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Abstract In a given period of time, herbivores often eat
less as dietary plant secondary metabolite (PSM) concen-
trations increase. This reduction in total food intake is inter-
preted as a need for the herbivore to regulate PSM ingestion
in order to avoid toxication. However, regulation of PSM
ingestion involves more than the reduction of total intake; it
involves an alteration of meal patterns, through a reduction
in the number and/or the size of the meals eaten. Despite
this, studies of how herbivores alter their meal patterns
when offered varying concentrations of PSMs are rare. We
investigated whether koalas adjust the number and/or the
size of their meals when offered eucalypt foliage varying
naturally in concentrations of formylated phloroglucinol
compounds (FPCs), a group of PSMs that have previously
been shown to inhibit total food intake. High FPC concen-
trations caused koalas to eat more slowly, eat shorter meals
and eat less per meal, which resulted in a reduced total
intake. Because increasing FPC concentrations did not
cause koalas to alter the number of meals that they ate,
clear individual differences between koalas were observed,
where some consistently ate fewer larger meals and others
ate many smaller meals. Thus, different feeding strategies
may still achieve the same outcome of a regulated intake of
PSMs. The changes observed match the meal patterns of
other herbivores ingesting PSMs known to stimulate nausea
and emetic pathways, supporting the idea that feedback sig-
nals from nausea are an important way that koalas avoid
toxication when eating eucalypt foliage.
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Introduction

Although many herbivores eat large amounts of a wide
variety of plant secondary metabolites (PSMs), few are
killed, because they are able to regulate intake to avoid seri-
ous harm (Jakubas and Gullion 1990; Provenza et al. 1990;
Pfister et al. 1997; Lawler et al. 2000; Stapley et al. 2000).
Regulation depends on the herbivores’ being able to detect
the PSMs in food or to monitor closely the physiological
effects of ingested PSMs and to translate them into changes
in feeding behaviour (Marsh et al. 2005).

It has been suggested that feedback from PSM ingestion
occurs as a common signal that directs feeding and allows
herbivores to regulate PSM intake. This common signal is
thought to be nauseous malaise (Provenza 1995). Several
studies that restore feeding in animals ingesting PSMs, by
using drugs to block nausea and emetic pathways, support
this theory (Aldrich etal. 1993; Provenza etal. 1994;
Lawler et al. 1998).

Any signal providing information about processes that
affect total food intake must also affect feeding patterns. For
example, Blundell et al. (1985) argued that an animal’s
response to satiety, nauseous malaise and bitter tastes could
be distinguished by studying its meal patterns. They found
that satiated rats ate fewer, smaller, meals but ate them at a
faster average rate. In contrast, toxins causing nauseous
malaise decreased the average rate of feeding and the num-
ber of meals, but not the size of meals, while rats responded
to a bitter food by eating more, but smaller, meals at a
slower average rate (Blundell et al. 1985).
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The vast body of literature on feeding behaviour comes
from experiments where researchers exerted tight control
by formulating diets. As a consequence, there is scant infor-
mation on how mammalian herbivores alter their meal pat-
terns when they encounter foods that vary naturally in PSM
concentrations (but see Wiggins et al. 2006). Instead, food
intake is usually measured over a set time period, often a
day or a night, with no effort being made to record the tim-
ing and size of individual meals.

To understand better how wild herbivores alter their
feeding patterns in response to PSMs, we monitored the
feeding patterns of koalas (Phascolarctos cinereus) eating
Eucalyptus viminalis foliage. The foliage from individual
eucalypts varies naturally in concentrations of formylated
phloroglucinol compounds (FPCs), a group of phenolic
PSMs whose ingestion is regulated through feedback from
the emetic system in other marsupial folivores (Lawler
et al. 1998). It is reasonable, therefore, to expect that koalas
respond to a similar set of signals, and that these effects
would be manifested in their feeding patterns. Whereas the
nightly intake of captive koalas declines reliably with
increasing concentrations of foliar FPCs (Moore et al.
2005), it is unknown whether they alter the number of
meals they eat, the sizes of meals, or both, and whether the
behaviour of individuals differs.

Materials and methods

Six male koalas (mean body mass + SE 9.2 & 0.6 kg) were
captured on French Island, Victoria, Australia. Female
koalas were not used, as most were carrying young at the
time. The tooth wear class of each koala was assessed at the
time of capture (three class 2, one 3, one 4 and one 5), with
0 being the least worn and 7 the most (Martin 1981). The
tooth wear class of a koala provides an estimate of their age
(Martin 1981), and koalas with worn teeth have previously
been shown to spend more time feeding each day than those
with less-worn teeth (Logan and Sanson 2002). The koalas
were transported to Phillip Island Nature Park and placed
individually in pens measuring 2.0m x 2.5m x 4.0 m.
Each pen contained multiple branches and forks for climb-
ing and sitting, a bowl of water, and four polythene tubes
filled with water in which stems of foliage offered as feed
were placed. The koalas were allowed to become familiar
with captivity over 1 month, during which time they were
fed foliage from a variety of eucalypt species (the mainte-
nance foliage).

For the experiment, we randomly allocated 18 Eucalyp-
tus viminalis trees, which were known to vary in FPC con-
centrations, to three groups. Foliage from each group was
fed to koalas following a 6 x 6 Latin square design. This
resulted in a series of three Latin squares, each experiment
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lasting 12 days (each experiment day was followed by a
rest day, when the koalas were fed the maintenance foli-
age). One Latin square followed another, so the experiment
lasted 35 days. We assessed food intake on one night for
each tree for each koala for two reasons. First, koalas (and
other eucalypt folivores) have been shown previously to
respond quickly to changes in dietary concentrations of
FPCs, adjusting their nightly food intake to reflect the con-
centration of FPCs in the food offered to them on that night
(Lawler et al. 2000; Stapley et al. 2000; Moore et al. 2005).
Thus, we anticipated that a single night would show us how
a koala would respond if it encountered each tree in the
wild. Second, koalas eat little when offered foliage with
medium-to-high concentrations of FPCs, and we did not
want to deprive them of food for more than a single night.

The branches of experimental foliage were collected the
day before each period started and consisted of mature foli-
age only, as there may be differences in FPC concentration
between young and old foliage from the same tree (Moore
2004). In contrast, there is little variation in FPC concentra-
tions between branches of mature foliage within a tree
(K. Marsh, unpublished data). Branches were stored with
the cut stems in water at 4°C. At 1400 hours on experiment
days, we removed the maintenance foliage and then, at
1800 hours, offered the koalas branches of experimental
foliage. Additional branches were placed outside the pens
so that we could monitor changes in weight in the absence
of herbivory. Using a torch fitted with a red filter, we
observed the koalas from 1800 hours until 0600 hours the
following morning. We recorded the time that a koala
began to feed and when it stopped. Ten minutes after feed-
ing had ended, indicating the end of a meal, we removed,
weighed and replaced the branches. These measurements
allowed us to calculate the time and duration of meals and
intervals between them, the number of meals eaten, the
amount of foliage eaten in each meal, and the feeding rate.
We also estimated the time it took the koalas to eat 50% of
their nightly intake, to gauge shifts in the timing of feeding.
At 0600 hours, all branches were removed, weighed and
replaced with fresh branches of maintenance foliage. As
weight changes in the control branches were never more
than 0.5%, no corrections were made for water loss. We
weighed the koalas weekly, to ensure that they were main-
taining body mass. Samples of all foliage offered were dried
at 60°C to determine the dry matter (DM) content and,
hence, to calculate dry matter intake (DMI). Additional
samples were frozen at —20°C for later analysis for FPCs
and cyanogenic glycosides.

Determination of FPC concentrations

Leaf samples were freeze-dried and ground in a Cyclotec
1093 Mill (Tecator, Hoganas, Sweden) to pass through a
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1 mm-mesh sieve. The ground samples were stored in plas-
tic vials in the dark at room temperature. FPCs were
extracted and then analysed by high performance liquid
chromatography (HPLC) as described in Moore et al.
(2004). Because different FPC types appear to have a simi-
lar effect on koala feeding (Moore et al. 2005), we added
the individual FPC concentrations together to give a value
that we called “total FPCs”.

Presence/absence of cyanogenic glycosides

Freeze-dried leaves were crushed into glass vials and
moistened with 200 pl phosphate buffer (pH 5.0, 0.1 M),
or 200 ul phosphate buffer containing f-glucosidase
extracted from almonds (1.12 units ml~'; Sigma). A strip
of Feigl-Anger paper was suspended in each vial, and the
vials were capped with rubber stoppers. The colour of the
paper was recorded after 24 h. Crushed apple pips were
used as a positive control for the presence of cyanogenic
glycosides.

Statistical analysis

Although our main question was how the concentration
of FPCs in foliage affected various aspects of feeding
behaviour, other factors such as the tooth wear class and
body mass of the koalas, the time of night at which a
meal was eaten, the length of time that had passed since
the previous meal, the amount eaten in the previous
meal, the number of meals eaten in a night, and interac-
tions between these terms could also potentially influ-
ence feeding. Thus, we used the residual maximum
likelihood (REML) algorithm in Genstat 7.1 (Numerical
Algorithms Group, Oxford, UK) for statistical analyses,
because it allowed us to investigate the effects of all
these factors simultaneously. In each model, all of the
relevant identifiable sources of variation from the list
above were included as fixed effects, and non-significant
terms were sequentially removed from full models to
create final models with only significant effects
(P < 0.05). Individual koalas were included as random
effects in models unless we were specifically interested
in how individual variation affected the response variate
(i.e. whether individual koalas ate different numbers of
meals and had different average FPC intakes). Thus, if
we describe differences between individual koalas, these
results were obtained when the koalas were included as
fixed effects in the model. The day on which measure-
ments were made was always included as a random
effect. Reported P values are from the full model if non-
significant (P > 0.05) and from the reduced model if sig-
nificant. All data were checked for normality and were
log transformed when necessary.

Results

Neither tooth wear class nor body mass affected any of the
variables measured (P > 0.05 in all tests), and so they are
not reported again in the results.

Variation in FPC and cyanide content
of foliage offered to koalas

The foliage from the 18 Eucalyptus viminalis trees offered
to the koalas varied widely in the concentration of individ-
ual and total FPCs. Most trees were dominated by
“group 1” macrocarpals (macrocarpals G, A, B, eucalyp-
tone, and those that elute at 47 min, 39 min, 35 min and
27 min; Moore et al. 2004). “Group 2” macrocarpals (mac-
rocarpals I and J, and those that elute at 42 min and
34 min; Moore et al. 2004) were found in only one tree.
Sideroxylonals A and C were present in most trees. In
keeping with previous results (Moore etal. 2005), the
koalas did not treat the tree containing group 2 macrocar-
pals (total concentration 30.1 mg g~! DM) any differently
from those with group 1 macrocarpals (total concentration
ranging between 4.4 mgg~! and 48.7mgg~! DM; see
figures), so a measure of “total FPCs” appeared to be valid.
None of the foliage offered to the koalas contained cyano-
genic glycosides.

What influences DMI and the amount of time
koalas spend feeding?

Each night, the six koalas spent anywhere between 10 min
and 5 h (mean £ SE = 128 + 6 min) feeding, and they ate
between 9g and 314 g DM (mean £ SE =146 + 7 g).
There were strong correlations between the amount eaten
and the time the koalas spent feeding in a night (P < 0.001;
= 0.79) and per meal (P < 0.001; /*=0.86). Thus, analy-
ses based on either the time spent feeding, or on the amount
eaten, gave similar results. The koalas ate less overall
(P <0.001; Fig. 1a), fed for a shorter time (P < 0.001), ate
less per meal (P <0.001; Fig. 1b) and had shorter meals
(P <0.001) as FPC concentrations in foliage increased. A
significant interaction effect between the number of meals
eaten by the koalas and the FPC concentration of foliage
revealed that no matter whether the koalas chose to eat
many small, or a few large, meals, they ate the same
amount of foliage at the lowest FPC concentrations. In con-
trast, as FPC concentrations increased, the feeding strategy
adopted by individual koalas affected their food intake, so
that at the highest FPC concentrations, koalas that ate many
small meals were able to eat about three times as much as
koalas that ate a few larger meals (P = 0.05). This is further
illustrated by the fact that coefficients of variation (CVs)
were much higher (55-67) when the koalas ate foliage from
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Fig. 1 The responses of six koalas to varying FPC concentrations in
Eucalyptus viminalis foliage. a The amount of foliage eaten over 12 h
of ad libitum presentation (mean % SE). b The amount of foliage eaten
during each meal (circles; mean &= SE). The lines are a summary of the
factors identified by REML modelling that had a significant effect on
the amount of food eaten by the koalas during a meal, namely the time

the five trees with the highest concentrations of FPCs com-
pared to the five lowest (14-26).

The number of meals eaten by the koalas during the
night and the time of night at which a meal was initiated
influenced meal DMI at low, but not at high, FPC concen-
trations. Koalas that ate few meals ate more food during
each meal at low FPC concentrations, but food intake per
meal converged with that of koalas that ate many meals at
high FPC concentrations (P = 0.001; Fig. 1b). This was true
also for meal lengths (P < 0.001). Meals early in the night
were larger and longer than later meals when the koalas ate
foliage with low FPC concentrations, but meal sizes were
similar throughout the night when foliage contained high
concentrations of FPCs (P <0.001 for DMI and meal
length; Fig. 1b).

Do koalas change the number of meals
they eat with increasing FPC concentrations?

The FPC concentration of foliage did not influence the
number of meals eaten by the koalas each night (P =0.51;
Fig. Ic). Instead, some individuals consistently ate more
meals than others (P < 0.001; Table 1).

How do FPCs influence the rate at which koalas feed?

The average nightly feeding rate of the koalas (total nightly
DMI/total minutes spent feeding) ranged from 0.6 g min~!
to 1.7 gmin~!' (mean + SE =1.12 4 0.02 g min~!). This
variation, however, was only partly explained by the FPC
concentration of foliage, with the feeding rates of the
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of night, the FPC concentration of foliage, and the number of meals
initiated during the night (solid line 1800 hours, four meals; (long
dashed line 1800 hours, eight meals; (alternating dashed and dotted
line 0400 hours, four meals; (short dashed line 0400 hours, eight
meals). ¢ The number of meals eaten per night by the koalas
(mean £+ SE)

Table 1 A summary of the feeding behaviour of individual koalas,
averaged across 18 nights (mean & SE)

Koala Meals FPCs ingested FPCs ingested
per night per night (mg) per meal (mg)

1 7.4 + 0.4 2,291 + 214 310 + 25°

2 51403° 2,606 & 262*° 510 % 39°

3 4.9 + 0.5 2,311 & 336 468 + 59°

4 51404° 2,982 =4 329°¢ 590 + 60°¢

5 424 0.3° 3,221 4 417°¢ 773 £ 102¢

6 5840.5° 3,253 4 268° 558 + 45°

Values in a column that share the same letter are not significantly
different from one another

koalas slowing slightly, but significantly, with increasing
concentrations of FPCs (P =0.01). Thus, the koalas fed
0.1 g min~"! slower on the foliage with the highest concen-
tration of FPCs, relative to the lowest.

Do FPCs affect the amount of time koalas take
to eat 50% of their nightly intake?

Even though the koalas ate less of the foliage with high
FPC concentrations, it took them longer to eat half of their
total nightly intake (P < 0.001). Koalas offered the foliage
with the lowest concentration of FPCs had eaten roughly
half of their nightly intake by 2200 hours, 4 h into the 12 h
feeding period. In contrast, koalas offered the foliage with
the highest FPC concentration took almost 7 h to eat half of
their food.
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Do FPCs cause koalas to alter the lengths of non-feeding
intervals between meals?

The non-feeding intervals between meals varied in length
between 10 min and 470 min, but they were not influenced
by the concentration of FPCs in foliage (P =0.86), or by
the amount of food or FPCs ingested during the previous
meal (P=0.81 and P =0.18, respectively). Instead, both
the time of night and the number of meals eaten by koalas
affected non-feeding intervals. More specifically, as the
night progressed, the intervals between meals increased in
length by between 50 min and 90 min, regardless of the
FPC concentration (P < 0.001), while non-feeding intervals
were shorter for the koalas that ate many meals, compared
to those that ate few (P < 0.001).

What factors affect FPC intake by koalas?

The amount of FPCs that the koalas ingested during a night
increased with FPC concentrations of up to 21 mg g~' DM
(P <0.001). At FPC concentrations higher than this, FPC
intake appeared to decline, but a simple regression analysis
showed that there was no difference in FPC intake from
concentrations of 21-50 mg g~' DM (P = 0.16; Fig. 2a).
When individual koalas were included as a fixed effect in a
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Fig. 2 The average (a) nightly intake and (b) intake per meal of FPCs
(mean £ SE) by six koalas offered foliage containing different FPC
concentrations

REML analysis, the average nightly intake of FPCs was
higher for some individuals than others (P < 0.01; Table 1).

The intake of FPCs per meal showed a similar pattern to
nightly FPC intake. In other words, regression analysis
showed that FPC intake increased with FPC concentrations
up to 21mgg~' DM (P <0.001), but not above this
(P=0.58; Fig.2b). REML analysis revealed that more
FPCs were ingested during a meal when the pre-meal inter-
val was longer (P < 0.001) and when few meals were eaten
(P =0.023). Also, when included as fixed effects, some
individual koalas ingested more FPCs during each meal
than others (P < 0.001; Table 1).

Discussion

Our study shows that behavioural modifications of meal
size, but not meal frequency, play a vital role in allowing
koalas to regulate their intake of plant secondary metabo-
lites (PSMs) in Eucalyptus foliage. Koalas responded to
increasing concentrations of FPCs by eating less per meal,
feeding for less time and at a slower average rate, without
altering the number of meals that they ate. By eating the
same number of meals at all FPC concentrations, the koalas
exhibited a variety of feeding strategies that were specific
to individual koalas. In particular, some koalas consistently
ate few meals, while others ate many. Behaviour is flexible
and is influenced by past experiences (Distel and Provenza
1991; Villalba and Provenza 2000; Provenza et al. 2003;
Villalba et al. 2004), so it is unrealistic to expect all indi-
viduals to conform to a single behavioural pattern. How-
ever, in the presence of PSMs that may potentially have
toxic effects if over ingested, it is interesting that the differ-
ent feeding strategies still achieved regulated PSM intake
without the animals being poisoned.

The willingness of the koalas to alter meal size, but not
meal frequency, led to several interesting outcomes. The
first was that, at low FPC concentrations, the two feeding
strategies: few large meals, or many small meals, did not
make a difference to food intake. However, the koalas that
ate many small meals ingested up to three-times more food
at high FPC concentrations and, therefore, met a larger pro-
portion of their daily intake requirements. Thus, at high
FPC concentrations, the individual koalas that ate many
small meals were at an advantage. This raises the question
of why the other koalas did not actively compensate for
increasing FPC concentrations by eating more meals. It
may have been that the feeding pattern demonstrated by
each individual koala was the result of its own previous
experience of foraging in the wild. Wild koalas probably
rarely need to adjust their feeding behaviour to increase
intake, because food is not limiting. It is likely that they
inhabit home ranges that contain trees covering the
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spectrum of FPC concentrations (Lawler et al. 2000; Wallis
et al. 2002), so that they normally have the option of avoid-
ing less palatable trees or of following a meal of less palat-
able foliage with one of palatable foliage. In this situation,
it is likely that the different feeding strategies demonstrated
by the captive koalas would be equally viable. It would be
interesting to test in captivity whether individuals could
learn to shift their feeding strategy over time if they were
not given palatable food in the morning.

The second outcome was that individual koalas that ate
few meals often ingested more than 1 g FPCs per meal,
while those that fed more regularly rarely exceeded this
amount. However, because koalas that ate few meals also
spaced them further apart, they had longer to detoxify the
ingested FPCs before the next meal, whereas, koalas that
ate many meals had little time for detoxification. This may
reflect different tolerance levels and detoxification rates for
FPCs between individuals, and it would be interesting to
keep these differences in mind if future studies were to
compare detoxification thresholds and rates with feeding
patterns.

The meal pattern changes demonstrated by the koalas in
this study match those of other mammals voluntarily
ingesting PSMs. More specifically, rats fed the cyanoglyco-
side, simmondsin (Lievens et al. 2003), brushtail possums
fed the terpene, 1,8-cineole (Wiggins et al. 2003), desert
woodrats fed phenolic resin from creosote bush (Sorensen
etal. 2005) and ringtail possums fed foliage containing
FPCs (Wiggins etal. 2006), all ate smaller and slower
meals. That final study is of particular relevance to ours,
because ringtail possums are known to regulate FPC intake
via feedback from the emetic system (Lawler et al. 1998).
Blundell et al. (1985) suggested that different feedback sig-
nals would be manifested as changes in different aspects of
feeding patterns and showed that satiety, nauseous malaise,
and bitter tastes produced different feeding responses in
rats. Thus, the similar feeding patterns demonstrated by five
different species of animals fed diets containing PSMs may
illustrate that nausea and emesis can act as a common sig-
nal to regulate PSM ingestion.

However, if nausea and emesis provide a key signal to
herbivores that regulate their intake of PSMs, explanation
is required for why their feeding patterns may differ from
those traditionally associated with nauseous malaise. In
other words, rats experiencing malaise from an injection of
lithium chloride (LiCl), decreased their average rate of
feeding and the number of meals that they ate, but they
maintained the size of the meals (Blundell et al. 1985; West
et al. 1987). The different behavioural responses of animals
regulating PSM intake, compared with rats injected with
LiCl, is probably a consequence of the multiple signals
received by an animal confronted with foods containing
PSMs. The palatability of foods eaten by wild herbivores
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may depend on competition between the need for nutrients
and avoidance of toxicity (Marsh et al. 2006). Furthermore,
previous experience with a PSM allows animals to antici-
pate the consequences of ingestion (Distel and Provenza
1991; Villalba and Provenza 2000; Provenza et al. 2003;
Villalba et al. 2004), which can alter feeding behaviour
(Lievens et al. 2003). Animals learn to associate the flavour
of a food with its post-ingestive consequences, and when
flavour cues reliably indicate toxin concentrations, they can
regulate intake based on the strength of the flavour alone
(Launchbaugh et al. 1993; Lawler et al. 1999).

Physiological limitations to detoxification may also
cause different feeding responses between studies that
inject animals with the test compound and those that allow
them to eat freely. Herbivores are poisoned if they ingest
PSMs faster than they are able to detoxify them (Freeland
and Janzen 1974; Pfister etal. 1997; Galey etal. 1998;
Marsh et al. 2005). Rats injected with LiCl and offered a
palatable food will not subsequently ingest too much of the
toxin. In contrast, the concentration of a PSM in food
places an upper limit on the rate of PSM ingestion and,
therefore, how much of that food a herbivore can eat
(Marsh et al. 2005). As a consequence, it may not be possi-
ble for a free-feeding herbivore, unlike rats injected with a
toxin like LiCl, to maintain the length of a meal when
ingesting a PSM, without increasing the risk of being poi-
soned.

This idea is supported by the fact that FPCs were the
only significant factor affecting the size of meals at high
FPC concentrations, whereas the time of night and the
number of meals a koala ate also played a role at low con-
centrations. As a result, koalas ate similar sized meals
throughout the night at high FPC concentrations and, there-
fore, took approximately half of the night to eat half of their
food. Because the koalas ate larger meals at the start than at
the end of the night at low FPC concentrations, they took
only 4 h to eat the first half of their food, but 8 h for the sec-
ond. Thus, there was a shift in the timing of feeding across
the FPC concentrations. There are also likely to be effects
of other PSMs and nutrients in the leaves on feeding at low
FPC concentrations that we did not measure, which is
unavoidable in studies conducted with natural diets. Per-
haps the influence of other unmeasured foliar components
would explain why the koalas found the foliage that con-
tained the lowest concentration of FPCs (4.4 mg g~! DM)
less palatable than some that had higher FPC concentra-
tions (Fig. 1a, b).

Taken together, our results suggest that FPCs are likely
to affect the feeding decisions of free-ranging koalas.
Essentially, koalas utilising trees with high concentrations
of FPCs need to tolerate smaller meals, or increase their
intake in subsequent meals by seeking trees with lower FPC
concentrations. Reduced intake is an important cost of PSM
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ingestion, because, as food intake falls, so too does intake
of nutrients, especially when eucalypt foliage is a poor
source of nutrients anyway (Cork 1996). Some cohorts of
koalas that require extra food, including lactating animals
(Krockenberger 2003; Logan and Sanson 2003), those with
worn teeth (Logan and Sanson 2002), and those in cold
conditions (Harrop and Degabriele 1976; Ellis et al. 1995),
might not be able to achieve this without specifically select-
ing trees that allow them to eat more. We propose that free-
ranging koalas, intent on feeding, should rarely enter trees
that contain high concentrations of FPCs. If they do they
should stay for a short period of time and eat small meals.
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