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Abstract Foliar nitrogen has been shown to be positively
correlated with midsummer canopy albedo and canopy near
infrared (NIR) reXectance over a broad range of plant func-
tional types (e.g., forests, grasslands, and agricultural
lands). To date, the mechanism(s) driving the nitrogen–
albedo relationship have not been established, and it is
unknown whether factors aVecting nitrogen availability
will also inXuence albedo. To address these questions, we
examined variation in foliar nitrogen in relation to leaf
spectral properties, leaf mass per unit area, and leaf water
content for three deciduous species subjected to either
nitrogen (Harvard Forest, MA, and Oak Ridge, TN) or CO2

fertilization (Oak Ridge, TN). At Oak Ridge, we also
obtained canopy reXectance data from the airborne visible/
infrared imaging spectrometer (AVIRIS) to examine
whether canopy-level spectral responses were consistent
with leaf-level results. At the leaf level, results showed no
diVerences in reXectance or transmittance between CO2 or
nitrogen treatments, despite signiWcant changes in foliar
nitrogen. Contrary to our expectations, there was a signiW-
cant, but negative, relationship between foliar nitrogen and
leaf albedo, a relationship that held for both full spectrum
leaf albedo as well as leaf albedo in the NIR region alone.
In contrast, remote sensing data indicated an increase in
canopy NIR reXectance with nitrogen fertilization. Collec-
tively, these results suggest that altered nitrogen availability
can aVect canopy albedo, albeit by mechanisms that involve
canopy-level processes rather than changes in leaf-level
reXectance.

Keywords Albedo · Nitrogen · Leaf structure · Nitrogen 
fertilization · Free air CO2 enrichment

Introduction

The relationship between mass-based foliar nitrogen
(N) and leaf-level photosynthetic capacity has been glob-
ally documented across a wide range of plant species (Field
and Mooney 1986; Evans 1989; Reich et al. 1997, 1999;
Wright et al. 2004), and a similar trend has been observed
at the canopy level for boreal and temperate forests (Ollin-
ger et al. 2008). Recently, Ollinger et al. (2008) and Hollin-
ger et al. (2010) demonstrated that both of these variables
are also signiWcantly and positively correlated with full
spectrum canopy albedo. Given the importance of even
small changes in albedo on surface heat exchange, the
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occurrence of an N eVect on albedo would bear interesting
and potentially important consequences for climate. How-
ever, resolving underlying mechanisms of the N–albedo
relationship will be important because diVerent mecha-
nisms can carry diVerent implications for a response to
altered N availability.

Sources of variation in vegetation albedo occur at scales
ranging from internal leaf structures to tree crowns and
whole plant canopies (Ollinger 2011). At the leaf level,
reXectance is dominated by photosynthetic pigments in the
visible part of the spectrum (400–700 nm), leaf structure in
the near infrared (NIR, 700–1,350 nm), and water content
in the mid-infrared (Mid IR, 1,350–2,500 nm) (Gates et al.
1965; Slaton et al. 2001; Jacquemoud et al. 2009). At the
stem and canopy level, the number of scattering or absorb-
ing surfaces that photons encounter is further inXuenced by
structural traits such as shoot architecture, leaf angle distri-
bution, and crown geometry (e.g., Chen and Cihlar 1995;
Asner 1998; Rautiainen et al. 2004). The greatest variation
in reXectance at both leaf and canopy levels often occurs in
the NIR region because there are few, if any, compounds
that absorb NIR radiation (Gates et al. 1965; Sánchez and
Canton 1999; Ollinger 2011). Therefore, if structural
changes that occur within or between leaves covary with
foliar N, they could explain the nature of the canopy-level
N–albedo relationship.

Hollinger et al. (2010) hypothesized that the association
between leaf N concentration (Nmass) and canopy albedo
may be due to covariation between N-containing photosyn-
thetic enzymes and internal leaf structures necessary to sup-
port diVerent rates of photosynthesis. Particularly important
are changes in the ratio of the mesophyll surface area
exposed to intercellular air spaces to the area of the leaf
(Ames/A), which has been shown to be positively correlated
with both photosynthetic rates (Nobel et al. 1975; Longst-
reth et al. 1985) and NIR reXectance (Slaton et al. 2001).
Given the diVerent refractive indices of hydrated mesophyll
cells and the intercellular airspace (Woolley 1971; Gaus-
man et al. 1974), a higher Ames/A value should lead to more
opportunities for radiation scattering, and correspondingly
higher reXectance.

The objectives of this study were (1) to test the hypothe-
sis that the canopy level association between foliar Nmass

and canopy albedo stems from a similar relationship occur-
ring at the leaf level, and (2) to determine whether two
forms of disturbance that are known to aVect N availabil-
ity—N fertilization and elevated CO2—can also inXuence
leaf and canopy albedo. We measured leaf reXectance and
transmittance, as well as leaf chemical and structural traits
(N concentration, leaf mass per area, equivalent water
thickness, and water content), for three deciduous species
in the eastern US that have been subjected to either long-
term N or CO2 fertilization. Data from multiple free air CO2

enrichment (FACE) sites have shown that elevated CO2

leads to an increase in leaf mass per unit area (LMA, Norby
et al. 2003) and the consequent dilution of foliar N due to
the accumulation of carbohydrates (Oren et al. 2001; Ells-
worth et al. 2004; Norby and Iversen 2006). Therefore, if
the canopy albedo–N relationship is driven by changes at
the leaf level, we would expect to see higher leaf-level leaf
albedo in plots subjected to N fertilization and lower leaf
albedo in plots exposed to elevated CO2, relative to those
receiving ambient CO2 and N deposition. We also obtained
canopy reXectance data from the airborne visible/infrared
imaging spectrometer (AVIRIS) to examine whether can-
opy-level spectral responses were consistent with leaf-level
results.

Materials and methods

Study sites

We measured spectral, chemical, and structural characteris-
tics of leaf samples from two sites in the eastern US: Har-
vard Forest, Petersham, MA (42.5°N, 72°W) and Oak
Ridge National Laboratory, Roane County, TN (35.9°N,
84.3°W). These sites were chosen because they contain
deciduous tree species relevant to our objectives and
because they allowed us to examine the spectral response of
leaves to N fertilization and elevated CO2, both of which
represent important environmental change agents that are
known to alter leaf Nmass.

Harvard forest, MA

Harvard Forest (HF) is located in Central Massachusetts
and has been a long-term ecological research site since
1988. A chronic N fertilization experiment was established
at HF in 1988 (Magill et al. 2004). Two stands were chosen
for N additions: a mixed hardwood stand that regenerated
naturally after a clearcut around 1945, and an even-aged red
pine (Pinus resinosa Aiton) stand that was heavily dis-
turbed by an ice storm in December of 2008, and not used
in this study. In each stand, four plots were established:
control (no added N), low N (additions of 50 kg
N ha¡1 year¡1), low N plus sulfur (not included in this
study), and high N (additions of 150 kg N ha¡1 year¡1).
Each plot measures 30 £ 30 m. Additions of ammonium
nitrate (NH4NO3) began in 1988 and are distributed over
six equal applications during the growing season (May–
September). Mean annual precipitation at HF is 1,100 mm,
distributed evenly throughout the year. Ambient N deposi-
tion averages 8 kg N ha¡1 year¡1 (Ollinger et al. 1993).
The dominant soil types are stony- to sandy-loams formed
from glacial till. Elevation is 385 m above sea level.
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Oak Ridge National Environmental Research Park, TN

The free air CO2 enrichment (FACE) facility at the Oak
Ridge National Laboratory (ORNL) Environmental
Research Park is located in a sweetgum (Liquidambar
styraciXua L.) monoculture that was established in 1988
(Norby et al. 2001). In 1996, Wve 25-m-diameter plots were
established: two with FACE apparatus emitting elevated
CO2, two with FACE apparatus but ambient CO2, and one
with no FACE apparatus. Exposure to elevated CO2 began
in the spring of 1998. Average daytime CO2 concentration
for 2009 was maintained at approximately 565 ppm for the
enriched plots and 401 ppm for the ambient plots (Riggs
et al. 2009). In 2004, an N fertilization experiment was ini-
tialized in a sweetgum stand located approximately 150 m
from the FACE site and planted at the same time. An
85 m £ 50 m area was fertilized in a block pattern, with
each block containing two control plots and two fertilized
plots (both 12 £ 16 m). The fertilized plots received
200 kg N ha¡1 year¡1, applied as urea each year before leaf
out (Iversen and Norby 2008). Mean annual temperature at
Oak Ridge is 14°C, and mean annual precipitation is
1,371 mm, distributed evenly throughout the year. Ambient
N deposition averages between 10 and 15 kg N ha¡1 year¡1

(Johnson et al. 2004). The dominant soil type is an Aquic
Hapludult, a silty clay loam.

Data collection and analysis

Field sampling: Harvard Forest

At HF, sampling of foliage from the control and treated
hardwood plots was conducted between 20  and 23 July
2009. Within each plot, Wve red maple and seven black oak
trees were randomly selected and sampled. Green leaves
were collected from the top, middle, and bottom of the can-
opy using a 12-gauge shotgun. Sample collection heights
were determined using a digital hypsometer (Haglöf Ver-
tex). Leaves were placed in plastic Ziploc bags and stored
on ice until analysis, which was carried out within 36 h of
collection.

Field sampling: Oak Ridge National Environmental 
Research Park

At ORNL, Weld sampling was conducted between 28 and
30 July  2009. Using a slingshot canopy sampler (N-fertil-
ized site) or tower climbing with pole pruners (FACE site),
we collected green leaves from the top, middle, and bottom
of the canopy. Heights were determined using either a digi-
tal hypsometer (Haglöf Vertex) or measuring tapes
deployed by climbers. Within each CO2 fertilization treat-

ment (ambient and elevated CO2), we sampled ten sweet-
gum trees. From each N-fertilized plot, we collected 12
upper canopy and 12 lower canopy samples. The adjacent
FACE ambient CO2 plots were used as the control treat-
ment for the N-fertilized samples in statistical analysis. In
all cases, leaves were placed in plastic Ziploc bags and
stored on ice until analysis.

Collection of Weld spectra

We measured hemispherical reXectance and transmittance
spectra for healthy leaves from each individual using a
portable spectrometer (ASD FieldSpec 3; analytical
Spectral Devices, Boulder, CO, USA) connected to an inte-
grating sphere with an 8° near-normal incidence port to
capture both diVuse and specular reXectance (SphereOptics,
Concord, NH, USA) and a halogen bulb light source. The
ASD spectrophotometer was used in conjunction with an
integrating sphere, which holds leaf samples in a Wxed posi-
tion and is intended to eliminate angular eVects by creating
perfectly diVuse radiation. It measures reXectance from 350
to 2,500 nm, in 1-nm intervals. For each sample, measure-
ments were taken for a single leaf and stacks of two, four,
and eight leaves. ReXectance and transmittance spectra of
leaf stacks were taken to create optically dense layers of
leaf tissue, in order to examine how reXectance varies as a
function of the total thickness of the leaf material present.
Each leaf spectrum was determined as the average of 50
individual scans. The spectra were corrected for dark cur-
rent, and a white reference standard was measured prior to
each set of reXectance or transmittance measurements of
one growing stack of leaves. For reXectance measurements,
both the sample and the reference standard were mounted
on the sphere and their positions were switched between
two successive scans. Spectral reXectance was then calcu-
lated as the ratio of the value obtained from the sample to
the value obtained from the reference.

To calculate full spectrum (FULL, 400–2,500 nm) spec-
trally weighted optical values, each reXectance or transmit-
tance spectra was weighted by the solar spectrum energy
(ASTM G173-03 Reference Spectra received by a 37° tilted
equator-facing surface through an air mass of 1.5, derived
from SMARTS v. 2.9.2; Gueymard 2004) to obtain a value
representing the reXected (denoted as �FULL) or transmitted
(denoted as �FULL) energy as a proportion of incident. These
values approximate albedo values measured using broad-
band radiometric instruments. For visible (�vis or �vis, 400–
700 nm), NIR (�nir or �nir, 700–1,300 nm), and Mid IR (�midir

or �midir, 1,350–2,500 nm) portions of the spectrum, the
solar-weighted reXectance and transmittance values were
calculated by following the same process, but using only
wavelengths from the regions of interest.
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Leaf chemical and structural analysis

After spectral measurements were obtained, two circular
disks (2.035 cm2 area) were removed from each leaf and
weighed. Leaf disks were then oven-dried at 70°C for at
least 72 h and reweighed to determine water content (% leaf
fresh weight), equivalent water thickness (EWT, g water
per cm2 leaf), and LMA (g leaf per m2 leaf).

The remaining leaf sample was then dried at 70°C,
ground using a Wiley mill, and passed through a 1-mm
mesh screen. Prior to N concentration analysis, the ground
samples were dried for 24 h at 70°C. We measured mass-
based foliar N concentration (Nmass, g of N per 100 g of dry
leaf matter) using a Costech Elemental Analyzer. We deter-
mined N per unit leaf area (Narea) by multiplying Nmass by
the LMA of the sample (Narea = Nmass £ LMA).

Aircraft remote sensing

For the ORNL site, high spectral resolution remote sens-
ing images were acquired from NASA’s AVIRIS (Air-
borne Visible/InfraRed Imaging Spectrometer) instrument
within 10 days of our Weld sampling. AVIRIS measures
upwelling radiation in 224 contiguous optical bands from
400 to 2,500 nm with a spectral resolution of 10 nm.
AVIRIS was Xown on an ER-2 at an altitude of 5,500 m
giving a spatial resolution of 4.6 m. The image dataset
was orthorectiWed by NASA JPL, and atmospherically
corrected with ImSpec LLC’s Atmospheric Correction
Now (ACORN) v.6, transforming data from calibrated
sensor radiance to apparent surface reXectance. After
removing strong water adsorption bands that contained no
usable data, we determined canopy reXectance for each
treatment by averaging reXectance values within each
waveband for pixels falling within each of the plots. Due
to the spatial resolution of the image and the size of the
treatment plots, we were able to obtain 36 pixels in the
ambient CO2 plot, 12 pixels in the elevated CO2 plot, and
24 pixels in the N-fertilized.

Statistical analysis

Summary statistics (means and standard error) were com-
puted for all optical properties and leaf traits. The signiW-
cances of the mean diVerences between treatments were
determined by analysis of variance (ANOVA), with pair-
wise comparisons tested using Tukey’s ‘Honest SigniWcant
DiVerence’ method. Regression analysis was used to deter-
mine relationships between optical properties and leaf
traits. For multiple regressions the adjusted r2 was consid-
ered instead of r2 because this statistic penalizes the model
for an increased number of parameters, thereby decreasing
the likelihood of overWtting.

The Shapiro–Wilk statistic was used to test for normality
in all models, and where needed variables were power-
transformed to correct for skew. Single leaf �FULL and �nir

were non-normal due to a small number of outliers (deter-
mined by 1.5 £ interquartile range). Statistical tests were
performed with and without the outliers, and, because the
resulting explained variances were similar, outliers were
removed to follow assumptions of normality in linear
regression models. All statistical analysis was completed
using the software R, v.2.8.1 (R Foundation for Statistical
Computing, 2008). Reported results are for single leaves
unless otherwise speciWed.

Results

Treatment diVerences

Across all species and sites, Nmass was higher in the high N
treatment than in the low N and control treatments, which
were not signiWcantly diVerent from each other (P < 0.001;
Fig. 1a–c). For red maple and black oak at HF, there were
no diVerences between nitrogen treatments in �FULL

(Fig. 1d, e), �FULL, �nir, �nir, �midir, �midir, or FULL absorp-
tion [1 ¡ (� + �)] (P > 0.1 in all cases). For the sweetgum at
ORNL, there were no diVerences between treatments in
�FULL (except for higher mean values in the ORNL elevated
CO2 treatment than ORNL N-fertilized treatment; Fig. 1f),
�FULL, �nir, or FULL absorption (P > 0.1 in all cases). There
was higher �nir in the ORNL N-fertilized treatment than in
the ambient or elevated CO2 treatments (P < 0.01). Both
�midir and �midir were higher for N-fertilized sweetgums
(P < 0.01), likely due to diVerences in LMA and EWT. For
all species, �vis and �vis followed diVerences in N between
treatments, with lower values corresponding to higher N
fertilization (P < 0.05 in all cases). There was no diVer-
ence in LMA between nitrogen treatments for black oak
or red maple (P > 0.1; Fig. 1g, h). However, the N-fertil-
ized treatment at ORNL had lower LMA than the ambi-
ent or elevated CO2 treatments (P < 0.001; Fig. 1i). EWT
did not diVer between treatments for any species
(P > 0.1).

Relationships between N and leaf optical properties

The relationships between Nmass or Narea and the � and � of
all optical regions were qualitatively similar across sites
and treatments, although Narea explained less of the variance
in foliar optical properties than did Nmass (Table 1). Varia-
tion in Narea can be caused by changes in LMA or Nmass,
although Nmass and LMA generally exhibited opposite
trends (e.g., LMA is positively correlated with �vis, while
the relationship between Nmass and �vis is negative). Thus, it
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is likely that the similarities between the Nmass and Narea

relationships are driven by changes in Nmass, but dampened
by the opposing eVects of LMA. Because the changes in

Narea can be accounted for by these two variables, subse-
quent analysis and discussion of foliar N and optical prop-
erties will focus on Nmass. Furthermore, Nmass was not related
to canopy position (height from which foliage was sampled)
for any of the species or treatments in our analysis (P > 0.1 in
all cases), except for a weak, negative correlation in the ele-
vated sweetgum treatment (r2 = 0.19, P < 0.05). As a result,
we used mean values from all heights within a tree for subse-
quent analyses involving Nmass.

Across all species, Nmass was the best predictor of FULL,
NIR, and visible � and � for all species combined (Fig. 2),
with the exception of �FULL, which was not correlated with
Nmass (P > 0.05). However, contrary to our expectations, the
relationships between Nmass and � were negative (Fig. 2a–c;
P < 0.001 in all cases). There was a positive relationship
between both �FULL and �nir and Nmass, whereas the relation-
ship between Nmass and �vis was negative (Fig. 2d–f;
P < 0.001 in all cases). The relationships between Nmass and
� in the FULL and NIR regions are primarily due to diVer-
ences between species [within species, these relationships
were not signiWcant (P > 0.1)], with the exception of sweet-
gum �FULL which showed a slight negative relationship
with Nmass (P < 0.05, r2 = 0.06), whereas the relationships

Fig. 1 ANOVA results (means § standard error) for Nmass (a–c), solar
weighted full spectrum reXectance (�FULL; d–f), and LMA (g–i) treatment
diVerences. Results for black oak (site: HF) are depicted with black

bars, red maple (site: HF) in gray bars, and sweetgum (site: ORNL) in
white bars. Means with diVerent letters were signiWcantly diVerent in
pair-wise comparisons (Tukey’s multiple comparison test)
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Table 1 Comparison of regression statistics for spectrally weighted
reXectance and transmittance foliar N on a mass (Nmass, %) and area basis
(Narea, g m¡2), reporting the coeYcient of determination (r2), P value, and
the sign of the slope of the regression line (‘Sign’ column) for each model

ReXectance and transmittance values are all weighted by the solar
spectrum

ns insigniWcant trends

Response variable Source of variation

r2 Nmass r2 Narea

P value Sign P value Sign

FULL reXectance 0.26 <0.001 ¡ 0.15 <0.001 ¡
FULL transmittance ns ns

NIR reXectance 0.17 <0.001 ¡ 0.06 <0.01 ¡
NIR transmittance 0.10 <0.001 + 0.05 <0.01 +

Mid IR reXectance ns 0.09 <0.001 ¡
Mid IR transmittance 0.21 <0.001 + ns

VIS reXectance 0.51 <0.001 ¡ 0.17 <0.001 ¡
VIS transmittance 0.45 <0.001 ¡ 0.31 <0.001 ¡
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between Nmass and the visible region are signiWcant even
within species (P < 0.05 in all cases).

Although Nmass was not a good predictor of �midir or �midir,
the relationship was signiWcant and positive for �midir

(r2 = 0.21, P < 0.001). There was no relationship between
Nmass and �midir (P > 0.1). Absorption was positively corre-
lated with Nmass in the visible (r2 = 0.52, P < 0.001) and the
Mid IR (r2 = 0.17, P < 0.001), but not in the NIR (P > 0.1),
leading to a weak, positive relationship between total
FULL absorption and Nmass (r2 = 0.07, P < 0.01). There
was some colinearity between spectral response variables,
which is not surprising, as they are all part of the same
overall spectra. However, the diVerent regions responded
diVerently, because absorbers are located primarily in the
visible (pigment absorption) and Mid IR (water absorp-
tion), with the NIR being primarily inXuenced by scattering
(Ollinger 2011).

The above results describe how Nmass varied with � and �
for a single leaf. In leaf stacks, the correlation coeYcients
for the relationships between Nmass and foliar optical prop-
erties decreased as the number of leaves increased. Despite
this, the negative slopes of the relationship between Nmass

and �FULL remained intact for all leaf stacks (Fig. 3;
P < 0.001 in all cases).

Relationships between leaf traits and leaf optical properties

Across all species and treatments, there was a weak, positive
correlation between LMA and �FULL (P < 0.05), and weak,
negative correlation between LMA and both �FULL and �nir

(Fig. 4; P < 0.001 in both cases). There were stronger nega-
tive correlations between LMA and �midir (r2 = 0.38,
P < 0.001) and �midir (r

2 = 0.40, P < 0.001), although this is
likely due to the inXuence of EWT. LMA was positively cor-

Fig. 2 Regression between foli-
ar Nmass and a solar-weighted 
full spectrum reXectance (�FULL; 
400–2,500 nm), b solar-weight-
ed NIR reXectance (�nir; 700–
1,300 nm), and c solar-weighted 
visible reXectance (�vis; 400–
700 nm; data log-transformed), 
d solar-weighted full spectrum 
transmittance (�FULL), e solar-
weighted NIR transmittance 
(�nir), and f solar-weighted visi-
ble transmittance (�vis; data log-
transformed). The nonlinear 
relationship between Nmass and 
both �vis and �vis appears to be 
due to diVerences in slope 
between species that vary in 
their N concentrations. All 
correlations are signiWcant at 
P < 0.001. Black oak (BO), red 
maple (RM) and sweetgum (SG) 
were all included in the 
regression analysis
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related with �vis (r
2 = 0.20, P < 0.001), whereas there was no

relationship between �vis and LMA (P > 0.1).
Equivalent water thickness was negatively correlated

with �midir and �midir and was the best overall predictor of
Mid IR foliar optical properties (Fig. 5; P < 0.001 in all
cases). EWT was weakly, but positively, correlated with
�FULL (r2 = 0.06, P < 0.01), �nir (r2 = 0.04, P < 0.01), and
�vis (r2 = 0.28, P < 0.001), and negatively correlated with
�FULL (r2 = 0.10, P < 0.001) and �nir (r

2 = 0.09, P < 0.001).
Relative water content (g H2O g¡1 fresh leaf tissue) was not
correlated with any foliar optical parameter we considered
(P > 0.1 in all cases).

Multiple regression models using all combinations of
leaf traits did not improve predictions for �FULL, �FULL, �nir,
or �nir above that which was obtained by Nmass alone.

Relationships between leaf traits

The relationship between LMA and EWT was signiWcant
and positive both within (black oak: r2 = 0.73; red maple:
r2 = 0.36; sweetgum: r2 = 0.46; P < 0.001 in all cases) and
across (r2 = 0.54, P < 0.001) all species. LMA and Nmass

were negatively correlated within sweetgums (r2 = 0.22,

Fig. 3 Foliar Nmass versus solar weighted full spectrum reXectance
(�FULL) for stacks of one (r2 = 0.25, P < 0.001), two (r2 = 0.18,
P < 0.001), four (r2 = 0.15, P < 0.001), and eight (r2 = 0.10, P < 0.001)
leaves. Black oak (BO), red maple (RM) and sweetgum (SG) were all
included in the regression analysis. Although the y-intercept diVers, all
stacks show similar negative relationships between foliar N and �FULL
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P < 0.001), but the relationship was not signiWcant in black
oaks, red maples, or across all species. EWT and Nmass were
not signiWcantly correlated within any species (P > 0.1 in
all cases), but with all species combined they were slightly
negatively related (r2 = 0.05, P < 0.01).

Canopy-level reXectance

Despite the absence of diVerences in leaf-level reXectance
between treatments, reXectance data obtained from the
AVIRIS sensor showed that whole-canopy NIR reXectance
was higher for the N-fertilized sweetgum treatment than the
ambient CO2 sweetgum treatment (Fig. 6; P < 0.001). Can-
opy NIR reXectance from the elevated CO2 sweetgum treat-
ment was lower than the ambient CO2 sweetgum treatment,
although the trend was not signiWcant (Fig. 6; P > 0.1)
and the diVerence was small compared to that between the
N-fertilized and ambient CO2 treatments. There was little to

no diVerence in canopy reXectance in the visible or MIR
portions of the spectrum.

Discussion

A primary goal of this study was to examine relationships
between leaf traits and leaf optical properties that might
help explain the positive correlation between canopy Nmass

and full spectrum canopy albedo seen in temperate and
boreal forests (Ollinger et al. 2008; Hollinger et al. 2010).
Our results do not support the hypothesis that the canopy-
level trend was caused by a similar trend occurring at the
leaf level. There were no diVerences in leaf �FULL or �FULL

between comparable N or CO2 treatments, despite changes
in leaf Nmass caused by N fertilization and increases in
whole canopy NIR reXectance, as measured using AVIRIS,
in the N-fertilized plots at ORNL. Earlier work showed a
reduction in leaf Nmass in CO2-treated plots relative to con-
trols at ORNL (Norby and Iversen 2006). Although we also
saw lower Nmass in CO2-treated plots, the diVerence was
smaller and not signiWcant. As a result, our prediction that
foliar � would decrease with increased CO2 fertilization
was neither supported nor refuted.

Whereas the slope of the previously observed relation-
ship between Nmass and canopy full spectrum albedo is pos-
itive, we observed a negative relationship at the leaf level,
when all species and treatments were combined. This pat-
tern was driven in part by the visible region, where high N
foliage is expected to absorb more light due to increased
pigment concentration. Nevertheless, the relationship was
also negative, albeit weaker, even when restricted to the
NIR region.

To what can we attribute these results? Previous studies
have linked scattering and NIR reXectance to leaf structural
parameters such as leaf thickness, percent intercellular air
space (%IAS), or the Ames/A ratio (Knapp and Carter 1998;
Gausman et al. 1970; Slaton et al. 2001). In our own data,

Fig. 5 Both a solar-weighted reXectance (�) and b solar-weighted
transmittance (�) declined in the Mid IR region (700–1,350 nm) as leaf
EWT increased. This was due to the strong positive correlation
between Mid IR absorption [1 ¡ (� + �)] and EWT (c), which demon-

strates the importance of water abosrption in the Mid IR in inXuencing
scattering from this region. All correlations are signiWcant at
P < 0.001. Black oak (BO), red maple (RM) and sweetgum (SG) were
all included in the regression analysis
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there was no correlation between �nir and LMA, although
this could be due to the confounding eVects on reXectance
of leaf thickness and leaf density, two variables that deter-
mine LMA, but have opposing eVects on other leaf traits
such as the fraction of leaf volume composed of intercellu-
lar air space (increased leaf thickness increases %IAS,
whereas increased leaf density decreases %IAS; Niinemets
1999, 2001). A number of studies have observed positive
relationships between NIR reXectance and %IAS (Castro-
Esau et al. 2006; Gausman et al. 1970; Slaton et al. 2001),
while others suggest varying relationships between %IAS
and foliar Nmass. In a study involving fertilization of tall fes-
cue (Festuca arundinacea Schreb.), Rademacher and Nel-
son (2001) found that the ratio of IAS to total mesophyll
space was lower in high N foliage because N fertilization
enhanced mesophyll area to a greater degree than leaf vol-
ume. Conversely, Niinemets (1999), across a broad range
of woody vegetation, observed a negative relationship
between leaf density and both Nmass and the fraction of leaf
mesophyll as intercellular airspace. This implies that leaves
with high foliar N should be less dense and have a greater
%IAS.

In contrast to our leaf level results, remote sensing data
collected by the AVIRIS sensor showed an increase in
whole-canopy NIR reXectance with N fertilization in the
ORNL sweetgum plantation, a response that is consistent
with observations along natural gradients in plant N status
(Ollinger et al. 2008; Hollinger et al. 2010). Collectively,
these results suggest that the association between Nmass and
canopy NIR reXectance is driven by stem or canopy level
properties that are either inXuenced by, or covary with, leaf
Nmass.

In our study, the only canopy structural variable we
were able to evaluate was leaf area index (LAI, leaf area
per unit area of ground), which was higher in the ORNL
N-fertilized plots than in the control plots (LAI » 5.5 and
4.5, respectively; Richard Norby and Colleen Iversen, per-
sonal communication). To evaluate the potential eVect of
this diVerence on the canopy reXectance values observed
by AVIRIS, we used SAIL-2 (Scattering from Arbitrarily
Inclined Leaves; Verhoef 1984; Braswell et al. 1996), a
radiative transfer model that has been used extensively in
the literature (e.g., Huemmrich and Goward 1997; Andrieu
et al. 1997; Daughtry et al. 2000; Zhang et al. 2006).
Although SAIL is known to be sensitive to changes in
LAI, especially in low-LAI systems (e.g., Asner 1998),
model runs for the control and N-fertilized plots, con-
ducted using measured LAI and measured leaf and back-
ground reXectance and transmittance spectra, produced a
negligible diVerence in canopy reXectance (Fig. 7). This
suggests that canopy properties other than LAI are driving
the observed changes in canopy reXectance between the
stands.

Other canopy properties that may provide a link between
plant N status and canopy reXectance include shoot archi-
tecture (Smolander and Stenberg 2003; Malenovský et al.
2008), crown geometry (e.g., Rautiainen et al. 2004)- and
leaf angle distribution (Asner 1998; Close and Beadle
2006). Each of these are inXuenced by a variety of resource
optimization mechanisms that are known to vary with plant
nutrient status, perhaps resulting in associations between
leaf traits and canopy structural properties that have yet to
be explored (e.g., Ollinger 2011). As an example, N fertil-
ization experiments involving eucalyptus (Close and
Beadle 2006), wheat (Brooks et al. 2000)- and rice (Tari
et al. 2009) have all demonstrated reductions in mean leaf
angle (i.e.- leaves become more horizontal) with improved
N nutrition. Because low leaf angle is associated with
increased reXectance, particularly in the NIR region (Asner
1998; Ollinger 2011), such a response could contribute to a
positive relationship between Nmass and canopy albedo if it
were to occur over broad gradients within native ecosys-
tems. Canopy leaf angle is a challenging parameter to mea-
sure, and at present, we lack the data needed to evaluate the
extent to which variation in leaf angle, or other related
parameters, may have contributed to our results.

Conclusions

This study investigated the importance of leaf-level reXec-
tance properties as a potential cause of the relationship
between foliar Nmass and canopy full spectrum albedo.
Although we cannot completely rule out the importance of
mechanisms involving leaf-level radiation scattering, our

Fig. 7 Results of SAIL-2 model runs for the ambient CO2 and N-fer-
tilized plots, conducted using measured LAI and measured leaf and
background reXectance and transmittance spectra. Resulting spectra
show a negligible diVerence in canopy reXectance
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results suggest that they are not the dominant inXuence on
this relationship. Instead, we suggest that the principal
mechanism lies in associations between leaf-level Nmass and
optically important canopy structural properties that have
yet to be thoroughly explored. Although measuring canopy
structural properties is challenging, future work should con-
sider variables such as leaf arrangement and foliage clump-
ing, leaf angle distribution, and crown geometry, in
conjunction with leaf traits and canopy spectral properties.
If met with success, such investigations would improve our
overall understanding of how biogeochemical processes
inXuence biophysical properties that are relevant to surface
energy exchange and interactions between ecosystems and
climate.
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