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Abstract

We present a global assessment of the relationships between the short-wave surface albedo of forests, derived from

the MODIS satellite instrument product at 0.5° spatial resolution, with simulated atmospheric nitrogen deposition

rates (Ndep), and climatic variables (mean annual temperature Tm and total annual precipitation P), compiled at the

same spatial resolution. The analysis was performed on the following five forest plant functional types (PFTs): ever-

green needle-leaf forests (ENF); evergreen broad-leaf forests (EBF); deciduous needle-leaf forests (DNF); deciduous

broad-leaf forests (DBF); and mixed-forests (MF). Generalized additive models (GAMs) were applied in the explor-

atory analysis to assess the functional nature of short-wave surface albedo relations to environmental variables. The

analysis showed evident correlations of albedo with environmental predictors when data were pooled across PFTs:

Tm and Ndep displayed a positive relationship with forest albedo, while a negative relationship was detected with P.

These correlations are primarily due to surface albedo differences between conifer and broad-leaf species, and differ-

ent species geographical distributions. However, the analysis performed within individual PFTs, strengthened by

attempts to select ‘pure’ pixels in terms of species composition, showed significant correlations with annual precipita-

tion and nitrogen deposition, pointing toward the potential effect of environmental variables on forest surface albedo

at the ecosystem level. Overall, our global assessment emphasizes the importance of elucidating the ecological mecha-

nisms that link environmental conditions and forest canopy properties for an improved parameterization of surface

albedo in climate models.
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Introduction

Land surface albedo, the ratio of reflected to incident

shortwave (SW) solar radiation at the surface over land,

is an important factor that drives the Earth’s radiation

budget and influences the exchange of heat and matter

between the land surface and the atmosphere. This

implies relevant bio-geophysical feedbacks between the

land surface albedo and the climate system, so that

inaccuracies in the specifications of surface albedo

parameters might translate into major errors in global

climate models (Dickinson, 1983).

Surface albedo is considerably lower for vegetation

than for bare soil and snow. Surface albedo also

depends on vegetation type and is lower for forests

compared to other vegetation biomes like grasslands

and pastures. This is derived from different types of

observations, for example from remotely sensed global

maps of land surface albedos produced by the MODIS

(Moderate Resolution Imaging Spectroradiometer) sen-

sor carried on the Terra and Aqua satellites (Schaaf

et al., 2002; Gao et al., 2005), from direct measurements

of surface albedo changes following afforestation of soil

or pastures (Kirschbaum et al., 2011) and during vege-

tation succession after the occurrence of fire (McMillan

& Goulden, 2008).

Forests cover about 30% of the land surface, therefore

expansion of forests as a consequence of global warm-

ing may represent a relevant positive climate feedback

(Bonan, 2008) as inferred, for instance, from past cli-

matic changes, e.g. during the warming of the mid-

Holocene (6000 years BP) (Gallimore et al., 2005). The

evergreen needle-leaf boreal forest, in particular, has

the lowest surface albedo, and therefore the greatest

potential bio-geophysical effect on climate warming

(Betts & Ball, 1997; Betts, 2000).
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Forest surface albedo is spatially variable and tempo-

rally dynamic, with a number of environmental vari-

ables having a strong influence on plant and canopy

traits associated with surface reflectivity, including for-

est composition, i.e. abundance of broad-leaf vs. nee-

dle-leaf species, leaf area index (LAI), leaf morphology,

crown geometry, and leaf area distribution, among

other attributes (Ollinger, 2011). Many of these traits

might undergo strong environmental control, and can

be affected by changes in climatic and atmospheric con-

ditions, both locally and globally.

The anthropogenic perturbation of the nitrogen cycle,

caused by fossil fuel combustion and agricultural emis-

sions, is an important driver of environmental changes

at local and global scales (Ciais et al., 2013): an impres-

sive amount (~18 9 106 kg) of reactive nitrogen is

being deposited into forests each year (Gruber & Gallo-

way, 2008; Schlesinger, 2009), with relevant effects on

forest carbon cycle (Magnani et al., 2007; Guerrieri et al.,

2010; Thomas et al., 2010). Nitrogen deposition can also

modify leaf nutritional status and leaf structure by both

increased nitrogen plant uptake and direct canopy

retention, which is reported to reach 70% of the atmo-

spheric nitrogen deposition (Gaige et al., 2007; Siever-

ing et al., 2007; Dail et al., 2009). As an example of the

effect on leaf and canopy properties, Leonardi et al.

(2012) recently reported an association between annual

nitrogen deposition rate and intrinsic leaf water use

efficiency for a range of angiosperm and conifer forest

tree species.

The relationship between nitrogen concentration in

forest canopies and surface albedo has been intensively

debated in recent years. Ollinger et al. (2008) reported a

high positive correlation between foliar nitrogen con-

centration and vegetation canopy bidirectional reflec-

tance distribution function (BRDF) in the near infrared

(NIR) spectral region at peak growing season in North

America temperate and boreal forests from MODIS

images, suggesting the possibility of a negative feed-

back in the climate system due to the nitrogen cycle.

However, in a subsequent study, Knyazikhin et al.

(2012) indicated the correlation was a consequence of

variability in forest structure and composition (differ-

ences in canopy geometry primarily due to differences

between conifer and broad-leaf species) rather than leaf

nitrogen concentration. Therefore, a debate has arisen

focused on the following points: (i) surface albedo (both

NIR and SW broadband albedo) from satellite data can-

not be directly related to leaf level processes, rather it is

primarily determined by canopy architectural proper-

ties; and (ii) regardless of leaf structural properties, can-

opy architecture and reflectivity co-vary among forest

functional types (Townsend et al., 2013), suggesting

underlying ecological drivers of canopy albedo.

Therefore, effects of altered nitrogen cycling and soil

nitrogen availability that result from atmospheric nitro-

gen deposition (Aber et al., 2003; Phoenix et al., 2012)

on multiple plant and canopy traits potentially affecting

surface albedo (Ollinger, 2011) cannot be ruled out. For

example, increased nitrogen mineralization and avail-

ability rates might drive differential plant carbon allo-

cation (e.g. Albaugh et al., 1998; Gower et al., 1992),

hence a different canopy structure; as site fertility

increases, stand density might decline (Westoby, 1984),

with an effect on canopy geometry. In the long-term,

forest composition can also be affected by altered nutri-

ent availability (Zaccherio & Finzi, 2007; Bobbink et al.,

2010), with the resulting effect on surface albedo due to

differences in crown reflectivity properties, e.g.

between conifer and hardwood species.

A suite of standard albedo products have been pro-

vided by the MODIS satellite instrument (Schaaf et al.,

2002), therefore land surface albedo variability, its

dependence on vegetation type, vegetation and land-

use changes, as well as its relevance for modeling land

surface processes have been extensively explored in

recent years (e.g. Zhou et al., 2003; Barnes & Roy, 2010;

Jin et al., 2011). MODIS albedo has also been success-

fully compared with in situ albedo measurements at a

number of forest sites (Cescatti et al., 2012).

However, a global assessment of the relationship

between forest surface albedo and environmental con-

ditions remains unavailable. Here, for the purposes of

pattern interpretation, and as an attempt to define pos-

sible links between environmental conditions and forest

canopy properties, we have globally explored the rela-

tionships between forest surface short-wave albedo, as

derived from the satellite MODIS instrument, simu-

lated atmospheric nitrogen deposition, mean annual

temperature, and total annual precipitation.

Materials and methods

Land surface albedo and land classification map

The land surface albedo data set analyzed in this study was

derived from the statistical product at 0.5° spatial resolution

generated from the MODIS BRDF (MOD43B3, 16-Day L3 Glo-

bal 1 km SIN Grid) filled-land surface albedo map product.

The following file: AlbBoxStats.ET.HD.00-04.WS.c004.v2.0.tar.

gz was retrieved on 24 October 2013 from: ftp://modisatmos.

gsfc.nasa.gov/L3LandSurfaceProducts/Data/Albedo/Statistics/

FilledMapsByEcoType/AlbBoxStats.FilledMapsByEcoType.00

04.c004.v2.0/WhiteSky/ByResolution.WS.c004.v2.0/.

This file contains spatially continuous 5 year aggregated

(5 year mean) albedo climatology obtained by screening

5 years (2000, 2001, 2002, 2003 and 2004) of MOD43B3

albedo data to remove lower quality and snow-covered

pixels, and to fill gaps (Fang et al., 2007). White-sky

© 2014 John Wiley & Sons Ltd, Global Change Biology, 21, 287–298
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albedos, i.e. albedos produced under diffuse illumination

conditions (isotropic incident radiation), which should not

be affected by latitude per se (Schaaf et al., 2002), are

provided for seven spectral bands (MODIS channels 1–7)

and three broad-bands (0.3–0.7 lm, 0.7–3.0 lm, and 0.3–

5.0 lm).

For each 0.5° geographic pixel of each wavelength for each

of 23 sixteen-day periods per year (001, 017, 033,. . .353),

albedo statistics (mean, standard deviation, and pixel counts,

computed from 1 min spatial resolution product; see http://

modis-atmos.gsfc.nasa.gov/ALBEDO/index.html) were pro-

vided for 17 IGBP plant functional types (PFTs) (Loveland &

Belward, 1997).

We selected white-sky albedos for the spectral band 0.3–

5 lm attributed to the following PFTs: (i) evergreen needle-

leaf forests (ENF, lands dominated by needle-leaf woody

vegetation with a percent cover >60% and height exceeding

2 m, almost all trees remain green all year, canopy is never

without green foliage); (ii) evergreen broad-leaf forests (EBF,

lands dominated by broadleaf woody vegetation with a per-

cent cover >60% and height exceeding 2 m, almost all trees

and shrubs remain green year-round, canopy is never with-

out green foliage); (iii) deciduous needle-leaf forests (DNF,

lands dominated by woody vegetation with a percent cover

>60% and height exceeding 2 m, consists of seasonal needle-

leaf tree communities with an annual cycle of leaf-on and

leaf-off periods); (iv) deciduous broad-leaf forests (DBF,

lands dominated by woody vegetation with a percent cover

>60% and height exceeding 2 m, consists of broadleaf tree

communities with an annual cycle of leaf-on and leaf-off

periods); and (v) mixed-forests (MF, lands dominated by

trees with a percent cover >60% and height exceeding 2 m,

consists of three communities with interspersed mixtures or

mosaics of the other four forest types) (Loveland & Belward,

1997; Friedl et al., 2002). The area covered by these PFTs cor-

responds to 20% of total continental land surface (ENF 4.2%,

EBF 10.4%, DNF 1.4%, DBF 1.2% and MF 4.9%) and to

35.4% of land surfaces covered by IGBP vegetation classes

1–11.

We used the IGBP land ecosystem classification map avail-

able at one-minute spatial resolution (see http://modisatmos.

gsfc.nasa.gov/ECOSYSTEM/index.html). The following file:

IGBP.EcoMap.v1.0.2004.129.v004.hdf.gz was retrieved on

24 October 2013 from: ftp://modis-atmos.gsfc.nasa.gov/

L3LandSurfaceProducts/Data/Ecosystem/.

We successively averaged data over four sixteen-day

periods (i.e. averaged periods starting at days 1, 17, 33, 49

from approximately January–February for the southern

hemisphere; and averaged periods starting at days 177,

193, 209 and 225, from approximately July–August for the

northern hemisphere), which corresponded to snow-free

periods at peak growing season in each hemisphere.

Normalized difference vegetation index

Normalized difference vegetation index (NDVI) is one of the

most extensively applied vegetation indices related to LAI

(Myneni et al., 1995). We used the spatially continuous 5

year (2000–2004) aggregated NDVI map available at 1-min

spatial resolution on a 16-day basis per year, calculated from

MODIS bands 1 and 2 of the spatially complete white-sky

albedo maps (see http://modis-atmos.gsfc.nasa.gov/NDVI/

index.html).

The following file: NDVI.00-04.c004.v2.0.tar.gz was

retrieved on October 24 2013 from: ftp://modis-atmos.gsfc.

nasa.gov/L3LandSurfaceProducts/Data/NDVI/Maps/. NDVI

were binned to a PFTs map, and averages for the same four

sixteen-days (see above) were calculated. NDVI values at 1

min spatial resolutions were successively averaged over each

0.5° geographic pixel, for each PFT.

Climatic variables and nitrogen atmospheric deposition

For each of the same 0.5° geographic pixels, annual climatic

variables (mean annual temperature Tm and total annual pre-

cipitation P) were extracted from the 0.5° 9 0.5° CRU TS 2.1

global climatic gridded dataset available for download from

the Climatic Research Unit of University of East Anglia, Nor-

wich, UK (http://www.cru.uea.ac.uk/cru/data/hrg/), and

averaged from 1970 to 2006.

For each of the same 0.5° resolution pixels, mean annual

total atmospheric reactive nitrogen deposition (Ndep) from

1960 to 2004 was estimated from a TM4 chemistry-

transport model simulation (Schultz et al., 2007). Total reac-

tive N includes oxidized reactive components (NOy, also

including peroxyacyl nitrates and organic nitrates), and

reduced reactive compounds (NHx, including both

ammonia NH3 and ammonium NH4). The simulation was

carried out at a horizontal resolution of 3° (longitude) 9

2° (latitude) and the results were successively interpo-

lated to a 0.5° 9 0.5° grid, as described in Leonardi et al.

(2012).

Compiled data sets

Two data sets were analyzed. Data set one. For each 0.5° resolu-
tion pixel, we used surface albedo means attributed to the

following PFTs: ENF, EBF, DBF, DNF, and MF; for each PFT,

we used only pixels in which pixel count (i.e. the number of

1-min spatial resolution contributing pixels) was ≥10. Data set

two. In an attempt to restrict the analysis on ‘pure’ PFT pixels,

we assumed that in a geographic region where a single PFT is

dominant, the probability is lower of small-scale variability in

forest composition, e.g. different mixtures of broad-leaf and

needle-leaf canopy trees, that were not detected by satellite

measurements; in doing so, we assumed a positive correlation

between within-pixel and among-pixels variability. Thus,

from data set one, a second data set was generated using the

following procedure: for each 0.5° pixel, a ‘heterogeneity’

index (H) was calculated as H ¼ 1�P
p2i , where pi is the fre-

quency of each PFT in the 0.5° resolution pixel, based on pixel

counts associated with each PFT in the original data set (see

above). Successively, for a given PFT, we selected only 0.5°
geographic pixels where H < 0.1 and pi > 0.5; this implies that

in such pixels more than 90% of sub-pixels are classified with

identical PFT.

© 2014 John Wiley & Sons Ltd, Global Change Biology, 21, 287–298
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Fig. 1 Albedo boxplot, Normalized Differential Vegetation Index (NDVI), mean annual temperature, total annual precipitation, and

mean annual atmospheric nitrogen deposition rate (Ndep) for different plant functional types (evergreen broad-leaf forests (EBF); ever-

green needle-leaf forests (ENF); deciduous broad-leaf forests (DBF); deciduous needle-leaf forests (DNF); mixed-forests (MF)) in data set

one; the box represents from the 75th percentile to the 25th percentile, and the line inside the median; upper and lower marks are the

largest (smallest) observation values that are less than or equal to the upper (lower) quartile plus 1.5 the length of the interquartile

range; circles outside the lower-upper mark range are outliers.
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Fig. 2 Albedo boxplot, Normalized Differential Vegetation Index (NDVI), mean annual temperature, total annual precipitation, and

mean annual atmospheric nitrogen deposition rate (Ndep) for different plant functional types (evergreen broad-leaf forests (EBF); ever-

green needle-leaf forests (ENF); deciduous broad-leaf forests (DBF); deciduous needle-leaf forests (DNF); mixed-forests (MF)) in data set
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Statistics

We used generalized additive models (GAMs) to explore the

relationships between forest surface albedo, atmospheric

nitrogen deposition rates, and climatic variables. GAMs are

nonlinear and nonparametric regression techniques that do

not require a priori functional relationship specifications

between dependent and independent variables. The model

strength is the production of link functions to define a rela-

tionship between the response variable mean and a smoothed

function of each explanatory variable (Hastie & Tibshirani,

1990). As a tool for exploring single response variables, we

also performed regression tree analysis (RTA), which implies

recursive splitting the data set into increasingly homogeneous

groups through repeated resampling (Breiman et al., 1984).

All statistics were performed using the R statistical suite (R

Development Core Team, 2013) using the ‘mgcv’ (for GAMs),

with default smoothing procedures, and ‘rpart’ (for RTA)

libraries.

Variability in climate and nitrogen deposition

The geographic variability of mean annual temperature, pre-

cipitation, and atmospheric nitrogen deposition for different

PFT is represented as global maps in Fig. S1.

In data set one, large variation in climate and nitrogen depo-

sition was apparent, among and within PFTs (Fig. 1); descrip-

tive statistics for each variable and each PFT are reported as

supplementary material (Table S1). For albedo, ENF and DNF

showed notably lower values than DBF and EBF, with mixed

forests (MF) exhibiting mid-range values; otherwise, variabil-

ity among PFT in NDVI was considerably less (Fig. 1). A nota-

ble difference was apparent in mean annual temperature,

again between needle-leaf (ENF and DNF) and broad-leaf

(EBF and DBF) forests, with ENF and DNF shifted toward

lower temperature ranges, while MF and ENF showed similar

values. Again, ENF and (especially) DNF were shifted toward

lower precipitation values, however, the overall variation

range was reduced in this case. Atmospheric nitrogen deposi-

tion (Ndep) was lowest in DNF and ENF, and highest in DBF,

because DBF is more concentrated at mid-latitudes, closer to

the main industrialized regions.

Substantial variation in climate and nitrogen deposition

remained in data set two, as shown by box plots (Fig. 2), and

descriptive statistics (Table S2). However, it is noteworthy

that although the general patterns were conserved, PFT were

more differentiated than in data set one, particularly in precipi-

tation and nitrogen deposition, with needle-leaf forests shifted

toward lower P and Ndep values. Otherwise, albedo and NDVI

variation patterns were not markedly altered (Fig. 2).

Weak correlations were found between the environmental

variables, with the only exception of the correlation between

Tm and P (r = 0.68; Fig. S2).

In agreement with global survey (e.g. Dentener et al., 2006),

Fig. S1 shows the regions that are most affected by Ndep are

the United States, western and eastern Europe, south and

southeast Asia, and Japan. The variability among regions in

nitrogen deposition has increased in recent decades (see Leo-

nardi et al., 2012) and is expected to increase in the future as a

consequence of different implementation of air pollution poli-

cies in different countries.

Results

Considering data set one and all PFTs pooled (Fig. 3,

upper panels), GAMs show a marked positive relation-

ship for temperature (Tm) and NDVI with forest surface

albedo, and a marked negative relationship with pre-

cipitation (P). A positive response is evident for deposi-

tion at small values of nitrogen deposition rate (Ndep),

which appears to level off at Ndep values exceeding

1 g m�2 yr�1.

Alternatively, GAM analyses performed within sin-

gle PFT data sets provides rather distinctive results,

with differential response of surface albedo to environ-

mental variables for different PFTs. If we consider

GAM in regions of highest observation density (i.e.

x-axis portions with ‘thickened’ lines), the most evident

patterns are as follows (Fig. 3): in EBF, a less steep posi-

tive response is associated with NDVI, and a negative

(up to 1000 mm of precipitation, approximately)

response is associated with P; the relationship with Tm

is positive, however, it is not well defined, and influ-

enced by some over-smoothing; finally a slightly posi-

tive Ndep response is apparent, also obscured by

possible over-smoothing effects; in needle-leaf forests

(ENF), a steep positive response is again associated

with NDVI, an evident negative response is associated

with P, and a positive trend is apparent for Ndep up to a

deposition rate of 2 g m�2 yr�1; in DBF and DNF,

NDVI is the only variable which shows a marked (neg-

ative in DBF, positive in DNF) relationship with albedo;

in MF, a negative relationship is evident with P, and a

Fig. 3 Data set one. Generalized Additive Modeling (GAM) results of mean annual temperature, total annual precipitation, mean

annual atmospheric nitrogen deposition rate (Ndep), and Normalized Differential Vegetation Index (NDVI) effects on forest surface

albedo for all plant functional types pooled (All PFTs, upper panels), and for single PFTs (lower panels: evergreen broad-leaf forests

(EBF); evergreen needle-leaf forests (ENF); deciduous broad-leaf forests (DBF); deciduous needle-leaf forests (DNF); mixed-forests

(MF)). The continuous line is an estimate of the smooth function of the partial residuals (thus the y-axis is centered on zero) and indi-

cates the x-axis covariate effects on the albedo deviation. The shaded areas indicate the 95% confidence interval. The number on each y-

axis caption is the effective degrees of freedom for the term being plotted. The small lines along the x-axis are the ‘rug’, showing the

observation locations.
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positive effect with Tm and Ndep up to an approximate

deposition rate of 1.3 g m�2 yr�1 (Fig. 3).

In the analysis performed on data set two, when all

PFTs are pooled, data set one relationships are essen-

tially confirmed. Indeed, GAMs plots show a positive

relationship among forest albedo and Tm, Ndep (up to

an ~1.5 g m�2 yr�1 deposition rate) and NDVI, and a

negative relationship with P, not exceeding 2000 mm

(Fig. 4). The following patterns were recognized in sin-

gle PFT analyses: in EBF, only an initial positive rela-

tionship with P is apparent; in needle-leaf forests

(ENF), a negative relationship with P, a positive rela-

tionship with Ndep (up to a 0.2 g m�2 yr�1 deposition

rate), and a positive relationship with NDVI; in DBF,

relevant patterns were not detected; in DNF, only a

positive relationship with NDVI; and in mixed-forests

(MF), interpolation patterns appeared influenced by

some over-smoothing, and only a negative relationship

with P was discernible (Fig. 4).

In all GAM analyses carried out on both data sets,

the Tm, P, Ndep and NDVI smoothed terms were always

highly significant.

In the GAM analyses described so far, space was not

explicitly considered as source of variation in the

model. On both data sets we also performed an analysis

including the latitude 9 longitude as a smoothed inter-

action term in the GAM, and the reported relationships

were confirmed in most cases (Figs S3 and S4).

Regression trees analysis performed on both data

sets, using Tm, P, and Ndep as splitting variables, pro-

duced variable results (Figs S5 and S6). In several cases,

Tm and P appear the main splitting variables, however,

substantial splitting in the tree topology was also asso-

ciated with Ndep, for example in EBF and MF (data set

one) and EBF (data set two).

Discussion

Relationships across PFTs

The MODIS instrument has been providing land surface

albedo estimates at regular temporal intervals (Lucht

et al., 2000; Schaaf et al., 2002), and this is the first

reported study to describe global-scale relationships of

forest surface albedo with climatic variables and atmo-

spheric nitrogen deposition rates (Ndep).

Generalized additive modeling demonstrated evi-

dent albedo patterns when data were pooled across

PFTs; and environmental predictors, temperature (Tm),

nitrogen deposition (Ndep), and NDVI displayed a clear

positive relationship with forest albedo, while an

apparent negative effect was evident for precipitation

(P) (Fig. 3). However, all these patterns could be inter-

preted as the likely indirect effect of differences among

different PFTs in surface albedo, primarily between

conifer and broad-leaf species, and their different geo-

graphical distributions. Previous studies have shown

from global-scale maps (Zhou et al., 2003; Moody et al.,

2008) that surface albedo is higher in broad-leaf forests

(EBF and DBF) with respect to needle-leaf forest species

(ENF and DNF) (see descriptive statistics reported in

Fig. 1 and Table S1 and maps in Fig. S1). In general,

broad-leaf forests prevail at low latitudes, and conifer

forests predominate in high latitude biomes (Loveland

& Belward, 1997; Friedl et al., 2002; Moody et al., 2008),

thus this underlying data structure might be responsi-

ble for much of the apparent effects of temperature and

precipitation, as these variables also show a latitudinal

pattern (Fig. S1). Similarly, the positive relationship

with Ndep could be strongly affected by inherent albedo

differences between deciduous broadleaves (higher

albedo), which predominate in regions with high Ndep,

and conifers (lower albedo), which tend to predominate

in regions with low Ndep (Fig. S1). The confounding

effect of varying proportions of needle-leaf and broad-

leaf species, where canopy structure and surface albedo

differ considerably, has recently been emphasized

based on global-scale albedo variability derived from

satellite data (Knyazikhin et al., 2012).

In this analysis, GAM patterns (Fig. 3) showed a

marked increase in forest albedo with NDVI. As forest

NDVI increased, a decrease in surface albedo might be

expected (e.g. Melesse et al., 2007), as bare soil or short

vegetation, which are high albedo surfaces compared to

forest canopies, cover a lesser proportion of land sur-

face; for example, a reduction in albedo was measured

following bare soil or pasture afforestation (Kirsch-

baum et al., 2011). The present results showed an

Fig. 4 Data set two. Generalized Additive Modeling (GAM) results of mean annual temperature, total annual precipitation, mean

annual atmospheric nitrogen deposition rate (Ndep), and Normalized Differential Vegetation Index (NDVI) effects on forest surface

albedo for all plant functional types pooled (All PFTs, upper panels), and for single PFTs (lower panels: evergreen broad-leaf forests

(EBF); evergreen needle-leaf forests (ENF); deciduous broad-leaf forests (DBF); deciduous needle-leaf forests (DNF); mixed-forests

(MF)). The continuous line is an estimate of the smooth function of the partial residuals (thus the y-axis is centered on zero) and indi-

cates the x-axis covariate effects on the albedo deviation. The shaded areas indicate the 95% confidence interval. The number on each y-

axis caption is the effective degrees of freedom for the term being plotted. The small lines along the x-axis are the ‘rug’, showing the

observation locations.
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inverse pattern (albedo increased with NDVI) when the

analysis was carried out across PFTs. The positive rela-

tionship between NDVI and albedo was not easy to

explain in the analysis. In part, it could result from an

unbalanced distribution of low and high albedo forests,

and also inherent uncertainties in the NDVI-LAI rela-

tionship (Huete et al., 2002; Wang et al., 2005), as well

as different LAI and plant fractional cover dynamics

(Block et al., 2011) (see below: discussion on albedo-

NDVI relationship within PFTs).

Assessing albedo variability as a function of environ-

mental descriptors within each individual PFT should

reduce confounding effects, and related spurious effects

due to differences in forest structure. Consequently, an

enhanced interpretation of relationships between

albedo, Ndep, and climate, as they emerge from GAM

patterns was elucidated. Two different data sets were

applied to accomplish this objective. All 0.5° spatial res-
olution pixels were considered, with the exception of

pixel counts ≤10 in the data set one analysis; in the data

set two analysis, selection of 0.5° resolution pixels was

made, as described in the methods, with the aim of

minimizing within-pixel variability in conifer and

broad-leaf co-occurrence. Pixel number was reduced by

~80% in data set two with respect to data set one, and a

smaller, albeit large, environmental variability was rep-

resented (Tables S1 and S2). Overall, we have no means

to evaluate one data set as outperforming the other;

therefore here we discuss the most evident albedo pat-

terns associated with environmental predictors, as the

result of GAM analysis conducted on both data sets.

In both data sets, we observed an evident short-wave

albedo with NDVI association, but one that varied in

sign between PFTs; positive in EBF, ENF, and DNF,

and negative in DBF (Figs 3 and 4). NDVI

(RNIR � Rred)/(RNIR + Rred) is expected to increase with

LAI, which determines an increase in NIR reflectance

(RNIR), and with plant fractional cover, which

determines a decline in red reflectance (Rred).

Short-wave albedo, on the contrary, will increase with

LAI, but decline with increasing plant fractional cover

as a result of the lower vegetation reflectance in the vis-

ible region compared to soil and litter (Block et al.,

2011; Yao et al., 2011). Therefore, we could expect both

positive and negative relationships between NDVI and

albedo, depending on the relative LAI and plant frac-

tional cover dynamics.

Relationships with temperature in data set one were

detected in two forest types (MF and DNF), where a

tendency for albedo to increase with temperature was

clearly observed. However, straightforward ecological

interpretations were difficult: in MF, an unbalanced dis-

tribution of conifer and broad-leaf species, with broad-

leaf prevailing at sites with higher mean temperatures,

might account for the observed pattern; in DNF, the

albedo increase occurred over a very narrow tempera-

ture range (between �5 and 0 °C primarily). Moreover,

these patterns largely disappeared, or were inverted,

when the analysis was performed on data set two. This

suggested that temperature per se can hardly be consid-

ered a key driver for forest surface albedo, and that dif-

ferences in forest structure might be largely responsible

for albedo variability associated with temperature.

The albedo-precipitation relationship in data set one

showed a rather marked albedo decrease with increas-

ing precipitation in EBF, ENF, and MF. With the excep-

tion of EBF, these patterns were well maintained when

the analysis was performed on data set two. These rela-

tionships might result from positive precipitation

effects on forest LAI, reported for example by Grier &

Running (1977) in forest communities measured along

precipitation gradients. The increase in surface albedo

under low precipitation conditions might therefore

reflect a reduction in forest fractional cover paralleled

by an increase in higher albedo surfaces represented by

shrub-graminoid vegetation, or barren soil (Kirsch-

baum et al., 2011). Overall, the negative relationship

between albedo and precipitation suggested that in glo-

bal evaluation of climate feedbacks involving forest

changes, carbon storage reduction expected as a result

of drought-induced forest tree mortality (e.g. Peng et al.,

2011; Anderegg et al., 2012) should be considered

jointly with surface albedo dynamics.

The surface albedo and atmospheric nitrogen deposi-

tion (Ndep) relationship in data set one indicated a Ndep

effect in ENF and MF: the albedo increased with Ndep,

and leveled at ~15 and 18 g N m�2 yr�1 in MF and

ENF, respectively. In data set two, the relationship was

only partly maintained, however, a much narrower

Ndep range was explored.

Atmospheric nitrogen deposition might significantly

affect nitrogen availability at the forest ecosystem level

with related effects on carbon stock, forest growth, and

canopy development, particularly in nitrogen-limited

northern forest ecosystems. A positive nitrogen avail-

ability effect on tree carbon stocks was often recorded

(Hyvonen et al., 2008; Thomas et al., 2010; Gentilesca

et al., 2013), however in some cases no effects (Christ

et al., 1995; Emmett et al., 1995; Magill et al., 2004), or

even negative effects (McNulty et al., 1996) were

observed. The effects on tree canopy cover and under-

story vegetation development might be variable (e.g.

Siefert, 2005).

The hypothesis of a direct Ndep effect on forest can-

opy reflectance, and as a consequence, an additional

role for nitrogen in the climate system via its influence

on surface albedo (Ollinger et al., 2008), has resulted in

an intense debate, summarized in the Introduction, and
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now points to an effect primarily mediated by canopy

architectural properties (Knyazikhin et al., 2012).

Indeed, recent experiments on deciduous tree species,

which serve to elucidate the possible mechanisms

involved in the nitrogen-albedo relationship, suggest

the observed increase in canopy RNIR, following

increased soil nitrogen availability, is mainly a conse-

quence of changes in canopy-level characteristics, such

as leaf arrangement and foliage clumping, and crown

geometry (Wicklein et al., 2012). Ollinger (2011) indi-

cated all these traits might depend on long-term soil

nitrogen accumulation leading to enhanced plant nutri-

tional status, therefore further research to determine

possible drivers of forest canopies reflectivity has been

recommended.

The following conclusions can be drawn from this

study: (i) globally, the relationship between forest sur-

face albedo, climatic variables, and atmospheric nitro-

gen deposition was primarily accounted for by

geographic covariation in environmental variables and

PFT, with higher albedo, temperature, and nitrogen

deposition in broad-leaf forests; (ii) however, some rela-

tionships, e.g. those with annual precipitation and nitro-

gen deposition, were also maintained in the PFT-scale

analysis. This conclusion is also supported by our

attempt to select ‘pure’ pixels in terms of forest compo-

sition, which indicated a direct or indirect effect of

environmental variables on forest surface albedo at the

forest ecosystem level; and (iii) overall, our assessment

emphasizes the relevance of further exploring the eco-

logical mechanisms that link environmental conditions,

forest canopy properties, and albedo, as a step to

improve the parameterization of land surface albedo in

climate models.
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Additional Supporting Information may be found in the
online version of this article:

Figure S1. Geographic variability of mean atmospheric
nitrogen deposition rate (Ndep, g m�2 y�1) (first page), mean
annual temperature (Tm, °C) (second page), total annual pre-
cipitation (P, mm) (third page), and for different plant func-
tional types (evergreen broad-leaf forests (EBF); evergreen
needle-leaf forests (ENF); deciduous broad-leaf forests
(DBF); deciduous needle-leaf forests (DNF); mixed-forests
(MF).
Figure S2. Correlation scatter plot of climatic variables
(mean annual temperature Tm; total annual precipitation P),
and mean atmospheric nitrogen deposition (Ndep) in data set
one.
Figure S3. Data set one. Results of GAM models including
latitude 9 longitude interaction term.
Figure S4. Data set two. Results of GAM models including
latitude 9 longitude interaction term.
Figure S5. Regression Tree Analysis results on data set one
(see methods) based on mean annual temperature (Tm), total
annual precipitation (P), and mean annual atmospheric
nitrogen deposition (Ndep).
Figure S6. Regression Tree Analysis results on data set two
(see methods) based on mean annual temperature (Tm), total
annual precipitation (P), and mean annual atmospheric
nitrogen deposition (Ndep).
Table S1. Data set one. Descriptive statistics.
Table S2. Data set two. Descriptive statistics.
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