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Summary

1. The leaf size-twig size spectrum is an important spectrum of variation between spe-
cies, although the costs and benefits of larger vs smaller leaf size are poorly understood.
This study quantified the dry mass costs of deploying leaf area in relation to leaf size,
across 70 species from four sites contrasted on the basis of rainfall and soil nutrients in
east-temperate Australia.

2. Leaf mass fraction beyond 10 mm? of conductive cross-section (LMF,,) varied
threefold and was strongly positively correlated with leaf size, both across all species
and within each habitat. This and other key correlations were significant both across
species and as evolutionary divergences.

3. An LMF,, advantage for larger-leaved species should translate into a proportional
advantage in dry mass acquisition, yet species with small leaves persist and sustain popu-
lations. This raises the question as to what factors might counterbalance an LMF
advantage associated with larger leaf size.

4. Within some sites, specific leaf area (SLA) decreased with leaf size, which counter-
balanced the LMF,, advantage. Within other sites, and across all sites, SLA did not
decline with leaf size. In these comparisons other factors, such as avoidance of over-
heating, must counterbalance the LMF,, advantage to larger-leaved species.

5. Wood density was negatively correlated with leaf size. However, the relationship was
weaker within sites in the lower rainfall zone, and species in these sites had generally
higher wood density. Sapwood cross-sectional area per unit leaf area (Huber value)
varied approximately ninefold across all species, and was correlated with both leaf size
and SLA across all species, but not within sites.
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Introduction

A given total leaf area can be made up of many small
or few large leaves. The size of individual leaves is cor-
related across species with twig cross-sectional area
(Corner 1949). Thus there exists a leaf size-twig size
spectrum ( Westoby ez al. 2002) that extends from spe-
cies with small leaves and twigs and close ramification,
to species with large leaves and twigs and less frequent
branching. In addition to the large spread along the
leaf size—twig size spectrum among species coexisting
within a habitat, there are well documented trends
towards smaller leaves in drier and more nutrient-poor
sites (Givnish 1987; Cunningham, Summerhayes &
Westoby 1999). Despite these trends, an understand-
ing of the costs and benefits of smaller vs larger leaf
and twig size remains incomplete.
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Allocation of biomass between leaves and stems
has a direct influence on plant growth (Evans 1972;
Givnish 1995; Reich et al. 1998). This paper reports a
strong relationship across species between the leaf
size—twig size spectrum and the fraction of the leaf-
bearing shoot invested as leaf rather than twig. We
studied 70 perennial species from four sites chosen to
span a range of rainfall and soil nutrients. For this
reason we were able to quantify dry mass allocation in
leaf-bearing shoots, but not whole-plant growth or
allocation.

Dry mass acquisition by a shoot can be broken
down into components in a manner analogous to the
classical partitioning of relative growth rate:

Dry mass acquisition/shoot dry mass = dry mass
acquisition/shoot leaf area x leaf dry mass/
shoot dry mass x leaf area/leaf dry mass
= NAR x LMF, x SLA eqn 1

Dry mass acquisition is interpreted as the net contri-
bution from the shoot to its own dry mass gain plus

any exports contributing to dry mass gain elsewhere in
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the plant. Thus, the first component on the right is the
net assimilation rate (NAR) for leaves in the shoot.
The second and third components on the right are the
leaf mass fraction within the shoot (LMFs, as distin-
guished from LMF of the whole plant) and the specific
leaf area (SLA). The second and third terms on the
right can be measured and compared across species, as
in the present study, even in the absence of data about
the whole plant, or dry mass gain over time.

In equation 1 a doubling in any of the right-hand
components would translate directly into doubling of
the dry mass acquisition per shoot mass, unless there
were correlated changes in other components of the
equation. In principle, natural selection should favour
architectural shoot designs that yield higher dry mass
acquisition per mass of shoot, and thus have a greater
return on the investment of biomass. In particular, in
terms of growth, designs with higher LMF, (lower
allocation to stems) should be favoured. However, there
is counteracting selection towards higher allocation to
stems for purposes of mechanical support, conductance
of water to leaves, leaf spacing, and competitiveness
through height gain (Evans 1972; Givnish 1995).

Allocation to stems is affected not only by stem
diameter and the length of stem between leaves, but
also through wood density. Higher wood density repres-
ents a higher construction cost for the plant (Loehle &
Namkoong 1987; Enquist et al. 1999; Hacke, Sperry &
Pitterman 2000; Hacke & Sperry 2001), but is associated
with greater resistance to drought-induced xylem cavita-
tion (Pockman & Sperry 2000; Hacke et al. 2001).

The main purpose of this paper is to report a strong
relationship across species between the leaf size-twig
size spectrum and LMF within shoots. A secondary aim
is to dissect the involvement of SLA and wood density
in the deployment of leaf area from a given total shoot
mass. We also consider the Huber value, which is the
ratio of sapwood cross-sectional area to leaf area. We
examine shifts in these variables and their relationship
with leaf size across rainfall or soil nutrient contrasts.

Relationships were investigated by cross-species regres-
sion and also, for the focal cross-species relationships,
as correlations of evolutionary divergences (also known
as phylogenetically independent contrasts).

Materials and methods

STUDY SITES AND SPECIES

Four study sites were selected on the basis of contrasting
rainfall and soil nutrient levels. The two high-rainfall
sites were in Strickland State Forest, on the central coast
of New South Wales, Australia (mean annual rainfall
1320 mm). One was on relatively high-nutrient and the
other on low-nutrient soil. The two low-rainfall sites
were in Round Hill Nature Reserve in western NSW,
Australia (mean annual rainfall 390 mm). Again, one
site was on relatively high-nutrient and one on relatively
low-nutrient soils (further site details in Table 1).

In the high-rainfall zone, 20 species (four plants per
species) were sampled from each site between July and
October 2001. In the low-rainfall zone, 14 and 16 spe-
cies (three plants per species) were sampled from the
high- and low-nutrient sites, respectively, in November
2001. Variables were averaged across the three or four
plants for each species. For the low-nutrient, low-
rainfall site, two subsites several kilometres apart were
sampled to ensure sufficient species could be included.
The 70 species in this study were all dicots, spanned
four orders of magnitude in leaf size, represented 24
families, and included life forms ranging from trees to
subshrubs. All species included in this study were ever-
green species (Wright ez al. 2001), thus we would
expect no change in leaf phenology over the 5 month
sampling period. Within each site, although plants
were sampled randomly, the species themselves were
chosen to give a maximum spread both phylogenetically
and along the leaf size-twig size spectrum. One conse-
quence of this is that they do not represent random
samples from each site. Therefore, while interpreting

Table 1. Site descriptions and characteristics of the four study sites contrasted on the basis of rainfall and soil nutrient status

High rainfall* Low rainfallt

High nutrient Low nutrient High nutrient Low nutrient
Latitude (S) 33°22'53” 33°2226” 32°58700” 32°58'35”
Longitude (E) 151°1921” 151°19'12” 146°09’17” 146°08'45”
Vegetation type Closed forest Open woodland Open woodland Open shrub mallee
Annual rainfall (mm) 1300 1300 390 390
Mean annual temp (°C, max, min) 22:9,11-0 229, 11-0 24-1,11-1 24-1, 111
Mean relative humidity (%, 09:00 h) 73 73 49 49
Total P (ug g™) 335 (47) 98 (6) 250 (33) 132 (14)
Total N (%) 0-370 (0-06) 0-057 (0-008) 0-071 (0-02) 0-031 (0-006)
Total C (%) 5-57 (0-99) 2-15 (0-70) 1-20 (0-36) 0-67 (0-15)

High-rainfall sites were located in Strickland State Forest (Central Coast NSW); low-rainfall sites in Round Hill Nature Reserve
(Western NSW). For soil analysis, SD in parentheses after the mean.
*Chemical analysis completed by State Chemistry Laboratory, Melbourne, Australia.

fData from Wright et al. (2001).
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the data we do not emphasize formal significance tests
of differences between sites. However, at both low-
rainfall sites all available species were sampled, which
resulted in a more representative sample of the total
species at the site. The full species list and raw data are
available on request.

PRELIMINARY STUDY: CONSISTENCY OF
RELATIONSHIPS ALONG THE BRANCHING
SEQUENCE

We initially sampled the 20 species at the low-nutrient,
high-rainfall site to test whether the relationships
between leaf size (measured as individual leaf area),
LMF and leaf area ratio (LAR) were consistent along
the branching sequence for each species.

An actively growing branching sequence from the
upper canopy of each plant was cut at 80, 160, 320, 640
and 1280 mm along the sequence. At each cut, the long
(d,) and short (d,) diameters of the aggregate stem
(whole stem including bark) were measured. All biomass
above the cut, including side branches, was transferred
to a paper bag. Cross-sectional area of the aggregate
stem at each distance was calculated as area = (7 X d; x
d,)/4.

While initial data were collected in terms of aggregate
(or whole) stem cross-sectional areas, we subsequently
decided to use the conductive tissue cross-section
(excluding bark and pith) as a reference diameter. To
determine the cross-sectional area of the aggregate
(or whole) stem where the cross-section of the con-
ductive tissue was 5, 10, 15, 20 and 30 mm? for each
species, a ratio of the aggregate stem cross-sectional
area to the conductive stem cross-sectional area was
measured as follows for each species in the low-nutrient,
high-rainfall site. For four individuals per species, two
sections of stem 20—30 mm in length, one 3—5 mm and
the second 6-8 mm in diameter, were randomly sampled
from an actively growing shoot in the upper canopy.
Long and short diameters were used to calculate the
aggregate cross-sectional area. The stem was then
dissected along the vascular cambium and the cross-
sectional area of the water-conductive tissue was similarly
calculated. Water-conductive tissue was identified as
the portion of the stem remaining after dissection along
the vascular cambium and removal of the bark (phloem,
cortex and epidermis). Examining stained cross-sections
of the stem under a light microscope substantiated
identification of water-conductive tissue. (Hereafter,
the term conductive tissue refers to the water-conductive
tissue.) This resulted in two ratios of aggregate to con-
ductive stem cross-sectional area, one at =10 mm? and the
second at =25 mm?. This was done to account for changes
in the proportion of conductive and non-conductive
tissue along the stem. The first ratio was used to calculate
variables at 5, 10 and 15 mm? of conductive tissue, and
the second ratio was applied at 20 and 30 mm?. Average
aggregate cross-sectional area of the stem where the
conductive tissue was 10 mm? ranged from 11-3 mm?

in Epacris pulchella, which had the thinnest bark, to
18-9 mm? in Angophora costata, which had the thickest.

Biomass samples were oven dried at 60 °C for 4
5 days. Fruit and flowers were absent in the majority of
species. For the few species in which fruit and flowers
were present, they were removed and discarded to
allow comparison of only the leaf and wood material
across all species. Leaves and wood were manually sep-
arated and weighed. Dry masses from the successive
lengths of the branch were added to give cumulative
quantities distal to each diameter, and the following
variables were calculated:

(i) LMF: leaf mass as a proportion of total mass (leaf
plus stem)

(i) LAR:leaf area per mg dry mass of total mass (leaf
plus stem). To estimate total leaf areas, the mass of
leaf was multiplied by the average SLA (see below)
for the species.

LMF and LAR values at 5, 10, 15, 20 and 30 mm?
of conductive tissue were estimated by straight-line
interpolation between values calculated at points along
the branching sequence. For some species the smallest
cross-sectional areas were out of the normal size range
for that species, while for others the largest cross-sectional
areas were not reached within the branching sequence
up to 1280 mm. Hence not all species were included
at each end of the range of cross-sectional areas.

As relationships between LMF and leaf size were
consistent across cross-sectional areas of conductive
tissue from 5 to 30 mm? (see Results), species at the
other three sites were not sampled at such a wide range
of stem cross-sections, but at two cross-sections on the
stem, chosen to permit interpolation to 10 mm?* con-
ductive tissue.

SAMPLING DRY MASS COSTS AT 10 mm?
CROSS-SECTIONAL AREA OF CONDUCTIVE
TISSUE

At the remaining three sites, a randomly selected
actively growing shoot from the upper canopy of each
individual was cut at stem diameters of 2-3 mm
(3-:1-7-1 mm? cross-sectional area) and 4—6 mm (12-6—
28-3 mm? cross-sectional area). In each case the exact
long and short diameters and length from the tip to the
cut were measured. All leaf and twig material above
the cut was transferred to a paper bag, and materials
were processed as described above. Similarly to species
from the low-nutrient, high-rainfall site, a ratio of the
aggregate cross-sectional area to the conductive cross-
sectional area was measured to enable calculation of dry
mass costs at 10 mm? cross-sectional area of conduc-
tive tissue. For four individuals per species, a section of
stem 20-30 mm in length and 4—6 mm in diameter was
randomly sampled from the upper canopy. The ratios
of aggregate cross-sectional area of the stem to cross-
sectional area of conductive tissue were measured. Values
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of LMF and LAR at 10 mm? cross-sectional area of
conductive tissue were then estimated by interpolation
between the two values at the sampled cross-sections.

LEAF SIZE (CALCULATED AS INDIVIDUAL
LEAF AREA) AND SLA

For the 40 species from the two high-rainfall sites, four
sun leaves were collected from each plant (16 leaves per
species) to calculate individual leaf area and SLA.
Fresh leaves were scanned on a flat-bed scanner and
leaf area was measured using DELTA-T SCAN image
analysis software (Delta-T, Cambridge, UK). Leaves
were dried at 60 °C for 48 h and their mass recorded.
For the 30 species from the low-rainfall sites, SLA val-
ues were taken as a species average from a previous
study that had sampled four leaves per plant and five
plants per species (M.P., unpublished data).

WOOD DENSITY

The relationship between wood density and leaf size
was investigated using four individual plants from each
of the 70 species. On a randomly chosen branch from
the upper canopy, wood samples 50-70 mm in length
were taken firstly where the aggregate stem diameter
was 2-3 mm (3-1-7-1 mm? cross-sectional area) and
secondly at 4—6 mm (12-6—28-3 mm? cross-sectional area).
Fresh samples were stored on ice and refrigerated until
processing. Bark was removed, and wood density (dry
mass/volume) at 10 mm? conductive tissue estimated
by interpolation between the wood density values
calculated at the sampled cross-sections. Volume of the
wood sample was determined by Archimedes’ principle
as in Hacke et al. (2000a). Using a thin wire, the wood
sample was submerged in a water-filled container placed
on a balance. The balance and container were sealed to
prevent airflow affecting the balance readings, except
for a small opening through which the wood sample
was lowered into the water. Displacement weight was
converted to sample volume by the formula: displace-
ment weight (£)/0-998 (g cm™), where 0-998 gcm™ is
the density of water at 20 °C. Wood sections were then
oven-dried for 4 days at 60 °C before weighing.

STATISTICAL ANALYSIS

To examine the relationship between leaf size and
LMF, SLA, LAR and wood density, cross-species and
phylogenetic analyses were undertaken at two levels.
First, for both types of analyses, all species were consid-
ered. Second, species within each site were considered
separately. The remaining relationships were examined
by cross-species analysis for all species, and within each
site.

Variance components analysis (Minimum Norm
Quadratic Unbiased Estimator, MINQUE; spss for
Windows ver. 10) showed that most of the variance lay
between, rather than within, species. For all variables

but one, the proportion of variance explained by spe-
cies ranged from 73 to 93%. The exception was total
leaf area in the low-nutrient, high-rainfall site (56%).

All variables except individual leaf area were nor-
mally distributed (Kolmogorov—Smirnov test, o =
0-05). Individual leaf area was deemed normally distri-
buted after log transformation. LMF data were logit
transformed [In(LMF/1 — LMF)] for analysis. However,
logit transformation of the data did not change the
results of the analysis, and thus for clarity untransformed
data are presented.

A phylogenetic tree was constructed for the 70 spe-
cies with ordinal groupings based on Bremer ef al.
(1998); relationships within the Myrtales and Myrta-
ceae from Johnson & Briggs (1984); and relationships
within the Proteaceae from Orchard (1995) and Hoot
& Douglas (1998). Whereas for cross-species regres-
sions each data point is a species mean, in correlated
divergence analyses each independent divergence con-
tributes a single item of evidence. A data set of diver-
gences was created (Harvey & Pagel 1991), where the
divergence was the difference between the values of the
trait for the two species or nodes descending from the
divergence node. Node values were calculated by aver-
aging the trait values for the two immediately lower
species or nodes. In calculating divergences, the direc-
tion of subtraction was irrelevant on the condition that
the treatment of all traits was consistent. Therefore, in
the graphs of divergences in one trait plotted against
divergence in another trait, a positive divergence in
both traits would be represented as negative diver-
gences if the subtractions were performed the other
way around. In addition, 7* and P values calculated by
linear regression contain no intercept term.

In this study, cross-species analysis was completed
on untransformed variables while phylogenetic analyses
were done on log-transformed data. Log-transformed
data were used for phylogenetic analyses so that the
resulting divergences would measure the ratio or multi-
plication factor across the evolutionary divergence
for variables such as LMF. This is an appropriate
transformation for these variables, as in accordance
with equation 1 a doubling of LMF should result in a
doubling of dry mass acquisition per shoot mass unless
there are counterbalancing factors.

Results

PRELIMINARY: CONSISTENCY ACROSS A
RANGE OF STEM DIAMETERS

At the site where measurements were made along
a range of stem diameters, the positive relationship
between LMF and leaf size was consistent across all
cross-sectional areas of conductive tissue from 5 to
30 mm? (Table 2), with 7* values ranging from 0-49 at
20 mm? to 0-63 at 10 mm?. The relationship between
LAR and leaf size was, to some extent, weaker. It also
did not change consistently with increasing cross-
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Table 2. Summary of correlations between leaf size and
leaf mass fraction (LMF) and leaf area ratio (LAR) at a
number of cross-sectional areas along the branch
sequence for the 20 species from the low-nutrient, higher-

rainfall site

LMF LAR
Cross-sectional
areat (mm?) N 7 P r’ P
5 19 058 <0-0001*** 0-16 0-092*
10 20 063 <0-0001*** 0-14 0-110™
15 20 0-52  <0-0001*** 0-14 0-109™
20 19 049 0-001%**  0-28 0-028**
30 14 054 0-002*%** 021 0-083*

#kx P < (0-01; **P < 0-05; * P < 0-1; Non-significant.
TCross-sectional area of conductive tissue.

sectional area, and * values were fairly similar, ranging
from 0-14 at 10 mm? to 0-28 at 20 mm®. In summary,
the main relationships of interest were consistent
across the range of sapwood cross-sections from 5 to
30 mm?. On this basis, results were expressed at a ref-
erence sapwood cross-section of 10 mm?, and species
at the remaining three sites were subsequently sampled
at two diameters chosen to permit interpolation to
10 mm? conductive tissue.

RELATIONSHIPS BETWEEN DRY MASS COSTS
AND LEAF SIZE (EXPRESSED AS INDIVIDUAL
LEAF AREA)

LMF beyond 10 mm’ conductive cross-section (LMF,)

LMF,, was strongly related to leaf size both across the
70 species in the study (r* = 0-64, P < 0-0001; Fig. 1a)
and across evolutionary divergences (> =0-21, P <
0-0001; Fig. 1b). LMF,, varied fourfold across all species,
ranging from 0-23 to 0-90. The cross-species relationship
between leaf size and LMF |, was also apparent within
each site, with the strongest correlation in the high-
nutrient, high-rainfall site (¥ = 0-64, P < 0-0001; Fig. 1a)
and the weakest correlation in the high-nutrient, low-
rainfall site (+* = 0-38, P =0-018). Within-site evolu-
tionary divergence correlations mirrored patterns in
the cross-species analyses, with correlations ranging from
r? = 0-39 (P = 0-013) in the low-nutrient, low-rainfall site
to 1* = 0-66 (P < 0-0001) in the high-nutrient, high-rainfall
site (Fig. 1c).

Specific leaf area

Across all species, SLA varied tenfold, ranging from 2-7
to 23-3 mm’ mg ™', and was weakly positively correlated
with leaf size in both cross-species (¥ = 0-06, P = 0-05;
Fig. 2a) and phylogenetic analyses (* = 0-07, P = 0-03;
Fig. 2b). The positive correlation across all species was
driven primarily by differences between sites, especially
the high SLA values of species at the high-nutrient,

® High Nutrient, High Rainfall (r> = 0-64; P < 0-0001)
o Low Nutrient, High Rainfall (r? = 0-62; P < 0-0001)
v High Nutrient, Low Rainfall (r? = 0-38; P = 0-018)
v Low Nutrient, Low Rainfall (r? = 0-53; P = 0-001)
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Fig. 1. Cross-species and correlated divergence regressions
between leaf mass fraction and leaf size. (a) Cross-species
regression for all species and within each site; (b) correlated
divergence regression for all species; (c) within-site correlated
divergence regressions.

high-rainfall site (Fig. 2a). Within each of the low-nutrient
sites there were strong negative relationships between
leaf size and SLA (* = 0-35, P = 0-:006 at high rainfall;
r?=0-58, P = 0:001 at low rainfall), whereas within the
high-nutrient sites there were no relationships (P >
0-05 in both rainfall zones). Similarly, for the within-
site correlated divergence analyses, leaf size was negat-
ively correlated with SLA in the low-nutrient sites at
high and low rainfall (+* = 0-24, P = 0-032; r* = 0-52,
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Fig. 2. Cross-species and correlated divergence regressions
between specific leaf area and leaf size. (a) Cross-species
regression for all species and within each site; (b) correlated
divergence regression for all species; (c) within-site correlated
divergence regressions.

P =0-002, respectively; Fig. 2¢), but not in either of
the high-nutrient sites (P > 0-05).

LAR beyond 10 mm? conductive cross-section (LAR,,)

LAR (leaf area per shoot mass) is the product of
LMF and SLA. As described above, LMF consistently
increased with leaf size; SLA decreased with leaf size
within the low-nutrient sites, was unrelated within the
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Fig. 3. Cross-species and correlated divergence regressions
between leaf area ratio and leaf size. (a) Cross-species
regression for all species and within each site; (b) correlated
divergence regression for all species; (c) within-site correlated
divergence regressions.

high-nutrient sites, and increased weakly with leaf size
between sites. Considering first the low-nutrient sites,
the decrease in SLA counteracted the effect of the
LMF increase with leaf size, with the result that LAR
was uncorrelated with leaf size at the high-rainfall site
(P> 0-05 both across species and as evolutionary
divergences) and negatively correlated at the low rain-
fall site (+* = 0-27, P = 0-04 across species; 1> = 0-34,
P =0-04 as evolutionary divergences) (Fig. 3a.c). At
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the high-nutrient sites SLA did not counteract the
effect of LMF increasing with leaf size in the same
way. At the high-nutrient, high-rainfall site LAR was
weakly positively correlated with leaf size across species
(#*=0-18, P =10-026), and uncorrelated as evolu-
tionary divergences (+* = 0-14, P = 0-12). At the high-
nutrient, low-rainfall site LAR and leaf size were
uncorrelated (P > 0-05 both across species and as
evolutionary divergences). Over all sites, LAR was posi-
tively associated with leaf size cross-species (> = 0-26,
P < 0-0001; Fig. 3a), and as evolutionary divergences
(r* = 0-30, P < 0-0001; Fig. 3b). This overall effect was
driven mainly by species at the high-nutrient, high-
rainfall site, which had larger leaves and higher LAR
than at the other three sites (Fig. 3a).

The LAR was distinctly lower for most species at
low-rainfall than at high-rainfall sites, across the range
of leaf sizes (Fig. 3a). This was partly because of lower
SLA (Fig. 2a), and partly because of lower LMF,,
especially among the smaller leaf sizes (Fig. 1a).

Wood density

Across all sites, wood density ranged from 0-99 g cm™
at 1-13 mm? leaf size to 0-37 g cm™ at 7542 mm?. It was
negatively correlated with leaf size both across species
(”* =044, P <0-0001; Fig. 4a) and across evolu-
tionary divergences (+* = 0-42, P < 0-0001; Fig. 4b). In
particular, species with leaf sizes above 1000 mm?, all
of which were from high-rainfall sites, had wood den-
sity below 0-7 g cm™ and ranged as low as 0-4 g cm™.
For within-site cross-species and phylogenetic analyses,
there was a strong negative relationship between
wood density and leaf size at high-rainfall sites (high-
nutrient site: cross-species r* = 0-38, P = 0-011, evolu-
tionary divergences * = 0-35, P = 0-02; low-nutrient
site: cross-species > = 0-44, P =0-002, evolutionary
divergences 1* = 0-39, P = 0-005; Fig. 4a,c). For cross-
species analysis in the low rainfall zone, the relation-
ship was not significant but still suggested the same
trend at both high-nutrient (+* = 0-21, P = 0:096) and
low-nutrient sites (+* = 0-15, P = 0-139). For both sites
within the low-rainfall zone, the within-site evolu-
tionary divergence correlation was stronger than the
within-site cross-species correlation (high-nutrient
site 7 =0-38, P =0-024; low-nutrient site r>=0-32,
P =0-027; Fig. 4c).

Across all species, LMF was strongly negatively
correlated with wood density (+* = 0-59, P < 0-0001;
Fig. 5). Similar to the leaf size-wood density relation-
ship, the pattern across all species was mainly due to
differences between sites, especially species from the
high-nutrient, high-rainfall site which tended to have
high LMF and low wood density. Within sites, LMF
and wood density were somewhat related at high rain-
fall (low nutrient r* = 0-42, P =0-002; high nutrient
r?=0-19, P = 0-09), but unrelated at low rainfall (high
nutrient 7> = 0-06, P = 0-404; low nutrient r>=0-13,
P=0-169).

@ High Nutrient, High Rainfall (r> = 0-38; P=0-011)
O Low Nutrient, High Rainfall (r? = 0-44; P = 0-002)
v High Nutrient, Low Rainfall (r? = 0-21; P = 0-096)
v Low Nutrient, Low Rainfall (r? = 0-15; P = 0-139)
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Fig. 4. Cross-species and correlated divergence regressions
between wood density and leaf size; (a) cross-species
regression for all species and within each site; (b) correlated
divergence regression for all species; (¢) within-site correlated
divergence regressions.

Huber value at 10 mm’ cross-section

The Huber value, conductive cross-sectional area per
unit leaf area supported, varied approximately nine-
fold from 1-1 x 10~ to 9-8 x 107* across all species. The
Huber value was not correlated with leaf size across all
species (P > 0-05; Fig. 6a). There was a negative rela-
tionship between Huber value and SLA across all spe-
cies (i = 0-19, P < 0-001), but no relationship between
Huber value and SLA within sites (P > 0-05; Fig. 6b),
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Fig. 5. Relationship between leaf mass fraction and wood
density both within and between sites.

although no species exhibited both high SLA and high
Huber values. Huber value was correlated with wood
density across all species (+* = 0-13, P = 0-003), but not
within sites (P > 0-05; Fig. 6¢). There was an absence
of species with low wood density and high Huber
values (Fig. 6¢), and a distinct separation of sites along
the wood density dimension. The separation of sites
along the wood density and Huber value dimensions
was more apparent in relation to rainfall than in rela-
tion to soil nutrients.

Discussion

In this study the main relationships between leaf size
and other traits were similar whether measured as cor-
relations across present-day species or as correlations
of evolutionary divergences. This is a common outcome
for traits of ecological importance (Ackerly 1999). The
cross-species correlation indicates combinations of
traits that are successful in maintaining populations
in the present day. Concordance with evolutionary
divergence correlation indicates that through evolution-
ary time, clades have diverged along similar correlation
patterns, probably for similar reasons of ecological
competence (Westoby 1999).

The most striking and potentially important pattern
found in this work was the strong relationship between
leaf size and LMF within the shoot (LMF)). In accord-
ance with the relationships in equation 1, the LMF,
advantage of larger over smaller leaves, which was up
to threefold (Fig. 1a), should translate directly into a
proportional dry mass acquisition advantage, unless it
is counteracted by other factors.

A correlation between leaf size and LMF, does not
prove a functional relationship. Nevertheless, the growth
benefits of high LMF,suggest that, if possible, it would
be advantageous for small-leaved species to evolve towards
the higher LMF, achieved by larger-leaved species.
However, a wide range of leaf sizes persists in plant
communities. This strongly suggests there are counter-
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Fig. 6. Cross-species relationship between Huber value
(sapwood area/leaf area) and leaf and wood attributes: (a)
leaf size; (b) specific leaf area (SLA); (c) wood density.

balancing factors favouring smaller leaves. What dis-
advantages of large leaves might counterbalance their
LMF, advantage, and lead to the range of leaf sizes
actually observed? One possible counterbalancing factor
is NAR (equation 1). Although NAR was not measured
in this study, there is no obvious reason why smaller
leaves should systematically achieve higher NAR.
Alternatively, a decrease in SLA with leaf size did
counteract the increase in LMF; in comparisons
within the two low-nutrient sites, and thus there was
no relationship between leaf size and LAR in these
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sites (Fig. 3a). Conversely, larger-leaved species still
had an LAR, advantage within the high-rainfall, high-
nutrient site, and between that site and others.

Grubb (1995) and Shipley (1995) both found that
among species within the same habitat and with simi-
lar ecology, larger-leaved species had lower SLA. A
need for greater mechanical support in larger leaves
was suggested as an explanation for this pattern. Pat-
terns within our low-nutrient sites were similar to this,
and could be interpreted as larger-leaved species hav-
ing less mechanical support in the twig (higher LMF)),
but requiring more reinforcing structure in the leaf
itself (which results in lower SLA).

On the other hand Niinemets (1996, 1998) and
Niinemets & Kull (1994) found higher SLA in larger-
leaved species, and thus a decline in SLA with leaf
size is not found within all vegetation types. Across
sites, SLA and leaf size both tend to decline towards
lower rainfall and lower soil nutrients (Givnish 1987,
Cunningham et al. 1999; Fonseca et al. 2000; Niinemets
2001; Ackerly et al. 2002). This was also found in the
present study, and suggests that in data sets spanning
arange of habitats, within- and between-habitat patterns
may cancel, leaving little or no overall relationship
between leaf size and SLA (Wilson, Thompson &
Hodgson 1999; Fonseca et al. 2000; Ackerly et al. 2002).

Factors other than dry mass allocation can also
favour smaller leaf sizes, and may counteract the
growth advantage of higher LMF, in particular com-
parisons. The best established counterbalance is that
smaller leaves shed heat by convection more efficiently
(Givnish 1987; Ackerly et al. 2002). This advantage
should be more important in stronger radiation streams,
and where water is in short supply (as transpiration is
also effective in shedding heat). This presumably is a
factor favouring smaller leaf sizes at low rainfall and
in less shaded vegetation. A second factor could be
that smaller-leaved species may suffer less herbivory
during leaf expansion, as the duration of expansion
is shorter (Moles & Westoby 2000).

As well as the dry mass of twigs we investigated
wood density, a property that has important implica-
tions for both dry mass costs and hydraulic function of
stems. Stems constructed from higher density wood
represent a higher construction cost per unit volume
for the plant, and may result in a reduced growth
rate for the plant and lower storage capacity in stems
(Givnish 1995; Enquist ez al. 1999; Hacke & Sperry
2001; Hacke et al. 2001). However, the mechanical
strength of the wood is directly proportional to its
density (Niklas 1992; Hacke et al. 2001) and higher
wood density is associated with greater resistance to
drought-induced xylem cavitation (Pockman & Sperry
2000; Hacke & Sperry 2001). Hacke et al. (2000)
recently explored the relationship between wood
density and resistance to xylem cavitation. The xylem
pressure required to induce 50% embolism was
strongly correlated with wood density, and was related
to minimum seasonal water potential, indicating a def-

inite trade-off between stem safety and construction
cost. In the present study, wood density was negatively
correlated with leaf size across all habitats. There was,
however, a separation according to site, with species at
the low-rainfall sites having, on average, higher wood
densities, suggesting a greater need for resistance to
embolism in species at these sites.

The amount of leaf area supported should scale
with cross-sectional area of the stem for hydraulic and
mechanical reasons (Shinozaki et al. 1964; Carlquist
1975; Niklas 1992; Mencuccini & Grace 1995). The
simplest expectation for the relationship between leaf
area and stem cross-sectional area is that across species
in a given environment, a given cross-sectional area
of conductive tissue supports approximately the same
amount of leaf area, while differences in evaporative
conditions modulate the conductive cross-section
required per unit leaf area (the Huber value). This idea
is based on the pipe-model theory presented by Shino-
zaki et al. (1964), in which they demonstrated a rela-
tionship between the weight of foliage and weight
of non-photosynthetic tissue in the live canopy. In
the present study Huber values ranged approximately
ninefold across all sites, and were not related to leaf
size. However, Huber value was negatively correlated
with SLA. Across all species, Huber values were posi-
tively correlated with wood density, and there was a
distinct separation of sites, with species from the low-
rainfall zone having high wood density but a large
spread of Huber values, while species from the high-
rainfall zone had lower wood density and low Huber
values only (Fig. 6¢). Cavender-Bares & Holbrook (2001)
found similarly that leaf area per shoot increased and
Huber values decreased with increasing soil moisture
of species habitats. The triangular relationship in
Fig. 6(c) suggests that species with low wood density
(higher conductance and less resistance to xylem
cavitation) and with low amounts of leaf area per con-
ductive cross-section are uncompetitive or inviable.

Quantification of the relationship between leaf size
and the dry mass costs of deploying leaf area in the
distal canopy of mature plants is important in relation
to the growth economics of plants, and in understand-
ing the relative costs and benefits of larger vs smaller
leaves. The finding that LMF increased substantially
with leaf size, both within and between habitats, may
represent a significant growth advantage to plant
architectures with larger leaves and twigs. In some
comparisons within sites, the LMF advantage was
counterbalanced by a decrease in SLA, leaving no
overall relationship between leaf size and LAR. In
other comparisons, however, there was an LAR advant-
age as well as an LMF advantage to larger leaf size. To
improve understanding about the costs and benefits of
larger vs smaller leaf size, we need to broaden our
knowledge about the generality of the LMF advantage,
to clarify the range of situations where it is offset by a
decrease in SLA, and to identify counteracting factors
in other situations.



97
Dry mass costs
and leaf size

© 2005 British
Ecological Society,
Functional Ecology,
19, 88-97

Acknowledgements

We thank Peter Vesk for assistance in data collection in
the western NSW sites. We would also like to thank
Maree Abood and Barbara Rice for invaluable field
assistance. lan Wright and Maree Abood made helpful
comments on an earlier draft of the manuscript.
Thanks to the NSW National Parks and Wildlife Ser-
vice for granting permission to conduct field work in
Round Hill Nature Reserve, and NSW State Forests
for permission to use field sites in Strickland State
Forest. This research was funded by an Australian
Research Council grant to Mark Westoby. Contribution
Number 405 from the Research Unit for Biodiversity
and Bioresources, Macquarie University.

References

Ackerly, D.D. (1999) Comparative plant ecology and the role
of phylogenetic information. Physiological Plant Ecology
(eds M.C. Press, J.D. Scholes & M.G. Barker), pp. 391-
413. Blackwell Science, Oxford, UK.

Ackerly, D.D., Knight, C.A., Weiss, S.B., Barton, K. &
Starmer, K.P. (2002) Leaf size, specific leaf area and micro-
habitat distribution of chaparral woody plants: contrasting
patterns in species level and community level analyses.
Oecologia 130, 449-457.

Bremer, K., Chase, M.W,, Stevens, P.F. & Group, A.P. (1998)
An ordinal classification for the families of flowering plants.
Annals of the Missouri Botanical Garden 85, 531-553.

Carlquist, S. (1975) Ecological Strategies of Xylem Evolution.
University of California Press, Berkeley, CA, USA.

Cavender-Bares, J. & Holbrook, N.M. (2001) Hydraulic
properties and freezing-induced cavitation in sympatric
evergreen and deciduous oaks with contrasting habitats.
Plant, Cell & Environment 24, 1243-1256.

Corner, E.J.H. (1949) The durian theory, or the origin of the
modern tree. Annals of Botany 13, 367-414.

Cunningham, S.A., Summerhayes, B. & Westoby, M. (1999)
Evolutionary divergences in leaf structure and chemistry,
comparing rainfall and soil nutrient gradients. Ecology 69,
569-588.

Enquist, B.J.,, West, G.B., Charnov, E.L. & Brown, J.H.
(1999) Allometric scaling of production and life history
variation in vascular plants. Nature 401, 907-911.

Evans, G.C. (1972) The Quantitative Analysis of Plant
Growth. Blackwell Scientific Publications, Oxford, UK.
Fonseca, C.R., Overton, JM., Collins, B. & Westoby, M.
(2000) Shifts in trait-combinations along rainfall and phos-

phorus gradients. Journal of Ecology 88, 964-977.

Givnish, T.J. (1987) Comparative studies of leaf form: assess-
ing the relative roles of selective pressures and phylogenetic
constraints. New Phytologist 106, 131-160.

Givnish, T.J. (1995) Plant stems: biomechanical adaptation
for energy capture and influence on species distributions.
Plant Stems: Physiology and Functional Morphology (ed. B.
Gartner), pp. 3—49. Academic Press, San Diego, CA, USA.

Grubb, PJ. (1995) A reassessment of the strategies of plants
which cope with shortages of resources. Perspectives in
Plant Ecology, Evolution and Systematics 1, 3-31.

Hacke, U.G. & Sperry, J.S. (2001) Functional and ecological
xylem anatomy. Perspectives in Plant Ecology, Evolution
and Systematics 4, 97-115.

Hacke, U.G., Sperry, J.S. & Pitterman, J. (2000) Drought
experience and cavitation resistance in six shrubs from the
Great Basin, Utah. Basic and Applied Ecology 1, 31-41.

Hacke, U.G., Sperry, J.S., Pockman, W.T., Davis, S.D. &

McCulloh, K.A. (2001) Trends in wood density and structure
are linked to prevention of xylem implosion by negative
pressure. Oecologia 126, 457-461.

Harvey, PH. & Pagel, M.D. (1991) The Comparative Method
in Evolutionary Biology. Oxford University Press, Oxford, UK.

Hoot, S.B. & Douglas, A.W. (1998) Phylogeny of the
Proteaceae based on atpB and atpB-rbcL intergenic spacer
region sequences. Australian Systematic Botany 11, 301-320.

Johnson, L.A.S. & Briggs, B.G. (1984) Myrtales and Myrtaceae:
a phylogenetic analysis. Annals of the Missouri Botanical
Garden 71, 700-756.

Loehle, C. & Namkoong, G. (1987) Constraints on tree
breeding: growth tradeoffs, growth strategies, and defense
investments. Forest Science 33, 1089-1097.

Mencuccini, M. & Grace, J. (1995) Climate influences the leaf
area/sapwood area ratio in Scots pine. Tree Physiology 15, 1-10.

Moles, A.T. & Westoby, M. (2000) Do small leaves expand
faster than large leaves, and do shorter expansion times
reduce herbivore damage? Oikos 90, 517-526.

Niinemets, U. (1996) Plant growth-form alters the relationship
between foliar morphology and species shade-tolerance
ranking in temperate woody taxa. Vegetatio 124, 145-153.

Niinemets, U. (1998) Are compound-leaved woody species
inherently shade-intolerant? An analysis of species ecolo-
gical requirements and foliar support costs. Plant Ecology
134, 1-11.

Niinemets, U. (2001) Global-scale climatic controls of leaf
dry mass per area, density, and thickness in trees and
shrubs. Ecology 82, 453-469.

Niinemets, U. & Kull, K. (1994) Leaf weight per area and
leaf size of 85 Estonian woody species in relation to shade
tolerance and light availability. Forest Ecology and Manage-
ment 70, 1-10.

Niklas, K.J. (1992) Plant Biomechanics: An Engineering
Approach to Plant Form and Function. University of Chicago
Press, Chicago, IL, USA.

Orchard, A.E. (1995) Flora of Australia, Vol. 16. Elacagnaceae,
Proteaceae 1. CSIRO Publishing, Melbourne, Australia.
Pockman, W.T. & Sperry, J.S. (2000) Vulnerability to xylem
cavitation and the distribution of Sonoran Desert vegetation.

American Journal of Botany 87, 1287-1299.

Reich, PB., Tjoelker, M.G., Walters, M.B., Vanderklein,
D.W. & Buschena, C. (1998) Close association of RGR,
leaf and root morphology, seed mass and shade tolerance
in seedlings of nine boreal tree species in high and low light.
Functional Ecology 12, 327-338.

Shinozaki, K., Yoda, K., Hozumi, K. & Kira, T. (1964) A
quantitative analysis of plant form — the pipe model theory
1. Basic analyses. Japanese Journal of Ecology 14, 97-105.

Shipley, B. (1995) Structured interspecific determinants of
specific leaf area in 34 species of herbaceous angiosperms.
Functional Ecology 9, 312-319.

Westoby, M. (1999) Generalization in functional plant ecology:
the species sampling problem, plant ecology strategies,
schemes, and phylogeny. Handbook of Functional Plant
Ecology (eds F. Pugnaire & F. Valladares), pp. 847-872.
Marcel Dekker, New York, USA.

Westoby, M., Falster, D., Moles, A., Vesk, P. & Wright, 1.
(2002) Plant ecological strategies: some leading dimensions
of variation between species. Annual Review of Ecology and
Systematics 33, 125-159.

Wilson, P.J., Thompson, K. & Hodgson, J.G. (1999) Specific
leaf area and leaf dry matter content as alternative pre-
dictors of plant strategies. New Phytologist 143, 155-162.

Wright, L.J., Reich, P.B. & Westoby, M. (2001) Strategy-shifts
in leaf physiology, structure and nutrient content between
species of high and low rainfall, and high and low nutrient
habitats. Functional Ecology 15, 423—-434.

Received 5 January 2004, revised 27 July 2004, accepted
3 September 2004



