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Shoots and foliage elements of shade-intolerant conifers strongly vary in size, but the effects of size on shoot
light-harvesting efficiency have not been quantified. We investigated shoot adaptation to seasonal average
integrated quantum flux density in gymnosperms Pinus palustris Mill., P. patula Schlect. & Cham., and
P. radiataD. Don. and angiosperm Casuarina glauca Sieb. ex Spreng. In addition, P. sylvestris L., sampled from
infertile and fertile sites, and P. taeda L. were included to test for general correlations among shoot architecture
and size. All studied species possess needle-like photosynthetic elements. A shoot model was fitted to the data
to separate the determinants of shoot light-harvesting efficiency. The model estimated shoot light harvesting on
the basis of angular distribution of foliage surface areas, degree of spatial clumping, foliage area density in
shoot volume, and beam path length in shoot volume. Increases in irradiance primarily led to greater foliage
aggregation, greater foliage area density in shoot volume, and to a minor degree, to changes in foliage area
angular distribution. Greater foliage aggregation resulted in lower efficiency of light harvesting but greater
investment of foliar biomass in high light where the photosynthetic returns are greater. The species behave
similarly except that the light-harvesting characteristics of P. patula, which has long, strongly bending needles,
were independent of light. In all species, the shoots were larger in higher irradiance, and the fraction of
biomass in shoot axis increased with increasing irradiance, indicating greater costs for light harvesting in high
light. There were further significant species differences in light-harvesting efficiency that were linked to
differences in foliage and shoot size. Foliage element length varied between 1.1 and 31.4 cm and shoot axis
length between 1.2 and 36.5 cm among the species, leading to 4 orders of magnitude variation in shoot
cylinder volume and three orders of magnitude variation in foliage area density (r); r decreased with increasing
foliage element length and shoot volume. The degree of foliage clumping scaled positively with r and
negatively with foliage element length. Foliage clumping was positively associated with foliage dry mass to
shoot silhouette area ratio, signifying a trade-off between efficient light harvesting and large photosynthetic
biomass accumulation. These data demonstrate a general increase of light-harvesting efficiency with increasing
length of foliage elements, but they also demonstrate that this increase is limited by enhanced bending of longer
foliage elements and by augmented support costs.
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Introduction

Plant structure strongly adapts to long-term light conditions
to increase light-harvesting efficiency in low light and light-use
efficiency in high light (Valladares 2003; Pearcy et al. 2005;
Niinemets and Sack 2006). Such structural modifications to
local light environment constitute the primary means to en-
hance the whole-canopy light capture and use efficiency.
In conifers, decreases in light availability from canopy top

to bottom result in increases in shoot silhouette to total area
ratio, thereby enhancing the light-harvesting efficiency of unit
foliage area (Stenberg et al. 1998, 1999, 2001; Niinemets
et al. 2002a; Cescatti and Zorer 2003). Changes in shoot

light-harvesting efficiency can result from different combina-
tions of foliage dispersion, distribution of foliage area inclina-
tion angles, and foliage area density (Niinemets et al. 2002a;
Cescatti and Zorer 2003; Cescatti and Niinemets 2004), but
the limits of and controls on specific acclimation responses in
shoot architecture are not fully understood.
In some species, irradiance affects both foliage surface an-

gular distributions and aggregation (Cescatti and Zorer
2003), but in other species light affects more strongly either
foliage spatial clumping (Niinemets et al. 2002a) or angular
distributions (Niinemets et al. 2004). While in broad-leaved
species various architectural attributes may lead to conver-
gent light-harvesting efficiency (Valladares et al. 2000, 2002;
Niinemets et al. 2004), conifer species differ in the efficiency
of and plastic modifications in light-harvesting efficiency
(Stenberg et al. 1998, 1999, 2001; Niinemets et al. 2002a;
Cescatti and Zorer 2003; Cescatti and Niinemets 2004).
This extensive variation in conifer light-harvesting effi-

ciency may be linked partly to species differences in the size
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of foliage elements and the size of shoots. Self-shading within
the shoot can be minimized effectively by increasing the dis-
tance of foliage elements from the point of attachment to the
stem (Takenaka 1994; Pearcy and Yang 1998), suggesting
that light-harvesting efficiency increases with increasing the
length of foliage elements. However, more light penetrates
the canopies of pine species with long, bending needles than
the canopies of conifers with shorter, rigid needles (Battaglia
2000; Yirdaw and Luukkanen 2004). As the costs for foliage
support increase with the cube of the length of foliage ele-
ments (Niklas 1991), increases in length may lead to greater
aggregation of foliage elements and to inefficient leaf angle
distribution because of support limitations. Thus, enhanced
support costs may constrain length-dependent increases in
shoot light-harvesting efficiency.
Apart from modification of light interception, augmented

foliage aggregation in high light results in accumulation of
foliage biomass per unit shoot silhouette area (Niinemets
et al. 2002a; Cescatti and Zorer 2003). Thus, a greater degree
of foliage clumping in high irradiance leads to investment of
foliage biomass where the shoot potential photosynthetic
production is the largest, thereby maximizing canopy photo-
synthesis for a given biomass in foliage. This implies that
light- and species-dependent changes in shoot architecture
not only may be driven by the requirements for efficient light
harvesting but also may reflect the fundamental compromise
between efficient light harvesting and use in photosynthesis.
While light harvesting per unit leaf area is maximized when
there is no self-shading within the shoot, light saturation of
needle photosynthesis occurs below full sunlight. Thus, in
high-light-exposed conifer shoots, whole shoot photosyn-
thesis is maximized when there is a certain degree of foliage
clumping within the shoot.
We studied shoot acclimation to long-term light availabil-

ity in four conifers of contrasting foliage element length to
determine the relative importance of light-dependent varia-
tions in angular distribution of foliage surface area, spatial
clumping, and foliage area density on shoot light-harvesting
efficiency in species with varying length and stiffness of fo-
liage elements. Pinus palustris Mill., P. patula Schlect. &
Cham., and P. radiata D. Don. are gymnosperm conifers,
while Casuarina glauca Sieb. ex Spreng. is a cone-bearing an-
giosperm. We further tested for a general hypothesis of a neg-
ative scaling of foliage area density and foliage aggregation

with the length of foliage elements in an extended data set in-
cluding these four species and P. taeda L. and P. sylvestris
L. (Niinemets et al. 2002a). With this extended data set we
also tested the hypothesis of a universal trade-off between effi-
cient light harvesting and enhanced photosynthetic potential.

Methods

Study Species

All studied species are intolerant to shade. Pinus palustris
and P. taeda are widespread species in North American
warm temperate to subtropical forests. Both species can
grow on nutrient-poor soils with moderate to excessive drain-
age. Pinus palustris may form mixed stands with P. taeda on
especially poor sites, but it grows best in complete absence of
competition (Boyer 1990). Pinus palustris can only survive in
natural open savanna-like stands on nutrient-poor soils
where ground fires that control understory vegetation and
soil organic matter content regularly occur (Platt et al. 1988;
Harcombe et al. 1993).
Pinus radiata is a rare species in its native habit in the

coastal fog belt in California and Baja California. It has
a shallow root system and requires deep, medium-textured
soils for best performance (Burns and Honkala 1990; Immel
2002). Although of limited dispersal in natural sites, P. radiata
is the most widely planted pine species in the temperate
oceanic, Mediterranean, and subtropical Southern Hemisphere
(Richardson 1998; Immel 2002).
Pinus patula is native in the Sierra Madre Oriental in

Mexico (Perry 1991; Richardson and Rundel 1998) but is
widely planted in warm temperate, Mediterranean, subtropi-
cal, and tropical lowland forests as well as in humid moun-
tain and dry afromontane forests because of fast growth rate
(Richardson 1998; Verzino et al. 1999; Immel 2002; van
Wesenbeeck et al. 2003). Pinus patula forms relatively open
stands in plantations and naturalized sites (Lemeniha et al.
2004; Yirdaw and Luukkanen 2004). It tolerates lower water
availabilities but requires higher minimum temperatures than
P. radiata (Richardson 1998).
Casuarina glauca is a cone-bearing angiosperm native to

tropical and temperate coasts of eastern Australia (Wilson and
Johnson 1989). It can colonize poor soils because of nitrogen-
fixing capacity, and, because of high salinity tolerance, it

Table 1

Foliage Element Length, Shoot Axis Length, Number of Foliage Elements on Shoot, and Number of Shoots Sampled for Six Conifer Species

Foliage element length (cm) Shoot axis length (cm)
Number of foliage
elements on shoot

Number of

shoots sampledSpecies Range Average 6 SE Range Average 6 SE Range Average 6 SE

Casuarina glauca 9.6–31.4 20.2 6 1.0 7.5–30.5 14.2 6 1.2 19–147 68 6 7 25

Pinus palustris 22.8–30.4 27.9 6 0.9 4.9–23.1 10.1 6 2.4 93–783 482 6 84 8

P. patula 19.1–29.2 25 6 5 2.5–33.5 15.3 6 2.1 56–523 277 6 30 20

P. radiata 10.0–16.6 14.2 6 4.3 4.3–31.3 16.5 6 1.6 59–557 336 6 27 20
P. sylvestris (fertile) 2.5–7.3 5.10 6 0.12 1.6–36.5 9.4 6 1.0 10–622 122 6 17 52

P. sylvestris (infertile) 1.1–5.9 2.46 6 0.73 1.2–8.0 3.3 6 1.5 29–194 93.8 6 3.4 90

P. taeda 11.9–15.0 13.5 6 0.9 15.5–29.2 20.2 6 4.5 141–363 240 6 65 3

Source. The data for P. sylvestris were reported by Niinemets et al. (2002a).
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often grows in monospecific stands in sites with shallow sa-
line groundwater along estuaries and streams (Wilson and
Johnson 1989). Casuarina species have been introduced to
many tropical and subtropical countries for stabilization of
sand dunes and biomass production as well as for improve-
ment of soils (Dutta and Agrawal 2001; Warren and Zou
2002; Rajendran and Devaraj 2004). Because of fast growth
rates and strong competitive potentials in stressful environ-
ments, C. glauca, P. patula, and P. radiata are strong inva-
sives in many countries (Langeland and Craddock Burks
1998; Richardson 1998; Immel 2002).
Pinus sylvestris is one of the most widely dispersed and

competitive conifers in Eurasia. It inhabits sites with strongly
varying nutrient and water availabilities (Linder 1987), but
growth in poor sites leads to distinct modifications in needle,
shoot, and crown architecture (Niinemets et al. 2001, 2002a).
Casuarina glauca, P. palustris, and P. patula are the species

with the longest foliage elements, and P. sylvestris is the spe-
cies with the shortest needles, in particular, in the infertile sites
(table 1). In P. palustris, P. patula, P. radiata, and P. taeda, the
needles are in fascicles of three with the shape of needle cross-

section approximating a sector of a circle, while the two-
needled fascicles of P. sylvestris have needles with hemicircular
to hemielliptical cross-section, and the cladodes of C. glauca
are circular. Among the species with the longest foliage ele-
ments, C. glauca has the thickest foliage (average6 SE cladode
diameter ¼ 1:4316 0:043 mm), followed by P. palustris (aver-
age needle thickness6 SE ¼ 0:886 0:06 mm) and P. patula
(average thickness ¼ 0:6126 0:018 mm). Because of low
thickness and large length, the needles of P. patula are soft and
strongly bend on the shoot under the needle’s own weight (fig.
1). Shoots of C. glauca are the most sparsely foliated (table 1).

Study Sites

Pinus palustris and P. taeda were sampled in the Southeast
Tree Research and Education Site (SETRES), Carolina Sand-
hills, Scotland County, North Carolina (34�559N, 79�309W),
in the beginning of December 1998. The stand was on poor,
excessively drained soil and was dominated by P. taeda (den-
sity 1260 stems ha�1) that had been planted after harvesting
of a 65-yr-old forest of P. palustris. In addition to P. taeda,

Fig. 1 Representative shoot silhouettes (projection 0�;0�, i.e., the upper face of the shoot perpendicular to the view direction) of the studied
conifers and illustration of measurements of shoot length (LS), shoot width (WS), and shoot axis width (WD). All studied species are gymnosperms

except for Casuarina glauca, which is a cone-bearing angiosperm. The shoots depicted were taken from midcanopy and had been exposed to

seasonal average daily integrated quantum flux densities of 18.6 mol m�2 d�1 (C. glauca), 19.2 mol m�2 d�1 (Pinus palustris), 17.2 mol m�2 d�1

(P. patula), 15.0 mol m�2 d�1 (P. radiata), 16.3 mol m�2 d�1 (P. sylvestris, infertile site), and 19.8 mol m�2 d�1 (P. taeda). Ranges and averages of
foliage element and shoot lengths are provided in table 1.
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a few naturally seeded individuals of P. palustris were present
at the site. A fertilization and irrigation experiment had been
launched at the site in 1992 (Murthy and Dougherty 1997;
Dougherty et al. 1998), but we sampled foliage only from
the control plots. The sampled trees were 7–9 m tall and
16 yr old. Further details of this site are provided in an earlier
study (Niinemets et al. 2002b).
Casuarina glauca, P. patula, and P. radiata were studied on

the campus of the University of Canterbury, Christchurch,
South Island, New Zealand (43�329S, 172�359E, elevation
20 m), in the beginning of April 2002. Two mature male and
two female C. glauca trees (height 17.8–19 m, circumference
at breast height 0.31–0.46 m) were chosen for the study. The
selected trees were partly shaded by other neighboring Casu-
arina trees and natural woody vegetation growing on the
campus. Casuarina glauca is an exotic species in New Zea-
land, but it is one of the Casuarina species with northern-
most native distribution along the east coast of Australia. It
is a vigorous invasive species in New Zealand that spreads in
the coastal regions with mild maritime climate, reaching its
potential maximum height of 20 m in 8–15 yr (Niinemets
et al. 2005a).
Two mature trees of P. patula (height 20.5 and 21.1 m, cir-

cumference at breast height 0.74 and 0.91 m) and two ma-
ture trees of P. radiata (height 13.5 and 16.0, circumference
0.32 and 0.54 m) were sampled. Partial shading of the study
trees was provided by adjacent P. patula, P. pinea, and
P. pinaster trees. These introduced species are widely used in
forest plantations, with P. radiata being the most important
forestry species in New Zealand. Both P. patula and P. radia-
ta have fast growth rates in the temperate oceanic climate.
The data of P. sylvestris reported by Niinemets et al.

(2002a) were also included to enhance the generality of cor-
relations between shoot structure and light interception.
Three trees in this data set were selected in a fertile site on
mineral soil in Ahunapalu, Estonia (stand density 1200 trees
ha�1; 58�199N, 27�179E, elevation ca. 60 m above sea level),
and 22 trees were sampled in the infertile site on thick peat
in Männikjärve raised bog, Endla State Nature Reserve, Esto-
nia (stand density 200 trees ha�1; 58�529N, 26�139E, eleva-
tion 5–30 m above sea level). The samples were taken in
August–October 1998 and 1999. Previous analyses demon-
strated that the needles were shorter (table 1; Niinemets
et al. 2001) and more strongly clumped in the infertile site
(Niinemets et al. 2002a). Detailed description of this site and
the measurement protocols are provided in Niinemets et al.
(2002a).

Shoot Sampling

Terminal shoots with all current-year needles were sampled
in pines. In Casuarina, the main photosynthetic organs are
first-order throwaway cladodes (Wilson and Johnson 1989;

Fig. 2 Effects of seasonal average integrated quantum flux density
on shoot silhouette (projection 0�;0�; fig. 1) to total area ratio (A),
parameter of the ellipsoidal distribution of foliage surface area (B; c in
eqq. [4], [5]), and the clumping index (C; l0; eq. [2]) in Casuarina
glauca (open squares), Pinus palustris (filled squares), P. patula (open
circles), and P. radiata (filled circles). Leaf surface area is spherically

distributed if c ¼ 1, while c > 1 for horizontal distributions and c < 1

for vertical distributions. Leaf clumping index (eq. [2]) characterizes
the degree of departure of spatial dispersion of foliage elements from

a random dispersion (l0 ¼ 1). Foliage becomes more aggregated

and intercepts less irradiance with decreasing l0. Data were fitted by

linear regressions. The values of c rely on a different set of shoot pro-
jections in P. patula (see ‘‘Methods’’) and are, therefore, not directly

comparable with those in the other species. Nevertheless, c values

were consistently determined for all shoots for this species and are,
therefore, still illustrative of the overall trends in needle angular

distribution with canopy light environment.

22 INTERNATIONAL JOURNAL OF PLANT SCIENCES



Berg 1994), and terminal branchlets with all current-year
first-order cladodes were sampled in this species. In all cases,
the shoots were sampled from canopy top to bottom within
the natural light gradient in the canopy.
Shoot inclination angle with respect to the horizontal was

measured in situ with a protractor and plumb line, and shoot
azimuth angle was measured by a compass with magnetic
north correction. The sampled shoots were put in plastic
bags with wet filter paper and taken immediately to the labo-
ratory for morphological measurements. The sizes of shoots,
number of foliage elements on the shoots, and total number
of shoots taken are reported in table 1.

Long-Term Shoot Light Environment

Shoot long-term light environment was characterized by
hemispherical photographs that were taken above every
shoot before harvesting. At the North Carolina site, we used
a Nikon camera equipped with Nikkor 8-mm fish-eye f/8
lens and a high-resolution slide film, as detailed by Niinemets
et al. (2002b). In New Zealand, we employed a Nikon Cool-
pix 990 digital camera equipped with a Nikon Fisheye Con-
verter FC-E8 30.21.
The slides taken with the film camera were digitized with

FilmScan 200 (Epson Europe, Amsterdam, Netherlands) with
a resolution of 1200 dpi. The digital RGB (red/green/blue)
color images were converted to black-and-white in two steps
to improve the repeatability. First, the 24-bit image was con-
verted to gray-tone bitmaps corresponding to each color
channel (red/green/blue) by Corel Photopaint 8.369 software.
For black-and-white conversion (1-bit image), we selected
the gray-tone bitmap of the blue channel, in which the leaves
are essentially black. WinPhot 5.0 software (ter Steege 1996)
was used to determine the fraction of diffuse light of open
sky (diffuse site factor, ID) and the fraction of potential pene-
trating direct light of open sky (direct site factor, IB) from the
1-bit images. Hale and Edwards 2002, using the same film
and digital cameras, demonstrated that film and digital pho-
tographic techniques provide matching estimates of canopy
light climate.
Average seasonal daily integrated photosynthetically active

quantum flux densities (Qint, mol m�2 d�1) were determined
for the period April 1–October 31, 1998, for the North Car-
olina site, and for November 1, 2001–February 28, 2002, for
the New Zealand site. In both sites, these are the periods of
foliage growth and development. The fractional contribu-
tions of diffuse irradiance during this period were 0.60 for
the North Carolina site (Niinemets et al. 2002b) and 0.53
for the New Zealand site (Niinemets et al. 2005b). To con-
vert the relative light measures provided by hemispherical
photography to Qint, we used direct measurements of quan-
tum flux density with quantum sensors in the North Carolina
site (Ellsworth 2000), while the daily values of above-canopy
global solar radiation (RG, MJ m�2 d�1) measured in Christ-
church (unpublished data of the Department of Geography,
University of Canterbury) were employed for the New Zea-
land site as described by Niinemets et al. (2005b). These
measurements provided an average integrated above-canopy
quantum flux density of 43.0 mol m�2 d�1 for the North

Carolina site and 36.0 mol m�2 d�1 for the New Zealand
site (Niinemets et al. 2002b, 2005b).

Shoot and Foliage Element Measurements

For shoot silhouette images, the shoots were placed in
front of a white projection screen in a dark room, and the
screen was backlit by two overhead projectors arranged
to produce a completely uniform radiation field. Shoot
photographs were taken from a distance of 5 m. A Nikon
film camera with a 180-mm Nikkor tele-lens was used for
the shoots of P. palustris and P. taeda, while a Nikon
Coolpix 990 camera with Tele Converter TC-E2 32 was used
for C. glauca, P. patula, and P. radiata. Objects of known
size were photographed together with the shoots for calibra-
tion.
The shoot silhouettes were photographed under different

view directions defined by shoot inclination (u) and rotation
angles (f). The shoot rotation angle is the angle of shoot ro-
tation around its main axis (Stenberg et al. 1998), and the in-
clination angle is the angle of shoot axis relative to the
projection plane. In general, the silhouettes (f;u) measured
were ð0�; 0�Þ, ð45�; 0�Þ, ð90�; 0�Þ, ð0�; 45�Þ, and ð0�; 90�Þ. The
projection ð0�; 0�Þ, for which the upper face of the shoot is
perpendicular to the view direction (fig. 1), generally pro-
vides the largest shoot silhouette area. For the projection
ð45�; 0�Þ the shoot is rotated 45� around its axis, while it is
rotated 90� for the projection ð90�; 0�Þ. The shoot is inclined
by 45� relative to horizontal for the projection ð0�; 45�Þ, and
the projection ð0�; 90�Þ is the shoot axial view. These projec-
tions provide a realistic description of shoot light-harvesting
efficiency (Cescatti and Zorer 2003). For P. palustris and
P. taeda, we determined silhouettes ð0�; 0�Þ and ð90�; 0�Þ that
provide the minimum required to parameterize the shoot ra-
diative transfer model (Niinemets et al. 2002a; Cescatti and
Zorer 2003).

Fig. 3 Relationships between Qint and shoot inclination angle

relative to horizontal in Casuarina glauca, Pinus patula, and P.
radiata. Symbols as in fig. 2. Data were fitted by linear regressions.
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The projections ð0�; 0�Þ, ð45�; 0�Þ, and ð90�; 0�Þ initially
were made for the shoot axis arranged vertically. However,
C. glauca had slightly bending foliage, and P. patula had
strongly bending foliage (fig. 1). To more realistically repre-
sent the shoot natural position and needle arrangement in the
canopy for these species, we additionally determined the pro-
jections ð0�; 0�Þ and ð0�; 45�Þ for the shoot axis placed in
a horizontal position (fig. 1). The projection ð0�;uÞ, with u
set to the shoot inclination in the natural position in the can-
opy, also was made. For C. glauca, the silhouette areas of the
equivalent projections with vertical and horizontal shoot axis
were averaged before fitting the shoot model (see ‘‘Model
Parameterization’’ below) to the data, while the projections
with vertical shoot axis were discarded in P. patula.
The slides were scanned as with the hemispheric photo-

graphs, and the shoot silhouette areas, ASðf;uÞ, were esti-
mated from all digital images by the UTHSCSA Imagetool
2.00alpha (C. Donald Wilcox, S. Brent Dove, W. Doss
McDavid, and David B. Greer, Department of Dental Diag-
nostic Science, University of Texas Health Science Center,
San Antonio, TX; http://ddsdx.uthscsa.edu). Because every

image file was calibrated separately, a precision better than
2% was achieved in the area measurements.
Shoot projections with u ¼ 0� were further employed to

measure shoot length (LS), and the projections ð0�; 0�Þ and
ð0�; 90�Þ were used to measure shoot width (WS), while shoot
height (HS) was measured from projections ð90�; 0�Þ and
ð0�; 90�Þ, and the volume of the shoot cylinder was calculated
assuming an elliptical shoot cross-section (elliptical cylinder;
Niinemets et al. 2002a; Cescatti and Zorer 2003). In C. glauca
and P. patula, LS and WS were measured from shoot silhou-
ettes determined for a horizontal shoot axis. The shoot foliage
area density, r (cm2 cm�3), was further determined as

r ¼ 4AL

pHSWSLS

; ð1Þ

where AL is half of the total foliage area. Half of the total
area is commonly used in radiative transfer studies for ob-
jects of complex geometry because the mean projection coef-
ficient of a randomly oriented convex solid is 0.5 (Chen and
Black 1992).

Fig. 4 Foliage area density (A; eq. [1]), number of needles per shoot axis length (B), foliage dry mass per unit shoot silhouette area (C; MS;

projection 0�;0�), and foliage nitrogen content per unit shoot silhouette area (D; NS) in relation to quantum flux density in Casuarina glauca,
Pinus palustris, P. patula, and P. radiata. Foliage area density is given as the density of half of the total area. NS is equal to MS times foliage
nitrogen content per dry mass (NM). Data fitting and symbols as in fig. 2.
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Five needles for pines and five cladodes for Casuarina were
randomly taken from the shoot for foliage element area de-
terminations. For Pinus species with needle shape approxi-
mated as a sector of a circle, the needle area was calculated
from measurements of thickness and width by digital preci-
sion calipers (Mitutoyo CD-15DC, Mitutoyo, Andover, UK)
and measurements of needle length according to equations
provided by Niinemets et al. (2002b). In Casuarina, that has
a cylindrical cladode cross-section (Niinemets et al. 2005a),
cladode area was determined from measurements of cladode
diameter and length. The ratio of foliage element length to
cross-section area was calculated as a relative estimate of
bending resistance of foliage.
Sample foliage was dried at 70�C for at least 48 h, and dry

mass was determined. The rest of the needles were also
weighed after drying, and the total foliage area was deter-
mined from the values of dry mass per unit area (MA) of
sample foliage and the total dry mass of foliage on the shoot.
Foliage nitrogen (NM) content was determined with a LECO
CNS-2000 analyzer (Laboratory Equipment, St. Joseph, MI).
The shoot silhouette area measurements include the visible

area of the shoot axis. Shoot axis area, AAð0�; 0�Þ, was calcu-
lated from the shoot axis length and measurements of shoot
axis basal and apical diameters in perpendicular directions.
Shoot axis area was included in the shoot radiative model.
After the morphological measurements, the woody biomass
was dried at 70�C for at least 48 h, and the dry mass was de-
termined. Details of P. sylvestris needle and shoot measure-
ments are provided by Niinemets et al. (2002a).

Shoot Light-Interception Model

To separate between the effects of various shoot architec-
tural traits that determine the shoot radiative transfer, we ap-
ply the shoot model of Cescatti and Zorer (2003) and
Niinemets et al. (2002a). In this model, the shoot is approxi-
mated as a cylinder with an elliptical cross-section that is
filled with a turbid medium. The probability of photon inter-
ception in the shoot volume, Fðf;uÞ, is further simulated us-
ing the theory of light penetration in nonrandom media:

Fðf;uÞ ¼ 1� exp �Gðc; gÞl0rLBðf;uÞ½ �; ð2Þ

where the Gðc; gÞ function is the extinction coefficient (Ross
1981), l0 is the Markov coefficient of spatial clumping
(Nilson 1971), r is the foliage area density in the shoot vol-
ume (eq. [1]), and LBðf;uÞ is the beam path length in the
shoot volume for specific shoot rotation (f) and inclination
(u) angles. The Markov coefficient is a measure of within-
shoot spatial aggregation and ranges from 1 (random distribu-
tion) to 0 (completely aggregated distribution). For a common
total foliage area, shoots with clumped foliage dispersion in-
tercept less light than the shoots with random dispersion.
The angle between the normal to the shoot plane ð0�; 0�Þ and
the direction of illumination is g, and this varies with both
the shoot inclination and rotation angles:

g ¼ arccos ðcosf cosuÞ: ð3Þ

We use the ellipsoidal foliage surface angle distribution for
the Gðc; gÞ function (Campbell 1986):

Gðc; gÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2 cos 2 g þ sin 2 g

p
Bc

: ð4Þ

The parameter c is the ratio of the ellipsoid horizontal to ver-
tical semiaxes, and B is given as

Fig. 5 Light-dependent changes in shoot axis diameter (A), length
(B) , and stem axis to total shoot mass ratio (C) in Casuarina glauca,
Pinus palustris, P. patula, and P. radiata. Data fitting and symbols as
in fig. 2.
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B ¼
1þ

ln ½ð1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� c�2

p
Þ
�
ð1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� c�2

p
Þ�

2c2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� c�2

p ; if c > 1

1þ sin �1
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� c2

p

c
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� c2

p ; if c < 1

8>>><
>>>:

:

ð5Þ

Foliage surface area distributions with c > 1 are horizontal,
while the distributions with c < 1 are vertical, and c ¼ 1 for a
spherical distribution. Equation (4) assumes that the distribu-
tion of leaf azimuth angles is uniform (Campbell 1986). Fur-
ther details of the shoot radiative transfer model are provided
by Niinemets et al. (2002a) and Cescatti and Zorer (2003).

Model Parameterization

The predicted shoot silhouette area for specific view direc-
tions A9Sðf;uÞ is equal to the probability of photon intercep-
tion Fðf;uÞ times the projected area of the shoot cylinder
with elliptical cross-section (elliptical cylinder) ASCðf;uÞ:

A9Sðf;uÞ ¼ AAðf;uÞ þ Fðf;uÞ ASCðf;uÞ � AAðf;uÞ½ �; ð6Þ

where AAðf;uÞ is the projected area of shoot axis that is in-
cluded to account for the shading by the shoot axis. The un-
knowns, the angular distribution of leaf normals (c) and the
coefficient of spatial aggregation (l0), were determined by iter-
atively minimizing the square error (E) between the observed,
ASðf;uÞ, and simulated, A9Sðf;uÞ, shoot silhouette areas:

minE ¼
X
f

X
u

A9Sðf;uÞ � ASðf;uÞ½ �2: ð7Þ

Overall, the five projections measured generally predict the
shoot silhouette areas with a high degree of explained vari-
ance (r2 ¼ 0:8� 0:9) (Bernier et al. 2001; Cescatti and Zorer
2003; Niinemets et al. 2004, 2005b) and thus result in reli-
able values of both parameters c and l0. Given that the
parameter c correlates strongly with the ratio of shoot pro-
jections ASð0�; 0�Þ=ASð90�; 0�Þ, while the ratio of ASð0�; 0�Þ
to total needle area correlates strongly with the parameter
l0 (Cescatti and Zorer 2003), the two shoot silhouette pro-
jections ð0�; 0�Þ and ð90�; 0�Þ measured in P. palustris, P. syl-
vestris, and P. taeda also yield realistic values of the model
parameters (Niinemets et al. 2002a; Cescatti and Zorer
2003). However, in P. patula, with strongly bending needles,
we lacked the shoot projection ð90�; 0�Þ. While the clumping
index, l0, could still be reliably derived from the three mea-
sured projections, missing data for the ð90�; 0�Þ projection
implies that the derived values of needle angular distribution
(parameter c) in this species are not directly comparable with
c estimates in other species. Nevertheless, the values of c
were consistently derived for all shoots of this species and
still provide a means to assess the light-dependent trends on
needle angular distribution within the canopy.

Characterization of Light-Interception Efficiency

The parameterized model was employed to predict the sil-
houette area at different inclination and rotation angles by
equation (6), with a resolution of 5� for both u and f to ob-
tain the spherically averaged shoot silhouette area, A9S:

A9S ¼
1

2p

Zp=2

�p=2

Zp=2

�p=2

A9Sðf;uÞ cosududf: ð8Þ

This equation was integrated by fitting a quadratic spline func-
tion through the predicted values of A9Sðf;uÞ as in Cescatti

Fig. 6 Correlations of shoot volume (A) and foliage area density

(B) with foliage element length and correlation between foliage area
density and shoot volume (C) in Casuarina glauca, Pinus palustris,
P. patula, and P. radiata (symbols as in fig. 2), and in P. sylvestris from
infertile (open triangle) and fertile site (filled triangle) and in P. taeda
(open diamond). Linear regressions lines to all data pooled are also
provided.
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and Zorer (2003). The estimate of A9S was used to calculate
the spherically averaged silhouette to total leaf area ratio, SS,
which is a measure of the relative efficiency of diffuse radia-
tion interception (Stenberg et al. 2001; Cescatti and Zorer
2003). For uniformly overcast sky, the mean diffuse quantum
flux density on foliage area is given by 2SS times the incident
quantum flux density.
One-sided sunlit area (dS), the ratio of shoot silhouette

area to half of the total needle area projected onto an orthog-
onal plane, was calculated for a population of shoots with
uniform azimuth distribution to estimate the efficiency of di-
rect radiation capture (Niinemets et al. 2002a; Cescatti and
Zorer 2003):

dSðf;uÞ ¼
2ASðf;uÞ
ALGðc; g Þ ¼

2SSðf;uÞ
Gðc; gÞ : ð9Þ

Equation (9) provides the fraction of exposed needle area for
any combination of shoot inclination and rotation angles.

Data Analyses

Linear regression analyses were used to test for the signifi-
cant effects of average integrated irradiance (Qint) on shoot
structural characteristics. The statistical differences among
the regressions were separated by analyses of covariance
(ANCOVA). A separate-slope model that includes an interac-
tion term Species 3 Qint was used first. When the interaction
term was nonsignificant, a common-slope ANCOVA was em-
ployed to test for the significant intercept differences (Sokal
and Rohlf 1995).
The light-acclimation characteristics of P. sylvestris shoots

are reported in detail by Niinemets et al. (2002a). The data
for this species and for P. taeda, for which we had a limited
sample size, were used with the data for other species to
explore the general correlations among foliage size and light-
harvesting efficiency characteristics. To linearize the relation-
ships, it was necessary to log-transform the pooled data in

several cases. All statistical effects were considered significant
at P < 0:05.

Results

Acclimation of Shoot Radiative Characteristics

The shoot silhouette to total foliage area ratio for the rota-
tion and inclination angle pair ð0�; 0�Þ, SSð0�; 0�Þ, that gener-
ally provides the maximum amount of shade produced by
a unit foliage area was negatively associated with seasonal av-
erage integrated quantum flux density (Qint) in all species ex-
cept Pinus patula (fig. 2A). The light relationships of average
silhouette (SS; eq. [6]) to total foliage area ratio that character-
izes the efficiency of diffuse light harvesting were similar to
SSð0�; 0�Þ (r2 ¼ 0:66, P < 0:001 for Casuarina glauca;
r2 ¼ 0:62, P < 0:02 for P. palustris; r2 ¼ 0:00, P > 0:9 for
P. patula; and r2 ¼ 0:65, P < 0:001 for P. radiata). The sunlit
foliage area fraction (dS; eq. [9]) was negatively related to irra-
diance in P. palustris (r2 ¼ 0:63, P < 0:02) and P. radiata
(r2 ¼ 0:62, P < 0:001), but dS was independent of irradiance
in P. patula (r2 ¼ 0:02, P > 0:5) and C. glauca (r2 ¼ 0:01,
P > 0:7).
The parameter c of the ellipsoidal needle area distribution

(eqq. [4], [5]) was positively related to irradiance in P. patula
and C. glauca, but the correlation was weak (fig. 2B). These
correlations were positive, demonstrating that foliage angles
became more horizontal in higher light (fig. 2B). The clump-
ing index (l0) was negatively correlated with light in all spe-
cies except for P. patula (fig. 2C), indicating the general
increase of foliage aggregation with increasing irradiance.
Shoot inclination angles with respect to horizontal (u) in

shoot natural location in the canopy were measured in three
species. In all these species, u increased with increasing light
in three studied species (fig. 3), but in P. patula and C. glauca
the angles were more negative at low light; i.e., the shoots
were hanging downward.

Fig. 7 Clumping index (eq. [2]) in relation to foliage area density (A), foliage length to cross-section area ratio (B), and foliage dry mass per

shoot silhouette area (C) in Casuarina glauca, Pinus palustris, P. patula, P. radiata, P. sylvestris from infertile and fertile sites, and P. taeda
(symbols as in fig. 6). Foliage length to cross-section area ratio was used to account for the different stiffness and bending of foliage elements with

common length. Data were fitted by linear regressions. In A, data of P. sylvestris from infertile and fertile sites were fitted separately. In B, separate
regression lines were fitted to foliage with circular (C. glauca) and hemicircular cross-section geometry (P. sylvestris) and to P. palustris, P. radiata,
and P. taeda, which have needles with a sectorial shape on cross-section. In C, a separate regression line is provided for P. patula and P. radiata.
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As the covariation analyses demonstrated, the slopes of
SSð0�; 0�Þ, SS, and l0 versus Qint relationships (fig. 2A, 2C)
were affected by species (P < 0:001). This resulted from sig-
nificantly lower plasticity in P. patula, which has strongly
bending needles. At a common irradiance, C. glauca had
the highest SSð0�; 0�Þ (fig. 2A) and the highest sunlit cladode
area fraction (average6 SE ¼ 0:8546 0:014), and P. palust-
ris and C. glauca had the highest SS (0:1446 0:006 for
P. palustris and 0:21496 0:0036 for C. glauca) and clumping
index (fig. 2C). In contrast, P. radiata, with the shortest fo-
liage elements of the four species (table 1) had the lowest
SSð0�; 0�Þ (fig. 2A), SS (average6 SE ¼ 0:0906 0:005), l0
(fig. 2C), and sunlit needle area fraction (average6 SE ¼
0:3556 0:018).

Light-Dependent Accumulation of Shoot Biomass
and Nitrogen per Unit Area

Foliage area density (eq. [1]) increased with increasing irra-
diance in P. radiata and C. glauca and was not related to
light in P. palustris and P. patula (fig. 4A). The number of fo-
liage elements per unit shoot axis length increased with in-
creasing Qint in C. glauca, but it decreased in P. patula and
was independent of Qint in P. palustris and P. radiata (fig.
4B). At a common irradiance, the foliage area density was
less in P. palustris and C. glauca than in the other two species
(P < 0:001), while the foliage element number per unit shoot
axis length was the lowest in C. glauca (fig. 4B, P < 0:001).
Foliage dry mass per unit shoot silhouette area (MS), which

is given as the foliage element mass per surface area (MA) di-
vided by SSð0�; 0�Þ, was positively associated with Qint in all
species (fig. 4C). The increase in MS with light provided the
primary explanation for the scaling of foliage nitrogen con-
tents per silhouette area (NS ¼ NMMS, where NM is the fo-
liage nitrogen content per unit dry mass) with irradiance (fig.
4D).
The slopes of MS versus Qint relations were not different

(P > 0:06 according to a separate-slope ANCOVA analyses),
while at a common Qint, MS was the largest in C. glauca and
smallest in P. patula. This was mainly because of species dif-
ferences in MA (average6 SE ¼ 1546 5 g m�2 in C. glauca
vs. 47:46 2:5 g m�2 in P. patula, 97:16 1:6 g m�2 in P. pal-
ustris, and 64:66 3:4 g m�2 in P. radiata). Species differences
in NS to Qint relations were associated with species variation
in average NM and differences in NM versus Qint relations.

Support Costs of Different Architectural Designs

Shoot axis diameter (fig. 5A) and shoot length (fig. 5B) in-
creased with increasing irradiance, except for the axis diame-
ter in C. glauca (fig. 5A). The fractional shoot biomass
investment in shoot axis increased with increasing light (fig.
5C). Thus, these results collectively indicate that the support
investments increased with increasing shoot size and light
availability. At high irradiance, the shoot axis diameter was
lower in C. glauca than in the other species, while the shoot
length and fractional biomass investment in shoot axis were
lower in P. palustris than in the other species (P < 0:002 for
intercept differences).

Do Shoots with Varying Size Harvest Light Differently?

For all data pooled, shoot length and foliage element
length were positively correlated (r2 ¼ 0:62, P < 0:001 for
y ¼ axb allometric relationship) with a scaling exponent
b ¼ 0:799. Given this allometric scaling, and given that in-
creases in foliage length affect both shoot width and height
(eq. [1]), all else being equal, if foliage length doubles, shoot
cross-section should quadruple and shoot volume increase
approximately sixfold. In a close agreement with this predic-
tion, the allometric relationship between shoot volume and
foliage element length had a scaling exponent of 2.59, i.e.,
6.02-fold increase in shoot volume for a doubling of foliage
length for all data pooled (fig. 6A). As foliage length scales
linearly with foliage area (scaling exponent b ¼ 1), the pre-
dicted scaling exponent of the relationship between foliage
length and needle area density (r; eq. [1]) is b ¼ 1� 2:59 ¼
�1:59; i.e., all else being equal, doubling of foliage length
should result in an approximately three-fold reduction in r.
We found a scaling exponent of �1.27 for this relationship
(fig. 6B), implying ca. 2.5-fold reduction of r for a doubling
of foliage length. Although equation (1) predicts an inversely
proportional relationship between shoot volume and r, the
scaling exponent for this relationship was �0.5 (fig. 6C), and
thus, doubling of shoot volume resulted in ca. 1.5-fold reduc-
tion in foliage area density.
These differences from the theoretical predictions resulted

partly from the circumstance that, at a common foliage
length, strongly bending needles of P. patula had a greater r

than the other species (P < 0:001 for common-slope compar-
isons with P. palustris, P. radiata, P. taeda, and C. glauca; fig.
6B). As all needles are bent downward in shoots of P. patula,
doubling of foliage element length results in doubling of
shoot cylinder cross-section rather than in quadrupling, as in
the other species (fig. 1).
Foliage clumping increased (lower value of l0) with in-

creasing r (fig. 7A), but the clumping decreased with increas-
ing foliage element length and foliage element length to
cross-section ratio (fig. 7B), demonstrating an overall greater
light-interception efficiency of shoots with more sparse fo-
liage. Analogous correlations were found between r, foliage
length, and average shoot silhouette to total area ratio (SS)
and sunlit foliage area fraction (dS, eq. [9]; data not shown).
The correlations were weaker with foliage length than with
foliage length to cross-section ratio, which partly accounts
for the variations in bending of foliage elements of the same
length but different cross-section areas.
At a common foliage area density, the shoots were less

clumped in P. sylvestris from both fertile and infertile sites
(P < 0:001; fig. 7A). At a common foliage length to cross-
section ratio, the species with three-needled fascicles had
a greater degree of foliage aggregation than the two-needled
species P. sylvestris and C. glauca, which have the cladodes
directly attached to the stem (P < 0:001; fig. 7B).
The degree of foliage clumping and dry mass per silhouette

area (MS) were positively associated (lower l0), indicating
greater packing of photosynthetic biomass in more strongly
aggregated shoots (fig. 7C). At a common MS, the foliage of
P. radiata and P. patula was more strongly aggregated than
that in the other species (P < 0.001; fig. 7C).
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Discussion

Acclimation of Shoot Light-Harvesting Efficiency
to Long-Term Irradiance

The shoot light model (eqq. [2]–[5]) gives comparable shoot
radiative transfer characteristics for the shoots of different size
and architecture and provides a tool for rigorous intra- and in-
terspecific comparisons. The model separates the changes in
light-harvesting efficiency resulting from spatial aggregation,
angular distribution of foliage elements, and the density of fo-
liage area. In Pinus palustris, P. radiata, and Casuarina glauca,
increases in light availability resulted in lower fraction of ex-
posed to total foliage area (fig. 2A), as is commonly observed
in conifers (Sprugel et al. 1996; Stenberg et al. 1998, 2001;
Niinemets et al. 2002a; Cescatti and Zorer 2003).
In our study, decreases in light-harvesting efficiency in high

light were associated mainly with a greater degree of foliage
aggregation in high light (cf. fig. 2B and fig. 2C), as has been
previously reported for P. sylvestris (Niinemets et al. 2002a).
In contrast, in shade-tolerant conifers such as Abies (Cescatti
and Zorer 2003) and Picea (Niinemets and Kull 1995), accli-
mation to low irradiance involved not only reduced clumping
but also more horizontal foliage inclination-angle distribu-
tions (greater values of c). Such modifications in foliage
inclination-angle distributions result in more efficient light
capture in forest understories, where most of the direct light
penetrates under low zenith angles. Although in our study the
absolute values of the ellipsoidal needle area distribution (c;
eqq. [4], [5]) are not directly comparable between species with
stiff and bending needles (see ‘‘Methods’’), within-canopy vari-
ation in the estimates of c suggested that the distribution of fo-
liage inclination angles became slightly more vertical rather
than horizontal with decreasing irradiance in the species with
bending needles (fig. 2B), indicating that modification of fo-
liage surface inclination-angle distribution did not play a role
in light acclimation in these shade-intolerant conifers. In fact,
more horizontal foliage inclinations in higher light in P. patula
probably reflect greater stiffness of needles with larger cross-
sectional areas in high irradiance. Nonplastic foliage angular
distributions also have been found in the shade-intolerant co-
nifer P. sylvestris (Niinemets et al. 2002a). Overall, these data
demonstrate that the possibility to control leaf angle is depen-
dent on foliage element length. Only species with short needles
(Abies, Picea, Pseudotsuga) are able to increase c in low light.

Species Variation in Shoot Light-Harvesting Efficiency

Previous studies have demonstrated convergent light-
harvesting efficiency of broad-leaved species with varying
architectural attributes (Valladares et al. 2000, 2002; Niine-
mets et al. 2004). We observed significant canopy and species
differences in shoot light-interception efficiency that resulted
from different combinations of leaf area density, angular dis-
tribution of leaf surface, and spatial aggregation of foliage el-
ements within the shoot volume (fig. 2). Casuarina glauca,
the species with the least densely foliated shoots and one of
the species with the longest foliage elements (fig. 1, table 1),
had the largest values of shoot silhouette to total area ratio
(fig. 2A) and the lowest degree of foliage aggregation (fig.
2C). In contrast, P. radiata had large foliage area density (fig.

4A) and medium needle lengths (table 1), which resulted in
the lowest silhouette to total area ratios (fig. 2A) and the
greatest foliage aggregation and self-shading (fig. 2C).
Pinus patula, with weeping needles, was a nonplastic spe-

cies in our study (fig. 2). Such a nonplastic response to irradi-
ance was associated with the inflexibility in needle spacing in
the shoot volume because of strong needle bending. This
strong needle bending resulted in similar estimates of spatial
aggregation in both low and high light (fig. 2C). Neverthe-
less, the clumping in P. patula was still less than in P. radiata
(fig. 2C), possibly because of greater needle length and down-
ward-elongated shoot form in P. patula that resulted in lower
shading by the stem axis and neighboring needles.
Of course, because of strong bending, the shoot light-

interception characteristics of P. patula shoots were derived
using a modified procedure that included only the shoot pro-
jections with horizontal stem axis and the projection with
the stem axis in shoot natural position. Although this may af-
fect the exact values of the efficiency characteristics derived
from the model, directly measured characteristics such as the
amount of shadow produced by unit foliage area (fig. 2A)
and foliage area density (fig. 4A) were also independent of ir-
radiance. Thus, it is unlikely that the analysis modifications
affected our conclusion of the nonplastic light-harvesting effi-
ciency in P. patula.

Accumulation of Foliage Biomass in Light Gradients

Foliage biomass (MS; fig. 4C) and nitrogen (NS; fig. 4D)
accumulation per unit shoot silhouette area at higher irradi-
ance, as observed in all species of our study, is a general fea-
ture in conifers (Niinemets and Kull 1995; Sprugel et al.
1996; Niinemets et al. 2002a; Cescatti and Zorer 2003). In
several conifers, greater needle number per unit shoot axis
length at higher irradiance (Niinemets and Kull 1995; Niine-
mets et al. 2002a; Leal and Thomas 2003) partly explains
the increase in MS and NS with light. However, in our study,
larger cladode number per unit stem length was only ob-
served in C. glauca (fig. 4B). In fact, light-dependent changes
in MS and NS were primarily associated with changes in
shoot (silhouette to total area ratio, SS) and foliage morphol-
ogy (foliage dry mass per unit area, MA; MS ¼ MA=SS).
Although greater foliar biomass investment in high light is

compatible with a lower light-harvesting efficiency, this re-
sponse results in greater photosynthetic biomass in high-light
environments where the photosynthetic returns are the larg-
est. Theoretical studies have suggested that there is a general
trade-off between nitrogen and light-use efficiencies in plant
canopies (Hirose and Bazzaz 1998), and our results further
underscore the relevance of this compromise between light
harvesting and shoot photosynthetic potentials.
Species differences in foliage mass (fig. 4C) and nitrogen

content (fig. 4D) per silhouette area versus irradiance rela-
tionships demonstrate that the overall significance of this
trade-off depends on the acclimation in shoot architecture
(fig. 2), foliage morphology (foliage dry mass per total area),
and foliage nitrogen contents per dry mass. Apart from pho-
tosynthetic gains, greater foliage aggregation in high light
has also been interpreted as a light-avoidance strategy in en-
vironments where high irradiance interacts with other envi-
ronmental constraints, resulting in severe photoinhibition of
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photosynthetic apparatus (Valladares and Pugnaire 1999;
Pearcy et al. 2005). Given that soil drought is common in the
habitats of shade-intolerant conifers, enhanced foliage clump-
ing in high light can also play a significant role in minimizing
the photoinhibition effects on daily photosynthetic produc-
tion in the species studied here.

Support Investments and Light Harvesting

The shoots became longer and had thicker axes in higher
light in most species (fig. 5A, 5B). The fractional investment
in shoot axis biomass scaled positively in light in all species
(fig. 5C), as has been previously observed in Abies balsamea
(Niinemets and Lukjanova 2003). Thus, the costs for foliage
support increase disproportionately with light in the canopy.
This disproportionate increase in fractional support invest-
ments is associated with longer and heavier shoots as well as
greater water requirements of foliage exposed to higher irradi-
ance.
Except for lower fractional support investments in P. pal-

ustris, the species differences were small at a common irradi-
ance (fig. 5C). However, for stiff needles, the shoots with
longer foliage elements have effectively longer lever arms and
have greater support requirements. For long, bending nee-
dles, the mass is also effectively distributed farther away
from the axis of bending, again implying augmented support
requirements to counteract larger static and dynamic loads.
In fact, the shoots of C. glauca and P. patula had negative in-
clination angles in low light (fig. 3). The shoots hanging
downward have lower support requirements but also lower
light-harvesting efficiencies than the horizontal shoots. This
reasoning suggests that in C. glauca and P. patula, limited
support investments may have reduced the shoot light-
harvesting efficiency in low light.

Light-Harvesting Efficiency in Relation to
Foliage and Shoot Size

The shoots of the studied conifers mainly differed in the
number of foliage elements per stem axis length, in the size of
shoots and foliage elements, and in the degree of foliage bend-
ing (P. patula vs. the other species; fig. 1). The data collectively
demonstrate that longer foliage elements are associated with
less dense shoot volumes (fig. 6) and lower degree of clumping
of foliage elements (fig. 7A, 7B). Simulation studies in broad-
leaved species demonstrate that increasing petiole length and
leaf length to width ratio is a major way to enhance light
interception by reducing the self-shading within the shoot
(Takenaka 1994; Pearcy and Yang 1998). Thus, we suggest
that the increase in conifer foliage length represents a conver-
gent adaptation to reduce within-shoot shading.
Three-needled species were standing out in the relation-

ships between spatial aggregation and foliage length to cross-
section area ratio (fig. 7B). As the single foliage elements and

two-needled fascicles can be more flexibly spaced on the
shoot axis, the greater clumping in three-needled species can
be explained partly by inherently larger aggregation from
their fascicle structure. In addition, mechanical theory pre-
dicts that at a common cross-sectional area, the needles with
circular and hemicircular cross-sections bend less than the
needles with a cross-sectional geometry of a circle sector
(Gere and Timoshenko 1997). Thus, a greater gap fraction in
the shoot volume in the three-needled species also may be as-
sociated with their relatively greater degree of bending be-
cause of sectorial needle cross-section geometry. In particular,
in P. patula, with very strongly bending needles, the relation-
ship between the spatial aggregation and needle length to
cross-section ratio was lost because the foliage clumping ac-
tually increases for strong bendings, as the needles are more
closely adhered together.
Overall, the species with long foliage elements form open

canopies with minimum below-canopy irradiances of 0.1–0.5
(Brockway and Outcalt 1998; Battaglia 2000; Shelton and
Cain 2000; Lemeniha et al. 2004; Yirdaw and Luukkanen
2004). As our study demonstrates, the light-harvesting effi-
ciency of species with long foliage elements is not inherently
low. However, maintenance of high light-harvesting efficiency
is bound to sparsely foliated shoots that do not cast deep
shade. In addition, as excessive foliage bending results in
a greater degree of foliage aggregation, larger irradiances
may be required for species with long foliage for construction
of bending-resistant foliage with large cross-sectional areas.
Enhanced clumping in species with shorter foliage results in

greater foliage dry mass per unit shoot silhouette area (fig.
7C), further underscoring the general trade-off between light-
use efficiency and shoot photosynthetic potentials that contrib-
utes toward the maximization of whole-tree photosynthetic
activity in conifer stands. Overall, these data demonstrate that
in shade-intolerant conifers, light primarily affects the degree
of foliage clumping, and that the species differences in foliage
aggregation are associated with the density of foliage elements
on the shoots, length of foliage elements, and the degree of fo-
liage bending.
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