pouch

emergence (Figure 6.4).  At the end of lactation, the pes lengths averaged 94.2 ± 1.73

mm and by 500 days post partum, 105.2 ± 2.92 mm.

The log regression of pes lengths displayed four distinct periods of growth; (1) from

approximately 25 days to 50 days post partum, (2) from 50 days of age to initial pouch

emergence, (3) from initial pouch emergence until the end of lactation and (4) from the

end of lactation until 550 days post partum (Figure 6.5).  The growth rate constants, k

values, for the periods were (1) 4.37 x 10-2 for females, (2) 1.15 x 10-2 for males and

females, (3) 2.30 x 10-3 for males and females and (4) zero for males and females.

The equations describing the regression lines are:

(1) Females log pes length = 0.019 age (days) + 0.228 (r2 = 1.0, n = 2),

(2) Males log pes length = 0.005 age (days) + 0.972 (r2 = 0.98, p < 0.001, SE =

0.031, n = 10),

(2) Females log pes length = 0.005 age (days) + 0.975 (r2 = 0.97, p < 0.001, SE =

0.035, n = 24),

(3) Males log pes length = 0.001 age (days) + 1.745 (r2 = 0.94, p < 0.001, SE =

0.007, n = 20),

(3) Females log pes length = 0.001 age (days) + 1.801 (r2 = 0.71, p < 0.001, SE =

0.014, n = 40),

(4) Males log pes length = 1.993 (r2 = 0.27, p > 0.10, SE = 0.009, n = 10) and

(4) Females log pes length = 0.720 (r2 = 0.22, p < 0.05, SE = 0.012, n = 19).
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Figure 6.4. The pes lengths of male (l) (n = 40) and female quokkas (°) (n = 85) for the first
550 days post partum.  The shaded area represents the transition period while the
young is still returning to the pouch.  The dashed line represents the end of
lactation.
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Figure 6.5. The log plot of pes lengths of male (l) (n = 40) and female quokkas (°) (n = 85)
for the first 550 days post partum.  The shaded area represents the transition period
while the young is still returning to the pouch.  The dashed line represents the end
of lactation.
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The tail length of the young quokkas averaged 169.2 ± 9.84 mm at initial pouch

emergence (Figure 6.6).  At the end of lactation, the tail lengths averaged 240.0 ± 10.27

mm and at 550 days post partum, 311.7 ± 6.01 mm.

Similar to body weights, the log regression of tail lengths displayed three distinct

periods of growth; (1) from the beginning of Phase 2b until initial pouch emergence (2)

from initial pouch emergence to the end of lactation and (3) from the end of lactation

until 550 days post partum (Figure 6.7).  The growth rate constants, k values, for the

periods were (1) 1.38 x 10-2 for males and females, (2) 4.60 x 10-2 for males and 2.30 x

10-3 for females and (3) zero for males and females.

The equations describing the regression lines are:

(1) Males log tail length = 0.006 age (days) + 1.206 (r2 = 0.99, p < 0.001, SE =

0.018, n = 7),

(1) Females log tail length = 0.006 age (days) + 1.237 (r2 = 0.96, p < 0.001, SE =

0.047, n = 25),

(2) Males log tail length = 0.002 age (days) + 1.965 (r2 = 0.76, p < 0.001, SE =

0.029, n = 20),

(2) Females log tail length = 0.001 age (days) + 2.073 (r2 = 0.57, p < 0.001, SE =

0.034, n = 39),

(3) Males log tail length = 2.343 (r2 = 0.67, p < 0.005, SE = 0.016, n = 10) and

(3) Females log tail length = 2.290 (r2 = 0.53, p < 0.001, SE = 0.024, n = 19).
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Figure 6.6. The tail lengths of male (l) (n = 37) and female quokkas (°) (n = 83) for the first
550 days post partum.  The shaded area represents the transition period while the
young is still returning to the pouch.  The dashed line represents the end of
lactation.
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Figure 6.7. The log plot of the tail lengths of male (l) (n = 37) and female quokkas (°) (n =
83) for the first 550 days post partum.  The shaded area represents the transition
period while the young is still returning to the pouch.  The dashed line represents
the end of lactation.
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6.4 Discussion

When the weight of the quokka joey is plotted against age, the pattern followed a

sigmoidal curve similar to that observed for other marsupials (Shield and Woolley

1961; Sadleir 1963; Sharman et al. 1964; Maynes 1976; Poole 1976; Poole et al. 1982b,

1982c; Merchant et al. 1984, 1996a, 1996b; Louden 1987; Green et al. 1988; Dove and

Cork 1989; Rose 1989a; Hall 1990; Atramentowicz 1995).  The logarithmic plot

reflected three distinct periods of growth rate for the quokka.  The relative growth rate

constant for pouch life was the same value as that calculated by Rose (1989a) and then

it decreased over the next two periods.  The points of inflection occurred at permanent

pouch exit and at the end of lactation.  Until permanent pouch exit, the rates of growth

for males and females were similar, after which sexual dimorphism became apparent.

Weight gain peaked just after permanent pouch exit.  The rate of weight gain was

divided into two distinct phases, before and after 200 days post partum.

Like the weight, the pes and tail lengths also followed a sigmoidal pattern.  The rate of

growth of the pes slowed at the beginning of Phase 2b, at initial pouch emergence and

after the end of lactation.  The growth rate of the tail inflected at initial pouch

emergence and at the end of lactation.  After the end of lactation, the tail continued to

grow at a faster rate than the length of the pes. This was probably because the hind foot

had reached its relatively large size at pouch emergence, as an adaptation to life outside

the pouch.  The tail continued to grow, presumably to aid in balance for the larger

animal.

The values for body weights and measurements during pouch life concur with those

reported by Shield and Woolley (1961) and Dunnet (1962).  Shield and Woolley (1961)

found that the growth rate of captive and wild populations of quokka pouch young were

alike.  It has been suggested that the nutrition of the mother affects the growth rate of

the wild populations of adult tammar wallabies and western quolls (Inns 1982; Serena

and Soderquist 1988).  However, Shield and Woolley (1961) explained that in their

study, the nutritional condition of the mothers in captivity and in the field was similar.

Another study by Sadleir (1963) also found that the nutrition of the common wallaroo
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adult females in the field and captivity was always adequate, so it did not restrict the

growth of the joeys.

The juvenile quokkas in the current study were heavier than the Rottnest Island animals

of a similar age.  This was probably due to the ad libitum supply of food and water in

captivity, compared with reduced availability of food and water on the island (Main et

al. 1959; Dunnet 1962).

The growth of parameters of body size, pes and tail lengths, changed their rate

coincident with the differing phases of lactation.  On the other hand, the difference in

the rate of weight increase overlapped with these phases.  This highlights the

importance of considering the periods of differing growth rates in addition to the phase

of lactation, when determining the nutritional requirements of the young marsupial.

B. Milk consumption and energetics of the young quokka

6.5 Introduction

When investigating growth energetics, in addition to the composition of the milk, it is

critical to study the amount of milk consumed by the young mammal (Crowley et al.

1988).  Limited studies have reported on milk production and energetics in marsupials,

for example the tammar wallaby, eastern quoll, brush tailed bettong, northern brown

bandicoot, allied rock wallaby, common ringtail possum, koala and Tasmanian bettong

(Green et al. 1988, 1997; Rose 1987; Cork and Dove 1989; Dove and Cork 1989;

Merchant et al. 1994, 1996a, 1996b; Munks and Green 1997; Krockenberger et al.

1998; Rose et al. 2003).  Differences observed in the growth rates and utilisation of the

milk components by the young of marsupial species may be due to variations in the

litter size, maternal diet, body weight of the adult and length of lactation (Table 2.7)

(Merchant et al. 1984, 1996a, 1996b; Green et al. 1987, 1988, 1997; Green and

Merchant 1988; Merchant and Libke 1988; Tyndale-Biscoe and Janssens 1988a; Hall

1990; Delaney 1997; Gordon 1998).
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Techniques have been developed for measuring milk consumption.  There are

advantages and disadvantages to each method.  For example, the weigh-suckle-weigh

method is difficult to apply to marsupials, as immature joeys are permanently attached

to the teat (Barber et al. 1955; Coombe et al. 1960; Robinson et al. 1968; Lewis et al.

1978; Green and Newgrain 1979).  Although reattachment of the quokka young is

possible, this method may disrupt the normal suckling pattern of the young (Ashman et

al. 1975; Pettigrew et al. 1987).  The oxytocin technique has resulted in the

overestimation of milk intake (McCance 1959).  On the other hand, isotope dilution has

proved reliable and minimises the impact on the normal maternal-offspring relationship

(Rudolph et al. 1984; Pettigrew et al. 1985; Dove 1988).  There are numerous examples

of the use of radioactive isotopes, such as 22Na and tritiated water, for measuring milk

intake (Macfarlane et al. 1969; McEwan and Whitehead 1971; Yates et al. 1971;

Romero et al. 1975; Green et al. 1988, 1997; Merchant et al. 1994, 1996a, 1996b;

Munks and Green 1997).  However, the stable isotope deuterium oxide has also been

employed in milk consumption studies, as it is less toxic and therefore safer to use, and

relatively cheaper than radioactive sources (Coward et al. 1982; Rudolph et al. 1984;

Pettigrew et al. 1985, 1987; Lucas et al. 1987; Glencross et al. 1997; Pluske et al.

1997).

The application of a minimally invasive, non-toxic technique for measuring milk

consumption in marsupials would benefit future studies of the young’s development

during lactation.  Milk intake by quokka joeys was previously determined during Phase

2 of lactation, using a deuterium oxide method developed by Coward et al. (1982) with

a limited number of animals (Bennetts 1997).  This method was shown to be potentially

effective in determining the milk consumption of young quokkas (Bennetts 1997).

Laboratory techniques are available to detect low levels of deuterium oxide enrichment

in relatively small volumes of urine and plasma samples, as collected from young joeys

(Hoffman et al. 2000).  One of the aims of the current study was to extend the use of

this method in order to further evaluate the technique’s effectiveness.

The purpose of this section of the thesis was to determine the relationship between milk

consumption and the growth rate of the quokka joey.  To this end, results of the

composition of the milk of the quokka (Chapter 4), growth rate (previous section) and
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milk intake of the joey (this section) will be combined.  It is expected that the growth

rate during pouch life depends on the volume and energy content of the milk consumed

by the young quokka and the ability of the joey to convert milk energy to body mass.

For example, if the growth rate at 160 days post partum is 7 g/d and the quokka accrues

body weight at 0.25 g/ml, similar to other macropod marsupials, the daily milk intake

should be approximately 28 ml/d.

6.6 Materials and methods

6.6.1 Principle

Deuterium oxide (2H2O) is used as a tracer to follow the movement of water into and

out of body water pools of a mother and her milk-fed young (Coward et al. 1982).  The

subject’s total body water is seen as a single compartment and the newly introduced

tracer is considered to be distributed throughout the body rapidly and uniformly.  Thus,

samples from any body fluid provide values for 2H enrichment that are representative of

total body water.  The model was modified to apply to the present study of milk

consumption by the young quokka (W. A. Coward, pers. comm.).  Calculation of milk-

water intake uses the model shown in Figure 6.8 (Coward et al. 1982).  V1 and V2

represent the volume of the body water pools of the mother and young.  The combined

subscripts represent the water flow from one pool to another.  Thus F10 indicates the

water flow to mother from outside via food and water, F01, from mother to outside via

urine, F21, from mother to young via milk, and F01, from young to outside via urine.  F12

represents recycling of water from joey to mother.
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Figure 6.8. Two-compartment, steady-state model of water flows in a mother and joey.  The
boxes represent the body water volume (V) of the animal.  The subscripts 2, 1 and
0 refer to the joey, mother and outside; the combined subscripts indicate direction
of water-flow (eg F21 is water-flow to the young from the mother).  Adapted from
Coward et al. (1982).

In the steady state, when compartment sizes and flow-rates are constant the following

equations can be applied:

† 

q
1(t )

= q
1(0)

e-k11 .t

† 

q
2( t )

= q
1(0)

k21
k22 -k11

Ê 

Ë 
Á 

ˆ 

¯ 
˜ . e-k11 .t

- e-k22 .t( )

Where:

q1(0) = quantity of 2H enrichment at time zero in mother

q1(t) = quantity of 2H enrichment at sample time in mother

q2(t) = quantity of 2H enrichment at sample time in the young

k11  = the rate constant for total flow of water from the mother (k21 + k11)

k21 = the rate constant for flow of water from the mother to young

k22 = the rate constant for total flow of water from the young (k12 + k02)

t    = sample time
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The fractional rate constants are calculated using:

† 

k11 =
F01 + F21( )

V1

=
- ln(q1( t ) /q1(0)( )

t

† 

k22 =
F02( )
V2

As   

† 

q = C(concentration).V (volume) , after substitution the equation becomes:

† 

C2( t ) = C1(0)
F21

V2

1
k22 - k11( )

Ê 

Ë 
Á 

ˆ 

¯ 
˜ e-k11 .t

- e-k22 .t( )

C2(t) = concentration of 2H enrichment at sample time in mother

C1(0) = concentration of 2H enrichment at time zero in the young

The value for F21 (water intake of joey) was found by measuring q1(t) and q2(t) and using

an Excel spreadsheet to minimise the square difference between the observed and

estimated values for q2(t) (W. A. Coward, pers. comm.).  In the calculation of milk

consumption, the body water of the joey was taken to be 70% of the body weight.  This

value was determined in a previous study (Bennetts 1997), in which the body

composition of a quokka joey that accidentally died was determined (R. Bencini, pers.

comm.).  The water content of milk was estimated to be 82% (this study).  Assumptions

were made in order to apply the model.  The first was that milk was the only source of

water intake by the joey.  It is reasonable to assume that during Phase 2 of lactation,

when the samples were collected and the young quokka is confined to the pouch, that

milk was the only source of water intake.  The second assumption was that there is no

water recycling between mother and joey body pools.  Because the body water pool of

the mother is comparatively larger than the joey body water pool, the effect of water

recycling may be considered negligible (Dove et al. 1989).  The third assumption was

that the values of k are constant.  Bennetts (1997) found that dilution of the isotope in

the quokka mother followed an exponential decline, supporting this assumption.
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6.6.2 Sample collection

Ten female quokkas were given 99.8% deuterium oxide orally at a dose of 6 g per kg

body weight (Bennetts 1997).  The liquid was delivered via plastic tubing attached to a

20 ml syringe.  Six hours later, a sample of urine was collected from a plastic tray

placed below the laboratory cage and transferred to a plastic vial (Sarstedt Australia Pty

Ltd, SA, Australia).  Ten to thirteen days later, a urine sample was collected from the

adult and joey.  To obtain a urine sample from the joey, a wet cotton bud was used to

stimulate the urogenital opening.  Urine was collected in Micro-haematocrit tubes.

When a urine sample could not be obtained, a blood sample was taken from the lateral

tail vein.

The joeys’ blood was collected in heparinized Micro-haematocrit tubes.  The blood was

spun in a Clements microhaemocrit centrifuge for 10 min to separate the plasma.  The

mothers’ blood was collected in a syringe and transferred to a 3 ml tube containing

heparin.  The blood was spun in a Beckman J-6M/E centrifuge for 10 min at 1800 g, to

separate the plasma.  The plasma and urine samples were frozen at -20°C until analysis.

6.6.3 Sample analysis

Frozen samples were couriered under ice to MRC Human Nutrition Research,

Cambridge, United Kingdom.  For the measurements of 2H enrichments in the urine and

plasma samples, a Sira 10 dual-inlet mass spectrometer modified to use the OS/2

OPTIMA software was used.  The aqueous samples were equilibrated in duplicate with

hydrogen gas by means of an interface with a MultiPrep automated sampling system

based on the Gilson 222 XL liquid handler (Middleton, Wisconsin) (Hoffman et al.

2000).

For the equilibration, either 100 µl or 250 µl of sample, diluted with DDI, were placed

in disposable glass vials with rubber septa (50 x 12.5 mm, catalog number 471284;

Labco Ltd, High Wycombe, United Kingdom) containing a reusable catalyst (platinum

coated on a rod of hydrophobic porous resin; Finnigan MAT, Bremen, Germany) that

promotes rapid exchange of 2H between water and 2H2 gas, and complete equilibration

after 3 hours.  The equilibrations were performed at 25°C with 3 ml hydrogen gas at
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200 kPa.  All the measurements were made relative to a sample of hydrogen gas

similarly equilibrated with water of natural abundance for 2H2 (Hoffman et al. 2000).   

Laboratory standards calibrated with Vienna Standard Mean Ocean Water/Standard

Light Arctic Precipitation (V-SMOW/SLAP) were run and the true enrichment of the

analysed samples was calculated. After use, the catalyst rods were washed with

deionized water, dried in air at 40°C until completely dry and stored at the same

temperature.  The results were analysed in Microsoft Excel (Hoffman et al. 2000).

6.6.4 Growth rates

Due to the difficulty of weighing the joeys during the use of the deuterium oxide

technique, the weights of joeys were estimated using the equation from the log plot of

weights from the previous section.

(1) Male joey:  log weight = 0.011 age (days) + 0.707   (r2 = 0.99, p < 0.001, SE = 0.044,

n = 12) and

(1) Female joeys:  log weight = 0.011 age (days) + 0.740   (r2 = 0.96, p < 0.001, SE =

0.081, n = 28).

6.6.5 Milk energy

Milk energy was calculated using the values of 39 kJ/g of milk for lipid, 24 kJ/g for

protein and 17 kJ/g for carbohydrate (Kleiber 1961).
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6.7 Results

The milk intake of the young quokka increased exponentially from an average of 1.6 ±

0.29 ml/d at 55 days post partum to 32.5 ± 3.07 ml/d at 165 days post partum (y = 0.187

x 100.013x, r2 = 0.93) (Figure 6.9).  The milk volume consumed by the young equated to

approximately 0.1% of the joey’s body weight during pouch life.
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Figure 6.9. Milk intake of quokka young during Phase 2 of lactation (n = 11).  The shaded area
represents the transition period while the young is still returning to the pouch.
M/H = milk plus herbage.  Equation of the line is y = 0.187 x 100.013x (r2 = 0.93).

The daily mass-specific milk intake reflects the volume of milk consumed per day, for

every 100g of the joey’s body mass.  The average mass-specific milk intake increased

from 7.4 ± 0.83 to 11.0 ± 1.26 ml/100g/d during Phase 2 of lactation (Table 6.1).  The

average growth rate of the young quokkas increased from 0.6 ± 0.04 g/d to 7.7 ± 0.81

g/d during pouch life (Table 6.1).  The daily mass-specific mass increase represents the

weight gained by the joey per day, for each 100g of the young’s body mass.  This

averaged 2.5 g/100g/d throughout Phase 2 of lactation (Table 6.1). The weight gained

for each millilitre of milk consumed (crude growth efficiency (CGE)) initially increased
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from an average of 0.35 ± 0.040 to 0.46 ± 0.091 g/ml, in the early stages of Phase 2b of

lactation (Table 6.1).  The CGE then decreased to 0.24 ± 0.028 g/ml.  The daily energy

intake ranged from approximately 22 to 151 kJ/d in Phase 2b of lactation, while the

energy intake for each 100g of the joey’s body mass increased from 31 to 50 kJ/100g/d

(Table 6.1).

Table 6.1.  Energetics for quokka young at different stages of lactation.  CGE = crude growth
efficiency - mass of body tissue that accrues from each millilitre of milk consumed.
The three ages represent early to mid-Phase 2a, late Phase 2a to early Phase 2b and
end of Phase 2b.  Values in brackets below represent standard errors of the means.

Age of
young
(days)

n Mass
of

young
(g)

Daily milk intake Daily mass increase CGE Daily energy
intake

Absolute Mass
specific

Absolute Mass
specific

ml/d ml/100g/d g/d g/100g/d g/ml kJ/d kJ/100g
/d

55 2 20 1.6 7.4 0.6 2.5 0.35

(0.29) (0.83) (0.04) (0.01) (0.040)

100 4 70 4.8 6.4 1.8 2.5 0.46 22 31

(1.41) (1.53) (0.30) (0.01) (0.091)

160 5 300 32.5 11.0 7.7 2.5 0.24 151 50

(3.07) (1.26) (0.81) (0.028)

6.8 Discussion

The expectation, that the growth rate during pouch life depends on the volume and

energy content of the milk consumed by the young quokka and the ability of the joey to

convert milk energy to body mass, was met.  The resulting milk consumption of 32.5

ml/d at 160 days post partum was close to the estimated value of 28 ml/d.  The increase

in weight from an average of 1.8 to 7.7 g/d resulted from a sharp rise in milk intake

from 4.8 to 32.5 ml/d, during the latter half of Phase 2 of lactation.  The extra milk
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volume provided additional energy for the joey increasing from 22 to 151 kJ/d.  The

crude growth efficiency (CGE) values of 0.24 to 0.46 g/ml for the quokka fall within the

intermediate range reported for other marsupials (Table 6.2) (Green et al. 1988, 1997;

Merchant et al. 1996a, 1996b; Green et al. 1997).  This indicates that quokkas are

equally efficient as other marsupials in converting milk energy to body mass (Green and

Merchant 1988).

The milk intake of the quokka followed a similar pattern to that of the tammar wallaby

during Phase 2a of lactation (Table 6.2) (Green et al. 1988; Tyndale-Biscoe and

Janssens 1988a).  By the end of this phase, however, the rate of milk consumption by

the quokka of 32.5 ml/d was approximately 75% that of the tammar, at 43.0 ml/d

(Green et al. 1988; Tyndale-Biscoe and Janssens 1988a).  During Phase 2b of lactation,

the mass-specific milk energy increased from 31 to 50 kJ/100g/d in the quokka, while

the CGE declined from 0.46 to 0.24 g/ml.  The dramatic decrease in CGE might be the

result of diversion of energy away from growth to increased movement within the

pouch, and processes such as thermoregulation and hair growth.  Although the mass-

specific milk energy of the tammar wallaby milk was similar to the quokka, the CGE

rose from 0.23 to 0.37 g/ml for the tammar (Green et al. 1988, 1997; Tyndale-Biscoe

and Janssens 1988a).  This suggests that the tammar wallaby is more efficient at

converting energy to body mass, resulting in the tammar growing at approximately

twice the rate of the quokka towards the end of Phase 2b of lactation; 15.5 g/d compared

with 7.7 g/d (Green et al. 1988; Tyndale-Biscoe and Janssens 1988a).  However, the

greater CGE might reflect the higher total solids content in the milk of the tammar

wallaby than in the milk of the quokka, at this stage of lactation (Table 4.4) (Green et

al. 1980, Tyndale-Biscoe and Janssens 1988a).
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Table 6.2. Comparative lactational energetics for individual young at different stages of lactation.  CGE, crude growth efficiency.  The three ages
represent early to mid-Phase 2a, late Phase 2a to early Phase 2b and end of Phase 2b.  Adapted from Green et al. (1997).

Common
Name

Species Poly-
or mono-
tocous/
diet/

Lactation
period
(days)

Age of
young
(days)

Mass
of

young
(g)

Daily milk intake Daily mass increase CGE Daily
energy
intake

Source

approximate
adult size

Absolute Mass
specific

Absolute Mass
specific

ml/d ml/100g/d g/d g/100g/d g/ml kJ/100g
/d

21 9 2.3 27.4 0.8 8.8 0.32 154

42 48 10.0 21.1 3.0 6.3 0.28 206

Northern
brown
bandicoot

Isoodon
macrourus

Polytocous
Omnivorous
1-2 kg

60

49 112 17.2 15.3 7.1 6.3 0.42 178

Merchant and Libke
(1988); Hall (1990);
Merchant et al.
(1996a); Gordon
(1998)

49 7 0.6 8.0 0.4 5.9 0.70 38

77 48 9.3 19.3 3.2 6.7 0.34 122

Eastern
quoll

Dasyurus
viverrinus

Polytocous
Carnivorous
1 kg

154

98 128 15.9 12.3 5.0 3.9 0.34 94

Merchant et al.
(1984); Green et al.
(1987, 1997)

70 32 3.4 10.4 0.9 2.9 0.27 40

126 78 9.7 12.4 1.0 1.3 0.10 49

Allied
rock-
wallaby

Petrogale
assimilis

Monotocous
Herbivorous
4 kg

270

161 184 13.3 7.2 1.4 0.7 0.10 37

Merchant et al.
(1996b); Delaney
(1997)

42 11 1.7 15.1 0.4 3.8 0.25 50

98 55 4.8 8.8 1.1 2.0 0.23 35

Tammar
wallaby

Macropus
eugenii

Monotocous
Herbivorous
4 kg

350

224 770 43.0 5.6 15.5 2.0 0.37 50

Green et al. (1988);
Green and Merchant
(1988); Tyndale-
Biscoe and Janssens
(1988a)

55 20 1.6 7.4 0.6 2.5 0.35

100 70 4.8 6.4 1.8 2.5 0.46 31

Quokka Setonix
brachyurus

Monotocous
Herbivorous
3 kg

300

160 300 32.5 11.0 7.7 2.5 0.24 50

This study
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Although the allied rock-wallaby is a similar sized macropod with a comparable

lactation length to that of the quokka, the juvenile’s energetics displayed several

differences (Table 6.2) (Merchant et al. 1996b).  During Phase 2a of lactation, the daily

milk intake of the allied rock-wallaby young was higher at 3.4 ml/d compared with 1.6

ml/d for the quokka (Merchant et al. 1996b; Delaney 1997).  Yet, as the CGE of 0.27

g/ml for the allied rock-wallaby was lower than that of the quokka at 0.35 g/ml, similar

growth rates for the two macropods were observed during this time (Merchant et al.

1996b; Delaney 1997).  Both the milk intake and CGE for the allied rock-wallaby of

13.3 ml/d and 0.10 g/ml were lower than that of the quokka at 32.5 ml/d and 0.24 g/ml,

during Phase 2b of lactation (Merchant et al. 1996b; Delaney 1997).  This resulted in a

much slower growth rate of 1.4 g/d for the rock-wallaby, compared with 7.7 g/d for the

quokka (Merchant et al. 1996b; Delaney 1997).

The variations in energetics data observed between the quokka and the allied rock-

wallaby may be explained by the differences previously described between the lifestyles

of these macropods (Merchant et al. 1996b; Delaney 1997).  The lower rate of milk

production and thus slower growth rate for the allied rock-wallaby may allow the

mother to cope with more extreme environmental conditions experienced during

lactation (Merchant et al. 1996b; Delaney 1997).  By contrast, the quokkas in the

current study had access to a constant supply of food and water.  Wild populations of

quokkas breed seasonally on Rottnest and Bald Islands when adequate resources are

available (Shield 1964, 1968).

The average mass-specific growth rates for the bandicoot of 5.5 g/100g/d and of 7.1

g/100g/d for the eastern quoll, were higher than the quokka at 2.5 g/100g/d (Table 6.2)

(Merchant et al. 1984, 1996a; Merchant and Libke 1988; Green et al. 1997).  This may

be the result of the provision of milk with an average higher energy content of 85

kJ/100g/d for the quoll and 179 kJ/100g/d for the bandicoot, compared with 40

kJ/100g/d for the quokka (Merchant et al. 1984, 1996a; Merchant and Libke 1988;

Green et al. 1997).  Another explanation may be the shorter lactation periods in the

polytocous marsupials compared with the quokka (Merchant et al. 1984, 1996a; Green

et al. 1987, 1997; Merchant and Libke 1988).
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The values obtained for milk intake in the current study were similar to those reported

in a previous quokka study on milk consumption by quokka young (Bennetts 1997),

suggesting that the deuterium oxide water technique is a reliable measure of milk intake

in marsupials.  Orally dosing the adults with the isotope did not appear to cause stress in

the animals.  The laboratory analysis employed in this study enabled the detection of

low concentrations of deuterium oxide in relatively small volumes of blood and urine

samples collected from the joeys (Hoffman et al. 2000).  Some data sets were

eliminated from the final results, as they could not be resolved using the mathematical

model.  One reason for this could be sample fractionation which increases isotope

enrichment (W. A. Coward, pers. comm.).  The use of this method offers a non-toxic,

minimally invasive alternative to other techniques for measuring milk consumption

during Phase 2 of lactation in marsupials, when milk is the only source of water intake.

The current study reinforces the importance of measuring milk intake and determining

the energy content of milk, when conducting a thorough investigation of the relationship

between nutrition and growth rates of the young mammal.

C. Energetics of the lactating female

6.9 Introduction

There is strong evidence to suggest that the lactating marsupial controls the rate of milk

production (Merchant and Sharman 1966; Findlay 1982b; Green et al. 1988; Soderquist

1993; Trott et al. 2003).  Therefore, when investigating the development of a young

marsupial, it is important to consider the energetic requirements of the mother and

assess the impact of the adult’s body condition on the growth rate of the offspring.  To

date, no information has been published on the energetics of lactating female quokkas

and the effects of body weight and condition on the mass of their offspring.  One of the

aims of the current study was to investigate whether these factors affect the growth rate

of the quokka joeys.

When comparing the body condition of animals of differing sizes it is useful to calculate

a condition index, determined by adjusting the animal’s body weight by another body

measurement (Bakker and Main 1980).  In quokkas, leg length rather than either pes or
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tail length, was found to be the best parameter for use in the calculation of the index

(Bakker and Main 1980).  Some authors have expressed limitations associated with the

use of condition indices (Krebs and Singleton 1993).  Bakker and Main (1980),

however, validated the index adopted in the current study by correlating the condition

index against the body composition of the quokkas.  Another way to reduce bias is to

ensure that measurements are made under the same conditions (Krebs and Singleton

1993).

The period prior to permanent pouch exit appears to be the most energetically expensive

time for female marsupials during reproduction (Hanwell and Peaker 1977; Merchant et

al. 1984, 1994; Lee and Cockburn 1985; Gittleman and Thompson 1988; Green et al.

1988, 1997; Merchant and Libke 1988; Tyndale-Biscoe and Janssens 1988a; Cowan

1989; Dove and Cork 1989; Munks et al. 1991; Krockenberger 1996; Merchant et al.

1996a; Munks and Green 1997; Krockenberger et al. 1998).  Like eutherians,

marsupials attempt to achieve energy balance by employing a combination of strategies

including increasing food intake, utilising stored energy, reducing some other

component of the energy budget, for example limiting physical activity, or extending

the length of lactation (Nicol 1978; Bell 1981; Clarke and Louden 1985; Racey and

Speakman 1987; Dove and Cork 1989; Cork 1991; Atramentowicz 1992; Wallis and

Farrell 1992; Reimer and Hindell 1996; Green et al. 1997; Munks and Green 1997;

Krockenberger 2003; Rose et al. 2003).

Different marsupial species have adopted various ways of achieving energy balance

during lactation.  For example, tammar wallabies neither accumulate body fat prior to

peak lactation nor utilise it during this period, in contrast to ruminants (Dove and Cork

1989; Cork 1991).  Wallabies such as the tammar have longer development times than

other macropods, possibly as a result of their poor quality diet and relatively smaller

body size (Cork and Dove 1989; Cork 1991).  From this it has been suggested that there

would be a low reliance on body stores during lactation among macropods generally,

especially small herbivores such as the quokka (Cork 1991).  In the current study, the

animals were supplied with a high quality diet and water ad libitum, so it might be

expected that the mothers would increase their food intake during lactation to meet the

extra energy requirements rather than mobilise body stores.  The first hypothesis for this
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section is that there will be no difference in the body weight of the female quokkas

during lactation and after lactation ceases.

The authors of previous studies reported that heavier mothers produced heavier

offspring (Dudzinski et al. 1978; Bell 1981; Green et al. 1988; Serena and Soderquist

1988).  However, the growth rate of quokka pouch young showed little variation

between individual animals, so it appears that the joeys attain similar weights

irrespective of their mother’s body mass (Shield and Woolley 1961).  The second

hypothesis is that there will be no correlation between either the individual weights or

body condition of the mothers and the body weights of the joeys.

6.11 Materials and methods

Twelve female adult quokkas were weighed to the nearest gram using an integrating

balance, for a period of 15 months when their joeys were aged between approximately

70 and 550 days.  A repeated measures analysis of variance (ANOVA) using

SuperANOVA (Version 1.11, Abacus Concepts, Inc) was applied to the data set to

determine any differences in the adult’s body weight during Phase 2b and 3 of lactation,

and after lactation ceased.  As repeated measures requires data for each time period,

statistical analysis was applied to seven adult females.  A repeated measures ANOVA

was then used to detect the differences between each of the time periods.  Differences

were considered to be significant when p < 0.05.

To calculate a condition index for the adult quokkas the adult leg length was measured

to the nearest 0.1 mm using vernier calipers.  The leg length was measured from the

bottom of the lateral calcaneal ridge of the calcaneum to the tibial tuberosity at the top

of the tibia (Bakker and Main 1980).  The mothers’ condition index was calculated

using the equation:

Condition index = 20 x W1/3 - (0.22 x L) + 5,

where W is the weight of the mother (kg) and L is the leg length (mm) (Bakker and

Main 1980).  Each measurement was taken under the same conditions.
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The joeys were weighed to the nearest gram using an integrating balance.  The weight at

120 days was calculated using the regression of log weight gain of each animal during

pouch life.  Simple regression using SuperANOVA (Version 1.11, Abacus Concepts,

Inc) was applied to determine if there was a correlation between the mother’s weight

and the joey’s weight, and the mother’s body condition and the joey’s weight.

6.10 Results

The average weight of the mothers was 3352 ± 136.8 g and ranged from 2570 to 4286 g

(n = 12).  Mothers were significantly heavier during both Phase 2b and 3 of lactation,

than after lactation ceased (p = 0.001) (Figure 6.10).  The average weights were 3698 ±

161.3 g, 3623 ± 164.3 g and 3311 ± 174.9 g for these three stages of the reproductive

cycle (n = 7).

Weight of 

mother 

(g)

3000

3250

3500

3750

4000

Phase 2b Phase 3 After lactation

Stage of lactation

a

a

b

Figure 6.10 The weights of adult female quokkas during different stages of the reproductive
cycle  (n = 7).  a,bDifferent letters represent a significant difference at p < 0.05.  An
average standard error bar is displayed as the statistical analysis used was a
repeated measures ANOVA.
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The average condition index of the female quokkas was 2.6 ± 0.33, ranging from 0.8 to

4.9 (n = 12).  The average weight of the joeys at approximately 120 days post partum

was 111 ± 3.3 g (n = 8).  There was no correlation between the body weight or

condition index of the adults and the body weight of the joeys aged 120 days (p > 0.05,

n = 8) (Figures 6.11 and 6.12).  There was no justification for eliminating the apparent

outlier.
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Figure 6.11 The weight of the quokka mothers versus the body weights of the joeys at
approximately 120 days post partum.  (p > 0.05, n = 8).
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Figure 6.12 The condition index of the quokka mothers versus the body weights of the joeys at
initial pouch emergence, approximately 120 days post partum.  (p > 0.05, n = 8).

6.12 Discussion

The first hypothesis, that there would be no difference in the body weight of the female

quokkas during lactation and after lactation ceases, was not supported.  The average

body weights of the mothers were greater during both Phase 2b and 3 of lactation, than

after the end of lactation.  The increased body weight could be the result of either a

decrease in the activity of the animal, changes in their metabolism, an increase in food

intake or a combination of these strategies.  It is probable, that like most other

mammals, quokkas increase their food intake to meet the extra energetic demands of

lactation (Gittleman and Thompson 1988).

In contrast with the current investigation, studies of the tammar wallaby, eastern barred

bandicoot and koala found that body weights of females did not vary significantly

during and after lactation (Cork 1991; Reimer and Hindell 1996; Krockenberger 2003).

The differences observed between the findings for the quokka and other marsupial

species may be explained, in part, by the various methods employed in each study.  For

example, in the tammar wallaby and koala investigations, unlike the current

investigation, two separate groups of lactating and non-lactating animals were weighed
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(Cork 1991; Krockenberger 2003).  Another very important consideration is the

nutritional status of the animals in each study (Rose et al. 2003).  The investigations

involving eastern barred bandicoots and koalas monitored populations of wild animals,

in contrast to the current study (Reimer and Hindell 1996; Krockenberger 2003).

However, these animals did not change body mass throughout and after lactation, so it

could be assumed that access to food and water was sufficient to maintain energy

balance (Reimer and Hindell 1996; Krockenberger 2003).

The weight gain observed during lactation in the quokkas was also reported for the

Tasmanian devil, common brushtail possum, northern brown bandicoot and common

ringtail possum, however the bandicoot and possums stored energy early in lactation

and then lost it again during the second half (Nicol 1978; Bell 1981; Merchant and

Libke 1988; Cowan 1989; Merchant 1990; Munks et al. 1991; Munks and Green 1997).

It was suggested that fat stores in Tasmanian devils would also be utilised during

lactation (Nicol 1978).  In contrast to these species, the quokkas maintained a similar

body mass throughout Phases 2b and 3 of lactation.  The female quokkas were not

weighed during early lactation in an effort to minimise stress on the mothers and reduce

the possibility of ejection of joeys from the pouch.  Hence, it is not possible to assess

whether weight gain, and consequently fat storage, occurred during Phase 2 of lactation.

As mentioned previously, the variations observed between the marsupial species may be

the result of experimental procedures used in each study.  Similarly to the present study,

the Tasmanian devils, northern brown bandicoots, tammar wallabies and common

ringtail possums were all maintained in captivity with access to food ad libitum (Nicol

1978; Merchant 1990; Cork 1991; Munks and Green 1997).  By contrast, the study on

the common brushtail possum involved wild animals, so the observed weight loss

during lactation may have been due to environmental factors (Bell 1981).  An additional

reason for the differences observed between the quokkas and other species may be

explained by genetic factors, hereditary features developed through adaptation to their

environment, such as adult body weight, length of lactation and age at which the young

exits the pouch.
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Another consideration when investigating changing body weights in animals is the

effect of season (Bakker and Main 1980).  On Rottnest Island, in winter and spring,

available forage and maternal physical condition are at their peak (Shield 1964).  The

population then undergoes an annual seasonal stress, due to a lack of fresh water leading

to dehydration and a reduction in high protein vegetation resulting in malnutrition, at

the end of summer (Main et al. 1959).  Loss of weight in adult females observed in the

current study also occurred at the end of summer, however this colony had access to

high quality food and water all year round.  The authors of previous studies of

populations of mainland quokkas reported no significant difference in the body weight

of adults captured throughout the year (Hayward et al. 2003).  Based on this

information, it seems unlikely that there would be any seasonal effects on the body

weights of animals on a relatively stable plane of nutrition (Storr 1964).  This is

supported by the finding that the change in weight was associated with lactation ceasing

regardless of the season in which weaning occurred.  However to clarify this, a further

study monitoring the weights of captive non-lactating quokkas throughout the year

would be required.

The metabolic rate and food intake of the female quokkas could not be measured in the

current study, due to time constraints.  Further experiments measuring these parameters

would be required to explain fully how the female quokka maintains its energy balance

during lactation.

The second hypothesis, that there would be no correlation between the individual

weights or body condition of the mothers and the weights of the joeys, was supported.

There was a wide range of body weights and condition indices across the adult females.

Thus, it appears that female quokkas were able to provide milk energy sufficient to

produce similar sized young, irrespective of their own mass or body condition.

A previous study found that the growth rates of pouch young in the field and in

captivity were similar, as a result of the young wild quokkas developing during winter

and spring when nutritional conditions are at their best (Shield and Woolley 1961).

This suggests that wild populations have developed a breeding strategy that is well

suited to the conditions of their environment (Main et al. 1959).  Macropodoids,
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including the quokka, have the ability to terminate the reproductive process in adverse

conditions and the ability to restart reproduction from a resting blastocyst (Sharman

1955; Wallis and Farrell 1992).  Sharman et al. (1964) suggested that in the

comparatively stable pouch environment growth of the young approximates to an “ all-

or-none” phenomenon.  In other words, the mother will only continue to raise an

offspring when sufficient resources are available.  It has been suggested that these

energy-saving strategies are a direct response to unpredictable supplies of food and

water, such as those experienced on Rottnest and Bald Islands (Main et al. 1959; Shield

1968; Wallis and Farrell 1992).  It seems therefore, that adult female quokkas are

capable of producing similar sized young, provided they have access to adequate

nutritional resources.

In contrast with the results of the current study, authors of previous marsupial studies

reported positive correlations between the body weights of the lactating females and

their offspring (Dudzinski et al. 1978; Bell 1981; Green et al. 1988; Serena and

Soderquist 1988).  As with adult quokkas, the differences in the body weights of the

young marsupial species may be explained by genetic factors and/or the nutritional

status of the mother (Green et al. 1988).  The differences observed between the results

of this study and those on the common brushtail possum and western quolls may be the

result of the latter species being located in the field (Bell 1981; Serena and Soderquist

1988).  As previously suggested, inadequate nutrition of the adults in the wild might

slow the growth rate of marsupial young (Inns 1982; Serena and Soderquist 1988).  The

difference between the current investigation and the studies of two macropods, the agile

wallaby and tammar wallaby is more difficult to explain (Dudzinski et al. 1978; Green

et al. 1988).  The wallabies, like the quokkas, were kept in captivity and presumably

had access to a regular supply of food and water, therefore it is unlikely that the

differences in the weights of the offspring were due to restricted nutrition of the adults

(Dudzinski et al. 1978; Green et al. 1988).  The variation may be explained by genetic

factors such as the body weight of the adult female and the growth rate of the young.

It should be noted that the current investigation was conducted under controlled

conditions of ad libitum food and water supply.  Studies of animals in captivity are

useful in identifying the changes in and the factors affecting the physiology of a species.

However, it is important that the estimates of energetics from investigations in captive
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animals should be applied to the field with caution, since measures exclude the effects

of restricted nutrition on lactation performance, cost of locomotion and the need for an

animal to budget time for feeding and other activities (Louden 1987).

This was the first study to determine the weight and body condition of female quokkas

during and after lactation, and assess the effect that such factors may have on the

growth of the joeys.  It has highlighted differences in maternal energetics between

quokkas and other marsupial species, the factors that impact on their metabolism and

identified several areas that warrant further investigation.
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GENERAL DISCUSSION

One of the aims of this thesis was to determine the composition of the milk of the

quokka.  The findings support the first part of the unifying hypothesis, that the

composition of the milk would change during lactation, coincident with the joey

reaching critical milestones in its development.  The levels and types of major

components in the milk of the quokka changed most dramatically when herbage first

enters the diet (Yadav et al. 1972), at initial pouch emergence (beginning of Phase 3 of

lactation) and at final pouch exit (at approximately 200 days post partum) (Chapter 4).

However, there was no evidence to suggest that variations in milk composition occurred

at any of the other major physiological stages of development; for instance, when the

joey has the ability to thermoregulate or opens its eyes (Shield 1961, 1968).

Other authors have reported significant changes in the components of milk during the

transition from Phase 2a to Phase 2b of lactation; for example, the concentrations of

whey proteins and fatty acid composition changed in the milk of the tammar wallaby

(Green et al. 1983; Tyndale-Biscoe and Janssens 1988a; Simpson et al. 1998, 2000).

Differences in the composition of Phase 2a and Phase 2b milk might exist in the

quokka, however due to the difficulty reattaching the joey to the teat, it was not possible

to collect Phase 2a milk during the current study.

During Phase 2b of lactation (70 to 180 days post partum), the quokka joey releases the

teat but remains in the pouch.  While the young is confined to the pouch, it is likely that

most of the nutrients obtained from the milk are metabolised for growth and

physiological development (Shield 1961, 1966; Bentley and Shield 1962; Renfree et al.

1981).  The protein, lipid and total solids content in the milk of the quokka remained

relatively constant during this period.  On the other hand, the concentration of total

carbohydrate began to decrease at 150 days post partum, approximately 30 days prior to

initial pouch emergence.  This corresponds to the reported presence of herbage in the

quokka forestomach (Yadav et al. 1972).  It has been suggested that the decline in

carbohydrates is necessary for the establishment of fermentation microorganisms in the

stomachs of macropods (Moir et al. 1954; Janssens and Messer 1988).  Previous

findings in the tammar wallaby indicated that the pattern of secretion for milk
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components, including carbohydrate, follows an endogenous maternal program (Trott et

al. 2003).  A similar mechanism may control the decline in the carbohydrate

concentration in the milk of the quokka.

The levels of free lactose in the milk of the quokka initially increased and then

stabilised until the end of Phase 2b of lactation.  By contrast, the two monosaccharides,

galactose and glucose, began to increase sharply in concentration, coincident with the

decrease in total carbohydrate concentration in the milk.  The rise in monosaccharide

levels may provide a readily absorbed source of energy required for initial pouch

emergence or a substrate for forestomach microorganisms (Moir et al. 1954; Dellow

and Hume 1982).

The transition period, when the young is still returning to the pouch, lasts for

approximately 20 days, from 180 days to 200 days post partum.  During this time, the

levels of protein and lipid in the milk of the quokka began to increase, while galactose

and glucose concentrations continued to rise.  The average total solids content did not

change significantly throughout this period.  By contrast, the levels of total

carbohydrate and lactose declined.  The increase in protein concentration might have

been due to the reported appearance of late lactation protein and rise in the

concentration of whey proteins (Jordan and Morgan 1968; Beg and Shaw 1994).  The

additional protein might provide extra substrate for gluconeogenesis, at a time when

carbohydrate levels are falling or act as binding proteins when lipid levels are increasing

(Green and Merchant 1988; Janssens and Messer 1988; Collet and Joseph 1993; Beg

and Shaw 1994; Nicholas et al. 1995).

The latter part of Phase 3 of lactation extends from permanent pouch exit to the end of

lactation (200 to 300 days post partum).  During this time, the concentration of protein

in the milk of the quokka continued to increase and then stabilised.  The lipid, and

consequently the total solids content, rose significantly after permanent pouch exit,

presumably providing the joey with the extra energy required for independent

movement outside the pouch (Green and Merchant 1988).  On the other hand, the

concentrations of both the total carbohydrate and lactose continued to decrease

gradually.  The levels of free galactose and glucose remained stable after final pouch
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exit and then declined towards the end of lactation, as the animal’s reliance on volatile

fatty acids for energy supply increases (Janssens and Messer 1988).  The variations in

the concentrations of lactose, galactose and glucose might be the result of changes in the

activity of the enzymes responsible for the metabolism of carbohydrates, as observed

for the tammar wallaby (Walcott and Messer 1980; Messer and Elliott 1987).

There are limited reports on the origin of fatty acids in marsupial milk.  Based on the

studies of other mammals, the fatty acids detected in the milk of the quokka would most

likely have been derived either from dietary intake, from body stores or synthesised in

the mammary gland (Gurr et al. 2002).  This was one of the few studies to consider the

fatty acid composition of the diet of lactating marsupial females in relation to the fatty

acid composition of their milk.  It seems that some fatty acids escape modification in

the rumen-like forestomach of the quokka, while others did not (Moir et al. 1954; Kay

et al. 2002).  Thus, it appears that the fatty acid metabolism of macropods is a

combination of the processes observed in non-ruminants and ruminants; however, the

fatty acid profile of the milk of the quokka is more similar to that of a monogastric

mammal (Demarne et al. 1978; Leat and Harrison 1980; Hrboticky et al. 1990; Iverson

and Oftedal 1995).  To investigate fully the influence of maternal diet on the fatty acid

composition of the milk during lactation, the fatty acid composition of all components

of the quokka diet, including the herbage consumed, would need to have been

determined.

Similar to other marsupials, the milk of the quokka consisted mainly of long and

medium chain fatty acids, with no short chain fatty acids present (Griffiths et al. 1972;

Grigor 1980; Parodi 1982; Green et al. 1983, 1987; Crowley et al. 1988; Merchant and

Libke 1988; Iverson and Oftedal 1995).  The major fatty acids identified in the milk of

the quokka were palmitic (16:0), oleic (18:1n9), linoleic (18:2n6), trans-vaccenic

(18:1n7t) and stearic (18:0) acids.

The analysis used in this study allowed for the detection of long chain fatty acids and

isomers not previously reported in marsupial milk, for example, docosahexaenoic

(DHA) (22:6n3), arachidonic (20:4n6), elaidic (18:1n9t) and cis-vaccenic acids

(18:1n7).  Long chain polyunsaturated fatty acids have been implicated in providing
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benefits for visual and neural development in preterm and term infants (Gibson and

Makrides 1998; Innis et al. 2001).

This was the first investigation to report the presence of trans-vaccenic acid (TVA) in

marsupial milk and to detect relatively high concentrations of this fatty acid in the milk

of the quokka.  The finding supports the results of previous studies that found high

levels of trans-acids in the storage lipid of macropods (Hartman et al. 1955; Engelke et

al. 2004).  In ruminants, TVA is converted to conjugated linoleic acids (CLA) (Kay et

al. 2002).  Conjugated linoleic acids have been shown to have anticarcinogenic

properties and there is increasing interest in the mechanisms that produce these fatty

acids in meat and milk produced for human consumption (Ip et al. 1999).  If the

conversion of TVA to CLA follows a similar mechanism in macropods, these

marsupials could provide important information regarding fatty acid metabolism in

foregut fermenters, including ruminants.

Unlike the milk components described above, most of the major fatty acids

concentrations in the milk of the quokka did not vary significantly during lactation

(Chapter 5).   The percentage composition of only two of the major fatty acids, oleic

(18:1n9) and stearic (18:0), changed during Phases 2b and 3 of lactation, coincident

with the period of transition to life outside the pouch.  The variations in levels may be

the result of either a change in maternal dietary intake of lipid, lipolysis of the adult

body fat or an alteration in fatty acid synthesis during lactation (Gurr et al. 2002).

Future investigations measuring the lipid content of quokka mother’s diet and body

weight could assist in identifying the reasons for the changes in the fatty acid

concentrations in the milk.  Further studies of the biochemical pathways in the

mammary gland and activities of microorganisms in the forestomach of macropods are

also required before a thorough explanation of fatty acid metabolism and transfer into

the milk lipid can be determined for this family of marsupials.  This information may

contribute to our understanding of the knowledge of fatty acid metabolism in eutherians

and ruminants.  For example, as less biohydrogenation occurs in the macropod

forestomach than in ruminants, future work in this area may be relevant to the current

investigations regarding protecting lipids against hydrogenation in the rumen (Cook et

al. 1970; Redgrave and Vickery 1973; Ashes et al. 1997; Hume 1999).
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In order to provide reliable data on milk composition as outlined by Oftedal and Iverson

(1995), the results of the current investigation included the lactational stage of the milk

samples, sample bias was minimised by standardising the milking technique and

sensitive analytical procedures were employed.  The milking procedure in the current

study resulted in milk samples being collected within five to ten minutes, minimising

the stress on the animals.  The biochemical assays employed were adapted and validated

for the analysis of quokka milk, and were capable of detecting relatively low

concentrations of components in small volumes of milk (Dubois et al. 1956; Kuhn and

Lowenstein 1967; Bradford 1976; Messer and Green 1979; Kulski and Buehring 1982;

Arthur et al. 1989; Atwood and Hartmann 1992, 1995; C. T. Lai, pers. comm.).  This

was the first study to measure the levels of the major components in the milk of the

quokka during Phases 2 and 3 of lactation.  The use of logarithmic plots enabled the

timing of changes in levels of components in the milk to be clearly identified.  This is

the first study to determine the concentration of free lactose and very long chain fatty

acids, and only the second investigation to measure the levels of free galactose, glucose

in marsupial milk during lactation (Messer and Elliott 1987).  Measurement of the

concentration of free lactose in the milk of the quokka will contribute to the

understanding of carbohydrate metabolism in marsupials.  Further investigations that

identify the carbohydrates and proteins in the milk of the quokka are needed to

complete the pattern of milk secretion in this species.   These analyses were not possible

in the current study, due to time constraints.

During pouch life, the growth rate of the young quokka is related to milk intake and the

efficiency of the joey in converting milk energy to body mass (Chapter 6).  This

supports the second part of the unifying hypothesis, that the milk energy provided by

the mother and its utilisation by the young determines the growth rate of the joey. The

exponential increase in weight was the result of a dramatic rise in milk intake during

Phase 2b of lactation, providing extra energy.  Based on the crude growth efficiency, the

quokka young is equally efficient as other marsupials in converting milk energy to body

mass (Green et al. 1988, 1997; Merchant et al. 1996a, 1996b).

The change in the relative growth rate of young quokkas coincided with some of the

major physiological and behavioural milestones in the joey’s development (Chapter 6).

The rate of increasing body size slowed, corresponding with the different phases of
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lactation.  However, the rate of weight gain was constant until permanent pouch exit,

thereby overlapping Phases 2 and 3.  Previous investigations of marsupial lactation

concentrated on the changes in milk composition and energetics in relation to the phases

of lactation, however the current study highlights that it is also important to consider the

periods of constant growth rate when considering the nutritional requirements of the

young.

This was the second study to use deuterium oxide to estimate milk intake in the young

marsupial (Bennetts 1997).  The current investigation found this technique to be a

reliable measure of milk consumption during pouch life.  It seemingly caused minimal

stress in the animals and used a non-toxic alternative to radioactive isotopes.  The state

of the art laboratory analysis allowed detection of low levels of deuterium oxide

enrichment in relatively small biological specimens.  The use of this method for

estimating milk intake is well suited to marsupial pouch young, especially in Phase 2a

of lactation, when they are permanently attached to the teat and techniques such as the

weigh-suckle-weigh method are not possible (Barber et al. 1955; Coombe et al. 1960;

Robinson et al. 1968; Lewis et al. 1978).  Previous studies of milk consumption in

marsupials have shown that the body composition of the young changes during lactation

(Green et al. 1988; Merchant et al. 1996).  In the present investigation it was not

possible to determine the body composition of the young quokkas, due to time

constraints.  Future studies using the deuterium oxide technique would be improved by

measuring this parameter throughout the experimental period.

As the well-being of the mother may impact on milk production, and therefore the

growth rate of the young, an investigation of maternal energetics formed part of this

thesis (Chapter 6).  The body weights of the female quokkas were greater during

lactation than after it ceased, therefore it appears that quokkas do not utilise stored

energy reserves while lactating.  This supports the suggestion by Cork (1991), that there

would be a low reliance on body stores during lactation among the macropods.  The

observed increase in weight during lactation could be the result of either a decrease in

the activity of the animal, changes in their metabolism or most probably, an increase in

their food intake (Gittleman and Thompson 1988).  Although not yet tested, it seems

unlikely that the decrease in maternal body weight after the cessation of lactation would
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have been seasonal.  This is suggested because the animals were provided with food and

water ad libitum throughout the year and the mother’s body weight declined regardless

of the season in which the young were weaned.

The retention of a relatively constant body weight by the female quokka during the

latter part of lactation is a unique finding.  The most common pattern of lipid utilisation

during the reproductive cycle of eutherian mammals consists of fat storage early in

pregnancy, followed by mobilisation during late pregnancy or early lactation (Prentice

and Whitehead 1987).  Some marsupials also adopt this strategy using fat stores during

the second half of lactation, while others maintain a relatively constant weight during

and after lactation, presumably by increasing their food intake (Nicol 1978; Bell 1981;

Merchant and Libke 1988; Cowan 1989; Merchant 1990; Munks et al. 1991; Dove and

Cork 1989; Cork 1991; Wallis and Farrell 1992; Reimer and Hindell 1996;

Krockenberger 2003; Rose et al. 2003).  There was no correlation between either the

body weight or condition of female quokkas, compared to the weight of their joeys.

This suggests that lactating quokkas are able to provide sufficient milk energy to their

offspring, regardless of the female’s own body weight and condition, provided they

have access to adequate food and water.  This was one of the few marsupial studies to

investigate the weight change of mothers and their young during and after lactation.

Further investigations of the lactational energetics of this species could provide

additional important information on how energy balance is achieved in the lactating

female and the provision of adequate nutrition to young mammals.

There is strong evidence to suggest that the lactating tammar wallaby regulates milk

composition and production (Merchant and Sharman 1966; Findlay 1982a; Trott et al.

2003).  This mechanism may regulate the components and volume of the milk provided

to the young quokka and presumably corresponds with the changing energy

requirements of the developing joey (Chapters 4 and 6).  During Phase 2a of lactation,

when the young is permanently attached to the teat, the milk intake is low.  In Phase 2b,

while the young remains in the pouch but is no longer attached to the teat, there was an

increase in the milk consumption and consequently a rise in the energy supplied,

resulting in an exponential increase in the young’s body weight.  During Phase 3 of

lactation, when the young emerges from the pouch, the milk is high in protein and lipid

content, and low in total carbohydrate concentration, but the growth rate decreases.
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Future studies are necessary to determine how lactating quokkas regulate milk

composition and production.  These include the identification of milk protein genes and

their expression, measurement of the activity of enzymes involved in carbohydrate

synthesis, further elucidation of the mechanisms involved in the synthesis of fatty acids,

analysis of milk from adjacent teats providing milk to joeys of different ages,

determination of the effects of maternal diet on milk composition and analysis for the

presence of a feedback inhibitor of milk secretion (Messer and Elliott 1987; Tyndale-

Biscoe and Janssens 1998; Nicholas 1997; Hendry et al. 1998; Simpson et al. 1998,

2000).  Subsequently, this information could be correlated with the findings on growth

and development in the young quokkas reported in this investigation.

Many variations were detected between the results of the current study and those of

other marsupials, including the macropods, in terms of milk composition and lactational

energetics of the female quokka and her young.  For instance,

• the concentration of protein reached the highest level during Phase 3 of lactation and

total carbohydrate decreased relatively earlier in the milk of quokka compared with

the milks of other macropods,

• the peak lipid content was lower in the milk of quokka compared with the milks of

most other macropods,

• the highest concentration of galactose in the milk of the quokka was less than that

reported for the tammar wallaby; unlike the milks of other marsupials, very long

chain fatty acids were detected including docosahexanoic acid (DHA),

• due to the differences in milk consumption and crude growth efficiency of the young,

the growth rate for the quokka was slower than the tammar wallaby, but faster than

the allied rock-wallaby towards the end of Phase 2b of lactation;

• contrasting with other marsupials, the lactating quokka females were heavier during

lactation than after weaning, and the body condition and weight of the mothers did

not impact on the growth rate of the joeys (Glass et al. 1967; Lemon

and Barker 1967; Griffiths et al. 1972; Cutts et al. 1978; Nicol 1978; Green et al. 1980,

1983, 1987, 1991, 1996, 1997; Grigor 1980; Bell 1981; Parodi 1982; Poole et al. 1982a;

Green 1984; Merchant et al. 1984, 1989, 1994, 1996a, 1996b; Rose 1986; Messer and

Elliott 1987, Crowley et al. 1988; Green and Merchant 1988; Griffiths et al. 1988;

Merchant and Libke 1988; Tyndale-Biscoe and Janssens 1988a; Cowan 1989; Hall

1990; Merchant 1990; VandeBerg 1990; Cork 1991; Munks et al. 1991; Iverson and
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Oftedal 1995; Krockenberger 1996; Muths 1996; Reimer and Hindell 1996; Delaney

1997; Munks and Green 1997; Gordon 1998; Rose and Johnson 1998; Krockenberger

2003; Rose et al. 2003; Trott et al. 2003).  These differences may either be the result of

maternal diet, life history, adult size or the experimental methods employed.  This

emphasises the importance of collecting data for individual species for the evaluation of

lactational strategies, comparative studies and the formulation of artificial milks for

neonatal mammals (Oftedal 1984).

Although there are variations in the composition of milks of different marsupials,

overall there appears to be a common pattern in the timing of the changes of milk

components during lactation (Cutts et al. 1978; Green et al. 1980,1983, 1987, 1991;

Merchant et al. 1984, 1989, 1994, 1996b; Rose 1986; Messer and Elliott 1987; Crowley

et al. 1988; Merchant and Libke 1988; Tyndale-Biscoe and Janssens 1988a; Cowan

1989; VandeBerg 1990; Munks et al. 1991; Krockenberger 1996; Muths 1996; Rose et

al. 2003; Trott et al. 2003).  Marsupials give birth to immature young after a relatively

short gestation and a long period of lactation, compared with eutherians (Tyndale-

Biscoe 1988; Green and Merchant 1988; Waite et al. 2005).  The reproductive strategy

of marsupials, whereby milk composition drives the greater part of the growth and

development of the offspring, appears to have evolved in order to accommodate the

nutritional needs of the pouch young at differing stages (Waite et al. 2005).

The fact that quokkas breed continuously in captivity, are easily maintained and the

mothers do not appear stressed or ‘throw’ their young after handling, suggests that these

animals are ideal for further investigations into lactational biochemistry and physiology.

It is generally considered that the developmental equivalent of birth in a eutherian is

120 days post partum for the young quokka (Russell 1982).  This corresponds to the

ability to thermoregulate, opening of the eyes and hair growth (Shield 1961; Bentley

and Shield 1962, 1966; Renfree et al. 1981).  Thus, any findings regarding milk

composition and consumption prior to this age may have relevance to the nutritional

requirements of pre-term eutherians; for example, the presence of long chain fatty acids

in marsupial milk may play a role in visual and neural development of the offspring

(Janssens et al. 1997; Gibson and Makrides 1998; Innis et al. 2001).
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The information gained in this research could be applied to milk formulation for

orphaned joeys, wildlife management techniques such as cross-fostering, or assisting

marsupial reproduction in the wild (Merchant and Sharman 1966; Johnson 1981; Smith

1998; Taggart et al. 2002).  The quokka appears to be a suitable subject for inter-species

fostering.  In fact, Merchant and Sharman (1966) observed spontaneous fostering in

quokkas.  Cross-fostering of young marsupials is usually successful if the adult sizes of

the two mothers are similar (Merchant and Sharman 1966).  Possible candidates for

cross-fostering pouch young are threatened species such as the parma wallaby, bridled

nailtail wallaby and the black-footed rock-wallaby (Petrogale lateralis lateralis)

(Eldridge and Close 1998; Maynes 1998; Fisher and Goldizen 2001).   Differences

probably exist between these species and the quokka in the timing of changes in milk

components and volume of milk consumed by the young.  Analysis of the milk of the

wallabies listed would need to be performed prior to the transfer of pouch young, in

order to determine the optimal time for cross-fostering.

The current study involved the use of captive animals.  This confers advantages such as

easier access to the subjects, development of experimental and sample collection

techniques under controlled conditions, and factors can be monitored or altered where

required.  However, this approach is limited in that the effects of environmental

conditions cannot be determined during these investigations. Nevertheless, findings in

relation to the physiology and biochemistry of captive animals, and the techniques

developed in captivity, can be incorporated into the experimental design of

investigations in the field.  Studies of animals in the wild can be limited by cost and

time constraints, and experimental factors are more difficult, if not impossible, to

monitor and/or regulate.  However, future studies of quokkas on Rottnest and Bald

Islands, and on the mainland, would be valuable.  These investigations could determine

if there are any effects of environmental conditions on milk composition and the rate of

milk secretion, and would assist with the management of this species in the wild.
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APPENDIX 1

Plate A1 Quokkas at approximate ages illustrating changes in developmental features.
(a) 25 days post partum (b) 70 days post partum (c) 120 days post partum (d) 140
days post partum and (e) 170 days post partum and (f) adult. Photos by Jenny
Cheng, Kylie Goldstone, Kristen Wolfe and Susan Miller.

(a) (b)

(d)
(c)

(e)

(f)
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APPENDIX 2

FATTY ACID KEY

Fatty Acid IUPAC Name Generic Name

10:0 Decanoic Capric
11:0 Henedecanoic Undecyclic
12:0 Dodecanoic Lauric
13:0 Tridecanoic Tridecylic
14:0 Tetradecanoic Myristic
14:1 Tetradecenoic Myristoleic
15:0 Pentadecanoic Pentadecyclic
15:1 Pentadecenoic
16:0 Hexadecanoic Palmitic
16:1n7 cis-9-hexadecenoic Palmitoleic
16:1n7t Palmitelaidic
17:0 Heptadecanoic Margaric
17:1 Heptadecenoic
18:0 Octadeconoic Stearic
18:1n7 cis-11-octadecenoic cis-Vaccenic
18:1n7t trans-11-octadecenoic trans-Vaccenic
18:1n9 cis-9-octadecenoic Oleic
18:1n9t trans-9-octadecenoic Elaidic
18:1n12 cis-6-octadecenoic Petroselinic
18:2n6 cis-9,12-octadecadienoic Linoleic
18:2n6tt trans-9,12-octadecadienoic Linolelaidic
18:3n3 cis-9,12,15-octadecatrienoic Linolenic
19:0 Nonadecanoic
19:1
20:0 Eicosanoic Arachidic
20:1n9 cis-11-eicosenoic Gondoic
20:1n11 cis-9-eicosenoic Gadoleic
20:1n12 cis-8-eicosaenoic
20:1n15 cis-5-eicosaenoic
20:2n6 cis-11,14-eicosadienoic
20:3n3 cis-11,14,17-eicosatrienoic ETA
20:3n6 cis-8,11,14-eicosatrienoic Homo-g-linolenic
20:4n6 cis-5,8,11,14-eicosatetraenoic Arachidonic
20:5n3 cis-5,8,11,14,17-eicosapentaenoic EPA
22:0 Docosanoic Behenic
22:1 Docosenoic Erucic
22:3n3
22:5n3 cis-7,10,13,16,19-docosapentaenoic DPA
22:6n3 cis-4,7,10,13,16,19-docosahexaenoic DHA
24:0 Tetracosanoic Lignoceric
24:1n6
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