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The tendency for managers of eucalypt plantations to plant large, homogeneous (i.e. clonal) stands
presents a new suite of problems. Perhaps foremost among them is the elevated risk of disease or pre-
dation. One way to counter this risk is to select material with high natal resistance, such as material
with high concentrations of plant secondary metabolites. This would be much simpler if we could pre-
dict future defences from the chemistry of juvenile plants. The present study aimed to determine the
efence
ucalypt
lone
erbivory
PC

relationship between the concentrations of formylated phloroglucinol compounds (FPCs) in the leaves of
newly established Eucalyptus grandis (Hill ex Maiden) clones in the nursery and those in the same genetic
material in experimental plantations. There was almost no relationship between the concentrations of
defensive chemicals in the leaves of newly established E. grandis clones growing in pots in the nursery
and of those in the same genetic material growing in plantations. This implies that age effects and prob-
able gene × environment interactions prevent evaluating the defensive qualities of clones until they are

n the
several years old and eve

. Introduction

Producers of plantation timber typically aim to develop homo-
eneous stands with a very high productivity, natural resistance
o pests and diseases and uniform raw material for their produc-
ion processes. The selection of favourable wood traits along with
mproved silviculture has contributed to massive increases in pro-
uctivity. The results are dramatic. For example, in Brazil—one of
he largest producers of eucalypt products, the yield has risen from

3 −1 −1
Please cite this article in press as: Wallis, I.R., et al., Foliar chemistry
defence in maturing ramets. Forest Ecol. Manage. (2010), doi:10.1016

2 to 40 m ha year in 30 years (Campinhos, 1999). Perhaps
he greatest advance was the development, in the 1970s, of asexual
ropagation (cloning) that found commercial use for the first time

n Brazil in 1979 (Eldridge et al., 1994). This has radically changed
he industry from the 1960s and 1970s when sowing of seed was

Abbreviations: FPCs, formylated phloroglucinol compounds; DM, dry matter; s,
tandard deviation of the mean; CV, coefficient of variation; df, degrees of freedom.
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the only method used to propagate Eucalyptus plants, to now, when
most new eucalypt plantations in Brazil are monoclonal plantings
(Stape et al., 2001).

The turn to large, homogeneous stands, however, presents a
new suite of problems. Perhaps foremost among them is the risk
of disease or predation causing colossal losses due to the genetic
similarity of the planted material (Wingfield et al., 2001) and the
interaction between animal species richness and plant species
richness (Wright and Samways, 1998). Even outside Australia, par-
ticularly in Brazil and South Africa, native insects, predominantly
Lepidoptera and Coleoptera, now cause problems (Zanuncio et al.,
1994, 1998, 2001; Guedes et al., 2000). There is consensus that
widespread chemical control is too costly, damages the environ-
ment and invokes rapid resistance in the target pests. But, there
seems little agreement on the best approach for managing pests
and diseases. One school of thought believes that DNA based tech-
nologies hold all of the answers (e.g., Wingfield et al., 2001). In
contrast, one of the best control methods seems to be biological:
in Brazil mixing native vegetation with the eucalypts favours the
maintenance of local bird populations that help to control the insect
population (Campinhos, 1999). In Australia pests pose a greater
of juvenile Eucalyptus grandis clones does not predict chemical
/j.foreco.2010.05.034

challenge to eucalypt plantations, simply because there are far
more herbivorous species capable of doing damage. Accordingly,
plantation managers in Australia will likely benefit from plant-
ing material that deters herbivores, including that which confers
chemical protection.
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This poses two problems. First, there may be a trade-off between
rowth rates and resistance to herbivory, such that the most pro-
uctive genotypes are those most likely to suffer damage from
erbivores (Coley et al., 1985; Stone, 2001). In this case, the likeli-
ood of attack by herbivores should influence the choice of planted
aterial. The second problem is to understand the interaction

etween the genetic and environmental components of chemi-
al resistance. Researchers have searched extensively for feeding
eterrents in eucalypts. However, the only compounds eucalypts
roduce that deter feeding by mammalian and some invertebrate
erbivores in controlled feeding studies using eucalypt leaves as
ell as isolated compounds are the formylated phloroglucinol com-
ounds (FPCs) (Moore et al., 2004a). Unfortunately, the extent of
heir role in resistance is unknown because there are many indi-
idual compounds within several FPC classes – the simple FPCs,
acrocarpals, sideroxylonals, and euglobals – making it difficult to

ssess their individual importance (Eschler et al., 2000). That said,
ncreasing concentrations of the simple FPCs (e.g. jensenone), var-
ous macrocarpals and the sideroxylonals all depress food intake
y ringtail and brushtail possums and koalas (Lawler et al., 1998;
allis et al., 2002; Moore et al., 2004a). Likewise, the sideroxylon-

ls have a similar effect on scarab beetles (Andrew et al., 2007).
he effect of euglobals on feeding is unknown, but they do show
ide-ranging biological activity (Konoshima and Takasaki, 2002).
s expected from traits under constant selection pressure, the con-
entrations of the FPCs have significant heritability (Andrew et
l., 2005). If high concentrations of defensive compounds confer
esistance to pests it would be useful to be able to select mate-
ial for planting based on chemical markers at the seedling stage,
hus eliminating the need for long-term trial plantations. We have
o understanding, however, of the relationship between the con-
entrations of chemical compounds in the foliage of young plants,
rowing under ideal conditions in a nursery, and the concentra-
ions in the same genetic material growing in a plantation. The
dvent of clonal material allows us to determine this more eas-
ly than we could with conventional seedlings, because there is
o genetic variation between the clonal plant in the nursery and
hat in the plantation. The present study had one main aim: to
etermine the relationship between the concentrations of FPCs in
he leaves of newly established Eucalyptus grandis (Hill ex Maiden)
lones in the nursery and those in the same genetic material planted
n experimental plantations. A secondary aim was to examine the
elationship between the concentrations of the various FPCs in E.
randis, with a view to understanding how the selection for one
ight influence the concentrations of others. This information is

ecessary to assess the prospects of clonal selection for enhancing
he chemical defences of E. grandis.

. Materials and methods

.1. Site descriptions

Foliage of E. grandis (and from two E. grandis × E. urophylla (S.
. Blake) and one E. urophylla × E. grandis hybrids), was collected
ver 2 days in winter in collaboration with employees of Forests
SW. Three sites were sampled in the vicinity of Coffs Harbour and
rafton, on the north coast of NSW, where clonal material is grow-

ng in randomised field trials, with replicates (blocks) within trials.
he trees were 18–30 months old. We collected 28 samples at the
rst site, about 25 km northwest of Coffs Harbour, where the trees
Please cite this article in press as: Wallis, I.R., et al., Foliar chemistry
defence in maturing ramets. Forest Ecol. Manage. (2010), doi:10.1016

ere 2–3 m high and in good condition. The trees at the second
ite, 5 km west of Woolgoolga, were highly variable in both height
0.1–4 m) and in the foliar invertebrate damage they had sustained.
ere we collected 37 samples. The third site is about 20 km north-
est of Grafton where the trees were in excellent condition and
 PRESS
anagement xxx (2010) xxx–xxx

were 3 m tall (N = 16). Finally, we collected as many samples as pos-
sible (N = 42) to match the plantation trees from newly established
clonal cuttings (from potted hedge plants or in-ground archive
hedges) maintained in pots under shadecloth at the Grafton For-
est Technology Centre. These plants were approximately 4 months
old. Chemical analyses of the samples gave us two sets of data. The
first was all of the samples (N = 134) from which we established
the chemical profile of the species and the relationship between
the chemicals of interest. The second set of data was pairs of sam-
ples: those collected from established trees at various sites and the
same clonal material growing in pots at the nursery. We could not
pair all of the samples collected in plantations. The clones were not
related so each of the 42 pairs represents an independent compar-
ison of chemistry in a plantation versus that in a young nursery
ramet.

2.2. Origin of clones

The clones used in the study originated from several sources.
These were bulked family seedlots from Wedding Bells Seed
Orchard, individual tree seedlots from the same orchard, plus trees
selected in native forests and old plantations, and field selects in
young (3–5-year-old) plantations. The clones were initially prop-
agated by cuttings from seedlings or coppice, depending on their
origin, between 1996 and 1999. Ramets of each clone were estab-
lished as in-ground hedges in the Forests NSW Eucalypt Clonal
Archive on the central coast of NSW during 1999–2001. Cuttings
were set from these hedges to propagate plants for field trials
and for potted hedge plants located at the Grafton Forest Technol-
ogy Centre. The three hybrids came from material imported from
Brazil.

Material was not collected from the parent trees from which
the genotypes originated as many of the trees were not locatable
or no longer existed, or for the Wedding Bells Seed Orchard bulked
families, it was not clear which tree in the family had produced
that particular seed. In the case of seedling-based clones, the par-
ent trees were likely to have some different characteristics to the
progeny due to outcrossing.

2.3. Plant material

The collection procedure involved locating the tree in the plan-
tation and then stripping about 60 g of adult leaves from it. We did
not assess herbivore damage. Also, there was no statistical benefit
in sampling more than one tree of the same clone (i.e. ramets) in the
trial. Instead, we collected all material from the same replicate of
the trial and from the first vigorous tree in the plot. The leaves, col-
lected from the same position in the canopy, were placed in paper
bags in a portable freezer. They were kept frozen until freeze-drying
and grinding (Tecator cyclone mill with a 1 mm screen) 2 weeks
after collection. The size of the newly established clones limited
the amount of foliage we could collect. In most instances, we took
6–10 small (ca 40 mm × 25 mm) juvenile leaves. These were frozen
soon after collection and freeze-dried with the remaining samples
2 weeks later. The small amount of sample, however, precluded us
grinding them in a cyclone mill so instead we used an SDI Ultra-
mat 2 amalgam mixer (Henry Schein Regional, Rosebery NSW),
which vibrates a small plastic capsule containing the sample (ca
200 mg) and a stainless steel rod or pestle (ca 10 mm × 2 mm). This
vibrating mill reduces the sample to a fine powder in about 6 s. To
of juvenile Eucalyptus grandis clones does not predict chemical
/j.foreco.2010.05.034

ensure that we analysed a representative sample of the collected
leaves, we stacked the leaves and cut them into fine strips, which
we placed in the capsule. A comparison of leaves processed in the
cyclone grinder or the capsule revealed no significant difference in
the concentration of the compounds of interest.

dx.doi.org/10.1016/j.foreco.2010.05.034
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Table 1
The formylated phloroglucinol compounds and other compounds from HPLC chro-
matograms of extracts of leaves from all the Eucalyptus grandis sampled (N = 134).

Compound FPCs Retention
time (min)

Concentration (mg g−1 dry matter)

Mean Range

Macrocarpal I 13 1.0 0.0–3.0
Grandinol 16 1.2 0.0–8.4
Macrocarpal J 17 0.1 0.0–1.2
Unknown macrocarpal 34 0.6 0.0–2.4
Sideroxylonal A 44 5.5 0.7–11.0
Sideroxylonal C 45 2.0 0.3–4.0
Grandinal 43, 53a 4.6 1.6–10.0
Euglobal 66 7.5 3.0–18.6

Total FPCs – 23.0 8.0–47.0

Other compounds
Unknown 21 Not quantified
Eucalyptinb 24 Not quantified
ARTICLEG Model
ORECO-12186; No. of Pages 7
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.4. Chemical analysis

We analysed the samples using the rapid extraction method
eveloped for the FPC, sideroxylonal (Wallis and Foley, 2005), son-

cating 100 mg of freeze-dried ground leaf in a known mass of
iluent (ca 4.5 g of 7% MilliQ water in HPLC grade acetonitrile
ontaining 0.1% trifluoroacetic acid and 0.3000 g L−1 of the inter-
al standard 2-ethylphenol). Fifteen �L of the filtered sample was
hen injected onto a Wakosil 250 mm × 4 mm GL 3C18RS (SGE) col-
mn maintained at 37 ◦C with a flow rate of 0.75 mL min−1 on a
aters Alliance Model HPLC. The FPCs were eluted under gradi-

nt conditions with 0.1% TFA acid in acetonitrile (A) and 0.1% TFA
n water (B) as follows: 60% A/40% B for 5 min, linear gradient
o 90% A/10% B at 60 min, hold for 10 min and return to start-
ng conditions over 10 min. We measured the peak response at
75 nm. The specific FPC compounds present were quantified using
uthentic standards purified in the laboratory. For easy comparison
ith other papers on FPCs, we express concentrations as mg g−1

ry matter (DM) rather than mmoles. In this paper, the two mea-
ures equate because the most prevalent FPCs—the sideroxylonals
MW = 500), grandinal (MW = 500) and the euglobal that elutes at
6 min (MW = 474) have similar molecular weights. The exception

s grandinol (MW = 252).

.5. Statistical analysis

All data were analysed using GenStat Release 6.2 Lawes Agricul-
ural Trust (Rothamsted Experimental Station). We examined the
elationships between the concentrations of individual compounds
sing correlation and partial correlation. Using both statistics
llowed us to eliminate spurious correlations—those that appeared
ignificant with correlation but disappeared with partial correla-
ion. The procedure is sensitive to the number of variables, which
e minimised by choosing the main peaks (the 66-min euglobal,

randinal, the sideroxylonals and grandinol) and by using the com-
ined concentrations of sideroxylonals A and C. We assumed that
he concentrations of two substances were linked when the cor-
elation and partial correlation coefficients were both significant
nd in the same direction, either both positive or both nega-
ive.

The paired data, from young plants growing in the nursery
nd from the same clones growing in field trials, were analysed
n two ways. First, we used a multivariate analysis of variance
MANOVA) testing the hypothesis that the leaves of nursery
lants and trees in plantations had similar FPC concentrations.
e chose MANOVA, rather than multiple univariate ANOVA, to

void incorrect conclusions caused by close correlations between
he concentrations of some of the compounds. Genstat, however,
rovides the results for univariate ANOVAs as part of the results
or MANOVA, so we included the results for both analyses. Distri-
utions of residuals and normal quantile–quantile plots with 95%
onfidence intervals showed that the data for most of the con-
tituents satisfied the requirements for MANOVA. However, certain
onstituents (e.g. macrocarpal I and J) were either in very low con-
entrations or were absent in many plants, resulting in skewed
uantile–quantile plots. Thus, we repeated the MANOVA on the
ifference between chemical concentrations in leaves collected
rom the nursery and the plantations with the hypothesis that the
ifference is zero. This procedure did not improve the interpre-
ation and, along with results for the minor constituents, is not
eported.
Please cite this article in press as: Wallis, I.R., et al., Foliar chemistry
defence in maturing ramets. Forest Ecol. Manage. (2010), doi:10.1016

The second approach we used for the paired data was simple
inear regression to examine whether the chemical concentrations
n the leaves of young trees growing in the field were indicative of
hose in the same genetic material growing in pots in the nursery.

e used regression rather than correlation because we assumed
Unknown 25 Not quantified

a Grandinal is a tautomer and thus has two peaks.
b Eucalyptin is a flavonoid common in eucalypts (Horn and Lamberton, 1963).

that the chemistry of the trees growing in plantations depended on
the chemistry of the original genetic material (Andrew et al., 2007).
This made clear the choice of dependent and independent variables.
It is conceivable that the ranking of the clones, in terms of chemical
concentrations, remains the same between the laboratory and the
field but that the actual concentrations differ. Because we were
interested in whether or not a relationship exists, rather than the
shape of the relationship, we did not force the regression through
the origin or to a slope of one. Of the 42 different clones sampled, we
collected many at both the nursery and at more than one plantation
site. One randomly selected site for each of these clones was used
in the above regression.

3. Results

3.1. The defensive chemistry of E. grandis

Based on retention time and our experience in identifying
eucalypt compounds (see Eschler et al., 2000; Moore et al.,
2004a), the HPLC chromatogram of E. grandis contained at least
eight formylated phloroglucinol compounds (Table 1). The con-
centrations of the sideroxylonals, grandinal and the euglobal
in all samples accounted on average for 87% of the total FPC
concentration (range = 70–96%), regardless of whether this was
expressed as a mass (8–47 mg g−1 DM) or as a molar concentra-
tion (0.018–0.104 mmoles g−1 DM). Nearly all samples contained
grandinol and macrocarpal I but typically in low concentrations.
Fewer samples contained macrocarpal J and the macrocarpal that
elutes at 34 min and often at negligible concentrations. Therefore,
we focused our interpretation on four compounds: the 66-min
euglobal, grandinal, the combined concentration of sideroxylonals
A and C, grandinol and the sum of these four entities. These com-
pounds are prominent and we know from experience that FPCs
deter certain herbivores (Lawler et al., 2000; Wallis et al., 2002;
Moore et al., 2004a). We are less certain about the biological effects
of the euglobal, but evidence suggests that the formyl group may
be a prerequisite for the antifeedant effects of FPCs (Lawler et al.,
1999).

Frequency plots of the focal compounds, using all samples
of juvenile Eucalyptus grandis clones does not predict chemical
/j.foreco.2010.05.034

(N = 134) show that their concentrations follow approximate nor-
mal distributions (Fig. 1), with the exception of grandinol (Fig. 1a).
The distribution of grandinol concentrations in this population
has a long tail, exacerbated by a few samples with relatively
high concentrations. One sample (Clone 039, Grafton Forest

dx.doi.org/10.1016/j.foreco.2010.05.034
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ig. 1. The frequency distributions of the foliar concentrations of grandinol (a), the
e) using all samples collected (N = 134).

echnology Centre), in particular, contributed to this skewed dis-
ribution. Foliage from this young clone contained 8.3 mg g−1 DM
f grandinol—some six standard deviations away from the overall
ean for grandinol (1.2 mg g−1 DM) and five standard deviations

rom the mean grandinol concentration of the nursery plants
1.75 mg g−1 DM) (Fig. 1a). A repeat analysis of this plant confirmed
he high concentrations. The same plant had one of the highest
oncentrations of sideroxylonals (14.8 mg g−1 DM) and one of the
ighest total concentrations of the four constituents of interest
37 mg g−1 DM). The sample from the same clone collected from the
lantation at Coffs Harbour contains about three times the average
randinol for the site (2.7 mg g−1 DM versus 0.9 mg g−1 DM) but is
therwise ordinary. Clone 4, an E. urophylla × E. grandis hybrid, also
as unique, being the only clone that contained none of the 66-min
Please cite this article in press as: Wallis, I.R., et al., Foliar chemistry
defence in maturing ramets. Forest Ecol. Manage. (2010), doi:10.1016

uglobal. It had among the lowest total concentration of FPCs, made
p almost entirely of sideroxylonal and grandinal. In contrast, there
as nothing unique about the chemistry of the two E. grandis × E.

rophylla hybrids and it would be difficult to separate them from
ny of the pure E. grandis.
in euglobal (b), grandinal (c), sideroxylonals (d) and the sum of these components

There were significant correlations between the concentra-
tions of the 66-min euglobal and grandinal (r = 0.41; P < 0.01) and
between grandinal and the sum of sideroxylonals A and C (r = 0.77;
P < 0.01) (Table 2). Both correlation coefficients remained virtually
unchanged in the partial correlation, with the concentrations of
the two other constituents controlled. These correlations suggest
a weak link between the concentration of the 66-min euglobal
and that of grandinol. The correlation coefficient was significant
(r = 0.24; P < 0.05) whereas the coefficient from partial correlation
was not significant (r = 0.17; P = 0.08) (Table 2). In contrast, the cor-
relation between the concentrations of the 66-min euglobal and the
sideroxylonals was positive but insignificant while the partial cor-
relation coefficient was negative and highly significant (r = −0.300;
P = 0.011), implying a spurious link (Table 2).
of juvenile Eucalyptus grandis clones does not predict chemical
/j.foreco.2010.05.034

There were also conspicuous qualitative differences in chem-
istry. Most obvious was an unknown compound (21.7 min) that
was usually present in the young clones collected at the nursery but
often absent or in very low concentrations from samples collected
in the field.

dx.doi.org/10.1016/j.foreco.2010.05.034
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Table 2
Correlation (probability) and partial correlation coefficients between concentrations of the four main formylated phloroglucinol compounds (FPCs) in all clones sampled
(N = 134).

66-Min euglobal Grandinal Grandinol

Correlations
Grandinal 0.41 (P < 0.001)
Grandinol 0.24 (P = 0.034) 0.21 (P = 0.073)
Sideroxylonals 0.14 (P = 0.20) 0.77 (P < 0.001) 0.13 (P = 0.024)

Partial correlations
Grandinal 0.46
Grandinol 0.17 0.08
Sideroxylonals −0.30 0.79 0.003

Table 3
Comparisons of the concentrations of formylated phloroglucinol compounds (FPCs) (mg g−1 dry leaf) in clones of E. grandis and hybrids grown as potted nursery hedges and
in a field trial along with results of univariate (ANOVA) and multivariate analyses (MANOVA) N = 134.

Variate Nursery mean (CV)a Field mean (CV) Sedb Probability

ANOVA
66-Min euglobal 9.1 (43) 6.8 (35) 0.74 P < 0.001
Grandinal 3.8 (49) 5.1 (26) 0.36 P < 0.001
Sideroxylonal A + C 5.5 (63) 8.5 (31) 0.69 P < 0.001
Grandinol 2.0 (72) 0.76 (86) 0.25 P < 0.001
Sum of the four FPCs 20.4 (42) 21.0 (24) 1.78 P = 0.61

MANOVA tests
Wilk’s lambda 0.351
Approximate �2 77.5 (5 dfc) (P < 0.001)
Approximate F5,72 26.7 (P < 0.001)
Pillai-Bartlett trace 0.649
Lawley-Hotelling trace 1.850

a CV coefficient of variation (%).
b Sed standard error of a difference between means.
c Degrees of freedom.

Table 4
Simple linear regression describing the relationship between the concentration (mg g−1 DM) of formylated phloroglucinol compounds (FPCs) in the foliage from E. grandis
and E. grandis hybrids growing in the field and from the corresponding clone growing in the nursery. (N = 42).

Variate Constant (se) Coefficient (se) R2 (%) Probability

66-Min euglobal 4.36 (1.74) 0.694 (0.241) 16.1 0.007
Grandinal 1.78 (1.15) 0.404 (0.225) 5.5 0.081
Sideroxylonal A + C 2.91 (1.83) 0.309 (0.206) 3.2 0.14
Grandinol (all data) 1.134 (0.305) 1.092 (0.306) 23.6 0.001
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Grandinol (one value removed)a 1.472 (0.235)
Sum of the four FPCs 13.66 (5.79)

a Excluding one grandinol clone that contained 8.3 mg g−1 DM of grandinol—som

.2. Does the chemistry of young clones predict future chemistry
n plantations?

The results for the MANOVA showed highly significant differ-
nces in the FPC concentrations in foliage from potted plants in
he nursery and young trees growing in plantations (Table 3).
he univariate analyses, which should be treated with caution,
ue to correlations between the concentrations of individual FPCs,
rovide clues about these differences (Table 3). While the total
oncentration of the four main constituents was similar in foliage
rom nursery and plantation trees, the concentrations of individual
omponents differed. Concentrations of grandinal and the siderox-
lonals were higher in plantation trees whereas those of the 66-min
uglobal and of grandinol were higher in the nursery plants. The FPC
oncentrations tended to be more variable in the nursery plants
han they were in the plantation trees. This was most noticeable
or the sideroxylonals and for grandinal and these effects carried
Please cite this article in press as: Wallis, I.R., et al., Foliar chemistry
defence in maturing ramets. Forest Ecol. Manage. (2010), doi:10.1016

hrough to the sum of the four FPCs of interest. Grandinol provided
he exception, giving high coefficients of variation for both nursery
nd plantation material.

Simple linear regression of the field concentrations of the four
PCs on the nursery values reveals either weak relationships of lit-
0.449 (0.256) 5.5 0.088
0.319 (0.269) 1.1 0.243

tandard deviations away from the overall mean for grandinol (Fig. 1a).

tle predictive value (e.g. the 66-min euglobal R2 = 16%; F1,37 = 8.3;
P = 0.007) or no relationship at all (e.g. grandinal, sideroxylonal
and the sum of the four FPCs (Table 4). Grandinol shows a spu-
rious relationship (R2 = 23%; F1,37 = 12.7; P = 0.001) that disappears
(R2 = 5.5%; F1,37 = 3.1; P = 0.08) when we remove the data for one
clone (#039; see above), which had a distinct chemistry compared
to other individuals. The data for the combined concentration of
the four FPCs were interesting because they show the poorest rela-
tionship between nursery and field concentrations.

4. Discussion

4.1. The chemistry of young clones of E. grandis provides no
indication of the defences of older plants

The main finding from this study was that there was almost no
relationship between the concentrations of defensive chemicals in
of juvenile Eucalyptus grandis clones does not predict chemical
/j.foreco.2010.05.034

the leaves of young E. grandis clones growing in pots in the nursery
and of those in the same genetic material growing in plantations
(Table 3). Published data suggest that the concentrations of cine-
ole, total terpenes and FPCs in foliage are under moderate to strong
genetic control (individual heritability = 0.27–0.85) (see Barton et

dx.doi.org/10.1016/j.foreco.2010.05.034
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l., 1991; Doran and Matheson, 1994; Doran, 2002; Andrew et al.,
005). Apart from the obvious environmental variation, which pre-
umably was high between and within plantations but was largely
ontrolled in the nursery, the other noteworthy disparity was in
he age and development of the material sampled. The young trees
n the plantations were 15–30 months old, 2–3 m tall and were
rowing vigorously. In contrast, the nursery clones were small pot-
ed specimens, up to 30 cm high and with few leaves for sampling
nd of a different physiological age (“juvenile leaves”). We know
ittle about the changes in concentration of FPCs with ontogenetic
evelopment. Some of our unpublished results from “juvenile” and
adult” leaf forms collected from the same tree indicate that leaves
f different ontogeny typically contain highly correlated concen-
rations of the same FPCs. Even if this variation affected foliar
oncentrations of individual FPCs it would still be expected that
he rankings of clones on total FPCs would be positively correlated.
here was no such relationship and, instead, the results suggest that
he environmental variance completely masked the genetic vari-
nce. Nevertheless, the aim of the study was to resolve whether
t is feasible to predict elements of the defensive chemistry of E.
randis from early clonal material. The results show that it is not.

This is not the first time that plant secondary chemicals that
re thought to be under strong genetic control are found to vary
idely with the environment. Laitinen et al. (2004) found large

ariation within clones for several secondary chemicals in birch
ark. They attributed this to the fact that resin glands, phenolics
nd triterpenoids in birch are often affected by environmental fac-
ors, such as nutrients and UV light. Likewise, in a study of E. nitens,
lose et al. (2003) minimised genetic variation and varied environ-
ental conditions and by doing so altered concentrations of foliar

ideroxylonals. They argued that sideroxylonals or their precursors
riginally provided an antioxidant function but have since been
elected for by herbivore pressure. In other words, they serve at
east two roles in the plant. Perhaps more relevant is the finding of
arton et al. (1991), that environmentally-derived variation in cine-
le concentration decreases (as indicated by increased heritability)
s young trees develop a mature canopy. In all species examined
n our laboratory, there is a strong relationship (R2 = 0.70–0.95)
etween the concentrations in foliage of total FPCs and of cineole
e.g., Lawler et al., 2000; Wallis et al., 2002; Moore et al., 2004a).
hus we might expect the environmentally-induced variation in
he concentration of FPCs to similarly decrease during this early
hase of maturation. Sampling and analysis of foliage from multi-
le ramets within sites during their early development would be
seful in elucidating the influence of environment and ontogeny
n these compounds.

In this study, it was beyond our means to measure the variation
ithin and between clones because there were insufficient ramets

f the various clones among the nursery stock. Nevertheless, it is
subject deserving of comment. The concentrations of the com-

ounds of interest had a roughly normal distribution in E. grandis,
s do FPCs in other eucalypts. The present results, however, suggest
hat environmental factors may have influenced the production of
hese compounds. Concentrations of the 66-min euglobal and of
randinol were conspicuously higher in the nursery plants, while
hose in plantations produced leaves with more sideroxylonals.
lso, according to the coefficient of variation, concentrations of
randinal and sideroxylonal were twice as variable in the nurs-
ry plants as they were in the plantation trees. This led to a similar
nding for the four FPCs of interest. Concentrations of grandinol
rovided the exception, being extremely variable in both environ-
Please cite this article in press as: Wallis, I.R., et al., Foliar chemistry
defence in maturing ramets. Forest Ecol. Manage. (2010), doi:10.1016

ents. A partial explanation is that analytical variation was higher
or grandinol due to its inherently low concentrations.

We chose to study E. grandis because it is a key plantation
pecies, we are familiar with some of the FPCs it produces and
ecause clonal trials are already underway, making it possible to
 PRESS
anagement xxx (2010) xxx–xxx

sample a suitable number of clones. The life history of the species,
however, detracts from its initial appeal as a study organism. In its
native habitat, E. grandis typically grows in fertile valleys at low alti-
tudes on deep soils (Boland et al., 1984). The vegetation associations
in these places—often on the edge of rainforest, are usually com-
plex so that E. grandis mostly occurs with several other eucalypts,
including E. intermedia (R. T. Baker), E. resinifera (Smith), E. micro-
corys (F. Mueller), E. pilularis (Smith) and E. saligna (Smith), as well
as other large trees such as Syncarpia glomulifera (Smith), Lophoste-
mon conferta (R. Brown) and Allocasuarina torulosa (Aiton) (Boland
et al., 1984). E. grandis intolerates shading and so, in this environ-
ment, fast growth is important. Thus, E. grandis fits the mould of a
fast-growing species in a resource-rich habitat (Coley et al., 1985),
a point emphasised by Stone (2001). The appeal to commercial
forestry of these fast-growing species that produce canopies with
high rates of leaf area development and turnover is obvious. What
makes them of questionable value for this study and sometimes
for commercial forestry, is that many fast-growing species typically
invest little in defensive chemicals and, instead, counter herbivory
with higher growth rates (Coley et al., 1985). There are no studies of
this phenomenon in eucalypts but the total concentrations of FPCs
in E. grandis were similar to those reported for other eucalypts (e.g.,
Wallis et al., 2002; Moore et al., 2004a, b).

4.2. The need for innate chemical defences

Many of the plant herbivore defence theories predict that fast-
growing species counter increased herbivory by quickly replacing
the destroyed tissues. De Jong (1995) expressed this most elo-
quently by pointing out that a doubling of growth rate equates
with a 50% reduction in herbivore pressure. This is understandable
in a natural environment where a herbivore has a finite amount
of material available and where predators are likely to play a role.
But, what relevance is this to plantations, especially those estab-
lished with few clones (i.e. minimal genetic variation), selected
for fast growth rates (and perhaps minimal chemical defence), and
planted over vast areas and with growth rates enhanced by fertilis-
ers? In our experience, the foliage of fertilised E. grandis contains
extraordinarily high concentrations of nitrogen (more than 3.5%)
and presumably high concentrations of available N (DeGabriel et
al., 2008), making them appealing for most eucalypt herbivores.
As Stone (2001) concedes, this situation can dramatically alter
the carrying capacity of some exploitive insects to the point that
the rate of foliage destruction greatly exceeds the rate of replace-
ment. In Australia, there is also the risk of colossal damage from
vertebrates, such as brushtail possums and various macropods.
Controlling either of these outbreaks invites criticism from the pub-
lic, who object to the spraying of chemicals and the culling of native
fauna. This suggests that where the species may be challenged by
a wide array of herbivores, large, homogeneous plantations based
on very limited genetic material are prone to disaster. Furthermore,
this situation may occur after a prolonged period of little herbivory
(Gruppe et al., 1999). Innate chemical defences are likely to elicit
an arms race with herbivores, while a better alternative seems sil-
vicultural practices that grow a mixture of species—a forest rather
than a monoculture, although this view requires stringent testing.
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