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Abstract Plant defences can incur allocation costs and such
costs incurred early in ontogeny may result in opportunity
costs with effects evident later in life. A unified understand-
ing of the growth cost of defence requires the identification
of plants with varying ontogenetic trajectories of preferably
resource demanding defences and an appropriate measure-
ment of the growth cost of these defences. To develop such
tools, we first compared nitrogen-based chemical defence
(cyanogenic glycosides) in juvenile and adult foliage of three
species of Eucalyptus (Myrtaceae). We found marked differ-
ences between the species, with two having much lower
concentrations of foliar cyanogenic glycosides in seedlings
compared to adults. We next used seedlings of two species
to measure the resource (nitrogen) and growth cost of de-
ploying cyanogenic glycosides. We found evidence that for
every 1.0 nitrogen invested in cyanogenic glycosides, 1.49
additional nitrogens were effectively added to the leaves. We
also found that deployment of cyanogenic glycosides was
associated with a reduction in net assimilation rate (NAR)
at constant leaf nitrogen. We did not, however, detect an
overall growth cost associated with cyanogenic glycoside
deployment because the rise in leaf nitrogen associated with
this deployment apparently counteracted the reduction in
NAR.
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Introduction

The response of plants to their environment can be con-
strained in part by physiological trade-offs between traits
involved in defence against herbivory and those that more
directly influence growth (Herms and Mattson 1992). The
expression of plant defence traits can incur ‘allocation costs’
due to the energetic demands of synthesis and maintenance
and the diversion of limiting nutrients away from growth
or reproduction (McKey 1974; Mooney and Gulmon 1982).
Allocation costs that are incurred early in ontogeny result in
an ‘opportunity cost’, which involves a loss of growth and
competitive status with effects that are evident later in life,
even after the defences are diminished or no longer present
(Coley et al. 1985; Sagers and Coley 1995).

Allocation and opportunity costs are clearly connected,
and a unified understanding of the growth and fitness cost
of defence requires measurement not only of the effect on
growth and fitness of individual defences, but also of the
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lifetime ontogenetic trajectories of these defences (i.e. how
they change through time as the plant develops–Boege and
Marquis 2005). Considerable progress has been made in de-
tecting the growth and fitness cost of chemical defences
especially, and recent meta-analyses by Koricheva (2002)
and Bergelson and Purrington (1996) have provided strong
evidence for costs associated with various defences across
a range of plants and conditions. Nevertheless, many of the
reports of an allocation cost for one type of defence may
reflect, at least in part, costs or benefits of other co-varying
traits. Some recent studies have sought to overcome this
problem of confounding variables by genetically modifying
plants with regard to a single defence trait (Tian et al. 2003;
Zavala et al. 2004). In both cases an appreciable cost was
detected, despite the fact that the modified traits did not ac-
count for an appreciable amount of plant resources. The au-
thors were thus not convinced that they had indeed resolved
the actual cost of the modified trait from that of other co-
variables.

Research on the ontogenetic trajectories of individual de-
fences, in contrast, is still in its infancy. In their review
of research in this area, Boege and Marquis (2005) noted
that while there is indeed evidence for ontogenetic varia-
tion in some chemical and physical defence traits in a range
of species, no consistent pattern is evident. In fact, some
plants show a positive relationship between age and defence
(e.g. Goodger et al. 2004) while others show a negative
relationship (e.g. Wallace and Eigenbrode 2002). Interest-
ingly, almost all of the studies of ontogenetic variation in
defence involved comparing two ontogenetic stages, and as
yet, there has been no research on a complete ontogenetic
trajectory for any defence type or on whether these tra-
jectories vary qualitatively or quantitatively between plant
groups.

The juvenile stages of trees may provide a good opportu-
nity to study the relationship between allocation and oppor-
tunity costs. Juvenile trees are often relatively more vulner-
able to browsing by herbivores and the resulting damage (or
death) may be of greater consequence to maintaining a pop-
ulation than damage to an adult (Bryant et al. 1992; Huntly
1991; Julkunen-Tiitto et al. 1995). Therefore, traits that de-
fend trees from herbivory are likely to be strongly selected
for at the seedling and sapling stage. These juvenile stages of
trees are also generally the most vulnerable to competition;
thus traits that enhance seedling and sapling growth and es-
tablishment can also be strongly selected for at the seedling
stage (de Jung 1995; Grime and Hunt 1975; Tilman 1990).
This potential growth strategy conflict may result in variation
in ontogenetic defence trajectories that can be exploited in
an appraisal of defence costs.

In order to measure the costs and benefits of varying onto-
genetic patterns of resource allocation to growth and chemi-
cal defence two tools are required. First, plants with varying

ontogenetic trajectories of preferably resource demanding
defences must be identified, and second, appropriate mea-
sures of the growth cost of the defences must be derived. Our
aim in this paper is to define a system involving trees that
may provide these tools. More specifically, our aims were to
(1) describe contrasting ontogenetic changes in resource (ni-
trogen) allocation to chemical defence (cyanogenesis, a de-
fence against especially generalist herbivores–Gleadow and
Woodrow 2002a) using three closely related species of Eu-
calyptus and (2) develop a measure of the allocation cost
of chemical defence in the early stages of the ontogenetic
trajectory. We chose cyanogenic Eucalyptus trees for this
study for two reasons. First, the cyanogenic glycosides in
these species can account for up to 15% of total leaf nitro-
gen (Gleadow et al. 1998; Goodger et al. 2002; Goodger and
Woodrow 2002) and thus the allocation costs are likely to
be appreciable and measurable. Second, there is apparently
a difference in the developmental timing and level of ex-
pression of cyanogenic capacity between the species. Fully
expanded foliage from seedlings of E. cladocalyx is appar-
ently more cyanogenic than is fully expanded foliage from
adult trees (Gleadow and Woodrow 2002b), whereas the op-
posite has been observed in the other two species (Goodger
et al. 2004; Goodger and Woodrow 2002).

Materials and methods

Field study

Fully expanded foliage of adult Eucalyptus polyanthemos
subsp. vestita (Ep, red box), E. yarraensis Maiden &. Cam-
bage (Ey, yarra gum), and E. cladocalyx var. nana F. Muell.
(Ec, dwarf sugar gum) was sampled from trees growing
in natural stands in southeast Australia. The locations of
the stands were as follows: E. polyanthemos, Sutherland
Creek, Brisbane Ranges National Park, Victoria (37◦54′S,
144◦10′E); E. yarraensis, Stony Creek, Brisbane Ranges Na-
tional Park, Victoria (37◦51′S, 144◦15′E); and E. cladocalyx,
15 km NE of Cowell, South Australia (33◦38′S, 136◦41′E).
Leaves (10 per plant) were snap-frozen in liquid nitrogen
within 1 min of removal from the tree, returned to the
laboratory and then freeze-dried, ground in a cooled IKA
Labortechnic A10 analytical mill (Janke and Kunkel GmbH
Co, Staufen, Germany), and analysed chemically as de-
scribed below. Leaf area and dry weight of an additional
10 randomly sampled leaves per tree were measured and
used to calculate LMA (leaf mass per unit area). Twelve
random soil samples were collected from within each stand
and analysed for total nitrogen (see chemical analyses be-
low). Long-term average rainfall was obtained from nearby
meteorological stations (Bureau of Meteorology, Australia,
www.bom.gov.au/climate/averages/).
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Seedling study

Seedlings deploying juvenile foliage were not present at the
sites listed above. Therefore, seeds were collected from a
number of open pollinated trees at each site. Seedlings of
each species were grown in pots containing a mixture of sand,
vermiculite and perlite (1:1:1; v/v) in a glasshouse under the
same conditions described in Goodger and Woodrow (2002).
Pots were flushed with one-quarter strength Hoagland’s so-
lution containing 4 mM nitrogen (supplied as ammonium
and nitrate, 1:6 mole:mole) for the first 4 weeks and then
6 mM nitrogen for the remainder of the experiment. This rel-
atively high nutrient regime was planned to approximate the
post-fire nutrient replete conditions under which the species
generally regenerate (Wellington 1989).

Plants were harvested when 0.5 m tall, at 16–18 weeks
after germination. The area of all fully expanded leaves of
each seedling was determined, then they were pooled and
snap-frozen in liquid nitrogen. Unexpanded and senescent
leaves were excluded from the leaf pool for chemical anal-
yses, but their mass was included in biomass determina-
tions. The fully expanded leaf pool from each seedling was
freeze-dried, ground and analysed in the same way as leaves
from adult trees. Other plant parts were oven-dried at 70◦C
for 72 h for use in biomass determinations. The final dry
weight of each seedling was determined and used to calcu-
late relative growth rate (RGR, g g−1 d−1) such that RGR =
(ln W2 − ln W1)/(t2 − t1), where t1 is the day the 6.0 mM
nitrogen treatment commenced, W1 is the plant dry mass at t1
(calculated from the average mass of 20 seedlings randomly
selected from each species’ seedling cohort and destructively
harvested at t1), t2 is the day of harvesting and W2 is the indi-
vidual plant dry mass at time t2. Net assimilation rate (NAR,
g m−2 d−1) was also calculated as follows: NAR = [(W2 −
W1)(ln A2 − ln A1)]/[(A2 − A1)(t2 − t1)], where A1 and A2

are the leaf area at times t1 and t2, respectively. Note that
seedling mass and leaf area at t1 was highly uniform within
each species.

Chemical analyses

Cyanogenic glycoside concentration was measured by hy-
drolysing the glycoside in freeze-dried leaf tissue (40–
100 mg), and trapping the resultant cyanide in a NaOH
well (see Brinker and Seigler 1989; Woodrow et al. 2002).
The amount of cyanide detected by this method is directly
proportional to the amount of cyanogenic glycoside (i.e.
1 mg CN = 11.35 mg prunasin). The cyanogenic glyco-
side present in the foliage of the three eucalypts has been
identified as prunasin (Gleadow 1999; Goodger et al. 2002;
Goodger and Woodrow 2002).

The concentration of total phenolics (including tannins)
in the freeze-dried leaves of seedlings and adults was deter-

mined by the Folin–Ciocalteu Assay according to the method
of Cork and Krockenburger (1991) with modifications de-
scribed by Burns et al. (2002). Phenolics were extracted from
tissue (50 mg) in 50% acetone, and gallic acid was used as
the standard.

Total nitrogen was determined on freeze-dried leaf mate-
rial (5–10 mg) and soil samples (30–40 mg) using a Perkin
Elmer 2400 Series II CHNS/O Analyzer (Perkin-Elmer
Pty. Ltd., Melbourne, Australia), calibrated with the or-
ganic analytical standard, acetanilide (Perkin-Elmer #0204-
1121).

Results

Fully expanded juvenile foliage

There were pronounced differences in the foliar chemical and
physical properties between seedlings of the three Eucalyp-
tus species. The mean cyanogenic glycoside concentration
was markedly higher in E. cladocalyx seedlings compared
to E. yarraensis and E. polyanthemos (one-way ANOVA
F = 265.1, p<0.001; Table 2; Ec>Ey>Ep). Mass-based fo-
liar nitrogen concentration paralleled cyanide (Ec>Ey>Ep;
F = 35.1, p<0.001; Table 2). Phenolic compounds, however,
were lowest in the most cyanogenic species (Ec<Ey = Ep;
F = 313.9, p<0.001; Table 2). Leaf mass per unit leaf
area (LMA) showed a similar inverse relationship with
cyanogenic glycoside concentration for E. polyanthemos and
E. cladocalyx (Ep>Ec, F = 29.6, p<0.001; Table 2). How-
ever, E. yarraensis displayed similar LMA to E. cladocalyx
despite its much lower cyanogenic glycoside concentration
(Table 2).

Adult fully expanded foliage

The natural populations of the three eucalypts also showed
pronounced species differences in leaf chemistry and LMA,
but these did not always mirror those found in the seedlings.
In contrast to seedling leaves, adult E. cladocalyx leaves
had the lowest concentration of cyanogenic glycosides and
E. yarraensis the highest (Ey>Ep>Ec; F = 61.8, p<0.001;
Table 3). Nevertheless, as with the seedling leaves, the most
cyanogenic foliage was also the highest in nitrogen. Foliar
nitrogen in E. yarraensis was significantly higher than in
both the other species (Ey>Ec>Ep; F = 528.8, p<0.001;
Table 3).

The phenolic concentration in adult leaves was dis-
similar to the generally inverse relationship seen in the
seedling leaves. In fact, E. cladocalyx foliage remained by far
the lowest in phenolics (Ep>Ey>Ec; F = 121.3, p<0.001;
Table 3) despite also being the lowest in cyanogenic gly-
cosides. The other two species had adult foliar phenolic
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Table 1 Annual rainfall (long-term average) and total soil nitrogen (top soil) from field sites for populations of Eucalyptus polyanthemos, E.
yarraensis and E. cladocalyx

Average total soil nitrogen (mg g−1)
Species Site 0–5 cm 5–10 cm 10–15 cm Average annual rainfall (mm)

E. polyanthemos Sutherland Creek, Victoria 0.506 0.217 0.081 690
E. yarraensis Stony Creek, Victoria 0.290 0.088 0.000 690
E. cladocalyx Eyre Peninsula, South Australia 0.380 0.103 0.063 285

Twelve randomly chosen soil cores (15 cm) were taken from within each site and divided into three 5 cm depths. The 12 samples at each depth
were pooled for each site and analysed for total nitrogen.

concentrations comparable to those of the seedling leaves
(Table 3). The LMA of adult foliage, in contrast, was
several times higher than the juvenile leaves of seedlings
in all three species. Moreover, LMA was not consis-
tent with the rankings for total phenolics, nitrogen or
cyanogenic glycosides (Ec>Ep = Ey; F = 44.44; p<0.001;
Table 3).

The differences in adult foliar cyanogenic glycoside con-
centration measured here do not appear to be the result of any
difference in soil nitrogen at the site of origin (Table 1). Adult
E. yarraensis leaves contained the highest concentrations of
cyanogenic glycosides, and also the highest concentration of
leaf nitrogen (Table 3). Soil nitrogen, however, was lower
at all depths at Stony Creek where E. yarraensis was sam-
pled compared to the other two sites. It should be noted that
total soil nitrogen may not accurately reflect the amount of
nitrogen available to trees (Kriedemann and Cromer 1996)
and moreover, leaf nitrogen does not always co-vary with
soil nitrogen in plantation grown eucalypts (e.g. Hooda and
Weston 1999).

Resource allocation in juvenile and adult foliage

To examine if the species showed contrasting ontogenetic
changes in resource allocation to chemical defence, we made
comparisons on the basis of the proportion of foliar N allo-
cated to cyanogenic glycosides (Fig. 1). In E. polyanthemos
and E. yarraensis seedlings, less than 1% leaf nitrogen was
allocated to cyanogenic glycosides, with cyanide–nitrogen
per total leaf nitrogen ratios (CN-N/N) of 0.09 ± 01 and
0.76 ± 0.07%, respectively. By contrast, in juvenile leaves
of E. cladocalyx seedlings, a relatively large proportion
of an already enhanced leaf nitrogen level was incorpo-
rated into cyanogenic glycosides (4.22 ± 0.16%, CN-N/N).
The ranking of N allocation to cyanogenic glycosides was
Ec>Ey>Ep (F = 195.32, p<0.001). When adult leaves were
compared, however, E. cladocalyx allocated the least nitro-
gen to cyanogenic glycosides (1.96 ± 0.23%, CN-N/N) com-
pared to 2.62 ± 0.13 and 2.99 ± 0.14% for E. yarraensis and
E. polyanthemos, respectively. The trend was thus the reverse
of that seen in seedlings (Ep>Ey>Ec; F = 22.92, p<0.001;
Fig. 1).

Fig. 1 Proportion of total leaf nitrogen allocated to cyanide
(CN-N/N%) in adult Eucalyptus polyanthemos, E. yarraensis and E.
cladocalyx growing in the field (grey bars) and for seedlings grown from
seed collected at the same sites (black bars). Data for adults are popula-
tion means ( ± 1 SE) estimated using 10 leaves randomly sampled from
replicate trees. Values for seedlings are for all fully expanded leaves

Seedling growth and biomass allocation

Seedlings of the three eucalypts also differed significantly in
their mean relative growth rates (RGR), with E. yarraensis
being higher than the other two species (F = 6.52, p<0.01;
Table 2). This difference in RGR was a result of differences
in both leaf area ratio (LAR; F = 7.91, p<0.001) and net
assimilation rate (NAR; F = 6.62, p<0.01; Table 2). Specif-
ically, RGR differences between E. yarraensis and E. clado-
calyx were largely due to differences in NAR, whereas dif-
ferences between E. polyanthemos and E. yarraensis were
largely due to differences in LAR (Table 2). Focussing on E.
yarraensis and E. cladocalyx, the marked difference in NAR
(about 12%) was not due to a higher proportion of non-
photosynthetic tissue in the low NAR E. cladocalyx, nor was
it due to a significantly lower amount of nitrogen per unit
leaf area (NA). In fact, both leaf weight ratio (LWR) and NA

were higher in E. cladocalyx compared to that in E. yarraen-
sis. The relatively low NAR in E. cladocalyx was largely
due to the low leaf nitrogen productivity (LNP), which is
the efficiency with which leaf nitrogen is used for biomass
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Table 2 Growth indices and
foliar chemical concentrations
for seedlings of Eucalyptus
polyanthemos, E. yarraensis and
E. cladocalyx

Index E. cladocalyx E. polyanthemos E. yarraensis F p

RGR (g g−1 d−1) 0.056 ± 0.001 0.053 ± 0.002 0.063 ± 0.002∗ 6.52 <0.01
LAR (m2 g−1) 0.013 ± 0.000 0.011 ± 0.000∗ 0.013 ± 0.000 7.91 <0.001
NAR (g m−2 d−1) 4.485 ± 0.093∗ 5.006 ± 0.209 5.113 ± 0.170 6.62 <0.01
LWR (g g−1) 0.520 ± 0.005∗ 0.601 ± 0.011∗ 0.499 ± 0.070∗ 44.34 <0.0001
LMA (g m−2) 42.27 ± 1.03 56.76 ± 1.03∗ 40.93 ± 1.75 29.58 <0.0001
LNP (g m−2 d−1) 2.82 ± 0.05 2.97 ± 0.11 3.75 ± 0.11∗ 35.80 <0.0001
CNM (mg g−1) 3.556 ± 0.120∗ 0.060 ± 0.009∗ 0.531 ± 0.120∗ 265.14 <0.0001
CNA (mg m−2) 0.154 ± 0.007∗ 0.003 ± 0.001 0.022 ± 0.002 143.87 <0.0001
PhM (g g−1) 0.024 ± 0.011∗ 0.184 ± 0.009 0.196 ± 0.022 453.70 <0.0001
NM (g g−1) 0.039 ± 0.001∗ 0.030 ± 0.001∗ 0.034 ± 0.001∗ 35.13 <0.0001
NA (g m−2) 1.59 ± 0.02∗ 1.70 ± 0.05∗ 1.34 ± 0.04∗ 14.15 <0.0001

Seedlings were grown in a glasshouse under identical conditions. Data are presented as means ( ± 1 SE)
with the results of one-way ANOVA analysis between species (Minitab Release 13). Fisher’s least LSD
procedure was used to discriminate among the means and statistically significant differences (at p = 0.05) are
indicated by asterisks. Abbreviations: RGR, relative growth rate; LAR, leaf area ratio; NAR, net assimilation
rate; LWR, leaf weight ratio; LMA, leaf mass per unit leaf area; LNP, leaf nitrogen productivity; CNM, leaf
cyanide per unit leaf mass; CNA, leaf cyanide per unit leaf area; PhM, leaf total phenolics per unit leaf mass;
NM, total leaf nitrogen per unit leaf mass; NA, total leaf nitrogen per unit leaf area.

accumulation. In contrast, no significant difference in NAR
was detected between E. polyanthemos and E. yarraensis,
despite a 20% difference in mean LWR. It appears that a
relatively high NAR is attained in E. polyanthemos by a
combination of a significantly higher allocation of mass to
leaves (LWR) and enhanced NA in the thicker (high LMA)
leaves.

Measurement of allocation costs

To develop a measure of the allocation cost of chemical de-
fence in the early stages of the ontogenetic trajectory we used
the combined data from the seedlings of E. cladocalyx and
E. yarraensis. No difference was detected in LAR between
these two species, thus they offered an excellent opportu-
nity to examine the relationship between RGR, NAR and
chemical defence. We tested two hypotheses: (1) increasing
allocation of foliar nitrogen to cyanogenic glycosides is as-
sociated with increasing total foliar nitrogen (with a slope
of the relationship greater than one); (2) increasing foliar
cyanogenic glycoside concentration is associated with de-
creasing NAR. In other words, we hypothesised that highly
cyanogenic plants deploy more foliar nitrogen to make and
maintain the cyanogenic glycosides, and because mainte-
nance has a metabolic ‘cost’ the productive capacity of leaves
is reduced.

To test the first hypothesis, we examined variation in
NA with the area-based amount of nitrogen invested in
cyanogenic glycosides (NCN−A) across the two eucalypt
species. Because both mass- and area-based nitrogen con-
centration is generally strongly correlated with LMA, we
included all three variables in a multiple regression analysis
(SigmaPlot 2004 version 9.01, SPSS Inc., Chicago, USA) as

follows:

NA = NA0 + aNCN−A + bLMA,

where NA0 is the NA intercept when NCN−A and LMA
are zero, and a and b are slopes defining the NA–NCN−A

and NA–LMA relationships, respectively (Fig. 2). We found

Fig. 2 Examination of the variation in leaf area-based nitrogen
(NA) with leaf mass per unit area (LMA) and area-based nitrogen in-
vested in cyanogenic glycosides (NCN−A). A multiple regression anal-
ysis of the combined Eucalyptus cladocalyx and E. yarraensis data
(grey circles) was performed (grid lines) using the following equa-
tion: NA = NA0 + aNCN−A + bLMA, where NA0 is the NA intercept
when NCN−A and LMA are zero, and a and b are slopes defining
the NA–NCN−A and NA–LMA relationships, respectively (r2 = 0.54,
p<0.0001). Estimated values for a, b and NA0 are 2.49 g g−1 N,
0.011 g N g−1 leaf, and 0.93 g m−2, respectively
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Fig. 3 Examination of the influence of leaf area-based nitrogen (NA)
and cyanide per unit leaf area (CNA) on net assimilation rate (NAR).
A multiple regression analysis of the combined Eucalyptus cladoca-
lyx and E. yarraensis data (grey circles) was performed (grid lines)
using the following equation: NAR = NAR0 + mCNA + nNA, where
NAR0 is the NAR intercept when CNA and NA are zero, and m and
n are slopes defining the NAR–CNA and NAR–NA relationships, re-
spectively (r2 = 0.32, p<0.0001). Estimated values for m and n are
− 6.61 g g−1 CN d−1 and 3.11 g g−1 N d−1, respectively

highly significant relationships between NA and both vari-
ables (r2 = 0.54; F = 76.40, p<0.0001) and estimated val-
ues for a and b of 2.49 ± 0.42 g g−1 (p<0.0001) and
0.011 ± 0.002 g N g−1 leaf (p<0.0001), respectively, and
an NA0 value of 0.93 ± 0.07 g m−2 (p<0.0001). An a slope
of this magnitude indicates that for every nitrogen invested
in cyanogenic glycosides, an additional 1.49 nitrogens are
effectively added to the leaf. We could not identify any vari-
able other than LMA that affected this correlation between
NA and CNA.

To test the second hypothesis, we measured the separate
effects of NA and CNA on NAR using multiple regression
analysis. We used the following equation:

NAR = NAR0 + mCNA + nNA,

where NAR0 is the NAR intercept when CNA and NA

are zero, and m and n are slopes defining the NAR–CNA

and NAR–NA relationships, respectively (Fig. 3). We found
highly significant relationships between NAR and both vari-
ables (r2 = 0.32, F = 24.24, p<0.0001) and estimated values
for m and n of − 6.61 ± 1.25 g g−1 CN d−1 (p<0.0001) and
3.11 ± 0.45 g g−1 N d−1 (p<0.0001), respectively. This re-
sult indicates that deployment of cyanogenic glycosides is
associated with a productivity ‘cost’, and that the magnitude
of this ‘cost’ apparently exceeds (on a nitrogen basis) the

‘gain’ of deploying the nitrogen into productive activities.
These results do not appear confounded by parallel variation
in the phenolics concentration as we detected a small, but sig-
nificant negative relationship between area-based phenolics
concentration and CNA (r2 = 0.16, F = 17.28, p<0.001).

To measure the overall effect of the parallel increases
in CNA and NA, we plotted CNA against NAR across both
eucalypt species and failed to detect a significant relation-
ship (r2 = 0.004, F = 0.48, p = 0.49). This indicates that the
increase in leaf N accompanying the rise in cyanogenic gly-
coside concentration maintains NAR. Thus, we have not
detected an overall growth ‘cost’ of cyanogenic glycoside
deployment and maintenance.

Discussion

Ontogenetic changes in resource allocation

We have identified contrasting ontogenetic changes in de-
fence strategies in three species of cyanogenic Eucalyptus.
Amongst the juvenile foliage, E. cladocalyx and E. yarraen-
sis display high levels of chemical defence (cyanogenesis
in Ec and phenolics plus cyanogenesis in Ey), whereas E.
polyanthemos appears tougher, as indicated by its relatively
high LMA. This pattern changes amongst the adult foliage
where it is E. cladocalyx that apparently has the toughest
leaves and the lowest level of chemical defence. Adult leaves
of the other two species have relatively high levels of both
cyanogenic glycosides and phenolics (Table 3). Consistent
with our first aim, the ontogenetic changes in cyanogenic
glycoside concentration were mirrored by changes in the
proportional allocation of leaf nitrogen to these compounds.
Thus, investment of nitrogen in cyanogenic compounds de-
clines from nearly 5% in juvenile foliage of E. cladocalyx
to below 2% in adult foliage, but in the other two eucalypts
there was an increase from less than 1% to around 3% with
leaf ontogeny (Fig. 1).

Measurements of changes in cyanogenic glycoside con-
centration with age have been made for several other species
(e.g. Dahler et al. 1995; Gleadow et al. 1998; Miller et al.
2004; Schappert and Shore 2000; Selmar et al. 1991), and it
has been consistently found that ‘old’ tissue contains lower
concentrations of cyanogenic glycosides than does ‘young’
tissue, no matter whether the definition is based on being de-
velopmentally mature (i.e. ontogenetically old) or more per-
sistent (i.e. older in terms of leaf age; see Nahrstedt 1985).
Similar patterns have been seen in other nitrogen-based de-
fence systems (e.g. pyrrolizidine alkaloids in Senecio ja-
cobaea, de Boer 1999; nicotine in Nicotiana sylvestris,
Ohnmeiss and Baldwin 2000; glucosinolates in Brassica
napus, Lambdon et al. 2003). The increase in cyanogenic
capacity in E. yarraensis and E. polyanthemos (and recently
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Table 3 Leaf chemical and physical parameters for adult Eucalyptus cladocalyx, E. yarraensis and E. polyanthemos growing in the field and for
seedlings grown from seed collected at the same sites

Leaf type Species Trees sampled CNM (mg g−1) PhM (g g−1) NM (g g−1) NA (g m−2) LMA (g m−2)

Juvenile E. polyanthemos 30 0.06 ± 0.01a 0.184 ± 0.009c 0.030 ± 0.001c 1.70 ± 0.05a 56.8 ± 1.8b
E. yarraensis 28 0.53 ± 0.05bc 0.196 ± 0.022c 0.034 ± 0.001d 1.38 ± 0.05b 40.9 ± 1.8a
E. cladocalyx 80 3.56 ± 0.12e 0.024 ± 0.011a 0.039 ± 0.001e 1.58 ± 0.02a 42.3 ± 1.0a

Adult E. polyanthemos 201 0.63 ± 0.03c 0.294 ± 0.019e 0.010 ± 0.001a 2.45 ± 0.13c 257.3 ± 7.8c
E. yarraensis 100 1.08 ± 0.06d 0.219 ± 0.018d 0.018 ± 0.003b 4.12 ± 0.14e 224.9 ± 6.7c
E. cladocalyx 31 0.42 ± 0.03b 0.085 ± 0.005b 0.012 ± 0.004a 3.56 ± 0.09d 308.1 ± 5.2c

Data for adults are population means ( ± 1 SE) estimated using 10 leaves randomly sampled fully expanded adult leaves from replicate trees. Values
for seedlings are for all fully expanded juvenile leaves. Means with the same superscript letter are not significantly different using Fisher’s least
significant difference (LSD0.05) procedure (Minitab Release 13, Minitab Inc., Pasadena, USA). Field sites: E. polyanthemos, Sutherland Creek
(Victoria); E. yarraensis, Stony Creek (Victoria); E. cladocalyx, Eyre Peninsula (South Australia). Abbreviations: CNM, leaf cyanide per unit leaf
mass; PhM, leaf total phenolics per unit leaf mass; NM, total leaf nitrogen per unit leaf mass; NA, total leaf nitrogen per unit leaf area; LMA, leaf
mass per unit leaf area.

observed by our group for E. camphora (Neilson et al. 2006)
is, to our knowledge, the only recorded example of an in-
crease in cyanogenic glycosides with plant maturation. In
some species, a transient increase in cyanogenic compounds
in germinating plants has been observed, usually as a result
of the transfer of cyanogenic compounds from seed to plant
(e.g. Ungnadia speciosa, Selmar et al. 1990; Hevea spp.,
Selmar et al. 1991), but there are no examples of seedlings
being overall less cyanogenic than are adults of the same
species.

Overall, adult leaves had elevated concentrations of phe-
nolics compared to their juvenile counterparts. Eucalyptus
leaves typically contain 100–200 mg g−1 of total pheno-
lics, and these compounds can comprise up to 50% of the
leaf dry weight (e.g. Cork and Krockenburger 1991; Lawler
et al. 1997). The phenolic concentration in adult and juvenile
leaves of E. polyanthemos and E. yarraensis were within this
range. The phenolic values of juvenile and adult E. cladoca-
lyx foliage were relatively low and are consistent with pre-
vious observations (Burns et al. 2002; Gleadow 1999). With
respect to leaf ontogeny, the pattern of deployment of phe-
nolics appears to be species specific: some studies, among
tropical tree species in particular, report higher concentra-
tions of phenolics and tannins in young leaves, while others
report little change with leaf age (see Coley and Barone
1996). It may be that plants with low phenolics in young
leaves are either low in protein or are dependent on other
forms of defence, such as cyanogenesis.

Overlying the ontogenetic changes in defence strategy
in the three eucalypts was a marked and significant de-
crease in leaf nitrogen concentration with leaf age. This
probably does not reflect a decrease in productive capac-
ity at the leaf level; rather, it reflects the large increase in
LMA in adult leaves, which actually results in an appar-
ent increase in nitrogen per unit leaf area in each species
(Table 3). Such increases in LMA have been measured for a
range of species (e.g. Gleadow et al. 1998; Kouki and Mane-

tas 2002; Lawrence et al. 2003) and in eucalypts, they reflect
the well-documented increase in sclerophylly with age (e.g.
Lawrence et al. 2003). LMA is the product of leaf thickness
and leaf density, and increases in either of these can lead to
an increase in physical resistance to herbivory (Coley 1983),
especially insect herbivory (e.g. in Eucalyptus–Landsberg
and Cork 1997). Moreover, the lower mass-based nitrogen
concentrations often associated with high LMA can also be a
deterrent to herbivores (Berenbaum 1995). Not surprisingly,
therefore, it has been found for a wide range of co-existing
species, and across species and habitats, that LMA and leaf
lifespan (LL) are positively correlated (e.g. Diemer 1998;
Reich et al. 1997; Ryser and Urbas 2000).

Finally, it should be noted that there is no ideal exper-
imental system that we could have used to separate ge-
netic and environmental effects on the ontogeny of eucalypt
leaf defence traits. We chose to examine juvenile foliage
on seedlings raised under glasshouse conditions simply be-
cause there were no seedlings growing in the natural pop-
ulations from which the adult foliage was collected. The
environments that support woodland Eucalyptus communi-
ties are often unfavourable for seedling establishment, and
hence stands may become increasingly open with age un-
til the right sequence of conditions (i.e. fire and/or several
wet years–Gill 1993; Wellington 1989) enables regeneration
to occur (Ashton 2000). Thus, even under natural condi-
tions, seedlings and mature trees would almost certainly be
subject to different levels of soil nutrients and water. Previ-
ous experimentation by our group has shown that soil water
can have a relatively small but significant effect on foliar
cyanogenic glycoside concentration (Gleadow and Woodrow
2002b), but manipulation of the amount of nitrogen supplied
to cyanogenic Eucalyptus seedlings did not modify their
cyanogenic capacity (e.g. E. polyanthemos–Goodger et al.
2004 and E. yarraensis–Goodger 2002). Given this, and the
fact that the foliar cyanogenic capacity of seedlings of E.
yarraensis and E. polyanthemos was actually lower than that
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of adults, despite being grown under optimal conditions, it
is almost certain that the contrasting ontogenetic changes
in resource allocation to chemical defence that we observed
were not a result of the conditions in which the seedlings
were grown.

Costs of defence

The use of seedlings of E. cladocalyx and E. yarraensis,
which did not differ significantly in either SLA or LWR
despite a marked difference in foliar cyanogenic glycoside
content, enabled us to effectively titrate the influence of rel-
atively sizable changes in cyanogenic capacity on leaf per-
formance against a constant LAR background. We did not
detect an overall correlation between leaf performance (i.e.
NAR) and cyanogenic glycoside content, but this apparently
reflects two counteracting changes. Firstly, we detected a rise
in leaf N in parallel with the change in cyanogenic glyco-
sides (Fig. 2). The slope of this rise exceeded the nitrogen
invested in cyanide by some 1.49 nitrogens per cyanide ni-
trogen, and it is possible that these extra nitrogens reflect
an increased investment in maintenance to service the extra
cyanogenic glycosides. Secondly, consistent with this inter-
pretation, we detected a decline in NAR at constant leaf N
(Fig. 3). This leaf cyanide deployment ‘cost’ was estimated
to be 6.61 ± 1.25 g g−1 CN d−1, exceeding the estimated
‘benefit’ of N addition to the leaf of 3.11 ± 0.45 g g−1 N d−1.

As far as we are aware, this is the first appropriately
quantified ‘cost’ for a chemical defence in terms of leaf per-
formance. Many studies have demonstrated the existence of
measurable costs, in terms of both growth and reproductive
fitness, for a variety of chemical defence types (Bergelson
and Purrington 1996; Koricheva 2002; Strauss et al. 2002),
including cyanogenesis (e.g. Kakes 1989). Nevertheless, as-
sociating the measured cost to a change in a single defence
chemical has proved to be very difficult indeed due to the
presence of unidentified and potentially confounding vari-
ables.

The present experiments potentially suffer from such
shortcomings. The use of seedlings from two different
cyanogenic species, for example, could have introduced
species-specific variables into the analysis. We did measure
several of these, including SLA, LWR and total phenolics
concentration, and we showed that they did not confound
our interpretation. Despite this finding, it would certainly
have been better to confine the analysis to a more genetically
homogeneous group, but we found that there was insufficient
variation in the foliar cyanogenic glycoside content, either
within each species or half-sib family, to detect significant
correlations. A better design may have involved the use of
a large number of clones derived from individual seedlings
with relatively high and low cyanogenic capacities (with sim-
ilar SLA and LWR), but a cloning protocol for E. cladocalyx

and E. yarraensis is not yet available. Another noteworthy
point regarding our experiments is that the plants were grown
at a soil nitrogen concentration that was largely saturating
for growth. Under these conditions, it is likely that an overall
growth ‘cost’ for a nitrogen-based defence chemical will be
harder to detect because the plants may be able to simply
take up ‘extra’ nitrogen to, at least in part, offset the cost.

In conclusion, we have provided good evidence that de-
ployment of cyanogenic glycosides in the early stages of the
ontogenetic trajectory incurs a quantifiable cost in terms of
leaf performance, and that this can be overcome by acquisi-
tion of extra nitrogen, presumably for both construction and
maintenance. The regression analyses, however, were not
able to account for all of the variation in NAR or leaf N, and
the possibility remains that other variables may have con-
founded our estimates. Simpler experimental systems, and
experiments under limiting soil nitrogen, may enable more
refined estimates to be made of costs.
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