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Summary Leaf areaand its spatial distribution are key can-
opy parameters needed to model the radiation regime within a
forest and to compute the massand energy exchange betweena
forest and the atmosphere. A much larger proportion of avail-
ablenet radiationisreceived at the forest floor in open-canopy
forests than in closed-canopy forests. The proportion of eco-
system water vapor exchange (AE) and sensible heat exchange
from theforest floor istherefore expected to belarger in open-
canopy forests than in closed-canopy forests.

We used a combination of optical and canopy geometry
measurements, and robust one- and three-dimensional models
to evauate the influence of canopy architecture and radiative
transfer on estimates of carbon, water and energy exchange of
a ponderosa pine (Pinus ponderosa Dougl. ex Laws.) forest.
Three-dimensional model simulations showed that the aver-
age probability of diffuse and direct radiation transmittance to
theforest floor was greater than if arandom distribution of fo-
liage had been assumed. Direct and diffuse radiation transmit-
tance to the forest floor was 28 and 39%, respectively, in the
three-dimensional model simulations versus 23 and 31%, re-
spectively, in the one-dimensional model smulations. The as-
sumption of randomly distributed foliage versus inclusion of
clumping factorsin aone-dimensional, multi-layer biosphere-
atmosphere gas exchange model (CANVEG) had the greatest
effect on simulated annual net ecosystem exchange (NEE) and
soil evaporation. Assuming random distribution, NEE was
41%lower, net photosynthesis 3% lower, total AE 10% lower,
and soil evaporation 40% lower. The same comparisons at
LAI 5 showed asimilar effect on annual NEE estimates (37%)
and AE (12%), but amuch larger effect on net photosynthesis
(20%), suggesting that, at low LAI, canopiesare mostly sunlit,
so that redistribution of light haslittle effect on net photosyn-
thesis, whereas the effect on net photosynthesis is much
greater at high LAls.

Keywords: CANVEG, canopy architecture, carbon exchange,
Pinus ponderosa, modeling.

Introduction
Leaf areaand its spatial distribution play an important rolein

controlling energy, carbon, and water vapor exchange be-
tween forests and the atmosphere. Seasonal and diurnal
changes in solar zenith angle result in different exposures of
open canopies to sunlight and shadows, which in turn influ-
ences carbon uptake, transpiration, energy partitioning (Bald-
occhi et al. 2000), and the growth of the boundary layer above
theforest. Open-canopy foreststend to be better coupled to the
atmosphere than closed-canopy forests as a result of differ-
ences in climate and conductance of water vapor (Jarvis
1985). Micrometeorological studies have shown that high |eaf
areaindices (LAI) limit turbulence, reduce wind and decrease
aerodynamic conductance (Meyers et al. 1989). Pereira and
Shaw (1980) showed that roughness|ength and zero planedis-
placement decrease with increasing LAI. Soil processes are
alsoinfluenced by greater penetration of solar energy through
the canopy (Ritchie et al. 1972, Shuttleworth 1988).

Many canopy and ecosystem models require knowledge of
light interception by foliage for simulating photosynthetic car-
bon uptake and net ecosystem exchange (NEE) of carbon and
water vapor (transpiration and evaporation) in responseto cli-
matic and nutritional conditions (Agren et al. 1991). The LA,
defined hereashalf total |eaf areaper unit ground surface area,
isgenerally required to parameterize model s because the more
leaves that intercept light, the greater the potential for carbon
assimilation and water vapor transfer. A complication arises,
however, because of the nonlinearity of these processes.

Terrestrial vegetation in the western USA commonly grows
in water-limited conditions, resulting in landscapes with
widely spaced plants and low leaf areas. These factors raise
the question of the appropriateness of determining leaf area
from optical measurements through inversion of radiative
transfer models that assume a uniform canopy (Jarvis and
Leverenz 1983). Effective leaf area (L), determined by one-
dimensional (1-D) inversion, includes effects of branches and
stems on light interception (Gower and Norman 1991). Vari-
ous methods have been devel oped to correct optical measure-
ments for clumping and light interception by branches and
stems (Stenberg 1996, Chen et al. 1997, Gower et al. 1998).

Thefiner details of canopy architecture required for acom-
plete analysis of radiative transfer are generally not used in
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broad-scale applications because of limited data and the ne-
cessity for simplifying assumptions. Nonetheless, multi-lay-
ered stands and open canopies require more detailed informa-
tion on the spatial distribution of leaf area than stands with a
simple architecture (Williams et a. 1996). To take account of
all the ramifications of variation in canopy architecture, three-
dimensional (3-D) radiative models have been developed
(Norman and Welles 1983, Cescatti 1997a). These modelsre-
quire an accurate description of the canopy architecture in
terms of tree position, crown shapes and the amount and spa-
tial distribution of leaf areain the single crown envelopes. One
approach isto use a 3-D model to parameterize a 1-D process
model by “spreading” the more redistic leaf area estimate
across the landscape.

For several years, we have conducted eddy covariance and
ecological measurements of carbon and water vapor exchange
in aponderosa pine (Pinus ponderosa Dougl. ex Laws.) forest
in east-central Oregon (Law et al. 1999a). These forests
have relatively discontinuous canopies with low leaf areas,
and experience drought during the summer. In this study, we
first obtained optical and canopy geometry measurements,
then applied a3-D model (Cescatti 1997a) to compare theim-
plications of various simplifying assumptions. homogeneous
or discontinuous canopies, and the effect of needle and shoot
clumping. From the analysis, we sought possible simplifica:
tions applicable with the 1-D, multi-layer model, CANVEG
(Baldocchi 1997). This allowed us to investigate the influ-
ences of clumping and leaf areaindex on estimates of carbon,
water and energy exchange in the ponderosa pine forest.

Materials and methods

Stedescription

M ost measurements were made during the summer of 1997 in
a ponderosa pine (Pinus ponderosa) forest located in a Re-
search Natural Area in the Metolius River basin (44°30' N,
121°37' W, elevation 940 m, 1% slope) east of the Cascade
Mountains in Oregon. The forest grows in aregion subject to
warm dry summers and cold wet winters. Based on data from
45 plots (8-m radius), about 48% of the areais mixed young
and old trees, 27% is open stands of old trees (~250 years old,
34 min height), and 25% is denser patches of younger trees
(~45yearsold, 10 min height; Law et al. 1999a). Mean char-
acteristics of trees on the study plot are shown in Table 1.

Ponderosapine needlesarelong (18to 20 cm), three per fas-
cicle, and clustered at the outer 20 to 50 cm of shoots. At our
research sitefoliageisretained for 3to 4 years. Older treesare
free of branches on thelower two-thirds of the stems, and have
crowns that are conical or amost flat-topped. In 1996 and
1997, bud break occurred in mid-May, and full needle expan-
sion occured in mid-August during the summer drought. Mean
tree spacing across the site is 10 m. The understory is sparse
with patches of bitterbrush (Purshia tridentata (Pursh) DC)
and bracken fern (Pteridium aquilinum (L.) Kuhn), and
groundcover of strawberry (Fragaria vesca L.).

Table 1. Means and standard errors (in parenthesis) of estimates for
the 100 x 100-m plot.

Variable Y oung Old
Treesha™ 553 45

Tree height (m) 10(0.2) 34 (0.8)
Mean crown depth (m) 5(0.1) 24 (1.3)
Mean crown ratio 0.52 0.70
Mean stem diameter at 1.4 m (cm) 11(0.2) 69 (3)
Mean crown radius (m) 15(0.0) 5(0.3)
Mean SLA (cm? g3)! 36.8(0.7) 38.7(1.5)

1 Specific leaf area (SLA) was calculated as half total needle surface
area (sampled in May).

Flux measurements

We used the eddy covariance method to make continuous flux
measurements on a tower 14-m above the canopy and 2-m
above ground to determine half-hourly sensible and latent heat
fluxes (A E, evaporation from surfaces and transpiration), and
CO, fluxesin 1996 and 1997. Details on the instrumentation,
flux corrections and calculations were reported by Law et al.
(1999a, 1999b) and Anthoni et al. (1999).

Optical measurements

A 100 x 100-m? plot was established about 100 m from the
eddy flux tower. Optical measurements were made with an
LAI-2000 (Li-Cor, Lincoln, NE) in September after full need-
le expansion under diffuse light at 5-m grid points. The LAI-
2000 was held above the operator’s head. We did not use a
view restrictor. A second LAI-2000 was|ocated as areference
on top of the flux tower above the canopy. The instruments
were synchronized and calibrated to one another before the
measurements.

Photosynthetically active radiation and net radiation were
measured 1.5 m above ground with a quantum sensor (Li-Cor
Model LI-190S) and a net radiometer (Model 6, REBS, Seat-
tle, WA) mounted on an automated tram system that traversed
36 m horizontally. Measurements were recorded every milli-
meter. The tram traveled east and west over the northern por-
tion of the 10,000-m? plot. Measurements were made from
Days 189 to 205 in July 1996.

Tree dimension measurements

For each tree on a 70 x 100-m? plot nested within the
10,000-m? plot, we measured tree location (x and y coordi-
nates) and diameter at breast height (DBH at 1.4 m). For trees
with a DBH greater than 7 cm, we measured total height,
height to the base of live crown, and height and radius of the
widest portion of the crownin two to four directions. Theloca-
tions of plot cornersand the tram were measured with aglobal
positioning system (Trimble Navigation Limited, Sunnyvale,
CA), and differentially corrected with data from the base sta-
tion at Portland, OR.
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Needle clumping measurements

To estimate clumping of needles within shoots, we measured
needle surface area and shoot silhouette area of 10 shoots ob-
tained from the mid-canopy of fiveyoung and fiveold treesin
September 1997. In May 1999, we collected shoots from the
lower, mid- and upper canopy on one old and one young tree.
For the September data, we measured shoot silhouette area
(Ap) with avideo camera-computer system (AgVision, Deca-
gon Devices, Inc., Pullman, WA), with the shoot held horizon-
tally, rotating the shoot for three projections (0, 45 and 90°;
Chen 1996). For the May data, we used a Nikon camera
(Nikon Corp., Tokyo, Japan) with a 400-mm lens and black
and white dlide film, and rotated the shoot on a tripod mount
for three projections and four azimuths (0, 30, 60, 90), with
back-lighting from a light table. Projections were repeated
with a black ball of known dimensions for calibrating shoot
silhouette area in image processing. The image processing to
determine silhouette area was performed in Adobe Photoshop
(Version 5.0, Adobe Systems, Inc., San Jose, CA) and
ImageTool (Version 2.0, University of Texas Health Science
Center, San Antonio, TX).

Total surface area of the needles on a shoot was determined
from the product of specific leaf area (SLA = cm? total needle
surface areag™ dry weight) of asubsample of needlesin each
age class and the mass of needles, in each age class.

LAl from 1-D model inversion

The below- and above-canopy LAI-2000 measurements were
merged using the Li-Cor LAI-2000 program (c2000.exe) to
caculate effective LALI. All fiveringswere used inthe calcula
tions. The LAI-2000 software is based on the inversion of a
1-D model of light interception, and provides an estimate of
effective leaf area (L ).

LAI corrected for clumping and wood interception

The LAI-2000 measurements were corrected for clumping
and interception of incident light by supporting branches and
stems as described by Chen (1996):

Lhc = (l_a)LeyE/QE’ (1)

where L . ishalf-total surface areaper m? ground corrected for
clumping at the needle and shoot scales and wood intercep-
tion; ye is needle-to-shoot area ratio for foliage clumping
within the shoot; Q iselement clumping index that quantifies
the effect of foliage clumping at scales larger than the shoot;
and a iswoody-to-total arearatio (0 = W/ (Le Ye/ Qg)), where
W is wood surface area index (half-total wood surface area
m~2 ground, including branches (B) and stems (S)). This ap-
proach assumes that woody materials have a spatia distribu-
tion similar to foliage, and may result in a small error in the
LAl estimates (Chen et a. 1998).

To determine stem area for W, we used the 7,000-m? plot
measurements of tree diameter and height, and a taper equa-
tion developed at the site (Steve Garmon, Oregon State Uni-
versity, Corvallis, OR; unpublished data). For each tree, we

calculated half-surface area of a cylinder from the ground to
dbh, the frustum of a cone for four segments of equal height,
and a cone for the treetop (sixth segment). We also used the
FOREST model and tree dimension data from the 7,000-m?
plot to calculate half-stem area per unit ground area. For
branch area, we used an allometric equation developed at a
nearby ponderosa pine site to estimate branch biomass per m?
ground (Gholz 1982), and our site measurements of sapwood
density of wood cores (0.407 g cm~3) to cal culate branch vol-
ume per m? ground. This was converted to half-branch area
from the mean branch radius in the two diameter classes
(0-30cm, > 30 cm).

We determined Qg by inversion of the 3-D model. The
needle-to-shoot arearatio was calculated from:

Ve = A, /4A, )

where A, is total needle surface area on a shoot, and A, is
mean projected shoot silhouette area (Stenberg 1996).

Leaf area, canopy architecture, and radiation regime from
3-D modeling

Spatially explicit LAI-2000 measurements were coupled with
a 3-D canopy model (FOREST; Cescatti 1997a) that repro-
duces stand geometry by accounting for position and crown
shape of single trees on the plot. The crown model allows the
description of highly asymmetric crown shapes and of bend-
ing trees asthey typically appear in natural forests. The crown
of each tree was stratified into three nested layers that present
different densities of branch and |eaf area. The probabilities of
penetration of direct and diffuse radiation were model ed sepa-
rately with a Markov model (Nilson 1971). Diffuse radiation
resulting from scattering was estimated by the adding method
(Norman and Jarvis 1975).

Given the coordinates of the sampling points, the model
generates ahemispherical view of the canopy as seen from the
LAI-2000 (Cescatti 1997b), and assuming a certain value of
leaf area density (LAD) in the crowns, it predicts canopy
transmittance for the five rings of the LAI-2000 sensor. To
avoid the edge effect, only the L A1-2000 sampling pointswell
within the experimental plot were used in the inversion. Fur-
thermore, only the values of canopy transmittancein the three
intermediate rings (2, 3 and 4) were used. Theinner LAI-2000
ring (1) was excluded because measurements by thisring are
too sensitive to the sensor position with respect to the crown
projections and are therefore affected by errorsin the descrip-
tion of the stand geometry. The external ring (5) was excluded
because measurements of canopy transmittanceinthisring are
significantly increased by scattered radiation.

Leaf areawas estimated by changing the LAD in the crown
layers iteratively to minimize the square error between the
model prediction and the LAI-2000-measured transmittance
according to the Quasi-Newton algorithm. The value of LAD
that minimized the sum of sguare errors was used to calculate
leaf areaof each treeand the stand. Thisestimate of |eaf areais
already corrected for the effect of leaf clumping at the crown
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level and stem area. We applied ye and B to obtain the final es-
timate of leaf area (Lsp), which was used as input to the
CANVEG mode! (Figure 1):

Lsp =(Le = B)Ye- €)

Stand architecture was modeled based on two assumptions
about canopy heterogeneity in horizontal space: (1) that the
canopy is homogeneous horizontally and has a stand average
vertical profile; and (2) that the canopy is heterogeneous based
on crown envelopes at the observed spatial location. The ef-
fect of different canopy architectures on the radiative regime
was evaluated separately for direct (D) and diffuse (d) radia-
tivefields.

The probability of non-interception of beam radiation pass-
ing through a canopy was computed in the model with the
Beer-Lambert equation and the beam pathsin the crown array
(Nilson 1992). The beam path length and the LAD aong the
path in each crown were computed with an angular resolution
of 1° for the upper hemisphere (360° by 90° directions). A
complete description and validation of the light interception
model isreported in Cescatti (1997a, 1997b).

The 3-D model of the canopy was used to describe the radi-
ative regime of the forest during the growing season (Days
135-287). Half-hourly values of global and PAR radiation
measured above the canopy in 1996 were used asinput fluxes.
The model computed canopy transmittance to D and d sepa-
rately, with atime step of 0.01 h for the growing season at each
node of a 3-D grid (31 nodes north, 46 east, 25 altitude) of
35,650 pointswith 2-m spacing. The mean and standard devia-
tion of transmittance at the 25 heights were computed sepa-
rately for the nodes inside and outside the tree crowns.

Mass and energy transfer modeling

The CANVEG modd is a 1-D, multi-layer biosphere—atmo-
sphere gas exchange model that has coupled micrometeor-
ological and physiological modules (Baldocchi 1997). The
micrometeorol ogical model computes leaf and soil energy ex-
change, turbulent transfer, carbon and water vapor profiles
and radiative transfer through the canopy. Theradiative trans-
fer computations provide probabilities of sunlit and shaded
leavesfor calculations of photosynthesis, leaf energy balance,
and turbulent transfer of CO,, water vapor and sensible heat.

CANVEG
FOREST

Inputs Outputs
Inputs Outputs Qe NEE
Ye Qp Ye GEP
Canopy dimensions L, Qe Lsp AE
LAI-2000 data PAI components :> Canopy physiology

Canopy transmittance Lyp Weather data
Soil properties

Figure 1. Schematic of FOREST and CANVEG model inputs and
outputs, and linkage through FOREST estimates of effective leaf area
(Ls.p) and clumping index at scaleslarger than shoots (Qg). Abbrevia-
tions: yg = needle-to-shoot arearatio for clumping within shoot; AE =
ecosystem water vapor exchange; NEE = net ecosystem exchange;
and GEP = gross ecosystem productivity.

The physiological module computes leaf photosynthesis,
stomatal conductance, transpiration, respiration by foliageand
woody tissue, and soil CO, flux (respiration by roots and mi-
crobes). Stomatal conductance was cal culated as afunction of
assimilation, relative humidity and CO, concentration at the
leaf surface (Collatz et a. 1991). The CO, and water vapor dif-
fusive source strength are modeled from LAD with respect to
height, concentration difference between the air outside the
laminar boundary layer of leaves and within stomata, bound-
ary layer resistance to molecular diffusion, stomatal resistance
and air density. The change in concentration summed over the
canopy layersis combined with soil fluxes to estimate whole-
ecosystem CO, and A E fluxes. Details of model computations
are described in Baldocchi (1997), model inputs are shown in
Table 2, and a schematic of the linkage between FOREST and
CANVEG isshownin Figure 1.

The clumping corrections appear in several computationsin
the radiative transfer module, including a Markov model
(Myneni et a. 1989) for the probability of diffuse and direct
beam penetration, and layer transmission and reflectance com-
putations. We evaluated the effect of assuming random distri-
bution of foliage on mass and energy transfer by running the
mode! with and without clumping corrections (ye and Qe to-
gether and independently), and compared model estimates of
NEE of CO, and water vapor. To evaluate the differencesin
NEE that may be associated with assumptions of horizontal
homogeneity, weran CANVEG with leaf areavaluesfrom the
frequency distribution computed from FOREST.

Results and discussion

Micrometeorological observations

Tram measurements of PAR transmittance (Qp,) to the forest
floor in the ponderosa pine forest showed a heterogeneous
light environment. Within the ponderosa pine stand, sun
patches exceeded 5 m in length and the energy within the sun
patches exceeded that in shade patches by more than
1000 umol m~2 s7* (Figure 24). In contrast, the dimension of
typical sunflecksin aboreal jack pine stand was generally less
than 1m (Baldocchi et al. 2000). The fraction of transmitted
PAR (Qy(0)/Qp(h), where Qy(0) is PAR transmittance below
canopy measured at 1.5 m above ground, and Qy(h) isincident
PAR above canopy), was greater and more variable diurnally
in the more open ponderosa pine forest compared with jack
pine and a closed-canopy temperate deciduous forest (Fig-
ure 2b).

The openness of forest canopies hasalarge effect on theen-
ergy budget. The proportion of net radiation measured at the
forest floor (R,(0)) of the ponderosa pine forest, compared
with measurements above the canopy (R,(h)), varied dightly
from 31% in May to 25% in August 1997. There was more
variation in a boreal jack pine forest (LAl ~2.0), where the
proportion ranged from 10 to 30% (Baldocchi et al. 1998). In
contrast, < 8% of available net radiation was received at the
forest floor of a closed-canopy temperate deciduous forest
with an LAl of ~5.0 (Hutchison and Baldocchi 1989) (Fig-
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Table 2. Key parameters for the CANVEG model.

781

Description Vaue Reference

Latitude 44°29' N Law et a. 1999a

Longitude 121°37 W Law et al. 1999a

Maximum LAI (m? projected m~2 ground) 1.6 FOREST model

Canopy height (m) 34 Law et al. 1999a

Vemax @ 25 °C (umol m—2 s71) 73 Law et al. 2000b, Middleton et al. 1998, Sullivan et al. 1997
Jmax (UmMol m2s74) 170 Middleton et al. 1998, Sullivan et al. 1997
Ball-Berry constant, k 8.0 Harley and Baldocchi 1995

Apparent quantum yield (mol CO, (mol quanta) 1) 0.04 Law et al. 1999b

Element clumping index at scales larger than shoot, Qg 0.83 FOREST model or tram data
Needle-to-shoot arearatio for needle clumping within shoot, vy~ 1.29 This study

Soil surface CO;, flux at 25 °C (umol m=2s71) 39 Law et al. 1999b

Qo for foliage respiration 20 Harley and Baldocchi 1995

Q1o for sapwood respiration 2.02 Harley and Baldocchi 1995

Base temperature for photosynthesis, Ty, (K) 311 Collatz et al. 1991

Activation energy, E,for CO, (Jmol ™) 65,120 Lloyd and Taylor 1994

Soil resistance to evaporation (s m™1) 816 Camillo and Gurney 1986

ure 3). In the ponderosa pine forest, vapor pressure deficit
(VPD) measured at 1 m height averaged only 0.1 kPalessthan
that measured above the canopy, indicating the sub-canopy
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Figure 2. (a) Horizontal distribution of transmitted PAR (Q,) mea-
sured by the 36-m long tram in the ponderosa pine forest in July 1996
(Day 188), between 0810 and 0853 h (PST). Mean Qp, was 169 umol
m~2s71(SD = 230 pmol m~2s7%). (b) Fraction of incident PAR trans-
mitted below the canopy (Qy(0)/Qy(h)) inthreeforests. Note thelarge
diurnal variation in the more open P. ponderosa canopy that includes
alarge range of tree sizes (data sources. Pinus banksiana, Baldocchi
et a. 1998; Quercus—Carya forest, Hutchison and Baldocchi 1989).

environment was closely coupled with the atmosphere (Jarvis
1986). Soil temperature (2-cm depth) often exceeded above-
canopy (45 m) air temperature (by 1.6 °C from May to Octo-
ber). Large amounts of radiation received at the forest floor
have implications for respiration and NEE, because soil sur-
face CO, efflux increases with temperature (LIoyd and Taylor
1994, Law et a. 1999a, 1999b).

Previously, Law et a. (2000a) showed that theratio of gross
ecosystem productivity (GEP) to transpiration, estimated from
the combination of chamber and tower flux data, decreased
with increasing VPD. Leaf-level studies have shown how A/E
(assimilation to transpiration) decreased with VPD and tem-
perature, and suggested that variation in the ratio can also be
explained by the high degree of coupling of the vegetation and
soil surface to the atmosphere (e.g., Jarvis 1986). Clearly, the
degree of openness of the canopy affectsthisratio.

0.35

temperate coniferous (semi-arid)
(P. ponderosa)
0.30 - ¢
boreal deciduous
025 7 (Populus tremuloides)
=
=
L o020 4 boreal coniferous
E’E (P. banksiana)
T 015
temperate deciduous
010 1 (Quercus/Carya spp.)
[ ]
0.05 T T : '
1 2 3 4 5 6
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Figure 3. Ratio of net radiation measured at the forest floor (R,(0)) to
net radiation measured above the canopy (R,(h)) in relation to leaf
areaindex (summer maximum LAI, m? half surface aream™2 ground)
of different forest types, including our site (P. ponderosa), boreal jack
pine (P. banksiana; Baldocchi et al. 1998), boreal aspen (P. tremul-
oides; Black et al. 1996) and a temperate deciduous forest (Quercus
and Carya spp.; Hutchison and Baldocchi 1989).
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Asleaf areadecreases, significant radiation flux reachesthe
forest floor, with the result that a substantial portion of AE is
derived from the understory and soils. Forest floor AE ranged
from 0.4 to 0.7 mm day~* through the year. The proportion of
total latent heat flux (AE) derived from the forest floor ranged
from 22% in July to 55% in March, with higher proportionsin
the wet season than in the dry season (Figure 4). Compared
with forests with different maximum LAI, the proportion of
total AE derived from the forest floor increased asleaf areabe-
came more sparse (Figure 5), and appeared to change little
above LAI > 3 (Hutchison and Baldocchi 1989, Kelliher et .
1990, Lafleur et a. 1993, Baldocchi et al. 1998). Figure 5
shows the modeled relationship for ponderosa pine using
CANVEG, which also indicates an increase in the proportion
of total AE from the forest floor with decreasing LAI. Al-
though AE(0)/ AE(h) — LAl isnot a functional relationship, it
is useful to demonstrate that it can be inappropriate to model
evaporation as a constant fraction of precipitation or total AE
through the year. Annual total AE at our sitewas 436 £ 65 mm
in 1996 and 400 + 60 mm in 1997, and soil evaporation was
~38% of precipitation in both years, as determined from
above- and below-canopy AE measurements. In a previous
modeling exercise, evaporation from the canopy and soil sur-
face was assumed to be 15% of precipitation (Law et al.
2000a), which, combined with other factors (e.g., one-layer
soil model), resulted in substantial underestimation of evapo-
ration. A correlation such as that shown in Figure 5, envelop-
ing evaporation in wet and dry conditions, could be used to
scale soil evaporation or transpiration fractions of total AE
with maximum leaf areain such models.

Leaf area and clumping estimates

Figure 6illustratesthe probability density function of point es-
timates of L. on the 10,000-m? plot calculated from the
LAI-2000 1-D modd. The plot mean L, was 1.3 = 0.1. The
measurements of L, were corrected for the needle-to-shoot ra-
tio for needle clumping within the shoot (yg), the element
clumping index at scales larger than shoot (Qg), and woody
surface areaindex (W; Equations 1 and 2). Figure 7 shows the
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July 1568

Figure 4. Proportion of total latent heat flux (AE(h)) derived from the
forest floor (AE(0)) in the ponderosa pine forest was greatest during
the wet season (March and May).
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Figure 5. Proportion of total latent heat flux (AE(h)) observed at the
forest floor (A\E(0)) increases as|eaf area (summer maximum LA, m?
half surface area m~ ground) becomes more sparse. The dashed line
is AE(O)/AE(h) computed for different LAl values using the
CANVEG model (including clumping factors).

shoot silhouettesfor three shoot anglesat 0 azimuth. Themean
Ve was similar seasonally; 1.29 + 0.04 in September 1997 and
1.25+ 0.10 in May 1999 (Table 3). Higher values of yg indi-
cate more needle clumping. Seasona change in needle bio-
mass per shoot was 25%, and changesin needle and shoot area
were 27 and 21%, respectively, lending support to the concept
that ye increases with agreater change in needle area than sil-
houette areaas new needles elongate. Chen et al. (1997) calcu-
lated ye of 1.2to 1.5 for young and old boreal jack pine (Pinus
banksiana Lamb.) and found a comparable seasonal increase
inye from early to late summer as needle areawithin shootsin-
creased more than shoot area. Vaues of e for red pine (Pinus
resinosa Ait.), which has slightly shorter needles than other
pine species, ranged from 1.6 (Deblond et al. 1994, corrected
for half-surface ared) to 2.1 (Chen and Cihlar 1995). Stenberg
(1996) observed arange of ye between 1.25 and 2.5 for Scots
pine (Pinus sylvestris L.), which has short, clustered needles.
Studies have shown that sun-acclimated shoots have a larger
Ve than shaded shoots, and pinesin general have larger maxi-
mum ye than other conifer species (Leverenz and Hinckley

Density estimate
o o o o
o EN o o
. .

g
<)

0 ) 2 3
Lg (m2 m‘2)
Figure 6. Probability density function of 242 L AI-2000 1-D inversion

estimates of effective leaf area (L., m? half surface area m=2 ground)
on the 10,000-m? plot.
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1990, Stenberg et al. 1995, L everenz 1996, Sprugel et al. 1996,
Stenberg 1996). At our site, the younger (45-year-old) trees
are shaded more frequently than the old-growth trees. Leaf
mass per unit area, foliar N/area, and ye decreased by 5, 18,
and 24%, respectively, from the upper to lower canopy of the
young trees, as expected in closed-canopy forests (Reich et .
1997). Thereverse was true for the old trees, with the highest
values in the lower canopy. We found that the mean yg from
mid-canopy of the young trees was 1.22 (SE 0.04), and
1.36 (SE 0.04) for the old-growth trees at full leaf.

The Qg generally ranges from 0.65 to 1.0, with higher val-
ues indicating less canopy clumping. The Q¢ for a given site
can change by as much as 20% with a40° change in solar ze-
nith angle (Chen 1996). Most reported values are within 0.1 of
0.75 (Chen et al. 1998). Inversion of the 3-D model yielded a
Qe of 0.83 integrated over al solar zenith angles observed in
summer (Table 3). We obtained the same results (Qg at 1 ra-
dian = 0.83) from gap analysis of the PAR data collected by
the tram. We observed less clumping than in a mature jack
pine stand in summer (0.75; Chen et al. 1998), and more
clumping than in a60-year-old red pine plantation (0.91; Chen
and Cihlar 1995).

Half-stem surface area per unit ground area (S) from the
FOREST model for the 7,000-m? plot was 0.23, and the esti-
mate from simple modeling of the stem sections was 0.21.
Woody surface area index (W) was 0.33 m? half-total wood
areaper m? ground using the FOREST model estimate of Sand
our biomass estimate of half-branch area (B = 0.10). Thevalue
of 1—a from Equation 1 was 0.84 based on the L determined
by the LAI-2000 and the 3-D model estimate of Q. Thisis

Table 3. Leaf area(m? half surface aream™ ground) estimated by dif-
ferent methods. Effective leaf area (Lo) was calculated from LAI-
2000 measurements and a 1-D inversion model (LAI-2000 software).
Variable Qg, calculated from the FOREST model, isthe clumpingin-
dex for scales larger than shoot. Variable ye is the needle-to-shoot
arearatio for needle clumping within the shoot (Equation 2), and L
is calculated from Equation 1. The 3-D FOREST model estimate
(L 3.p) was calculated from Equation 3.

Variable Leaf area n

w 0.33 -
l-a 0.84 -

Qe 0.83 -

Ve (minimum leaf) 1.25(0.10) 6

Ve (maximum leaf) 1.29 (0.04) 10

Le 1.3(0.1) 242
Lhe 17 242
Lsp 1.6 (0.01) 28,000

Figure 7. The silhouette of a ponderosa
al pine shoot at azimuth 0 and shoot an-
glesof 0, 45 and 90°.

similar to the values Chen et al. (1998) obtained for old black
spruce (Picea mariana (Mill); 0.71) and young jack pine
(Pinus banksiana; 0.72 to 0.95). Table 3 summarizes the |eaf
area and clumping estimates. The L. was 1.69 using Equa
tion 1, which assumes that wood is clumped in the same man-
ner asfoliageand likely resultsin an overestimate of leaf area.

Leaf area and canopy architecture from 3-D model

The treelocations, canopy dimensions, and L AI-2000 sample
locations used to compute radiative transfer and LAl with the
3-D model are shown in Figure 8. The 3-D model explained
62% of the variancein the spatial distribution of canopy trans-
mittance. The LAD that minimized the square error between
observed and predicted transmittances in the external, inter-
mediate and inner crown layer were 0.36, 0.08 and 0.03 m?
m~3, respectively. The surface area of singletreesin the exper-
imental plot was calculated from the product of LAD and vol-

Height (m)

North (m)

East (m)

Figure 8. Spatidly explicit LAI-2000 measurements and measure-
ments of canopy dimensions were used in a 3-D canopy model to re-
produce stand geometry by accounting for position and crown shape
of singletreeson the plot. The solid circlesindicate locations of LAI-
2000 measurements that were well within the plot for the mode! in-
version estimate of LAI.
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Madth

ast |m}

Figure 9. Values of Lz p computed by the 3-D model for each of
28,000 circular plots (8-m radius) spaced 0.5 m apart in agrid cover-
ing the 10,000-m? plot. The L3p value at the center of each circular
plot is shown in gray tones.

ume of each crown layer. Using the yg of 1.29 in Equation 3,
mean L3 p was 1.63, 23% higher than L. Half of thetotal plant
areaindex (PAI), which includes foliage and woody material,
wascaculatedasPAl =L;p +B+S=1.63+0.10+0.23=2.0.

To evaluate canopy heterogeneity, Lz p was computed for
each of 28,000 circular plots (8-m radius) spaced 0.5 m apart
in a grid covering the 10,000-m? plot. The Lsp value at the
center of each circular plot isshown in gray tonesin Figure 9,
and the frequency distribution of L.p inthe 28,000 subplotsis
reported in Figure 10. Values of Lz p ranged from 0 to 5 with
an average of 1.6 (SD = 0.81) and a skewed distribution.

Based on the estimated surface area density in each crown
layer and the vertical distribution of crown volumes, the verti-
cal distribution of the different components of PAI (stems,
branches and needles) was computed. Figure 11 shows the bi-
modal vertical distribution of surface areadueto the multi-lay-
ered structure of the forest with two major layers of overstory
and understory trees (Figure 8). Vertical distribution data are
useful for multi-layer canopy gas exchange models (e.g., Law
et al. 2000b).

Characterization of the radiative regime by 3-D model
Figure 11 showsthe mean vertical profile of canopy transmit-
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Figure 10. Frequency distribution L3 p from the 3-D modeling for
28,000 subplots within the 10,000-m? plot. Mean La.p = 1.6 (SD =
0.81).

tance predicted by a 1-D model compared with the profile de-
termined by the 3-D model. Results show that the penetration
of radiative fluxes was greater when modeled in 3-D than in
1-D because of leaf clumping in crowns. Theincreasein PAR
transmittance to the forest floor was 8% in direct radiation
(39% at the forest floor from the 3-D model versus 31% from
the 1-D model) and 5% in the diffuse flux (28% versus 23%).
Thisislikely to beafunction of leaf area, in that 1-D and 3-D
model estimates of transmittance may converge at low and
high leaf areas, and diverge at mid-range values. These are
guestions that can be addressed with sensitivity analyses.

Mean vertical profiles of light penetration in heterogeneous
canopies do not offer a comprehensive view of the radiative
regime. A quantitative estimation of the spatial variability in
the radiative field is shown in Figure 12, where means and
standard deviations of canopy transmittance in the 7,000-m?
plot are presented separately for the space inside and outside
of crowns. The large spatial variability in the direct radiation
within the crown space of both the dominant and suppressed
trees could affect the leaf and soil energy balance, and thus
CO, exchange of the canopy.

Mass and energy transfer modeling

The CANVEG model can simulate feedbacks between |eaf
temperature, energy balance, stomatal conductance and pho-

Figure 11. Vertical distribution of

= | | plant areaindex (PAI), and compo-
. Divesct PAR | e PR nents of PAI, showing the bimodal

40 — Hnodos ; / vertical distribution attributable to the
_ Cournua el FPAS multi-layered structure of the forest.
E X / f,.r"f The vertical profile of the mean can-
& S “ opy transmittance of direct and diffuse
£ a0 ,---"""a radiation predicted by a 1-D model is

s g compared with that from the 3-D
i g A / model. The penetration of radiative

"'\-\.H III_."
oo 003 noE o 912 o1m 02 fa QB OB a

Hal otal marlacs arma, crossn wihams (m° m)
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fluxes was greater when modeled in
3-D, showing that the 1-D model un-
derestimated direct and diffuse trans-

0 model mittance by 8 and 5%, respectively.
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Figure 12. Spatial variation in canopy transmittance from the 3-D
model, showing means and standard deviations in the 7,000-m? plot
for the space inside and outside of crowns. Note the large spatial vari-
ation in direct radiation within the crown space.

tosynthesis, which are likely to be perturbed with variation in
LAI. Weevaluated theimpact of clumping on annual fluxes of
carbon dioxide and water (Table 4). Assuming random distri-
bution of foliage (Ye = Qe = 1) in CANVEG resulted in annual
AE that was only slightly lower (10%) than when clumping
factors (ye = 1.29, Qe = 0.83) were included; however, soil
evaporation was underestimated by 40% when clumping fac-
torswere excluded. A random distribution assumption also re-
sulted in a net carbon uptake that was 41% lower than when
clumping factors were included (Figure 13, Table 4), net
photosynthesis was lower by 3%, and total AE was lower by
10%. The same comparisons at a hypothetical LAl of 5
showed asimilar effect of reduced values on annual NEE esti-
mates (37%) and AE (12%), but a larger effect on net photo-
synthesis (20%), possibly because of substantial changes in
sunlit and shaded fractions of foliage at the higher leaf area
when clumping is assumed. The effect on annual NEE of in-
cluding ye alone or Qg alonewas similar (59 and 54%, respec-
tively) compared with annual NEE when random distribution
was assumed, so clearly all scales of clumping need to be ad-
dressed in simulating processes of this forest. Our past work,
inaclosed-canopy deciduousforest showed that clumping had
a marked impact on canopy photosynthesis (Baldocchi and
Harley 1995). Work on the sparser ponderosa pine stand has
demonstrated that the impact of clumping on photosynthesis

MEE |g © mi a1

 Tp=1E, O = 05 ﬁ.—f -
Lt} 5 ' Ik i
s Pe=1 p=1 -
Te =129, (p= 083, LAI=5

1. L&l =5

1} [ 200 ]
Julian darg

Figure 13. Mean daily net ecosystem exchange (NEE) estimated from
CANVEG, based on assuming random distribution of foliage (ye =
Qe = 1), clumping at all scales (yg = 1.29, Qe = 0.83), and various
combinationsat measured LAl andat LAl 5. Negative NEE valuesin-
dicate more net carbon uptake by vegetation. The NEE was affected
more than any other variable, and net photosynthesis was affected
more at higher |leaf areas.

diminishesas|eaf areadecreases, even though the clumpingin
crownsisgreat. Thisfinding has implications for the applica-
tion of biogeochemical models that ignore leaf clumping and
its effects on light transfer and photosynthesis. The errors are
smaller than one would have surmised working only with
broad-leaved canopies. Such afinding emphasizes the impor-
tance of working across a spectrum of forest types.

Further work is required to determine how 3-D predictions of
foliage digtribution may be simplified for 1-D modeling of CO,
and water vapor exchange. In the meantime, a combination of
micrometeorological and ecological measurements will allow
us to continue to evaluate responses of open-canopied forests
to environmental factors at multiple scales.
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