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Abstract. The deployment of secondary metabolites, such as terpenes, as anti-herbivore defences is thought to
be costly for plants in terms of primary metabolism. Moreover, it is assumed that the cost of this deployment is
modified by resource availability. In this study we examined the impact of terpenoid oil accumulation on the growth
of Eucalyptus polybractea R.T.Baker seedlings from four maternal half-sib families, under conditions of sufficient
and limiting nitrogen. The foliar oil concentration measured was extremely variable, varying almost 20-fold to a
maximum of 13% (w / DW). Oil concentration was higher in plants grown under high nitrogen than in low-nitrogen
plants, and it was positively correlated with foliar nitrogen concentration. Oil concentration was related to maternal
concentration, although this relationship was weak because of the variation encountered. The composition of oil,
dominated by monoterpenes, was also extremely variable, although this variation could not be adequately explained
by either nitrogen availability or the seedling parentage. Importantly, we detected no negative correlations between
oil concentration and relative growth rate (RGR), net assimilation rate (NAR), or leaf nitrogen productivity (LNP).
Rather, under nitrogen limiting conditions, positive correlations were detected between oil concentration and all
three indices. We conclude that oil accumulation is associated with factors that promote growth and if there is a cost
to oil deployment, it could not be detected using the experimental design employed here.

Introduction

Inherent in plant defence theories is the assumption that
the production of anti-herbivore chemical defences is costly
for a plant, demanding resources that may otherwise be
used in primary metabolism (Bryant et al. 1983; Coley
et al. 1985; Gulmon and Mooney 1986; Herms and Mattson
1992). As a result, it is posited by these theories that plants,
through either evolutionary selection or internal regulation,
tend towards a balance between the primary processes of
growth and reproduction, and the expense of the production
of secondary chemicals in such a way as to maximise plant
fitness. The accumulation of terpenoid oils is one such
chemical defence (Langenheim 1994). Such oils, comprised
of the lower classes of terpenes (C10–C20), are accumulated
in significant quantities in a large range of plant taxa
(Gershenzon and Croteau 1991; Langenheim 1994). These
compounds are thought to be energetically expensive to

Abbreviations used: CNBH, carbon nutrient balance hypothesis; GDBH, growth differentiation balance hypothesis; HN, high nitrogen;
LAR, leaf area ratio; LMR, leaf mass ratio; LN, low nitrogen; LNP, leaf nitrogen productivity; NAR, net assimilation rate; Narea, foliar nitrogen
concentration on a leaf-area basis; Nmass, foliar nitrogen concentration on a leaf-mass basis; Oilarea, oil content on a leaf-area basis; Oilmass, oil content
on a leaf-mass basis; PCA, principal components analysis; Phenolicsarea, phenolic content on a leaf-area basis; Phenolicsmass, phenolic content on a
leaf-mass basis; RGR, relative growth rate; Rm, root mass; Rm : Sm, root-to-shoot ratio; Sm, shoot mass.

produce and in addition they demand the construction of
specialised structures for their storage (Fahn 1979), which
in turn require space, resources and energy to construct and
maintain (Lerdau et al. 1994). Given these demands, the
argument that the production of terpenoid oils may negatively
impact upon the growth of a plant seems credible.

This argument, however, is not supported clearly by
empirical evidence (Koricheva 2002). In fact studies
examining both growth and terpene concentration in
accumulating species have yielded conflicting results. Some
of these studies have measured a slight positive relationship
with measures of growth (Lerdau et al. 1995; Honkanen
et al. 1999; King et al. 2004), other studies have measured
the opposite (Hanover 1966), and some have detected no
relationship at all (McKinnon et al. 1998; Chen et al. 2002).
One reason for this apparent conflict may relate to the
fact that all of these studies were field-based and therefore
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potentially confounded by uncontrolled variables. Moreover,
considering that it is highly likely that terpene accumulation
acts as a defence against some herbivores (Gershenzon and
Croteau 1991; Langenheim 1994), these studies may, in fact,
have measured merely the net impact of terpene deployment
on plant growth. A true appraisal of growth costs is therefore
difficult to obtain from such studies.

There have also been studies examining the allocation of
resources to terpene deployment under conditions of varying
nutrient supply. Underlying these studies is the assumption
that the availability of resources modifies the ‘cost’ of
deployment of secondary compounds (Bryant et al. 1983;
Lerdau and Gershenzon 1997). Most commonly, the effect of
varying nitrogen has been investigated, either as the supply
of nitrogen or the foliar concentration, because of the clear
links between nitrogen and photosynthesis in many species
(Field and Mooney 1986). These studies have also yielded
conflicting results (Koricheva et al. 1998). Some studies
reported an increase in oil concentration with increasing
nitrogen (Lamontagne et al. 2002; King et al. 2004), others
a decrease (Chen et al. 2002) and others still, no change
(Kimball et al. 1998; McKinnon et al. 1998; Powell and Raffa
1999; Litvak et al. 2002).

In this study, we aim to quantify the impact of oil
accumulation on the growth of Eucalyptus polybractea
R.T.Baker seedlings under nitrogen-sufficient and -limited
conditions. More specifically our aims were to (1) examine
the response of oil accumulation to contrasting levels
of nitrogen availability, (2) test the hypothesis that
oil accumulation incurs a growth cost in seedlings of
E. polybractea, and (3) measure the impact of oil
accumulation on leaf and nitrogen productivity. We chose
E. polybractea for these experiments because foliar oil
concentrations of this species are among the highest ever
recorded (Brophy et al. 1991; King et al. 2004).

Materials and methods
Plant material

Eucalyptus polybractea R.T.Baker (blue mallee) is a mallee species
restricted to one region in NSW (West Wyalong) and several disjointed
regions in north central Victoria (Chippendale 1988). The leaves of
this species have a high oil content ranging from 1 to 6% (v / w FW)
consisting mainly of monoterpenes together with a few sesquiterpenes
(Brophy et al. 1991). Open-pollinated seed was collected from four
trees of E. polybractea, three located in Wehla State Forest and the
other on a roadside verge near Kingower, Victoria. The oil content
of these parent trees had been previously determined [for trees from
Wehla, see King et al. (2004), for Kingower tree, unpublished data].
In total 170 seedlings were grown from the four half-sib families in
temperature-controlled glasshouses with natural light, in pots containing
a sterilised soil medium of sand, vermiculite and perlite in a ratio
of 1 : 1 : 1 (v : v : v). Pots were watered daily until the emergence of
the cotyledons, whereupon they were assigned to one of two nitrogen
treatments. Nitrogen was supplied in modified Hoagland’s solution
containing either 1 mM or 6 mM nitrogen in the form of nitrate and
ammonium at a molar ratio of 5 : 1 (Gleadow and Woodrow 2000).
Plants were watered twice daily, and their position randomised within

the glasshouse every fortnight. Plants were harvested when they reached
0.8 m. Plant height was used as a measure of plant size and kept constant
to ensure all plants were harvested at a similar stage of maturity. The total
growing period was between October 2002 and May 2003, during which
time the daily average PAR was (mean ± s.d.) 7.30 ± 3.00 mol m−2 d−1

with a photoperiod of∼10.5 h. The temperature and humidity during this
time were on average 24.2 ± 2.4◦C and 54.4 ± 7.3% during the day and
20.8 ± 1.8◦C and 60.1 ± 6.2% at night. Upon harvesting, plants were
separated into fully expanded leaves, unexpanded tips, stem (including
petioles), and roots. A subsample (∼4 g) of fully expanded leaves
(excluding senescent leaves) of known mass and area was taken at
random and stored in liquid nitrogen for chemical analysis (see below).
All remaining plant parts were oven-dried at 65◦C until they reached a
constant mass. Relative growth rate (RGR) of plants was calculated
from the date of the emergence of the first leaf pair to the date of
harvest. Specifically RGR was calculated as the natural logarithm of
the mass of a plant v. the growing period of that plant. The initial mass
of the plant at the start of the recorded growing period was assumed
to be negligible. Other biomass indices calculated were leaf mass per
area (LMA, the inverse of specific leaf area), leaf area per total plant
biomass (leaf area ratio, LAR), and leaf mass as a proportion of total
plant biomass (leaf mass ratio, LMR). Net assimilation rate (NAR), was
calculated by dividing RGR by LAR. Leaf nitrogen productivity (LNP)
was calculated by dividing NAR by foliar nitrogen concentration per unit
leaf area.

Chemical analyses

Sample preparation

The subsamples of leaves collected from each plant and stored
in liquid nitrogen were ground individually to a fine powder in a
water-cooled IKA Labortechnic A10 analytical mill (Janke and Kunkel
GmbH Co., Staufen, Germany) pre-cooled with liquid nitrogen to avoid
volatilisation of the terpenoid oils. For oil analysis, three amounts of
∼250 mg fresh weight (FW) were weighed into separate vials and 3 mL
of hexane containing 100 µg tridecane mL−1 as an internal standard
was added. For all other chemical analyses, a sample of the remaining
homogenised tissue (0.65–2.19 g FW) was collected, weighed, refrozen
in liquid nitrogen and freeze-dried for 4 d, then reweighed to determine
dry weight and moisture content, which was used to determine the
dry mass of the initial sample. Freeze-dried samples were further
homogenised with a Retsch MM 300 mixer mill (Retsch GmbH,
Haan, Germany).

Oil analysis

Oil samples in hexane were extracted at 55◦C for 5 d with periodic
shaking. Vials were weighed before and after this period to account
for any possible solvent loss and vials with greater than 1% loss were
excluded from analyses. An aliquot of 1 mL of each extract was dried
with anhydrous Na2SO4, and stored at −20◦C until analysis. Oil samples
were analysed by a method modified from King et al. (2004). All samples
were analysed twice by GC-FID with a Perkin-Elmer Autosystem XC
(Perkin-Elmer, Melbourne, Vic.) fitted with a Sol-Gel WAX column
(30 m × 0.25 mm internal diameter × 0.25 µm film, SGE, Melbourne,
Vic.) using He as a carrier gas at a flow rate of 1 mL min−1. The column
temperature was held at 50◦C for 5 min following injection, then ramped
at 10◦C per minute to 190◦C and held for a further 4 min. Peaks were
identified by retention time with comparison to known standards (Sigma,
St Louis, MO and Fluka, Buchs, Switzerland) and by comparison with
samples that had been fully characterised by GC–MS with a 6890 GC
coupled to a mass spectrometer (Agilent Technologies, Palo Alto, CA)
operating with the same column and conditions identical to those above.
Compounds were quantified with comparison to standard compounds,
or if a standard was not available, by using an average response ratio of
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all compounds. Data presented are the mean values from all analyses
of a plant.

Elemental analysis

Foliar nitrogen content was measured on a sample (∼10 mg) from
the homogenised freeze-dried leaf tissue of each plant with a Carlos
Erba NA 1500 Series 2 NCS Analyser and AS-200 Autosampler (Fisons
Instruments, Milan, Italy) using analytical grade acetanilide (Perkin-
Elmer, Boston, MA) as a standard.

Phenolic analysis

To determine foliar phenolic concentrations, finely ground freeze-
dried leaf samples (50 mg) were extracted four times in 50% acetone
(v / v) and measured colorimetrically with Folin–Ciocalteau’s reagent
[Cork and Krockenberger (1991) as modified by Gleadow and Woodrow
(2002)]. Gallic acid was used as a standard and measurements were
expressed as gallic acid equivalents. Condensed tannins were measured
by the vanillin–HCl method using catechin as a standard as described
by Burns et al. (2002).

Statistical analysis

All statistical analyses were conducted with SPSS (V.13, SPSS, Chicago,
IL), Sigmaplot 2000 (SPSS), or Minitab (V.14, Minitab, State College,
PA). All data, both within families and treatments and across all plants,
were found to be normally distributed by Anderson–Darling tests, with
the exception of oil concentrations, calculated both by mass and by
area, which were log-transformed so as to comply with the assumption
of normality inherent in many tests. All statistical analyses with the
exception of the calculation of means, medians and standard errors
were performed on the log-transformed data for oil concentrations.
Principal components analysis of oil composition conducted with the
SPSS software, using the relative concentration of the 28 compounds
detected in oil samples at average concentrations greater than 0.1% of
total oil.

Table 1. Growth and foliar chemical parameters of 170 Eucalyptus polybractea seedlings grown at either
1 mM or 6 mM nitrogen (n = 85 for each)

Differences between nitrogen treatments and families were detected using two-way ANOVAs with interaction.
Data for Oilmass and Oilarea were log-transformed for statistical analyses to maintain the assumption of normality

1 mM nitrogen 6 mM nitrogen Difference (P)
Parameter Mean s.e. Mean s.e. N Family Interaction

Growth
RGR (g g−1 d−1) 0.0126 0.0003 0.0189 0.0003 < 0.001 < 0.001 0.074
NAR (g m−2 d−1) 2.65 0.09 3.99 0.08 < 0.001 0.006 0.009
LAR (m2 g−1) 0.0049 0.0001 0.0048 0.0001 0.473 < 0.001 0.128
LMR (g g−1) 0.500 0.005 0.469 0.005 < 0.001 < 0.001 0.501
LMA (g m−2) 104.0 1.5 98.9 1.4 0.014 0.035 0.33
LNP (g g−1 N d−1) 1.00 0.03 1.40 0.03 < 0.001 0.003 0.209
Rm : Sm 0.179 0.006 0.234 0.009 < 0.001 < 0.001 0.69

Foliar chemistry
Oilmass (% w / DW) 3.39 0.18 4.16 0.25 0.007 0.004 0.237
Oilarea (g m−2) 3.80 0.21 4.39 0.27 0.076 0.17 0.274
1,8-cineole (% of oil) 53.7 1.2 50.8 1.3 0.076 < 0.001 0.822
Nmass (% w / DW) 2.42 0.04 2.89 0.05 < 0.001 0.001 0.908
Narea (g m−2) 2.50 0.04 2.73 0.04 < 0.001 < 0.001 0.645
Phenolicsmass (%w / DW) 136.8 2.1 122.6 2.3 < 0.001 < 0.001 0.78
Phenolicsarea (g m−2) 15.3 0.3 12.9 0.3 < 0.001 < 0.001 0.832

Results

Growth

Two-way analyses of variance (ANOVA) with interaction
detected significantly higher mean foliar nitrogen
concentration in plants grown under high nitrogen
(6 mM, HN) than those grown under low nitrogen (1 mM, LN)
on both a mass (Nmass, F = 30.2, P<0.001) and an area
basis (Narea, F = 12.9, P<0.001; Table 1). The magnitude
of the difference was small however; it was only 1.2-fold
higher by mass [2.89 ± 0.05% (w / DW) v. 2.42 ± 0.04%
(w / DW)] and 1.1-fold higher by area (2.73 ± 0.04 g m−2 v.
2.50 ± 0.04 g m−2; Table 1) despite a 6-fold difference in
nitrogen supply.

Varying the supply of nitrogen to plants resulted in a
considerable difference in the RGR of the plants (Table 1,
F = 216.7, P<0.001). The mean RGR of plants grown with
high nitrogen was 0.0189 ± 0.0003 g g−1 d−1 compared with
0.0126 ± 0.0003 g g−1 d−1 for low-nitrogen plants. As plants
were harvested at a constant size, this equated to a difference
in the growth period of the plants (HN: 155.8 ± 1.9 d,
LN: 193.8 d; F = 212.3, P<0.001). Interestingly, no
difference was detected between treatments in LAR and only
a slight difference was detected in LMA (F = 6.9, P=0.014;
Table 1). However, a significant difference was detected
between treatments in NAR (F = 143.6, P<0.001; Table 1),
which was higher in plants from the high-nitrogen treatment
(3.99 ± 0.08 g m−2 d−1) than those grown with low nitrogen
(2.65 ± 0.08 g m−2 d−1). Indeed, when NAR was regressed
with RGR, highly significant and positive relationships
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were found both across (r2=0.77, P<0.001) and within
treatments (HN: r2=0.43, P<0.001, LN: r2=0.75, P<0.001;
Fig. 1). The higher RGR and NAR detected in plants
from the high-nitrogen treatment was also associated with
a higher root-to-shoot ratio (Rm : Sm) (HN: 0.234 ± 0.009
v. LN: 0.179 ± 0.006). Refining NAR to be the product of
Narea and LNP, it was found that variation in NAR was
driven primarily by LNP (Fig. 2) at both high (r2=0.54,
P<0.001) and low (r2=0.71, P<0.001) nitrogen, and
across treatments (r2=0.77, P<0.001). Between the half-
sib families, differences were detected by two-way ANOVAs
with interaction in all growth and morphological parameters,
but other than for NAR, no significant interactions were
detected (Table 1). Therefore, in all analyses we pooled the
data for the half-sib families.

Oils

The concentration of oil within the leaves tested was relatively
high, with an average across all plants 3.77% (± 0.15;
w / DW) and was extremely variable; there was an almost
20-fold difference between the lowest [0.67% (w / DW)] and
highest values [12.96% (w / DW)] recorded. On an area basis
this equated to an average oil concentration of 4.09 g m−2

(± 0.17) with a similarly broad range (0.70–13.20 g m−2).
The data for oil concentrations were significantly right-
skewed and thus they were log-transformed for all statistical
analyses so as to maintain the assumption of normality. Two-
way ANOVA detected differences in oil concentration by
mass between the four half-sib families (Table 1, F = 4.5,
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Fig. 1. Relationship between relative growth rate (RGR) and
net assimilation rate (NAR) for 170 Eucalyptus polybractea
seedlings grown at high (6 mM, •) or low (1 mM, ◦)
nitrogen. The regression for high-nitrogen plants was
RGR = 0.0086 + 0.0026 × NAR (r2=0.43, P<0.001), for low-
nitrogen plants was RGR = 0.0038 + 0.0033 × NAR (r2=0.75,
P<0.001), and across all plants was RGR = 0.0033 + 0.0037 × NAR
(r2=0.77, P<0.001).

P=0.004) though not an area basis (Table 1, F = 1.7,
P=0.170). All families responded similarly to the nitrogen
treatments, with no interaction detected between family and
nitrogen treatment for any parameter (Table 1). When the
mass-based oil concentration of the half-sib families was
compared with that of the parent trees, a slight but significant
positive correlation was detected (Fig. 3). Between nitrogen
treatments, significant differences were again detected when
oil concentration was calculated by mass [HN: 4.16 ± 0.25%
(w / DW) v. LN: 3.40 ± 0.18% (w / DW), F = 7.4, P=0.007,
Table 1], but not by area (Table 1, F = 3.2, P=0.076).
A corresponding positive correlation was also detected
between Nmass and oil concentration across (HN: r2=0.10,
P=0.004; LN: r2=0.07, P=0.012), and between treatments
(r2=0.12, P<0.001; Fig. 4).

The composition of the oil, like the concentration,
was extremely variable. Among all plants, 1,8-cineole
dominated the oil profile, though the level of this
compound was again very variable, ranging from 17.6
to 78.4% (mean = 57.6 ± 0.8%). Other compounds
present in significant amounts (on average > 1%)
were spathulenol (3.9 ± 0.4%), α-pinene (2.3 ± 0.1%),
limonene (2.6 ± 0.1%), α-terpinyl acetate (1.6 ± 0.2%),
β-pinene (1.6 ± 0.2%), myrcene (1.2 ± 0.1%), sabinene
(1.0 ± 0.1%), α-terpineol (1.0 ± 0.0%), and caryophellene
oxide (1.0 ± 0.1%). All compounds other than 1,8-cineole
were variable, not only quantitatively in their relative
concentration but also qualitatively in their presence or
absence. Principal components analysis (PCA) failed to
discern any overall differences in oil composition between
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Fig. 2. Relationship between net assimilation rate (NAR)
and leaf nitrogen productivity (LNP) for 170 Eucalyptus
polybractea seedlings grown at high (6 mM, •) or low (1 mM, ◦)
nitrogen. The regression for high-nitrogen plants was
NAR = 1.12 + 1.94 × LNP (r2=0.54, P<0.001), for low-nitrogen
plants was NAR = 0.52 + 1.99 × LNP (r2=0.71, P<0.001), and across
all plants was NAR = 0.29 + 2.38 × LNP (r2=0.74, P<0.001).
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Fig. 3. The relationship between the foliar oil concentrations
of 170 Eucalyptus polybractea seedlings grown from open
pollinated seed and that of their maternal parents. The seedling
oil concentration is fitted on a log10 scale and the regression (seedling
oil concentration = 2.55 × 10(0.04 × maternal oil concentration), r2=0.07,
P=0.007) was fitted to log-transformed seedling data to satisfy the
assumption of normality. The box plots represent the offspring of
the four parents and are delimited by the 25th and 75th percentiles.
The solid line within each box plot represents the median and the
dashed line the mean. Error bars extend to the 10th and 90th percentiles
and remaining data.
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concentrations were not significantly correlated with any
growth parameter.

Relationship between oil content and growth

When comparing oil concentration with RGR (Fig. 6A),
a significant positive correlation was detected among
plants grown under low nitrogen (r2=0.25, P<0.001) but
not among high-nitrogen plants. As variation in RGR
was driven primarily by variation in NAR (Fig. 1), we
tested the relationship between oil concentration and NAR
(Fig. 6B). As with RGR, significant positive correlations
were detected between NAR and oil concentration by mass
and by area within the low-nitrogen treatment (r2=0.21,
P<0.001, Fig. 6B, and r2=0.32, P<0.001 respectively)
but not the high-nitrogen treatment. These relationships
between NAR and oil concentration were not confounded
by the relationship between oils and nitrogen. Variation in
NAR was rather driven primarily by LNP (Fig. 2). Slight but
significant positive correlations were detected between LNP
and oil concentration within the low nitrogen treatment only
(r2=0.10, P=0.006; Fig. 6C). Importantly, no significant
correlation was detected between oil concentration
and any of the morphological characters LMA, LAR
and LMR.

Discussion

Foliar terpenoid oil concentration varied considerably in this
study, ranging almost 20-fold across all plants measured. The
maximum, 13.0% (w / DW), is greater than has previously
been reported for this species, though it should be noted
that all previous studies have been conducted on adult
foliage, not on juvenile foliage as tested here (Brophy
et al. 1991; King et al. 2004). E. polybractea is, like many
eucalypts, heteroblastic; the juvenile leaves display a more
conventional dorsi-ventral architecture as opposed to the
extremely dense and thick isobilateral leaves formed as an
adult (Chippendale 1988). Consequently, there is a great
difference between adult and juvenile leaves in measures such
as LMA, which was on average 101.6 g m−2 in the juvenile
foliage measured here, compared to 312.1 g m−2 for adult
leaves in a native population (King et al. 2004). Consequently,
when compared with adult foliage (King et al. 2004), the
overall mean of the oil concentration of the juvenile leaves in
this study is similar to that of adult foliage on a mass basis
[3.77 v. 3.64% (w / DW)], although much lower on an area
basis (4.09 v. 11.42 g m−2).

This difference between adult and juvenile foliage may
also explain the large range in oil concentration measured.
The concentration of oil in the leaves of Eucalyptus is known
to be a highly heritable trait (Barton et al. 1991; Doran and
Matheson 1994). In the closely related E. kochii, however,
the narrow-sense heritability of oil yield is much reduced in
seedlings (h2 = 0.34) and 1-year-old plants (h2 = 0.19) when
compared with adult foliage (h2 = 0.83; Barton et al. 1991).
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Fig. 6. Relationships between the foliar oil concentration of 170
Eucalyptus polybractea seedlings grown at either 1 mM (LN, ◦)
or 6 mM (HN, •) nitrogen and the growth parameters (A) relative
growth rate (RGR), (B) net assimilation rate (NAR) and (C) leaf
nitrogen productivity (LNP). The regression lines correspond
to the following equations: (A) HN, not significant; LN,
RGR = 0.010 + 0.006 × log10(oil) (r2=0.25, P<0.001); (B) HN, not
significant; LN, NAR = 1.94 + 1.51 × log10(oil) (r2=0.21, P<0.001);
(C) HN, not significant; LN, LNP = 0.875 + 0.417 × log10(oil)
(r2=0.10, P=0.006).

This low heritability of oil concentration in juvenile foliage is
supported by this study, with a positive correlation detected
between maternal oil concentration and that of the half-sib
offspring, which, although significant, was weak because
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of the large variation in oil concentration within each
half-sib family.

Increasing the supply of nitrogen to seedlings resulted
in a significant increase in oil concentration and significant
correlations were detected between foliar nitrogen and oil
concentration. This is consistent with previous work on
this species (King et al. 2004), although in that case,
the results were from a field-based study in which other
variables such as soil nitrogen and plant age were possibly
confounding. A positive relationship between nitrogen and
terpenoid oil content is inconsistent with defence theories,
such as the carbon nutrient balance hypothesis (CNBH) or the
growth differentiation balance hypothesis (GDBH), which
predict that under conditions of abundant nutrient supply,
carbon-based secondary metabolites such as terpenes will
be produced in relatively lower concentration (Bryant et al.
1983; Herms and Mattson 1992; Lerdau and Gershenzon
1997). Studies examining the role of nutrient supply,
(particularly nitrogen) on terpene concentration have shown
variously decreases (Chen et al. 2002), increases (Bjorkman
et al. 1991; Kainulainen et al. 1996; Lamontagne et al.
2002; King et al. 2004) or no change in oil content with
increasing nitrogen supply (Muzika 1993; Kimball et al.
1998; McKinnon et al. 1998; Powell and Raffa 1999;
Litvak et al. 2002).

One reason for these conflicting results may relate to the
manner in which terpenoid oils are stored. Both the CNBH
and GDBH assume that under nutrient-poor conditions,
terpenoids are relatively ‘cheap’ compounds to produce.
Terpenoid oils, however, are stored in specialised structures
such as the sub-dermal oil glands in eucalypts leaves (Doran
1991), which require resources both for construction and
maintenance (Lerdau and Gershenzon 1997). An increase in
nitrogen supply is known to affect both the size and number
of resin ducts in Pinus sylvestris, resulting in a concurrent
increase in total terpene concentration (Kainulainen et al.
1996). The construction of resin ducts in Pinus sylvestris
is assumed to be limiting factor when nutrients are scarce
(Bjorkman et al. 1991; Kainulainen et al. 1996). Beyond
the costs of production and storage, terpenoid oils are also
costly in that they are lost by emission. The emission of
terpenes is known to be linked to foliar terpene concentration
(Lerdau et al. 1995) and is quite significant from eucalypts
(Guenther et al. 1991; He et al. 2000). Taking into account
possible additional costs of oil accumulation, the deployment
of terpenoid oils may be a more resource-demanding process
than is assumed by chemical defence theory, thus explaining
their continued lack of conformity with defence compound
hypotheses. Other carbon-based secondary compounds that
do not incur such storage or emission costs, such as phenolics,
typically respond more consistently with the CNBH and
GDBH (Lawler et al. 1997; Koricheva et al. 1998; Burns
et al. 2002; Gleadow and Woodrow 2002), as was the case
this study. Other studies that have examined the effect of

nitrogen on both terpene and phenolic concentrations in
a single species have also detected decreases in phenolic
concentration with increased nitrogen supply, with either a
concurrent increase (Kainulainen et al. 1996) or no change
(Muzika 1993) in terpene concentration measured. In both
cases, while phenolics did conform to the CNBH and GDBH,
the accumulation of terpenes did not.

It should be noted that only a small portion of the
observed variation in oil concentration could be explained
by varying environmental (foliar nitrogen concentration) and
genetic (maternal oil concentration) factors, suggesting that
other factors influence oil accumulation in E. polybractea
seedlings. LMA, or leaf thickness, has been implicated as
a determinant of oil concentration in recent work on adult
E. polybractea leaves (King et al. 2004), although we did
not detect a significant correlation between LMA and oil
concentration in these juvenile leaves. This suggests that there
may be some additional developmental factors governing oil
accumulation. It is known that there are ontogenetic shifts
in both oil concentration and composition in Eucalyptus
(Doran 1991) and related genera (Russell and Southwell
2002). Although we attempted to control for developmental
variation by harvesting plants at constant size and avoiding
expanding and senescent leaves, these may be overwhelmed
by a variable ontogenetic factor that introduced variation in
oil concentration.

If deploying increasing amounts of terpenoid oils does
indeed incur a high metabolic ‘cost’ as discussed above, then
a negative correlation should have been detected between
relative growth rate and oil concentration. We found no
evidence of a cost in terms of growth, despite a 20-fold
variation in oil concentration within the leaves. Rather,
across all plants we detected a positive correlation for
the low-nitrogen treatment and no correlation under high
nitrogen (Fig. 4). This is consistent with previous work on
this species, where, in an even-aged natural population, a
positive correlation was detected between oil concentration
and growth in conditions that were nutrient poor (King et al.
2004). In work on other species, the results have been mixed,
although these have generally been derived from field-based
studies (Koricheva 2002).

The relationships between RGR and oil concentration
were not confounded by variation in any of the morphological
characters measured (LAR, LMR, or LMA). Indeed, none of
these morphological measures were significantly correlated
with either RGR or oil concentration. Regressions indicated
that rather, it was variation in NAR (i.e. the productivity of
the leaves of a plant) that was largely responsible for the
variation in RGR. Similar findings have been reported for
seedlings of other eucalypt species (Goodger et al. 2004)
although the correlation did not hold in an inter-specific
comparison (Warren and Adams 2005). As it was with
RGR, oil concentration, both by mass and by area, was
positively correlated with NAR under low nitrogen. That oil
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concentration was positively correlated with NAR, a measure
of leaf productivity, is surprising given that oil accumulation
may be hypothesised to incur costs in two separate ways.
The first, as discussed above, is that oil accumulation may
draw resources that would otherwise be utilised in primary
metabolism. The second relates to oil being accumulated in
specialised oil glands (Doran 1991); there may be a cost
in terms of available space (Lerdau and Gershenzon 1997).
While space may not be as important a resource in the
less dense juvenile leaves tested in this study as it is in
dense adult foliage, an increase in oil concentration translates
into an increase in oil gland volume. A consequence is
that with increasing oil concentration, a lesser proportion
of leaf area is available for photosynthesis. Thus a positive
correlation between oil concentration and NAR infers that
nutrient-limited plants with a higher oil concentration have
leaves that are, on average, more productive per unit leaf
area even though there is a smaller amount of productive
leaf area.

The relationship between NAR and oil concentration,
however, may have been affected by variation in leaf nitrogen.
Leaf nitrogen correlates with photosynthetic capacity in
a range of species (Field and Mooney 1986), as well as
in seedlings of a range of eucalypts (Warren and Adams
2004). Moreover, oil concentration itself was positively
correlated with nitrogen concentration. LNP is the result
of correcting NAR for variation in foliar nitrogen and a
measure of how productively a leaf uses nitrogen. Should
there be a cost in diverting resources (in this case nitrogen)
to oil accumulation that may otherwise have been used for
primary metabolism, then one may expect to discover a
negative correlation between LNP and oil concentration. No
such correlation was evident. Rather, under low nitrogen, a
positive, albeit weak, correlation was evident between LNP
and oil concentration, while under high-nitrogen conditions
no significant correlation was found.

In summary, we did not detect a cost associated with
oil accumulation either in terms of growth, or in terms of
leaf or nitrogen productivity. In fact, under resource limiting
conditions the opposite was the case. Despite the resources
oil accumulation demands, oil concentration was positively
associated with all these growth indices. In the controlled
conditions of this study, this cannot be attributed to the
hypothesised physiological or ecological roles of terpenoid
oil accumulation, such as in herbivory defence (Langenheim
1994), or as a thermo-tolerance mechanism (Loreto et al.
1998). The growth of the E. polybractea seedlings displays
many of the characteristics of a species adapted to survival
rather than optimal growth. E. polybractea, as with most
mallee eucalypt species, comes from an area of low rainfall
and it may be of greater adaptive significance to direct
resources towards survival rather than towards profligate
growth. There appears to be little plasticity in morphological
characters such as LMA, LAR and LMR to adapt to

conditions of high nutrient supply. Rather, an increase in
available resources resulted in increased leaf productivity
and growth, although the ability of plants to utilise the
available resources varied considerably. As a species adapted
to survival, it may be that selection favours factors other
than high growth rate; the growth rates measured for this
species are low when compared with other eucalypt seedlings
(Warren and Adams 2005). It remains, however, that while
the accumulation of oils is presumably a resource demanding
process, this does not appear to negatively impact on growth
in E. polybractea.
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