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e Background and Aims Heteroblasty is an encompassing term referring to ontogenetic changes in the plant
shoot. A shaded environment is known to affect the process of heteroblastic development; however, it is not
known whether crowded or high density growing conditions can also alter heteroblasty. Compound leaves of
the shade-intolerant Acacia implexa allocate less biomass per unit photosynthetic area than transitional leaves
or phyllodes and it is hypothesized that this trait will convey an advantage in a crowded environment.
Compound leaves also have larger photosynthetic capture area — a trait known to be advantageous in shade.
This studied tested the hypothesis that more compound leaves will be developed under shade and crowded
environments. Furthermore, this species should undergo optimal allocation of biomass to shoots and roots
given shaded and crowded environments.

e Methods A full factorial design of irradiance (high and low) and density levels (high, medium and low) on three
populations sourced from varying rainfall regions (high, medium and low) was established under controlled glass-
house conditions. Traits measured include the number of nodes expressing a compound leaf, biomass allocation
to shoots and roots, and growth traits.

e Key Results A higher number of nodes expressed a compound leaf under low irradiance and in high density
treatments; however, there were no significant interactions across treatments. Phenotypes strongly associated
with the shade avoidance syndrome were developed under low irradiance; however, this was not observed
under high density. There was no significant difference in relative growth rates across light treatments, but
growth was significantly slower in a crowded environment.

e Conclusions Heteroblastic development in Acacia can be altered by shade and crowded environments. In this
experiment, light was clearly the most limiting factor to growth in a shaded environment; however, in a crowded
environment there were additional limiting resources to growth.
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INTRODUCTION

Plants allocate biomass to organs where critical resources for
growth are most limiting (Thornley, 1972; Bloom et al.,
1985). Generally, across species, an increase in allocation to
roots occurs in nutrient-poor or moisture deficit environments,
whereas allocation to the shoot occurs in light-limited environ-
ments (Tilman, 1988). A great amount of interest has been
directed towards understanding patterns of allocation under
various light environments as plants not only respond to a
direct decrease in light energy but can anticipate possible
future decreases in light availability (Ballaré, 1999).

A change in allocation pattern to above-ground growth and
the ability to compete for light when light energy becomes
limiting is known as the shade avoidance syndrome. The syn-
drome is expressed as an increase in stem mass and
stem elongation at the expense of root and leaf mass
(e.g. Smith, 1982; Schmitt and Wulff, 1993; Dudley and
Schmitt, 1996; Franklin and Whitelam, 2005). Total leaf

area, however, tends to increase and the ratio of leaf area to
whole-plant biomass also increases (Morgan and Smith,
1981; Mitchell and Woodward, 1988; Yu and Ong, 2003;
Poorter et al., 2006).

These trait responses are typical of plants with low shade
tolerance growing under low irradiance and low density or
uncrowded environments. In crowded environments, above-
ground space and below-ground resources are additional limit-
ations, and these environments may favour different suites of
plant traits. For example, competition for below-ground
resources may force the allocation of biomass to roots at the
expense of the shoot (Weiner, 1990; Weiner et al., 1997).
Therefore, in spite of light being a limiting factor to growth,
we may expect different phenotypes to be developed by
plants competing near neighbours of similar size compared
with those produced by more asymmetric interactions such
as those between adult plants and seedlings.

Shading and competition from neighbours not only affect
patterns of biomass allocation but may also affect sequential
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patterns of development. For example, many plant species
express dramatically different leaf types along the shoot — a
developmental pattern known as heteroblasty (Jones, 1999).
Ontogenetic change in leaf type is highly variable between
species and can be highly variable within species (Jones,
1999). The timing of ontogenetic changes can be plastic, and
the light environment in particular has been shown to play
an important role in this flexibility. Goebel (1898; cited in
Wells and Pigliucci, 2000), for example, noted that low light
can prolong the expression of juvenile leaves. Increasing
experimental evidence supports the idea that ontogenetic
change can be hastened, or delayed, depending on which
leaf type confers the greatest benefit for a given light level
(Ashton 1956; Cameron, 1970; Ashton and Turner, 1979;
James and Bell, 2000; Burns, 2005; Forster and Bonser,
2009a, b). Heteroblastic leaf development, however, has only
been examined under conditions of experimental shading,
and to our knowledge it has yet to be examined in a competi-
tive context.

Heteroblastic development is a particularly prominent
phenomenon in Acacia subgenus Phyllodineae (New, 1984).
Heteroblasty in Acacia involves a shift from bipinnate com-
pound, to transitional leaves (modified petiole/rachis with
bipinnate pinnae distally attached) and then to phyllodes (ver-
tically flattened petiole/rachis; New, 1984; Forster and Bonser,
2009a, b; Fig. 1). Generally, species from more arid environ-
ments express phyllodes at an earlier ontogenetic stage than
species from more mesic environments (Atkin er al., 1998).
Additionally, there is a strong genetic component within
species as different populations are also known to vary in
the timing of leaf change (Farrell and Ashton, 1978; Daehler
et al., 1999; Forster and Bonser, 2009b). Species and popu-
lation differences in the timing of leaf changes have been
attributed to varying moisture regimes (Farrell and Ashton,
1978); however, the light environment has been experimen-
tally demonstrated to be more important (Forster and Bonser,
2009a, b), i.e. under a low irradiance, compound leaves are
retained for longer (Withers, 1979).

Phyllodes

Transitional
leaves

Compound
leaves

Fic. 1. An example of heteroblastic development in Acacia implexa.

Compound leaves, transitional leaves and phyllodes indicated with an arrow.

The plant was grown in full sunlight and the photograph was taken on the
86th day of growth.
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Physiological and morphological traits of compound leaves
are better adapted to lower irradiance, whereas the traits of
phyllodes are better adapted to more intense light environ-
ments (Brodribb and Hill, 1993; Yu and Li, 2007).
Moreover, compound leaves are less expensive to construct
than phyllodes in terms of the amount of leaf biomass per
unit of photosynthetic tissue, or specific leaf area (SLA: Yu
and Li, 2007; Forster and Bonser, 20094, b), consistent with
other species grown at low irradiance (Poorter et al., 2000).
Leaves with lower construction costs and higher returns
under low quality light may also be beneficial in high
density or competitive growing conditions, and therefore het-
eroblastic species may retain more of these leaves in
crowded or low light conditions. The timing of the ontogenetic
shift of compound leaves to phyllodes should be environmen-
tally dependent and under strong selection across environ-
ments. Thus, we should see differences in the expression of
heteroblasty across populations, and variations in the
expression of heteroblasty within populations.

We ran a full factorial experiment on the species Acacia
implexa, with population, shading and intraspecific seedling
density level as factors, to examine patterns of heteroblastic
development and the expression of shade avoidance traits.
We hypothesized that a shift to transitional leaves will be
delayed under a shaded treatment, a high density treatment
and more so under the interaction of shade and density. We
also hypothesized that shaded and high density treatments
should induce a strong shade avoidance syndrome in the
shade-intolerant, A. implexa. Lastly, we examined how hetero-
blasty and shade avoidance syndrome affected growth rates.

MATERIALS AND METHODS

Acacia implexa is a tree growing to approx. 12 m inhabiting
woodland and forest habitats across south-east and eastern
Australia (Kodela, 2002). Acacia implexa is a pioneer
species with seeds typically needing intense heat from fire to
germinate, and saplings are fast growing (Maslin and
McDonald, 2004).

In mid-December 2006 seeds were pre-treated in boiling
water (to simulate heat from fire) for approx. 2 min to
promote germination. Seeds were sown directly into potted
soil as previous trials had found this led to uniform germina-
tion. Pots were 115 mL in size and consisted of soil with
33% Australian Native Landscape supply of ‘Organic
Garden Mix’, 33 % washed river sand and 33 % cocopeat.
A 4 month Osmocote low phosphorus slow release fertilizer
was added with the N:P:K ratio of 17:1-5:8-5. No additional
fertilizer was added throughout the experiment due to the sen-
sitivity of this species to excess nutrients and the fact the
experiment ran for <4 months. All soil, pots and any other
equipment used in the experiment were completely sterilized
to prevent infection of roots by symbiotic rhizobia (which fix
atmospheric nitrogen and thus improve growth). At the time
of final harvest, no plants were found to have rhizobia. Pots
were spaced evenly across a glasshouse bench using a random-
ized complete block experimental design in the School of
Biological, Earth and Environmental Sciences glasshouse at
the University of New South Wales.
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There were three experimental factors: three populations
(from high, medium and low rainfall sites), two levels of
light environment (full sunlight and shaded, from here on
termed high and low light, respectively) and three levels of
intraspecific competition (seeds sown at high, medium and
low density) with 15 replicates per treatment combination,
giving a total of 270 pots. Mortality over the experiment led
to a total sample size of 182 (replicates per treatment are sum-
marized in Supplementary Data, Table S1, available online).

Seeds from three populations were obtained from the
CSIRO Australian Tree Seed Centre, Canberra, Australia.
The three populations were chosen because they naturally
inhabit different points along a rainfall gradient (Table 1).
Farrell and Ashton (1978) found that heteroblastic develop-
ment was delayed along a rainfall gradient in the closely
related Acacia melanoxylon, and this motivated our choice of
populations.

Plants in the high light treatment received natural sunlight
whereas the plants in the low light treatment were grown
inside a 57 cm cylinder (open ended) of green filter plastic
(Lee Filters, Andover, UK; number 121 Lee Green). The
light filters simulate a natural canopy; the photosynthetic
flux density was reduced by 35 % and the ratio of red to far
red light was reduced from 1.0 to 0-2 (Bonser and Geber,
2005). This experimental approach induces a strong shade
avoidance response in A. implexa (Forster and Bonser,
2009a, D).

The density treatment was established at the time of seed
sowing. Fifty, 15 and six seeds were sown in the high,
medium and low density treatments. Following the emer-
gence of the first double compound leaf, seedlings in the
low density treatment were thinned to one plant per pot. At
the emergence of the first double compound leaf, five target
plants were randomly selected in the medium and high
density treatments for measurement. Five plants were
chosen as a precaution against mortality during the course
of the experiment. A marked toothpick was carefully placed
next to each target plant as an identifier and a toothpick
was also placed next to stems in the low density treatment
as a control measure.

Stem height and diameter were made as initial measure-
ments on each target plant. The number of germinated stems
was also counted to give initial levels of density. Plants were
allowed to grow until at least three mature transitional leaves
had fully expanded. Thereafter, plants were checked weekly

TaBLE 1. Brief description of populations of sourced seeds

Rainfall Average
(mm temperature

Population Seedlot Location year D) ()
Low 19780  35°57'S, 145°45'E 450 23
rainfall

Medium 19770  32°37'S, 150°03'E 650 23
rainfall

High 18859  31°56'S, 151°11'E 830 24

rainfall

Rainfall and temperature data were collated from Bureau of Meteorology,
Australia climate data of the nearest weather station.
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for at least three fully expanded transitional leaves.
Harvesting began 80 d following initial measurements and,
after 170 d of growth, any remaining plants were harvested.

At the time of harvest the following traits were measured:
number of nodes with a compound leaf and total number of
nodes, stem height and diameter. These data were used to cal-
culate height to diameter ratio and average internode length.
Leaves were separated from the stem, flattened and kept
refrigerated at 4 °C until area measurements were taken. This
prevented pinnules on the compound leaves from folding and
modifying leaf area. Individual leaves were measured on a
flatbed scanner, and LeafA software (G. Williamson,
University of Adelaide, Australia, pers. comm.) was used to
determine area. Individual leaves were oven dried at 60 °C
for at least 72 h before determination of dry weight. SLA
was calculated as fresh leaf area divided by dried mass. Soil
was carefully removed from the roots over a tray to ensure
all root material was collected. Stem and roots were oven
dried at 60 °C for at least 72 h and the mass was determined.
The addition of leaf, stem and root mass gave the total plant
dry weight at time of harvest. The determination of stem
mass ratio (StMR), root mass ratio (RMR), leaf mass ratio
(LMR) and leaf area ratio (LAR) was derived from these
mass and area measurements.

Relative growth rate (RGR) and relative height growth rate
were determined by:

RGR = (Lnx) — (Lny)/no. of days grown (1

where x is harvest biomass or height and y is initial biomass or
height. Net assimilation rate (NAR) was determined by (e.g.
Portsmuth and Niinemets, 2006):

NAR = RGR/(SLA x LMR) )

Data analyses

The number of nodes with compound leaves was tested with
a three-way type III univariate analysis of variance (ANOVA)
with population, light quality and density level as fixed factors
and number of nodes that developed compound leaves as the
dependent variable. Population was used as a fixed factor
rather than a random factor because each population was
sourced from a pre-defined rainfall regime and was not ran-
domly selected. The same model was used to test for differ-
ences in relative growth rates, relative height growth and
total plant dry weight at time of harvest.

A multivariate approach was then adopted to determine how
experimental treatments shaped phenotypes and the relation-
ships of traits relative to each other. Type III multivariate
analysis of variance (MANOVA) considered population, light
quality and density level as fixed factors, and variables
included: height to diameter (HtoD), internode length
(Internode), StMR, RMR, LMR, LAR, NAR and SLA (see
Table 2 for full definitions of abbreviations). Homogeneity
of variances was checked with Levene’s test of equality
(Supplementary Data Table S2, available online). The signifi-
cance of model terms and interactions was assessed using
Pillai’s trace test statistics. Multivariate sets of covarying
traits were further characterized using discriminant function
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TABLE 2. Summary of traits measured in this study with abbreviations and transformations made for statistical analysis

Trait Abbreviation Definition Transformation
Compound leaf nodes The total number of nodes that developed a compound leaf before the onset of log
transitional leaves
Height to diameter (mm cm ™ 2) HtoD Ratio of stem length to basal stem diameter Sqrt
Internode length (mm) Internode Stem length divided by the total number of nodes Sqrt
Stem mass ratio (g g~ ) StMR Ratio of total stem mass to sum of root and leaf mass log
Root mass ratio (g g~ ') RMR Ratio of total root mass to sum of stem and leaf mass log
Leaf mass ratio (g g~ ") LMR Ratio of total leaf mass to sum of stem and root mass log
Leaf area ratio (cm” g~ ') LAR Ratio of total leaf area to total biomass Sqrt
Net assimilation rate (g cm > d™ ") NAR The amount of carbon fixed per day for a given amount of photosynthetic tissue log
Specific leaf area (cm® g~ ") SLA Ratio of leaf area to leaf mass log
Relative growth rate (g g~ ' d™") RGR Amount of biomass fixed per day and determined by eqn (1)
Height growth (mm d~ ') Amount of height accrued each day and determined by eqn (1)
Total dry weight (g) Amount of dry weight of all plant material at time of harvest log
TaBLE 3. Treatment effects on the node at which plants 1.1 . . -
switched from compound leaves to transitional leaves
Treatment F-value Variance explained (%) 3
'§ 1.0 T
Population 43.466%*** 25-61 5 -
Light 34719 10-17 3 B
Density 8660 4.62 e 0.9t I ES
Population x light 0-547 3
Population x density 1-885 1-07 g— T
Light x density 1-865 0-52 8
Population x light x density 0-483 2 osf
4
wHEk P < 0-001; **** P <0-0001. Variance explained determined using

the omega squared (w?) method. The complete ANOVA table is supplied in
Supplementary Data Table S3 (available online). 0.7

LMH H L LMH

Rainfall Light Density

analysis (DFA). DFA is a classification procedure that can be
applied on factorial multivariate data sets to assess whether
groups can be uniquely separated (Quinn and Keough,
2002). We performed four sets of DFAs: (1) population x
light x density; (2) population x light; (3) population x
density; and (4) light x density. Group centroids with 95 %
confidence intervals (CIs) of experimental treatments were
plotted against the first and second discriminant functions
using procedures outlined in Johnson ez al. (2007). A series
of univariate ANOVAs were then performed on each depen-
dent variable to assess for treatment differences. All
P-values were corrected for Type I error using the sequential
Bonferroni technique.

All traits were assessed for normality using the Shapiro—
Wilk test and were transformed where appropriate. Traits and
their transformations have been summarized in Table 2.
Following transformations, traits were then standardized with
a mean of zero and s.d. of 1. All statistical analyses were per-
formed using SPSS 15-0-1.

RESULTS
Heteroblastic development

Compound leaves were retained for significantly longer in the
low light over the high light treatment and in the high density
over the medium and low density treatments (Table 3; Fig. 2).

Fic. 2. Compound leaf nodes represents the total number of nodes that devel-
oped a compound leaf before the onset of transitional leaves. Displayed are
means (+ s.e.) for low (L), medium (M) and high (H) levels for each variable.
#E P <0-001; ¥*¥** P <0-0001. Complete statistical results are presented in
Supplementary Data Table S3 (available online).

The low rainfall population developed more compound leaves
than the medium and high rainfall populations (Table 3; Fig. 2).

It was expected that there would be a strong interaction
between light and density treatments; however, there was no
significant effect (Fig. 3). Furthermore, there were no signifi-
cant interactions between the experimental treatments
(Table 3). A planned comparison within the light and
density treatments revealed a significant difference between
high and low light at low density levels (Tukey’s HSD,
P < 0-0001).

Shade avoidance syndrome

The shade avoidance response differed significantly
among the population, light quality and density treatments,
and there were no significant differences across treatment
interactions (MANOVA, Table 4). A shade avoidance syn-
drome was expressed to a greater extent in the high rainfall
population relative to the medium and low rainfall popu-
lations and in the low light relative to the high light
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Fi1G. 3. Compound leaf nodes and the interaction of shade and density treat-
ments. Displayed are means (+ s.e.) for low and high light, as indicated.
Comparisons were made by Tukey’s HSD; **** P < (0-0001.

TABLE 4. Results from multivariate analysis
whole-plant traits

of variance on

Pillai’s trace  F-value d.f. P-value
Population 0-497 6249 16,302 <0-0001
Light 0-665 37-193 8,150 <0-0001
Density 0-308 3437 16,302 <0-0001
Population x light 0-140 1422 16, 302 0-1294
Population x density 0-238 1210 32,612 0-2003
Population x light x density 0-088 0-871 16, 302 0-6034

treatment. For the high rainfall population HtoD was higher,
internodes were longer, there was a greater allocation to
stem mass, and less allocation to root mass in the low
light treatments (Table 5, Fig. 4). Plants in the low light
treatment had a higher LAR and SLA (Table 5, Fig. 4).
The low rainfall population had significantly higher LAR
and SLA than the medium and high rainfall populations
(Fig. 4). NAR was also lower under low light; however,
there were no significant differences across populations
(Table 5, Fig. 4). A greater allocation towards stem mass
in the high density treatment was the only indication of
shade avoidance across density treatments (Fig. 4).
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Discriminant function analysis

DFA of the population by light treatments separated the
light treatment across the first discriminant function for whole-
plant traits (Fig. 5A). Traits positively associated with the first
discriminant function were RMR and NAR, whereas stem
elongation traits were negatively associated, which corre-
sponded to the high light and low light treatments, respectively
(Fig. 5D). This same pattern was observed following DFA of
the light by density treatments (Fig. 5C, F). DFA of the popu-
lation by density treatments produced considerable overlap of
CIs; however, populations were discriminated along the first
axis and density treatments across the second axis (Fig. 5B).

Growth traits

Within the population treatment there was a significant
difference in RGR (F; 163 = 3-654, P = 0-0280; Fig. 6A) and
height growth (F, 163 = 17-114, P < 0-0001; Fig. 6B), but no
significant difference in total dry weight at time of harvest
(Fp163 = 2-738, P=0:0677; Fig. 6C). RGR and total dry
weight did not differ between high and low quality light treat-
ments (F1,163 = 3793, P= 00532, F1’163 = 2100, P=
0-1492; Fig. 6A, C); however, height growth was significantly
faster in low quality light (F 63 = 25-875, P <0-0001;
Fig. 6B). RGR and height growth were significantly faster in
the low density treatment (F5 63 ="7-177, P =0-0010;
F5 163 = 4865, P=0-0089; Fig. 6A, B), and total dry
weight at time of harvest was also significantly greater
(Fa.163 = 15:574, P < 0-0001; Fig. 6C).

DISCUSSION

Light is fundamental for growth in plants, and a lack of it
induces shifts in the expression of a range of traits, particularly
in shade-avoiding species. The shift from one leaf type to
another has previously been related to the light environment
(Ashton, 1956; Cameron, 1970; Ashton and Turner, 1979;
James and Bell, 2000; Burns, 2005; Forster and Bonser,
2009a, b). The current experiment demonstrated that the
onset of transitional leaves in A. implexa is not only delayed
in a shaded environment but it can also be delayed in a
crowded environment (Fig. 2). There are advantages of retain-
ing compound leaves in both situations: under shade com-
pound leaves have greater photosynthetic capture area (per
unit of biomass) and perform better under low irradiance

TABLE 5. Results from analysis of variance on whole-plant traits

Population (P) Light (L) Density (D) PxL PxD LxD PxLxD
HtoD 4428 166-570% % 1.528 0-066 2049 1-154 1-968
Internode 44134 100767 0-010 0-099 2-658%* 1926 0-536
StMR 16-824% % 25.482% % 15:262% %% 2022 0-494 1461 0-223
RMR 2-808 12.512%%% 0-331 0-297 0-819 0-886 0-892
LMR 1-541 0-084 8131 %% 1-295 1-110 1-114 1.262
LAR 6-072%% 45.830%*** 6-5927% 4-457%* 0-110 0-744 1297
NAR 0-982 23751 % 5234 %% 2364 0-822 1219 1.393
SLA 5-1947#* 83.117##%* 1-303 3.784* 0-599 0-064 0-701

Significant differences are given by: * P < 0-05; ** P < 0-01; *** P < 0-001; **** P < (0-0001. Full results are found in Supplementary Data Table S5

(available online).
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per photosynthetic area, or SLA: Yu and Li, 2007; Forster
and Bonser, 2009a, b) which is beneficial in a highly competi-
tive environment. Delaying the onset of transitional leaves may

than phyllodes (Brodribb and Hill, 1993; Yu and Li, 2007);
and compound leaves are cheaper to construct than transitional
leaves or phyllodes (in terms of amount of biomass allocated
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Fic. 6. Mean (+ s.e.) of growth traits across experimental treatments. * P <
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results can be found in Supplementary Data Table S5 (available online).

be a strategy across Acacia species more generally that assists
in the establishment of seedlings in relatively adverse environ-
ments (Hansen, 1996).

In spite of the strong evidence of a change in development
of transitional leaves within light and density treatments, there
was no significant interaction between treatments. However,
when the data from the light and density treatments were
examined more closely, they revealed a significant difference
in the number of nodes that expressed a compound leaf at
low density but not medium and high density (Fig. 3). For
the species used in this experiment, A. implexa, there is a
capacity to develop transitional leaves at a developmentally
earlier stage in a high light environment; however, in a
lower resource environment (i.e. shade or crowded conditions)
there is not a capacity to retain compound leaves indefinitely.
There is a developmental constraint on the expression of plas-
ticity (Valladares et al., 2007) in the species A. implexa, a
result supported by Forster and Bonser (2009b). For the
species A. implexa the switch from compound to transitional
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leaves appears to be genetically fixed to occur at least after
the fourth node and no later than the 14th node (pers. obs.).
In the shaded treatment, plants were switching to transitional
leaves as close to the 14th node as genetically possible.
When an additional experimental treatment was included, in
this case crowding, the study species did not have the develop-
mental capacity to express more compound leaves — there was
a developmental constraint on the expression of this plastic
trait.

In a more general context, the plastic expression of hetero-
blasty in A. implexa is one response along a continuum that
plants express. Heteroblastic development has recently been
defined as changes that occur along the stem as a normal
expression of whole-plant growth (Jones, 1999). In some
plants this expression is fixed (canalized; Wells and Pigliucci,
2000), such as many divaricate shrubs in the New Zealand
flora that switch from small, carbon-rich leaves to large,
nitrogen-rich leaves at defined heights thought to be out of
reach of browsing herbivorous birds (Greenwood and
Atkinson, 1977; Atkinson and Greenwood, 1989; Bond et al.,
2004). Other plants exhibit different levels of plasticity depend-
ing on environmental context (e.g. Eucalyptus globulus; James
and Bell, 2000). By the definition of heteroblasty, inevitably
plastic expression must be developmentally constrained as
plants go through the process of whole-plant growth.

The reduction of light by competing neighbours or an over-
hanging canopy is perceived by photoreceptors in different
parts of the plant, yet both crowding and shading should
induce a shade avoidance syndrome (Schmitt and Wulff,
1993). The expression of traits in the shaded treatment is
clearly consistent with shade avoidance strategies (Smith,
1982; Schmitt and Wulff, 1993; Dudley and Schmitt, 1996;
Yu and Ong, 2003; Franklin and Whitelam, 2005): elongated
stem, increased SLA, increased LAR and StMR, and less allo-
cation of biomass to roots (Fig. 4). Plants in the high density
treatment not only competed for light but faced competition
for other resources, such as moisture and nutrients (Casper
and Jackson, 1997). RGRs and total plant dry weight at time
of harvest were significantly lower in the higher density treat-
ments, suggesting that these plants were limited across a
range of critical resources. Plants grown at high and low light
levels, on the other hand, had similar growth rates and total
plant biomass. Relative height growth was greatly enhanced
in the shaded environment and, coupled with the shade avoid-
ance response, suggests that light was the most limiting resource
to these plants.

In the genus Acacia the expression of different phenotypes
across populations has previously been related to different
rainfall regimes (e.g. Farrell and Ashton, 1978; Cody, 1989,
1991). However, this hypothesis has not been widely tested.
Although the current experiment only examined the expression
of traits from three populations within a single species, there is
a suggestion that the development of different phenotypes may
not be directly related to rainfall (and moisture availability)
per se, and that other environmental variables may be impor-
tant. Acacia species have excellent water use efficiency when
compared with other species (Hansen, 1986, 1996) and Acacia
frequently dominates vegetation communities in Australian
arid and semi-arid regions (Specht and Specht, 1999). These
facts suggest that Acacia species have physiological
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mechanisms that allow individuals to tolerate arid environ-
ments or environments experiencing periods of soil moisture
deficits. Populations within species may therefore be differen-
tiated along alternative environmental axes, and recent evi-
dence suggests light availability could be an important
variable (Forster and Bonser, 2009a, b). In this experiment,
the high and medium rainfall populations were discriminated
along axes related to traits associated with the low light treat-
ment, whereas the low rainfall population was grouped with
traits associated with the high light treatment (Fig. 5). Plants
from the high and medium rainfall populations expressed
traits in a manner comparable with the shade avoidance syn-
drome evident from the low light treatment (Fig. 5). Data of
the exact light regime of the three populations used in this
experiment were not available and therefore a direct compari-
son is not possible. However, it is reasonable to expect that as
rainfall increases canopy cover may also increase and light
availability in the understorey will decrease (Forster and
Bonser, 2009bh; Ladd et al., 2009). Dominant vegetation com-
munities from the high and medium rainfall populations were
forests and woodlands (McRae and Cooper, 1985; Benson,
1986), whereas open woodlands dominated the region from
where the low rainfall population was sourced (Scott, 1992).
Nevertheless, this is anecdotal evidence, and a more extensive
study is needed to support the hypothesis that populations are
differentiated along a light gradient and/or along another
alternative gradient, as has been suggested for A. koa
(Daehler et al., 1999).

Overall, this study found general similarities between
shaded and crowded treatments, yet there were many differ-
ences. These differences may have arisen because plants in a
crowded environment not only have to adjust phenotype to
altered light conditions, but may also have limited access to
other critical resources. The most significant finding of this
study was that heteroblastic development can be affected by
the light environment as well as the presence of neighbours
(i.e. crowding). The fact that heteroblastic development is
regulated by density dependence has not previously been
demonstrated. Lastly, low light levels led to the expression
of phenotypic traits that were characteristic of the high rainfall
population, which suggests that populations within Acacia
species may be differentiated along a light gradient.

SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxford-
journals.org and consist of the following tables. Table S1:
Summary of sample size per treatment. Table S2: Levene’s
test of equality of error variances. Table S3: Full ANOVA
table for the number of nodes with a compound leaf (i.e. het-
eroblastic development). Table S4: Full ANOVA table for
shade-avoidance traits. Table S5: Full ANOVA tables for rela-
tive growth rate, relative height growth and total plant dry
weight at time of harvest.
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