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Abstract Most woody plants contain a diverse array of
plant secondary metabolites (PSMs) that deter vertebrate
herbivores. However, mammalian folivores have evolved a
complex of physiological and behavioural strategies to
counter these compounds, leading to the development of an
“evolutionary arms race”. Marsupial folivores are ideal
models to investigate the role of PSMs in the interaction
between the external foraging environment and the diges-
tive physiology of mammalian herbivores, as we have a
very strong understanding of the diversity and modes of
action of PSMs in Eucalyptus, as well as the mechanisms
by which animals overcome the effects of these com-
pounds. Studies of marsupial folivores have benefited from
the facts that: these herbivores subsist on relatively poor
quality diets; they include feeding types from specialist
species such as the koala, to generalists; and life history
factors such as maternal investment in reproduction can be
measured more easily than in eutherians. Here, we describe
patterns of spatial variation in the types and distributions of
plant secondary metabolites in Australian forests and dis-
cuss how this variation influences foraging behaviour,
habitat selection and life history strategies in arboreal,
folivorous marsupials. We also provide a summary of our
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understanding of the mechanisms by which marsupials
detect and regulate their intake of toxic compounds. While
our examples are drawn largely from studies of the inter-
action between marsupials and Eucalyptus, this knowledge
is applicable to advancing our understanding of interac-
tions in plant-mammal systems more broadly. We also
identify and discuss key areas that should be the focus of
future research.

Keywords Detoxification - Eucalyptus - Herbivory -
Plant secondary metabolites

Introduction

Vertebrate herbivores are exposed to wide variation in
concentrations and structural diversity of plant secondary
metabolites (PSMs). Browsers in particular encounter
secondary compounds in nearly all the foods that they eat
(Dearing et al. 2005; Foley et al. 1999). Early studies of
vertebrate browsers sought to correlate concentrations of
secondary metabolites with diet choice, and although these
led to significant improvements in analytical techniques
(Hagerman et al. 1992; Mole and Waterman 1987), few
clear trends emerged to enable diet selection to be linked to
plant chemistry. Part of the difficulty was in understanding
the diversity of actions of secondary metabolites and where
to look to understand the effects of PSMs on the avail-
ability of primary nutrients (Foley and McArthur 1994).
Studies of leaf-eating marsupials have been important in
testing many important questions concerning interactions
between vertebrates and PSMs. These include the limita-
tions to detoxification capacity (Freeland and Janzen 1974),
the biological bases of varied diets (Levin 1976; Westoby
1978) and the effect of PSMs on the demography of
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free-ranging populations (Bryant and Kuropat 1980). This
is partly because there is a continuum from specialist (e.g.
the koala, Phascolarctos cinereus) to generalist (e.g. the
common brushtail possum, Trichosurus vulpecula) species,
including species that can be maintained readily in cap-
tivity as well as easily studied in the wild (Moore et al.
2004a; Shipley et al. 2009). Secondly, there is a strong
understanding of the nutrition and digestive physiology of
these species (Hume 1999). Finally, the marsupial life
history, with the young being born after a short gestation
and completing their development in the mother’s pouch,
allows reproductive success and maternal investment to be
measured more easily than it could be in eutherian herbi-
vores (Cork and Dove 1989; Krockenberger et al. 1998). In
eutherian mammals the flow of nutrients from mother to
young is mediated by the mother’s placental tissue whereas
the suckling of the young controls the flow of nutrients in
marsupials. Thus, folivorous marsupials, with their narrow
dietary niche, and poor quality diets, appear to be at the
edge of their nutritional boundaries, and so provide an ideal
model system to investigate the role of PSMs on the
demography and population dynamics of mammalian
herbivores.

In this paper, we focus on understanding the mecha-
nisms by which marsupial folivores are able to regulate
their intake of potentially toxic diets while still meeting
their nutritional demands when faced with great variation
in PSM distributions in the external environment. We also
discuss the effects of PSMs on habitat selection and life
history strategies in marsupial folivores. The marsupial
species on which we concentrate are members of three
families; the koala (5-14 kg) is the sole member of the
family Phascolarctidae. In the Pseudocheiridae, the greater
glider (Petauroides volans; 0.7-1.7 kg) eats Eucalyptus
foliage exclusively whereas the common ringtail possum
(Pseudocheirus peregrinus; 0.7-1.1 kg) eats a wider range
of tree foliage. The common brushtail possum (1.5-
4.5 kg), a member of the Phalangeridae, eats mainly tree
foliage in some habitats, including up to 80-90% Euca-
lyptus (DeGabriel et al. 2009a; Scrivener et al. 2004), but
may also include ground-layer vegetation, fruit and occa-
sional insect material elsewhere. Other browsing members
of the Pseudocheiridae and Phalangeridae occur in upland
rainforests in northeast Australia where eucalypts are
absent or are not known to include significant amounts of
Eucalyptus foliage in their diets.

The natural diet provides some insight into the impor-
tance of PSMs in the ecology of these species. The koala
and common brushtail possum feed primarily from the
eucalypt subgenus Symphyomyrtus whereas the common
ringtail possum and greater glider feed most often from the
subgenus Eucalyptus (Moore et al. 2004a). The chemistry
of these two subgenera differs in a number of important

respects. Although both contain similar mono- and ses-
quiterpenes, the symphyomyrtles also contain a diverse
group of terpene—phloroglucinol adducts called formylated
phloroglucinol compounds (FPCs; Eschler et al. 2000).
These are potent feeding deterrents and koalas and brush-
tail possums have higher thresholds for these compounds
compared to ringtail possums which are deterred by rela-
tively low concentrations. In contrast, brushtail possums
are strongly affected by tannins whereas ringtail possums
are not (Marsh et al. 2003a). This opens the possibility that
variable sensitivity to different classes of PSMs enables
some degree of niche partitioning within the same forest
and may potentially influence biodiversity at broader
scales. Detailed studies of the greater glider, together with
a better understanding of tannin chemistry in these large
subgenera of eucalypts would help to evaluate this
hypothesis.

The internal environment
How do animals avoid being poisoned?

Vertebrate herbivores ingest a very wide range of plant
secondary metabolites (PSMs) from many different classes.
Although most of these are not acutely toxic, they still
represent a metabolic load that must be biotransformed and
excreted (Foley et al. 1995). The time required for this
process may be inconsistent with opportunities to ingest
new food items and that in turn depends on how alterna-
tives are distributed spatially in the foraging environment.
Since almost all food items that are encountered by
browsers contain PSMs, total avoidance is not a realistic
option, but ingestion of PSMs brings consequences
including toxicity, the loss of nutrients and other metabo-
lites, and the opportunity costs of time that could have been
spent foraging for other foods. These costs dictate that
animals must evolve mechanisms that allow them to reg-
ulate their intake of secondary metabolites so as not to
exceed some threshold intake. Such a regulatory mecha-
nism must couple internal signals that reflect the current
metabolic state with an ability to alter appetite and feeding
behaviours. Early syntheses of plant-mammal interactions
did not give sufficient attention to the mechanisms used to
regulate intake, but doing so allows better connection with
concepts of homeostasis and a wider framework for
understanding the effects of PSMs on animal function
(Foley et al. 1995). Several recent studies have demon-
strated that at least in captivity, mammals respond to
variable concentrations of PSMs in the diet by reducing
meal size. Torregrossa and Dearing (2009) reviewed these
studies and emphasised the uniform response between
herbivorous marsupials, woodrats and laboratory rodents.
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Studies in folivorous marsupials have highlighted three
possible feedback mechanisms that serve to limit meal size.
The first is nausea and emesis as part of a conditioned food
or flavour aversion, the second is a non-conditioned aver-
sion associated with bitter or “hot” compounds and the
third is a limit to the rate of detoxification of ingested
PSMs. Given our limited knowledge of these processes, we
should be cautious in considering that these are discrete
and non-overlapping mechanisms. For example, if ingested
compounds are not detoxified rapidly enough, then it is
possible that nausea could develop and a conditioned
aversion might arise. In spite of these uncertainties, we can
be certain that there is not a separate feedback mechanism
for every compound or class of compounds. Animals must
be able to rely on general feedback processes to recognise
the effects of a huge range of secondary compound struc-
tures that are encountered and modify their feeding
behaviour accordingly.

What are the characteristics of an ideal regulatory sys-
tem? Most importantly, it needs to provide feedback
rapidly and be able to be coupled with behavioural changes
to modify feeding during a single meal. Although this does
not preclude the possibility of aversions developing over a
longer period of time, regulation at the time-scale of a
single meal must be paramount. This suggests that the
signal would most likely be transmitted via the nervous
system, although blood-borne signals are also possible.
Foley et al. (1995) suggested that blood pH could change
following the creation of metabolic acid loads through the
detoxification of PSMs. However, Edwards et al. (2009)
showed that when the metabolic acid load from detoxifi-
cation of orcinol was countered with exogenous
bicarbonate, food intake was not restored to levels
observed on a basal diet. This suggests that other toxin-
related signals are controlling food intake even when sig-
nificant acid loads are created through the process of
detoxification.

Conditioned aversions

The importance of conditioned aversions in diet selection
by herbivores has been a major research theme over the
past three decades (Bryant et al. 1991). Studies in mar-
supials provide important ecological examples, together
with detailed physiological studies to underpin the
behavioural data. Conditioned aversions are well known
in the behavioural sciences (Garcia 1989) and it has long
been recognised that nausea and emesis are powerful
conditioning agents influencing feeding. Thus, the nau-
seous malaise that might follow from the ingestion of
secondary compounds could be associated with some cue
related to the taste or smell (or even some other cue such
as location), thereby allowing the consequences of

ingesting that food to be recognised in the future (Provenza
1996). Amongst Eucalyptus folivores, there is strong
evidence that at least some secondary compounds initiate
nausea, leading to reductions in food intake (Lawler et al.
1998; Stapley et al. 2000), and that these effects can be
associated with volatile signals in the plants. Nausea is
mediated by a complex network of neurotransmitters,
which act ultimately in the brain and a variety of drugs
have been developed to target different parts of this net-
work (Andrews and Horn 2006).

Ondansetron is a specific 5SHT; serotonin receptor
antagonist that reduces vomiting in humans given thera-
peutic drugs such as cisplatin. Lawler et al. (1998) showed
that when ondansetron was administered to common
ringtail and brushtail possums, orally or by injection, both
species consumed significantly more jensenone, an FPC
(isolated from FEucalyptus jensenii but distributed more
widely in eucalypts) that strongly deters feeding in
marsupial folivores. However, Torregrossa (personal
communication) cautioned that ondansetron could have
other effects on gut motility, and indeed, SHT; receptors
are involved in gut motor activity (Sanger 2008). However,
in a second series of experiments using a different drug that
targeted an entirely separate pathway of the nausea and
emetic response, we observed strikingly similar results
(Fig. 1). Vofopitant is a tachykinin NK1 receptor antago-
nist and a member of a class of drugs that have been
developed to better control nausea in humans (Andrews
and Rudd 2004). Common brushtail possums fed jensenone
in conjunction with vofopitant ate significantly more than
animals fed the basal diet with jensenone whereas vofop-
itant itself had no significant effect on intake.
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Fig. 1 The mean amount eaten by common brushtail possums of a
basal diet and the basal diet with supplements in two Latin Square
experiments. Treatment abbreviations as follows: B (basal diet), O
[Ondansetron (0.007% dry matter)], V [basal + vofopitant (0.007%
dry matter)], J [jensenone (0.4% dry matter)]. n = 13 for all diets
except] + O + V where n = 7. The bar at the right indicates the 5%
least significant difference between treatments. Treatments for which
DMI is significantly different from that of the basal diet are marked
with an asterisk
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Although few drugs can be said to be completely
selective, the similarity of responses of marsupials to
these two drugs which are directed at separate mecha-
nisms, suggests that inhibiting neuroreceptors associated
with nausea and vomiting results in marsupial folivores
eating greater amounts of PSMs. Lawler et al. (1998)
hypothesised that ingestion of jensenone leads to the
release of serotonin from enterochromaffin cells in the
stomach and small intestine and that this binds to sero-
tonin receptors in the vagus nerve. Ondansetron blocks
the binding of serotonin to SHT; receptors and so the
resulting nausea is reduced and animals eat more. Most
animals do not vomit and of course we can never know
if an animal feels nausea the same way that we do.
Nonetheless, the similarity of the response to two dif-
ferent drugs that attenuate nausea and vomiting in
humans and other animal models strongly suggests a
similar response in the marsupials.

Provenza and Villalba (Provenza et al. 1994, 2000;
Villalba and Provenza 2000a, b) have shown that aversions
can be conditioned by pairing the emetic substance LiCl
with a wide range of taste and odour stimuli, such as onion
and cinnamon flavours, but a better example of the eco-
logical potential of conditioned aversions can be seen in
Eucalyptus. There is a strong positive phenotypic correla-
tion between foliar concentrations of the major
monoterpenes (e.g. 1,8-cineole) and FPCs in eucalypts
(Moore et al. 2004b). Thus, the smell and taste of mono-
terpenes can provide cues to marsupials of the
concentration of non-volatile FPC compounds that cause
nausea. The terpenes themselves can condition the aversion
and Lawler et al. (1999) showed that animals could learn
this association over a period of several days. Interestingly,
genetic linkage analysis has identified a number of places
where the QTL for monoterpenes and FPC compounds are
indistinguishable on linkage groups of Eucalyptus nitens
even though there is no apparent biosynthetic link between
the compounds (Henery et al. 2007). Irrespective of the
cause of this linkage (e.g. a shared promoter or transcrip-
tion factor), it provides the means for conditioned aversions
to be an important part of diet selection in mammals
relying on Eucalyptus foliage. In summary, the body of
evidence suggests that marsupials are able to monitor
internal signals of nausea that arise during a single meal
and modify the amount of food that they eat in response to
these signals. Importantly, they can learn the association
between the smell and taste of food and the underlying
concentration of these nausea-inducing compounds. This
allows a much more precise response to variations in the
concentrations of toxins in their diets and allows avoidance
of individual plants that present a risk of intoxication which
will result in lower rates of feeding and a greater risk of
death.

Non-conditioned aversions

Animals can be deterred from eating foods by many fac-
tors. For example, strongly bitter foods and those that
contain compounds that are perceived as hot can limit
feeding, but importantly these do not appear to cause long-
term conditioned aversions. The best characterised eco-
logical example involves capsaicin (Tewksbury and
Nabhan 2001), as differences in the capsaicin receptor
explain the relatively higher tolerance of birds for plants
such as peppers (Capsicum spp.) compared to mammals
(Jordt and Julius 2002), a fact which in turn has profound
consequences for the ecology of these plants (Tewksbury
et al. 2008). Amongst marsupials, common brushtail pos-
sums limit their consumption of bitter compounds such as
salicin in response to effects in the oral cavity rather than
via any post-ingestional effects such as nausea (Pass and
Foley 2000). Thus, the consumption of a single meal is
limited but the aversion is neither long-lasting nor classi-
cally conditioned by the taste of the food.

Limitations to detoxification

Detoxification is assumed to be a costly process for her-
bivores, involving energy and protein for inducing and
maintaining enzymes and specific conjugates for excretion
(Foley et al. 1999). The detoxification limitation hypothesis
also suggests that animals eating diverse diets should
choose a diet that avoids saturating particular detoxification
pathways (Marsh et al. 2006a). This notion has been highly
influential in early hypotheses of plant-herbivore rela-
tionships (Freeland and Janzen 1974), but in spite of its
pivotal place in the history of the discipline, it has been
difficult to test because of the lack of knowledge of the
fundamental parameters of pharmacokinetics of most sec-
ondary metabolites. Studies in marsupials initiated a
pharmacological perspective that has since provided a
fertile area for new syntheses in both terrestrial and marine
systems (Forbey and Foley 2009; Forbey et al. 2009; Sotka
et al. 2009). A pharmacological perspective explicitly
addresses details of absorption, distribution, metabolism
and excretion (ADME) of PSMs (Sorensen et al. 2006) and
doing so requires an ability to sample blood and urine over
a prolonged period.

Recent studies in marsupials and woodrats (Neotoma
spp.) have shown that limitations to detoxification can in
fact act as signals to stop feeding. For example, McLean
et al. (2007) characterised the pharmacokinetics of 1,8-
cineole in common brushtail possums and found that they
ate until the cineole consumed saturated the pre-systemic
metabolism, which led to a rapid rise in the concentration
of cineole in the blood and a cessation of the meal. Marsh
et al. (2005) showed that when additional glycine was
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provided orally to common brushtail possums fed benzoic
acid, they were able to increase the rate of conjugation and
consequential excretion of urinary benzoyl glycine (hip-
puric acid) and so eat more than control animals. However,
we still do not know if accumulation of the parent com-
pound and/or metabolites has other effects via nausea, or
whether animals can monitor the disposal of these com-
pounds via other means.

If the rate of detoxification is limited, then animals could
diversify their diets to include items with different types of
secondary metabolites. This has been one of the major
predictions of the detoxification limitation hypothesis
(Marsh et al. 2006a). Marsh et al. (2006b) tested this idea
with common brushtail possums fed a range of different
PSMs mixed into a basal diet of fruits and cereals. Con-
sistent with predictions, when animals were offered two
diets containing PSMs that were excreted via non-com-
peting pathways, they ate more than when the PSMs in the
two diets were excreted via the same pathways. Although
the diets eaten by wild herbivores are more complex and
the choices may be less stark than in these experiments
conducted with simple diets, they are the only direct evi-
dence that implicates detoxification as a cause of diet
mixing.

The evidence above suggests that there are multiple
physiological mechanisms that animals can use to detect
the consequences of ingested PSMs and modify their
feeding behaviour. These mechanisms should allow ani-
mals to forage efficiently because toxicosis, which may
lead to a reduction in the rate of feeding, or the need to
seek alternative foods, is reduced. We cannot overempha-
sise the importance of learning in mediating these
behaviours. The alternative feeding options are set by the
external environment and in particular, the frequency and
spatial arrangement of foods and other factors such as
competitors and predators. The challenge is to describe the
external environment in a way that is relevant to animal
perceptions and can link to variations in reproductive
success. Below we highlight recent progress in doing this,
again concentrating on studies with marsupial herbivores.

The external environment

High levels of intra-specific variety in plant nutrition and
chemical defence commonly occur in the external envi-
ronment encountered by marsupial folivores. PSMs play a
fundamental role in interactions between marsupials and
the plants they eat, by restricting the transfer of energy and
nutrients between trophic levels from net producers
(plants) to net consumers (animals) in the ecosystem. Thus,
PSMs have the potential to strongly influence community
structure and biodiversity of plants and animals, both at

fine scales and across landscapes (Ganzhorn 1992; Iason
et al. 2005). Some PSMs in eucalypts, such as FPCs and
terpenes, act as toxins or anti-feedants which reduce the
number of trees that are available for animals to eat,
whereas others, such as tannins, reduce the availability of
nutrients (Foley et al. 1999; Tason 2005). Thus, there is a
strong theoretical framework to envisage a role for PSMs
in the “bottom-up” regulation of marsupial populations
(Agrawal 2004; Wheat et al. 2007).

Studies with captive animals have demonstrated clear
effects of PSMs on diet selection and digestion (Foley et al.
1999); however, we lack examples that demonstrate these
processes amongst wild marsupials. Many have recognised
the potential for PSMs to influence the distribution and
abundance of vertebrate herbivores; however, most have
attempted to correlate broad-scale measures of soil fertility,
plant nutrients (particularly N) and PSMs to the biomass of
animals (Cork 1992; Ganzhorn 1992; Johnson et al. 2005;
McKey et al. 1978; Oates et al. 1990). Braithwaite (1996)
showed that the patchy distributions of arboreal marsupials
in south-eastern Australian forests tend to be concentrated
on better quality soils, and food quality is often cited as the
most important factor predicting the occurrence of marsu-
pial folivores (Braithwaite et al. 1984; Cork and Catling
1996; Jones et al. 1994; Pausas et al. 1995; Turner and
Kelly 1981). Cork and Catling (1996) proposed that food
quality sets a threshold to suitability of habitat to arboreal
marsupial folivores, but above that threshold, environ-
mental factors, including forest structure, influence the
abundance and persistence of populations. Nevertheless,
while there are clearly links between soil fertility, foliar
quality and populations of folivores, a common element of
previous studies is that they have focused simply on her-
bivore abundance, without considering how PSMs
influence the demographic mechanisms that regulate den-
sity, such as the reproductive rate. In order to achieve this,
a necessary step is to understand how the types and dis-
tributions of PSMs vary in the external environment.

Spatial variation in food quality

Although they are usually dominated by trees, and indeed
often by trees of a single genus or species, spatial and
temporal heterogeneity are universal features of the
external environment of most folivorous marsupials.
Because folivores move through their environment in both
space and time, the extent and structure of this heteroge-
neity determines how and when they encounter different
foods and it may also limit or enhance their scope for
avoiding intoxication by PSMs and assembling a balanced,
nutritious diet.

The strongest influence on environmental heterogeneity
is variation in plant assemblages, because even closely
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related tree species can differ greatly in their suitability as
food. For example, two co-occurring and closely related
species, Eucalyptus ovata and Eucalyptus strzeleckii differ
in the type and amount of FPCs they contain, and as a
consequence, captive koalas willingly eat E. ovata but not
E. strzeleckii (Moore et al. 2005). Species composition
matters in very diverse plant assemblages, too; for example
green ringtail possums (Pseudocheirops archerii) inhabit-
ing tropical rainforest in North Queensland direct the
majority of their feeding towards a very small minority of
available tree species (4 out of >94 species), suggesting
that this species’ interaction with its external environment
may be shaped by the distribution of these few species
(Jones et al. 2006). Many factors can structure plant
assemblages, from climate, local microclimate and soil
conditions, to fire and browsing history (Williams and
Woinarski 1997), but in many cases, particularly for gen-
eralist herbivores, plant diversity may be equally as
important as plant species identity. Wiggins et al. (2006)
demonstrated that captive brushtail possums ate mixed
diets and fed more efficiently in mixed patches of E.
globulus and E. tenuiramis than in pure patches, and that
efficiency improved most when the scale of species het-
erogeneity was small.

The nutritional environment can be heterogenous even
in monospecific stands of forest, with heterogeneity
occurring amongst trees within a stand, or at scales from
hundreds of metres to thousands of kilometres. The scale at
which heterogeneity in foliar quality occurs is dependent
upon the degree of spatial structure, or autocorrelation,
amongst tree attributes and also upon the processes
responsible for such structure. Spatial autocorrelation in
plant defence traits can be generated by endogenous pro-
cesses such as isolation by distance (Wright 1943),
whereby limited gene dispersal (either limited seed or
pollen dispersal or both) causes genetically similar plants
to occur in close spatial proximity to one another. In plant
species with heritable plant defences, ‘patches’ of chemi-
cally similar plants will result. This process underlies the
spatial dependence that occurs in terpene and FPC con-
centrations in natural populations of Eucalyptus. At a site
in southeastern Australia, Andrew et al. (2007) detected
spatial autocorrelation at distances of up to 60 m and also
detected strong local spatial autocorrelation for a large
proportion of trees in a population of E. melliodora.
Genetic differences and resulting chemical phenotypic
differences also occur between plant populations, as a
result both of genetic isolation and differing selective
pressures.

Such larger scale genetic differences combined with
exogenous processes, such as edaphic, hydrological or
climatic shifts, can produce large differences in the average
level of defence and nutritional quality of foliage from

different populations of the same plant species. In Euca-
lyptus microcorys, mean concentrations of the FPC
sideroxylonal ranged from 14-31 mg g~ across 42 sites in
eastern Australia and concentrations of the monoterpene,
cineole, total nitrogen and tannins also varied greatly
between sites. Differences in levels of plant defence were
associated with differences in the degree of cold that sites
were subjected to and to the availability of resources for
plant growth (Moore et al. 2004c). Similarly, populations
of E. globulus in Tasmania differ in their level of FPC
defences and in their palatability to brushtail possums
(O’Reilly-Wapstra et al. 2004).

Consequences of spatial variability in the external
environment for marsupial folivores

Herbivores move across a number of spatial scales. When
foraging, marsupial folivores might restrict their movement
to the canopy of a single tree while feeding, or they might
move between trees within their home range, or make
larger scale dispersal movements. All of this variation
interacts with the spatial distribution of food resources, be
they trees of different species or trees of a single species
with favourable foliar quality, to influence the rates at
which folivores encounter suitable feeding trees, and con-
sequently, the suitability of a patch as habitat. In
environments in which food resources are rare and dis-
persed (Fig. 2), less mobile folivores may not easily be
able to include a sufficient number of food trees in their
home range. For example, greater gliders can readily glide
distances of up to 100 m between trees (McKay 1983) and
access distant food sources with relatively little energy
expenditure. The similarly sized ringtail possum would
generally need to make the same journey through the forest
canopy, assuming it was continuous. In habitats with less
continuous canopy cover, brushtail possums would gener-
ally make the journey along the ground; however, such
movements incur the cost of a greatly increased risk of
predation. DeGabriel (2008) found very high rates of pre-
dation by carpet pythons (Morelia spilota) on common
brushtail possums in open ironbark woodland in northern
Australia. The incidence of predation was significantly
biased towards males, across all age groups, which they
concluded was the result of the larger home ranges of
males compared to females, presumably in response to
increased movement patterns of males seeking mating
opportunities. Consequently, males invested earlier in
reproduction than did populations in southern Australia
(Clinchy et al. 2004). Thus, the spatial distribution of trees
has the potential to exert strong effects on the social
structure and mating system of folivore populations. Sim-
ilarly, Martin and Martin (2007) demonstrated that the
spatial arrangement of silver wattle trees (Acacia
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Fig. 2 Illustration of the effects of patchiness and food tree density
on individual animal distributions. Open circles represent trees of an
unsuitable species or with foliar chemistry unsuitable for folivores;
closed circles represent suitable food trees. In a, feeding trees are
spatially clumped, allowing small folivore home ranges (shaded

dealbata), an important diet component of the bobuck
(Trichosurus cunninghamii), relative to den sites main-
tained a monogamous mating system in a forest population
of these possums.

Spatial dependence in foliar characteristics, or patchi-
ness, can increase the density of food trees locally and
increase the suitability of patches as habitat for folivores.
However, a further complication of the external environ-
ment is that marsupials do not choose trees solely on the
basis of their foliar chemistry and nutrient status. At vari-
ous times, tree choice might be driven by the presence of
tree hollows for denning, shade or shelter from the sun,
weather or predators, distance from other resources and
proximity to or distance from other marsupials.

From a physiological perspective, variation in the spatial
distributions of PSMs across broad geographic scales may
result in the evolution of within-species differences in the
responses of herbivores to these compounds. For example,
populations may become more specialised on local plants,
as in the case of woodrats (McEachern et al. 2006), or they
may be better able to cope with higher concentrations
of PSMs in their diets compared to their conspecifics
(Mangione et al. 2000). Amongst the marsupials,
DeGabriel et al. (2009b) demonstrated differences in the
ability of spatially and genetically separated populations of
brushtail possums to tolerate PSMs, with possums from
southern Australia showing a more marked decrease in
food intake from diets containing terpenes, tannins, a bitter
compounds (salicin) and FPCs, than were possums from
northern Australia. In contrast, common brushtail possums
from eucalypt woodland in northern Australia and the
rainforest specialist coppery brushtail possums showed
very similar responses to PSMs, despite originating from
habitats with very different plant assemblages and PSM
profiles. This appears to be the result of local adaptation,
which may be mediated by a combination of genetic and

polygons). In b, the number and proportion of feeding trees here is
identical to (a), but the trees are more spatially dispersed, forcing
folivores to use larger home ranges. ¢ Potential feeding trees are too
sparse and too dispersed for folivores with limited mobility to include
a sufficient feeding resource in a single home range

behavioural mechanisms, and should prompt caution in
generalising about the effects of PSMs on wild populations.

Availability of nutrients

A prominent nutritional hypothesis is that the availability
of protein is limiting for populations of mammalian
browsers (Robbins 1993), because animals require ade-
quate protein for maintenance, growth, reproduction and
lactation (Robbins 1993). However, previous attempts to
correlate the abundance of folivores with mean concen-
trations of foliar N (Braithwaite et al. 1984; Chapman et al.
2004, Pettorelli et al. 2001; White 1993) have failed to take
into account the negative effects of tannins, which are
ubiquitous in browse, on the amount of N that can be
digested (Hagerman et al. 1992; Robbins et al. 1987).
Eucalyptus leaves typically contain very low concentra-
tions of N (0.8-2% dry matter; Moore et al. 2004a), while
also containing up to 12% condensed tannin (Fox and
Macauley 1977). Marsh et al. (2003a) demonstrated that
tannins in E. melliodora foliage reduce the digestion of N
by 26—41% and cause decreases in food intake by common
brushtail possums. Similarly, Cork et al. (1983) found that
koalas only digested 45% of the N in E. punctata foliage,
largely because of tannin activity. In contrast, the caeco-
trophic common ringtail possum appears to be relatively
unaffected by dietary tannins (Marsh et al. 2003a).
Recently, DeGabriel et al. (2008) developed an inte-
grative in vitro approach to quantify the combined negative
effects of tannins and fibre on the digestibility of N in
Eucalyptus foliage, and determine how much is actually
available for marsupials to use (termed “digestible N”).
They estimated the effects of tannins by measuring the
affinity of foliage for polyethylene glycol (PEG), a measure
that has been successfully used to demonstrate the effects
of tannins on food intake by captive possums (Foley and
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Hume 1987; Marsh et al. 2003b). The use of PEG provides
a more meaningful method to quantify the effects of tan-
nins on animal nutrition than do traditional colorimetric
assays, as it can be directly related to reductions in food
intake and effects on digestion in vivo. This is the most
common approach used in agricultural studies (Landau
et al. 2004; Silanikove et al. 1996), but it has not been
widely applied in ecology. A comparison of 11 ironbarked
Eucalyptus woodlands across northern Australia demon-
strated significant variation in concentrations of foliar N,
but even more marked variation in concentrations of
digestible N, with little or no correlation between the two
measures (DeGabriel et al. 2008). Similarly, in a single
stand of E. drepanophylla, tannins reduced the availability
of N by 7-76% (DeGabriel et al. 2009a). Thus, the logical
progression is to apply this assay to understand how N
availability influences the presence and density of marsu-
pial populations.

Effects of the external environment
on marsupial life histories

The availability of food resources is assumed to be a key
factor shaping the life histories of individual animals and
consequently the dynamics of herbivore populations.
Studies in agricultural systems and with captive animals
have demonstrated links between concentrations of nutri-
ents and PSMs and reproductive performance (Min et al.
2003), but there remain relatively few studies linking
particular aspects of nutrition to the life history strategies
of wild mammalian herbivores.

Many researchers have speculated that cues from the
external environment determine both the seasonality of
breeding and the potential reproductive success of marsu-
pial folivores. For example, Wayne et al. (2005a), found
that the timing and frequency of births of the western
ringtail possum (Pseudocheirus occidentalis) in Jarrah
woodlands were correlated with flushes of new, presum-
ably more nutritious leaves, a theory that has also been
posited for common ringtail possums (Munks 1995).
Similarly, Wayne et al. (2005b) suggested that inter-pop-
ulation differences in growth rates of pouch young of
western brushtail possums (7. v. hypoleucus) were due to
nutritional variation, but this hypothesis was not explicitly
tested.

DeGabriel et al. (2009a) specifically tested similar
nutritional hypotheses and demonstrated that the negative
effects of tannins on the availability of protein had strong
effects on the reproductive success of free-living female
common brushtail possums (Trichosurus vulpecula). They
found a fivefold difference in breeding success between
females with access to the best quality home ranges and
those with the poorest quality ranges. While most females

were able to produce an offspring in the peak breeding
season each year, those with higher levels of available
protein were more likely to breed twice in a year than were
those with the poorest quality ranges. Furthermore, they
demonstrated that the growth rates of offspring were pos-
itively correlated with the average concentrations of in
vitro digestible N in their mother’s home ranges. Recently,
McArt et al. (2009) demonstrated similar effects of avail-
ability of digestible protein on the reproductive
performance of moose in Alaska, confirming that measur-
ing available protein may be the key to understanding
reproductive success and ultimately, population distribu-
tions, in wild mammalian herbivores. In both DeGabriel
et al.’s (2009a) (Fig. 3) and McArt et al.’s (2009) studies
most of the difference between total N and digestible N
could be directly attributed to the impact of tannins on
protein availability, but there will always be some part of
the dietary protein which remains undigested because it is
bound in the cell-wall matrix. Nonetheless, these two
studies give new impetus to connecting variations in PSMs
directly with the demography of wild animals.

There is, however, evidence for the evolution of flexible
life history strategies amongst marsupial folivores in
response to the constraints imposed by the external envi-
ronment. Eucalypt foliage is generally low in energy and
protein compared to many other leaf diets, thereby limiting
the amount of nutrients that mothers can transfer to off-
spring. Munks and Green (1997) showed that the rate of
supply of milk by common ringtail possums was low
compared to other marsupial species of a similar size.
Consequently, these possums have an extended lactation,
to compensate for the lower growth rates of young result-
ing from restricted energy transfer. Krockenberger and
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Fig. 3 Relationship between head growth rates of pouch young (PY)
of 13 female common brushtail possums and mean in vitro digestible
nitrogen (N) concentrations or mean total N concentration of foliage
from the home range of each female (P = 0.014, n = 27 pouch
young). The difference between the total N and in vitro digestible N
concentrations is attributed to the effect of tannins although a small
proportion of the difference results from N bound in the cell-wall
matrix. Re-calculated from DeGabriel et al. (2009a)



Interplay between the internal and external environments of marsupial folivores 105

Hume (2007) found that koalas employ a flexible digestive
strategy to cope with the increased nutritional demands of
lactation. Lactating female koalas ingested up to 35% more
leaf per day compared to non-lactating animals, which they
coped with by increasing the solute digesta pool size, as
well as the passage rate of large particles or the efficiency
of the particle separation mechanism. It is clear that the
interaction between nutrients and chemical defences in the
external environment of marsupials imposes stringent
limitations on the reproductive potential of folivore species
and thus, is undoubtedly a key factor underlying the pres-
ence and persistence of marsupial populations in Australian
forests. However, this relationship is highly sensitive to
external shocks, and a critical area of immediate concern is
the effects of climate change on marsupial populations.

Effects of environmental change
on leaf-eating marsupials

Understanding the potential effects of PSMs on populations
of marsupial folivores and their strategies for coping with
these compounds is increasingly important in the face of
global environmental change. Studies in a number of plant—
animal systems have demonstrated that increased temper-
atures and elevated concentrations of atmospheric CO, can
have complex impacts on concentrations of nutrients and
PSMs in leaves and consequent levels of herbivory (Close
et al. 2005; Huttunen et al. 2008; Kanowski 2001; Lawler
et al. 1997; Mattson et al. 2004; Veteli et al. 2007). For
example, Lawler et al. (1997) found that E. tereticornis
seedlings grown under high CO, treatments, had lower
concentrations of total N and higher concentrations of total
phenolics and were therefore less palatable to Chrysomelid
beetles. Similarly, Kanowski (2001) reported reduced foliar
N and increased tannin concentrations in seedlings of
rainforest plant species eaten by tropical marsupial foli-
vores, when they were grown under elevated CO,. The
body of evidence suggests that foliar N will decline as
atmospheric CO, rises. However, the effects of predicted
temperature increases on the nutritional quality of foliage
are less clear. Foliar concentrations of phenolic com-
pounds, including tannins, have been shown to be higher in
eucalypts growing in cold climates (Moore et al. 2004c),
which is hypothesised to be an adaptive response to protect
from cold-induced photo inhibition (Close and McArthur
2002). Studies in other systems have also shown that
concentrations of phenolics are negatively related to tem-
perature (Mattson et al. 2004). Nevertheless, given the
effects of the interaction of foliar nitrogen and tannin
concentrations on marsupial reproductive success, pre-
dicted climate change could have cascading impacts on the
population ecology of marsupial folivores and may ulti-
mately limit their persistence in particular habitats.

Conclusions

By integrating detailed studies of the chemical ecology of
food plants with and understanding of the physiology of the
vertebrate browsers, we have highlighted how plant sec-
ondary compounds influence diet selection. However, field
studies have shown that the spatial arrangement of
resources together with the availability of alternative foods
and the presence of predators provides a complex fabric on
which foraging decisions must be made. Understanding
how these factors interact in current conditions will enable
us to better predict how these plant—herbivore interactions
will be affected by climate change.
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