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SCALE DEPENDENCE OF ABSORPTION OF PHOTOSYNTHETICALLY
ACTIVE RADIATION IN TERRESTRIAL ECOSYSTEMS

GREGORY P. ASNER,!3 CAROL A. WESSMAN,! AND STEVE ARCHER?

'Department of Environmental, Population, and Organismic Biology and Cooperative Institute for Research
in Environmental Sciences, University of Colorado, Boulder, Colorado 80309-0216 USA
2Department of Rangeland Ecology and Management, Texas A&M University, College Station, Texas 77843 USA

Abstract. The fraction of photosynthetically active radiation absorbed by plant can-
opies (fAPAR) is a critical biophysical variable for extrapolating ecophysiological mea-
surements from the leaf to landscape scale. Quantification of fAPAR determinants at the
landscape level is needed to improve the interpretation of remote sensing data, to facilitate
its use in constraining ecosystem process models, and to improve synoptic-scale links
between carbon and nutrient cycles. Most canopy radiation budget studies have focused
on light attenuation in plant canopies, with little regard for the importance of the scale-
dependent biophysical and structural factors (e.g., leaf and stem optical properties, leaf and
stem area, and extent of vegetation structural types) that ultimately determine fAPAR at
canopy and landscape scales. Most studies have also assumed that nonphotosynthetic veg-
etation (litter and stems) contributes little to fAPAR. Using a combined field measurement
and radiative transfer modeling approach, we quantified (a) the relative role of the leaf-,
canopy-, and landscape-level factors that determine fAPAR in terrestrial ecosystems and
(b) the magnitude of PAR absorption by grass litter and woody plant stems.

Variability in full spectral-range (400-2500 nm) reflectance/transmittance and PAR
(400-700 nm) absorption at the level of individual leaf, stem, and litter samples was
quantified for a wide array of broadleaf arborescent and grass species along a 900-km
north-south Texas savanna transect. Among woody growth forms, leaf reflectance and
transmittance spectra were statistically comparable between populations, species within a
genus, and functional types (deciduous vs. evergreen, legume vs. nonlegume). Within the
grass life-form, spectral properties were statistically comparable between species and C,/C,
physiologies. We found that tissue-level PAR absorption among species, genera, functional
groups, and growth forms and between climatologically diverse regions was statistically
similar, and for fresh leaves, it represented the most spectrally similar region of the short-
wave spectrum.

Subsequent modeling analyses indicated that the measured range of leaf, woody stem,
and litter optical properties explained only a small proportion of the variance in tree and
grass canopy fAPAR. However, the presence of nonphotosynthetic vegetation (e.g., stem
and litter) had a significant effect on canopy fAPAR. In trees with a leaf area index (LAI)
<3.0, stem surfaces increased canopy fAPAR by 10-40%. Standing grass litter canopies
absorbed almost as much PAR as green grass canopies. Modeling the radiation regime in
plant canopies should therefore account for the absorption of PAR by nonphotosynthetic
plant components. Failure to do so may lead to overestimates of primary production, es-
pecially in woodlands, savannas, and shrublands dominated by species with optically thin
canopies and in grasslands that accumulate senescent material.

Further sensitivity analyses revealed that the extent and LAI of vegetation structural
types (trees and grasses) were the dominant controls on savanna landscape-level fAPAR,
accounting for 60-80% of the total variation. Variation in leaf-level and all other canopy-
level factors contributed individually to explain only a small proportion (<11%) of the
variance in landscape fAPAR; however, when considered as a group, they accounted for
20-40% of the variation in landscape fAPAR. These results emphasize the need for more
mechanistic analyses of canopy-level radiative transfer, and subsequent carbon flux and
trace gas processes, in plant canopies and across landscapes comprising heterogeneous
mixtures of plant growth forms and life-forms.

Key words: canopy structure; leaf area index (LAl); leaf optical properties; litter; photosynthet-
ically active radiation (PAR) absorption; principal components analysis; Prosopis glandulosa; radiative
transfer; remote sensing; savannas; scaling; scattering.
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INTRODUCTION

The chemical composition and radiative character-
istics of the atmosphere are significantly affected by
the extent and biophysical attributes of terrestrial veg-
etation (e.g., Ciais et al. 1995, Denning et al. 1995,
Sellers et al. 1997). Shortwave energy (400-3000 nm)
from the sun may be absorbed by plant tissue and soils,
re-emitted as longwave energy (e.g., heat), or reflected
back into space, contributing to the earth’s albedo. The
presence of chlorophyll, carotenes, and other pigments
in leaves enables plant canopies to strongly absorb pho-
tons in the photosynthetically active radiation (PAR)
region of the spectrum (400—-700 nm) (Salisbury and
Ross 1969, Wooley 1971, Maas and Dunlap 1989). The
fraction of PAR absorbed by plant canopies (fAPAR)
significantly affects canopy photosynthesis, carbon as-
similation and evapotranspiration rates (e.g., Ehlerin-
ger and Pearcy 1983, Baldocchi and Hutchinson 1986,
Collatz et al. 1991, Norman 1993). To date, the deter-
minants of PAR absorption variability in canopies and
across landscapes have not been well quantified despite
implications for scaling processes of CO, exchange,
water flux, trace gas emissions, and net primary pro-
duction (NPP) to landscape, regional, or global levels.

Synoptic-scale fAPAR estimates are needed as input
to many biogeochemical, biosphere—atmosphere, and
climate models (e.g., Field et al. 1995, Sellers et al.
1997). Satellite-based methods are currently the only
feasible way of acquiring fAPAR estimates at the tem-
poral and spatial scales necessary for these modeling
approaches (Sellers 1987, Schimel 1995, Asner et al.
1998a, Wessman and Asner 1998). However, remotely
sensed pixels typically contain mixtures of vegetative
materials (leaves, stems, litter) and vegetation types
(trees, shrubs, grasses). An understanding of the rela-
tive importance of these factors and the way they in-
teract to influence variation in fAPAR across land-
scapes and within biomes is therefore needed (Asrar et
al. 1992, Asner and Wessman 1997).

Assessment of fAPAR in ecosystems is scale depen-
dent. The radiation regime of plant canopies is the in-
tegrated outcome of photon scattering by leaves, stems,
and soils. Soil reflectance characteristics are a function
of moisture content, surface texture, and parent ma-
terial (Stoner and Baumgardner 1981, Tacgucinoud et
al. 1992). Leaf-level scattering characteristics (or leaf
optical properties) are primarily determined by leaf
structure and chemistry, including water content, the
concentration of structural carbon constituents (e.g.,
cellulose, lignin), chlorophyll, and other biologically
active pigments (Gates et al. 1965, Thomas et al. 1971,
Wooley 1971, Walter-Shea and Norman 1991, Fourty
et al. 1996). Scattering by stem surfaces is influenced
by carbon constituents, roughness, and moisture (Mur-
ray and Williams 1987, Asner and Wessman 1997). At
the canopy scale, the contribution of leaf, stem, and
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soil optical properties to fAPAR is modulated by leaf
area index (LAI), leaf angle distribution (LAD), and
foliage clumping, which determine the density and op-
tical depth of a plant canopy (Ross 1981). As a result,
total canopy radiation absorption cannot be predicted
solely from a knowledge of the absorption and scat-
tering properties of leaves, stems, and soils (Myneni
et al. 1989, Norman 1993). Similarly, the organization
of individual canopies or vegetation patches influences
the radiation regime at the landscape level, but other
factors, such as shadowing between canopies and
patches, become an important consideration (Li and
Strahler 1985, Asner and Wessman 1997). The extent
to which properties characterizing and processes op-
erating at lower levels of ecological organization (e.g.,
leaf and stem optics) are important in explaining or
predicting properties and processes emerging to control
fAPAR at higher levels of ecological organization (e.g.,
landscapes) are not yet clear.

Canopy-level estimates of PAR absorption or inter-
ception have often been acquired through measure-
ments of downwelling and/or upwelling energy along
vertical profiles. In dense, horizontally homogeneous
canopies, these light attenuation methods can ade-
quately represent the PAR regime for canopy photo-
synthesis and carbon assimilation studies (Norman
1979, Baldocchi 1992, 1993). However, the results of
light attenuation studies, and statistical models derived
from attenuation studies, can be difficult to apply to
new environments (Nilson 1971, Norman 1993). More-
over, nonphotosynthetic materials including twigs,
branches, stems, senescent foliage, and soils absorb
PAR (van Leeuwen and Huete 1996, Asner and Wess-
man 1997); canopy radiation budget studies generally
assume little to no contribution from nonphotosynthetic
vegetation in determining fAPAR.

Advances in radiative transfer modeling now provide
a means to assess the canopy radiation regime from a
physical and mechanistic basis. The newest models are
based on the physics of photon scattering, and range
in complexity from one-dimensional (vertical profile)
algorithms to sophisticated three-dimensional land-
scape simulations (e.g., Shultis and Myneni 1988, Li-
ang and Strahler 1993, Myneni and Asrar 1993, Kuusk
1995, Asner and Wessman 1997). Since some of these
models can simulate the scattering characteristics of
leaves, stems, and soils, they can be used to explore
the shortwave radiation regime within plant canopies
and across landscapes. In this study, we used a com-
bination of field and modeling methods to quantify the
relative importance of the leaf, canopy, and landscape
biophysical and structural characteristics that drive
fAPAR variability in terrestrial ecosystems. Our focus
begins at the level of individual leaf, woody stem, and
standing litter optical properties (biophysical attributes
of plants), then extends to the structure of whole can-
opies and upward to a heterogeneous savanna land-
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scape comprising contrasting vegetation types (trees
vs. grasses). Our intention was to uncover which factors
most strongly drive changes in the PAR regime at the
scale of whole ecosystems or regions. In remote sensing
terms, we were interested in the relative importance of
plant (species-specific leaf, stem, and litter optics), can-
opy (LAI and plant architecture), and patch (diverse
mixtures of trees and grasses) properties and how these
might interact to determine fAPAR within a satellite
image pixel.

Our specific objectives were threefold. We first quan-
tified the reflectance and transmittance properties of
leaves, woody stems, and standing litter in both the
PAR (400-700 nm) and entire shortwave (400-2500
nm) spectral ranges. We were particularly interested in
documenting the extant differences within and among
species, genera, growth forms, life-forms and func-
tional groups along a climatic gradient. We then de-
termined the relative importance of the measured tissue
optical property variation on canopy fAPAR using a
physically based radiative transfer model. Finally, we
quantitatively assessed the relative importance of leaf,
stem, and litter optical properties, canopy structure, and
landscape-level organization of canopies in determin-
ing PAR absorption at the ecosystem level.

PAR ABSORPTION VS. INTERCEPTION BY
PLANT CANOPIES

Many previous canopy PAR studies have confused
the subtle but important differences between the fraction
of PAR absorbed (fAPAR) and intercepted (fIPAR) by
plants, and for this paper, it is essential that the dis-
tinction be made. fIPAR is the fraction of incoming
PAR captured by plant tissues as it scatters down
through the canopy:

PAR; — PAR,

i

ey

where PAR,; is the incident PAR at the top of the canopy,
and PAR, is the amount of PAR exiting the bottom of
the canopy. fIPAR accounts for neither the PAR that
scatters from the canopy back into the atmosphere nor
the PAR that scatters from the soil or litter surface back
into the canopy where it is absorbed or lost to the
atmosphere.

fAPAR is the fraction of incoming PAR absorbed by
a plant canopy, accounting for scattering losses (PAR,)
from the canopy to the atmosphere (PAR,y,), and
the photons scattered by the soil or litter surface into
atmosphere without being absorbed by the plant canopy
(PARs(bottom)) :

(PAR, — PAR, — PAR,)
PAR,

fAPAR =

©))

where

PAR,; = PAR , + PAR

s(canopy s(bottom)*

In canopies comprising dense green leaf material
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(e.g., some croplands), the scattering term (PAR,) may
be small (3-10%) and subsequently ignored (Russell
et al. 1989), making fIPAR a reasonable estimate of
fAPAR. However, in areas with open canopies or in
which nonphotosynthetically active tissue (stems,
standing litter) may be present, fIPAR and fAPAR can
be quite different (Prince 1991). Although fIPAR re-
quires fewer flux measurements than fAPAR (e.g., Go-
ward and Huemmrich 1992, Walter-Shea et al. 1992),
most studies attempting to scale leaf-level processes
(e.g., gas exchange) to canopy and landscape scales
require fAPAR, as this is the quantity that permits the
most robust functional link between scales (Sellers
1987, Wessman and Asner 1998). For this reason, we
focus on the scale dependence of fAPAR in canopies
and across landscapes. We use fIPAR measurements,
which are obtained more expediently than fAPAR mea-
surements, only to assess performance of the radiative
transfer model.

METHODS
Study sites

Savannas and shrublands cover ~25% of the global
terrestrial surface (Matthews 1983). These regions en-
dure some of the highest anthropogenic land-use pres-
sures on earth, including intensive grazing and altered
fire regimes (Tothill and Mott 1985, Crutzen and An-
dreae 1990, Young and Solbrig 1993, Archer 1994),
leading to sharp variation in the relative proportion of
vegetation cover types (e.g., woody and herbaceous
plants). Under both natural and managed conditions,
savannas are spatially and temporally complex, with
significant heterogeneity occurring at meter scales
(e.g., Florian et al. 1996). The savanna physiognomy,
with arborescent canopies imbedded in a complex ma-
trix of live and senescent herbaceous species (usually
grasses), provides an excellent prototype environment
for exploring the factors influencing fAPAR in struc-
turally complex ecosystems.

Three primary savanna types occur along a 900-km
north—south transect extending from Vernon to Alice
(La Copita), Texas (Fig. 1, Table 1): (1) Prosopis glan-
dulosa savanna grasslands near Vernon, (2) Quercus/
Juniperus savanna parklands near Sonora, and (3) Aca-
cialProsopis savanna parklands at La Copita. While all
of these savannas comprise a spatially heterogeneous
mixture of woody and herbaceous species, each con-
tains a unique combination of globally common sa-
vanna, shrubland, woodland, and grassland genera. The
northernmost site, located on the 200 000 ha Waggoner
Ranch near Vernon, Texas, was characterized by the
microphyllous leguminous tree Prosopis glandulosa
var. glandulosa (honey mesquite), an herbaceous layer
dominated by C; and C, grasses, and occasional ripar-
ian zones containing a variety of broadleaf arborescent
species. The central site was located at the Texas A&M
Sonora Research and Extension Center on the south-
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Sonora
*

* [La Copita

west edge of the Edwards Plateau. The vegetation was
dominated by two oak (Quercus) and two Juniperus
species with many secondary woody and C, grass spe-
cies. The southernmost site was located near Alice,
Texas, at the Texas A&M La Copita Research Area.
The La Copita site was composed of C, grasses and a
diverse assemblage of woody growth forms, dominated
by P. glandulosa and several Acacia species. Differ-
ences in mean annual precipitation and temperature,
length of growing season, and percent woody cover
along this transect are summarized in Table 1.

Leaf, woody stem, and standing litter optical prop-
erties were determined for numerous tree, shrub, and
grass species at each site. The North Texas (Vernon)
site was used for the canopy radiative transfer model
evaluation and analysis because it contained the sim-
plest landscape structural layout while still providing
sharp vegetation cover contrasts (Fig. 1). A localized
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90 m

Fi1Gg. 1. The 900-km north-south Texas sa-
vanna transect used for the leaf, stem, and litter
L optical properties survey. An extensive analysis

of canopy structure at the North Texas (Vernon)
savanna site was completed in an effort to eval-
uate radiative transfer model performance. The
aerial photograph of a typical 90 X 90 m area
at the northern site shows the scattered Prosopis
trees of varying size and spacing embedded in
a matrix of C, grasses. Shadowing within and
between canopies is apparent.

east (550 mm/yr)-west (665 mm/yr) precipitation gra-
dient across a 40 km distance, coupled with ongoing
grazing and prescribed fire experiments at the North
Texas site, provided a range of aboveground biomass
levels required for model evaluation exercises, while
still maintaining similar species composition.

Tissue optical properties

Leaves of arborescent species (trees and shrubs) at
each site were sampled by clipping 5-10 branches from
individual plants, which were sealed in airtight poly-
ethylene bags and stored in a cooler until the spectra
were measured. Green grass and standing litter samples
were collected by placing whole grass clumps (includ-
ing some roots and soil) into bags to maintain leaf
moisture. Spectral measurements were conducted with-
in 15 min of sample collection. Hemispherical reflec-
tance and transmittance values (400-2500 nm) were

TABLE 1. Tree, shrub, and grass foliage, stem, and standing litter samples were collected along a latitudinal gradient extending

from northern to southern Texas, USA.

Annual Growing

Site Resource Location MAT PPT season Woody
name area! (latitude) °C) (mm) (d) cover (%) Dominant vegetation
Vernon? Rolling Plains 33°57' N 17 620 220 20-50 Prosopis glandulosa,
savanna grassland
Sonora? Edwards Plateau 30°10' N 20 575 240 10-30 Quercus-Juniperus,
savanna parkland
La Copita* Rio Grande Plains 27°40' N 22 680 290 30-70 Prosopis-Acacia,

savanna parkland

Notes: MAT = mean annual temperature; PPT = precipitation. For detailed summaries of climate, soils, and vegetation
see ! McMahon et al. (1984), 2 Heitschmidt et al. (1986), > Amos and Gehlbach (1988), * Archer (1995).
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obtained using a full-range spectroradiometer (Ana-
lytical Spectral Devices, Inc., Boulder, Colorado), a
BaSO, integrating sphere (LI-1800, LI-COR Inc., Lin-
coln, Nebraska), and a light source modified for full-
range spectral measurements. The ASD spectrometer
acquired measurements at 1.4-nm intervals in the vis-
ible/near-infrared (NIR) and at 2.0-nm increments in
the shortwave infrared (IR) (SWIR) region. Each re-
flectance and transmittance spectrum represented the
mean of 200 individual spectral measurements.

A modified version of the Daugherty et al. (1989)
method for spectral analyses of needle leaves was used
for the leaflets of species not completely covering the
sample port on the integrating sphere (e.g., Acacia,
Prosopis, green and senescent grass leaves). Procedural
errors can produce negative transmittance values when
the gap fraction between leaves placed over the sample
port is large. We used techniques developed by Mid-
dleton et al. (1996) and M. A. Mesarch et al. (unpub-
lished data) to decrease the gap fraction in the sample
port to <20%, thus minimizing this problem.

Woody stem material was collected from trees and
shrubs by removing thin, opaque slices of the outer
bark. Flat areas on the stems were selected to ensure
that the sample port of the integrating sphere would
close properly. Reflectance spectra were collected from
5 to 10 individuals of each species, with each sample
consisting of a 200-spectrum average.

A general analysis of the variability in tissue optical
properties across the 400-2500 nm spectral range was
first conducted to uncover potential differences among
species, genera, functional groups, life-forms and
growth forms. A total of 350 arborescent and grass leaf,
245 woody stem, and 105 standing litter samples from
38 different tree, shrub, and grass species were com-
pared. Leaves varied significantly in morphology,
roughness, pubescence, and thickness. The mean and
standard deviation of the reflectance and transmittance
values of species, genera, and functional groups were
compared with the overall arborescent and grass life-
form mean values (Student ¢ tests). Prosopis glandu-
losa occurred at all three sites, so we were able to
quantify intraspecies variation in leaf and stem spectra
along the Texas transect. Comparisons within species
(=population variation) and among species within gen-
era were also made using three Quercus (two from
Sonora, one from Vernon) and four Acacia species (all
from La Copita).

Leaf, woody stem, and litter fractional PAR absorp-
tion values (fAPAR,.;) were then calculated for each
species:

700
> (1.0—p, — 1)

fAPAl{tissues = A0 301 (3)

where p, is the hemispherical reflectance at wavelength
\ and 7, is the hemispherical transmittance. fAPAR ;e
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was then compared among species, genera, functional
groups, and growth forms. Variability in tissue-level
fAPAR within these groups was compared with that of
the entire aborescent and grass life-form groups (Stu-
dent ¢ tests).

Measurements of canopy structure and fIPAR

Canopy structure and intercepted PAR variability
were quantified at the North Texas Prosopis savanna
site. These data were then used to evaluate the per-
formance of the radiative transfer model and to para-
meterize it for later sensitivity analyses. Ten 60 X 60
m plots were established by randomly placing 1-2 plots
in rangelands with different livestock grazing and pre-
scribed burning regimes across the local east—-west pre-
cipitation gradient. In July 1996, grass canopy fIPAR
and LAI were measured at 5-m intervals along two
transects extending diagonally across each plot (n =
36 sample points per plot). Each fIPAR point consisted
of an average of four measurements using a line quan-
tum sensor (LI-191SA, LI-COR Inc., Lincoln, Nebras-
ka) oriented along (one measurement forward and one
backward of sampling point) and perpendicular to the
transect (left and right of the sampling point). Incoming
radiation was monitored with a stationary point quan-
tum sensor (LI-190SA, LI-COR Inc., Lincoln, Nebras-
ka) mounted on a tripod situated to obtain a clear view
of the sky. Dataloggers on the roving line and station-
ary point quantum sensors were synchronized for later
fIPAR calculations. fIPAR measurements were ac-
quired on clear sky days within one hour of solar noon.
The fraction of PAR intercepted (fIPAR) by the grass
canopy was estimated using

4
1 P PAR,
fIPAR = PAR, PAR; 7 “@
where PAR,; is the total incoming radiation in the 400—
700 nm range, and PAR, is the energy transmitted
through the canopy, summed, and averaged for the four
measurements at each sample point.

When Prosopis trees were encountered, PAR trans-
mitted through the canopy was measured above the
grass understory at two locations along the long axis
of the crown and two locations perpendicular to the
long axis (n = 4 per crown). The fIPAR of each tree
canopy was calculated using Eq. 4. When <15 Prosopis
trees were encountered along transects within a plot,
additional individuals were randomly chosen until a
minimum of 15 trees were characterized.

Prosopis plant area index (PAI = LAI + Stem AI)
and grass PAI (=LAI + Litter AI) were estimated at
each fIPAR sampling point using a plant canopy an-
alyzer (LAI-2000, LI-COR Inc., Lincoln, Nebraska).
Measurements were acquired on fully overcast days,
as the calculations made by the instrument’s computer
assume diffuse (isotropic) sky conditions. A three-
quarter view cap was used to prevent errors from the
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user’s silhouette or from viewing too much clear sky
(LI-COR 1992). PAI values were based on the mean
of four readings (as per fIPAR measurements).

The plant canopy analyzer should be calibrated
against actual measurements when used on species with
discrete crowns such as the Prosopis trees in this study.
We calibrated the canopy analyzer readings by destruc-
tively harvesting trees representing the range of canopy
architectures and sizes common to the study plots and
measuring LAI with a leaf area meter (J. Ansley and
G. P. Asner, unpublished data). This comparison yield-
ed the relationship for Prosopis trees:

LAL,, = 1.76(PAL,cop) + 0.13 5)

(r? = 0.84, n = 10). Stem area index (SAI) of Prosopis
was also estimated by obtaining plant canopy analyzer
readings before and immediately after Prosopis defo-
liation. Measurements were collected in the same man-
ner as for the intact crowns, and a relationship similar
to that of Eq. 5 was used to correct the data.

At each grass sampling point along the transects, a
1 m? area was marked, and the relative cover of live
grass and standing litter was visually estimated in 10%
increments. Three observers recorded their estimates
independently, and these were then averaged.

Leaf inclination, an important factor for canopy ra-
diative transfer modeling (Ross 1981, Campbell 1986),
was estimated on three Prosopis trees in each plot.
Because Prosopis has compound leaves, we character-
ized the angle of the leaflets. One hundred leaflets were
randomly selected on each tree, and a leaf inclinometer
was used to estimate the angle from horizontal. The
inclination angle of Prosopis stems and branches was
also measured (n = 10-20 per individual). Estimates
of the inclination angle of live and standing litter her-
baceous biomass in each of the 60 X 60 m main plots
were based on 60 measurements in each of three 1-m?
plots randomly selected from among the 36 sample
points encountered along transects. Distribution func-
tions describing the leaf orientation of Prosopis trees
and the grass understory were derived from these data.

Crown height and width were measured on the same
Prosopis trees used for the leaf angle measurements (n
= 30 for all plots combined). These crown dimensions
were used to parameterize the overstory Prosopis can-
opy in the landscape radiative transfer model. The areal
extent of tree, herbaceous, and bare soil cover was
estimated in each plot using a combination of low-
altitude color-IR aerial photographs and field obser-
vations. Air photos acquired in June 1994 were scanned
into digital format, and the three primary covertypes
were calculated using an image processing software
package (ENVI, Research Systems, Inc., Boulder, Col-
orado).

Canopy radiative transfer modeling

We used a three-dimensional landscape radiative
transfer model (discrete ordinates solution) capable of
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handling two or more vegetation types, each with vary-
ing canopy structure, self-shadowing, and shadowing
between canopies. Based on the model originally de-
veloped by Myneni and Asrar (1993), details on its
formulation and additional components are given by
Li and Strahler (1985), Marshak (1989), Myneni and
Asrar (1993), and Qin (1993). While computationally
expensive, three-dimensional models are currently the
only reliable method for quantitatively assessing the
radiation regime in spatially complex, multi-element
canopies (Asrar et al. 1992). Briefly, the main com-
ponents of the model are as follows:

(i) The model is based on modified turbid medium
theory, which approximates a canopy as a volume of
leaf and stem elements with canopy gaps. Photons in-
teract with canopy elements through both single and
multiple collisions, and photons are permitted to travel
in 96 directions, 12 directions per octant of a unit
sphere (Myneni and Asrar 1993).

(ii) Scattering of photons by individual leaves and
stems sections is parameterized using measured hemi-
spherical reflectance and transmittance values (Asner
and Wessman 1997). The specular component of leaf
reflectance is also simulated (Marshak 1989). Scatter-
ing at the soil surface is isotropic and is parameterized
using field measurements of soil reflectance.

(iii) Canopy structure is simulated using leaf and
stem area indices, leaf and stem zenith angle distri-
butions, and an index of foliage clumping. Photons are
scattered and absorbed in three-dimensional space, and
interactions with the soil surface (reflection and ab-
sorption) and the atmosphere (scattering losses) are
simulated. Leaf and stem azimuthal angles are modeled
as a uniform distribution.

(iv) Shadowing between canopies and vegetation
types is simulated using a geometric-optical model in
which tree crowns are approximated as ellipsoids (Li
and Strahler 1985). Crown dimensions are parameter-
ized using field allometric measurements.

(v) Both canopy- and landscape-level radiation re-
gimes are dependent on sun position and sky conditions
(Ross 1981). The model simulates the physical inter-
action of both direct beam and diffuse radiation with
the canopy. For this comparative study, we placed the
sun at 12° zenith and 165° azimuth to simulate northern
Texas savanna illumination at solar noon on 15 July
1996. Sky conditions were simulated as relatively clear
(80% direct/20% diffuse incoming radiation).

The model can also be used in one-dimensional
mode, thus simulating the photon transport in a single
vegetation type. We employed the one-dimensional
mode when considering the effects of leaves, stems,
litter, and soils on single-canopy fAPAR.

It is important to emphasize that the model simulates
the interaction of photons within canopies based on the
scattering characteristics derived for plant tissue and
soil surfaces. It does not calculate canopy absorption
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directly from leaf or stem absorption. Instead, the mod-
el allows for photons to scatter throughout a canopy,
and then calculates fAPAR after all scattering events
have occurred.

Canopy model evaluation

In addition to modeling canopy fAPAR, the total
photon flux exiting the bottom of the canopy can be
calculated to simulate fIPAR. To evaluate the accuracy
of the radiative transfer model in simulating canopy
PAR, we compared modeled and measured fIPAR for
tree and grass covers at the northern Texas (Vernon)
site. Leaf, woody stem, standing litter, and soil spectral
data and the measured canopy structural characteristics
were used to simulate fIPAR for half of the herbaceous
and all of the tree sample points in each of the ten 60
X 60 m plots (n = 180 for grass plots, n = 150 for
trees). Prosopis canopies and grass plots were simu-
lated separately to evaluate the model’s accuracy in
predicting canopy fIPAR for these vegetation types.

Canopy and landscape sensitivity analyses

Following the fTIPAR modeling evaluation, our focus
turned to the determinants of fAPAR in individual plant
canopies. A series of sensitivity analyses was per-
formed to quantify the importance of the measured
variability of leaf, woody stem, and litter optical prop-
erties in determining fAPAR at the canopy level. Sep-
arate simulations of arborescent and grass canopies uti-
lized the mean and variance of leaf, woody stem, and
litter optical properties obtained from tree, shrub, and
grass species along the north—south Texas savanna tran-
sect. These analyses allowed us to quantify the indi-
vidual contribution of leaves, stems, and litter to the
PAR regime under different LAI scenarios for each
vegetation type (woody and graminoid).

Landscape-level determinants of PAR absorption
variability were assessed by combining the field and
modeling components into one perturbation analysis.
Using the total observed variability in leaf optical and
canopy and landscape structural characteristics, 250
base-case savanna landscape simulations were per-
formed. Values for leaf-, canopy-, and landscape-level
parameters (tissue optical properties; leaf and stem area
indices; relative extent of tree and grass covers) were
randomly selected within their observed range, and a
landscape fAPAR value was generated. For every base-
case simulation, each parameter was, in turn, perturbed
by *£10% of its ecologically realistic range, and the
simulation repeated for each scenario. We chose =10%
based on the assumption that smaller changes would
generally be undetectable using current field methods.
For example, a change in LAI from 1.0 to 1.1 is prob-
ably not significant, since the error in measuring LAI
in the field is typically of equal or greater order.

A database was created for all model simulations (n
= 250 base case + 250 X 10 perturbed parameters =
2750 model runs). The sum of squares of differences,
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or merit-of-change value, between the original land-
scape fAPAR value and the value derived following
each parameter perturbation was recorded. This statis-
tic indicated the sensitivity of landscape fAPAR to a
+10% change in a parameter. The results were binned
according to sum of the landscape component LAIs
(tree + grass), and within each bin, a principal com-
ponents analysis was performed on the merit-of-change
values. Since the first principal component axis rep-
resents the direction of maximum variance, the weight-
ing of each perturbed parameter’s contribution to that
axis was a measure of the model’s sensitivity to the
perturbation (Privette et al. 1994, Asner, 1998). This
allowed us to derive a sensitivity index for all perturbed
parameters within each LAI bin. Thus, the index pro-
vided a means to test the contribution of each scale-
dependent biophysical and structural variable to the
landscape fAPAR regime.

RESULTS
Leaf optical properties

Mean (*1 sp) hemispherical reflectance and trans-
mittance properties of fresh grass and woody plant
leaves are shown in Fig. 2. Among woody growth
forms, neither leaf reflectance nor transmittance spectra
differed significantly among genera, growth forms, or
functional types (e.g., deciduous vs. evergreen, legume
vs. nonlegume; P > 0.05, ¢ tests at each wavelength),
thus they were pooled together as a single group. There
were many species-specific differences at various
wavelengths, but these differences were inconsistent
even among samples within a single species. The vari-
ability within genera, growth form, and functional
groups always exceeded that of any single species, but
no single species was significantly different from these
groupings (7 tests by wavelength). Within the grass life-
form, we also found no statistical differences between
genera or C,/C, physiology. Again, the variance within
any given species tended to be less than that observed
by genus or photosynthetic pathway, but no general
trends or differences could be found.

A comparison of woody plant vs. graminoid life-
forms revealed consistently higher leaf reflectance val-
ues for grasses throughout the visible region (f tests at
each wavelength, P < 0.05), whereas woody species
had higher values throughout the NIR region (¢ tests,
P < 0.05; Fig. 2A). There were no significant reflec-
tance differences between woody plant and grass leaves
in the shortwave IR (SWIR) range. Among woody
plants, leaf reflectance variability was lowest in the
PAR region (cv = 6-8%), and highest in the SWIR
near 2400 nm (cv = 21-23%). Among grasses, the
lowest leaf reflectance variation was in the PAR region
(cv = 6-7%), while the highest was in the NIR (cv
= 10-11%). Conservative scattering in the visible
range results from the biochemical constraints imposed
by the presence of chlorophyll (Gausman 1982, Boyer
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et al. 1988, Maas and Dunlap 1989, Walter-Shea and
Norman 1991, Poorter et al. 1995). A comparison of
the woody plant and grass leaf transmittance spectra
showed no statistically significant differences through-
out the entire shortwave region (Fig. 2B).

Strong absorption features near 450 and 680 nm are
associated with chlorophyll and other pigments (Sal-
isbury and Ross 1969, Danks et al. 1984), while the
strong increase in reflectance and transmittance in the
near-infrared (NIR) is due to scattering of photons at
the air—cell interfaces within the spongy mesophyll
(Wooley 1971, Boyer et al. 1988, Walter-Shea et al.
1992). The two ““dips’’ along the NIR plateau (1000
and 1200 nm) were most pronounced in woody plants
and are weak water absorption features (Gao and Goetz
1995). In the SWIR range (1200—2450 nm), the spectra
are dominated by water absorption, which obscures leaf
biochemical features related to the concentration of lig-
nin and other carbon constituents (Curcio and Petty
1951, Wooley 1971, Fourty et al. 1996). Thus, the gen-
eral increase in reflectance and transmittance variabil-
ity in the NIR and SWIR regions is primarily driven
by leaf-level differences in water content (Gao and
Goetz 1995). While it is well known that water content
dominates the NIR/SWIR leaf reflectance and trans-
mittance properties, quantification of the relative im-
portance of water, carbon, and nitrogen continues to be
difficult (Curran et al. 1992, Fourty et al. 1996).

Upon convolving the leaf reflectance and transmit-
tance spectra in the PAR (400—700 nm) range, we found
no significant differences between like species or gen-

era from different geographic locations, nor between
genera or functional types (Table 2). There were some
species-specific differences (e.g., Prosopis vs. Q. vir-
giniana, P < 0.05), but these occurrences were few
and no consistent pattern was evident. Among woody
species, leaf absorptance values ranged from 83 to
93%, with a mean = 1 sp of 90 = 2%). The variance
in leaf PAR absorption was comparable (cv = 2-3%)
across all groups of species, genera, growth forms, and
sites. Leaf-level PAR absorption was also quite similar
among grass species, with a mean of 87 = 2% (Table
3). While slightly lower than the mean for woody spe-
cies (Table 2), the difference between woody plant and
grass groups was not statistically significant (P = 0.12,
t test).

The mass, thickness, and chlorophyll concentration
of leaves can dynamically interact to maintain rela-
tively similar leaf optical properties in the PAR region,
even along strong gradients of light intensity within
canopies (e.g., Lee and Graham 1986, Poorter et al.
1995). Our results further suggest that leaf absorptance
among grasses and broadleaf woody plant growth
forms is dynamically stable along a pronounced cli-
matic gradient. We did not explicitly assess leaf-level
PAR absorption for a wide range of leaf ages, although
some of this variability was naturally present in our
samples. While age can affect leaf optical properties,
the effects in the PAR region are typically small until
senescence occurs (e.g., Horler et al. 1983, Boyer et
al. 1988). We thus chose to focus on the fully expanded
leaves since they comprise the bulk photosynthetic vol-
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TABLE 2. Variability of woody plant leaf and stem optical properties in the PAR spectral range.

Fresh leaf material

Stem material

Species Absorptance Reflectance Transmittance Absorptance Reflectance
Prosopis glandulosa (1) (L) 0.85 (0.03) 0.07 (0.01) 0.08 (0.03) 0.91 (0.03) 0.09 (0.03)
Prosopis glandulosa (2) (L) 0.87 (0.01) 0.07 (0.00) 0.05 (0.01) 0.92 (0.01) 0.08 (0.01)
Prosopis glandulosa (3) (L) 0.89 (0.01) 0.07 (0.00) 0.04 (0.00) 0.92 (0.05) 0.08 (0.05)
All Prosopis 0.872(0.02) 0.07° (0.00) 0.06¢ (0.02) 0.924¢ (0.04) 0.08¢ (0.04)
Acacia berlandieri (3) (L)t 0.92 (0.01) 0.06 (0.00) 0.02 (0.01) 0.93 (0.01) 0.07 (0.01)
Acacia farnesiana (3) (L)% 0.86 (0.02) 0.08 (0.00) 0.06 (0.02) 0.90 (0.01) 0.10 (0.01)
Acacia greggii (3) (L)f 0.91 (0.01) 0.08 (0.00) 0.02 (0.01) 0.87 (0.02) 0.13 (0.02)
Acacia rigidula (3) (L)t 0.91 (0.01) 0.06 (0.01) 0.03 (0.01) 0.79 (0.05) 0.21 (0.05)
All Acacia 0.90% (0.03) 0.07°(0.01) 0.03¢ (0.02) 0.874(0.06) 0.13¢7(0.06)
Quercus buckleyi (1) 0.88 (0.01) 0.07 (0.00) 0.06 (0.00) 0.88 (0.04) 0.12 (0.04)
Quercus gambelii (1) 0.89 (0.02) 0.07 (0.01) 0.05 (0.01) 0.87 (0.03) 0.13 (0.03)
Quercus pungens (2) (EG-S) 0.90 (0.01) 0.07 (0.01) 0.03 (0.01) 0.83 (0.02) 0.17 (0.02)
Quercus virginiana (2) (EG-S) 0.92 (0.00) 0.07 (0.00) 0.01 (0.00) 0.89 (0.03) 0.11 (0.03)
All Quercus 0.90° (0.02) 0.07° (0.00) 0.04¢ (0.02) 0.87¢(0.05) 0.13" (0.05)
Acer negundo (1) 0.90 (0.01) 0.06 (0.01) 0.04 (0.01) 0.80 (0.03) 0.20 (0.03)
Berberis trifoliolata (3) (EG-NS) 0.90 (0.00) 0.06 (0.00) 0.04 (0.00) 0.85 (0.05) 0.15 (0.04)
Celtis reticulata (2) 0.89 (0.01) 0.07 (0.01) 0.05 (0.01) 0.87 (0.02) 0.13 (0.02)
Cercis canadensis (2) (L) 0.89 (0.00) 0.06 (0.00) 0.05 (0.00) 0.84 (0.02) 0.16 (0.02)
Colubrina texensis (2) 0.89 (0.01) 0.06 (0.01) 0.05 (0.01) 0.90 (0.01) 0.10 (0.01)
Condalia hookeri (3) 0.88 (0.01) 0.07 (0.01) 0.05 (0.0D) 0.82 (0.02) 0.18 (0.02)
Diospyros texana (3) 0.92 (0.01) 0.06 (0.00) 0.02 (0.00) 0.82 (0.04) 0.18 (0.04)
Forestiera angustifolia (2) 0.87 (0.01) 0.08 (0.01) 0.06 (0.00) 0.84 (0.01) 0.16 (0.01)
Leucaena retusa (2) (L) 0.88 (0.01) 0.07 (0.01) 0.05 (0.00) 0.79 (0.06) 0.21 (0.06)
Lonicera albiflora (2) 0.89 (0.01) 0.06 (0.00) 0.05 (0.01) 0.86 (0.02) 0.14 (0.02)
Mahonia trifoliolata (3) (EG-S) 0.88 (0.00) 0.07 (0.00) 0.05 (0.00) 0.74 (0.01) 0.26 (0.01)
Morus microphylla (2) 0.89 (0.01) 0.06 (0.01) 0.05 (0.01) 0.88 (0.01) 0.12 (0.01)
Populus augustifolia (1) 0.91 (0.01) 0.05 (0.01) 0.04 (0.01) 0.84 (0.03) 0.16 (0.03)
Rhus aromatica (1) 0.90 (0.00) 0.06 (0.00) 0.04 (0.00) 0.92 (0.02) 0.08 (0.02)
Rhus microphylla (2)% 0.90 (0.01) 0.06 (0.01) 0.04 (0.01) 0.85 (0.01) 0.15 (0.01)
Sophora secundiflora (2) (EG-S) 0.92 (0.00) 0.07 (0.00) 0.01 (0.00) 0.87 (0.02) 0.13 (0.02)
Ugnadia speciosa (2) 0.86 (0.01) 0.07 (0.01) 0.08 (0.01) 0.86 (0.03) 0.14 (0.03)
Zanthoxylum fagara (3) (EG-NS) 0.90 (0.01) 0.06 (0.00) 0.04 (0.01) 0.85 (0.02) 0.15 (0.02)
All trees/shrubs (n = 245) 0.90° (0.02) 0.07°(0.01) 0.04¢ (0.02) 0.854(0.06) 0.15f (0.06)

Notes: Means are given with standard deviations in parentheses. Within each column, group means with different superscript
letters were significantly different (7 tests, P < 0.05). Locations of species are also marked: (1) Vernon, (2) Sonora, and (3)
La Copita. For most species, n = 10; double dagger (f) indicates n = 5. L = microphyllous legume, EG-S = evergreen
sclerophyll, and EG-NS = evergreen nonsclerophyll. Tree/shrub species without notation were deciduous.

ume of most canopies throughout the greatest portion
of a growing season.

Woody stem and standing litter optical properties

Woody plant stem and standing grass litter optical
properties were generally more variable than those of
fresh leaf material (Fig. 3). Coefficients of variation
for stem reflectance ranged from 9 to 25% (highest in
PAR region, lowest in SWIR near 1700 nm), while litter
reflectance and transmittance cv’s were 9-45% (lowest
in NIR, highest in SWIR near 2400 nm) and 24-60%
(lowest in NIR, highest in SWIR near 2400 nm), re-
spectively. Among stem samples, this variability is
probably attributable to differences in surface moisture
and carbon constituents (Asner and Wessman 1997),
although quantitative analyses of stem optical-bio-
chemical relationships have not been adequately ad-
dressed. The wide range in grass litter optical properties
may indicate differences in residual water content but
also species-specific differences in carbon (e.g., lignin,
cellulose, starch) content (Murray and Williams 1987,

Asner, 1998). Woody stem and litter spectra showed
fewer water absorption features than green leaf mate-
rial, allowing the spectral features associated with lig-
nin and other organic compounds (at ~1700, 2000, and
2200 nm) to emerge in the spectra (Curran et al. 1992,
Verdebout et al. 1994, Asner et al. 1998b).

Upon convolving the spectra in the PAR range, we
found variability in woody stem and litter absorptance
to be greater than that of fresh leaves (Tables 2 and 3).
The mean * 1 sp absorptance for all woody stem and
grass litter samples was 85 = 6% and 67 * 8%, re-
spectively. Woody stem material absorbed PAR in
quantities comparable to that of fresh leaf material. In
fact, there were no statistically significant differences
in PAR absorption between the mean fresh leaf (woody
plant or grasses) and woody stem values.

North Texas savanna canopy structure

Diverse fire and grazing management histories, cou-
pled with differences in long-term mean annual rain-
fall, combined to cause marked differences in tree and
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TaBLE 3. Variability of grass leaf and standing litter optical properties in the PAR spectral range.
Tissue Species Absorptance Reflectance Transmittance
Green leaves Agropyron cristatum (2) (Cs) 0.88 (0.00) 0.09 (0.00) 0.03 (0.00)
Aristida purpurea (1) 0.87 (0.01) 0.09 (0.01) 0.04 (0.01)
Bothriochloa ischaemum (3) 0.86 (0.00) 0.11 (0.01) 0.04 (0.00)
Bouteloua curtipendula (2) 0.87 (0.01) 0.10 (0.01) 0.04 (0.01)
Bouteloua rigidiseta (1)% 0.87 (0.01) 0.09 (0.01) 0.05 (0.01)
Cenchrus ciliaris (3)% 0.85 (0.01) 0.10 (0.01) 0.05 (0.01)
Chloris pluriflora (3) 0.89 (0.00) 0.10 (0.01) 0.02 (0.00)
Erioneuron pilosum (2)% 0.90 (0.01) 0.08 (0.01) 0.02 (0.01)
Paspalum spp. (3) 0.87 (0.01) 0.08 (0.01) 0.05 (0.01)
Hilaria belangeri (2)% 0.89 (0.00) 0.09 (0.00) 0.03 (0.00)
Schizachyrium scoparium (2) 0.86 (0.01) 0.11 (0.01) 0.04 (0.01)
Sorghastrum nutans (2)% 0.88 (0.01) 0.09 (0.01) 0.03 (0.01)
Stipa leucotricha (1) (C;) 0.89 (0.01) 0.10 (0.01) 0.02 (0.01)
Tripsacum dactyloides (2) 0.87 (0.00) 0.09 (0.00) 0.04 (0.00)
All Grasses (n = 105) 0.872(0.02) 0.10¢ (0.01) 0.04¢ (0.01)
Litter Agropyron cristatum (C;) 0.61 (0.05) 0.35 (0.04) 0.04 (0.02)
Aristida purpurea 0.67 (0.04) 0.28 (0.05) 0.05 (0.03)
Bothriochloa ischaemum 0.64 (0.06) 0.31 (0.04) 0.07 (0.02)
Bouteloua curtipendula 0.59 (0.05) 0.33 (0.03) 0.09 (0.03)
Bouteloua rigidisetat 0.69 (0.04) 0.25 (0.04) 0.08 (0.03)
Cenchrus ciliarist 0.66 (0.05) 0.33 (0.04) 0.04 (0.02)
Chloris pluriflora 0.68 (0.04) 0.26 (0.02) 0.07 (0.03)
Erioneuron pilosumi 0.74 (0.03) 0.23 (0.04) 0.03 (0.02)
Hilaria belangerif 0.67 (0.07) 0.28 (0.03) 0.05 (0.02)
Paspalum spp. 0.64 (0.05) 0.30 (0.04) 0.06 (0.03)
Schizachyrium scoparium 0.56 (0.04) 0.31 (0.01) 0.16 (0.04)
Sorghastrum nutansi 0.62 (0.05) 0.36 (0.03) 0.03 (0.01)
Stipa leucotricha (Cs) 0.58 (0.02) 0.32 (0.04) 0.10 (0.04)
Tripsacum dactyloides 0.80 (0.01) 0.19 (0.02) 0.02 (0.01)
All litter (n = 105) 0.67° (0.08) 0.284(0.06) 0.07¢(0.05)

Notes: Means are given with standard deviations in parentheses. Within each column, group means with different superscript
letters are significantly different (¢ test, P < 0.05). Locations of species are also marked: (1) Vernon, (2) Sonora, and (3) La
Copita. For most species, n = 10; double dagger () indicates n = 5. C; = C, physiology. Grasses without notation have
C, physiology.
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TABLE 4. Mean (1 sp in parentheses) leaf area index (LAI), plant area index (PAI = LAI + Litter Al), leaf and stem
inclination angle (LA, SA), and tree crown dimensions for Prosopis and grass canopies in each 3600-m? plot at the North
Texas savanna research site. Areal cover estimates of tree and herbaceous canopy and bare soils are also given.

Tree
Grass
. Crown Crown Ground cover
LAI LA (®) SA (®) height (m)T width (m)#f PAI LA (®) -
Plot (n = 15) (n = 300) (n =30-60) (n=23) (n=3) (n = 30-36) (n = 180) T/G/S§ (%)
1 1.1 (0.3) 43 (8) 58 (20) 29(0.6)  49(LD 3.603) 50 (4) 44/87/13
2 2.1(0.3) 38 (9) 68 (11) 2.5(0.4) 2.7 (1.2) 3.8 (0.5) 49 (2) 53/93/7
3 1.5 (0.2) 41 (5) 49 (14) 3.0 (0.5) 3.0 (1.0) 2.8 (0.6) 51(7) 51/98/2
4 1.3(0.4) 37(9) 69 (9) 2.6 (0.3) 2.6 (0.7) 2.6 (0.3) 57 (7) 42/98/2
5 2.2 (0.4) 41 (5) 74 (7) 3.7 (0.7) 5.9 (0.8) 2.3(0.2) 50 (5) 55/88/12
6 1.8 (0.4) 41 (3) 50 (21) 3.0(0.1) 3.5(0.7) 3.3(04) 48 (3) 34/97/3
7 2.0 (0.4) 37 (8) 72 (8) 3.0 (1.0) 4.1(1.2) 3.0(0.4) 52 (3) 45/96/4
8 1.4 (0.2) 45 (4) 63 (15) 3.6 (0.7) 4.2 (0.9) 3.1(0.8) 48 (5) 39/97/3
9 1.9 (0.3) 42 (5) 79 (10) 3.7 (0.5) 4.0 (1.1) 3.9(0.3) 49 (4) 34/98/2
10 1.9 (0.2) 41 (2) 73 (13) 4.9 (0.6) 5.2(1.4) 4.4 (0.2) 56 (5) 41/97/3
Mean (sD) 1.7 (0.6) 41 (5) 66 (9) 3.3(0.8) 4.2 (1.4) 3.2 (0.9) 54 (6) T: 43.8 (7.4)
G: 949 (4.2)
S:5.1(4.2)
Min. 0.7 8 9 2.0 1.3 0.8 9 34/87/2
Max. 2.8 81 90 5.5 7.2 4.7 89 55/98/13

T Ground to crown top.
1 Long axis.
§ T = tree, G = herbaceous, S = bare soil.

grass biomass between plots at the North Texas savanna
site. Mean LAI ranged from 1.1 to 2.2 for Prosopis
trees, while grass PAI (=LAI + Litter AI) varied from
2.3 to 4.4 (Table 4). Mean inclination angle of Prosopis
leaflets ranged from 37° to 45° and that of grasses
ranged from 48°to 57°. Our grass leaf angle values were
similar to those reported for the tallgrass prairie in
Kansas (Walter-Shea et al. 1992, Privette et al. 1996).
The mean * 1 sD Prosopis stem inclination angle was
66° = 9°. Upon transforming the tissue angle data to
distribution functions, we found that Prosopis leaf can-
opies tended toward plagiophile distributions (leaves
distributed about a mean of 45°), while grass canopies
and Prosopis stems tended toward erectophile distri-
butions.

The mean = 1 sp height (ground to top of crown)
and width of Prosopis was 3.3 = 0.8 and 4.2 = 1.4 m,
respectively. Prosopis stem area index (SAI) ranged
from 0.44 to 0.66. When samples were separated into
canopy height classes, mean * 1 sp SAI values for the
0.5-1.0, 1.0-2.0, and >2.0 m classes were 0.50 * 0.35,
0.48 = 0.25, and 0.62 * 0.20, respectively. The relative
proportion of leaf to stem area (~2.0-4.5) was com-
parable to that in the few studies that have measured
both LAI and SAI (O’Connell and Kelty 1994; D. Pa-
taki, Duke University, personal communication). These
LAI SAI and leaf angle results provided the necessary
range of structural values to test the canopy radiative
transfer model.

Air photo analyses of the North Texas site indicated
that the areal extent of tree cover ranged from 34 to
55% with a mean value of 44% (Table 4). Grass cover
was estimated as the reciprocal amount of understory

cover not classified as bare soil. This approach makes
the assumption that grass cover was present under tree
crowns (which cannot be estimated from aerial pho-
tographs), and field observations supported this as-
sumption for the North Texas sites. Grass and bare soil
cover ranged from 87 to 98 and from 2 to 13%, re-
spectively.

Radiative transfer model evaluation

Field measurements of canopy PAR interception
(fIPAR) were regressed against model predictions for
Prosopis trees and grass plots. For the tree canopy sim-
ulations, a mean SAI of 0.55 was used. Scattering by
leaves, stems, and litter was parameterized using mean
reflectance and transmittance values for Prosopis and
grass species located at the North Texas site (Tables 2
and 3). Tree leaf and woody stem angle distributions
(LAD, SAD) were modeled as plagiophile and erec-
tophile, respectively. Grass leaf and standing litter an-
gle distributions were both simulated as erectophile.
For Prosopis trees, the index of foliage clumping was
set at 0.8 to simulate a moderate amount of clumping
(Qin 1993). This parameter was difficult to quantify in
the field, so we chose a value to best represent our
qualitative field observations.

Radiative transfer model predictions of Prosopis
fIPAR were in close agreement with field measure-
ments (r> = 0.97), and absolute errors ranged from 0
to 4% (Fig. 4A). Predictions of fIPAR in grass plots
were reasonably accurate (r> = 0.87; Fig. 4B), but were
significantly improved when the model was parame-
terized with both grass leaf and litter optical properties
(r> = 0.94; Fig. 4C). This improvement was accom-
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plished by weighting each simulated plot using the field
estimates of live and dead grass cover. Strong agree-
ment between predicted and observed fIPAR for tree
and grass canopies indicated that we could reliably
proceed with sensitivity analyses to determine the rel-
ative importance of the leaf, stem, and litter optical
properties on canopy fAPAR.

Determinants of canopy PAR absorption

For canopy-level sensitivity analyses, vegetation and
soil parameter values are listed in Table 5 (column 1)
unless noted otherwise. Using the measured variability
in leaf-level reflectance and transmittance values (Ta-
bles 2 and 3), we first considered the influence of their
scattering properties on canopy-level fAPAR. We be-
gan by simulating a tree canopy consisting of leaves
without stems, as is commonly done in canopy radia-
tion modeling. Varying leaf optical properties = 2 sp
from the mean had little influence on canopy fAPAR
(Fig. 5A). At LAI < 2, the effect of changing leaf
optical properties was insignificant. At high LAI values
(5-6), leaf optical variability affected canopy fAPAR
by only 5-6% (absolute).

Adding woody stem optical properties and woody
stem area to the model (Table 5) increased canopy
fAPAR by 10-40% (absolute) at LAI < 3, with a di-
minishing influence as LAI increased to 6 (Fig. 5B).
Varying stem optical properties by =2 sD from the
mean in Table 3 had a minimal (<6%) effect on canopy
fAPAR, regardless of LAI or SAI. Thus, while non-
photosynthetic woody plant components contribute sig-
nificantly to canopy fAPAR, variation in their optical
properties was of little consequence.

An analogous series of simulations was performed
for grass canopies to test the relative importance of live
foliage and standing litter on canopy fAPAR. Using
the measured variation in grass leaf and litter optical
properties, we compared a simulated 100% live leaf

canopy to a mixed (50% live/50% litter) canopy (Fig.
6A). As was observed for simulated tree canopies, the
importance of leaf scattering characteristics (=2 sD
from the mean) increased as canopy PAI increased.
However, even at very high PAIs (5-6), grass leaf op-
tical properties accounted for <3% of the variation in
canopy fAPAR. The mixed live/litter grass canopies
showed a similar trend, but the greater variation in litter
reflectance and transmittance (Table 3) translated to
larger differences in canopy-level fAPAR as PAI in-
creased (Fig. 6A). Note that even at a high canopy PAI,
the difference between live only and live + litter can-
opy fAPAR was only 4-7%.

To further examine the importance of leaf and stand-
ing litter contributions to grass canopy fAPAR, we sim-
ulated five canopy PAI scenarios, where the amount of
live material ranged from O to 100% (Fig. 6B). Canopy
fAPAR was driven primarily by the total amount of
biomass (live + litter) present, with the proportion of
live vs. dead leaf material playing a relatively small
role. As the live leaf proportion increased for any given
PAI, canopy fAPAR increased linearly, with a maxi-
mum change of ~8% from a 100% litter to a 100%
live canopy. Thus, for every 20% increase in live ma-
terial, canopy fAPAR increased by <2%.

Determinants of landscape PAR absorption

We used the PCA approach described earlier to quan-
tify the relative importance of the various tissue optical
properties and tree cover, LAI, and SAI to landscape
fAPAR in relation to changes in the sum of component
(tree and grass) canopy LAIs (called the ‘“sum com-
ponent LAI”). The y-axis in Fig. 7 shows the effect of
a 10% change in a given leaf-, canopy-, or landscape-
level variable on total landscape fAPAR. For example,
with a tree canopy LAI = 0.5 and a sum component
LAI = 1.5 (grass LAI = 1.0 + tree LAI = 0.5), a 10%
change in the relative cover of trees accounted for a
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TABLE 5. Leaf- to landscape-level parameters used for radiative transfer sensitivity analyses.

Values for Values for
canopy-level landscape-level
Parameters analyses analyses
Leaf level
Hemispherical reflectance (400-700 nm)
Arborescent species 0.07 0.04-0.10
Grass species 0.10 0.06-0.14
Stem material 0.15 0.05-0.28
Litter 0.28 0.16-0.40
Hemispherical transmittance (400—-700 nm)
Arborescent species 0.04 0.01-0.09
Grass species 0.04 0.1-0.08
Stem material 0.00 0.00
Litter 0.07 0.02-0.20
Canopy level
Overstory leaf area index 0.0-5.0 0.0-5.0
Overstory stem area index 0.55, 0.65 0.0-1.0
Understory leaf area index 0.0-5.0 0.5,1.0,2.5
Understory litter area index 0.0-5.0 0.5,1.0,2.5
Soil reflectance 0.15% 0.15%
Overstory leaf angle plagiophile plagiophile
Understory leaf angle erectophile erectophile
Overstory stem angle erectophile erectophile
Understory litter angle erectophile erectophile
Landscape level
Areal coverage of overstory n/a 0-100%
Overstory crown height (m) 3.3 3.3
Overstory crown diameter (m) 4.2 4.2
Understory canopy height (m) 0.4 0.4
Other
Ratio of direct to total incident radiation 0.8 0.8
Solar zenith angle 15° 15°

Note: Value means and ranges in Tables 2 and 3 were used for setting leaf, stem, and litter
optical properties. All other values were from the North Texas savanna site or were chosen
within ecologically plausible limits. Middle column shows baseline values used for canopy-
level analyses (Figs. 5 and 6); n/a indicates not applicable. Far right column indicates ranges
of values used in landscape sensitivity analyses (Figs. 7 and 8). Plagiophile = distribution of
leaf zenith angle tends toward 45°. Erectophile = distribution of leaf zenith angle tends toward

vertical.
t From Asner and Wessman (1997).

8% change in total landscape fAPAR (Fig. 7A). Under
these same conditions, a 10% change in tree LAI ac-
counted for 55% of the change in landscape fAPAR.
Tree LAI and tree cover clearly controlled the vari-
ance in landscape-level fAPAR. These variables com-
bined to account for 60-80% of the PCA variance in
fAPAR (Fig. 7A), whereas stem area index and tissue
optical properties combined to account for 20-40% of
the variance (Fig. 7B). The importance of tree cover
increased as the sum component LAI increased, with
a concomitant decline in the importance of tree canopy
LAI One of these two variables explained =40% of
the variance in landscape fAPAR, whereas stem area
index and tissue optical properties never accounted for
more than ~11% when considered individually.
Among these secondary variables, stem area index ex-
erted more influence than most tissue optical proper-
ties. However, its importance, as well as the importance
of grass and litter optical properties, decreased with
increasing sum component LAI (Fig. 7B). Conversely,

tree leaf optical properties increased in importance with
increasing tree LAI. The optical properties of standing
litter was of similar importance to that of live grass in
driving fAPAR variability at all sum component LAI
values.

In the previous analysis, the understory herbaceous
cover was held constant with a live/standing litter mix-
ture PAI = 2.0 (each understory component = 1.0). To
further test the relative importance of tree cover and
LAI on fAPAR when understory conditions change, we
simulated landscape fAPAR for two live grass (LAI =
0.5, 2.5) and four tree (LAI = 1.0, 2.0, 3.0, 4.0) sce-
narios, while increasing tree canopy cover from 10 to
90%. Landscape fAPAR increased with added tree cov-
er, but the influence of tree canopy leaf area on land-
scape fAPAR diminished when the understory LAI was
relatively high (Fig. 8). This supports other work in-
dicating that absorption in the PAR region saturates at
moderate LAI (2-3) values (e.g., Asrar et al. 1984,
Goward and Huemmrich 1992). As a result, adding tree
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LAI when understory LAI is already high produced
only small (<5%) changes in fAPAR at the landscape
level (Fig. 8B), whereas in the low understory LAI
case, incremental changes in tree canopy LAl increased
landscape fAPAR as much as 25% (Fig. 8A). In the
low grass LAI simulation (Fig. 8A), a tree cover of
80-90% was required to generate a landscape-level
fAPAR comparable to that of a nearly treeless (~10%
tree cover) grassland with an LAI = 2.5.

A similar set of analyses, but with an understory com-
posed of 100% standing litter (Litter AI = 0.5, 2.5)

showed trends comparable to those observed for green
grass canopies (Fig. 8c, d). While landscape fAPAR was
slightly lower in comparison to the scenarios with a green
understory (Fig. 8A, B), the differences were <7% (ab-
solute). As the extent and LAI of the overstory increased,
the differences in landscape fAPAR between the live and
senescent understory scenarios decreased to almost zero.

DisCcUSSION

Understanding and quantifying the determinants of
PAR absorption by plant canopies are critical for ac-
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(A) Dotted lines depict fAPAR with increasing PAI (plant area index) for live grass canopies using mean grass

leaf optical values (*2 sp; Table 3). Solid lines depict a canopy composed of 50% live/50% senescent (litter) material (mean
+2 sp of leaf and litter optical properties). (B) Effect of increasing the percentage of live material on grass canopy fAPAR
at five canopy PAI values. Changes in live:litter ratios had less effect on canopy fAPAR than changes in canopy PAI.
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litter meets or exceeds that of green grass at all LAI values.

curate modeling of canopy carbon, water, and trace gas
fluxes (e.g., Collatz et al. 1991, Baldocchi 1993). Al-
though studies based on light attenuation in forest can-
opies appear to provide adequate resolution for these
applications, they may not apply well to canopies with
gaps, a relatively large proportion of nonphotosynthetic
material (e.g., stems), vertical layering of vegetation
types, or in areas of high horizontal heterogeneity. Fur-
thermore, statistical light attenuation models, such as
those based solely on the Poisson probability distri-
bution (Nilson 1971), do not provide a means to quan-
tify the relative importance of the scaled biophysical

and structural variables that determine canopy and
landscape PAR absorption.

Radiative transfer models based on physical scatter-
ing principles provide a means to evaluate the relative
importance of variables contributing to the canopy ra-
diation regime. We first quantified the optical charac-
teristics of a wide array of leaf, woody stem, and stand-
ing litter components, the smallest-scale elements in
most radiative transfer models (but see Jacquemoud
and Baret [1990] for an example of within-leaf mod-
eling), to define the limits of their scattering properties.
Because these models provide a means to link tissue-
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scattering characteristics to the canopy structural at-
tributes determining the abundance, position, and ori-
entation of scattering objects in three-dimensional
space, canopy absorption of photons can be simulated
in a highly mechanistic manner. This approach thus lent
itself well to quantitative analyses.

Our results indicate that variation in woody plant
and grass leaf optical properties accounts for only a small
proportion of the variance in canopy-level fAPAR.
Changes in canopy fAPAR resulting from changes in
LAI far outweighed those associated with changes in
leaf scattering characteristics. For canopy-scale as-
sessments of light absorption, it thus appears that leaf
optical properties in the PAR spectral region can be
treated generically. The greater observed variability in
the scattering characteristics of leaves in the NIR and
SWIR spectral regions (Figs. 2 and 3) would likely

preclude the use of generic leaf optical properties in
radiation budget studies focused on the entire short-
wave spectrum (e.g., for albedo studies).

Woody stem material absorbed significant amounts
of PAR and substantially increased canopy fAPAR at
a low to moderate LAI. Senescent biomass also strong-
ly absorbed PAR. As a result, an accounting of stem
area in woody plants and the relative proportion of live
and standing litter cover in herbaceous canopies is nec-
essary to accurately model ecophysiological processes
at the canopy scale in grasslands, savannas, shrublands,
and woodlands. It is the ‘“‘functional fAPAR,” i.e., the
absorbed PAR used in photosynthesis, that is needed
in such modeling efforts. Studies seeking to quantify
canopy photosynthesis, respiration, and trace gas dy-
namics would likely incorporate significant error from
functional fAPAR estimates based solely on whole-
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canopy field measurements. Even at relatively high LAI
values, ecophysiological analyses that neglect contri-
butions from stem and senescent leaf surfaces to can-
opy fAPAR introduce a bias in flux estimates that could
be magnified when extrapolated over increasingly large
regions (Asner and Wessman 1997).

These results emphasize that senescent grass cano-
pies absorb photosynthetically active radiation in quan-
tities similar to those of live grass canopies, although
the amount that goes to ““functional fAPAR” will de-
crease with increasing canopy senescence. This coun-
terintuitive outcome occurs because increased scatter-
ing in a standing litter canopy allows photons to travel
more deeply into the canopy and thus maintain overall
canopy fAPAR (Fig. 6B) by offsetting the greater re-
flectance of senescent grass material at the top of the
canopy (Table 3). The remaining difference between
green leaf and standing litter canopy fAPAR at any
given plant area index (PAI) was primarily the result
of scattering losses at the top of the canopy (results
not shown).

Atlandscape scales, variation in PAR absorption was
largely driven by changes in the spatial extent and PAI
of vegetation types. When considered individually,
woody stem area and scattering characteristics of
leaves, stems, and litter contributed little to landscape-
level fAPAR. However, as a group, these variables did
combine to account for 20-40% of the variance in land-
scape fAPAR, and thus, should not be ignored. This
landscape analysis provides quantitative information
regarding which variables could be treated generically
or ignored in analyses of ecosystem function. For ex-
ample, in low PAI environments (e.g., arid shrublands),
changes in PAI and the amount and optical properties
of nonphotosynthetic vegetation (NPV) components
play a significant role in determining landscape fAPAR.
Fresh leaf optical properties play a very small role. In
high PAI situations (e.g., forests), canopy gap fraction
(analogous to tree cover) and leaf optical properties
play a more important role, while other factors, such
as NPV, might be ignored. Nonetheless, caution in ap-
plying these results to forested ecosystems should be
exercised since functional processes in the upper reach-
es of a canopy (e.g., where cumulative LAI < 3.0) can
be influenced by the presence of woody material.

Although soil optical properties were not explicitly
addressed in this study, other analyses have indicated
that soil reflectance does influence canopy fAPAR (e.g.,
Asrar et al. 1992, Asner and Wessman 1997). However,
bare ground cover at our North Texas savanna site was
only 2-13% (Table 4), and even where large bare soil
patches occur, variation in vegetation cover and LAI
are the primary determinants of landscape-level PAR
absorption (Asrar et al. 1992). Leaf angle distribution
is also an important factor controlling fAPAR (e.g.,
Asrar et al. 1992, Walter-Shea et al. 1992, Norman
1993, and many others). Our approach was to quickly
survey leaf and stem angle distributions at our savanna
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site and use these data to realistically parameterize the
radiative transfer model. In other analyses, Asner and
Wessman (1997) indicated the role of leaf angle dis-
tribution in driving fAPAR variability as intermediate
to that of LAI and some of the secondary factors de-
scribed in Fig. 7, such as stem area.

CONCLUSIONS

Results of this study provide quantitative insights to
the relative importance of several scale-dependent fac-
tors influencing fAPAR in grass and woody plant can-
opies in spatially heterogeneous landscapes. fAPAR is
of particular importance because it provides a direct
connection between ecosystem structure and function
(Wessman and Asner 1998). It also provides a means
to link repeatable, synoptic-scale remote sensing esti-
mates of fAPAR to other functional attributes of eco-
systems such as nitrogen use, CO, assimilation, and
water loss (Sellers 1987, Sellers et al. 1992, Running
et al. 1994, Field et al. 1995). While fAPAR is a func-
tional attribute of an ecosystem, it is strongly influ-
enced by ecosystem structure (e.g., Gamon et al. 1995).
As a result, deconvolving the relative effects of the
numerous structural factors that control fAPAR is need-
ed to improve its interpretation and use. The impor-
tance of many single factors contributing to canopy
fAPAR has been documented in previous studies. Here,
we demonstrated their relative significance at the scale
of tissues, canopies, and landscapes as a means to de-
termine which variables should be accounted for and
which can be ignored or held to a constant value in
future studies. Further analyses are underway to in-
corporate this understanding of fAPAR scale depen-
dence into the interpretation of remotely sensed data.

Improved accuracy in scaling biophysical variables
will continue to be important for both bottom-up and
top-down perspectives in physiological ecology, bio-
geochemistry, and global change research. Studies fo-
cused on large-scale ecological change, such as the
interaction of the biosphere and atmosphere through
CO, and water vapor exchange, require improved res-
olution in space and time, and improved functional
links to landscape-, regional-, and global-scale struc-
tural heterogeneity. As new perspectives and methods
for scaling ecological function from local to global
levels continue to evolve (e.g., via micrometeorolog-
ical towers, remote sensing, and modeling), our un-
derstanding of how observable functional variables
(e.g., APAR) scale across ecological levels must keep
pace. Without this synergy, our ability to resolve im-
portant issues such as sources and sinks of CO,, the
effects of nitrogen deposition on ecosystems, and the
significance of land-use and climate change will be
impaired.
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