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Abstract: Accurate and unbiased radiative energy transfer models are critical to our understanding ofecosystem primary productivity, 
carbon cycling, and climate change. Much of the current research in this area is based on models parameterized for grasslands and 
broadleaf forests. However, many temperate montane and boreal forests are dominated by conifers, which present unique challenges 
to modellers. We propose two fundamentally different strategies by which plant canopies optimize solar radiation interception. 
Laminar canopies (e.g., grasslands, broadleaf trees) are 'solar panels' that directly intercept incoming radiant energy. By contrast, 
conifer canopies are conical anechoic ('without echo') surfaces that intercept radiant energy by scattering it through the canopy. The 
properties of anechoic surfaces are well known in acoustical and electrical engineering, but have not been applied in environmental 
biophysics. We discuss the physical principles of anechoic surfaces, and demonstrate how these principles apply to conifer trees and 
canopies. A key feature of anechoic interception is low radiance over all wavelengths, which is an emergent property of the system. 
Using empirical data from boreal forest stands in Riding Mountain National Park (Manitoba, Canada), we demonstrate that conifer 
canopies have very low near-infrared radiance compared to laminar broadleaf canopies. Vegetation index values for conifers are 
thereby reduced, resulting in underestimates of primary productivity and other biophysical parameters. We also discuss the adaptive 
significance of boreal conifer geometry, and consider factors driving selection of laminar versus anechoic canopy architectures. 

Abbreviations: LAI - leaf area index, NDVI - normalized difference vegetation index, NIR - near infrared, PAR ­
photosynthetically active radiation, SR - simple ratio. 

Introduction	 crowns containing clusters ofneedle-shaped leaves, mak­
ing them appear poorly adapted for optimal light capture 

Over the past decade, the modelling ofcarbon flux has 
(Bond 1989, Dalla-Tea and Jokela 1991). Given this fun­

become a central focus of research in boreal ecosystems 
damental difference in crown architecture, it is not unrea­

(Sellers et al. 199, Brown et al. 2000). Such models re­
sonable to suggest that existing biophysical models might 

quire accurate and unbiased estimates ofecoregional pho­
produce biased results when applied to conifer forests (cf. 

tosynthetic rates (carbon-fixation), primary productivity, 
Nelson 1997). 

and phytomass (Middleton et at. 1997, Gholz et al. 1991). 
Boreal forests, which occupy about 20% of the world's Numerous studies have demonstrated that conifer and 
landmass, are dominated by conifers (SprugeI1989, Mid­ broadleaf canopies 'behave' very differently. The optical 
dleton et al. 1997, McDonald et at. 1998), However, forest properties of conifers vary with scale (Williams 1991), 
canopy radiative transfer models are specific to broadleaf making phytomass estimation unreliable and subject to 
trees (Norman and Jarvis 1975, Hall et al. 1995), and the considerable error (Hall et at. 1995). Prediction ofconifer 
derivation of biophysical productivity indices is based on canopy light extinction as a function of the leafarea index 
empirical data from grasslands and broadleafforests (Jor­ (LAI) is also problematic (Norman and Jarvis 1975, 
dan 1969, Rouse et al. 1973), Broadleaf trees use a 'solar Gholz et at. 1991), as is the use of biophysical indices to 
panel' approach to light capture, arranging their leaves in estimate primary productivity (Ranson and Williams 
horizontal laminar layers within the canopy (Sprugel 1992, Chen 1996a, Liu et at. 1997). In satellite images 
1989, Norman and Welles 1983). This is a very efficient (e.g., Landsat thematic mapper), closed conifer stands are 
strategy for capturing direct solar radiation (Hom 1971, characterized by low reflectance over all wavelengths 
Hall et al. 1995). By contrast, conifers have conical (Ranson and Williams 1992), indicating a strongly ab­
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sorptive canopy. Explanations for this observation are 
vague, and include 'canopy heterogeneity' (Gholz et al. 
1991, Rowe 1993) and 'needle aggregation and angle' 
(SprugeI1989, Sampson and Smith 1993). Another vague 
term, the' shadowing' effect ofconifer canopies, has been 
used to explain away errant estimates of biophysical pa­
rameters (Colwell 1974, Hall et al. 1995). These observa­
tions invite an important question: why do conifers cast 
such a deep shade, especially in portions of the spectrum 
where no pigments exist to absorb the incoming radia­
tion? To our knowledge, no plausible mechanism has 
been forthcoming to explain the scale-related optical be­
haviour of conifers across the radiative spectrum. 

Basic tree architecture is determined by fixed genetic 
rules (Tomlinson 1983, Begin and Filion 1999). The coni­
cal crown and needle-like leaves of conifers are presum­
ably evolutionarily adaptive, as otherwise they would not 
have been selected for (Horn 1971, Farnsworth and Nik­
las 1995). Indeed, the dominance of gymnosperms in 
many temperate ecosystems (e.g., the boreal and Pacific 
coast forests of North America) is testament to the adap­
tive significance of the conifer architecture (Bond 1989, 
Sprugel 1989). 

In this paper, a mechanism for radiant energy capture 
based on wave physics is proposed to explain the scale­
related optical properties of conifers. Specifically, we 
postulate that: 

•	 Conifers are anechoic (literally, 'without echo') sur­
faces that are strongly absorptive over all wave­
lengths of incident radiant energy. 

•	 The anechoic structure of conifers IS an emergent 
property that is reinforced by a 'cone-on-cone' self­
similarity across scales, from stands to individual 
trees to component branches, shoots and needles. 

•	 Boreal climates favour the anechoic canopy archi­
tecture as an efficient strategy for radiant energy 
capture. 

•	 Biophysical productivity estimation assumes that the 
ratio of red to near infrared radiance declines as 
biomass increases. But because conifer canopies are 
strongly absorptive over all wavelengths, biophysi­
cal indices will generally underestimate boreal forest 
primary productivity. 

Strategies for light capture 

We recognize two fundamentally different strategies 
of light capture by plant canopies (Fig. I). Laminar cano­
pies (e.g., grasslands, broadleaf tree canopies) optimize 
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light capture through direct interception and absorption. 
By contrast, conical anechoic surfaces (e.g., conifer tree 
canopies) intercept light by scattering it through the can­
opy. 

1. Laminar interception 

A flat laminar surface is an optimal strategy for the 
direct interception and absorption of radiant solar energy. 
This 'solar panel' approach is characteristic of broadleaf 
forests and grasslands. In laminar canopies, an efficient 
arrangement ofphotosynthetic pigment promotes absorp­
tion of photosynthetically active radiation (PAR) while 
minimizing backscattering (Myers 1983). Conversely, the 
lack of near-infrared (NIR) absorptive pigments renders 
laminar surfaces highly reflective in these wavelengths 
(Ranson and Williams 1992). NIR reflectance therefore 
increases with phytomass, i.e., as a multi-layered laminar 
interception surface develops (Colwell 1974). 

In broadleaf forests, light interception often occurs 
over several discrete laminar layers (Lieffers et al. 1999). 

(a) 

Figure 1. Contrasting canopy architectures for light inter­
ception. (a) Laminar interception: broadleafforest. showing 
laminar canopy and understory layers; (b) Anechoic inter­
ception: conifer forest, showing conical tree crowns. 
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Although vertical stratification of laminar canopies in­
creases total absorption, self-shading restricts the number 
of layers present (Nonnan and Welles 1983). A typical 
laminar leaf layer casts a deep shadow (umbral shade) to 
a distance of about 100 leaf diameters from the point of 
interception. A partial shadow (penumbral shade) is cast 
at greater distances, allowing development of a second 
layer (Hom 1971). Maximal photosynthesis for an ideal­
ized multilayer laminar canopy occurs at a leafarea index 
(LAI) of 1.6. In typical broadleaf forests leaf angles are 
rarely perfectly horizontal and LAI values of 5 or higher 
are often observed (Hom 1971, Sprugel 1989). 

In laminar canopies, a predictable relationship exists 
between LAI and the PAR extinction coefficient k. This 
relationship is commonly modelled using the Beer-Lam­
bert negative power law: 

(I) 

where 10 is the incident PAR. The equation is simply in­
verted to obtain an estimate of LAI from an empirically 
derived k-value (Lieffers et al. 1999). This model assumes 
that leaves are randomly located in the canopy, but em­
pirical corrections are available to account for non-ran­
dom or clustered distributions of leaves (Nonnan and 
Welles 1983, Gholz et al. 1991). In laminar canopies, leaf 
area and foliar biomass are tightly coupled to canopy 
transmittance and photosynthetic efficiency. It is this ar­
chitecturally detennined relationship that is exploited by 
the Beer-Lambert equation. 

2. Anechoic interception 

We propose that light interception and capture by bo­
real conifers utilizes an anechoic (,without echo') strat­
egy. In acoustics and electrical engineering, echo reflec­
tion occurs when a wave propagating in one medium 
encounters a second medium of greater impedance 
(Pierce 1981). The magnitude of reflection is proportional 
to differences in impedance between the two media (Van 
Heuvelen 1986). For waves propagated in a hollow tube, 
anechoic tennination involves attenuating mechanisms 
that cause the amplitude of the generated wave to de­
crease exponentially with wave propagation distance x, 
following: 

e-OO: (2) 

where a is a frequency-dependent quantity. A tube has 
anechoic properties if the length (L) through which the 
wave passes is sufficiently long: 

(3) 

In practical applications, anechoic tennination for a 
tube of finite length is achieved when the attenuation per 
unit length increases slowly, following the relation: 

(4) 

When L is sufficiently large, the amount of echo is mini­
mal since slow attenuation (tapering) greatly reduces par­
tial wave reflection. 

The anechoic property of cones or tapers has been ex­
ploited in the design of sound chambers, transmission 
lines, and electromagnetic test facilities (Beranek and 
Sleeper 1946, Klopfenstein 1952, Holloway et al. 1997). 
To obtain an efficient anechoic surface, cones must be 
tightly packed and cone length must be many times 
greater than the wavelength of the energy to be absorbed 
(Holloway et al. 1997). Cone angle can vary from 8° to 
22°, with a reported optimum of 12.5° (Bomkessel and 
Wiesbeck 1996, Koidan et al. 1972). To maximize ab­
sorption, cones should be constructed of a material dense 
enough to absorb the incident waves, but not so dense as 
to result in cone tip reflection (Holloway et al. 1997, 
Koidan et al. 1972). In engineering applications, density 
is manipulated by mixing materials of different dielectric 

properties. 

Anechoic surfaces can also absorb or' capture' radiant 
energy, as recently demonstrated for sheets of ,black' sili­
con (Fig. 2a). This anechoic material, which consists of 
cones 10-12 J.1m in height, absorbs substantially more in­
cident radiation than typical laminar silicon (Her et al. 
1998). A light wave entering the cone interstices 
'bounces' offthe tapered surfaces and is reflected inward, 
resulting in multiple reflections. Each reflection results in 
partial absorption as the energy contacts the denser cone 
material. Because very little of the incident energy sur­
vives these numerous reflections, radiance from an 
anechoic surface is very low (Holloway et al. 1997). We 
hypothesize that boreal conifers use this light 'capture' 
strategy: note the striking resemblance between anechoic 
'black' silicon and a dense white spruce canopy (Fig. 2b). 
The tapered conical architecture of boreal conifers is thus 
highly adaptive, resulting in an anechoic canopy that ef­
ficiently scatters and absorbs radiant energy. Transmis­
sion within the interstices of tree crowns is high (cf. Can­
ham et al. 1999), but once a radiant energy wave strikes 
the canopy it is scattered downward and ultimately ab­
sorbed. High absorption occurs over all wavelengths, in­
cluding NIR. This light 'capture' strategy is fundamen­
tally different from that used by broadleaf species, 
suggesting that laminar canopy transmission models 
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Figure 2. (a) 'Black' silicon. 
image courtesy of Eric Mazur: 
(b) Aerial view of a boreal 
\vhite spruce stand. 

(based on the Beer-Lambert law) are inappropriate for 

conifer canopies. 

Scaling properties of conifer canopies 

Because an anechoic surface consists of a large 

number of cones, high absorption is an emergent property 

of the system (cf. Koidan et al. 1972). Scaling properties 

are also important in characterizing the absorptive prop­

erties of complex anechoic surfaces. Within the PAR 

spectrum, coni fer and broad leaf trees ha ve similar reflec­

tance properties across the leaf, branch and canopy scales 

(Williams 1991). However, substantial differences occur 

in the NIR spectrum. NIR reflectance of typical laminar 

leaves (sugar maple) is 5-10% greater than that of conifer 

needles (Norway spruce, white and red pine; see also 

Middleton et al. 1997). At the branch and canopy scales, 

this difference increases to 20%. Irrespective of species. 

conifer canopies absorb much more NIR radiation than 

broad leaf canopies (Ranson and Williams 1992. Brown et 

al. 2000). 

In conifers, radiant energy scattering is scale-depend­

ent: measurements made at the canopy scale differ from 

those made at the leafand branch scales (cf. Chen 1996b). 

For example, measured NIR radiance declines by 30-35% 
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from the leaf to canopy scales (Williams 1991). Nonnan 
and Jarvis (1975) also noted the scale-dependent nature of 
conifer scattering, concluding that "with the aid of hind-

Figure 3. (a) Schematic of an idealized anechoic surface, 
showing multiple scattering and absorption of light (after 
Holloway et al. 1997): (b) A conifer stand as an anechoic 
surface. The conical crowns allow light to deeply penetrate 
the canopy. but light eventually contacts a branch/needle 
where it is either absorbed or scattered to another 
branch/needle: (c) Representation of a conifer stand as a 
self-similar fractal surface, illustrated using the Sierpinski 
gasket (Schroeder 1991). Multiscale complexity ensures 
that most incident solar radiance is absorbed. not reflected. 

sight, it is possible to suggest that the scattering properties 
ofshoots should be measured as well as those ofneedles". 
Such findings are entirely consistent with anechoic tenni­
nation. 

Conceptually, a conifer stand can be viewed as a com­
plex anechoic surface consisting of a cascading series of 
'cones-on-cones' from the needle to stand scales (Fig. 3). 
In this sense, conifers are statistically self-similar and dis­
play fractal properties (sensu Mandelbrot 1983). We sug­
gest that fractal iteration of the basic conical fonn pro­
duces a maximally absorptive (anechoic) surface from 
which very little incident solar radiation 'escapes' (Fig. 
4). Fractal scaling has been observed in many biological 
systems, including conifer canopies (Zeide 1999), but 
specific hypotheses relating process to fractal fonn have 
not been forthcoming (Kenkel and Walker 1996). We feel 
that the development of a fractal surface in conifer cano­
pies is an example of self-organization, where the conical 
structure is driven at all scales by the same underlying 
physical process of anechoic tennination (cf. Perry 1995, 
cf. Parker 1999). 

Evolutionary implications 

Laminar and anechoic surfaces are fundamentally dif­

ferent geometric strategies for optimizing light cap­

ture. While light interception is an important aspect of 

the arboreal habit (King 1990), structural support, nu­

trient and water supply, and propagule dissemination 

Figure 4. Self-similar scaling properties of a white spruce 
tree. The overall conical shape of the crown is repeated in 
the whorls of conical-shaped branches. The magnification 
illustrates similar scaling properties in the fine branches and 
needles. 
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must also be considered (Farnsworth and Niklas 
1995). Tradeoffs associated with light interception, 
foliar respiration, and water balance result in the se­
lection of arboreal habits that match specific environ­
mental conditions (Horn 1971). In this section, we 
consider the factors driving selection of laminar ver­
sus anechoic canopy architectures. 

1. Laminar interception 

Laminar leaf and canopy architectures are charac­
teristic ofbroadleaf trees. This 'solar panel' strategyopti­
mizes direct light interception, thus maximizing photo­
synthesis provided that other resources are not limiting 
(Bond 1989). Broadleaftrees in mesic environments typi­
cally form flat, umbrella-shaped crowns with few lower 
branches (Horn 1971). This results in relatively high pho­
tosynthetic efficiency and low respiration costs, since 
only a thin laminar canopy need be maintained (Sprugel 
1989, Dalla-Tea and Jokela 1991). Thin laminar leaves 
are also efficient dissipaters of heat, which is of great 
adaptive significance in hot tropical environments (Whit­
more 1990). However, a laminar architecture also results 
in high evapotranspiration rates, placing a strain on plants 
to maintain a positive water balance (Sprugel 1989). In 
angiosperms, advanced vessel elements and anastomos­
ing leafveins efficiently supply water to leaftissue, but at 
a cost of increased rates of embolism under moisture 
stress and at low temperatures (Raven et at. 1987, Bond 
1989). 

Although laminar canopies are highly efficient inter­
ceptors of direct solar irradiance, light saturation in the 
sunleaves of temperate forest trees typically occurs at 
25% of fuB sunlight (Horn 1971, Norman and Jarvis 
1974, Sprugel 1989). Adding laminar layers increases 
stand photosynthetic efficiency, but shading effects may 
severely limit the development of a lower canopy (Horn 
1971). Because laminar surfaces are highly reflective 
(Richards 1993), leaf transmissivity must be high enough 
to ensure efficient PAR absorption (Ranson and Williams 
1992). Xeromorphic leaf adaptations (e.g., thick leaf cu­
ticle), while reducing evapotranspirative water loss, also 
increase reflectance and so reduce light interception. 

A laminar interception strategy is favoured in uneven­
aged, mixed-canopy stands where interspecific competi­
tion for light is strong, water is in sufficient supply, and 
large-scale catastrophic disturbances (e.g., crown fires) 
are rare. Laminar leaves and canopies are also favoured in 
warm-temperate to tropical environments, where solar ze­
nith angle is high, radiant energy is direct (maximizing 
'solar panel' efficiency), and ambient temperatures are 
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high (i.e., where dissipation of heat from leaves is impor­
tant). 

2. Anechoic interception 

Anechoic interception is characteristic of the gymno­
sperms. Conifers typically have a conical crown, maintain 
branches deep into the subcanopy (except in very dense 
stands), and have needle-like leaves. The anechoic strat­
egy efficiently captures both direct and scattered radiant 
energy (cf. Sellers et at. 1995, cf. Parker 1999). Because 
light scatters internally within the canopy, individual nee­
dles do not need to photosynthesize or transpire at a maxi­
mal rate (Sprugel 1989). However, maintaining a high 
needle density in the canopy, while increasing light cap­
ture efficiency, also increases respiration costs (Sprugel 
1989. King 1990). The photosynthetic efficiency of indi­
vidual needles is also limited by xeromorphic traits such 
as thick epidermal-hypodermal layers and sunken sto­
mata (Raven et at. 1987). Such adaptations are required in 
conifers because they lack efficient water conductive tis­
sue (Raven et at. 1987, Sprugel 1989). The absence of 
large diameter vessel elements in conifers limits growth 
under mesic conditions, but at low temperatures and un­
der high water stress xylem tracheids have a lower rate of 
embolism (Bond 1989). 

The absorption of radiant energy in anechoic systems 
is structurally based, resulting in high interception of all 
wavelengths. Absorbed energy is ultimately emitted as 
heat (Van Heuvelen 1986, Sellers et at. 1995), suggesting 
that anechoic architecture may also be an adaptive strat­
egy to thermally warm conifers growing in cold environ­
ments. In closed conifer stands, inner canopy tempera­
tures may be 5-1 DoC warmer than ambient, particularly 
when the sun angle is low (Smith and Carter 1988). In 
cool-temperate environments, such thermal warming ex­
tends the effective growing season (Sprugel 1989, Smith 
and Brewer 1994). 

A dense packing of cones increases the overall effi­
ciency of anechoic surfaces (Holloway et at. 1997). In 
conifer stands, a dense canopy has the added benefit of 
suppressing potential competitors that may be present in 
the advance regeneration layer (Messier et at. 1999). De­
velopment of an efficient anechoic canopy requires that 
individuals be of similar size and shape, such as occurs in 
monodominanl, even-aged stands established following a 
catastrophic fire. Subsequent canopy breakup and/or in­
vasion by broadleaf species will reduce the efficiency of 
the anechoic canopy. 

We expect the anechoic interception strategy to be se­
lected for in environments where recurrent catastrophic 
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disturbances favour the perpetuation of monodominant, 
even-aged conifer stands. North-temperate cloudy envi­
ronments (e.g., North America's north-west coast) and 
other regions where the majority of incident radiation is 
indirect (e.g., north-facing slopes), as well as northern bo­
real regions where the solar zenith angle is low, will also 
favour anechoic over laminar interception. Anechoic 
properties are also favoured in cold climates, since heat 
energy capture rather than dissipation is paramount. Fi­
nally, conifers may be favoured in temperate xeric environ­
ments where water rather than light is the limiting factor. 

Implications for biophysical indices 

Canopy transmissivity. LAI and productivity 

Anechoic interception provides a ready explanation 
for conflicting data on conifer canopy transmissivity. 
While some studies have found that conifer canopy trans­
mittance is <I % of incident irradiance (Norman and 
Jarvis 1974, Ranson and Williams 1992), others have re­
corded deep penetration ofdiffuse irradiance into the can­
opy (Gholz et al. 1991, Rowe 1993, Sampson and Smith 
1993). Conical branch and tree architecture in conifers en­
sures high transmittance between structural elements, 
with the result that light may penetrate well into the can­
opy (Sampson and Smith 1993, Canham et al. 1999). 
However, once the incident radiant energy strikes a struc­
tural element of the canopy, it is scattered until com­
pletely absorbed. Needle packing and orientation are op­
timized to simultaneously increase transmissivity into, 
and absorption by, the canopy (Sprugel 1989). Given the 
structural complexity of conifers, it is clear that a single 
measure of transmissivity cannot quantify inherent het­
erogeneity of the anechoic surface (cf. Chen 1996b). The 
importance of this assertion cannot be understated, as LAI 
is often determined indirectly from canopy transmissivity 
data (Lieffers et al. 1999). 

Indirect estimates of LAI are commonly used to 
model canopy radiative transfer (Norman and Jarvis 
1975, Lieffers et al. 1999). Indirect methods for estimat­
ing LAI work well in broadleaf canopies, but they consis­
tently underestimate leaf cover in conifer stands (Ranson 
and Williams 1992, Chen 1996a). Empirical corrections 
are therefore required to obtain reasonable estimates of 
conifer LAI (Sampson and Smith 1993). In addition, 
transmissivity models based on needle properties alone 
are biased unless needle aggregation is also considered 
(Norman and Jarvis 1975, Chen 1996b, Middleton et al. 
1997). 

Field measurements reveal that LAI values for coni­
fers are often 2-4 times higher than for broadleaf trees 

(Sprugel 1989). Numerous authors have suggested that 
high needle density results in self-shading, reducing can­
opy photosynthetic efficiency (Gholz et al. 1991, Dalla­
Tea and Jokela 1991, Sampson and Smith 1993). How­
ever, this assertion is inconsistent with empirical data: 
conifer productivity often equals or exceeds that ofbroad­
leaf trees under similar climatic conditions (Sprugel 
1989). This paradox has been explained by 'shadowing' 
within the canopy: while conifers do indeed cast a deep 
shade, they also absorb virtually all incident radiation 
(Ranson and Williams 1992, Rowe 1993, Hall et al. 1995, 
Sellers et al. 1995). We suggest that 'shadowing' is the 
product of an adaptively efficient anechoic surface con­
sisting ofdensely-packed needles arranged so as to maxi­
mize radiant energy 'capture'. 

Vegetation indices 

Anechoic scattering by conifer canopies has impor­
tant implications for the interpretation of vegetation indi­
ces derived from remotely sensed data. Commonly used 
indices express PAR and NIR spectral band values as a 
ratio (Myers 1983, Chen 1996a). Spectral band ratioing, 
which is often used to predict primary productivity, is 
based on two assumptions: that leaf pigments differen­
tially absorb visible light (PAR), and that NIR reflectance 
increases as phytomass increases (Ranson and Williams 
1992, Chen 1996a). Thus, productive habitats are ex­
pected to have low PAR radiance but high NIR radiance 
(Tucker 1979, Myers 1983). The 'simple ratio' (SR) vege­
tation index, originally developed for tropical forests (Jor­
dan 1969), uses this assumed relationship: 

SR = NIRIPAR (5) 

where the units of reflected PAR and NIR energy are in 
ry 

W/m~/ster/Ilm. Higher SR values are assumed to indicate 
greater photosynthetic efficiency. Because it is a simple 
ratio, the SR index is unbounded. Furthermore, it is sen­
sitive to non-selective atmospheric scattering (so-called 
Mie scattering), variations in aspect, and incidence angle 
(Colwell 1974, Tucker 1979, Richards 1993). Propor­
tional differences in magnitude are thus assumed to re­
flect 'noise' that should be corrected for through normali­
zation. The 'normalized difference vegetation index' 
(NDVI) was originally developed to measure phy­
tomass/productivity in North America's Great Plains 
grasslands (Rouse et al. 1973): 

NDVI= NIR-PAR (6)
NIR+PAR 

NDVI is normalized to range between -I and +1, but 
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negative values are uncommon (Blair and Baumgardner 
1977). Although developed to estimate grassland produc­
tion (Rouse et al. 1973, Myers 1983), NDVI has been un­
critically applied across various ecosystems, e.g., to esti­
mate global primary productivity (Los et al. 1994, Prince 
and Goward 1995). 

NDVI has been successfully used to quantify spatial 
and temporal changes in phytomass and/or productivity 
across broadly-defined vegetation classes: examples in­
clude changes in LAI along a moisture gradient from in­
terior high desert to wet coastal forest (Peterson et al. 
1987), grassland productivity along a gradient from bare 
ground to complete vegetation cover (Paruelo et al. 1997), 
and tree density over a range of 0-50% canopy closure 
(McDonald et al. 1998). However, there are some prob­
lems inherent in applying NDVI to boreal forest ecosys­
tems (Chen 1996a). Indeed, the relationship between 
NDVI and phytomasslLAI is largely invariant once can­
opy closure exceeds a critical threshold (McDonald et al. 
1998, Ranson and Williams 1992). 

To further investigate the behaviour ofNDVI, we ex­
amined the reflectance properties ofgrassland, shrubland, 
and boreal broadleaf and conifer forest in Riding Moun­

tain National Park (RMNP), Canada. A LANDSAT-5 the­
matic mapper image of the region dated August 3, 1991 

was used. This image was selected for its high atmos­
pheric transmittance and minimal cloud cover. The spec­
tral ranges used to calculate NDVI were PAR = 0.63-0.69 
/lm and NIR = 0.76-0.90 /lm. Atmospheric effects were 

eliminated using a path irradiance model of A-4
, which 

corresponds to a clear atmosphere dominated by Rayleigh 

scattering (Richards 1993). A dark order subtraction was 
then applied to correct for residual path irradiance effects 
(Chavez 1988). To calculate NDVI, LANDSAT-5 digital 
numbers were converted to absolute PAR and NIR radi­
ance values following Markham and Barker (1986). 

In the summer of 1999, n = 57 ground sites over six 
vegetation classes were located at RMNP. The classes 

are: I = grassland; II = grassland with shrubs; III = 
shrubland; IV = broadleaf (trembling aspen) forest; V = 

mixed broadleaf-conifer forest (trembling aspen-white 
spruce); VI = conifer forest, which included four canopy­

types: white spruce, black spruce, balsam fir, and jack 
pine. Each ground site had a uniform cover and species 
composition over at least I ha. Nine ground sites were lo­
cated for each of classes 1- V. For class VI, three ground 
sites were located in each of the four canopy-types (n = 
12). Ground sites were positioned on the LANDSAT im­
age using differentially-corrected GPS coordinates ob­
tained in the field. PAR and NIR radiances were deter-
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mined from a 3x3 grid of LANDSAT pixels (approx. I ha) 
centred on each ground site. 

As expected, NDVI increases with phytomass along a 
gradient from grasslands, through mixed grass­
shrublands and shrublands to closed broadleaf forests 
(Fig. 5a). These four vegetation classes are characterized 
by laminar canopy interception. NDVI values for 
shrublands and broadleafforests are very similar (0.83 vs. 
0.85), despite the forests having much higher phytomass. 
This result is largely attributable to lower NIR backscat­
tering from the forests, which is contrary to expectation: 
NDVI implicitly assumes that PAR radiance decreases, 
and NIR backscattering increases, with increasing phy­
tomass (Myers 1983). The assumed positive relationship 
between NIR radiance and phytomass is particularly 
problematic in conifers (Peterson et al. 1987, Ranson and 
Williams 1992). Mixed conifer-broadleafforests and pure 
broadleaf forests have similar PAR reflectances, but the 
much lower NIR radiance of mixed forests reduces NDVI 
to 0.79. Pure conifer forests reflect even less NIR, reduc­
ing NDVI to 0.73 (the same value was obtained for much 
less productive grass-shrubland, Fig. 5a). In fact, our re­
sults indicate that NIR radiance from conifer forests is ac­
tually lower than from grasslands. 

Why is NDVI such an ineffective statistic for estimat­
ing biophysical parameters offorested ecosystems? From 
our empirical results, we develop a simple model of the 
relationship between PAR and NIR reflectance for both 
laminar and anechoic canopies. In laminar canopy sys­
tems, the absolute magnitude ofthe PAR-NIR reflectance 
vector remains reasonably constant as a third-dimensional 
physiognomic structure develops (i.e., from grassland to 
broadleafforest). At the same time, the relative proportion 
ofPAR to NIR reflectance changes in a manner consistent 
with the NDVI model. PAR and NIR reflectance values 
thus trace out an arc on the plane that corresponds to in­
creasing phytomass (Fig. 5b). This relationship holds 
since laminar surface reflection is diffuse and isotropic 
(Richards 1993), and because laminar surfaces reflect 
NIR radiation in a predictable way (Myers 1983). 
Anechoic surfaces such as conifer canopies behave in an 
entirely different way: the structural arrangement of 
biomass scatters radiant energy (including NIR) deeper 
into the canopy, where it is eventually absorbed (cf. Rowe 
1993). Spectral radiance (including NIR) from conifer 
stands is therefore very low over all wavelengths. Be­
cause NDVI isolines necessarily converge at zero, de­
creased NIR reflectance along a continuum from pure 
broadleaf to pure conifer forest results in a precipitous 
drop in NDVI (Fig. 5b). Our model is consistent with em­
pirical results indicating that NDVI produces biased esti­
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Figure 5. (a) PAR (0.63-0.69 ~m) and NIR 
(0.76-0.90 ~m) radiance for six vegetation 
classes, based on a Landsat TM image of 
Riding Mountain National Park: I = grass­
land; II = grassland with shrubs; III = 

shrubland; IV = broadleaf forest (trembling 
aspen): V = mixed broadleaf-conifer forest 
(trembling aspen-white spruce); VI = coniter 
forest (the four x symbols are separate values 
for white spruce. black spruce, balsam fir 
and jackpine stands). Oashed lines are NOVI 
isolines: (b) A simple model of the relation­
ship between PAR and NIR retlectance for 
different vegetation classes. The relationship 
(dark line) has two distinct trends: an arc that 
represents increasing NOV I as phytomass in­
creases (grassland to shrubland to broadleaf 
forest). and a considerable decline in NIR ra­
diance when conifers enter the canopy. 
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mates ofphytomass/productivity in closed forest ecosys­ Conclusions 
tems, particularly when conifers are present (Ranson and 

Broadleaf and conifer trees have fundamentally dif­
Williams 1992, Hall et al. 1995, McDonald et al. 1998). 

ferent strategies for acquiring solar energy. Broadleaf 
Because anechoic conifer canopies have very low trees employ a laminar or 'solar panel' strategy, in which 

overall albedo, relatively small differences in NIR and/or flat leaves are oriented within a canopy to optimally inter­
PAR reflectance can dramatically alter spectral ratio val­ cept direct solar energy. By contrast, conifer trees develop 

ues (cf. Myneni et al. 1992, Peterson et aI. 1987). We ob­ a conical crown consisting of numerous overlapping 
tained NOVI values ranging from 0.72-0.77 for different branches that are densely packed with needle-like leaves. 
conifer canopies, despite very small changes in absolute While the physiological efficiency ofa laminar canopy is 
PAR and NIR reflectance (Fig. Sa). Even within a single intuitive and widely recognized, the structural architec­
conifer stand, minor changes in directional reflection can ture of conifers seems enigmatic: a conifer canopy is 
dramatically affect NDVI values (Leblanc et al. 1997). nothing like a solar panel, yet the conifers as a group are 
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highly successful and dominate many north-temperate re­
gions. This paradox is resolved by viewing the conifer 
canopy as a highly absorptive anechoic surface. Such a 
surface absorbs radiant energy through repeated deflec­
tions from hierarchically-arranged structural elements. 
Solar energy acquisition in conifers is therefore an emer­
gent property: while an isolated needle-leaf may not be 
particularly efficient, the structural arrangement of nee­
dle-leaves within the canopy produces a highly effective 
energy-acquiring system. The architectural geometry of 
conifers, characterized by a 'cone-on-cone' self-similar­
ity from the leaf to canopy scales, is therefore highly 
adaptive. 
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