
REMOTE SENS. ENVIRON. 49:81-91 (1994) 

The Normalized Difference Vegetation Index 
of Small Douglas-Fir Canopies with Varying 
Chlorophyll Concentrations 

Barbara J. Yoder* and Richard H. Waring* 

T e  normalized difference vegetation index (ND VI), cal- 
culated from reflected red and near-infrared radiation, 
has been related to various vegetation properties, including 
leaf area index, light absorption capacity, and photosyn- 
thetic potential. In an experiment with miniature canopies 
of 1-m-tall Douglas-fir (Pseudotsuga menziesii) seedlings, 
we modified leaf area index, light absorption capacity, 
and photosynthetic potential by altering the concentration 
of chlorophyll in foliage and by controlling the density 
of seedlings. We measured canopy photosynthesis and 
light transmission in controlled-environment chambers 
and then transferred seedlings to a hemispheric illumina- 
tion system where we measured canopy reflectance. We 
found that altering the visible band used for computation 
of a normalized vegetation index substantially changed 
the correlations between the index and canopy properties. 
For example, the normalized index was best correlated 
to light absorption capacity when we used a narrow red 
band (671-674 nm; R 2 = O. 71), and least correlated when 
we used a narrow green band (565-575 nm; R 2 = 0.27). 
On the other hand, the index computed with the 565- 
575 nm band was best correlated with the photosynthetic 
potential of canopies grown in sunlight (R2= 0.84), and 
the correlation was lower when a narrow red band was 
used (R2= 0.37). The cause of these differences is chloro- 
phyll. The green regions of reflectance spectra were much 
more sensitive to changes in chlorophyll concentration 
compared with the red or near-infrared regions. Increased 
chlorophyll concentration was also related to increased 
photosynthetic potential when canopies had been grown 
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under full sunlight. However, we found no statistically 
significant relationship between leaf chlorophyll concen- 
tration and canopy light absorption. 

INTRODUCTION 

Green vegetation has distinctive optical properties: Green 
plants strongly absorb visible radiation and strongly 
scatter near-infrared radiation. The underlying causes of 
these optical properties are well understood. Pigments, 
especially chlorophylls, absorb visible light, and the air- 
water interfaces between intercellular spaces and cell 
walls cause multiple refraction, resulting in high reflec- 
tance in the near-infrared wavelengths (e.g., Gates et al., 
1965; Gausman, 1977; Wooley, 1971). These properties 
have been exploited for years in efforts to glean informa- 
tion about the Earth's vegetated surface through remote 
sensing. A fruitful approach has been to emphasize the 
large change in reflectance between the visible and infra- 
red regions by processing spectral observations mathe- 
matically in various ways, including ratioing and differ- 
encing. In this way, a variety of spectral vegetation 
indices have been developed and associated statistically 
with various biophysical properties of vegetation. 

The most commonly used vegetation index is the 
normalized difference vegetation index (NDVI), calcu- 
lated from the reflectance of visible (typically red, R) 
and near-infrared (NIR) radiation: (NIR - R) / (NIR + R). 
NDVI was originally interpreted as a measure of green 
leaf biomass (Tucker, 1979; 1980). Many studies have 
shown positive correlations between NDVI and leaf area 
index (LAI; m 2 leaf area m -2 ground area), although 
NDVI tends to saturate as LAI increases (e.g., Curran, 
1983; Asrar et al., 1984; Running et al., 1986; Bhadwar 
et al., 1986a,b; Franklin, 1986; Peterson et al., 1987; 
Spanner et al., 1990a,b). Also, a linear relationship has 
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been noted between NDVI and the fraction of incident 
photosynthetically active radiation (PAR; 400-700 nm) 
absorbed (fPAB) by a canopy (Kumar and Monteith, 
1981; Hatfield et al., 1984; Asrar et al., 1984; Goward et 
al., 1985; Sellers, 1985; 1987; Goward and Huemmrich, 
1992). It has also been proposed, on the basis of models, 
that spectral vegetation indices may increase linearly 
with the potential of vegetation for photosynthesis (Sell- 
ers, 1985; 1987; Tucker and Sellers, 1986; Sellers et 
al., 1992). Recently, this prediction was demonstrated 
experimentally with annual grasses (John Gamon, per- 
sonal communication). 

Models that relate remote sensing to vegetation 
structure and function are becoming more sophisticated 
and widespread, increasing the need for accurate inter- 
pretation of vegetation indices (Goward et al., forthcom- 
ing). There are many influences on reflectance signals, 
such as atmospheric conditions, the type of soil or back- 
ground material, and the optical properties and geome- 
try of foliage, that could influence NDVI and confound 
simple relationships with LAI or fPAR (Choudhury, 
1987; Goward et al., forthcoming). Chlorophyll, the 
primary leaf pigment, is a source of variation that has 
received little attention in studies of vegetation indices. 
Several studies have related changes in chlorophyll con- 
centration to shifts in the "red edge," the inflection point 
that occurs in the rapid transition between red and 
near-infrared reflectance (e.g., Horler et al., 1983; Cur- 
ran et al., 1990), and these shifts have been associated 
with plant stress and forest decline (e.g., Collins, 1978; 
Rock et al., 1986; Ustin et al., 1988). However, few 
studies have analyzed relationships between chlorophyll 
concentration and NDVI. 

Because reflectance of visible light decreases as 
chlorophyll concentration increases, NDVI should in- 
crease as chlorophyll concentration increases at a con- 
stant leaf area. Accordingly, a poor correlation between 
NDVI and LAI is expected when chlorophyll concentra- 
tion varies independently from leaf area. Chlorophyll 
generally increases as leaf nitrogen increases (e.g., Lin- 
der, 1980), and leaf nitrogen concentration is often 
related to the biochemical ability for photosynthesis 
(Field and Mooney, 1986; Mitchell and Hinckley, 1993). 
Changes in chlorophyll concentration may therefore be 
associated with changes in physiology of vegetation as 
well as NDVI. In many parts of the world, chlorophyll 
concentrations vary notably throughout the year, as is 
obvious when deciduous plants display autumn colors. 
Even in regions where evergreens dominate, freezing 
conditions combined with clear skies may reduce chlo- 
rophyll levels significantly (Oquist et al., 1987). To the 
extent that decreases in chlorophyll concentration paral- 
lel decreases in the biochemical ability for photosynthe- 
sis, NDVI may be an indicator of physiological change 
on the canopy level. 

Changes in chlorophyll concentration do not affect 

all parts of the visible reflectance spectrum equally. For 
individual leaves, the absorbance maxima in the blue 
and red regions saturate at relatively low chlorophyll 
concentrations (Thomas and Gausman, 1977; Gausman, 
1982; Yoder and Daley, 1990). Thus it is expected that 
the sensitivity of NDVI to chlorophyll concentration 
should depend on the visible band chosen to calculate 
NDVI, which in turn is dependent on the radiometer 
used because these instruments vary in spectral cover- 
age and band width. For example, the Landsat Thematic 
Mapper Band 3 is sensitive to wavelengths between 630 
nm and 690 nm; the red band (Channel 1) of the NOAA 
AVHRR measures between 580 nm and 680 nm; the 
red band of Landsat's MSS ranges from 500 nm to 600 
nm. Radiometers with much higher spectral resolution 
are currently in use on airborne platforms. AVIRIS, for 
example, provides continuous coverage between 400 nm 
and 2500 nm at 10-nm intervals. The higher resolution 
creates many more options for computing vegetation in- 
dices. To best interpret the information from these differ- 
ent sensors, it is important to understand how these 
bands respond to varying chlorophyll concentration. 

The goal of this study was to evaluate how variations 
in chlorophyll concentration and leaf density affect re- 
flectance properties as well as the photosynthetic capa- 
bility of conifer canopies. To accomplish this, we de- 
signed experiments that created independent variation 
in vegetation structure and function, as suggested by 
Greegor (1986). 

M E T H O D S  

We conducted our experiment in a greenhouse / labora- 
tory setting with "miniature" canopies of Douglas-fir 
(Pseudotsuga menziesii) seedlings in order to control the 
conditions of the experimental material, especially the 
ranges of chlorophyll concentration and leaf area, and 
to increase our ability to make accurate measurements. 
First, we evaluated correlations between chlorophyll con- 
centration and photosynthetic capacity at the scale of 
individual twigs. Then we measured photosynthesis of 
canopies, or clusters of seedlings, in controlled-environ- 
ment chambers and evaluated the degree to which the 
differences in photosynthesis could be described by 
variation infPAR and leaf-level photosynthetic capacity, 
Then we measured spectral reflectance of the canopies 
using a hemispheric illumination system, and computed 
NDVI in several ways, using average reflectance across 
different visible bands. The correspondence with LAI, 
fPAR, and canopy photosynthetic potential was evalu- 
ated for each formulation of NDVI. Finally, we used a 
formulation of NDVI that seemed to have an "intermedi- 
ate" sensitivity to chlorophyll and evaluated its relation- 
ships with LAI, fPAR, and canopy photosynthesis in 
more detail. 
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Plant Canopies 

We transplanted 2-year-old, nursery-grown seedlings of 
Douglas fir into black plastic tubes (6.3 cm diameter x 
25 cm deep) in May 1989. The seedlings were main- 
tained on an outdoor nursery bed through the summer 
with frequent watering and rotation to maintain uniform 
growing conditions. In September, 480 healthy seed- 
lings of similar size and condition were selected and 
attached together in holders to form 24 "miniature" 
canopies of 20 trees each and transferred to a glasshouse, 
where they were maintained with sunlight supplemented 
by four 1000-W high-pressure sodium lights (General 
Electric "Luealox"), which were on from 6:00 to 22:00. 
The artificial lights alone provided 600 gmol m -2 s -1 
PAR at the tops of the canopies. 

Each miniature canopy measured approximately 0.4 
m on a side and was about 1 m tall. Because each tree 
was in a separate planting tube, the arrangement of 
trees in canopies could be changed easily and nonde- 
structively. Some subsequent measurements 0CPAR and 
canopy refectance) were performed on whole, 20-tree 
canopies and also on half-density canopies, with every 
other tree removed from the holder. 

Chlorophyll concentration was manipulated by fer- 
tilizing individual seedlings and by growing seedlings 
in shade or full sun (Bjrrkman, 1981). The canopies 
were randomly assigned to treatments, which were initi- 
ated on 30 September and maintained for 14 weeks 
before measurements were initiated. The experimental 
treatments included three levels of nitrogen, 0 mg N / 
plant, 1 mg N/plant, or 5.6 mg N/plant (NH[ and 
NO~- in a 1:2 ratio) applied every 4-7 days and two 
levels of light: fully exposed or covered with 40% shade 
cloth. These treatments were administered as 3 x 2 fac- 
torial design with each treatment replicated four times. 
However, the independent variables for analyses were 
the resulting canopy properties (e.g., leaf chemistry), 
which varied continuously, rather than the light and 
fertilization treatments. 

Photosynthesis Measurements 
We measured photosynthesis on two scales: small indi- 
vidual twigs (Ale~) and entire canopies (A .... py). In both 
cases, uniform environmental conditions were main- 
tained to obtain a relative index of photosynthetic capac- 
ity at each scale. For Ale~f measurements these conditions 
were: PAR = 1500-1800 gmol m -2 s-1, cuvette tempera- 
ture = 27°C, vapor pressure deficit= 1.3 kPa, and cu- 
vette CO2 concentration = 350/~L L -1. Ale~f measure- 
ments were made with a LiCor 6200 photosynthesis 
system, using a 0.25-L cuvette between 8:00 and 11:00. 
For each measurement we chose a twig located at the 
top and near the center of a canopy. Light was provided 
by a General Electric EYF bulb (14 ° beam spread, 
3050°K color temperature) placed 30 cm above the 

cuvette, with a Petri dish of water just below the light 
to absorb thermal radiation. A fan was placed adjacent 
to and facing the cuvette to reduce heat buildup during 
measurements. Net photosynthesis was measured con- 
tinuously as CO2 in the cuvette decreased from above 
400 gL L-1 to less than 340 gL L-l,  and the rate at 
350 / I L L  -1 was determined from linear regression 
analysis (the coefficient of determination was always 
greater than 0.95, and usually greater than 0.99). After 
the photosynthesis measurements, the needles in the 
cuvette were harvested, and their projected area was 
determined with a LiCor 3050A Leaf Area Meter. With 
this information the net photosynthesis per unit leaf 
area was calculated. 

Canopy photosynthesis (A .... py) was measured in the 
plant-environment research chamber (PERCH) system 
in the laboratory of Dr. William Winner at Oregon State 
University. Three chambers were used, each consisting 
of a cylinder with 1.3 m floor space and 1.5 m tall. 
Charcoal-filtered air was pushed through the chambers 
on a flowthrough basis and stirred by a fan internal to 
each chamber. Light was supplied by a 1000-W metal 
halide lamp at the top of each chamber, which provided 
480 gmol m -2 s -1 PAR at canopy tops. Temperature 
was maintained at 25°C and vapor pressure deficit at 
1.7 kPa. At the time of our measurements, the concentra- 
tion of COz in the intake air could not be controlled in 
the chambers. We made measurements between 23:00 
and 5:00 because CO2 of the inflowing air was more 
stable during those hours (auto traffic was probably 
responsible for CO2 variability during the day). Although 
this was the normal dark cycle for the plants, they 
were all measured under the same conditions. During 
measurements, CO~ averaged 382/tL L -1, with a stan- 
dard deviation around the mean of 13 gL L -1. 

Three canopies from different treatments were cho- 
sen at random and placed in the three chambers, where 
they were allowed to equilibrate to chamber conditions 
for at least 45 min. We then used a LiCor 6250 infrared 
gas analyzer to measure CO2 concentrations at inlet and 
outlet ports of the chambers. Repeated measurements 
(at least 10 pairs) were made over the course of 30 min, 
and the average difference in concentration between 
inflow and outflow was calculated. The air flow rate 
through the chambers was measured with a vane ane- 
mometer inserted in the outflow pipe. The net gas 
exchange was calculated from the change in CO2 divided 
by the air flow rate. Because it was not possible to 
isolate roots and stems from leaves in these chambers, 
the measurements represent net CO2 exchange of entire 
canopies. 

Leaf Area and Leaf Chemistry 
Specific leaf area. Six samples of approximately 

5 cm 2 each were taken from each canopy by randomly 
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removing needles; four of the samples were of the 
current age class of needles and two were from older 
age classes. Projected areas of each sample were mea- 
sured with a LiCor 3050A leaf area meter, and the 
needles then were dried to constant weight at 70°C. 
Specific leaf area of each sample was calculated from 
the area-to-weight ratio. Because we found no significant 
difference in specific leaf area among fertilization treat- 
ments for each age class, we pooled the values by age 
class and light treatment. 

Chlorophyll concentration. Six samples of approxi- 
mately 1 cm 2 each were taken from each canopy by 
randomly removing needles. As in sampling for specific 
leaf area, four of the samples were of the current age 
class of needles and two were of the older age classes. 
Projected area was determined with a LiCor 3050A leaf 
area meter, and chlorophyll concentration was deter- 
mined after elution into dimethyl formamide, using the 
coefficients of Inskeep and Bloom (1985). The average 
chlorophyll concentration for the canopy was deter- 
mined from the mean of these measurements, weighted 
by the relative amounts of the two foliage age classes. 
The total chlorophyll content of the canopy was the 
product of chlorophyll concentration and total leaf area. 

Total leaf area. At the end of the experiment, all of 
the needles were removed from all of the 240 trees in 
the experiment and separated by age class. To evaluate 
the leaf areas of half-canopies, needles from two 10-tree 
groups were handled separately. The needles were dried 
to constant weight at 70°C and weighed. Total leaf area 
was determined by summing products of the specific 
leaf area and total leaf mass for each age class. Leaf 
area index (LAI) for each canopy was calculated by 
dividing the total leaf area by the projected area of the 
canopy, which was determined from several measure- 
ments with a meter stick of the length and width of the 
block of seedlings. 

Canopy Spectral Reflectance 
Our procedures for measuring canopy reflectance were 
designed to minimize the effects of shadow, illumination 
angle, specular reflectance, and background. All of these 
are important variables in operational acquisition of re- 
flectance spectra, but, in order to focus on canopy struc- 
ture and pigmentation, we sought to minimize variation 
from other sources by using a hemispherical artificial 
illumination system that provided stable diffuse light. A 
detailed description of this system is provided by Wil- 
liams and Wood (1987). The stable illumination greatly 
increased the number of reliable measurements com- 
pared with most field measurement procedures (Deme- 
triades-Shah and Steven, 1988), which allowed intensive 
spectral sampling of our experimental canopies. How- 
ever, a drawback to artificial light is the reduction in 
light intensity with distance squared from the source. 

Because artificial light penetrates canopies differently 
from natural sunlight, and the results may not be directly 
comparable with field measurements. 

Reflected radiance was measured with an SE-590 
spectroradiometer fitted with a 15 ° FOV lens. This 
instrument has a spectral range of 375-1100 nm, with 
3-nm sampling intervals and approximately 10-nm band- 
width. Because the amount of light provided by the 
illumination system was relatively low compared with 
sunlight, we used a high-gain version of the SE-590 that 
is 10 times more sensitive to light than the standard 
instrument. 

The SE-590 was mounted about 10 ° off nadir (to 
avoid creating a shadow under the lights), 0.63 m above 
the center of the canopy. With this configuration, the 
long axis of the field of view at the canopy surface was 
about 0.18 m, well within the 0.4 m x 0.4 m dimensions 
of the canopy. Canopies were placed one at a time 
on a revolving platform beneath the hemisphere, and 
adjusted vertically so that the top of the canopy was 
always at the same distance from the radiometer and 
light source. Each spectral observation consisted of a 
total of 64 scans; 16 scans were accumulated from each 
of four positions, with a 90 ° rotation between each set. 
Two reference scans were obtained before and after 
each set of target scans. For the reference scans, a 
barium sulfate panel was positioned in the same location 
as the top of the canopies. After measuring reflectance 
of a whole, 20-tree canopy, every other tree was re- 
moved and the procedure was repeated for the half- 
density canopy. 

Percent reflectance was determined with software 
developed by Moon Kim of the Goddard Space Flight 
Center. Radiance from the reference panel was assumed 
to represent 100% reflectance. Potential contributions 
from soil and the black planting tubes were ignored 
because the reflectance of soil-filled, black planting tubes 
with no plants was less than 2% in all spectral bands. 

fPAR 
The fractional absorption of PAR was calculated with 
the formula 

fPAR (%) = 100% - PaRt . . . .  (tT~) _ PARren (%), 

where PARt .... is the percentage of PAR that was trans- 
mitted through a canopy and PARre, is the percentage 
of incident PAR that the canopy reflected. PARr~n was 
evaluated from the canopy reflectance measurements of 
whole and half-canopies under the hemispheric illumi- 
nation system, described above. The average percent 
reflectance was evaluated between 400 nm and 700 nm. 
PARt .... was determined while canopies were under 
lights in the PERCH chambers. Using the photodiode 
at the tip of a Decagon ceptometer, we measured PAR 
at 12 defined positions beneath each canopy (with the 
sensor resting just above the top of the planting tubes, 
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facing directly upward), and then in the same positions 10 
with no trees (with the sensor placed just above soil- 
filled planting tubes with no trees). After ratioing these 8 
values, we estimated PARt . . . .  f r o m  the average of the 12 
values. As with reflectance measurements, after PARt .... '~ 6 
measurements were made using whole, 20-tree cano- ~. 

E 
pies, every other tree was removed (the same trees as 
for reflectance measurements), and the procedure was ~ 4 
repeated for the half-density canopy. 

< 2 

Data Processing and Statistics 
For each canopy and half canopy, six separate values 
were calculated to represent NDVI from the general 
formula NDVI -- (NIR - VIS) / (NIR + VIS). The spectral 
ranges for VIS varied for the six calculations, and were 
chosen to represent a range of sensitivities to chloro- 
phyll. These bands included the entire visible range 
(400-700 nm), a broad green band (500-600 nm), a 
narrow green band (565-575 nm), a broad red band 
(600-700 nm), an intermediate red band (625-675 nm) 
and a narrow red band (671-674 nm). (As shown in Fig. 
4b, the narrow green band was highly correlated with 
chlorophyll concentration, and the narrow red band was 
poorly correlated). To simplify data presentation, we 
used a single formulation for NDVI with an intermediate 
sensitivity to chlorophyll (VIS = 625-675 nm) for many 
of the figures. This is denoted NDVI82~-67~. In all cases 
we used the average between 800 nm and 900 nm for 
NIR because reflectance tended to be at a maximum 
and relatively stable across this spectral region. 

For gas exchange measurements, which were only 
performed on whole, 20-tree canopies, the total sample 
size was 24. Relations between canopy gas exchange and 
other canopy features were analyzed with standard re- 
gression techniques using SAS statistical software (SAS, 
1985). The total sample size for reflectance and fPAR 
measurements was 48, because these measurements were 
performed on canopies with every other tree removed as 
well as with whole canopies. This creates observational 
interdependence in the data set (Ripple et al., 1986). 
The interdependence does not affect estimation of re- 
gression slopes and intercepts, but it may inflate the 
coefficient of determination (Pindyck and Rubinfeld, 
1981). Still, relative comparisons can be made among 
regressions for the same data set to evaluate which 
model explains the greatest amount of variance (Ripple 
et al., 1986). We used the SAS "nlin" procedure (SAS, 
1985) to fit nonlinear models to light penetration through 
the canopies. 

RESULTS 

Biophysical Properties of Canopies 
As expected, the experimental treatments created a broad 
range of chlorophyll concentrations (Fig. 1). Whole- 

/ 
J 

J 

2 3 4 5 6 7 8 
-2 

Chlorophyll Concentration (mg drn ) 

Figure 1. Relationships between leaf chlorophyll concentra- 
tion and photosynthetic capacity: ([q) foliage from canopies 
grown in full sun (R2= 0.88); ( ')  foliage from shade-treated 
canopies (R2= 0.15). Overall, R2= 0.48. 

canopy photosynthesis varied sixfold across the 24-canopy 
data set, from about 1 ttmol CO2 s -~ to 6/~mol CO2 s -~ 
per whole canopy (Fig. 2). Total canopy leaf area ranged 
from just under 0.3 m 2 to just over 1.1 m 2. If values of 
A~a, opy are scaled to an m -2 ground area basis, they 
range from 4.6/~mol CO2 m -2 s -1 to 35.8/tmol CO2 
m -2 s -x, with a mean value of 20.4. 

Relationships between Chlorophyll Concentration 
and Biophysical Properties of Canopies 
The transmission of PAR through canopies was strongly 
a function of total leaf area (Fig. 3), and when the data 
were fit to a Beer's law extinction model (PARtr~n, = 
e-k(~')), the estimated extinction coefficient k was 0.48 
(standard error of estimation = 0.014; model R2= 0.76). 
A better fit to the data was obtained by including an 
intercept in the model: PARtr~ns=e k°÷kl(~0, which ex- 
plained 87% of the variation in PARt . . . . .  Similarly, 88% 
of the variation in fPAR could be explained by LAI. 
However, both PARtr~ns andfPAR were statistically inde- 
pendent of chlorophyll concentration (R2= 0.01 in both 
cases). When chlorophyll concentration was added to a 
variety of nonlinear regression models with LAI, it ex- 
plained no additional variation in eitherfPAR or PARt ..... 

Chlorophyll concentration did explain about half of 
the variability in leaf-level photosynthetic capacity (Alea) 
(R 2= 0.48, Fig. 1), and when only the full-sun canopies 
were considered, the correlation was much greater (R ~ -- 
0.88; Fig. 1). Both fPAR and Alea were significant pre- 
dictors of A~nopy (Figs. 2a,b); fPAR was much more 
closely correlated with Ac~nopr of the shade-treated cano- 
pies, whereas Alea was more closely correlated with 
A~anopy of sun canopies. Overall, models including both 
variables were a significant improvement over single- 
factor models. We fit a number of additive and multipli- 
cative models to the data set, and they tended to explain 
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Figure 2. Relationships between whole-canopy photosynthe- 
sis ( A c a n o p y )  and a)fPAR (R 2 overall = 0.36, R 2 shaded = 0.56, 
R 2 unshaded = 0.02); b) leaf-level photosynthetic capacity 
(R 2 overall = 0.57, R ~ shaded = 0.47, R 2 unshaded = 0.76); c) 
a model combining fp,, and photosynthetic capacity (R 2 over- 
all = 0.73, R 2 shaded = 0.72, R 2 unshaded = 0.77; and d) total 
chlorophyll content of canopies (R 2 overall = 0.68, R ~ 
shaded = 0.70, R 2 unshaded = 0.71). (~) Canopies grown in 
full sun; (0) shade-treated canopies. 

between 75% and 85% of the variation in A .... py (e.g., 
Fig. 2c). Because fPAR was closely correlated with LAI 
and ALoof was fairly well correlated with chlorophyll 
concentration, models based on LAI and chlorophyll 
also explained a significant amount of the variation in 
A~opy. For example, chlorophyll content (the product of 

0.7 f • 

0 .6  

E" o.5 

._ 0.4 

E 0.3 = 
0.2 

0 . 1  

• r 

0 _ i 

o 1 2 3 4 S e 
LAI 

Figure 3. Percent transmission of PAR through canopies as 
a function of LAI. The extinction coefficient k when fit to 
Beer's law (PARtr~ = e -k/~'l) is 0.477; R2= 0.76. When an 
intercept is included in the model (PARtr~n~ = ek°+kl~"/); 
k0 = -0.35, kl = -0.34, and R2= 0.87. (I-q) Canopies grown 
in full sunlight; (0) shade-treated canopies. 

chlorophyll concentration and total leaf area) explained 
more than twice the variability in A .... py as LAI alone 
and almost twice as much as fPAR alone (Fig. 2d). 

Chlorophyll Concentration, LAI, and 
Canopy  Ref lectance  

Chlorophyll concentration and LAI had nearly indepen- 
dent effects on canopy reflectance. When chlorophyll 
concentration increased, reflectance decreased in the 
visible wavelengths, with the greatest change in the 
green region. Varying chlorophyll caused very little 
change in the NIR (Figs. 4a,b). Conversely, when LAI 
increased the dominant change in the reflectance spec- 
tra was an increase in NIR reflectance (Figs. 4c,d). 
There was also a small increase in visible reflectance 
when LAI increased, particularly in the green wave- 
lengths. Changes in LAI had very little impact on re- 
flectance near the chlorophyll absorbance maxima, in 
the red and blue. 

Relationships b e t w e e n  N D V I  and Canopy Properties 

In general, NDVI increased when either LAI or chloro- 
phyll concentration increased. Because of the large vari- 
ation in chlorophyll concentration independent from 
LAI, NDVI625-675 (i.e., NDVI computed with a VIS band 
with intermediate sensitivity to chlorophyll) was not a 
good predictor of LAI across all samples (Fig. 5a). The 
relationship between LAI and NDVI62~-67s was especially 
poor for the unshaded canopies; chlorophyll concentra- 
tion varied over a much wider range within this treat- 
ment. Likewise, because fPAR was closely correlated 
with LAI and not at all correlated with chlorophyll concen- 
tration, NDVI625_~75 was not a good predictor o f f  PAR, 
especially in the unshaded canopies (Fig. 5b). NIR re- 
flectance alone, however, was a comparatively good 
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Figure 4. Effects of varying chlorophyll and leaf area on 
canopy reflectance. (Above 900 nm, measurement precision 
is low and should be interpreted with caution-Goward et 
al., forthcoming), a) "Typical" reflectance spectra of two can- 
opies of similar leaf area having low and high chlorophyll 
concentration; b) correlelogram relating chlorophyll concen- 
tration to percent reflectance across the measured spec- 
trum; c) "typical" reflectance spectra of single canopy (chlo- 
rophyll concentration is nearly constant) at whole and half 
density; d) correlelogram relating LAI to percent re- 
flectance across the measured spectrum. 

Figure 5. Relationships between canopy reflectance proper- 
ties, fPAR, and LAI. a) NDVIe25-~7~ vs. LAI (R ~ overall = 
0.36, R ~ shaded = 0.53, R ~ unshaded = 0.19); b) NDVI~7~  
vs. fPAR (R ~ overall = 0.60, R ~ shaded = 0.82, R ~ un- 
shaded = 0.24); c) NIR vs. LAI (R ~ overall = 0.69, R ~ 
shaded = 0.65, 
R ~ unshaded = 0.72; and d) NIR vs. fPAR (R ~ overall = 0.76, 
R ~ shaded = 0.83, R ~ unshaded = 0.73). NIR is the average re- 
flectance between 800 and 900 nm. NDVI~_~7~ was calcu- 
lated using the average reflectance between 625 nm and 
675 nm for R. (~) Canopies grown in full sun; (#) shade- 
treated canopies. 
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Figure 6. 
tion of NDVI625-67~: ([3) canopies grown in full sun (R ~= 
0.78); (0) foliage from shade-treated canopies (R ~= 0.67). 
Overall, R ~ -- 0.67. 

I 
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NDVI 

Canopy photosynthetic potential (A~opr) as a func- 

predictor  or LAI and fPAR (Figs. 5c,d). NDVI625-675 and 
A~=~opy were more closely related to each other (Fig. 6) 
than either was to f P A R  (Figs. 2a and 5b). 

As chlorophyll concentration increased, reflectance 
at the chlorophyll absorbance maxima in the blue and 
red changed very little, while reflectance between 500 
nm and 650 nm decreased significantly (Figs. 4a,b). 
Because the change in reflectance with chlorophyll con- 
centration was wavelength-dependent, NDVI responded 
differently to variations in chlorophyll depending on the 
choice of visible band. The worst correlation between 
NDVI and f P A R  occurred when chlorophyll-sensitive 
green bands (500-600 nm or 565-575 nm) were used 
to compute  NDVI (Table 1). On the other hand, when 
a chlorophyll-insensitive region was used, the correla- 
tion with f P A R  was much higher (R ~-- 0.71 using 671-  
674 nm). 

The choice of visible band to compute  NDVI had 
a large impact on correlations between NDVI and A .... py. 
With sun-exposed canopies, in which chlorophyll con- 
centration was closely related to both Ale~ and A .... py, the 
best  correlation between NDVI and Aca.opy w a s  achieved 
when a chlorophyll-sensitive green band was used to 
calculate NDVI, and the worst correlation occurred 
when a chlorophyll-insensitive narrow red band was 
used (Table 1). 

DISCUSSION 

Various experimental  studies have linked NDVI to a 
variety of canopy properties. Most commonly NDVI has 
been  associated with LAI, fPAR,  vegetation growth, 
and canopy photosynthesis or photosynthetic potential. 
Because these properties frequently covary in natural 
vegetation, it is not surprising that a vegetation index 
that correlates well with one property would correlate 
with the others. 
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Table 1. Coefficients of Determination (R e) between NDVI and fPAR or 
Acanopy When NDVI Is Calculated Using Different Visible Bands ~ 

Acarwpv Acalurpv 
(All Canopies) (Sun-exposed Only) 

f P  AR (I, tmol s- l) (ltmol s- 1) 
VIS Band (nm) ~ = 48) (N = 24) (N = 12) 

Visible (400-700) 0.52 0.63 0.77 
Green (500-600) 0.31 0.49 0.83 
Narrow green (565-575) 0.27 0.48 0.84 
Red (600-700) 0.52 0.67 0.78 
Reduced red (625-675) 0.60 0.67 0.78 
Narrow red (671-674) 0.71 0.58 0.37 

a NDVI was calculated from the formula (NIR - VIS) / (NIR + VIS) using the average re- 
flectance between 800 nm and 900 nm for NIR and the average of the band noted for VIS. 
N denotes the sample size (number of canopies). R 2 values may be directly compared within 
columns but not across rows. 

In this experiment we deliberately manipulated the 
vegetation to induce a broad range of combinations of 
LAI and chlorophyll concentration to analyze separately 
the physiological and optical consequences of their vari- 
ation. With this experimental system we found that 
NDVI, calculated using a 625-675 R band, was a poor 
predictor of LAI. This was because values of NDVI625_~7.~ 
increased as chlorophyll concentration increased, even 
when LAI remained constant. Because varying chloro- 
phyll had little influence on NIR reflectance, LAI was 
more closely associated with average reflectance be- 
tween 800 nm and 900 nm. Demetriades-Shah and 
Steven (1988) similarly found that the I R / R  ratio was 
poorly correlated with either leaf fresh weight or LAI 
of sugar beet fertilized at different rates, but that a 
feature of the IR alone (first derivative at 940 nm) was 
a good predictor. 

NDVI saturates with increasing LAI, and so does 
fPAR, suggesting the possibility of a linear relationship 
between NDVI and fPAR. A number of field studies 
and modeling efforts have supported this hypothesis. In 
our study, as in most previous investigations, NDVI and 
fPAR appeared to vary linearly, but the correlation was 
poor, especially when chlorophyll-sensitive bands were 
used to compute NDVI. Again, the variable chlorophyll 
concentration appeared responsible: There was no de- 
tectable change in fPAR as chlorophyll concentration 
varied, but NDVI was affected. This seems counterintu- 
itive, but it is a consequence of the mathematical deriva- 
tion of NDVI. Because NDVI is calculated as a ratio, 
small changes in R reflectance in both the numerator 
and denominator cause a larger absolute change in the 
index. (Additional calculations, not shown, showed that 
the simple ratio between NIR and R was even more 
sensitive to changes in chlorophyll, as might be ex- 
pected). The small absolute changes in R did not cause 
statistically important variation in fPAR. 

Our results do not imply that NDVI should not be 
used to predict LAI or fPAR, but they should serve as 

a caution for use of any vegetation index that is based on 
R and NIR reflectance when chlorophyll concentration 
varies. Important examples include fertilization studies, 
atmospheric pollution, and extended exposure to freez- 
ing temperatures or drought with high radiation (C)quist, 
1987). According to our analyses, correlations between 
NDVI and LAI or fPAR could be improved by using a 
narrow R band centered on the absorbance maximum 
of chlorophyll (e.g, 670-680 nm). However, if there is 
a significant component of dead vegetation, or if soil or 
other background are important contributors to the total 
signal, this conclusion may no longer be valid because 
absorbance would not be saturated at the red maximum. 
In this study, as in several previous investigations (Thomas 
and Gausman, 1977; Gausman, 1982; Yoder and Daley, 
1990), the absorbance maximum was relatively insensi- 
tive to change in chlorophyll concentration when chloro- 
phyll varied from low to very high concentrations. On 
the other hand, Tucker et al. (1973; 1975) found that 
chlorophyll concentration of a shortgrass prairie affected 
reflectance at 450 nm and 680 nm more than at 550 nm. 
The presence of dead, brown vegetation in their study 
may account for the different resu l t s - the  most pro- 
nounced changes in visible reflectance would be expected 
at the chlorophyll absorbance maximum when the con- 
centration varies from none to a very small amount. 

Steven et al. (1983) predicted that if photosynthetic 
capacity of leaves is related to their chlorophyll concen- 
tration, vegetation indices based on ratios between R 
and NIR reflectance should be better indicators of can- 
opy physiology than of canopy light absorption. Our 
results agree: NDVI was more closely related to canopy 
photosynthetic potential than to either fPAR or LAI 
when chlorophyll concentration varied. 

A series of intriguing articles has established a theo- 
retical basis for relationships between spectral vegeta- 
tion indices and canopy photosynthesis. Sellers (1985; 
1987) used radiative transfer models and simple models 
of photosynthesis to demonstrate that fPAR should be 
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near-linearly related to both vegetation indices (in par- 
ticular, the simple ratio: R/NIR) and to canopy photo- 
synthesis. Therefore, the simple ratio should be a good 
indicator of photosynthesis. More recently, Sellers et 
al. (1992) corroborated and expanded the theoretical 
foundation using more sophisticated models of leaf and 
canopy photosynthesis. These models treat leaf optical 
properties and leaf physiological attributes as indepen- 
dent input variables, and the model development does 
not consider consequences of variation in these proper- 
ties. [In Sellers et al. (1992), leaf physiological properties 
were considered to vary through a canopy profile as a 
function of the average light through the profile, but 
the properties of leaves at the top of the canopy were 
invariant for the model comparisons.] 

In our study, the relationship between NDVI and 
canopy photosynthesis was in spite of, rather than be- 
cause of, mutual connections to fPAR. As chlorophyll 
concentration varied, leaf optical properties and leaf physi- 
ology both changed, and to some extent the changes were 
mutually dependent and complementary. This caused 
NDVI to be more closely related to Ac~nopy than tofPAR. 

It would be extremely useful to use data from con- 
trolled experiments to test and expand models such as 
Sellers et al. (1992), but because of certain limitations 
it would not be appropriate to use the experimental 
data reported here for this purpose. One complication 
is that plants in this study were grown under and accli- 
mated to a combination of sunlight and artificial lights, 
but the reflectance and photosynthesis measurements 
were conducted under artificial light, which penetrates 
differently into the canopies. Models that predict radia- 
tive transfer of solar energy or changes in leaf physiology 
through canopy profiles adapted to sunlight (e.g., Sellers 
et al., 1992) would not apply. 

Also, more information is needed about relation- 
ships between chlorophyll concentration and Ale~f. We 
found that for sunlit foliage at the top of Douglas-fir 
canopies, which is the foliage most likely to be detected 
by aerial sensors, fertilization resulted in strong correla- 
tions between Ale~f and chlorophyll concentration. In 
general, chlorophyll is not as closely correlated with 
leaf photosynthetic capacity as nitrogen is (Bj6rkman, 
1981). However, chlorophyll and nitrogen are often 
related. Linder (1980) found that when Pinus sylvestris 
are grown in controlled environmental conditions, chlo- 
rophyll concentration could be used as a reasonable 
indicator of nitrogen concentration. Relationships be- 
tween chlorophyll content per unit ground area and 
crop productivity have also been demonstrated (Oquist 
et al., 1987). 

Finally, sensitivity tests are needed to evaluate the 
importance of changes in chlorophyll concentration to 
both NDVI and A .... py in a background of other vari- 
ables, including variable soil reflectance, solar inclina- 
tion angle, shadow, changes in leaf structure (e.g., spe- 

cific leaf area or cell size), leaf water content, and leaf 
orientation. 

Whereas this experiment does not allow us to de- 
velop or test mathematically explicit models, more gen- 
eral conclusions are valid. As expected, NDVI increased 
as chlorophyll concentration increased, and the sensitiv- 
ity of NDVI to chlorophyll concentration varied, de- 
pending on the choice of visible band in calculations. 
When NDVI was calculated from green bands or broad 
red bands that were sensitive to variation in chlorophyll 
concentration, it was more closely correlated with the 
photosynthetic potential of Douglas-fir canopies than it 
was to either fPAR or LAI. 
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