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Summary The spherical mean of the shoot silhouette-to-to-
tal leaf area ratio (STAR) and the shoot transmission coeffi-
cient (c¢) are two key structural parameters in radiative transfer
models for calculating canopy photosynthesis and leaf area in-
dex. The standard optical method for estimating these parame-
ters might introduce errors in the estimates for species with
flexible shoots and needles by changing shoot inclination rela-
tive to its inclination in situ. We devised and tested two meth-
ods to address this problem. First, we modified the standard op-
tical method by designing an apparatus that allows shoots to be
photographed in their original orientation. Second, we devel-
oped a faster, model-based approach to replace photography
and tested the results against the established approach. We used
shoots of three pine species, Pinus echinata Mill. (needle
length ~50 mm), P. taeda L. (~150 mm) and P. palustris Mill.
(~300 mm). Values of the parameters simulated by the model
were similar to those measured from the photographs. In our
data, STAR varied about twofold among the pine species and
was ~40% higher in shade shoots than in sun shoots of P. faeda.
The transmission coefficient for P. taeda shade shoots was also
~40% higher than that of sun shoots of all three species. We
tested the versatility of the model by employing it on shoots of
two other pine species (P. strobus L. and P. thumbergiana Parl.)
as well as on shoots of Tsuga canadensis L. Carr. and Picea
pungens Engelm. Regardless of shoot characteristics, the
model generated values of shoot structural parameters similar
to those estimated with the optical method. Although spe-
cies-specific and vertical gradients in parameter values are best
for modeling radiative transfer in conifer canopies, our results
suggest that, in the absence of adequate data, STAR can be ap-
proximated as 0.16 for a wide range of shoot structures. For ap-
plications requiring angle-dependent parameterization, our
new model facilitates rapid generation of these radiative trans-
fer parameters.

Keywords: L-systems, needle area, Pinus echinata, Pinus
palustris, Pinus taeda, shoot silhouette-to-leaf area ratio,
transmission coefficient.

Introduction

Leaf-level photosynthetic responses are scaled to canopies
based on the amount of photosyntheticaly active radiation
(PAR) incident on the leaf surfaces. Because the PAR regime
on leaf surfaces cannot be routinely measured, it must be simu-
lated with radiative transfer models (RTMs). The RTMs de-
scribe the interaction between incoming solar radiation and
the amount and distribution of canopy elements. The same
principles can also be used to invert optically measured can-
opy transmittance or reflectance and estimate leaf area index
(LAI; e.g., Miller 1967, Anderson 1971, Ross 1981, Nilson
and Ross 1997, Knyazikhin et al. 1998). In most cases, estima-
tion of canopy photosynthesis, typically the largest CO, flux in
forest ecosystems, relies on both indirect estimates of LAI and
modeled distributions of PAR on leaf surfaces and, therefore,
on the ability of models to simulate realistic canopies.

In conifers, the arrangement of shoot needles adds structure
to the canopy architecture with implications for the radiation
regime. At a given LAI, clumping of needles into shoots
causes self-shading within the shoot but increases the depth to
which radiation penetrates the canopy (Norman and Jarvis
1975, Oker-Blom and Smolander 1988, Nilson and Ross
1997). Clumping of needles into shoots also affects canopy re-
flective properties by increasing the probability of multiple
scattering within a shoot, thus decreasing reflectance
(Knyazikhin et al. 1998, Shabanov et al. 2000, Smolander and
Stenberg 2003, 2005). In canopy PAR interception and photo-
synthesis models, shoot structure can be incorporated by re-
placing the mean projection of unit flat area (G; Nilson 1971)
by the mean ratio of shoot silhouette area to total needle area
(STAR; Oker-Blom and Smolander 1988). Furthermore,
STAR is related to the shoot clumping factor, or shading factor
(B = 4STAR; Stenberg et al. 1994), which can be used to cor-
rect estimates of LAI obtained from ground-based transmit-
tance measurements (Stenberg 1996, Chen et al. 1997). Re-
cently, Smolander and Stenberg (2003, 2005) proposed a
wavelength-dependent correction for the scattering coefficient
in reflectance models, and showed how the probability of in-
teraction within a shoot is closely related to STAR. Although
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STAR is fundamental to characterizing radiation regimes in
coniferous canopies, it is rarely estimated accurately for each
application.

In canopy photosynthesis models, shoot and needle struc-
tures are related to the phenomenon of partial shading, or pen-
umbra (Miller and Norman 1971). The amount of penumbral
PAR depends on the depth of the canopy, the distribution of the
shoots and their “transparency,” i.e., the dimensions of the nee-
dles and their organization in shoots. Stenberg (1998) quanti-
fied this transparency with a transmission coefficient (c¢), the
mean gap area within the projected shoot envelope area. Thus
defined, shading of one shoot by another reduces the fraction
of visible sun by a factor of ¢. As a result, penumbra leads to a
more even distribution of PAR on needle surfaces at a given
canopy depth without affecting the mean PAR. Despite the po-
tentially significant effects on canopy photosynthesis, penum-
bra is seldom taken into account in models (but see Wang et al.
1991, Stenberg 1998, Ryel et al. 2001, Schifer et al. 2003).

There are few published values of STAR for conifers (Ta-
ble 1) and even fewer of ¢ (Stenberg 1998; see Table 1). The
considerable variability apparent in the shoot structure of co-
niferous species is reflected in the variation in these parameter
values (Table 1). This means that STAR and ¢ for one species
should not be used in the canopy RTM of another species. Fur-
thermore, shoot structure varies greatly within the canopy be-
cause of shading (Sprugal et al. 1996, Stenberg et al. 1999,
2001, Palmroth et al. 2002, Cescatti and Zorer 2003), meaning
that structural parameters obtained from one light environ-
ment should not be employed throughout the canopy. Thus, for
each species, potentially large sampling is needed to charac-
terize the vertical pattern in structural parameters.

Currently, shoot silhouette area is measured optically: the
shoot is rotated in front of a fixed camera; a picture is taken
from each angle; the shoot silhouette area is extracted from
each picture (e.g., Palmroth et al. 2002); and the spherical
mean is calculated. Although time consuming, this method is
useful for shoots with short and stiff needles and stiff twigs
that maintain the same three-dimensional structure regardless
of the orientation of the shoot. However, orientation affects
both twig and needle bending in long shoots with long, flexible
needles, such as those of many pines, making the standard
photographic method prone to error. Nevertheless, this method
was recently used to analyze the characteristics of pine shoots
with flexible elements (Niinemets et al. 2006). The technical
difficulties of obtaining such data for flexible shoots and the
time needed to obtain representative estimates of shoot param-
eters by the current optical approach contribute to the oversim-
plified parameterization of coniferous forests in RTMs.

We present two methods to estimate STAR and ¢ for shoots
of any structure. First, we modified the existing photographic
method to accommodate large shoots having flexible ele-
ments. Second, we developed a new 3D model that generates
virtual representations of shoots based on a few readily ob-
tained measurements. Using both methods, we estimated
STAR and ¢ on shoots of three major southern pine species:
Pinus echinata Mill. (shortleaf pine), P. taeda L. (loblolly
pine, both sun and shade shoots) and P. palustris Mill. (long-

leaf pine). The shoot structure of these species differs consid-
erably because of large variations in needle length (P. echinata
~50 mm; P. taeda ~150 mm; and P. palustris ~ 300 mm) and
flexibility. Further, we tested the generality of the model by
employing it on shoots of four species having shoots with dif-
ferent characteristics from those of the three intensively stud-
ied species: Pinus strobus L. (eastern white pine), Pinus
thunbergiana Parl. (Japanese black pine), Tsuga canadensis
L. Carr. (eastern hemlock) and Picea pungens Engelm. (Colo-
rado blue spruce). The chosen species not only challenge the
model, but add data on shoot structure to the published litera-
ture.

Materials and methods

The primary variables estimated with both approaches were
the shoot silhouette area (SSA(9, 0), where ¢ and 6 are the azi-
muth and zenith angles, respectively; Figure 1), shoot enve-
lope area (SEA(¢, 0)), defined as the outline of the convex hull
of shoots, total needle area (Ay) and total twig area (At ). Us-
ing the estimates of SSA(¢, 0), SEA(0, 6), Ax, and Ar, STAR
was calculated as (adapted from Stenberg et al. 1999):

=

—n

pr— 1
STAR = — | | SSA(¢,0)cos(6)d0d
(At Ay (9,0) cos(8)dbd
o P 1
L | [STAR(0.6) cos(6)dbdo
T _E_X

We employed a similar formulation to calculate c:

c= L J J SEA($.9) - SSA(9.6) cos(0)d0dd )

amld SEA(0.9)

Sampling

Pinus taeda shoots were collected from forest trees growing in
a stand with a mean height of 17 m. The canopy is closed and
the peak LAI (based on projected leaf area) is 5.6 (McCarthy
et al. 2007). We sampled 10 shoots from the uppermost whorl
and 10 shoots from the lowest living whorl of P. taeda trees ac-
cessible from towers. In other locations within the same re-
gion, nine P. echinata and eight P. palustris shoots were sam-
pled from branches acclimated to high light in the outermost
lower crown of isolated trees. Finally, we sampled a single
shoot from light-acclimated branches of each of four addi-
tional species at the Sarah P. Duke Gardens of Duke Univer-
sity: P. strobus, P. thumbergiana, Tsuga canadensis and Picea
pungens. Shoots collected early in the study (four from P.
echinata, five each from sun and shade branches of P. taeda
and one of P. palustris) were subjected to fewer measurements
than those processed later (see Table 2); these shoots were
omitted from the validation of the 3D shoot model.

We collected first-flush shoots formed during the previous
year with as few dry needles as possible. In addition, two of the
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Table 2. Ranges of input and calculated variables for the three intensively studied species. Both sun and shade shoots of Pinus taeda were sampled,
whereas only sun shoots of the other species were sampled. Values in parenthesis represent 1 SD. Abbreviations: N, number of sampled shoots;
A, total needle surface area; SSA, spherical mean of the shoot silhouette area; STAR, spherical mean of the shoot silhouette-to-total leaf area ra-

tio; and ¢, spherical mean of the shoot transmission coefficient.

Unit Pinus echinata Pinus taeda (shade) Pinus taeda (sun) Pinus palustris
Input variables
N - 5 5 5 5
Fascicles - 640 (247 442 (13.6) 91.0  (32.3) 142 (12.6)
Needle
Length mm 40.1  (4.04) 148 (39.5) 140 (8.94) 200 (26.4)
Angle /twig ° 535 (4.66) 713 (10.2) 409  (2.76) 657  (5.57)
Width mm .15 (0.022) 133 (0.072) 1.39  (0.095) 158  (0.141)
Density mm™! 195  (1.35) 1.62  (0.407) 1.16  (0.227) 213 (0.496)
Deflection mm™! 0.096  (0.013) 0.150  (0.049) 0.096  (0.019) 0391 (0.120)
Twig
Length mm 93.8  (52.7) 59.1  (27.6) 159  (52.1) 137 (25.7)
Diameter mm 295 (0.518) 507 (1.32) 712 (1.10) 166  (2.82)
Initial angle ° 489  (11.5) 434 (29.3) 364 (16.9) 494 (18.3)
Final angle ° 443 (5.70) 494  (41.1) 266 (22.3) 428 (21.5)
Calculated variables
N - 9 10 10 8
Ax 10> mm? 174 (6.68) 61.5 (325 171 (88.0) 659  (295.8)
SSA 10> mm? 3.03  (0.897) 13.0  (6.04) 264 (14.5) 97 (21.8)
STAR - 0.172  (0.039) 0.218  (0.040)° 0.148  (0.028)*3 0.170  (0.016)*
c - 0.576  (0.097)° 0.850  (0.041)} 0.609 (0.095)>3 0.633  (0.093)*

! Shoots measured early in the study were not used for model validation.

2 Sample means of STAR and c in sun shoots did not differ significantly among species (one-way ANOVA; P = 0.189).
3 Sample means of STAR and c differed significantly between sun and shade shoots of P. taeda (Student #-test; P < 0.001).

cicle and the main twig axis was measured with a specially de-
signed compass. Needle length was then determined with a
caliper or ruler, and needle width with a graduated lens. Next,
to obtain an estimate of projected needle area (Apy), all needles
of each shoot were laid flat without overlap on neutral color,
non-reflective fabric, and a picture was taken of the needles to-
gether with the reference sphere. We replaced this last step by
a model-based estimate of leaf area (described later) after we
found no significant difference between estimates obtained
with the two methods.

Image analysis  For each image, the diameter of the reference
sphere was measured in pixels, allowing us to calculate a con-
version factor (r, = diameter® diameter *; mm? pixel™') be-
tween image pixels and physical dimensions. All non-shoot
imagery (purple background, black tape, extra length of twig,
and reference sphere) was removed from each photograph in
Photoshop (Adobe Photoshop CS, Adobe System).

Shoot silhouette area in the shoot photographs and Apy in
the needle photographs were obtained as the sum of the non-
zero pixels in each photograph. Shoot envelope area equaled
the area of the resulting polygon. These calculations were per-
formed in Matlab (Matlab Release 14, MathWorks, Natick,
MA).

Until the accuracy of modeled total needle surface area (Ay)
was verified in the investigation on the three intensively stud-
ied pine species, Ay was calculated from Apy measured from
photographs. When estimating Apy from photographs, we as-
sumed that, for the pine species, needles placed on a horizontal
surface have no preferred orientation, resulting in Apy being a
measure of the cylindrical mean of the projected needle area.
Further, assuming the needles have concave cross-sections, we
obtained An/Apy = T for the pine species.

Model-based approach

Algorithm and software  'We constructed the computational
shoot model using the mathematical framework of L-systems.
L-Systems were first designed to simulate growth of simple
multicellular organisms (Lindenmayer 1968). Integration of
geometric features into models using L-systems enables the
use of computer graphics for realistic visualization of plant
structures (Prusinkiewicz and Lindenmayer 1990). The syntax
and grammar used in this study have been described by
Prusinkiewicz and Lindenmayer (1990) and were originally
coded by Lapré (http://home.wanadoo.nl/laurens.lapre/ ). With
needle and twig dimensions as inputs, the model generates a
3D representation of the shoot. The simulated object can then
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be analyzed with standard image processing tools to provide
estimates of shoot silhouette and envelope areas.

Our L-systems model was designed to account for 12 mea-
sured inputs: twig length, twig diameter, twig apex and base 0,
number of fascicles, needle width, needle length and attach-
ment angle at twig apex and base, and lateral and vertical
asymmetries. In addition, needle deflection to length ratio was
measured once for each species. These inputs were translated,
by a Matlab code, into a set of growth rules following the
L-systems syntax and fed to the L-systems program modified
from Lapré’s model. The program produced a 3D, highly de-
tailed Virtual Reality Markup Language file (VRML1.0) that
included a modeled reference sphere to scale the model shoot.
The output file was opened in Amira (Amira 3.1.1, Mercury
Computer System GmbH, Berlin, Germany) under ortho-
graphic view where a Tool Command Language (TCL) code
mimicked our modified optical approach to manipulate the 3D
rendered object. The modeled shoot positions were chosen to
match the nineteen photographs taken from each shoot, and
high-resolution (1280 x 1000 pixels) uncompressed screen-
shots were saved. The screenshots were then processed in
Matlab based on the same method described for the photo-
graphs. The stochastic components in the model (needle
length and angle) allowed reproduction of the measured distri-
butions of the geometric characteristics that were used as in-
puts for the model.

Lapré’s model can be used to simulate a wide range of
growth patterns based on simple length and angle measure-
ments of a shoot. However, the software lacked several fea-
tures that were essential to capturing shoot structure: as origi-
nally implemented, gravity produced spirally bending nee-
dles; simulation of randomly distributed parameters was pos-
sible only for angles and only through a uniform random
number generator; and changes in length according to the
L-systems syntax led to width changing accordingly. To gen-
erate better control of the physical behavior of the generated
shoots, we modified the model as follows. (1) We replaced the
gravity model with one based on beam deflection. Each needle
segment deviated slightly from the previous segment along a
vertical plane using a rotation angle. The new model ensured
that positive gravity was always simulated as a downward, ver-
tical vector. Negative gravity values were used to simulate the
growth of twigs toward the light. (2) We changed the uniform
random number generator with a Gaussian one. We adapted
the random routine to allow for normal variability in needle
length around mean values. (3) We created extra variables to
record length and width variations separately, to simulate
elements of different lengths with the same diameter.

Model structure and parameterization In our model, the
twig was described as a cylinder with needles that were either
individually positioned with or without petioles, or grouped in
fascicles of two or more. The attachment points of needles or
fascicles could be either cylindrically distributed around the
twig according to a spiral pattern, or positioned on both sides of
the twig for planar shoots. In addition, to account for the effects
of growth constraint on the display of needles attached to the

shoot, two asymmetry parameters were used in the shoot
model. The lateral asymmetry parameter described the loca-
tion of needles relative to a vertical plane through the shoot
axis. The vertical asymmetry parameter was used to model in-
clined shoots with a strong difference in needle distribution
above and below the twig. The lateral asymmetry parameter
was set to +1 or —1 if more than 2/3 of the needles were on the
right hand or left hand side of the shoot from base to apex, re-
spectively, and O otherwise. Similarly, the vertical asymmetry
parameter was set to +1 or —1 if more than 2/3 of the needles
were above or below the shoot from base to apex, respectively,
and 0 otherwise. Because of the cylindrical symmetry of the
spherical integration, the sign of the lateral asymmetry param-
eter had no effect on the RTM parameters estimated with the
model. In our model, the elasticity modulus was not calculated
but its effects were simulated through the gravity routine of the
model. We defined a species-specific bending parameter as the
mean deflection to needle length ratio. This resulted in realistic
bending of needles and twigs.

Shoots were modeled by relating twig and needle dimen-
sions (twig length, diameter and absolute inclination angle,
and needle length, width and angle) to the position along the
twig. In our three intensively studied species, the needles were
grouped in fascicles of two (P. echinata) or three (P. taeda and
P. palustris), and the fascicles were organized spirally along
the shoot. Our observations showed that needle length and
needle angle varied linearly from the base to the apex of the
shoot (data not shown). Specifically, plots of relative length
versus relative position on the twig showed that needle length:
(1) decreased linearly with distance from the base of P. echi-
nata shoots (r* = 0.45); (2) was highly variable around a mean
value for shade shoots of P. taeda; and (3) increased to a pla-
teau for P. palustris and sun shoots of P. taeda (r* = 0.78 and
0.59, respectively). For the latter shoot types though, use of a
linear approximation led to < 1.5% underestimation of Ay and
SSA.

Relative needle angle was poorly related to relative position
in all species. It decreased linearly with distance from the base
(r* ranging from 0.15 for P. taeda shade shoots to 0.36 for
P. palustris), except in the sun shoots of P. faeda in which the
angle was highly variable around a mean value (r>=7 x 107).
Thus, needle angle on the shoot was modeled as a linear inter-
polation between the means of values measured at the base and
apex of the shoots. These mean values were calculated from
eight fascicles at each location.

We modeled Ay from means of needle length and width, and
needle cross section (perimeter). Needle width was unrelated
to position along the twig, and thus, the mean value measured
in each shoot was used in the model. We did not aim to repro-
duce the actual cross-sectional shape of needles, which would
increase the number of polygons and computational time. In-
stead, we modeled the cross sections as triangles such that
modeled needles and actual needles had similar cross-sec-
tional perimeters. Thus, we approximated needle cross sec-
tions as triangles with opening angles of 164° for T. cana-
densis (flat needles), 82° for P. taeda and P. palustris, 75° for
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P. echinata and P. thumbergiana and 60° for P. strobus and P.
pungens. We modeled the tips of needles as triangles to simu-
late the taper observed on sampled shoots. We also made the
needles more realistic by adding a 9° twisting rotation from
one needle segment to the next except for P. pungens (no ob-
served rotation) and T. canadensis (4.5°). This twist was
mostly cosmetic and did not modify the simulated STAR and
c. Finally, At was calculated assuming a cylindrical shape for
the twig.

Statistical analyses

Least-square linear regressions, one-way ANOVA and r-tests
were performed in SAS (SAS Institute, Cary, NC). The differ-
ences between linear regressions were tested by the extra sum
of squares principle (Ramsey and Schifer 1997).

Results

Comparison between the standard and the proposed optical
method

We compared our approach to the standard photographic
method recently used for Pinus taeda and P. palustris
(Niinemets et al. 2006). For each species, a shoot was first pro-
cessed by our approach (Figure 1) and then by the standard ap-
proach, i.e., changing both the shoot orientation and inclina-
tion angles in front of a camera maintained at a fixed position.
For the relatively stiff shoots of P. echinata, STAR(¢,0) and
c(¢,0) obtained with the two methods were similar at all view
angles. When processing larger, more flexible shoots (P. taeda
and P. palustris), the needles and twig bent differently relative
to the camera position, particularly at low 6. Values of
STAR(9,0) and ¢(¢,0) obtained with the two methods differed
accordingly.

Cylindrical means of STAR and ¢ (Equation 3 and ¢, (9)
defined likewise) were computed from the six rotation angles
at all O for each shoot (expressed in Figure 2 as the difference
between fixed and moving camera values normalized by the
moving camera values).

STAR,,(6) = [STAR(0,6)d0 3)

The apparent similarity observed at all angles for the stiff
shoot of P. echinata led to similar STAR; and ¢y, (n = 6; mini-
mum P = 0.2). However, the bending imposed on flexible
shoots of the other two pines by the standard method caused
underestimation of the cylindrical mean by up to ~30% (P =
0.001) for STARy; and ~20% (single measurement at 6 = 0°)
for c.y. Spherical means of the parameters were weighted to-
ward larger 0. For P. palustris, the species with the most flexi-
ble shoots, the standard method resulted in a 10% (P = 0.002)
underestimation of STAR, but the canceling errors in the
spherically averaged shoot silhouette areas (SSA; -10%; P =
0.002) and envelope areas (SE_A; —13%; P <0.001) resulted in
only a small effect on the estimate of ¢ (2%; P = 0.03).

ASTAR,, (%)

Accyl (OA)

-20 T T
90 60 30

Zenith angle (°)

o ‘O./
2

Figure 2. Relative difference between values from the standard,
fixed-camera, photographical method and the values from the mobile
camera approach. (a) Cylindrically averaged shoot silhouette-to-leaf
area ratio (STAR .y). (b) Cylindrically averaged transmission coeffi-
cient (cy ). Differences between the spherically weighted means are
indicated for each species. Symbols: O = Pinus palustris; A\ =
P. taeda; and [ = P. echinata.

Model validation

For the three intensively studied species (P. echinata, P. taeda
and P. palustris), the screenshots of the virtual shoots appeared
similar to photographs of these shoots when compared at simi-
lar view angles (Figure 3). Our photography-based and mod-
eled SSA(¢,0) and SEA(0,0) matched well at all angles (not
shown). Consequently the estimates of SSA and SEA were
similar (Figures 4a and 4b). Total needle surface area, calcu-
lated from Apy obtained by the photographic method, was also
computer-generated based on needle dimensions. The simu-
lated needles projected on a horizontal surface without overlap
led to an estimate of Ay similar to that from the photographs of
needles similarly placed on a flat surface (Figure 4c). In gen-
eral, there were no statistically significant differences between
the photography-based and modeled values of SSA, SEA and
Ay for any of the species or canopy position (paired #-tests with
minimum P = 0.14). Moreover, the general relationships be-
tween modeled and optically measured quantities did not dif-
fer from the 1:1 line for any of the three variables (P > 0.05).

Because the model was able to reproduce the estimates of
SSA, SEA and Ay based on photography, the modeled and
photography-based estimates of STAR and ¢ were also similar
(Figures 5a and 5b). The sample mean of STAR and ¢ of sun
shoots of P. echinata, P. taeda and P. palustris were similar and
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significantly lower than STAR and ¢ of shade shoots of
P. taeda (Table 2). Within each species, the values of STAR
and ¢ were positively correlated, and at a given ¢, STAR was
higher in species with short needles than in species with long
needles (Figure 5c).

Within each species, SSA was strongly correlated with Ay
(Figure 6). Figure 6a shows all data from this study and also
includes additional data for Pinus sylvestris L. (Stenberg et al.
2001) and Picea abies (L.) Karst. (Palmroth et al. 2002). For
small shoots (Figure 6b), unfertilized P. abies generated less
SSA for a given Ay than P. sylvestris and fertilized P. abies.
The P. sylvestris and fertilized P. abies shoots, in turn, shared
the same relationship with the larger shoots of the three south-
ern pine species (Figure 6c¢). Differences among regression
lines were determined based on P = 0.05. Each of the relation-
ships had a small positive intercept (P < 0.05) because the pro-
jected twig area is included in SSA but not in Ay. Despite the
statistical differences shown in Figures 6a and 6b, the absolute
differences were small. Combining the entire dataset (Fig-
ure 6a) led to an overall relationship of SSA = 0.16Ayx

Modeled SSA (dm°)
Modeled SEA (dm®)

0.1

10
Measured SEA (dm®)

01 1
Measured SSA (dm®)

100

Modeled A, (dm®)

THEREZIEN, PALMROTH, BRADY AND OREN

Figure 3. Comparison between actual
shoots (upper row) and their corresponding
models for (left to right) Pinus echinata,
P. taeda and P. palustris (all reference disks
have the same diameter).

(r?=0.982 or SSA = 0.159A44""%, % = 0.980), suggesting that
STAR, uncorrected for twig area, was roughly constant.

To evaluate the ability of the model to generate shoots with
different architectural characteristics, single shoots of addi-
tional pine and other coniferous species were processed. Pinus
strobus was chosen for its flexible needles, P. thunbergiana for
its long yet stiff needles, Picea pungens for its organized struc-
ture and Tsuga canadensis for the near random organization of
its needles in a plane. In addition, we generated two cur-
rent-year shoots of P. palustris in which needles were more
clumped than in 1-year-old shoots. The shoots were visually
well reproduced by the model when compared with photo-
graphs (Figure 7). Moreover, both spherical (Figure 8) and cy-
lindrical (Figure 9) means of STAR and c retrieved from the
photographs were similar to the modeled estimates.

Discussion

We developed an architectural model for a coniferous shoot
with bending needles and shoots and modified an existing pho-

100

c Figure 4. Comparison of estimates
of (a) spherically averaged shoot
silhouette area (SSA), (b) spheri-
cally averaged shoot envelope
= area (SEA) and (c) total needle
1 area (Ayn) measured from photo-
graphs and estimated based on the
model. Symbols: O = Pinus pa-
lustris; A\ = P. taeda; ] = P. echi-
nata; and A = P. taeda shoots
from the bottom of the canopy.

0.1 += N 1
0.1 1 10 100
Measured A, (dm®)
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Figure 5. Comparison of modeled and photographically measured (a)
spherically averaged silhouette to leaf area ratio (STAR) and (b) trans-
mission coefficient (¢). Symbols: O = Pinus palustris, A = P. taeda;
[0 = P. echinata; and A = P. taeda shoots from the bottom of the can-

opy.

tography-based method to produce test data for the model. The
model produced reliable estimates of silhouette and envelope
areas at various view angles for species with shoots that range
in size and structure. The model was designed to enable spher-
ical and cylindrical averaging of important structural parame-
ters and to separate the effect of shoot orientation from that of
shoot structure on potential light interception and transmis-
sion.

Both STAR and ¢ were similar in the sun-acclimated shoots
of the three pine species studied despite large apparent differ-
ences in the structure of their shoots (Table 2). Similar to pre-
vious investigations on other conifers (Sprugel et al. 1996,
Stenberg etal. 1999, 2001, Cescatti and Zorer 2003, Niinemets
et al. 2006), our STAR value for shade shoots of Pinus taeda
was higher than for sun shoots. This increase in STAR with

10

0.1

0.01 |57

SSA (dm?)

A, (dm’)

Figure 6. Spherically averaged shoot silhouette area (SSA) as a func-
tion of total needle area (Ay) (a) for the combined data on a log-log
scale, (b) for small shoots and (c) for large shoots. Symbols: O =
Pinus palustris; A = Pinus taeda; OJ = Pinus echinata; V = Picea
abies in irrigated fertilized plots; \/ = control Picea abies; and < =
Pinus sylvestris.

shading of P. taeda shoots was accompanied by an increase in
¢, yet the relationship between the two parameters was not
generalizable, indicating that certain attributes of shoot struc-
ture affected one parameter differently from the other (Fig-
ure 5¢). Among all the sun-acclimated shoots investigated, ¢
increased with increasing flexibility of needles (Figure 8b),
which was largely correlated with needle length. However, the
observed variation in STAR was unrelated to shoot or needle
size (Figure 8a).

Certain shoot characteristics, e.g., needle area per unit of
twig length, have been shown to explain a large part of the
variation in STAR in some species (Stenberg et al. 2001).
These shoot characteristics can be used to estimate STAR val-
ues in canopy RTM of such species. We showed that a fairly
strong relationship emerged between SSA and Ax (Figure 6).
In both small and large shoots (indicated by the two ranges in
Ay in Figure 6b versus 6¢), those with lower needle density had
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Figure 8. Comparison of modeled and photographically measured (a)
spherically averaged silhouette-to-total leaf area ratio (STAR) and (b)
transmission coefficient (c¢) for one shoot of Pinus thumbergiana (1),
Pinus strobus (2), Picea pungens (3) and Tsuga canadensis (4), the
mean of two current-year shoots of Pinus palustris (®) and the means
of species and positions shown in Figures 5a and 5b.

Figure 7. Photographed shoots (top) and
their corresponding modeled shoots (bot-
tom) for (left to right) Pinus thumbergiana,
Pinus strobus, Picea pungens and Tsuga
canadensis (all reference disks have the
same diameter).

higher SSA ata given Ay. In particular, small shoots of fertil-
ized Picea abies had higher SSA than unfertilized P. abies. Al-
though species and growing conditions affected the relation-
ship between SSA and Ay, the overall relationship between
these variables provides a first, rough approximation of STAR
(~0.16) for species for which there are no data.

A better approach to estimate STAR and c is to rely on ar-
chitectural models. In combination with computer graphics
techniques such as ray-tracing methods (Ross and Marshak
1988), architectural models provide a powerful tool for study-
ing the interactions between canopy architecture and the radia-
tion regime. One such architectural model was developed by
Oker-Blom et al. (1983) for Pinus sylvestris shoots and has
been used in studies of shoot penumbral radiation (Stenberg et
al. 1995, Palmroth et al. 1999). The model has also been used
to study the effects of shade acclimation on shoot-level light
interception and photosynthesis (Stenberg et al. 2001), and the
effects of multiple scattering within shoots on canopy
reflectance (Smolander and Stenberg 2003, 2005). Our model
differed from that of Oker-Blom et al. (1983) in that it was de-
signed to handle bending structures. This allowed processing
of large shoots with long needles, such as those of many pine
species. Furthermore, interfacing the architectural model with
3D visualization software added a new dimension to the model
validation process by allowing visual inspection of the shoot
representation.

Most importantly, unlike other methods, our model offered
great flexibility in the simulation of STAR and c. For example,
silhouette-to-leaf area ratio could be defined in a number of
ways. Originally, only the maximum value of STAR
(STAR,,.x) Was estimated (Table 1). Later, STAR was intro-
duced, not correcting for the contribution of the twig to the sil-
houette area. Recently, the effect of twig area on STAR was ac-
counted for by adding it to Ax (Stenberg et al. 1999). Our
model permitted both the estimation of these three representa-
tions and an additional one by removing the twig from the sil-
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houette area of the generated shoot (Table 1). Obtaining this
new calculation of STAR through photography is time con-
suming and difficult to do with reasonable accuracy, whereas
generating it with our model required no additional computa-
tional time. Furthermore, the flexibility of the model extended
to accurate estimation of cylindrical means of STAR and ¢ for
a wide range of species (Figure 9), allowing its use for applica-
tions where zenith-specific estimates of those parameters are
needed (e.g., Mottus 2004). All variants of shoot parameters

were generated in a single model run, and processing each
shoot, including measuring the requisite attributes necessary
as model inputs (Table 2) and computing the output parame-
ters, took about 15 minutes.

The model can be used as a basic unit in canopy-level 3D
models. Increasing the realism in the description of canopy
structure by incorporating the 3D shoots leads to complex
RTMs that are impractical and unnecessary in many applica-
tions. Explicit 3D RTMs, however, are essential for assessing
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the impact of simplifications in more aggregated models. Vali-
dating canopy photosynthesis models is difficult because nei-
ther PAR on leaf surfaces nor canopy photosynthesis can be
measured directly. However, if the structure and distribution of
the canopy elements are described sufficiently well, calcula-
tions of the radiation budget and thus estimates of photosyn-
thesis are more accurate. Complex models can provide bench-
mark estimates for guiding the development of simpler aggre-
gated models.

The architectural model presented here can be improved
further. Local variations in incoming light and physical inter-
action with other shoots lead to irregularities in the shoot ar-
chitecture that are difficult to quantify. Currently, we separate
asymmetry into left-right and up-down flags that should be
easily discerned by even an untrained investigator. However, a
more refined classification would make the 3D representation
of the shoot more realistic, further improving STAR and c esti-
mates. Second, a primary motivation for developing the shoot
model was to describe the bending of needles and shoots.
Gravity is currently simulated as a rotation from one segment
to the next depending on the local orientation and on a measure
of needle deflection to needle length ratio (referred to as bend-
ing parameter). This approximation led to deflections visually
close to predictions based on solid mechanics equations. The
bending parameter was evaluated for each species and mimics
Young’s elasticity modulus (stiffness E, or rate of change of
stress with strain). A more mechanistically accurate descrip-
tion would require a more detailed physical description of nee-
dles. This, together with honing the asymmetry routine, should
streamline the model application across species. It might also
reduce the number of input variables required and simplify the
model interface.
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