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Summary We compared the morphological and physio-
logical characteristics of understory trees of Abies
amabilis (Dougl. ex Loud.) Dougl. ex J. Forbes and
Tsuga heterophylla (Raf.) Sarg. growing adjacent to each
other in an old-growth forest in southwestern Washington
State, USA. We hypothesized that, despite contrasting
branching patterns and crown architectures, the two
species should exhibit convergence in leaf display and
photosynthetic gain per light intercepting area, because
these are important properties determining their survival
in the light-limited understory. The branching pattern of
A. amabilis was regular (normal shoot-length distribution,
less variable branching angle and bifurcation ratio),
whereas that of T. heterophylla was more plastic (posi-
tively skewed shoot-length distribution, more variable
branching angle and bifurcation ratio). The two species
had similar shoot morphologies: number of leaves per
unit shoot length and leaf to axis dry mass ratio. Leaf
morphology, in contrast, was significantly different.
Leaves of A. amabilis were larger and heavier than those
of T. heterophylla, which resulted in lower mass-based
photosynthetic rate for A. amabilis. Despite these differ-
ences, the two species had similar levels of leaf overlap
and area-based photosynthetic characteristics. Needle
longevity of A. amabilis was nearly twice that of
T. heterophylla. The leaf N contents of current and
l-year-old leaves were lower for A. amabilis than for
T. heterophylla. However, the leaf'  N content of A. arnabilis
did not change from current leaves to 6-year-old leaves,
whereas that of T. heterophylla decreased with increasing
leaf age. Abies amabilis had deeper crowns than
T. heteropliylla and retained branches with low relative
growth rates. Longer branch retention may compensate
for the lower branch-level assimilation rate of A. amabilis.

• Present address: Department of Environment and Information
Sciences, Yokohama National University, Yokohama 240-8501,
Japan.

We inferred that the convergence of leaf display and
photosynthetic characteristics between A. amabilis and
T. heterophylla may contribute to the persistence of both
species in the understory of this forest.
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Introduction

An important factor determining the survival of plants in
the forest understory is light interception efficiency. Mini-
mizing leaf overlap and maximizing photosynthetic gain
per light intercepting area are critical for survival in the
light-limited understory (Pearcy and Valladares 1999,
Valladares and Niinemets 2007). Shade-tolerant understory
species, in common have several morphological characteris-
tics such as greater leaf area per plant mass (leaf area ratio,
LAR), less root mass per plant mass (root mass fraction)
and monolayer crown architecture (Kohyama 1980,
O'Connell and Kelty 1994, Ishii and Takeda 1997,
Duchesneau et al. 2001, Valladares et al. 2002, Mori and
Takeda 2004). In addition, physiological characteristics that
increase carbon-use efficiency such as minimizing mainte-
nance respiration, dark respiration rate of leaves and
maximizing photosynthetic rate in low light are considered
important for survival in the shaded understory (Pearcy
2007, Valladares and Niinemets 2008).

In the mid-elevation, old-growth coniferous forests of the
Pacific northwest coast of North America, saplings and
small trees of Abies amabilis (Dougl. ex Loud.) Dougl. ex
J. Forbes and Tsuga heterophylla (Raf.) Sarg. often occur
adjacent to each other in the understory (Franklin and
Dyrness 1973). Both species are able to regenerate and per-
sist in the understory forming populations with stable size
structures (Franldin and Debell 1988, Hannon and
Franklin 1989, Parish and Antos 2006). When canopy gaps
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are formed, understory trees of both species are released,
resulting in advance regeneration (Gray 1997, VanPelt
and Franklin 1999). Persistence and advance regeneration
play an important role in maintaining the populations of
shade-tolerant species in old-growth coniferous forests of
this region (Messier et al. 1999, Antos et al. 2005, Parish
and Antos 2006).

The two species have contrasting rules of architectural
development (i.e., shoot elongation and branching pattern).
Abies amabilis has deterministic shoot elongation
(Kozlowski 1964) and regular branching pattern (Ishii
et al. 2003, Mori et al. 2008). In contrast, T. heterophylla
has indeterminate shoot elongation and less regular branch-
ing pattern (O'reilly et al. 1994, Ishii et al. 2003). Despite
these differences, understory trees of the two species often
occur adjacent to each other and exhibit similar architec-
tural characteristics, such that leaves are arranged with
minimal overlap within shoots and branches (Figure 1).

In the forestry literature, A. amabilis is considered to be
the more shade tolerant than T. heterophylla (Minore
1979). However, recent reevaluation has indicated that
the two species may be equally shade tolerant (Niinemets
and Valladares 2006). For canopy trees and saplings grow-
ing in open environments, maximum photosynthetic rates
are lower for A. amabilis than for T. heterophylla (Bond
et al. 1999, Lewis et al. 2000, Mitchell 2001, Renninger
et al. 2007). This difference may be due to the differences
in leaf morphology and longevity. Abies amabilis has more
leaf mass per area (LMA) and longer leaf longevity than
T. heterophylla (Ishii et al. 2003). When compared across
species, these characteristics are associated with lower leaf
photosynthetic rate (Kloeppel et al. 2000, Wright et al.
2004).

In this study, we compared the morphological and
physiological characteristics between adjacent understory

trees of A. amabilis and T. heterophylla in an old-growth
forest in southwestern Washington State, USA. We postu-
lated that, despite having inherently different rules of
architectural development and maximum photosynthetic
rate, understory trees of the two species should exhibit con-
vergence in leaf display and photosynthetic gain per light
intercepting area, because these are important properties
determining their survival in the light-limited understory.
We compared shoot and leaf morphology, leaf display,
mass- and area-based photosynthetic rates, leaf longevity,
leaf N content and growth rates between adjacent trees of
the two species to infer mechanisms allowing persistence
of the two species in thc understory of this forest.

Materials and methods

Study site and species

This study was conducted at the Wind River Canopy Crane
Research Facility (WRCCRF), which is located in the
Thornton T. Munger Research Natural Area (TTM-
RNA), Gifford Pinchot National Forest, southwestern
Washington State, USA (45°49' Nand 121 57' W; 371 m
elevation). The TTM-RNA is located in the transient snow
zone of the Cascade Mountains. Average annual tempera-
ture is 8.7 °C, with average monthly temperatures ranging
from 0.1 °C in January to 17.7 DC in July. Annual precipi-
tation is 2223 mm, with much of it falling as rain and snow
in winter. The snow depth during December through
March is over 1 m (Shaw et al. 2004). The TTM-RNA is
a 500-year-old old-growth forest dominated by Pseudotsuga
menziesii (Mirb.) Franco var. menziesii and T. heterophylla.
Other tree species in the stand include (in order of basal
area) Thuja plicata Donn ex D. Don, Taxus brevifolia Nutt.,
A. amabilis and Abies grandis (Dougl. ex D. Don) Lindl.
Shaw et al. (2004) gave a detailed description of the vegeta-
tion and ecological setting.

The two study species, A. amabilis and T. heterophylla,
are the dominant species in the understory, contributing
27% and 41 %, respectively, of the total number and 14%
and 29% of the total basal area of trees shorter than 5 m
(Ishii et al. 2000). Both species are represented in all size
classes from understory to canopy trees and regenerate well
in the understory (Shaw  et al. 2004).

We chose six pairs of adjacent, similar-sized trees of
A. amabilis and T. heterophylla for this study (Table 1).
We chose pairs of trees growing in dark, closed canopy,
understory conditions within a l-ha area south of the
10-ha canopy crane plot (Chen et al. 2004). We took hemi-
spherical photographs above each tree to quantify the light
environment and it was determined that there was no differ-
ence among the sample trees [Two-way analysis of variance
(ANOVA), location x species, F = 6.244, P = 0.067].
One sample branch section (ca. 30-50 cm long, hereafter
sample branch) was chosen from a primary branch in the
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middle crown of each tree where the longest branches
tended to occur. We chose branches that were not over-
topped by other branches. Each sample branch was cut
from the tree, immediately recut under water and trans-
ported to the laboratory for measurement.

Branching pattern and shoot morphology

All sample branches were plagiotropic. We drew two-
dimensional branch maps to analyse the branching pattern.
We measured the length of each annual increment and
the horizontal branching angle and bifurcation ratio
(Steingraeber et al. 1979) at each junction.

We used image analysis to quantify leaf overlap within
the branches. Each sample branch was laid on a slide
viewer, illuminated from below and photographed with
high contrast to obtain the silhouette image for measure-
ment of branch silhouette area (SAB). All leaves were then
removed from the sample branch, mixed thoroughly and a
subsample was taken for the measurement of leaf area. All
leaves in the subsample were laid without overlap on a slide
viewer, flattened with a piece of transparent acrylic board,
illuminated from below and photographed at high contrast
to obtain the projected image for the measurement of leaf
area. All leaves in the subsample were then oven-dried to
constant weight at 65°C to obtain the leaf area to dry mass
ratio. This ratio was used to estimate the total leaf area of
the sample branch (LAB) from the total leaf dry mass.

Five to seven l-year-old growth increments (hereafter
shoots) at the distal end of the secondary axes (considering
the branch main axis as the primary axis) were cut from
each sample branch for measurement of shoot and leaf
morphology. We measured the length of each shoot (Ls)
using digital calipers to the nearest 0.1 cm. The shoot was
then laid on a slide viewer, illuminated from below and
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photographed with high contrast to obtain the silhouette
image for measurement of shoot silhouette area (SAs).
All leaves on the shoot were removed, laid flat on the slide
viewer without overlap, flattened with a piece of transpar-
ent acrylic board, illuminated from below and photo-
graphed at high contrast to obtain the projected image
for measurement of leaf area (LAs).

All photographs were taken using a digital camera
(Nikon Coolpix 4500, Nikon Corp., Tokyo, Japan) at 4.5
Megapixel resolution, following methods described in the
work by Niinemets (2005). All images were analysed using
image analysis software (ImageJ 1.34,National Institute of
Health, http://rsb.info.nih.gov/ij/). We also used the images
of the shoots to obtain the total number of leaves per shoot
(nL) All leaves and shoot axes were then oven-dried to con-
stant weight at 65°C to obtain the total dry mass (Ms,
including both leaves and shoot axis) and leaf dry mass
(ML) of each shoot.

Photosynthesis

We measured the photosynthetic light response of l-year-
old shoots on sample branches from trees 1,2 and 3 of both
species. From each sample branch, we chose three shoots at
the distal end of secondary axes for  measurement. The
shoots were cut from the sample branch under water and
the base of the shoot was sealed in a silicone tube attached
to a reservoir of water placed 50 cm above the shoot. We
measured photosynthetic rates of the cut shoots using the
LI-6400 portable gas exchange system fitted with a conifer
chamber (LI-6400-05, Li-Cor Inc., Lincoln, NE). Air
temperature and CO2 concentration in the cuvette were
maintained at 25°C and 370 mmol mol

-1
, respectively.

An external halogen-type light source (MHF-M1001,
Moritex Inc., Japan) was used to provide up to
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1500 umol m-2 S
-1 of photosynthetic photon fiux density

(PPFD). We varied the light intensity from maximum to
zero to obtain the photosynthetic light curve and dark res-
piration rate of each shoot. After measurement of photo-
synthesis, SAs, LAs, Ms and  ML were measured for each
shoot following the procedures described above.

Leaf longevity, N content and growth rate

To obtain the age structure of leaves, we aged and counted
all foliated annual increments in the sample branch, divided
them into age classes and measured the dry mass of leaves
in each age class after oven-drying at 65°C to constant
weight. Mean leaf age was calculated by weighting the
age of each cohort by their relative contribution to total leaf
mass of the sample branch. A static life table of the leaf
population was created based on the unit leaf dry mass
per centimeter of axis length, and life expectancy (ex) was
calculated for each age class following calculations
described in the work of Begon and Mortimer (1981).

A subsample of the dried leaves in each age class was used
to measure the N content of the leaves. We measured the N
content of current leaves to 13-year-old leaves of A. amabilis
and current leaves to 4-year-old leaves of T. heterophylla.
Two replicate samples (ca. 5-7 mg) were ground to fine
powder and the N content was measured using the NC
analyser (Sumigraph NC-900, Sumika Chemical Analysis
Service Ltd., Tokyo, Japan). Values obtained from the two
replicate samples were averaged to obtain the N content for
each leaf age class.

After all measurements of morphology and photosynthe-
sis were completed, we numbered each primary branch
attached to the main stem and measured its distance from
the ground along the main stem (branch position). Then,
we removed all the branches hom the main stem and par-
titioned them into current-year growth increments and
older branch sections. The dry mass of each partition was
determined after oven-drying to constant weight at 65°C.

Data analysis

We calculated the number of leaves per unit shoot length
(nL/Ls) as a measure of leaf packing along the shoot axis.
We used the dry mass fraction ofleaves relative to the shoot
(LMFs) as a measure of relative dry matter allocation to
photosynthetic versus respiratory biomass within shoots:

To quantify the leaf overlap at the branch and shoot lev-
els,we calculated the silhouette to leaf area ratio of the sam-
ple branches and shoots (SPARB and SPARs, respectively):

We also calculated mean area and mass of individual leaves
(AI and MI, respectively) as measures of leaf size:

The silhouette to leaf area ratio has been interpreted as mea-
sures of the efficiencyof leaf display and light interception
(Oker-Blom and Smolander 1988, Leverenz et al. 2000).

To quantify the dry mass investment relative to light cap-
turing area of shoots and leaves, we calculated shoot mass
per area (SMA) and LMA (Niinemets and Kull 1995a,
1995b, Ishii et al. 2007):

Photosynthesis measurements were converted to mass-
and area-based rates by dividing the net photosynthetic
rates of each shoot by ML, SAs and LAs. Photosynthetic
light response curves were obtained by fitting the following
equation to the relationship between light intensity and net
photosynthetic rate (P) for each shoot (Johnson and
Thornley 1984):

where I is the light intensity (PPFD, umol m-2 S
-1

) and
R is the observed dark respiration rate (umol CO2 m-2

S-1). Parameters o (quantum yield, mol mol-1), Pmax
(maximum rate of net photosynthesis, umol CO2 m-2

S-1) and  o (convexity of the photosynthetic response
curve) were estimated using nonlinear least squares
regression in Systat 9.0 (SPSS, Chicago, IL).

We calculated the following measures of branch-level dry
mass allocation and growth rate. For each sample branch,
we calculated the leaf mass and leaf area per branch mass
(LMF

B
and LAR, respectively). The relative growth rate

of each branch (RGRB) was calculated as the ratio of the
dry mass of current-year growth increments to that of older
branch sections. Although RGRB does not take into
account the diameter growth of branches, previous studies
have indicated that there is very little diameter growth in
suppressed understory trees of conifer species (Wright
et al. 1998, Parent et al. 2002, Antos et al. 2005, Kobe
2007, Mori et al. 2008).

We compared branch-level assimilation rate between the
two speciesby calculating the maximum rate of assimilation
(Amax.B)' We assumed that Pmax decreased with increasing
leaf age in proportion with leaf N content. We calculated
the mass-based Pmax for each leaf age class from the mea-
sured Pmax of I-year-old leaves and N content of each
age class. The calculated Pmax for each age class was multi-
plied by the total leaf dry mass of the age class for each
branch. This was summed for each branch and divided
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by total branch dry mass to obtain Amax,B. We used this
value to represent the potential maximum rate of assimila-
tion for all leaves on the branch, considering that it does
not take into account the branch maintenance respiration,
which was not measured in this study.

We compared branching pattern, morphology, photosyn-
thetic characteristics, leaf longevity, leaf N content and
measures of biomass allocation and growth rate between
the two species in an ANOVA with a randomized block
design, where species was considered as the main effect
and pairs of trees (location) as blocks. Shoots were consid-
ered as replicates within each tree.

Results

Branching pattern and   morphology

The two species had contrasting branching patterns
(Figure 2). The frequency distribution of shoot lengths
for A. amabilis was normal (mean = 2.63 cm), In contrast,
the frequency distribution of shoot lengths for T. heterophylla
was positively skewed such that 37.5% of the shoots were
shorter than 1 cm. Branching angle and bifurcation ratio
were both smaller (F = 37.76, P < 0.01 and F = 19.71,
P < 0.01, respectively) and less  variable for A. amabilis than
for T. heterophylla.

The two species had similar shoot morphologies
(Table 2), with similar values for  nL/Ls and LMFs. Leaf
morphology, in contrast, was significantly different. Abies
amabilis had larger and heavier leaves than T. heterophylla.

The two species had similar SPARB and SPARs values
indicating that they had similar levels of leaf overlap
within branches and shoots. However, because leaves of
A. amabilis had more mass than those of T. heterophylla,
SMA and LMA were both greater for A. amabilis indicat-
ing that A. amabilis invested more mass per leaf area than
T. heterophylla.

Photosynthesis

Mass-based rates of net photosynthesis were lower for
A. amabilis than T. heterophylla at all light levels and
mass-based R,    o and Pmax of A. amabilis  were lower than
those of T. heterophylla indicating that A. amabilis had
lower dark respiration rate, but also less photosynthetic
gain per dry mass invested in foliage (Table 3). However,
both leaf-area- and shoot-silhouette-area-based photosyn-
thetic characteristics of the two species were similar.

Leaf longevity, N content and growth rate

Leaf longevity was longer for A. amabilis than for
T. heterophylla (Figure 3). Maximum observed leaf ages
were 13 and 7 years for A. amabilis and T. heterophylla,
respectively. Mean leaf age and life expectancy of current-
year leaves (eo) were about three times longer for A. amabilis
than for T. heterophylla.

The leaf N content of current leaves and 1-year-old leaves
was lower for A. amabilis than for T. heterophylla (Figure 4).
Leaf N content of A. amabilis did not change from current
leaves to 6-year-old leaves, whereas that of T. heterophylla
decreased with increasing leaf age.

Abies amabilis had deeper crowns with more numerous
primary branches than T. heterophylla (Figure 5). The
crown ratio of A. amabilis was as much as 0.6 of tree height,
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whereas that of T. heterophylla was less. For all trees of
A. amabilis, RGRB decreased with decreasing branch
position and there were several branches with no current-
year growth (RGRB = 0). In contrast, for T. heterophylla,
RGRB varied less with branch position, with the exception
of tree 1, where it decreased with decreasing branch
position. There were no branches of T. heteropliylla lacking
current-year growth.

Branch biomass allocation and potential carbon gain
differed between the two species. The LMFB and LAR of
branches were lower for A. amabilis than for T. heterophylla
(Table 4). Calculated values of Amax,B were lower for
A. amabilis than for T. heterophylla.

Discussion

We found that, despite having different inherent branching
patterns, understory trees of A. amabilis and T. heterophylla

TREE PHYSIOLOGY VOLUME 29, 2009



FUNCTIONAL CONVERGENCE BETWEEN COEXISTING UNDERSTORY TREES 995

produced larger leaves with higher LMA and longer leaf
longevity than T. heterophylla. As a result, l-year-old leaves
of A. amabilis had lower mass-based photosynthetic rate, as
well as dark respiration rate. However, there was no differ-
ence in area-based photosynthetic characteristics between
the two species, suggesting convergence in photosynthetic
gain per light intercepting area.

The negative correlation between photosynthetic capacity
and leaf longevity has been observed for various species
across a wide range of biomes (Reich et al. 1999, Wright
et al. 2004). Theoretical cost-benefit analysis (Kikuzawa
1991) and empirical evidence (Kloeppel et al. 2000) indicate
that initial mass investment and the rate of functional
decline determine leaf longevity such that leaves with
greater mass show slower decline in photosynthetic capacity
and are retained longer. Allhough we did not measure pho-
tosynthetic rates of older leaves, higher N concentration in
older leaves of A. amabilis suggested that photosynthetic
rate declines more slowly with leaf age for A. amabilis than
for T. heterophylla. Hence, we inferred that, despite lower
mass-based photosynthetic rate, A. amabilis obtains suffi-
cient time-integrated carbon gain for higher mass invest-
ment in leaves by maintaining leaves longer. On the other
hand, T. heterophylla produces leaves with less mass and
faster functional decline. The mass-based photosynthetic
rate of new leaves of T. heterophylla is high, suggesting that
there is sufficient photosynthetic gain despite short leaf
longevity.

The pattern of biomass allocation and growth at the
branch level supported trends observed at the leaf level.
Branches of A. amabilis were retained longer than those
of T. heterophylla, as indicated by higher crown ratio. Abies
amabilis maintained numerous branches with no current-
year growth (RGRB = 0). Branches of A. amabilis also
had lower LMFB and LAR than those of T. heterophylla,
which indicated that A. amabilis invests more biomass in

show convergence in characteristics that determine light
interception efficiency. Abies amabilis avoids mutual shad-
ing among leaves by laying out shoots in a regular branch-
ing pattern (i.e., normal shoot-length distribution, less
variable branching angle and bifurcation ratio). In contrast,
the branching pattern of T. heterophylla was more plastic
(i.e., positively skewed shoot-length distribution, more var-
iable branching angle and bifurcation ratio) and numerous
small shoots (Ls <  1 cm) filled in spaces between fewer
large shoots. However, as indicated by similar values of
SPARB, there was no quantitative difference in the degree
of leaf area overlap between the two species, suggesting
convergence in leaf display.

At the leaf level, efficient carbon gain in low light can be
realized by minimizing LMA to maximize light intercepting
area per biomass investment and minimizing dark respira-
tion rate to lower the photosynthetic light compensation
point (Craine and Reich 2005, Pearcy 2007). In this study,
the pattern of biomass allocation at the shoot level was sim-
ilar between the two species as indicated by similar values
of  nL/Ls and LMFs. There were, however, significant differ-
ences in leaf morphology and leaf longevity. Abies amabilis
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support tissue than T. heterophylla. These results imply
greater maintenance respiration and lower net carbon gain
at the branch level for A. amabilis. Increasing leaflongevity
may compensate for greater maintenance respiration if leaf
photosynthetic functions are maintained longer (Kikuzawa
1991, Lusk 2004). Our calculations suggested that at the
branch level, the maximum rate of assimilation (Amax,B)
for A. amabilis was about half that of T. heterophylla.
Longer branch retention may compensate for the lower
branch-level assimilation rate of A. amabilis. More detailed
measurements of the branch- and tree-level carbon budget
are needed to clarify whether net carbon gain at the tree
level is similar between the two species.

Shade tolerance is defined as 'the minimum light under
which a plant can survive' and depends on the efficiency of
carbon gain in low light (Valladares and Niinemets 2008).
In terms of tree architecture, this involves maximizing leaf
area per plant mass and minimizing leaf overlap (Valladares
and Niinemets 2007). Adaptive responses to the shaded envi-
ronment of the understory lead to convergence in light inter-
ception characteristics, such as crown architecture and leaf
display, among coexisting species (Sterck et al. 2003, Pearcy
et al. 2004). For example, despite contrasting crown architec-
tures and leaf habits, tropical understory plants have similar
efficiency of leaf display and light absorption (Poorter and
Werger 1999, Valladares et al. 2002). Shade-tolerant conifers
are characterized by high LAR and monolayer crown archi-
tecture consisting of plagiotropic branches and shoots with
high SPAR (Kohyama 1980, O'Connell and Kelty 1994,
Leverenz 1996). Although species vary widely in morpholog-
ical and architectural characteristics, functional convergence
(sensu Meinzer 2003) may be realized through different
mechanisms such as coordination between crown architec-
ture and phyllotaxy to maximize light interception per leaf
area (Valladares et al. 2002) or among LMA, LMF and
net assimilation rate to maintain positive RGR (Reich
et al. 1998).

Despite inherent differences in branching pattern, the
small understory trees of A. amabilis and T. heterophylla
in this study showed convergence in leaf display and area-
based photosynthetic rates. In addition, the trade-offs
between mass-based photosynthetic rate and leaf longevity,
and between branch-level assimilation rate and branch
retention suggest that time-integrated net carbon gain at
the tree level may be similar for both species. For shade-
tolerant species, persistence of saplings and small trees in
the understory is important for maintaining stable popula-
tions as well as for advanced regeneration after disturbance
(Antos et al. 2005, Parish and Antos 2006, Woods 2008).
Functional convergence of leaf display and photosynthetic
characteristics between small understory trees of A. amabilis
and T. heterophylla found in this study may contribute to
the long-term persistence and coexistence of the two species
in the understory of this forest.
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Abbreviations

AI
Amax,B

CIF
LAB
LAs
l1L/ Ls
LAR
LMA
LMFB
LMFs
Ls
LL
Ms
M.L

Mr
i1L

Pmax

R

RGRB

SAB
SAs
SMA
SPARB

SPARs
()

1>

area of individual leaves (cm/)
maximum rate of assimilation of branches
(g C g-1 h-l)
dry mass ratio of shoot axis to leaves
total leaf area of branch (crrr')
leaf area of l-year-old shoot (crrr')
number of leaves per em shoot length
leaf area ratio of branch (crrr' g-l)
leaf mass per area (g m -2)
leaf mass fraction of branches (g g-l)
leaf mass fraction of shoots (g g-l)
length of shoot axis (em)
leaf length (mm)
dry mass of shoot (g)
dry mass of leaves on shoot (g)
dry mass of individual leaves (mg)
number of leaves per shoot
maximum rate of net photosynthesis
(mmol CO2 m-2 S-1 or mmol CO2 g-1 S-I)

dark respiration rate (mmol CO2 m-2 S-1 or
mmol CO2 g-1 S-I)
relative growth rate of branch
silhouette area of branch (crrr')
silhouette area of shoot (cm ')
shoot mass per area (g m-2)

silhouette to leaf area ratio of branch
silhouette to leaf area ratio of shoot
convexity of the photosynthetic light curve
quantum yield (mol mol-I)
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