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Abstract A model simulating the three-dimensional
crown architecture of a plant was developed with the ob-
jective of assessing the light capture and whole-plant
carbon gain consequences of leaf display in understory
plants. This model uses geometrical measurements taken
in the field to reconstruct the projected image of a plant
so that light absorption from any direction can be as-
sessed. The photon flux density (PFD) from a given di-
rection was estimated from the canopy openness derived
from hemispherical canopy photographs and equations
simulating the daily course of direct and diffuse PFD.
For diffuse PFD, the directional fluxes and absorbed
PFD were integrated over 160 different directions repre-
senting 8 azimuth classes and 20 elevation angle classes.
Direct PFD absorption was determined for the time that
a solar track on a given day intersected a canopy gap.
Assimilation rate was simulated for the sunlit and shaded
parts of leaves separately and then summed to give the
whole-plant carbon gain. Comparisons of simulations for
a tropical forest edge species, Clidemia octona, and an
understory species, Conostegia cinnamomea, illustrate
the operation of the model and show that the edge spe-
cies is more efficient at capturing side light while the un-
derstory species is slightly more efficient at capturing
light from directly above, the predominant light direction
in this environment. Self-shading within Conostegia
crown and steep leaf angles in the Clidemia crown re-
duced light capture efficiencies for light from directly
above. Whole-plant daily carbon gain was much higher
in the forest edge site, mostly because of the additional
PFD available in this site. However, simulations for both
species in the understory light environment show that the
higher light capture efficiencies of the understory species
in this environment conferred a 27% advantage in carbon
gain in this environment.
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Introduction

The arrangement of leaves within the crown of a plant
influences many aspects of whole-plant function includ-
ing photosynthesis, transpiration and energy balance. In
shaded environments the optimal form is assumed to be
an arrangement which minimizes leaf overlap and in
which the leaf surfaces are perpendicular to the light
source. In high light environments, increased leaf angles,
especially near the crown periphery, and multilayer
crowns are assumed to provide an advantage by distrib-
uting the available photon flux density (PFD) at optimal
levels over all leaves. Real plants in sun and shade envi-
ronments may deviate considerably from these patterns
because of various constraints on crown form, including
for example the biomechanical cost of support (Chazdon
1986; Givnish 1986) and the interactions between
branches resulting from the modular nature of plants.
Moreover, real plants are a product of their past environ-
ment, which may leave them developmentally con-
strained with respect to optimal crown form for the cur-
rent environment if it has changed significantly.

The understanding of the role of crown architectural
characteristics in light capture has relied extensively on
both qualitative and quantitative models. Models of ho-
mogeneous continuous canopies of forests or crops have
been used to provide insight into the role of specific
characteristics such as leaf angle and leaf area index or
the vertical distribution of leaf characteristics such as
leaf mass per unit area or leaf N (Monsi et al. 1973; Gut-
schick and Weigel 1988). For individual plants such as
trees, qualitative models of branching have been used to
describe the development of form (Halle et al. 1978) but
these have had limited ecological applicability in under-
standing how specific architectures influence resource
capture. Two-dimensional models have been used to ex-
plore how branch angle and branch length influence leaf
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overlap and hence the efficiency of light capture (Fisher
and Honda 1977a, b; Honda and Fisher 1978; Fisher
1986). Similarly, the projected area of understory palm
canopies has been used to assess the efficiency of whole-
plant light interception (Chazdon 1985). These ap-
proaches are limited in that they consider the intercep-
tion of light from only a single direction, whereas, in re-
ality, diffuse PFD comes from many directions and the
direction of the solar beam changes during the day. Re-
cently, three-dimensional models have been used to as-
sess light interception by individual plants or shoots.
These models have generally been focused on either rel-
atively simple shoot structures representing specific
phyllotactic patterns (Niklas 1988), or are species-specif-
ic (Dickmann et al. 1990), or have considered the crown
as a series of layers, shells or cells with particular foliage
characteristics in each (Myneni and Impens 1985; Wang
and Jarvis 1990; Whitehead et al. 1990; Ryel et al.
1993). Myneni (1991) has used fractal models of trees to
simulate leaf area distributions for modelling radiative
transfer and photosynthesis in a forest canopy.

In this paper we present a three-dimensional crown
architecture model, suitable for assessing the light cap-
ture and photosynthesis of small plants under specific
canopy conditions. The model, which we have named
YPLANT, reconstructs a plant in three-dimensional
space from geometric measurements recorded for each
element (stem segment, branch segment, leaf) in the
crown of a plant in order to assess the consequences of
crown architecture on light capture. Since the total light
capture depends on allocation of biomass to leaf area
(the leaf area ratio) and the efficiency with which this
leaf area is displayed, we developed a complementary al-
lometric approach to estimate biomass and allocation pa-
rameters from the same data set. A simple photosynthe-
sis submodel allows computation of whole-plant carbon
gain. For understory plants, hemispherical canopy photo-
graphs analyzed with the program CANOPY (Rich
1990) are used to determine the directional components
of both diffuse and direct solar radiation so that the spe-
cific relationship between crown architecture and the
light environment can be simulated. We describe the
structure of YPLANT and then present an example of its
utility in assessing light capture by individual plants.

Material and methods

The model

YPLANT was written in Borland Pascal and runs on an IBM-
compatable PC computer with at least an 80386 processor and
preferably a color monitor. The program is available for use by
others and can be obtained upon request from the authors. It
makes extensive use of graphical images for both visualization of
crown morphology and analysis of the consequences of this mor-
phology. Input for the model is from geometric measurements
made on plants in the field, physiological measurements of leaf
gas exchange properties, and from data derived from canopy gap
distributions recorded by hemispherical canopy photographs. The
latter was obtained using an image analysis program (CANOPY)

specifically developed for this purpose. Below we briefly describe
the structure of the model and the input parameters required for its
operation.

Simulation of the three-dimensional crown architecture

The computer reconstruction of crown architecture was based on
the “node” as the fundamental unit with a plant consisting of a se-
ries of articulated nodes, each connected and supported by a
“stem” segment. We use the term stem segment here to refer to ei-
ther a length of stem or a branch originating at a node and extend-
ing to the next node. We chose the simplest case of each node po-
tentially having a stem, a branch and a leaf connected to the node
by a petiole, although at any given node any or all of these compo-
nents could be missing. More complex architectures such as oppo-
site or whorled leaves can be simulated by assuming multiple
nodes with a vanishingly small (0.1 mm) stem length between
them. Thus, in effect, for opposite leaves, two nodes, each with a
leaf, were simulated at essentially the same point in space. Obvi-
ously, no necessary correspondence existed between true nodes
and model nodes. If true nodes along a straight stem segment
lacked leaves or branches, they added no particular information to
the model and therefore were not recorded. Assignment of a par-
ticular stem segment as being either a “branch” or a “stem” from
the node was arbitrary and not based on any developmental princi-
ples. Its primary function was to determine the path between two
connected nodes. For each node, the node of origin (the “mother”
node) and whether it is connected via the stem or branch to that
mother node was recorded.

Each stem segment was described by its length, 1, diameter, d,
and elevation angle, o, measured from the horizontal, and azi-
muth, B, measured in the proximal to distal direction (Fig. 1). In-
ternodes were assumed to be cylinders of uniform diameter given
by d, surrounding the central axis connecting the proximal and

Fig. 1 Diagram showing angles (o), azimuths (B) specifying the"
architecture of a plant at a node. L is the vector normal to the leaf
surface while the line A-B is the steepest surface on the leaf. The

angle and azimuth defining the stem position and the relevant

lengths and diameters that are also required by YPLANT are omit-

ted for clarity. See the text for details
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distal nodes. The same measurement system was applied to peti-
oles where the distal end was the petiole attachment point of the
leaf.

Leaf geometry, independent of leaf size, was simulated from
its surface orientation, and a set of coordinates describing the
shape of the leaf (see Appendix 1). All leaves were treated for
simplicity as planar surfaces, i.e. with no curvature. Coordinates
for the leaf edge were determined by tracing the leaf onto graph
paper and assigning the coordinates x = 0, y = 0 to the petiole at-
tachment point and the y axis to the longitudinal axis of the leaf.
Up to 40 points were used to describe the shape, though most
leaves could be adequately described by <25 points. These relative
coordinates were then scaled to absolute coordinates based on the
measured leaf length to give the correct leaf size. Thus, different-
sized leaves of the same general shape could be accommodated
with only one set of leaf-edge coordinates. Leaves of different
shapes were accommodated by allowing for up to 20 different leaf
types in the simulation, with each type having its own set of leaf-
edge coordinates. The angle (a;) and azimuth (B,) of the leaf sur-
face was taken as the angle to the horizontal of the steepest slope
of the surface and the azimuth of the normal to this surface, re-
spectively. The azimuth of the leaf longitudinal axis (B,), which
usually corresponded to the midrib azimuth, was also recorded, as
it was a necessary parameter for proper orientation of the leaf in
three-dimensional space.

Estimation of the absorption cross section of a crown

We define the absorption cross section of a crown as the displayed
area times the absorptance. To estimate the absorption cross sec-
tion, a projected image of the crown in a plane perpendicular to
the beam must be derived. For this purpose, two coordinate sys-
tems were used to simulate the geometric projection of the plant in
three-dimensional space. The first, the “Earth” coordinate system,
is given by the e, n and z-axis system corresponding to East,
North, and the zenith directions, respectively. Plant measurements,
the canopy photograph and the geometric description of the solar
track all utilized this coordinate system. Vectors to each node were
calculated, based on the vector to the mother node and the vector
of the stem segment (see Appendix 1). Vectors to the petiole at-
tachment point of the leaf were determined in a similar manner.
Vectors were then calculated to the leaf-edge coordinates so that
the leaves were arrayed in their proper orientations.

A second coordinate system was then used to project the image
onto the plane. This “viewpoint” coordinate system was given by a
x, y and v axis with the v axis always being normal to the monitor
screen. Within the Earth coordinate system, the v axis was always
antiparallel to the light vector and the x axis was always parallel to
the Earth’s surface and pointed to the right. Therefore, the image
consisted of a parallel projection of the crown as if it were being
viewed from the vector of an incident light beam. The method of
conversion from earth to viewpoint coordinates is given in Appen-
dix 2. The apparent area of leaves visible in this direction is that
modified by the cosine of the angle of incidence on the surface
and by leaf overlap causing self-shading. The absorption cross
section for each leaf on the plant in the x-y plane was determined
by sampling a grid to determine the number of gridpoints falling
inside the boundaries of a leaf using a ray-tracing procedure. The
grid size was varied, depending on the particular plant geometry,
to achieve a compromise between maximizing sampling accuracy
and reasonable speed. If a gridpoint fell within the boundaries of
two or more leaves then the relative positions of these leaves on
the v-axis was calculated so that which leaves were shaded by the
other or others could be determined. Gridpoint summations were
made separately for the shaded and unshaded parts of a leaf, and
for the shaded parts, the number of gridpoints in areas shaded by
I,2...n leaves. The fractions of the leaf that were unshaded (fj;q)
and shaded (fy) with respect to PFD incident from a vector, V, or
shaded by 1,2...n leaves were then determined as

Jusu = Gusu/GroraL
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and
fsu=1-Gysy

where Gygyand Ggy are the number of gridpoints within the un-
shaded and shaded parts of the leaf, respectively. The absorbed
photon power in umol photons s-! per gridpoint incident on a leaf
n at gridpoint g (P, ) was given by:

P,,=a,lp,d? (@)
where a,, is the absorptance of leaf n, Ip, is the PFD at the leaf sur-
face but perpendicular to the beam, which was normalized to a
value of 1 for unshaded gridpoints, and d is distance between grid-
points. For shaded gridpoints, /p, was the normalized PFD trans-
mitted through the shading leaves as given by:

8

Ipn = Ipre1y(1 =81y T (re1)) @
where n refers to the successive leaves along the vector and a and
r are the respective leaf absorptance and reflectance. Thus the sec-
ond term on the right side of Eq. (2) reduces I, on leaf n to the
amount transmitted through leaf n + 1. Gridpoints shaded by stems
or petioles were assumed to receive no PFD from that vector. The
normalized absorbed PFD for leaf n were given by:

g
_ .Zie"g
T L

n

1

(3)

where L, is the leaf area. YPLANT calculated a relative area for a
leaf shape as a fraction of a square with sides equal to the leaf
length. Therefore the area of a leaf of length / could be calculated
as this fraction times /2. In the case of direct PFD, P, for the
shaded and unshaded fractions of the leaf were summed separately
and L in Eq. 3 was the respective shaded or unshaded leaf area.
This procedure allowed for calculation of the assimilation rate of
the shaded and unshaded portions separately.

Determination of absorbed PFD

Diffuse PFD. To estimate the actual PFD arriving at the plant from
a particular sky sector, we first simulated the PFD on a plane nor-
mal to the solar beam above the overstory canopy (Fp) as a func-
tion of the maximum value above the atmosphere and an atmo-
spheric transmission coefficient that varied with the pathlength
through the atmosphere as:

1
Fp = Fyt3n® @
where F), is the maximum PFD on a normal plane outside of the
atmosphere (the solar constant for PFD), t, is the atmospheric
transmission coefficient, and «, is the solar elevation angle
(Campbell 1977). We set T, equal to 0.84 to simulate a clear day
(Campbell 1977). We set the normalized diffuse PFD (Ipg) above
the overstory canopy to be 0.1 of the normalized direct PFD
(Ipr), which is a reasonable approximation for measured values
under clear skies. We considered the sky to be divided into 160
different sectors defined by 20 elevation angle () classes and 8
azimuth (B) classes, which were the same as those used in CAN-
OPY (Rich 1990). To arrive at the necessary PFD flux from each
sector to give 0.1 of the direct PFD, it was necessary to invert the
functional relationship between the normalized PFD on a hori-
zontal surface and the normalized PFD from any sky sector (/;)
such that

160

lei =0.11pr 5)

Where [; is the normalized PFD contributed from the ith sector.
The area of any sector of the sky (Q,) is given by
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By,
Q.= g'afﬂ sinadodB = r2(B, — B, (cosa, — cosai,) (6)

[l

Since 3, -, =%, then

Q, =7UTz(c0s0tI —cosay,) (7

Inversion of the diffuse PFD on a horizontal surface to the PFD
from a sky sector is based on the relationship that if the photon
flux from every part of the sky is equal to K, then the normalized
PFD from a particular sky sector is:

=K
I, = Q (8)
If a horizontal surface of unit area receives a normalized diffuse
PFD equal to I, then

cos(Q;)
0,

where @; is the elevation angle to the centroid of the sector. It fol-
lows that

160 N K -
Ipip = 21 - cos(@;) = Z5~-cos (@) = KX, 9

K=—tor__ (10)
cos(a;)
Yo
and
I =————ID'_F (11)
cos(Q;)
oo e
Setting the denominator in Eq. 11 equal to Sig gives
I,
| =ZDIF 12
s SFS ( )

The output from CANOPY contains indirect site factors (ISF)
for each sector. ISF is defined as the fractional canopy openness in
a sector times the relative contribution of that sector to the total
hemispherical ISF. Since we assumed a uniform sky brightness
distribution (UOC), the fractional canopy openness (0,) was given
by ISF - 160. The incident diffuse PFD (/p¢,) from any sector, s,
reaching the plant crown was then calculated from the fraction of
open sky (og ) in sector s as:

O.I[U_Y(I—TC)+ T(~]
Ipip.s =

(13)

SFS

where T is an overstory canopy transmission coefficient. This
equation accounted for attenuation of I, along the vector V by
the overstory canopy as a function of its openness and canopy
transmission coefficient. The T is the fractional transmission of
the “closed” part of the canopy where the gaps between leaves
were too small to be registered on the photographic image, and
where transmission through leaves and reflected PFD still contrib-
uted to the diffuse PFD from the sector. In practice, we set T to
give about 5 pmol photons m-2 s-! at midday for a completely
“closed” canopy (T = 0.04). The UOC has been shown to slightly
underestimate diffuse radiation in the understory as compared to
other theoretical distributions when applied to canopy photographs
(Hutchison et al. 1980). This underestimation is offset by T,
which increases the predicted diffuse PFD.

The PFD absorbed by leaf n from sector s was then calculated
as
Foips = Inies - Fp (14)
Since Ip;;, depended on the architecture of the overstory canopy
and the plant, but not the time of the day, it was possible to consid-
erably speed the computations by calculating values of Iyg, only
once and storing them in an array. Then Eqgs. 4 and 14 could be ap-

plied using these stored values. The absorbed diffuse PFD by leaf
n was then calculated as:

160
%FDIF.A\'

Fppp =+ 160

(15)

Computation of the absorbed PFD were made at defined inter-
vals during the day to take into account the diurnal variation in Fp
and whenever there was also computation of direct PFD contribut-
ed by a sunfleck (see below). The sampling interval is set as an
operational parameter in YPLANT but has a default value of
30 min.

Direct PFD. The absorption of direct beam PFD occurs when a
gap in the canopy as recorded on the canopy photograph coincides
with the solar track for a specific day. CANOPY determines the
time along a specific solar track when a gap is intercepted, provid-
ing for each gap the start and stop time for the direct PFD (sun-
fleck or gap). Specific solar tracks are calculated from the date and
latitude. We also made a provision in YPLANT for reading in a re-
duction factor, &, that could range from O to 1 and that reduced the
predicted direct PFD in sunflecks to values more similar to those
observed in the field as influenced by penumbral effects, etc. The
model was run for a specific day and when the solar track inter-
cepted a gap as indicated by the start and stop times, the model
calculations were done for both diffuse PFD and for direct PFD
for the vector defined by the solar azimuth and angle. For direct
PFED periods shorter than the minimum sampling interval, the cal-
culations were done at the midpoint of the interval and applied to
the whole interval. For longer intervals, during which changes in
solar coordinates would be important, the calculations were done 2
or more times, with each being applied for the respective part of
the total direct light period.

The absorption of direct PFD was calculated in a manner anal-
ogous to that utilized for diffuse PFD absorption. The direct beam
PFD was calculated from Eq. 4, while Eq. 2 was also applied to
calculate the PFD on the shaded leaf parts. We applied Eq. 3 sepa-
rately for the shaded and unshaded fractions by summing P, sepa-
rately for each fraction using the respective leaf area for the shad-
ed and unshaded fraction. The absorbed sunfleck PFD at time ¢t
(Fpr,) was then calculated as:
Foigs = Iow k- Fp, (16)
Where F, is the normal direct beam PFD at time 1.

As an alternative to deriving sunfleck records from fisheye
photographs, we also developed a procedure for deriving the start
and stop times for sunflecks and k from direct measurements of
PFD over the plant. The PFD was measured with GaAsP photo-
cells (Hanamatsu, model G1118) and recorded at i-s intervals
with a portable datalogger (Campbell Scientific, model CR21X).
A program, HISTO, was then used to determine the occurrence of
a sunfleck in the record based on the time that the PFD exceeded a
threshold value. HISTO recorded the start time, sunfleck duration,
and the integrated total and maximum PFD of the sunfleck. To
simplify the record, sunflecks occurring within 15 min were
merged into one, and the duration calculated to give the same inte-
grated PFD as the total for all merged sunflecks when k = 0.6.
This value of k was used since sunflecks, or, in particular, clusters
of sunflecks, often exhibited a more or less distinct rise and fall
analogous to one-half of a sine wave. A value of 0.6 therefore
gave a reasonable estimate of the mean maximum PFD in the clus-
ter. Sunfleck records created in this way were appended to the
CANOPY output file so they could be processed by YPLANT.

Efficiency of light capture
YPLANT calculated the efficiency of light capture (E,) as the ra-

tio of the mean PFD absorbed by the crown to the PFD incident on
a horizontal surface. A horizontal surface served as the standard
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since this is the plane in which PFD measurements are usually tak-
en. The E, calculated in this way takes into account the effects of
leaf angle and leaf overlap on light interception as well as the ef-
fects of leaf absorptance, transmittance and recapture by lower
leaves. Since both the absorbed and incident PFDs are derived
from the canopy photograph analysis, E, is not influenced by in-
accuracies in predicting the actual PFD level. In previous crown
architecture studies, light interception efficiencies (E;) rather than
absorption efficiencies have typically been determined. If leaf abs-
orptance is set to 1, then E, = E;. YPLANT also calculates and
stores in a file the projected leaf area (Lp) and displayed leaf area
(Lp) for each sky sector in the diffuse light determinations and for
each sample time along the solar track. L, is the effective area of
all leaves in the viewpoint plane without leaf overlap whereas L,
includes the effects of leaf overlap (self shading). Projection (Ep)
and display (Ep) efficiencies, which provide a quantitative indica-
tion of the roles of leaf orientation and self shading in light cap-
ture efficiency of a crown, were calculated as Ep = Lp / Ly and
ED = L,/ Ly where Ly is the total leaf area.

If the biomass (M) of the plant is known (see methods) then a
light absorption efficiency per unit of biomass can be calculated
from the output of YPLANT in a manner analogous to that for E,.
If Fyis the PFD absorbed by the plant, then the PFD captured per
unit of biomass (F,) is obtained as

Fy =t an

and has the units pmol photons g-! s-1. It therefore follows that the
ratio of F), to the incident PFD on a horizontal surface has the
units of mﬂg g-!. We term this ratio the effective leaf area ratio,
(LARg) since it has the same units as LAR but quantifies how the
efficiency of this LAR is reduced by architectural constraints with-
in the crown. LAR; can also be calculated from E, and the LAR
determined from M and the total leaf area as LARg = E, - LAR.
The effective leaf area ratio gives a quantitative measure of the ef-
fect of crown architecture on the efficiency of deployment of bio-
mass in leaves for light capture. It therefore has an advantage over
leaf-area based measures such E, in that it includes the effects of
both biomass allocation and of the architectural display of the
leaves on whole-plant light capture.

Simulation of assimilation rate

The assimilation rate of each leaf type was modeled using the rect-
angular hyperbolic response to PFD:

Ay (D=
(9al +(Auax + R) =~ (al + Ayax + R ~ 46al(Auax +R)
b1
(18)

where Ay is the net photosynthetic rate at the absorbed PFD, F
where F = Fpg+Fpp, Apmax 1S the light-saturated net photosynthet-
ic rate, R is the respiration rate in the dark, ¢ is the quantum yield
for CO, assimilation, and 8 is the convexity of the curve, which
ranges from O to 1 for gradual to abrupt transitions from light limi-
tation to saturation (Thornley 1976). The appropriate parameter
values were determined from measured light-response curves by a
least-squares fit to the model using the non-linear regression rou-
tines in SigmaPlot (Jandel Scientific). YPLANT calculated A, for
the shaded and unshaded portions of the leaf separately.

Operation of the model

The architectural data for a given plant were stored in a “plant”
file following a defined format. These files were created with a
spreadsheet and contained all the plant-specific information re-
quired to define the position of the stems and leaves in space, the
appropriate leaf type at each node, and the absolute size (length)
of the leaf. A second file (the “leaf” file) was also created with a
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spreadsheet and contained the leaf edge coordinates, Ayax, R, ¢,
0, a and T for each leaf type. A canopy file, if one had been creat-
ed, contained the output from CANOPY, including the diffuse site
factors and the times of direct PFD during the day. The model was
run by first specifying leaf and plant files and, if desired, a canopy
file. If no canopy file was specified, the calculations could be per-
formed for a completely open sky, in which case a default canopy
file containing diffuse site factors for an open sky was used. The
normalized diffuse PFD absorption was then determined and
stored in an array. The date and latitude were then specified so that
calculations for the direct PFD for a specific solar track could then
be made. Individual leaves could also be selected for output of
leaf-specific light absorption and assimilation rates, which were
useful in analyzing effects of position within the canopy, or the
consequences of different physiological parameters. In addition,
the L, and L, for each selected leaf was output. Up to 20 leaves in
a given simulation could be selected for this leaf-by-leaf analysis.

The simulation was then run, during which the plant was dis-
played in the viewplane at each point where a calculation of direct
PFD absorption was made. The output from the model at each
sample time consisted of:

1. The simulated PFDs on horizontal surfaces above and below the
overstory canopy as recorded by the canopy photograph.

2. The mean direct, diffuse and total PFD absorbed by the plant.
The direct PFD was also reported as the amounts absorbed by the
sunlit and by the self-shaded fractions of the crown.

3. The efficiency of light absorption (E,).

4. The mean assimilation rate for the sunlit and self-shaded frac-
tions of the crown and the overall mean rate.

5 The apparent photon efficiencies for CO, assimilation calculated
on an incident (horizontal surface) and an absorbed light basis.

6. The daily totals of absorbed PFD and assimilation.

Output for the diffuse light simulation consisted of:

1. The Lp and Ly of the whole plant for each sky sector.
2. The Lp and L;, of the selected leaves for each sky sector.

In addition, for each selected leaf and each time during the day the
output consisted of:

1. The Lp and Ly, for the vector defined by the azimuth and eleva-
tion angle of the sun.

2. The absorbed PFD.

3. The assimilation rate.

The outputs were saved in files which could be read into a spread-
sheet program for further analysis.

Methods

Measurements were made on two shrubs from the family Mel-
lestomataceae occurring at the Smithsonian Tropical Research In-
stitute Barro Colorado Island Field Station in March 1995. Cono-
stegia cinnamomea is typically 1-2 m tall and is common in the
forest understory. Clidemia octona is a 2- to 3-m-tall-shrub found
at the forest edge. The Conostegia individual selected for mea-
surement was located adjacent to T. Barbour trail about 200 m
from the laboratory clearing while the Clidemia individual mea-
sured was at the edge of the laboratory clearing. Leaf angles were
measured with a protractor mounted on a plastic bar with a bubble
level attached. The edge of the protractor was adjusted to be paral-
lel to the steepest leaf surface when the bar was held horizontal. A
compass mounted on the bar allowed the leaf azimuth to be read in
the same operation. Leaf orientation was measured by aligning the
bar with the longitudinal axis of the leaf and reading the compass
direction. Angles and azimuths of stem segments and petioles
were measured in a manner analogous to those for leaves. Lengths
and diameters were measured with a ruler and calipers, respective-
ly. An outline of a representative leaf was traced onto graph paper
to determine the coordinates for the leaf shape.

To determine the biomass of each plant, we harvested branches
and leaves of nearby individuals and then constructed allometric
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relationships between stem diameter and dry mass and petiole di-
ameter and dry mass. Dry masses were determined after oven dry-
ing at 60°C for 36 h. Measurements of leaf area with a leaf area
meter (LI-COR, model 3100) and leaf dry mass were used to de-
termine leaf mass per unit area (LMA). These relationships were
then applied to the stem and petiole length and diameter data in
the YPLANT file to calculate masses. Total leaf mass was deter-
mined from the area given by YPLANT and the LMA.

Hemispherical (fisheye) canopy photographs were taken at the
top of the crown of each plant using an 8 mm Nikkor fisheye lens
mounted on a Nikon camera. The internal red filter in this lens was
used to increase contrast. Kodak Tri-X film was used. Photographs
were taken on clear days just before sunset afternoon when reflec-
tions of direct light from leaves was not a problem. The resulting
images were analyzed using a Nikon 55 mm micro lens mounted
on Cohu model 4815 video camera attached to a Data Translation
Model 2853 frame grabber board in a 386 PC computer. The pro-
gram CANOPY (Rich 1990) was used to determine the distribu-
tion of gaps for both diffuse and direct light penetration to the tar-
get plant as discussed above.

The daily course of incident PFD was measured with Hana-
matsu model G1118 GaAsP photocells connected to a Campbell
Scientific model CR21X datalogger. For each shrub, a total of 6
sensors supported by wooden dowels at the top of the crown were
used, with logging of the PFDs occurring at 1-s intervals.

The light dependence of assimilation rate was determined in
situ on leaves with a portable photosynthesis apparatus (PP sys-
tems model CIRAS-1) with the attached illumination unit for the
chamber. Leaves were first induced at 600 (Conostegia) or 1700
(Clidemia) pmol photons m-2 s-! and then the light dependence of
assimilation was determined by reducing the PFD in steps with
neutral density filters. Dark respiration was measured 20 min after
darkening the chamber with a black cloth. Photosynthesis rates
were determined at ambient temperatures (27-29°C) and CO, par-
tial pressures of 380—400 pbar.

Leaf reflectance and transmittance (T) for PFD for each leaf
type were measured in an integrating sphere attached to a spectral
radiometer (LI-COR model LI-1800). Absorptance was calculated
as 1-r-T.

Results

Computer images generated by YPLANT accurately dis-
played the arrangement of leaves and stems and the re-
sulting self-shading from any direction (Fig. 2). The
view produced by YPLANT is slightly different than that
obtained with a camera or with the human eye since it
consisted of a parallel projection onto a two-dimensional
surface, the monitor screen. The crown of the Clidemia
octona individual studied mostly consisted of a mono-
layer with the leaves inclined at 46°+13° (mean = SD).
In contrast, the individual of Conostegia cinnamomea,
although much smaller in stature and total leaf area, ex-
hibited more of a multilayer crown with the leaves held
close to horizontal (leaf angle =13°+10°).

The efficiencies of light capture for diffuse PFD for
the two species in their respective light environments dif-
fered slightly with values of E, being 48% and 54% for
Clidemia and Conostegia, respectively. Comparison of
Ep and E), at different elevation angles reveals how leaf
angle and self-shading interact in determining the effi-
ciency of a particular crown architecture (Fig. 3). For
Clidemia, Ep increased only slightly with elevation angle
and E;, was only about 10% lower than Ep, indicating
relatively little leaf overlap at any elevation angle. The

0.5M

Clidemia octona

025 M

Conostegia cinnamomea

Fig. 2 Images captured from the screen of reconstructed Cono-
stegia cinnamomea (top) and Clidemia octona plants (bottom). Im-
ages for the solar vectors at 0615 hours and 1215 hours on 9
March are shown on the left and right sides, respectively. The
darkly shaded areas correspond to areas of leaf overlap and hence
self-shading in the model

Clidemia octona Conostegia cinamomea

1.0

Efficiency (relative)

0.0 I | \ | | | | |

Elevation angle (degrees)

Fig. 3 The dependence of projection efficiency (Ep) and display
efficiency (E,) as a function of elevation angle for the Clidemia
octona (left side) and Conostegia cinnamomea (right side) plants.
Each point is the mean value for all azimuths at that elevation an-
gle

major factors determining the E, for this species were
leaf angles, which influence Ejp. Self-shading, which is
quantified by the difference between Ep and Ej,, had rel-
atively little additional effect on E,. For Conostegia, Ep
and E, depended strongly on elevation angle because of
the nearly horizontal leaves in this species. Since the
gaps in the overstory canopy were primarily at high ele-
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Table 1 List of symbols, units

and definitions for the variables Symbol  Units Definition
used in YPLANT. Variables - -
without units are dimensionless & degrees Elevation angle measured from the horizontal?
o degrees Elevation angle to the centroid of a sky sector
Ay umol CO, m-2 5! Net photosynthetic rate
Amax pmol CO, m2 5! Light-saturated photosynthetic rate
a Leaf absorptance
B degrees Azimuth?
d mm Diameter?
E, PFD absorption efficiency
E, Display efficiency
Ep Projection efficiency
For umol photons m=2 s-! Absorbed diffuse PFD
For pumol photons m-2 s-! Absorbed direct (sunfleck) PFD
Fp umol photons m=2 s~ PFD on a plane normal to the solar beam above the overstory
Fy pnmol photons m=2 s-! Solar constant in PFD units
fsu Fraction of leaf that is shaded
fusu Fraction of the leaf that is unshaded
SH Number of gridpoints within shaded fraction of the leaf
Gush Number of gridpoints within unshaded fraction of leaf
Ip pmol photons m=2 s-1 Normalized PFD at leaf surface measured normal to the beam
I Normalized above-canopy diffuse PFD
Ipr Normalized above-canopy direct PFD
k Factor reducing sunfleck PFD
L m? Leaf area
Lp m? Projected leaf area
L, m?2 Displayed leaf area
LAR m?2 g-! Leaf area ratio
LARg m?2 g-! Effective leaf area ratio
l mm Length?
M g Biomass
P pnmol photons s-! Absorbed photon flux per gridpoint
R umol CO, m2s-! Dark respiration rate
r Leaf reflectance
[0} mol CO, mol-! photons  Quantum yield for CO, uptake
. 0 Convexity of light response curve
® Subscripts B, L, M, P, S, ST T, Atmospthic trzg;nsmisgion coefficient
refer to branch, leaf, midrib, T Leaf transmittance
petiole, solar and stem, respec- T Canopy transmission coefficient

tively

vation angles (<45°), the reduced E;, at these angles was
the primary determinant of E, in this species. Self-shad-
ing was therefore quantitatively more important in Cono-
stegia than in Clidemia.

Estimates of dry mass showed that the Clidemia plant
had higher allocation to stems and lower allocation to
leaves than the Conostegia plant (Table 2). Shoot LAR
was 2.5 times greater for the Conostegia plant than for
the Clidemia plant. The LARg was 2.4-fold higher for the
Conostegia than the Clidemia plant, largely because of
the greater investment in stem biomass in the latter spe-
cies. Since E, for the two crowns differed by only about
5% in this instance, the much larger differences in LARg
were primarily due to the differences in shoot LAR.

Since the functional consequence of crown light cap-
ture is whole-plant carbon gain, we included a simple
light response curve equation model for simulating pho-
tosynthesis. This calculation depends on the simulation
of the directional PFD to provide the input so that the
leaf by leaf assimilation can be determined. YPLANT
was able to simulate diffuse PFD levels on the horizontal
plane with an accuracy that depended on the thresholds
set for distinguishing gaps in CANOPY and the value of
T The measured midday diffuse PFD ranged from 50 to

70 pmol photons m=2 s-! for the Clidemia site while with
a Tg of 0.04, the simulated midday PFD was 90 pumol
photons m-2 s-1. For the Conostegia site, the measured
midday diffuse PFD ranged ranged from 8-12 umol pho-
tons m~2 s-! while the predict midday PFD with the same
T was 8.3 umol photons m-2 s~!. Excellent agreement
between simulated and measured values of diffuse PFD
could be obtained either by adjusting the threshold with-
in CANOPY or the T within YPLANT.

Simulation of direct PFD from the canopy photo-
graphs alone was less satisfactory, primarily because
penumbral effects are not taken into account in the pho-
tographic analysis. In addition, there was an approximate
but not complete match between the occurrence of a spe-
cific sunfleck in the measured records and in the record
derived from the solar track on the photo. The simula-
tions for the Clidemia site gave reasonable agreement
with the measured values but the contribution of sun-
flecks was greatly overestimated for the Conostegia site.
Sunflecks at this site typically ranged from 100 to
500 umol photons m-2 s-! because of penumbral effects
whereas the sunflecks simulated from the solar track
reached full direct-beam PFD (1200-1800 pwmol photons
m-2 s~') during midday. Changing k from 1 to 0.2 so that
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Table 2 Biomass allocation,
leaf photosynthetic parameters,

Clidemia octona Conostegia cinnamomea

and simulated daily light cap-
ture and assimilation for Clide-
mia octona and Conostegia
cinnamomea plants

Measurements
Shoot mass, g
Total leaf area, m?

Biomass allocation
% leaves
% petioles
% stems

Leaf area ratio (shoot only), m2 g-!

Apmax (umol CO, m2 571

Respiration rate (umol CO, m-2 s-1)
Quantum yield (mol CO, m-! photons)

Leaf absorptance

Simulations
Incident PFD, mol m-2 day-!

Absorbed PFD, mol m-2 day-!
total
direct

E,, mol absorbed mol-! incident

(diffuse PFD)
2 Mean plus standard deviation L ARg, m? g-!
for measurements on three

leaves

b in direct PFD
Mean for measurements on in diffuse PFD
two leaves

Daily assimilation, mmol m-2 day-!

168.0 9.92
0.83 0.13
21.6 50.3
22 2.7
76.2 46.9
0.0049 0.0127
8.3+0.24 6.2+0.012
0.7+0.012 0.12b
0.045+0.003 0.0552>
0.85% 0.85b
18.83 0.44
9.16 0.23
7.89 0.09
0.48 0.54
0.0024 0.0069
108.3 6.6
56.0 2.8
523 37

the maximum PFD of the simulated sunflecks was 20%
of the direct beam PFD gave good agreement with the
measured daily totals with the measured values. As an
alternative, we used the sunfleck PFD measurements re-
corded above each plant to create records of the times of
occurrence, the durations and the k values required to
give the same integrated PFD in the simulated sunflecks.
When this was done for Conostegia, YPLANT yielded
an estimate of 0.44 mol photons m-2 day-! with 39%
contributed by direct PFD, which was only slightly
greater than the actual measurements.

The resulting mean assimilation rates simulated for
each plant revealed large differences that were related to
the contrasting light environments, canopy structures
and photosynthetic capacities of the Conostegia and
Clidemia plants. For the Clidemia plant, the daily as-
similation was predicted to be 108 mmol CO, m-2
day-!, with 52% of this total contributed by utilization
of direct PFD. In contrast, the daily assimilation pre-
dicted for the Conostegia plant was 6.6 mmol CO, m-2
day-! with 41% of this total contributed by photosynthe-
sis in direct PFD (sunflecks). In order to examine the
role of the architectural differences in the carbon gains
we set the leaf physiological parameters of Clidemia
equal to those of Conostegia and then ran simulations
for both species using the CANOPY file for the Cono-
stegia microsite. Thus the only difference for the two
simulations was in crown architecture. Daily carbon
gain for Clidemia with Conostegia leaf physiology and
in the Conostegia light environment was 5.2 mmol CO,
m-2 s-1, or 27% less than simulated for the Conostegia
plant itself. This simulation indicates that small differ-
ences in £, may have a substantial impact on carbon

gain when it is low to begin with because of strongly
limiting PFD. The opposite simulation, with both plants
having the leaf physiological characteristics of Clidemia
and in the Clidemia light environment revealed much
smaller relative differences.

The consequence of the surprisingly large amount of
self-shading in the crown of Conostegia was examined
by using the capability of YPLANT to provide output for
individual leaves. When the lowest and uppermost five
leaves were compared, the lowest five leaves absorbed a
mean daily PFD of 0.162 mol photons m-2 day-! and had
a mean daily assimilation of 3.5 mmol CO, m-2 day-!. In
contrast, the upper five leaves, which had no self-shad-
ing, absorbed on average 0.419 mol photons m-2 day-!
and had a mean daily assimilation of 15.2 mmol CO,
m=2 day-!. This simulation shows that self-shading re-
duced the mean daily assimilation for the whole Cono-
stegia crown by 57%.

Discussion

The model presented here is a considerable advance over
previously reported shoot architecture models in its ca-
pacity to realistically simulate individual plant crowns
from relatively easily implemented field measurements.
As shown in the simulations, it is capable of handling a
range of plant sizes and architectures and providing a va-
riety of outputs for assessing the consequences of a par-
ticular crown morphology. The principal advantages af-
forded by YPLANT derive from its capacity to recon-
struct, in three-dimensional space, a planar image of a
crown so that the absorption of radiation incident from
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any vector can be determined. Since different physiologi-
cal or morphological characteristics can be assigned to
different leaf classes, it is possible to analyze the conse-
quences for whole plant performance of different re-
source distributions (e.g. nitrogen) or different physio-
logical capabilities (e.g. sun-shade acclimation) among
leaves. Moreover, since YPLANT also outputs informa-
tion on light capture and assimilation for individual
leaves, it is possible to compare the performance of these
different leaves as was done for the upper and lower
Conostegia leaves. The examples given here are images
of real canopies, but clearly a “model” crown based on
hypothetical leaf orientations, sizes and shapes, and
branching patterns, etc. could just as easily be recon-
structed for studying how particular morphological char-
acters such as branching patterns (Kiippers 1985; Waller
and Steingraeber 1986) or combinations of characters in-
fluence light capture and carbon gain. The interface with
hemispherical canopy photography provides a relatively
simple method for determining the magnitude and direc-
tional components of incident radiation. Therefore, adap-
tive responses to particular light environments such as
those involving phototropic orientation of leaves can be
assessed (see Ackerly and Bazzaz 1995). The simula-
tions in YPLANT also include stems as shade-casting
structures, which can be important in some canopies
(Miller and Stoner 1979).

Crown architecture models for assessment of light
capture fall into two general classes: geometrically based
deterministic models such as YPLANT that use either
implicitly or explicitly ray tracing techniques to assess
light interception, or statistical models in which the
probability of light penetration to a particular canopy
layer is calculated (see Ross 1981). Early geometric
models of individual plants (Honda et al. 1981; Chazdon
1985) were two-dimensional but more recently several
three-dimensional models have been reported. The mod-
el PHYLO developed by Niklas (1988) is three-dimen-
sional, but is applicable to only relatively simple shoots
and simulated only direct light interception. The model
of Takenaka (1994), on the other hand, simulates diffuse
radiation interception for model shoots with different
phyllotaxies and leaf and petiole dimensions. A poplar
tree growth model, ECOPHYS (Dickmann et al. 1990),
includes a three-dimensional crown model but is species
specific. As in YPLANT, each of these models uses a ray
tracing approach for determining light interception. A re-
cent model reported by Ryel et al. (1993) for tussock
grasses also simulates the three-dimensional architecture
of a plant but uses the statistical approach. In the Ryel et
al. (1993) model, the tussock is divided into layers and
concentric cylinders, with the foliage and stem area
specified for each and the interception of radiation calcu-
lated from the probabilistic theory of canopy light extinc-
tion. The Ryel et al. (1993) model is suited for complex
architectures, and larger or denser canopies in which
measurements of all individual leaves and stems would be
difficult. By contrast, YPLANT is more suited for simu-
lating individual canopies of <200-400 leaves where the
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ray tracing method would give a more accurate estimate
of light interception. While YPLANT could be applied to
much larger plants, with a maximum number of nodes
limited only by the computer memory available, there is a
practical limit set by the measurement effort required.

YPLANT provides several outputs useful in assess-
ment of light capture by a plant, including E,, Ep and
Ep, and when coupled with biomass estimates, LARE.
Most previous studies have assessed crown light capture
performance by estimating either total light capture or E,;
values (Chazdon 1985; Niklas 1988; Takenaka 1994). E,
has an advantage over E; in that it includes the effects of
leaf absorptance as well as transmission to shaded
leaves. However, since the absorptance of leaves for pho-
tosynthetically active radiation is typically high (0.8-0.9)
and the fraction transmitted and then absorbed by the in-
tercepting shaded leaf is low, these factors are relatively
insignificant as compared to those influencing PFD in-
terception per se. A disadvantage of both E; and E, is
that they assess the consequences of a particular leaf dis-
play of a crown but are leaf area based and therefore do
not take into account the biomass costs required to
achieve that display. The use of LARg overcomes this
limitation since it includes both the consequences of the
architecture and the biomass allocation costs required to
support it. Moreover its close link to LAR, which is
known to be a critical determinant of differences in rela-
tive growth rates in plants (Lambers and Poorter 1992),
may allow it to be an especially useful measure of archi-
tectural efficiency for understanding the consequences of
differences in crown structure for growth of plants.

The inclusion of a photosynthesis submodel in
YPLANT increases its flexibility as an analytical tool for
assessment of the relative performances of different
crown architectures. Because of the saturation response
of photosynthesis, there exists no necessarily linear rela-
tionship between the total light intercepted or absorbed
and plant performance in terms of carbon gain and
growth. Moreover, in high light situations such as gaps,
architectures that avoid excess PFD and hence reduce E,
may be advantageous in avoiding photoinhibition. As-
sessment of how much photosynthesis is reduced by the
aviodance strategy at the whole-plant level would be
valuable in understanding the costs versus benefits of a
particular crown morphology. This simple steady-state
model ignores the dynamic responses to sunflecks, which
in the understory are could cause as much as a 25% re-
duction in the carbon gain relative to the steady-state pre-
diction (Pearcy et al. 1994). However, for comparison and
assessment of alternative crown architectures, inclusion
of only a simple, steady-state light response in YPLANT
is probably sufficient for most purposes. Moreover, when
photosynthetic light response measurements are not avail-
able, YPLANT can still be used, if reasonable guesses,
perhaps based on those of ecologically similar species,
are made for the photosynthetic parameters. Although
more complex photosynthetic models incorporating re-
sponses to other environmental factors could be intro-
duced into YPLANT, doing so could reduce its generality
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and make it much harder to parameterize. To our knowl-
edge, only two previous crown architecture models
(Dickmann et al. 1990; Wang and Jarvis 1990) have been
specifically linked to a photosynthesis model.

A limitation inherent in simulating photosynthesis
with YPLANT is that, unlike E, which depends on a ra-
tio of PFDs, prediction of photosynthetic rate depends on
the quantitative prediction of PFD from the canopy pho-
tographs. Studies of hemispherical canopy photography
have revealed high correlations (r2>0.8) between mea-
sured and predicted daily PFD when the comparisons are
made over a variety of light environments (Chazdon and
Field 1987; Becker et al. 1989). At very low PFDs in the
understory, however, the proportional difference between
predictions and measurements can be large, principally
because of errors associated with prediction of sunflecks.
The primary source of error is that penumbral effects are
ignored, but for a specific sensor site and day, the match
between direct PFD measurements and predictions from
a canopy photograph is also influenced by cloud cover,
canopy movements in the wind and small errors in cam-
era alignment or negative alignment in the image analy-
sis system (Chazdon and Field 1987). These alignment
errors can cause the solar track to miss a particular gap
but perhaps hit another. Since A, exhibits a saturation re-
sponse, the overestimation of A should be much less than
the overestimation of sunfleck PFD caused by ignoring
penumbral effects. Therefore, for comparative purposes
it may be sufficient to rely on PFD predicted from the
canopy photographs. The great advantage in this situa-
tion is that only one photograph is needed for predictions
at different times during the year. However, if more pre-
cise predictions of carbon gain are needed and if direct
measurements are available then these can be utilized in
place of the sunfleck records derived from the canopy
photograph analysis. Also, spot PFD measurements
above the plant when sunflecks are absent can be used to
adjust either thresholds or T, to give good matches be-
tween the measured and simulated diffuse PFDs.

Although YPLANT was developed primarily with un-
derstory plants in mind, it is applicable to a wider range
of situations with certain restrictions. It assumes that
shading of the crown is by distant objects (i.e an oversto-
ry canopy) so that gap geometry as represented by the
fisheye photograph holds for all leaves in the crown.
This condition will not hold if the shading is primarily
cast by a nearby objects such as adjacent plants.

Other assumptions inherent in YPLANT are the result
of simplification of complex phenomena, which was nec-
essary for either theoretical or practical reasons. It is as-
sumed that light reflected from a leaf is lost, i.e. that
none is intercepted by other leaves in the crown. Similar-
ly, it is assumed that no reflection from the ground back
to the plant occurs. Transmitted PFD is also not scat-
tered. Therefore it is assumed that the PFD transmitted
through an upper to a lower leaf is independent of dis-
tance and that no adjacent leaves receive scattered PFD.
In a real crown, these two factors will tend to compen-
sate, so that ignoring scattering is unlikely to introduce a

large error. Penumbral effects within the crown are also
ignored, which is unlikely to be important for shade
plants, given the large leaves and generally short distanc-
es between them along the vector of an intercepted
beam. However, for small or finely dissected leaves, pen-
umbral effects may become significant for CO, assimila-
tion (Oker-Blom 1984).

Comparison of the Clidemia and Conostegia plants re-
veals substantial differences in crown structure that in
their respective environments lead to relatively small (6%)
differences in E, . Nevertheless, this small difference in E,
was sufficient to cause a 27% difference in simulated daily
carbon gain in the understory light environment when all
physiological characteristics were set to be identical. Re-
duction of self-shading within the Conostegia crown via
longer petioles or internodes or different leaf shapes or
sizes could substantially improve the carbon gain. Of
course, it remains to be seen if the costs of these changes
might offset any benefit. Any crown architecture is a con-
sequence of a large number of shoot and leaf characteris-
tics, and different character combinations may achieve
roughly similar efficiencies. The question remains wheth-
er this leads to a general convergence in crown light cap-
ture efficiencies despite differences in crown morphology,
or whether there are unique combinations of characters
that indeed provide an advantage is specific situations.
The interaction with other factors such as the avoidance of
damage due to falling debris, or hydraulic or biomechani-
cal efficiency may also lead to the occurrence of multiple
optimal crown architectures (Farnsworth and Niklas
1995). The differences in LAR; were much more striking,
but this may be largely a consequence of the different
plant sizes. Ontogenetic drift will generally lead to re-
duced LAR as plant size increases and may also lead to
decreases in light capture efficiency on a leaf area basis
(Chazdon 1985; Ackerly and Bazzaz 1995). Thus it is im-
portant to compare crowns of similar size, or better yet
compare species over a similar range of crown sizes.

Appendix 1

Determination of “stem” geometry in three-dimensional
coordinates

We define the “earth” coordinate system as orthogonal coordinates
of n (north), e (east) and z (zenith; Fig. 4). Within these coordi-
nates, the orientation of a linear segment, i.e a stem, branch or pet-
iole, can be described by its elevation angle, a, and its azimuth, B.

The vector (S) of a stem segment from the nodes at the proxi-
mal (p) to the distal (d) end is given by:

S.e =sinp - cosa
S.n=cosP - cosa
S.z=sino

where B is the azimuth in the direction from p to d and o is the
inclination angle from horizontal. If the vector to the proximal end
of the stem segment is S, and the length from p to 4 is [, then
the vector to the distal end (S,) is given by:

Sd=sp+1's
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Fig. 4 Diagram showing (right z
side) the definition of a “stem*
vector in terms of its angle (o)
and azimuth (B) and (left side)
the definition of the vectors to
the proximal (Sp) and distal (S,)
ends in earth (E,N,Z) coordi-
nates

i

ig

Fig. 5 Diagram showing the method of defining the leaf surface
in terms of the x,y coordinates for the leaf edge. The vector Ly is
the normal to the leaf surface while Ly, and Ly, are the longitudi-
nal and transverse vectors, respectively. L, , are the vectors from
the petiole attachment point to the leaf-edge coordinate points

Thus, it follows that

Sde—S .e+1-Se;
Sdn S n+1-Sn; (€))
Sdz—S z+1-8z

Equation set 1 is applied to any linear segment such as a
branch or petiole and defines the midpoint of the distal node (or
the petiole attachment point). To account for the shade cast by a
segment, it is given a diameter (shadow width) equal to the mea-
sured diameter.
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Determination of the leaf geometry in three-dimensional
coordinates

Derivation of the coordinates for the leaf surface follow similar
principles, except in this case the two-dimensional nature of the
planar surface must be accounted for. The leaf defined in earth co-
ordinates is shown in Fig. 5 where L, is the vector normal to the
leaf surface, L, is the leaf-length vector, and is the leaf-width vec-
tor. Since the coordinates for points along the margin of the leaf
outline are based on the leaf-width and leaf-length vectors, it is
necessary to first derive L, and L, from the measured azimuth and
angle of the leaf surface, and the azimuth of the leaf longitudinal
axis. Thus,

L, .e=sina-sinf
L,.n=sino - cosP
L,.z=coso

and since L, is perpendicular to L, and L, then

L.e=sinow;

L,n—cos(o
Lz=—ye-Loe+L.n L.,z
and L, =L, xL,,

it follows that

L,e=L-nL,-z-L.z-L.n
L,on=L-zL,-e-Lee-L.z
L,z=L-eL,-n-L.n-L,e.
Then, for any leaf edge vector, L, with coordinates w,, I(where the

subscript indicates the particular leaf type), the vector for the dis-
tal end of the petiole, P, and leaf length, m,

i.,.e=(wr L,e+l-L.e)-m+PB.e;
Ln=(w Lwn+l L,n) m+I:,n
Lz=w, L,z+-L.z)-m+P.z
Appendix 2

Conversion of the three-dimensional architecture from earth
to viewpoint coordinates

To determine the interception cross section of the plant, we define
a view coordinate system, x,y,v with a view plane perpendicular to
the light beam and the V axis parallel to the beam. For conve-
nience we define the x axis as parallel to the earth’s surface, and
facing to the right, thus creating an image of the plant in the view
plane similar to a normal photographic image. If, in earth coordi-
nates, the direction of origin of the light beam is described by its
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azimuth, a, and elevation angle, B. The view coordinate vectors,
X and Y are given by

X.e = —osa;
X.n =sinaq;
X.z=0,

Y.e = —sina - sinf;
Y.n=—sinP - cosa;
Y.z =cosp,

and since V=X x Y, then

Ve=Xn-Yz-Xz-Yun
Vn=X: Ye-Xe Yz
Vz=Xe - Yn-X.n-Ye
Translation from earth to viewpoint coordinates of any vector then

follows

Ux=Ue-Xe+Un-Xn+0Uz Xz
U.y:U.e~Y.e+U.n~Y.n+Uz-Y:
Uv=Ue-Ve+Un-Van+Uz Vg
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