
Summary We studied the effects of variation in shoot struc-
ture and needle morphology on the distributions of light and
nitrogen within a Pacific silver fir (Abies amabilis (Dougl.)
Forbes) canopy. Specifically, we investigated the role of mor-
phological shade acclimation in the determination of resource
use efficiency, which is claimed to be optimal when the distri-
bution of nitrogen within the canopy is directly proportional to
the distribution of intercepted photosynthetically active radia-
tion (PAR). Shoots were collected from different heights in the
crowns of trees representing four different size classes. A new
method was developed to estimate seasonal light interceptance
(SLI, intercepted PAR per unit needle area) of the shoots using
a model for the directional distribution of above-canopy PAR,
measurements of shoot silhouette area and canopy gap fraction
in different directions. The ratio SLI/SLIo, where the reference
value SLIo represents the seasonal light interceptance of a
spherical surface at the shoot location, was used to quantify the
efficiency of light capture by a shoot. The ratio SLI/SLIo

doubled from the top to the bottom of the canopy, mainly as a
result of smaller internal shading in shade shoots than in sun
shoots. Increased light-capturing efficiency of shade shoots
implies that the difference in intercepted light by sun shoots
versus shade shoots is much less than the decrease in available
light from the upper to the lower canopy. For example,  SLI of
the five most sunlit shoots was only about 20 times greater than
the SLI of the five most shaded shoots, whereas SLIo was 40
times greater for sun shoots than for shade shoots. Nitrogen
content per unit needle area was about three times higher in sun
needles than in shade needles. This variation, however, was not
enough to produce proportionality between the amounts of
nitrogen and intercepted PAR throughout the canopy.

Keywords: morphological acclimation, Pacific silver fir, re-
source use efficiency.

Introduction

Several theories exist on how structure and function in plant
canopies should be organized to optimize the utilization of

resources such as light, water, and nutrients (Verhagen et al.
1963, Kuroiwa 1970, Horn 1971, Mooney and Gulmon 1979,
Field 1983, Bloom et al. 1985, Evans 1989, Farquhar 1989,
Chen et al. 1993). These theories produce different solutions
depending on the assumptions and constraints the optimization
is based on. 

Early theories showed that if the parameters of the light
response curve do not vary with position in the canopy, photo-
synthesis is optimized if light interception per unit leaf area is
constant throughout the canopy (Verhagen et al. 1963). This
optimization is generally unachievable because upper leaves
inevitably shade lower leaves, although it can be counteracted
to some extent by differences in leaf angle (Miller 1967,
Kuroiwa 1970, Horn 1971) and shoot structure (Sprugel 1989,
Leverenz and Hinckley 1990, Sprugel et al. 1996, Stenberg
1996). 

Other theories are based on the observation that the photo-
synthetic capacity of leaves (expressed as maximum CO2 up-
take per unit mass) is often proportional to their nitrogen
concentration (Field and Mooney 1986). Given this, it can be
shown that resource use is optimized when the distribution of
nitrogen within the canopy is directly proportional to the
distribution of intercepted PAR, when both are expressed on an
area basis (e.g., Farquhar 1989). Many plant canopies have
now been studied from this perspective (Field 1983, Hirose et
al. 1989, Hollinger 1989, Ellsworth and Reich 1993, Evans
1993, Kull and Niinemets 1993), and in nearly all cases, it has
been found that nitrogen per unit leaf area varies in parallel
with light availability, although it rarely decreases sharply
enough to remain proportional to light at lower levels of the
canopy. However, these theories do not specify the physiologi-
cal or morphological mechanism by which an optimal distri-
bution is obtained, and structural variations above the level of
the leaf have rarely been considered. Many common morpho-
logical and physiological adaptations to shade are in general
agreement with an efficient use of resources, but quantitative
estimates of their combined effects on, for example, canopy
photosynthesis, are largely missing. 
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Acclimation responses causing variation in the physiology
and morphology of leaves in different light environments
greatly increase the complexity, but also the flexibility, of
resource use optimization. Morphological adaptations in coni-
fers include increases in specific needle area (SNA) and the
ratio of shoot silhouette area to needle area with shading (e.g.,
Leverenz and Hinckley 1990, Niinemets and Kull 1995, Sten-
berg et al. 1995, Sprugel et al. 1996). The ratio of shoot
silhouette area to needle area is referred to as STAR or SPAR,
depending on whether total needle surface area or projected
needle area is used in the denominator, respectively. The in-
crease in STAR (SPAR) at lower irradiances reduces the vari-
ation in intercepted light per unit needle area of shoots in
different parts of the canopy (Stenberg 1996). The simultane-
ous increase in SNA further diminishes the differences in light
interception per unit needle mass or unit nitrogen.

These adaptations are in qualitative agreement with the
theory by Farquhar (1989) stating that resource use is opti-
mized when the distribution of photosynthetic capacity and
nitrogen is proportional to the distribution of intercepted light
(see Sprugel et al. 1996). However, to estimate the effects of
acclimation in a canopy it is necessary to quantify the degree
to which changes in SNA and SPAR modify the distribution of
light and nitrogen. To do this, variations in nitrogen concentra-
tion, SNA and SPAR along the entire light gradient in the
canopy must be described. The effects of variations in SPAR
and SNA on the distribution of intercepted light within a
canopy must also be quantified. It is a complicated problem
because leaf and shoot morphology do not solely affect the
photosynthetic properties of the leaf (shoot) itself, but change
the whole profile of light in the canopy. In addition, because
the shoot silhouette area varies with the direction of radiation
(sun angle), it is not obvious how best to quantify light inter-
ception by a coniferous shoot. 

We examined changes in SNA, SPAR and nitrogen concen-
tration in Pacific silver fir (Abies amabilis (Dougl.) Forbes)
with shading, and analyzed the implications of these changes
on the distribution and utilization of light and nitrogen within
the canopy. Special efforts were made to produce accurate
estimates of seasonal light interception by the shoots, based on
measurements of canopy transmittance and shoot silhouette
area from many different angles. 

Material and methods

In situ measurements

Measurements were made in a 37-year-old A. amabilis stand
at 1200 m elevation in the Findley Lake research area about
65 km southeast of Seattle, WA (47°20′ N, 121°35′ W). We
collected 47 current-year shoots (30 in 1994 and 17 in 1995)
from the tips of branches at different heights in the crowns of
eight trees. Tree height ranged from 2.4 to 8.6 m, and shoots
were collected from two trees of each of the size classes:
suppressed (< 4 m), intermediate (4--6 m), codominant
(6--8 m), and dominant (≥ 8 m). Data were split into two
categories, one comprising shoots from codominant and domi-

nant trees (29 shoots), and the other comprising shoots from
suppressed and intermediate trees (18 shoots). 

Shoot position and orientation were recorded before remov-
ing the shoots. The orientation of a shoot was determined by
the inclination and azimuth of the shoot axis, and the shoot’s
rotation angle to the vertical. To define the rotation angle, we
picture a vector (r) perpendicular to the hypothetical plane
dividing the shoot into upper and lower sides, and pointing
toward the shoot’s upper side. We measured the angle of r to
the vertical plane through the shoot axis, and attached to it a
positive or negative sign depending on the opening direction.
The positive opening direction of r is clockwise when the tip
of the shoot is pointing toward the viewer.

After the sample was collected, we took a hemispherical
photograph at each shoot location with a Nikon 8-mm lens and
Kodachrome 200 film. These photographs were analyzed with
the CANOPY hemispherical photo analysis program (Rich
1989). The program provided the fraction of gaps separately
for 18 inclination bands (width 5°) and eight azimuths (width
45°) (144 different sky sections) as well as total canopy open-
ness, defined as the unweighted fraction of open sky (indirect
site factor according to Anderson (1964) and Rich (1989)). 

Mathematically, canopy openness is defined as:

OPENNESS  = 
1

2π ∫
Ω

gf(ω)dω, (1)

where Ω represents the upper hemisphere and gf(ω) the gap
fraction in the direction ω of the sky.

Measurement of shoot morphology and silhouette area

The directional distribution of shoot silhouette area (SSA) was
produced by measuring SSA photographically in different
view directions (φ, γ) and constructing spline functions to
interpolate smoothly between the measured values (bicubic
spline interpolation; see Press et al. 1992). The silhouette areas
were measured with a digital camera attached to an image
analysis system (OPTIMAS, BioScan Inc., Edmonds, WA).
The focal length of the lens (AF Nikkor) was 180 mm, and the
distance between shoot and camera was 7.0 m for long shoots
and 4.2 m for small shoots. The maximum view angle of the
shoot was 1.5°. The system was calibrated according to the
manufacturer’s specifications for each measurement distance.

Following earlier practice (Oker-Blom and Smolander
1988), we define the inclination angle (φ) as the angle of the
shoot axis to the plane of projection. Thus, for φ = 0°, the shoot
axis is perpendicular to the direction of view (camera), and for
φ = ± 90°, the shoot axis is parallel to the direction of view. The
value of φ is positive when the branch tip is pointing toward
the viewer, and negative when the branch tip is pointing away
from the viewer. The rotation angle (γ) is defined as the angle
between the vector (r) and the plane going through the shoot
axis and the view direction. Thus, when γ = 0°, the shoot’s
upper side is facing the viewer, and when γ = ± 90°, the shoot
is viewed from the side (see Figure 1). 

A set of measurements was made where the rotation angle
(γ) was held fixed and the inclination angle (φ) was changed in

760 STENBERG ET AL.

TREE PHYSIOLOGY VOLUME 18, 1998



equal steps. This procedure was then repeated after changing
the rotating angle in equal steps. In the 1994 measurements,
the inclination and rotation angles were both changed in steps
of 45°, giving a total of 16 silhouette areas measured per shoot.
In 1995, the inclination angle was changed in steps of 15°, and
the rotation angle was changed in steps of 30°, giving 72
silhouette areas measured per shoot. Interpolation surfaces for
SSA of a ‘‘sun’’ shoot (canopy openness = 0.746) and a ‘‘shade’’
shoot (canopy openness = 0.130) are shown in Figure 1.

After measurement of shoot silhouette area, needles were
detached from the shoot and the projected area of all needles
on the shoot (PNAs) was measured photographically with the
OPTIMAS-system, equipped with a lens with a focal length of
50 mm (see Kershaw and Larsen 1992). The silhouette to
projected leaf area ratio (SPAR) was obtained by dividing SSA
by PNAs. The ratio of SSA(0,0) to PNAs is referred to as
SPARmax, although SSA does not necessarily attain its maxi-
mum value at φ = γ = 0 (Figure 1). The mean of SSA taken over
all directions of the sphere (SSA

____
) was obtained by calculating

the mean of the spline function constructed to describe SSA in
all directions. The value of SSA

____
 divided by PNAs yields the

spherically averaged silhouette area ratio (SPAR
_____

). 
We also measured shoot length, number of needles per

shoot, mean needle length and thickness, and needle dry
weight (48 h at 70 °C). The nitrogen content of needles was
measured with a LECO CHN-900 analyzer (LECO Co., St.
Joseph, MI) (Table 1). 

Simulation of above-canopy and within-canopy distributions
of PAR

Incoming PAR was simulated by a method similar to that
described by Stenberg (1996), but taking into account the
azimuthal direction of the sun also. The period from June 1 to
October 1 was chosen to represent the growing season at the
study site. Input assumptions and parameters for the simula-
tion model were as follows: (1) the amount of PAR available
at the top of the atmosphere (the PAR equivalent of the solar
constant) was assigned the value of 600 W m−2 (Weiss and
Norman 1985); (2) it was assumed that 61% of the PAR
incident on a horizontal surface at the top of the atmosphere is
received at the ground (Western Solar Utilization Network
1980); (3) of the penetrated PAR, 55% entered as direct radia-

tion, and 45% as diffuse sky radiation (Fritschen and Hsia
1979)  (Assumptions 1--3 fixed the seasonal amount of incom-
ing PAR per unit horizontal surface (Qh) at 1203 MJ m−2, of
which the direct and diffuse components were 662 MJ m−2 and
541 MJ m−2, respectively); (4) the directional distribution of
sunlight was produced by assuming that clear sky conditions
prevailed throughout the season, and transmittance of the at-
mosphere to direct radiation was set to 0.73 in the zenith
direction, and was corrected for atmospheric path length. The
distribution obtained in this way was then multiplied by a
factor (< 1) to give the ‘‘known’’ amount of direct PAR; and (5)
the directional distribution of diffuse radiation was assumed to
be isotropic. 

The simulated distribution of PAR incident from different
sections of the sky is shown in Figure 2. Total incoming PAR,
expressed as the energy received per unit cross-sectional area
of a spherical surface (Qo), was 2109 MJ m−2. The directional
distribution of PAR around a shoot (Figure 3A) was obtained
by multiplying each entry in the sky energy matrix (Figure 2A)
by the corresponding entry in the hemispherical matrix (Fig-
ure 3B), containing the gap fractions in the 144 different sec-
tions of the sky. 

Table 1. Structural characteristics and estimates of the light environ-
ment of the sample shoots. 

Characteristic Range Mean

Shoot length (cm) 2.2−15.7 7.7
Needle density (cm−1) 8.5−28 18.1
Needle area per shoot (cm2) 3.4−111.6 40.3
Needle thickness (mm) 0.25−0.88 0.54
Needle length (mm) 8−26 17.9
SNA (cm2 g−1) 33.2−122.5 62.3
N concentration (%) 0.56−1.4 0.95
N content (mg cm−2) 0.084−0.354 0.174
SPAR
_____

 0.262−0.561 0.359
SPARmax 0.337−0.993 0.556
SSA
____

/needle dry weight (cm2 g−1) 9.05−51.75 23.96
Openness 0.006−0.82 0.313
SLI (kJ cm−2) 0.94−59.5 23.7 
SLIo (kJ cm−2) 1.88−187 68.8
SLI/SLIo 0.252−0.764 0.414

Figure 1. Directional distribu-
tion of SSA (cm2) of a sun
shoot and a shade shoot. The
shoot is assumed to lie on its
flat side, and the branch tip
points to the positive φ-axis.
The d denotes a measured
value. Note the different scales
on the vertical axes for the sun
(left) and shade shoots.
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Figure 2. Simulated distributions of above-canopy PAR at the study site during the growing season. A. Sky energy matrix----the hemisphere is
divided in 144 (18 × 8) sections, and the value (color) assigned to each section is the radiant energy per unit area incident from unit solid angle
around that direction of the sky. Values shown on the scale correspond to the upper limits of the intervals. B. Division of direct (h) and diffuse
(j) PAR into inclination bands.

Figure 3. A. Canopy openness (digitized photographs), presented as a hemispherical matrix, at the location of a sun shoot (top left panel) and a
shade shoot (top right panel). B. Hemispherical distribution of PAR at the shoot locations. Note the different scales for the top and bottom panels.
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Estimation of light interception by the shoots

We define the seasonal light interceptance (SLI) of a shoot as
the amount of PAR intercepted per unit projected leaf area of
the shoot (PNAs) during the growing season. Formally:

SLI = ∫ q(ω)g
Ω

f(ω)SPAR(φω, γω)dω, (2)

where q(ω) is the seasonal amount of radiant energy (per unit
area and solid angle) incident from the direction ω of the sky
(see Figure 2A). The inclination angle (φω) and rotation angle
(γω) (Equation 2) with respect to a given view direction (ω)
vary with shoot orientation. 

Equation 2 was numerically integrated by summation over
the sky sections (i = 1, ..., 144). The inclination (φi) and rotation
(γi) angles corresponding to the direction from the midpoint of
each section (i) were calculated based on the recorded infor-
mation of the shoot’s natural orientation in the canopy. Tech-
nically, this was done by transformation of the coordinate
system (see Figure 1). The (interpolated) value of SSA(φi, γi)
was then assigned to section (i). 

The efficiency of light capture by a shoot was quantified by
comparing SLI to the amount of PAR received per unit cross-
sectional area of a spherical surface at the same location
(SLIo):

SLIo = ∫ q(ω)gf(ω)dω
Ω

. (3)

The SLIo can be interpreted as a measure of the amount of
available PAR at the shoot location, whereas SLI is the actual
PAR intercepted by the shoot. We used the ratio of SLI to SLIo

to compare the relative efficiency of light capture by shoots in
different parts of the canopy. 

From Equations 2 and 3, it follows that if there is no direc-
tional variation in SSA (i.e., SPAR equals SPAR

_____
 in all direc-

tions), or if the shoot is surrounded by an isotropic radiation
field (q(ω)gf(ω) is constant), then SLI/SLIo = SPAR

_____
. 

Results

The radiation regime

Because the directional distribution of diffuse sky radiation
was assumed to be isotropic, differences in the amount of
radiant energy from different sections of the sky result from the
direct solar component (Figure 2A). The highest value (bright-
est spot) is found in the section containing the position of the
sun at its maximal elevation (≈ 67° at the given latitude). Only
diffuse radiation is incident from inclination angles above 67°.
The direct component causes a shift in the distribution toward
higher inclination angles (Figure 2B). The median angle, de-
fined so that equal parts (50%) of the total radiation are re-
ceived from smaller and larger inclination angles, respectively,
was 37.6°. For comparison, the median angle of isotropic
radiation is 30°.

The angular distribution of PAR becomes narrower and its
center (the median angle) moves closer to the zenith with depth
in the canopy (Figure 4), because near-horizontal angles get
rapidly blocked (see Figure 3A). However, even in the lower
canopy, the radiation was incident from many different direc-
tions (Figures 3B and 4A).

Shoot and needle structure versus canopy openness

Interpolation surfaces for SSA were fairly symmetrical with
respect to the γ-axis but somewhat skewed in the φ-direction
(Figure 1). In sun shoots, where needles point upward, the
shoot silhouette area is significantly larger when the shoot is
viewed from the base toward the tip (i.e., for negative values
of φ). Accordingly, maximum SSA was generally not obtained
at φ = 0°, but at slightly negative φ-values. Shade shoots are
flatter than sun shoots, which implies a larger variation in SSA
along the γ-axis. The sun shoot depicted in Figure 1 had
SPARmax = 0.422 and SPAR

_____
 = 0.292. Values for the shade shoot

were SPARmax = 0.644 and SPAR
_____

 = 0.412. 
Both SPAR

_____
 and SPARmax decreased with canopy openness,

which ranged from 0.006 to 0.82 (Figure 5, Table 1). Moderate
shading had only a small effect on SPAR, whereas a sharp
increase occurred in deeper shade (openness ≈ 0--25%). There

Figure 4. A. Energy of PAR during
growing season incident from different
inclination angles at the locations of the
sun shoot (u) and shade shoot (j). B.
The median angle of incident radiation
for all sample shoots plotted against
canopy openness. The d denotes the me-
dian angle (36.6°) of above-canopy ra-
diation (canopy openness = 1).
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was a strong linear correlation (r2 = 0.83) between SPARmax

and SPAR
_____

 (Figure 5B); however, SPARmax increased relatively
more with shading than did SPAR

_____
. Mean SPARmax for the five

most sunlit shoots (mean openness = 0.784) was 0.395, and for
the five most shaded shoots (mean openness = 0.020), it was
0.737, i.e., 1.86 times greater. The corresponding values for
SPAR
_____

 were 0.275 and 0.424, giving a ratio of 1.54. 
Needle thickness increased and specific needle area (SNA)

decreased with canopy openness (Figure 6). As a result of
changes in SPAR

_____
 (Figure 5) and SNA, mean shoot silhouette

area per unit needle mass dry weight (ndw) SSA
____

/ndw (= the
product of SPAR

_____
 and SNA) was up to five times higher for

shade shoots than for sun shoots (Figure 6C).
Needle nitrogen concentration increased with canopy open-

ness in the dominant and codominant trees, but in the sup-
pressed and intermediate trees, this relationship broke down
(Figure 7A). The highest nitrogen concentrations were found
in needles from suppressed trees. As a result, there was no
correlation between nitrogen concentration and canopy open-
ness for the data as a whole (all trees). A strong positive
correlation, on the other hand, existed between nitrogen con-
tent per unit projected needle area and canopy openness (Fig-
ure 7B). 

Efficiency of light capture

The SLI/SLIo ratio varied between 0.25 to 0.76, and showed a
strong negative nonlinear correlation (r2 = 0.67) with canopy

openness (Figure 8). The lower curve depicted in Figure 8
shows the corresponding value of SPAR

_____
. There was a strong

linear correlation (r2 = 0.99) between SLI/SLIo and SPAR
_____

, but
SLI/SLIo was, on average, 15% higher. If there was no direc-
tional variation in either SPAR or in the radiation field sur-
rounding the shoot, SLI/SLIo would be equal to SPAR

_____
. The

difference may be interpreted as the increase in SLI caused by
a favorable orientation of the shoot in relation to the actual
radiation field at its location. 

Distribution of light and nitrogen

Nitrogen content was linearly related to SLI (Figure 9), but the
regression line had a positive intercept because the ratio of
nitrogen to intercepted PAR increased toward the bottom of the
canopy. Although (as a result of the changes in shoot geome-
try) the total range of variation in SLI (0.94 to 59.5 kJ cm−2)
was considerably less than the total range in canopy openness,
it remained many times greater than the variation in nitrogen
content (0.084 to 0.354 mg cm−2). Consequently, proportion-
ality between these two variables could not be expected. For
the whole data, there was a more than twentyfold variation
(38.8 to 980.8 mg kJ−1) in the ratio of nitrogen to intercepted
PAR. The largest ratios and most of the variation occurred in
the lower canopy. For shoots situated at a canopy openness
above 30%, the range of variation in the amount of nitrogen
per unit of intercepted PAR was reduced to between 38.8 and

Figure 5. A. Relationship between
SPAR
_____

 and canopy openness. B. Rela-
tionship between SPARmax and SPAR

_____
.

Symbols: dominant and codominant
trees (tree height > 6 m) are represented
by h; intermediate and suppressed trees
(tree height < 6 m) by s. Regressions
fitted to whole data: A. r2 = 0.59 and B.
r2 = 0.83. 

Figure 6. Needle thickness, SNA,
and SSA

____
/ndw  as a function of can-

opy openness (symbols are as in
Figure 5). Regressions: A. r2 =
0.81; B. r2 = 0.82; and C. r2 =
0.82.
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72.0 mg kJ−1, and no correlation (r2 = 0.004) of the ratio with
canopy openness remained.
 

Discussion

Shade acclimation and light interception efficiency

The ratio SLI/SLIo, which was used to quantify the efficiency
of light capture by shoots in the prevailing light conditions,
was more than twice as high in shade shoots as in sun shoots
(Figure 8). The increase in SLI/SLIo with shading is consistent
with an efficient utilization of light by the canopy as a whole.
Efficient light capture is not necessarily useful at the top of the
canopy, where there is more than enough light available to
maintain high rates of photosynthesis. On the contrary, low
light-capturing efficiency of sun shoots may be advantageous
because it implies a reduced risk of light saturation and smaller

transpiration demand (because the intercepted light is distrib-
uted over a large leaf area). Moreover, it enables more light to
penetrate to deeper canopy layers, thus improving the light
conditions of shade shoots. This, in combination with the high
light-capturing efficiency of shade shoots, considerably evens
out the vertical gradient in intercepted light (Stenberg 1996). 

The increase in SLI/SLIo with shading was mainly achieved
by smaller within-shoot shading (larger SPAR

_____
) in shade shoots

than in sun shoots (Figure 5). In addition, the combined effects
of shoot orientation and variation in SSA acted to increase SLI
of a shoot in its prevailing (non-isotropic) light conditions. The
SLI was, on average, about 15% higher than would be pre-
dicted simply by the increase in SPAR

_____
 (Figure 8), indicating a

tendency of the shoots to be oriented so as to increase their
light interception. However, the increase in SLI caused by a
favorable shoot orientation was modest and not appreciably
higher for shade shoots than for sun shoots. This is because

Figure 7. A. Relationship between ni-
trogen concentration and canopy open-
ness. Thick line = all trees (r2 =
0.002); thin line = dominant and co-
dominant trees (r2 = 0.52). B. Relation-
ship between nitrogen content and
canopy openness (r2 = 0.80). Symbols:
dominant and codominant trees (tree
height > 6 m) are represented by h; in-
termediate and suppressed trees (tree
height < 6 m) by s.

Figure 8. Ratio of SLI to SLIo as a function of canopy openness. The
lower curve (thin line) shows the value of SPAR

_____
 (Figure 5A). Sym-

bols: dominant and codominant trees (tree height > 6 m) are repre-
sented by h; intermediate and suppressed trees (tree height < 6 m)
by s. 

Figure 9. Relationship between nitrogen content and SLI. The regres-
sion line is: y = 0.0032x + 0.097; r2 = 0.78. Symbols: dominant and
codominant trees (tree height > 6 m) are represented by h; intermedi-
ate and suppressed trees (tree height < 6 m) by s.
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even in the lower canopy, the angular distribution of PAR is not
concentrated around one particular direction (Figures 3 and 4).
Thus, the ‘‘optimal solution,’’ represented by a flat shoot turn-
ing its maximal silhouette area perpendicular to the (one)
direction of radiation, cannot be realized. 

Differences in needle shape cause some ambiguity in the
interpretation of SLI, when SLI is defined on a projected
needle area basis. Because sun needles are thicker than shade
needles (Figure 6), they have a larger ratio of total to projected
area. Consequently, the difference in SLI/SLIo between sun
and shade shoots would have been larger if SLI had been
expressed on a total needle area basis. The same is true, only
to a much larger extent, when the efficiency of light intercep-
tion is expressed on a needle mass basis. Because of the
increase in SNA with shading, mean silhouette area per unit
needle dry weight (SSA

____
/ndw) was up to five times higher in

shade shoots than in sun shoots (Figure 6). 

Relation between nitrogen and intercepted light 

Changes in shoot geometry brought about a considerable flat-
tening of the vertical gradient of light interception per unit
needle area (SLI). The increase in specific needle area (SNA)
with shading (Figure 6) further decreased the differences in
light interception by sun and shade shoots, when expressed per
unit needle mass. However, because mean nitrogen concentra-
tion was similar in shade needles and sun needles (Figure 7),
the amount of nitrogen per unit intercepted PAR was much
higher at the bottom of the canopy than at the top of the canopy
(Figure 9). 

Conclusions

To develop and test theories on the optimal use of resources,
we need accurate estimates of how these resources are allo-
cated in real canopies. It has proved particularly problematic
to measure the amount of intercepted PAR by leaves at differ-
ent positions in the canopy. Technical difficulties arise from the
great temporal and spatial variation of irradiance that occurs in
the canopy. A far more serious problem, however, is the lack
of correspondence between PAR measured with artificial sur-
faces (e.g., flat horizontally lying sensors) and the distribution
of PAR on the actual needle surface. As shown in this study,
within-shoot shading and variation in leaf angle and shoot
shape greatly modify the gradient of light interception within
the canopy. 

To estimate quantitatively light interception by a shoot, the
directional distributions of SSA and PAR incident on the shoot
must be known. The directional distribution of above-canopy
PAR at any given location can be produced in a straightforward
manner. It can then be combined with hemispherical photo-
graphs (or measurements with the LAI-2000 plant canopy
analyzer; Li-Cor, Inc., Lincoln, NE) to give the directional
distribution of PAR and an estimate of SLIo at any desired
(shoot) location in the canopy.

The method applied here to produce the directional distribu-
tion of shoot silhouette area is too cumbersome for standard
use. However, the interpolation surfaces (Figure 1) constructed

in this exercise indicate that there is a high degree of regularity
in the shoot shape, which was also supported by the strong
correlation between SPAR

_____
 and SPARmax (Figure 5B). It seems

reasonable to believe, therefore, that the directional distribu-
tion of shoot silhouette area could be estimated fairly accu-
rately using a shape function based on measurements in a few
specified directions only (Stenberg 1996). This would offer an
operational method for the determination of seasonal light
interception by shoots at different positions in the canopy, not
involving any measurements of irradiance.

A close correlation was found between SPAR
_____

 and the light-
capturing efficiency (SLI/SLIo). The SLI/SLIo was higher than
predicted by SPAR

_____
 alone (Figure 8), but the gradients were

similar. Thus, if actual values of SLI are not needed, SPAR
_____

combined with the radiation regime may provide a good esti-
mate of the gradient of light interception (relative difference at
top and bottom of the canopy). To simplify further, the close
dependency between SPAR

_____
 and SPARmax makes it possible to

estimate SPAR
_____

 based on measurements of SPARmax.
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