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ARTICLE

Foliar nitrogen in relation to plant traits and reflectance properties of
New Hampshire forests
Franklin B. Sullivan, Scott V. Ollinger, Mary E. Martin, Mark J. Ducey, Lucie C. Lepine, and Haley F. Wicklein

Abstract: Several recent studies have shown that the mass-based concentration of nitrogen in foliage (%N) is positively correlated
with canopy near-infrared reflectance (NIRr) and midsummer shortwave albedo across North American forests. Understanding the
mechanisms behind this relationship would aid in interpretation of remote sensing imagery and improve our ability to predict
changes in reflectance under future environmental conditions. The purpose of this studywas to investigate the extent towhich foliar
nitrogen at leaf and canopy scales covary with leaf- and canopy-scale structural traits that are known to influence NIR scattering and
reflectance. To accomplish this, we compared leaf and canopy traits with reflectance spectra at 17mixed temperate forest stands.We
found significant positive associations among %N and NIRr at both the leaf and canopy scale. At the canopy scale, both %N and NIRr
were correlated with a number of structural traits as well as with the proportional abundance of deciduous and evergreen foliage.
Identifying specific causal factors for observed reflectance patterns was complicated by interrelations among multiple traits across
scales. Among simplemetrics of canopy structure,we sawno relationship betweenNIRr and leaf area index, butweobserved a strong,
inverse relationship with the number of leaves per unit canopy volume.

Résumé : Plusieurs études récentes ont montré que la concentration d'azote dans le feuillage (%N) basée sur la masse est
positivement corrélée avec le coefficient de réflexion du couvert forestier dans le proche infrarouge (PIR) et l'albédo dans les
courtes longueurs d'onde au milieu de l'été dans les forêts d'Amérique du Nord. La compréhension du mécanisme qui sous-tend
cette relation faciliterait l'interprétation des images obtenues par télédétection et améliorerait notre capacité à prédire l'impact
des conditions environnementale futures sur le coefficient de réflexion. Cette étude avait pour but de déterminer dans quelle
mesure l'azote foliaire aux échelles des feuilles et du couvert forestier covarie avec les caractéristiques structurales aux échelles
des feuilles et du couvert forestier reconnues pour influencer la dispersion et le coefficient de réflexion dans le PIR. Dans ce but,
nous avons comparé les caractéristiques des feuilles et du couvert forestier à l'aide du spectre du coefficient de réflexion de 17
peuplements mixtes de forêt tempérée. Nous avons trouvé des relations positives significatives parmi le %N et le coefficient de
réflexion dans le PIR aux échelles des feuilles et du couvert forestier. À l'échelle du couvert forestier, le %N et le coefficient de
réflexion dans le PIR étaient corrélés avec plusieurs traits structuraux ainsi qu'avec l'abondance proportionnelle de feuilles
caduques et persistantes. L'identification des facteurs spécifiques, qui déterminent les valeurs du coefficient de réflexion que
nous avons observées, était compliquée par des interactions entre plusieurs caractéristiques aux différentes échelles. Parmi les
métriques simples de structure du couvert forestier, nous n'avons pas observé de relation entre le coefficient de réflexion dans
le PIR et l'indice de surface foliaire mais nous avons observé une relation inverse étroite avec le nombre de feuilles par unité de
volume du couvert forestier. [Traduit par la Rédaction]

Introduction
Nitrogen concentrations in foliage (%N) have long been known to

influence leaf-level photosynthetic capacity and stand-level C uptake
(Field and Mooney 1986; Reich et al. 1997; Reich 2012), and it is pri-
marily in this capacity that plant N status has been considered in
studies of biosphere−atmosphere exchange (e.g., Bonan et al. 2011).
These linkages have prompted interest in leaf and plant spectral
properties that can be used to map canopy %N with air- and space-
borne sensors (e.g., Ollinger and Smith 2005; Martin et al. 2008;
Kokaly et al. 2009). Although most of these efforts have focused on
narrow-band spectral features, several recent efforts have found pos-
itive relationships between %N and canopy reflectance over broad
regions of thenear-infrared (NIR) (Ollinger et al. 2008;Hollinger et al.
2010; Ollinger 2011). These studies included a wide variety of forest
types and the observed variation in NIR reflectance (NIRr) covered
enough of the solar energy spectrum to result in a positive correla-
tion between %N and total shortwave albedo.

The observed relationships between canopy %N and NIRr suggest
that (1) estimation of canopy %N may be possible using broad-band
sensors and (2) variation in the N status of ecosystems may have an
influence on surface energy exchange and climate via its influence
on plant traits, forest composition, or related structural properties.
Despite these implications, our understanding of what links canopy
%N and NIRr is incomplete, making it difficult to predict how reflec-
tance will respond to future conditions that alter N availability. Ni-
trogen itself is a relatively small component of foliage and its
capacity to influence reflectance via biochemical effects is limited to
its associationswithpigments,which absorb in visible rather than in
NIR regions, and photosynthetic enzymes, which have weak effects
onabsorbance in relativelynarrowspectral regions (e.g., Kokaly et al.
2009). As a result, the canopy %N−NIRr relationship is believed to
result from linkages between the N nutrition of plants and variation
in one or more structural properties related to C assimilation, C
allocation, and the optimal arrangement of foliage within canopies
(Ollinger 2011).
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Decades of research on leaf and canopy reflectance has demon-
strated that physical properties of plants ranging from the cellu-
lar level to whole canopies can influence NIRr (e.g., Gates et al.
1965; Asner 1998; Slaton et al. 2001; Rautiainen et al. 2004; Kokaly
et al. 2009). At the leaf level, NIRr has been shown to be influenced
by multiple scattering due to internal structure (Jacquemoud and
Baret 1990). Slaton et al. (2001) showed that NIRr was positively
correlated with mesophyll cell surface area exposed to intercel-
lular air space per unit leaf cross-sectional area (AMES/A) among
some alpine shrub species. Two recent studies have found that
leaf mass per unit area (LMA) and leaf reflectance were unre-
lated in broadleaf deciduous species and that the slope of the
leaf %N−reflectance relationship was negative (Bartlett et al.
2011; Wicklein et al. 2012). This is in contrast with the canopy-
level observations of Ollinger et al. (2008) and Hollinger et al.
(2010) and suggests that physical traits of stems or canopies
offset patterns observed at the leaf level.

Relationships between foliar %N and structural characteristics
of stems and canopies should be expected, given the importance
of C assimilation on C allocation and the convergence among
plant traits that often results from multiple constraints on re-
source allocation (e.g., Ollinger 2011; Reich 2012). Although inter-
relations among foliar %N and leaf traits have been studied
extensively (e.g., Reich et al. 1997; Wright et al. 2004), our under-
standing of how %N varies with stem- and canopy-level traits is
less developed. Many studies have used leaf and canopy reflec-
tance models to examine structural influences on reflectance, but
most models do not include leaf or canopy %N and field studies do
not always corroborate model predictions. For example, leaf area
index (LAI) is often a driving factor in canopy reflectance models
(Verhoef 1984; Jacquemoud 1993; Asner 1998; Smolander and
Stenberg 2003), but field studies that have examined the role of
LAI in canopy−light interactions have not consistently supported
model results (e.g., Thompson et al. 2004; Ollinger et al. 2008).

Although previous work has shown relationships between can-
opy %N and forest species composition (e.g., Ollinger and Smith
2005; McNeil et al. 2008), optically important plant traits can vary
within as well as among species (leaf size, thickness, and angle are
but a few examples) (Niinemets 1999; Niinemets et al. 2002; Close
and Beadle 2006). There are also large uncertainties regarding the
specific traits responsible for observed patterns of reflectance and
how those factors respond to changes in climate or nutrient avail-
ability. As a result, attempts to explain spatial and (or) temporal
patterns of reflectance on the basis of species composition alone
are limited without a deeper understanding of the underlying
mechanisms. Here, we sought to examine relationships among
foliar %N, a variety of common plant traits, and spectral reflec-
tance patterns at the leaf and canopy scales. We achieved this by
combining field measurements and high spectral resolution re-
flectance data from NASA's Airborne Visible/Infrared Imaging
Spectrometer (AVIRIS) with leaf-level spectra, leaf chemistry, and
structural traits at the leaf and canopy scales. We characterized
canopy structure with measurements of LAI, a foliage element
clumping index and gap fraction, as well as derived variables such
as the number of leaves per cubic metre (foliage density), canopy
equivalent water thickness (EWTC), and canopy leaf mass per unit
ground area (LMAC).

Methods

Study sites
The study was conducted at two sites in New Hampshire (Fig. 1):

Bartlett Experimental Forest (BEF) and Burley-Demeritt Farm
(BDF). BEF is located in the White Mountain National Forest in
Bartlett,NewHampshire (44.055oN, 71.290oW). The forest is a 1052ha
research and demonstration forest established in 1932 by the
United States Forest Service and is composed of species common
in the mixed northern hardwoods forest type, including red

spruce (Picea rubens Sarg.), balsam fir (Abies balsamea (L.) Mill.),
American beech (Fagus grandifolia Ehrh.), red maple (Acer rubrum L.),
sugar maple (Acer saccharum Marsh.), eastern hemlock (Tsuga
canadensis (L.) Carrière), and yellow birch (Betula alleghaniensis
Britton). Elevation ranges from approximately 200 to 850 m, with
mean annual temperature of 6.5 °C and average annual precipita-
tion of 110 cm. The average solar irradiation for January and July
are approximately 7.5 and 16 MJ·m–2·day–1, respectively. Soils are
coarse textured and of granitic drift in origin, ranging from shal-
low weathered bedrock to outwash and compact sediments to
basal tills andwashed ablational tills. Thirteen plots were selected
at BEF that spanned a range of tree species representative of
northeastern forests. For a more thorough description of BEF, see
Leak and Smith (1996).

BDF, located in Lee, New Hampshire (43.098oN, 70.989oW), is
operated by the University of New Hampshire as an agricultural
and forest research site that includes approximately 200 acres of
woodlands dominated by white pine (Pinus strobus L.) and red oak
(Quercus rubra L.). Precipitation averages 110 cm annually with a
mean annual temperature of approximately 9 °C (Ollinger et al.
1995). Four plots were selected at BDF and were chosen to allow us
to include in our study white pine and red oak. These two species
were added because they are common in the region but are not
abundant at BEF. Although our study was conducted in the north-
eastern United States, our study sites were selected for their rep-
resentativeness of temperate forests more broadly in terms of
species composition and foliage characteristics.

Plots at BEF and BDF ranged from early successional stands
(approximately 10–15 years old) to stands >100 years old and were
selected for a range in site characteristics including species com-
position, canopy %N, and canopy albedo. Leaf samples, species
composition, and hemispherical photographs were collected at
all plots in both study locations.

Leaf and canopy sampling and analysis of structure and
chemistry

Foliage samples were collected from between four and eight
dominant and codominant trees on each plot at both BEF and BDF
between mid-July and early August 2010. Leaves were collected
from three height classes from trees in each plot: lower, middle,
and upper canopy. To quantify vertical distribution of leaf traits
within stands, heights from which each sample was collected
were recorded using a digital hypsometer (Haglöf Vertex). Foliage
was collected by shooting small branches with a 12 gauge shotgun
using light-weight steel shot. Samples were kept moist and stored
in a cool storage container for structural, chemical, and spectral
measurements.

To calculate LMA (gramsper squaremetre) andEWT (centimetres),
between 15 and 20 leaf punches of 2.04 cm2 were taken from each
deciduous foliage sample and subsamples of between 10 and
25needleswere removed fromneedle leaf samples. Sampledneedles
were photographed on a backlit opaque surface for estimation of
needle area using digital image analysis software (ImageMagick
version 6.7.3 (2010); ImageMagick Studio LLC). For EWT and LMA
calculations, leaves were weighed before drying to determine
fresh mass and then dried in a 70 °C oven and weighed after 48 h
to determine dry mass. Mean projected leaf area (LA) of deciduous
leaves was calculated as

[1] LA � (1/LMA × Sdm)/LN

where Sdm is the dry mass of the entire sample, including leaf
punches and the remaining foliage, and LN is the number of leaves
in a sample. For needle leaf species, LAwas estimated as an average
of the areas of the photographed subsample of needles.

To estimate LAI, clumping index, and gap fraction, five digital
hemispherical photographs were collected (from plot center and

Sullivan et al. 19

Published by NRC Research Press

C
an

. J
. F

or
. R

es
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
C

SP
 S

ta
ff

 o
n 

02
/2

6/
13

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 



10 m from center in each of the cardinal directions) using a Nikon
CoolPix 4500 equipped with a fisheye lens on a self-leveling mo-
nopod at approximately breast height (1.3 m above ground). Mea-
surements were made according to the FluxNet Canada protocol
as described by Zhang et al. (2005). Photographs were analyzed
using DHP version 4.5 and TRACWin version 4.0.1 (Natural
Resources Canada) using methods described by Leblanc (2006).
Species-specific and (or) stand-specific estimates of needle-to-
shoot area ratios and woody-to-total plant area ratios used in LAI
calculations from the hemispherical photographs were obtained
from the literature (Gower et al. 1999). For types that were not
available in the literature, estimates were based on stand age,
structure, and composition. LAI and clumping index values were
calculated based on Miller's theorem (Leblanc 2006), integrating
values from view angles of 10o to 80o. Uncertainties in hemispher-
ical photography LAI and clumping index estimates have been

reported in the literature (Chen 1996; Chen et al. 2006; Richardson
et al. 2011). Errors have been attributed primarily to sensitivity to
light conditions, which change rapidly in this region of the coun-
try, leaving room for systematic sampling errors. However, Asner
et al. (2003) showed that indirectmethods of sampling LAI, such as
hemispherical photography, perform well compared with direct
methods.

To determine the proportional abundance of leaf area by spe-
cies and functional type (deciduous/evergreen, measured as per-
cent deciduous, referred to as canopy composition) and to sample
vertical distribution of foliage within stands, we used a camera-
based sampling technique as described by Aber (1979) and Smith
and Martin (2001). This method uses a 15-point gridded focusing
screen on a 35 mm camera calibrated to distance as a rangefinder
at nine sampling locations for a total of 135 observations. Esti-
mates of proportional abundance of leaf area by species were

Fig. 1. Site maps for study areas and their locations within New Hampshire. Plot locations are denoted by (a) circles for Bartlett Experimental
Forest and (b) squares for Burley-Demeritt Farm. Coordinates shown are UTM Zone 19 N.
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converted to leaf mass based proportional abundance using species-
specific LMAvalues. Because the camerapoint samplingmethodwas
designed toestimate fractional, rather than total, LAI,weuseddigital
hemispherical photograph estimates to provide estimates of total
LAI and then partitioned LAI to each species and vertical canopy
position based on the camera point measurements.

Partitioned LAI values were used to estimate the mean number
of leaves in the canopy per unit ground area and per unit canopy
volume for each stand. For each 2 m vertical canopy region, NL is
the product of the LAI of the 2 m region (derived from hemispher-
ical photographs) and leaf area based species proportional abun-
dance (SC) (derived from camera points) divided by LA for all
species (S) present in the layer:

[2] NL � �1

S
(LAI × SC/LA)

LA was estimated from regression relationships with height for
each species on each plot when significant; otherwise frommean
LA for each species in the canopy. The number of leaves per cubic
metre of canopy volume (foliage density) was estimated by calcu-
lating NL for all 2 m canopy regions (R) and dividing by the height
of the highest foliage observation (H):

[3] Foliage density � �1

S (�1

R
LAI × SC/LA/H)

To estimate mass-based leaf %N (grams of N per 100 grams of
foliage), dried samples were ground using aWileymill and passed
through a 1 mm mesh screen. Ground samples were dried again
prior to being analyzed using the bench-top visible and near-
infrared spectrophotometer (NIRS) (Foss NIRSystems 6500, Eden
Prairie, Minnesota) following methods described by Bolster et al.
(1996). The NIRS has a spectral range of 400−2500 nm, with a
spectral resolution of 10 nm and sampling interval of 2 nm. Prior
to this study, we evaluated NIRS estimates of %N against measure-
ments from a Costech ECS4010 elemental analyzer interfaced
with a DeltaPlus XP mass spectrometer and determined differ-
ences to be negligible.

Following methods described by Smith and Martin (2001), leaf
%N estimates were scaled to whole canopies by calculating an
average of species-level leaf %N, weighted by mass-based species
proportional abundance of foliage (referred to as canopy %N).
Area-based species proportional abundance weighted averages of
LA and leaf-level albedo (from here on, mean leaf albedo) were
calculated for whole stands. LMAC and EWTC were calculated by
multiplying their respective weighted averages by LAI. In some
cases, species that represented small portions of a given plot (typ-
ically <5% by leaf area) were not sampled. Instead, we used mean
values for those species from all other plots. For six species not
sampled on any plots (Acer pensylvanicum L., A. balsamea, Carpinus
caroliniana Walter, Ulmus rubra Muhl., Quercus alba L., and Ostrya
virginiana (Mill.) K. Koch) but occasionally present in very low
abundance, leaf albedo was estimated based on literature means
of foliar %N and LMA using the statistical relationships presented
in Table 2.

Spectral analysis

Remote sensing data
Canopy reflectance data were obtained for BEF and BDF from

NASA's AVIRIS in July 2009. The sensor collects data in 224 contig-
uous wavelengths from 350 to 2400 nm, with a nominal spectral
resolution of 10 nm. AVIRIS was flown on an ER-2 at approxi-
mately 20 000 m, which yielded a spatial resolution of 17 m and a
swath width of approximately 11 km. Images were orthorectified
by NASA's Jet Propulsion Laboratory and delivered as calibrated
radiance data (�W/cm2/nm/sr). Radiance images were trans-

formed in house to apparent surface reflectance using the ACORN
(v.5) atmospheric correction program (ImSpec LLC).

Leaf-level spectra
Spectra of fresh leaf samples from the upper canopy were ob-

tained using the NIRS within 1 week of sampling. Earlier trials
confirmed that leaf spectra do not change within this time period
when leaves are stored according to our protocols. Using the NIRS,
we scanned stacks of leaves following Wicklein et al. (2012). The
use of leaf stacks served to minimize the transmission of light
through the sample and examine the spectra of optically dense
leaf samples without the structural effects that occur when sam-
pling whole canopies. Stacks of six 11.5 cm2 discs were cut from
deciduous leaves and subsamples of needles from each tree were
removed from stems and packed into the quartz sampling cup of
the NIRS. For each sample, foliage was scanned, shuffled, and
rescanned to calculate averages from three sample spectra. Be-
cause needles tended to be smaller than the sampling window of
the NIRS, leaf reflectance measurements may have been influ-
enced by some elements of external leaf structure, such as shape
or surface area. We were unable to evaluate potential errors, but
because needles were tightly packed into the sampling cup, we
assume these to be negligible.

A generic solar spectrum file was generated using the SMARTS
v.2.9.5 software (Gueymard 2005, 2006) with minimum and max-
imum wavelengths of 400 nm and 2500 nm, respectively, and 2
nm spectral resolution. Leaf albedo was calculated for the full
spectrum (400–2500 nm) by integrating the reflected energy flux
for each sample and dividing by the integral of the energy flux of
the solar spectrum within the spectral region of interest. Canopy-
level albedo was calculated using image spectra from AVIRIS with
the samemethod used to calculate leaf albedo. We also calculated
mean visible (VIS) (400–700 nm), NIR (700–1300 nm), and midin-
frared (MIR) (1300–2500 nm) reflectance at the leaf and canopy
levels (leaf or canopy VISr, NIRr, and MIRr, respectively). For spe-
cies not sampled, we used mean spectra of the species from other
plots or of functionally similar species (i.e., needle leaf or broad-
leaf) in averages.

For visible and NIR regions, we calculated a ratio of leaf to
canopy reflectance (RL:C) by dividing mean leaf reflectance by
mean canopy reflectance for each respective region. Portions of
the spectrum were excluded from these calculations because of
water absorption features (1200–1300 nm), noise in the red edge
(700–800 nm), and noise in the low visible wavelengths (400–
450 nm) in AVIRIS imagery. This calculation provides an index of
the degree to which canopy structure contributes to overall can-
opy reflectance. The purpose of RL:C in the NIR region was to
quantify and examine the influence of canopy structural elements
larger than individual leaves (e.g., foliage density, leaf angle dis-
tribution, gap fraction, etc.) on reflectance. The results of this
analysis were intended to help determine the role of canopy traits
in the albedo−N relationship by understanding the contribution
of foliage in the absence of structure.

Statistical analysis
Statistical analyses were performed in R v.2.11.1 (R Development

Core Team 2010). Regression analyses were used to determine
relationships between height and average leaf area of samples for
each species on each plot. To further explore interrelationships in
the data, stepwise multiple regression analysis using Akaike in-
formation criterion (AIC) values was performed to examine rela-
tionships between %N and other leaf and canopy traits and to
develop predictive equations for leaf albedo from chemical and
structural traits of foliage. Random effects of plots and species
were accounted for using mixed-effects modeling. Multiple re-
gression analysis can be affected by the number of input param-
eters, order of entry and the algorithm used, and correlation of
candidate variables (Whittingham et al. 2006). Because our candi-
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date variables were correlated, and to prevent overfitting of plot-
level albedo models, a selection of variables was included in
stepwise multiple regression analysis a priori based on Spear-
man's rho from correlation analysis of canopy albedo and individ-
ual plot variables. Nevertheless, our intention was to examine the
relative contributions of the factors we measured and we caution
against extending results to other sites for use in a predictive
capacity. Prior to analysis, Shapiro−Wilk normality and noncon-
stant variance score tests were performed to determine if data
were normally distributed. When necessary, log transformations
were performed to correct for skew. Tukey's post hoc Honest Sig-
nificant Difference test was used on functional type to determine
if leaf-level trends could be driven by significant differences be-
tween functional types.

Results

Leaf trait relationships
Leaf-level NIRr and leaf %N were positively correlated within

evergreen species (r2 = 0.27, P < 0.01, RMSE = 0.029) and inversely
correlated within deciduous leaves (r2 = 0.17, P < 0.01, RMSE =
0.023). Pooling deciduous and evergreen functional types resulted
in an overall positive trend between NIRr and leaf %N (r2 = 0.45,
P < 0.01, RMSE = 0.040) (Fig. 2a). Leaf Narea, however, was inversely
correlated with leaf albedo both within (evergreen: r2 = 0.20,
P < 0.01, RMSE = 0.031; deciduous: r2 = 0.61, P < 0.01, RMSE = 0.016)
and across species (r2 = 0.49, P < 0.01, RMSE = 0.038). NIRr and LMA
were inversely correlated for both evergreen (r2 = 0.62, P < 0.01,
RMSE = 0.021) and deciduous leaves (r2 = 0.44, P < 0.01, RMSE =
0.021) as well as for both types pooled (r2 = 0.86, P < 0.01, RMSE =
0.020) (Fig. 2b). Leaf EWT and NIRr were also inversely correlated
(r2 = 0.84, P < 0.01, RMSE = 0.022) (Fig. 2c).

Across all samples, leaf EWT was inversely correlated with leaf
%N (r2 = 0.66, P < 0.001, RMSE = 0.005) (Fig. 3a) and with leaf Narea
(r2 = 0.68, P < 0.01, RMSE = 0.006; foliar Narea equals %N × LMA).
LMA and leaf %Nwere inversely correlated (r2 = 0.71, P< 0.01, RMSE =
48.9) (Fig. 3b) and LMA and leaf Narea were positively correlated
(r2 = 0.65, P < 0.01, RMSE = 53.56). Positive trends between LA and
leaf %N were marginally significant within deciduous species and
within evergreen species (r2 = 0.04, P < 0.05, RMSE = 23.39 and r2 =
0.12, P < 0.01, RMSE = 0.068, respectively). Leaf N, EWT, and LMA
were significantly different between functional types (for all,
P < 0.01). See Table 1 for a summary of leaf structure, leaf %N, and
reflectance correlation analysis. Because the primary goal of this
study was to investigate relationships between canopy %N, struc-
ture and reflectance, from here on, results from leaf and canopy
%N only (rather than leaf Narea) will be discussed.

A multiple regression analysis resulted in a significant corre-
lation of NIRr and leaf %N, functional type, LMA, and several

interaction variables. After accounting for random effects of
plots and species, fixed effects accounted for 89.7% of explained
variation, while plots and species accounted for 0.6% and 0.25%
of the variation, respectively. Remaining variation in these
data was from the true residual, accounting for 10.3% of the
variability. See Table 2 for a summary of full- and subspectrum
results.

Fig. 2. Relationships between near infrared reflectance (NIRr) and (a) leaf %N, (b) leaf mass per unit area (LMA) (g·m−2), and (c) equivalent
water thickness (EWT) (cm) for upper canopy samples of needle-leaved evergreen conifers (triangles) and broadleaf deciduous species (circles).
Regression relationships for pooled species are NIRr = 0.52 + 0.06 × %N (r2 = 0.45, P < 0.01), NIRr = 1.03 – 0.09 × log(LMA) (r2 = 0.86, P < 0.01),
and NIRr = 0.26 – 0.08 × log(EWT) (r2 = 0.84, P < 0.01), respectively.

Fig. 3. Relationships between leaf %N and (a) EWT (cm) and (b) LMA
(g·m−2) for needle-leaved evergreen conifers (triangles) and
broadleaved deciduous species (circles). Regression relationships for
pooled species are EWT = 0.02 – 0.02 × log(%N) (r2 = 0.66, P < 0.01)
and LMA = 213.12 – 197.64 × log(%N) (r2 = 0.71, P < 0.01).
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Canopy structure in relation to NIRr and foliar N
Table 3 shows a summary of canopy properties for all plots.

Canopy %N and NIRr were positively correlated (r2 = 0.70, P < 0.01,
RMSE = 0.053) (Fig. 4a) and, due to the strong influence of NIRr on
shortwave canopy albedo, canopy %N and albedo were also corre-
lated (r2 = 0.67, P < 0.01, RMSE = 0.023). A weaker, but still positive,
relationship was found between MIRr and canopy %N (r2 = 0.46,
P < 0.01, RMSE = 0.004). VISr was not significantly correlated with
canopy %N. Mean leaf NIRr and canopy NIRr were positively cor-
related (r2 = 0.59, P < 0.01, RMSE = 0.062) (Fig. 4b), although mean
leaf NIR was consistently higher than canopy NIR. Mean leaf NIRr
was also positively correlated with canopy %N (r2 = 0.50, P < 0.01,
RMSE = 0.024) (Fig. 4c). NIR RL:C was inversely correlated with
canopy %N and with canopy composition (percent deciduous) as
well (r2 = 0.63, P < 0.01, RMSE = 0.18 and r2 = 0.71, P < 0.01, RMSE =
0.16, respectively) (Fig. 5).

We found no relationship between LAI and NIRr or canopy %N
(P > 0.05 in both cases). In addition, neither leaf area density nor
canopy gap fraction correlated with canopy albedo or canopy %N.

On the other hand, clumping index and NIRr were significantly
correlated (r2 = 0.39, P < 0.01, RMSE = 0.076), as were clumping
index and canopy %N (r2 = 0.36, P < 0.05, RMSE = 0.023), indicating
that increased grouping (lower clumping index value, i.e., nonran-
dom distribution) of canopy elements corresponded to lower can-
opy reflectance and albedo. Canopy NIRr and canopy %N were
inversely correlated with the number of leaves per cubic metre
(r2 = 0.78, P < 0.01, RMSE = 0.046 and r2 = 0.72, P < 0.01, RMSE =
1855, respectively) (Fig. 6).

Canopy variables and canopy composition were significantly
correlated (see Table 4), including positive correlations between
canopy composition with canopy NIRr and canopy %N (r2 = 0.80,
P < 0.01, RMSE = 0.043 and r2 = 0.75, P < 0.01, RMSE = 0.246,
respectively) (Fig. 7). Because it represents an aggregate variable of
multiple leaf and canopy traits, canopy composition was not used
in multiple regression analysis of canopy NIRr on canopy struc-
tural traits. Based on the results of correlation analysis (Table 4),
the following variables were selected formultiple regression anal-

Table 3. Summary of relevant canopy structural characteristics for each plot sampled.

Plot
%
deciduous %N

Canopy
NIRr

Mean
leaf NIRr

LAI
(m2·m−2)

Clumping
index

Gap
fraction (%)

Foliage
density

EWTC
(cm)

LMAC

(g·m−2)

10T 0.20 0.89 0.30 0.57 2.92 0.95 0.38 9224 0.068 681.1
14BD 0.56 1.55 0.41 0.59 3.01 0.95 0.24 2341 0.053 421.5
14Z 0.97 1.89 0.56 0.64 2.71 0.98 0.14 275 0.019 180.6
21BD 0.31 1.25 0.33 0.60 6.47 0.95 0.09 7292 0.136 1043.1
24M 0.97 1.88 0.49 0.66 3.20 0.94 0.06 356 0.028 205.9
26BD 0.15 1.26 0.39 0.58 4.53 0.95 0.20 6725 0.111 905.7
32P 0.47 1.36 0.35 0.63 3.58 0.97 0.15 8275 0.045 363.4
34K 0.47 1.51 0.33 0.62 3.19 0.96 0.13 6184 0.037 312.5
5D 1.00 2.27 0.53 0.65 2.31 0.99 0.15 32 0.017 157.0
6N 0.18 1.00 0.29 0.56 2.31 0.87 0.29 6721 0.063 581.0
7N 0.43 0.98 0.32 0.59 2.16 0.92 0.27 4623 0.045 422.4
9BD 0.97 2.16 0.41 0.63 2.29 0.97 0.09 125 0.019 157.7
9D 1.00 1.89 0.53 0.66 3.03 0.98 0.09 61 0.021 189.4
A2B 0.93 1.54 0.47 0.66 3.37 0.98 0.13 797 0.028 244.0
B1B 0.71 1.24 0.44 0.64 2.67 0.96 0.11 4481 0.032 277.1
ES1 1.00 2.33 0.53 0.64 2.29 0.98 0.31 129 0.025 173.8
ES2 1.00 2.34 0.55 0.63 2.49 0.96 0.20 95 0.025 173.4

Note: Plots with letters BD were sampled at BDF; the remaining plots were sampled at BEF.

Table 1. Intercorrelation among leaf N and optical and structural traits.

LMA EWT LA Leaf %N Narea

EWT 0.936
LA −0.751 −0.763
Leaf %N −0.738 −0.684 0.743
Narea 0.845 0.814 −0.505 −0.332
Full albedo −0.875 −0.859 0.508 0.505 −0.776
Visible reflectance 0.440 0.429 −0.650 −0.774 −0.047*
NIR reflectance −0.912 −0.894 0.591 0.616 −0.718
MIR reflectance −0.939 −0.946 0.654 0.668 −0.703

Note:Reported values are Spearman's �. All are significant at P< 0.01, except for the valuewith an asterisk, which
is not significant.

Table 2. Multiple regression results for leaf level analysis of full spectrum shortwave albedo, visible,
NIR, and MIR reflectance with foliar characteristics of all species pooled.

Spectral
region

Leaf %N,
LMA, type

LMA, type,
LMA:type

Leaf %N, LM, type,
%N:type, LMA:type

Leaf %N, LMA, type,
LMA:type, %N:LMA r2

Full 29.62 39.81 0 1.99 0.85
Visible 5.09 56.1 1.80 0 0.64
NIR 20.80 18.79 0 2.12 0.89
MIR 53.50 4.59 0 1.37 0.87

Note: Colons indicate interations between variables. Values reported are �AIC. �AIC is the difference between
the best model (�AIC = 0) and alternative models; a larger AIC indicates a poorer fit model.
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ysis: the number of leaves per cubicmetre, clumping index, LMAC,
EWTC, and mean leaf NIRr. A bidirectional stepwise regression
using AIC values resulted in a two-variable model to predict
NIRr using foliage density and clumping index (r2 = 0.84,
P < 0.01, RMSE = 0.040).

Discussion
Collectively, our results demonstrate significant interrelation-

ships among a variety of chemical, structural, and optical traits
acting over leaf to canopy scales. At the leaf level, we observed
strong correlations between %N, LMA, and NIRr, which differed
between species types (deciduous/evergreen). Within deciduous
species, we observed a negative correlation between leaf %N and
NIRr, consistent with Bartlett et al. (2011) and Wicklein et al.
(2012). However, whenwe pooled deciduous and evergreen leaves,
the overall relationship was positive, driven by a positive relation-

ship among evergreen species, which were generally lower in
both reflectance and leaf %N than deciduous species. This result is
significant in that it is observed across a range of evergreen and
deciduous species and therefore is more comparable with canopy-
level observations of Ollinger et al. (2008) and Hollinger et al.
(2010). Leaf-level correlations between %N and reflectance are
likely caused by variation in internal structural traits that influ-
ence scatteringwithin leaf tissues. This is supported by significant
inverse relationships between LMA and both leaf %N andNIRr (but
see Wicklein et al. 2012). It is interesting to note that leaf-level
relationships between LMA and %N and between LMA and NIRr
are consistent both across and within species types. While the
different relations between leaf %N and reflectance within species
types raises questions, particularly why relatively high %N ever-
green foliage scatters light more effectively than low %N ever-
green foliage, the consistency with which LMA is related to both
foliar %N and NIRr across types provides further avenues for ex-
ploration. For instance, leaf thickness and leaf density both influ-
ence LMA, albeit in different ways (Niinemets 1999), and both
would be candidates for opposing effects on intercellular air space,
AMES/A (Slaton et al. 2001), and internal scattering (Jacquemoud and
Baret 1990).

At the canopy level, the relationship between %N and NIRr was
qualitatively similar to the leaf-level relationship between leaf %N
and NIRr. As in our leaf level analysis, canopies with higher %N
also exhibited high NIRr and tended to be dominated by decidu-
ous foliage, the foliage type with higher leaf %N and reflectance
than evergreen foliage. Because the leaf- and canopy-level rela-
tionships were similar, we evaluated the influence of leaf reflec-
tance on whole-canopy reflectance. Although mean leaf NIRr and
canopy NIRr were positively correlated, mean leaf reflectance was
consistently higher than canopy reflectance. This demonstrates
the importance of leaf optical traits, and therefore internal leaf
structure, onwhole-canopy reflectance, but it also suggests amod-
erating effect of stem and canopy structure.

To examine the degree to which canopy structure moderates
the influence of leaf-level reflectance, we attempted to parse the
relative effects of leaf optical traits and canopy structure by using
the leaf-to-canopy reflectance ratio RL:C. Canopies dominated by
evergreen species, which had higher foliage density and lower
clumping indices, exhibited higher NIR RL:C, illustrating the effect
of structure on canopy reflectance. Foliage density and clumping
indexwere also significantly correlated with canopy composition,
%N, and reflectance. Theoretically, the likelihood of any photon
being absorbed in the canopy increases with the number of times
that it interacts with canopy elements (Smolander and Stenberg
2003). Lower element clumping index (more grouped foliage)
would result in deeper penetration of light into the canopy and
higher foliage density would increase the number of possible pho-
ton interactions. The cumulative effect of low clumping index and
high foliage density is to increase the number of opportunities for
scattered NIR radiation to be absorbed by wood, which has been
identified as a prominent NIR absorber (e.g., Asner 1998), and
maximize the disparities between leaf and canopy reflectance. On
the other hand, fewer leaves and high clumping index (more ran-
domly distributed foliage) would maximize singly scattered NIR
radiation by foliage, which absorbs little, if any, NIR radiation
(e.g., Merzlyak et al. 2002), thereby reducing leaf and canopy
reflectance disparities. Although we did not measure light use
efficiency, it is plausible that trends identified here would in-
crease light use efficiency at the stand level. Within stands of
similar species composition, greater foliage density and lower
clumping index would increase light use efficiency by increas-
ing total absorption relative to stands with lower foliage den-
sity and clumping.

The results of this study demonstrate several potential lines of
causality in the relationship between canopy %N and NIRr and
suggest that natural and anthropogenic influences on N nutrition

Fig. 4. Relationships between canopy %N and (a) canopy NIRr and
(b) mean leaf NIRr and (c) mean leaf NIRr and canopy NIRr at BEF
(circles) and BDF (squares). Regression relationships are canopy
NIRr = 0.13 + 0.16 × %N (r2 = 0.70, P < 0.01), mean leaf NIRr = 0.55 +
0.05 × %N (r2 = 0.59, P < 0.01), and canopy NIRr = –0.97 + 2.25 × mean
leaf NIRr (r2 = 0.50, P < 0.01).
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may influence canopy reflectance and energy exchange via
changes in forest structure or composition. At its most basic level,
N availability exerts a control on C assimilation (Reich et al. 1997),
which sets the stage for patterns of C allocation (e.g., Litton et al.
2007) and crown development (e.g., Cohen and Pastor 1996).
Changes in these and other structural traits can be stimulated by
N nutrition and cycling (e.g., Niinemets and Kull 1995; Close and
Beadle 2006; Niinemets 2010; Reich 2012) that, in turn, would
influence reflectance (e.g., Whitehead et al. 1990). Although there
are several canopy traits wewere unable tomeasure, other studies
have demonstrated links between N and structure. For example,
Close and Beadle (2006) identified a relationship between seedling
N status and leaf orientation, which has been shown to have a

strong influence on canopy reflectance in modeling studies
(Jacquemoud 1993). Furthermore, high N availability increases
lateral branching and branch length (Will 1971; Murthy and
Dougherty 1997; Niinemets et al. 2002), whichwould affect clump-
ing, foliage density, and gap patterns by filling empty canopy
volume with leaves and stem wood.

Finally, research on N deposition in forests has repeatedly
shown that evergreen species are less tolerant of excess N (e.g.,
McNulty et al. 1996; Magill et al. 2004) and that changes in N
cycling can alter the competitive balance between deciduous and
evergreen species (e.g., Vitousek et al. 1997; Ollinger et al. 2002).
Furthermore, N deposition has resulted in changes in N status of
European forests (Erisman and de Vries 2000), and we would ex-

Fig. 5. Relationships between the ratio of mean leaf reflectance to mean canopy reflectance (RL:C) and (a) canopy %N and (b) canopy
composition at BEF (circles) and BDF (squares). Regression relationships are RL:C = 2.38 – 0.48 × canopy %N (r2 = 0.63, P < 0.01) and RL:C = 2.09 –
0.74 × deciduous (r2 = 0.71, P < 0.01).

L:
C

Fig. 6. Relationships between (a) foliage density (no. of leaves/m3) and canopy NIRr and (b) canopy %N and foliage density at BEF (circles) and
BDF (squares). Regression relationships are foliage density = 13 038 – 5997 × canopy %N (r2 = 0.72, P < 0.01) and canopy NIRr = 0.51 – (2.432 ×
105) × foliage density (r2 = 0.78, P < 0.01).

Table 4. Correlation matrix for all canopy variables included in the study.

%
deciduous

Canopy
%N

NIR
reflectance

Mean
leaf NIRr LAI

Clumping
index

Gap
fraction

Foliage
density

Mean
LA EWTC

Canopy %N 0.878**
NIR reflectance 0.903** 0.852**
Mean leaf NIRr 0.813** 0.618** 0.775**
LAI −0.327 −0.228 −0.127 0.081
Clumping index 0.719** 0.613** 0.671** 0.723** −0.071
Gap fraction −0.259 −0.195 −0.260 −0.588* −0.431 −0.252
Foliage density −0.909** −0.855** −0.819** −0.679** 0.458 −0.590* 0.245
Mean LA 0.805** 0.703** 0.738** 0.799** −0.196 0.657** −0.434 −0.794**
EWTC −0.900** −0.806** −0.801** −0.762** 0.429 −0.769** 0.276 0.892** −0.838**
LMAC −0.879** −0.797** −0.821** −0.900** 0.047 −0.678** 0.583* 0.816** −0.872** 0.875**

Note: Values are Spearman's �. P < 0.05, **P < 0.01.
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pect that these changes may affect aspects of leaf and canopy
structure that influence reflectance. Through changes in canopy
structure and (or) species composition, our results and those of
other studies mentioned here suggest that functional linkages
between N availability, canopy reflectance, and climate remain
plausible and warrant further investigation.

Conclusions
This study examined relationships between forest canopy %N

and traits at the leaf and canopy scales that are known to influ-
ence reflectance. At the leaf level, we found that LMA correlates
strongly with NIR reflectance and total shortwave albedo, suggest-
ing that changes in leaf structure that correlate with LMA may
influence leaf reflectance, albeit in ways that are not always man-
ifested at the canopy scale. We also observed a correlation be-
tween canopy NIRr and the number of leaves per cubic metre of
canopy volume.

Observed interrelations among canopy structural attributes are
consistent with the notion of functional convergence of leaf and
canopy properties discussed by Ollinger (2011); however, they con-
founded efforts to parse the relative contributions of leaf and
canopy optical and structural parameters to canopy NIRr. Under-
standing the influences of different traits on canopy NIRr and
albedo and how they respond to environmental change locally
and globally will help us to both better predict reflectance of
forest canopies in the future and to account for these changes in
climate models and management efforts. Future studies should
attempt to understand the extent to which multiple potential
drivers influence albedo separately and in concert. Toward that

end, field experimentation, although challenging, would be valu-
able. For instance, measuring canopy structural traits such as leaf
angle distribution remains particularly difficult but would add to
our understanding of interactions among plant optical, struc-
tural, and biophysical properties.
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