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Underpinnings of Canopy N–CAmax–Albedo Relationships. Why are
near-infrared (NIR) reflectance and total shortwave albedo
related to CAmax, %N, or related variables? Although N itself is
unlikely to be the sole variable driving the observed patterns, a
plausible explanation stems from morphological and/or bio-
chemical leaf traits that are closely associated with both N
concentrations and photosynthetic capacity. At the leaf level, the
foliar N–photosynthesis relationship results from optimal allo-
cation of N between the light-harvesting pigments and proteins
used in C fixation (1), both of which can influence reflectance.
In addition to high %N, high rates of photosynthesis also require
commensurate changes in internal leaf structure to permit rapid
CO2 diffusion to chloroplasts. This includes a per unit leaf area
increase in mesophyll cell surface area exposed to intercellular
air spaces (2). Because light is scattered at the interfaces between
cell walls and intercellular air spaces (3), scattering should
increase as CAmax increases, causing an increase in reflectance.
Because infrared photons are not absorbed by photosynthetic
pigments (4), NIR scattering and reflectance should exceed that
for photosynthetically active wavelengths.

To investigate this, we collected laboratory reflectance data
on a subset of fresh leaf samples (n � 109) as well as on the same
samples after being dried and ground to �1.0 mm. Data from
intact fresh foliage produced relationships between %N and
reflectance (both full spectrum and NIR only) similar to that in
Fig. 2 (NIR: r2 � 0.58; P � 0.0001; full-spectrum: r2 � 0.52; P �
0.0001), whereas the relationships were weaker or nonexistent in
the dried, ground foliage (NIR, not significant; full-spectrum, r2

� 0.16; P � 0.001). Thus, the relationship between average
shortwave reflectance and %N observed at the canopy level
persisted for intact, fresh foliage, but not for dried, ground
foliage. These results suggest that leaf-level physical/structural
traits that are closely and functionally tied to %N (as opposed to
leaf %N itself) underlie the %N–albedo relationship observed in
field and remote sensing data.

Variation in NIR reflectance may also serve as a mechanism
for regulating heat loads and/or minimizing water loss by foliage.
Because approximately half of the energy in incident solar
radiation is at wavelengths �800 nm, high-infrared reflectance
keeps leaves substantially cooler than they would otherwise be
(5). High-NIR reflectance may be of greater benefit to high %N
foliage given the high respiration costs and greater potential for
water loss (via stomatal conductance) of nitrogen-rich leaves (6,
7). If so, it would be difficult to determine whether this pattern
resulted from evolutionary selection or as a fortuitous conse-
quence of the changes in leaf structure needed to facilitate
different rates of photosynthesis.

Another possible explanation is that %N covaries with canopy
structural properties, such as leaf area index (LAI), that influ-
ence reflectance. However, the influence of LAI is typically
strongest in low-LAI systems (8, 9), and our data showed no
correlation between LAI and either %N, albedo, or CAmax (Fig.

S3) despite the wide range of LAI values the study sites span.
Other traits related to canopy height and vertical structure may
influence albedo independently from LAI. As an example, local
variation in albedo at the Wind River site has been shown to vary
inversely with canopy rugosity, a measure of topographic com-
plexity that increases in older canopies where tree height and
crown size increase (10). The influence of rugosity may represent
an additional source of variability in canopy albedo that is not
captured by N-based reflectance patterns, or it may covary with
%N in forests where %N declines with stand age. Although
measures of rugosity were not available across the other sites we
sampled, we observed no significant correlation (r � 0.00, P �
0.97) between albedo and canopy height, the closest available
proxy. Collectively, these results suggest that canopy structure
may play an important role in some circumstances, but it is not
the dominant factor responsible for observed patterns of canopy
albedo and does not represent an underlying control on photo-
synthetic capacity across our study sites.

Potential Surface Heating Effects of N-Induced Changes in Albedo.
Understanding how changes in N cycling and canopy %N
influence regional and global climate via altered surface albedo
will require new analyses with coupled vegetation–climate mod-
els that include the relevant feedbacks. Although such an
analysis is beyond the scope of our study, simpler energy
exchange calculations can provide a context for how vegetation
change scenarios compare with other climate-forcing factors.
Here, we estimated the change in radiative forcing associated
with a 0.05 change in growing season albedo (corresponding to
observed variation in %N within deciduous and evergreen forest
types) applied to temperate and boreal forests globally. Solar
input during the Northern hemisphere growing season (June–
September) in temperate and boreal forest regions typically
averages �18 MJ m�2 d�1 (11). For a growing season of 120 days,
during which leaf reflectance in the visible and infrared is
relatively stable (5), a 0.05 change in albedo amounts to a change
in solar energy input of 1.1 � 108 J m�2. Applying this to the
2.4 � 107 km2 of boreal and temperate forest (12), the total
change in energy input is 2.6 � 1021 J. Distributing this energy
change over the Earth’s 5.1- � 108-km2 surface area and an
entire year results in an annualized global mean radiative forcing
of 0.16 W m�2, roughly equivalent in magnitude to the anthro-
pogenic albedo changes (1750–2005) caused by land use or
carbon aerosols from fossil fuel combustion (13). Because
temperate and boreal forests represent �50% of global forest
area and a much smaller fraction of global vegetation cover,
changes associated with smaller shifts in %N could still have
important effects if the observed patterns are found to apply to
other vegetation types. This does not imply that widespread
directional changes in %N are anticipated, and it is perhaps more
likely that shifts in %N will occur regionally rather than globally.
Nevertheless, this exercise suggests that the effects of N-induced
albedo change are nontrivial and warrant additional consider-
ation.
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Fig. S1. Canopy %N in relation to maximum light use efficiency (LUE). LUE was calculated by combining instantaneous CAmax with canopy light absorption
estimates derived at PAR � 2000 �mol C m�2 s�1 (for consistency with CAmax). The solid line represents the trend when all sites were included (r2 � 0.59, P � 0.01),
the dashed line shows the result of omitting the one site with LAI �3 (r2 � 0.75, P � 0.01).

Ollinger et al. www.pnas.org/cgi/content/short/0810021105 3 of 5

http://www.pnas.org/cgi/content/short/0810021105


Fig. S2. Canopy %N in relation to MODIS NIR (841–876 nm) reflectance obtained from the MOD43B4 (nadir BRDF-adjusted reflectance; NBAR) product.
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Fig. S3. Canopy %N and MODIS albedo in relation to LAI. Open symbols are Canadian sites where foliar %N data were available from a prior study (14).
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