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A B S T R A C T

Plant functional diversity (FD) is an important component of biodiversity that characterizes the variability of functional
traits within a community, landscape, or even large spatial scales. It can influence ecosystem processes and stability.
Hence, it is important to understand how and why FD varies within and between ecosystems, along resources avail-
ability gradients and climate gradients, and across vegetation successional stages. Usually, FD is assessed through labor-
intensive field measurements, while assessing FD from space may provide a way to monitor global FD changes in a
consistent, time and resource efficient way. The potential of operational satellites for inferring FD, however, remains to
be demonstrated. Here we studied the relationships between FD and spectral reflectance measurements taken by ESA's
Sentinel-2 satellite over 117 field plots located in 6 European countries, with 46 plots having in-situ sampled leaf traits
and the other 71 using traits from the TRY database. These field plots represent major European forest types, from
boreal forests in Finland to Mediterranean mixed forests in Spain. Based on in-situ data collected in 2013 we computed
functional dispersion (FDis), a measure of FD, using foliar and whole-plant traits of known ecological significance.
These included five foliar traits: leaf nitrogen concentration (N%), leaf carbon concentration (%C), specific leaf area
(SLA), leaf dry matter content (LDMC), leaf area (LA). In addition they included three whole-plant traits: tree height
(H), crown cross-sectional area (CCSA), and diameter-at-breast-height (DBH). We applied partial least squares re-
gression using Sentinel-2 surface reflectance measured in 2015 as predictive variables to model in-situ FDis mea-
surements. We predicted, in cross-validation, 55% of the variation in the observed FDis. We also showed that the red-
edge, near infrared and shortwave infrared regions of Sentinel-2 are more important than the visible region for pre-
dicting FDis. An initial 30-m resolution mapping of FDis revealed large local FDis variation within each forest type. The
novelty of this study is the effective integration of spaceborne and in-situ measurements at a continental scale, and
hence represents a key step towards achieving rapid global biodiversity monitoring schemes.
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1. Introduction

Plant functional diversity (FD hereafter), defined as the range and
dispersion of those plant traits within a community, landscape, or even
larger spatial scales that are functionally relevant for growth, re-
production, and survival, is an important component of biodiversity
(Tilman, 2001; Petchey and Gaston, 2006; Villéger et al., 2008;
Laliberté and Legendre, 2010). Evidence is showing that FD strongly
determines ecosystem functioning and stability (Tilman et al., 1997;
Díaz and Cabido, 2001; Hooper et al., 2005; Paquette and Messier,
2011; Ruiz-Benito et al., 2014), and also regulates various ecosystem
services (e.g., fodder production and maintenance of soil fertility) that
underpin human well-being (Díaz et al., 2007a).

Given the importance of FD for ecosystem functioning, it is pivotal
to understand its variation across space and time with high accuracy.
FD can vary with a large number of drivers, including climatic or
geographic gradients (de Bello et al., 2006; Lamanna et al., 2014),
successional stages (Purschke et al., 2013), disturbance and land use
change (Trejo et al., 2016), climate variability (Gherardi and Sala,
2015), and also topography and soil types (Schneider et al., 2017),
making it challenging to extrapolate findings from one site to another
without having adequate reference data about spatial and temporal FD
variation. Being able to characterize spatiotemporal variation in FD is
not only crucial for achieving global biodiversity monitoring (Díaz
et al., 2007b; Jetz et al., 2016), but also for improving predictions on
how future climate change will affect ecosystem functioning and eco-
system services (Scheiter et al., 2013; Fisher et al., 2018). However,
ground-based measurement of plant traits is labor intensive, and it is
logistically challenging to perform these measurements spatially con-
tinuously over a large area or to repeat these measurements through
time. Available regional data on FD are rare and, due to the lack of
repeated measurements, not suitable for addressing long-term trends of
large-scale patterns (Scholes et al., 2008). As such, there is an urgent
need for an integrated system that can effectively and consistently
monitor FD globally (Turner, 2014; Pettorelli et al., 2016; Jetz et al.,
2016; Anderson-Teixeira et al., 2015).

Recently there have been several efforts made to infer FD over local,
regional or global scales using either ground-based or airborne hyper-
spectral remote sensing measurements (e.g., Schweiger et al., 2018;
Asner et al., 2014; Schneider et al., 2017; Asner et al., 2017), or other
(e.g., climate and soil) data inputs (e.g., Butler et al., 2017). The ra-
tionale underlying the use of remote sensing measurements for esti-
mating plant FD is that phylogenetic differences and resources limita-
tions can affect plant traits (leaf and structural) and these in turn can
affect spectral reflectance measured by optical remote sensing (Wang
et al., 2018). Schneider et al., 2017 mapped three forest leaf bio-
chemical traits, including leaf chlorophyll, leaf carotenoids, and
equivalent water thickness, in a forest study area using airborne hy-
perspectral measurements and computed several functional diversity
measures based on these traits. Asner et al. (2017) mapped seven forest
canopy traits, including leaf nitrogen, phosphorus, calcium, phenols,
lignin, water, and leaf mass per area, over Peruvian Andes-to-Amazon
region and then used these traits to classify forests into different func-
tional groups. Using field hyperspectral measurements at a grassland
site, Schweiger et al. (2018) showed that spectral diversity is highly
associated with functional diversity computed using 14 foliar traits
(including the contents of leaf carbon, nitrogen, carbon fractions,
chlorophylls, xanthophylls and carotenoids) and hence demonstrated
the potential of using remote sensing measurements to directly infer FD
instead of retrieving each individual trait first. Butler et al. (2017)
generated global maps of three key functional traits, specific leaf area,
leaf nitrogen content, and leaf phosphors content, and then computed
their statistical dispersion within any 50 km × 50 km grid, with a
Bayesian modeling framework driven by climate and soil data. Other
recent studies that have attempted to map individual functional traits
using remote sensing, with either statistical approach or radiative-

transfer modeling, also showed success in mapping leaf mass per area
(Mohammed Ali et al., 2017; Singh et al., 2015), leaf nitrogen con-
centration (Asner et al., 2015; Knyazikhin et al., 2013), and leaf
chlorophyll content (Inoue et al., 2016; Gitelson and Merzlyak, 1997).
These studies have provided important methodological advances in
mapping FD across space and their results provide an efficient basis for
investigating biodiversity-ecosystem functioning relationships across
large environmental gradients.

Despite recent progress, critical data and knowledge gaps in map-
ping global FD pattern remain. First, while airborne hyperspectral in-
struments can yield high-resolution maps of spatial FD variation across
small spatial and/or temporal scales (e.g., Wang et al., 2018), acquiring
airborne data repeatedly over larger extents is often too costly. Second,
while modeling studies based on climate and soil data can provide
large-scale predictions of FD (dispersion and range in plant traits)
patterns, the accuracy and resolution of the modeled maps are limited
by large uncertainties in the input meteorology and soil data inter-
polated from point measurements (Harris et al., 2014; Wu et al., 2017;
Batjes, 2016), and limited knowledge on the relations between climate,
soil, and FD (Bruelheide et al., 2018). Satellite RS data are spatially
continuous but their resolutions are often too coarse to detect fine scale
soil and vegetation processes, and currently discoverable in-situ eco-
logical data are not spatially representative for large scale ecological
gradients. As such, a dedicated global Earth Observation network with
multiple spaceborne platforms (e.g., hyperspectral, LiDAR, radar), in
conjunction with high-quality ground reference data from established
ecological networks (e.g., NEON, TERN, NutNet, ForestNet etc.) for RS
model calibration and validation, would be critical to achieve the ob-
jective of tracking spatial and temporal changers in multiple facets of
functional biodiversity globally (Turner, 2014; Stavros et al., 2017;
Schimel et al., 2019). Thus, current approaches focus either on high-
resolution mapping of FD over a small spatial extent or on a global
mapping of FD at a much lower resolution. Here, we propose that recent
developments in multispectral spaceborne remote sensing can con-
tribute to overcoming this trade-off between a high spatial resolution
and a high spatial extent and may additionally allow for tracking
temporal FD changes. These new satellite measurements, if coupled
with in-situ plant FD data collected systematically over large scales, can
greatly facilitate the remote sensing of FD.

Spaceborne remote sensing can scan the entire Earth surface re-
peatedly, providing a unique data stream that can be exploited to
monitor global FD variation across space and time (Jetz et al., 2016;
Lausch et al., 2016; Rocchini et al., 2016, 2018). In recognizing the
potential offered by satellite data, the ecology and the remote sensing
communities, supported by the Group on Earth Observation Biodi-
versity Observation Network (GEO-BON), have agreed on a list of Es-
sential Biodiversity Variables (EBVs), including functional diversity,
that can be measured from the ground and can be tracked from space
(Scholes et al., 2008; Pereira et al., 2013; Turner, 2014; Skidmore and
Pettorelli, 2015; Rocchini et al., 2016, 2018; Kuenzel et al., 2014).

Recent developments in spaceborne remote sensing technologies
enable promising opportunities to link satellite measurements to FD
measured on the ground. Sentinel-2, a new satellite constellation of the
European Copernicus programme, offers improved spatial (up to 10 m),
spectral (13 bands in visible, red-edge, near infrared and shortwave
infrared), and temporal resolutions (3–5 days revisit) from previous
satellites (Drusch et al., 2012). Sentinel-2 provides a good compromise
between the spatial resolution, which is needed to link with field plot
measurements, and spectral resolution, which is required to infer FD
computed with multiple functional traits. For instance, Sentinel-2 has
three bands between the red and NIR regions, known as the red-edge,
which are sensitive to important leaf biochemical traits such as leaf
nitrogen concentration (Papale et al., 2008; Clevers and Gitelson, 2013;
Pérez-Priego et al., 2015). Nevertheless, challenges still exist, as Sen-
tinel-2 cannot be compared to hyperspectral instruments that usually
carry hundreds of spectral bands, something that may be termed as the
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spectral scale challenge (Wang et al., 2018). Besides, due to the still
limited spatial resolution (relative to individual tree crown size), it
would be challenging to use Sentinel-2 measurements to detect species
diversity as each pixel can consist of multiple individuals from different
species, or more precisely being described as the spatial scale problem
(Wang and Gamon, 2019) as well as the presence of soil background
(Gholizadeh et al., 2018; Wang et al., 2018).

Here we performed a study to statistically link spectral reflectance
measurements taken by ESA's Sentinel-2 satellite directly to FD derived
from in-situ measurements in plot networks spanning tree species di-
versity gradients in six representative European forest types. Our
overarching aim is to use spaceborne measurements to track changes in
FD across space. Specifically, our objectives are: 1) to investigate the
statistical relationship between FD and spectral reflectance measure-
ments taken by Sentinel-2 and to quantify relative importance of the
different Sentinel-2 bands for predicting FD; 2) to explore the potential
of using compiled trait database to complement in-situ trait measure-
ments; and 3) to calibrate and validate a statistical model to quantify FD
at high spatial resolution (30 × 30 m).

2. Data and method

2.1. FunDivEUROPE plot network

We used field data collected from 117 plots of 30 × 30 m that were
set up in mature forest plots in six regions across Europe as part of the
FunDivEUROPE project (http://www.fundiveurope.eu) (Fig. 1; Table 1)
(Baeten et al., 2013). The regions represent six of common but con-
trasted forest types in Europe. Forest types covered include boreal
(Finland, 9 plots); hemiboreal (Poland, 34 plots), mixed beech (Ger-
many, 26 plots), mountainous mixed beech (Romania, 19 plots), ther-
mophilous deciduous (Italy, 10 plots), and Mediterranean mixed
(Spain, 19 plots). Detailed information about all plots used in this study,
such as coordinates, dominant species, and in-situ trait sampling date is
provided in Table S3 in the Supplementary file. Within each forest re-
gion, the plots were established to span diversity gradients of the re-
gional pool of dominant tree species (with a maximum of five species
mixtures). In addition, the design ensured that (i) within each richness
level, multiple different species compositions were represented, (ii)
each species was represented at more or less the same relative fre-
quency at each diversity level (Baeten et al., 2013). This resulting tree

species gradient is therefore ideally suited to calibrate and assess
taxonomic and functional diversity and identity using remote sensing
imagery.

Across all plots we selected, species with traits measured from in-
situ account for > 95% of cumulative abundance of each plot. This
minimizes the influence of the presence of other species which their
traits were not measured on our results. In each plot, all trees with
diameter at breast height (DBH) ≥ 7.5 cm were identified to species
level and measured for tree height (H), DBH, and crown cross-sectional
area (CCSA). Fig. 2 illustrates the general plot design and a ground-level
photograph of one of the Mediterranean mixed forest plots in Spain.

2.2. In-situ leaf trait measurement

Leaf biochemical (leaf nitrogen concentration, %N; leaf carbon
concentration, %C), morphological (leaf area, LA, mm2), and leaf
anatomical traits (specific leaf area, SLA, mm2 mg− > 1; leaf dry matter
content, LDMC, mg g− > 1) of well-known significance to plant growth
and functioning such as carbon fixation (Cornelissen et al. 2003) were
measured on the dominant tree species growing in all plots located in
three of the six FunDivEUROPE regions, namely in the boreal forest
(Finland), in the mountainous beech forest (Romania), and in the
Mediterranean mixed forest (Spain) (Table 2).

Ten trees per species were randomly selected in each plot. From
each target tree, a branch from the top part of the crown facing south
was cut and leaves/needles were collected for trait measurements. A
total of 1763 trees were sampled. To achieve phenological standardi-
zation, fieldwork was carried out once leaves were completely devel-
oped within the growing season, thus it took place in August 2013 in
Finland, July 2013 in Romania, and June 2013 in Spain.

The aim of selecting traits for assessing FD is that the traits selected
should be significantly important for the ecosystem process of interest.
It is not practical to sample all traits and hence a strategy needs to be
implemented to focus on several important traits and then sample them
consistently across all species and all plots. In our case, we are parti-
cularly interested in ecosystem C and H20 cycling, which can be ap-
proximated by primary productivity and evapotranspiration. Among
the five foliar traits we selected, three of them (%N, SLA, and LA) have
been identified as critical to performance and fitness of vascular plant
species including growth, survival and reproduction (Diaz et al., 2016).

It is well known that leaf %N is closely related with leaf maximum

Fig. 1. FunDivEUROPE plot network. (left) The location of six FunDivEUROPE regions in Europe; (right) the locations of field plots in each FunDivEUROPE regions.
Each red dot on the right-hand side maps represents a field plot of 30 m × 30 m in size. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

X. Ma, et al. Remote Sensing of Environment 233 (2019) 111368

3

http://www.fundiveurope.eu


carbon fixation rate and community aggregated %N also scales linearly
with ecosystem carbon fixation capacity (Ollinger et al., 2008; Musavi
et al., 2016). Furthermore, SLA is often positively related to potential
relative growth rate across species and negatively with leaf longevity,
and exerts influences on ecosystem-level productivity (Diaz et al.,
2016). Leaf %C is essential for converting estimates of forest above-
ground biomass into forest carbon stocks (Thomas and Martin, 2012).
LDMC has been shown to correlate negatively with potential relative
growth rate and positively with leaf lifespan. Lastly, LA has been shown
to be related to climate variation and site disturbance regimes (Pérez-
Harguindeguy et al., 2011).

We randomly selected ten (when present) individuals per dominant

species in each plot. From each target tree, a branch from the top part of
the crown facing south was harvested and leaves/needles were col-
lected for trait measurements. A total of 1137 trees were sampled.

To assess the morphological traits (LA, SLA, and LDMC), five re-
hydrated leaves were weighed and scanned to measure their area using
WinFOLIA and WinSEEDLE for broadleaves and needles, respectively
(Regent Instruments Inc., Canada). Then, leaf samples were dried in an
oven at 60 °C for 72 h and their dry mass was weighed. Additional
leaves were also dried and ground in order to estimate the N and C leaf
content (in %) using a dry combustion method (Vario EL cube,
Elementar Analysensysteme GmbH, Hanau, Germany). Leaf collection,
storage, processing, and trait measurement followed the protocols

Table 1
Summary of the six FunDivEUROPE regions.

Finland Poland Germany Romania Italy Spain

Region name North Karelia Białowieża Hainich Râsca Colline Metallifere Alto Tajo
Forest type Boreal Hemiboreal Beech Mountainous beech Thermophilous

deciduous
Mediterranean mixed

Mean annual T
and P

2.1 °C, 700 mm 6.9 °C, 627 mm 6.8 °C, 775 mm 6.8 °C, 800 mm 13 °C, 850 mm 10.2 °C, 499 mm

Study area size 150 km × 150 km 30 km × 40 km 15 km × 10 km 5 km × 5 km 50 km × 50 km 50 km × 50 km
Number of plots 9 34 26 19 10 19
Species pool Picea abies, (L.) H. Karst

Pinus sylvestris, L.
Betula pendula, ROTH
Betula pubescens, Ehrh.

Picea abies, (L.) H. Karst
Pinus sylvestris, L.
Betula pendula, ROTH
Betula pubescens, Ehrh.
Carpinus betulus, L.
Quercus robur, L. quercus
petraea, (Matt.) Liebl.

Picea abie, (L.) H. Karst
Acer pseudoplatanus, L.
Fagus sylvatica, L.
Fraxinus excelsior, L.
Quercus robur, L.
Quercus petraea, (Matt.)
Liebl.

Abies alba, Mill.
Picea abies, (L.) H.
Karst
Acer pseudoplatanus, L.
Fagus sylvatica, L.

Castanea sativa, Mill.
Ostrya carpinifolia,
Scop.
Quercus robur, L.
Quercus petraea, (Matt.)
Liebl.
Quercus cerris, L.
Quercus ilex, L.

Pinus nigra, J.F.
Arnold
Pinus sylvestris, L.
Quercus faginea, Lam.
Quercus ilex, L.

Fig. 2. Example of a FunDivEUROPE plot measuring 30x30m. Photograph of a four species mixture (left) in Spain and schematic of the same plot (right). Species are
indicated by colored dots and are QUEILE: Quercus ilex; QUEFAG: Quercus faginea; PINNIG: Pinus nigra; PINSYL: Pinus sylvestris. Photo courtesy: Teresa Gimeno.

Table 2
List of in-situ foliar and whole-plant traits measured in this study.

Trait name Abbreviation Unit # of samples Regions

Foliar traits
Leaf nitrogen concentration %N % 10 trees per species per plot Finland, Romania, Spain
Leaf carbon concentration %C % 10 trees per species per plot Finland, Romania, Spain
Specific leaf area SLA mm2 mg− > 1 10 trees per species per plot Finland, Romania, Spain
Leaf dry matter content LDMC mg g− > 1 10 trees per species per plot Finland, Romania, Spain
Leaf area LA mm2 10 trees per species per plot Finland, Romania, Spain

Whole-plant traits
Tree height H m All trees (DBH > 7.5 cm) per species per plot Finland, Romania, Spain, Poland, Italy, Germany
Crown cross-sectional area CCSA m2 All trees (DBH > 7.5 cm) per species per plot Finland, Romania, Spain, Poland, Italy, Germany
Diameter at breast height DBH cm All trees (DBH > 7.5 cm) per species per plot Finland, Romania, Spain, Poland, Italy, Germany
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defined in Garnier et al. (2001) and Pérez-Harguindeguy et al. (2011).
Detailed description of in-situ trait sampling procedures can be found in
Benavides et al. (2019) and in Sec. 1.1 in the Supplementary file. An
exploratory analysis of in-situ traits across FunDivEUROPE plots is
provided in Sec. 1.5 in Supplementary file.

For the other 3 regions (Poland, Germany, and Italy) with no in-situ
data for leaf traits, we tested the potential of filling these gaps using the
TRY plant trait database (www.try-db.org) (Kattge et al., 2011). We
used data from the TRY-database version 3.0 (first released in 2015).
We computed global average of each trait for each species. An ex-
amination of the TRY database indicates that these European tree
species have a fairly large number of entries submitted to the TRY
database. Trait data were quality checked and filtered as described on
the TRY website (https://www.try-db.org/TryWeb/Database.php).
Missing data in the TRY trait-species matrix were filled based on the
method described in Schrodt et al. (2015). After gap-filling, we com-
puted global average of each trait for each species. We then compared
species mean values of each trait from TRY with species mean value
from in-situ measurements for the three FunDivEUROPE regions where
we have in-situ trait sampling.

2.3. Sentinel-2 spectral reflectance measurements

We used spectral reflectance measurements taken by the first
Sentinel-2 satellite (Sentinel-2A) launched by the European Space
Agency. Sentinel-2A is a wide-swath, high-resolution (10–20 m), multi-
spectral (13 bands), and multi-temporal (5–10 days revisit) imaging
mission (Drusch et al., 2012). The Sentinel-2A sensor was launched in
June 2015 and started collecting measurements in July 2015. A total of
10 spectral bands were included in this study, four bands at 10-m re-
solution, and six bands at 20-m resolution (Table 3). Detailed band
configuration could be found from ESA's official website: https://earth.
esa.int/web/sentinel/user-guides/sentinel-2-msi/resolutions/spatial.
The 20-m bands were down-scaled to 10-m using a band sharpening
algorithm proposed by Brodu (2017) (refer to Sec. 1.2 in Supplemen-
tary file for more details about the band-sharpening algorithm). We did
not use the three bands at 60-m spatial resolution (B01, B09, B10),
which were designed for atmospheric correction and cirrus cloud de-
tection (B01 for aerosol retrieval, B09 for water vapor correction, and
B10 for cirrus detection) (Drusch et al., 2012).

We processed Sentinel-2 data for the same phenological period as
when in-situ measurements were conducted (August 2015 for Finland,
July 2015 for Romania, Spain, Poland, Germany, and Italy respec-
tively). Sentinel-2 was accessed from ESA's SciHub online data re-
pository. Here we summarize the main steps involved in data pre-
processing (more detailed documentation of data processing can be
found in Sec. 1.2 Detailed description of Sentinel-2 data processing
procedures in the Supplementary file):

1) applied the atmospheric correction to convert Level-1C top-of-at-
mosphere (TOA) reflectance into Level-2A top-of-canopy (TOC)
surface reflectance using the atmospheric correction module in
ESA's Sen2Cor toolbox;

2) classified images into different scene classifications (e.g., cloud,
snow, soil, vegetation etc.) using the Sen2Cor's built-in scene clas-
sification algorithm;

3) applied quality control to remove cloud or cirrus contaminated
observations based on scene classification results;

4) down-scaled the 20 m bands (B05-07, B8A, and B11-12) to 10 m
resolution using the Sen2Res band-sharpening algorithm;

5) extract all Sentinel-2 pixels for each image falling within each plot
using the plot boundary shapefile (on average, 9 pixels were ex-
tracted for each plot).

There was a two-year gap between the in-situ (2013) and Sentinel-2
(2015) measurements. However, since the plots from FunDivEUROPE

network were selected to be neither in the early successional stage (so
that the community composition is not very dynamic) nor in the re-
generation phase (so that the stand is not dominated by very old dying
trees). As a result, the changes in community composition are expected
to be very limited during a period of two years apart (2013–2015). To
further confirm steadiness in community composition between 2013
and 2015, we checked both in-situ and Landsat data, on a plot-by-plot
basis and results indicate high stability in community composition and
a lack of disturbance or shift in phenology. Detailed results are reported
in Sec. 1.4 in Supplementary file.

2.4. Computing functional diversity from in-situ measurements

We used a distance-based multivariate FD measure, termed as
functional dispersion (FDis), using multiple traits weighted by species
relative abundance (Laliberté and Legendre, 2010). FDis was computed
using a different combination of plant traits: 1) using only five leaf
traits (%N, %C, SLA, LDMC, LA), termed as FDislea; 2) using only three
whole-plant traits (DBH, tree height, CCSA) termed as FDisstr, and 3)
using both foliar and whole-plant traits, termed as FDisall. We first
computed all three FDis measures for the three FunDivEUROPE regions
where both in-situ leaf and whole-plant traits are available, namely
Finland, Romania, and Spain. For the other three FunDivEUROPE re-
gions where in-situ foliar trait data is not available, we explored the
potential of using data from the TRY database to fill the gaps.

While FDislea (FDis computed using only leaf traits) only considers
leaf biochemical and morphological traits, FDisstr (FDis computed using
whole-plant traits) is a measure of tree structure heterogeneity within a
plant community. This component of biodiversity has been shown to be
of functional significance (Chapin III et al., 2011; Dänescu et al., 2016;
Lausch et al., 2016). The structural difference in tree crown height at
the top of the canopy, or canopy height heterogeneity within a com-
munity, can affect surface roughness, and thereby the efficiency of
water and energy exchange between the ecosystems and the atmo-
sphere (Chapin III et al., 2011). A higher structural heterogeneity can
also create more habitat niches and lead to a greater species diversity
for other taxa (Goetz et al., 2007). As both leaf traits and tree structure
can affect optical signals, we thereby expect that Sentinel-2 multi-
spectral measurements will be better linked to FDisall than either FDislea

or FDisstr alone.
We applied z-transformation to standardize the traits by subtracting

the mean of each trait and then dividing by their standard deviations
across all plots. We then applied a Principal Components Analysis
(PCA) to statistically eliminate redundant information existing in the
multiple selected traits. To avoid the loss of information, we used all
principle components (PCs) from the PCA analysis. The proportion of
variance that is explained by each PC for computing FDisall is: PC1

Table 3
Spectral configuration of the 10 Sentinel-2A bands used in this study.

Spectral band Center wavelength
(nm)

Band
name

Band
width
(nm)

Spatial resolution
(m)

B02 490 Blue 65 10
B03 560 Green 35 10
B04 665 Red 30 10
B05 705 Red-edge

1
15 20

B06 740 Red-edge
2

15 20

B07 783 Red-edge
3

20 20

B08 842 NIR 1 115 10
B8A 865 NIR 2 20 20
B11 1610 SWIR 1 90 20
B12 2190 SWIR 2 180 20
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(42%), PC2 (28%), PC3 (11%), PC4 (8%), PC5 (6%), PC6 (3%), PC7
(1%) and PC8 (1%), while for computing FDisstr is: PC1 (71%), PC2
(24%), PC3 (5%), and for computing FDislea is: PC1 (66%), PC2 (15%),
PC3 (11%), PC4 (6%), PC5 (2%). A script for computing FDis, following
the original mathematical formulation in Laliberté and Legendre
(2010), was written in R programming language (R Core Team, 2017)
by us with the use of prcomp() function for dimensionality reduction,
the use of output PC axes as new traits, and the use of Euclidian dis-
tance as the dissimilarity measure.

2.5. Partial Least Squares Regression (PLSR)

To predict in-situ functional and other diversity measures using
Sentinel-2 spectral measurements we used Partial Least Squares
Regression (PLSR). PLSR is a regression technique that reduces the
number of predictors to a smaller set of uncorrelated variables and then
performs a least squares regression on the subset of variables (Wold
et al., 2001). The PLSR method has been used widely in remote sensing
studies for predicting plant biophysical and biochemical properties
from spectral measurements (e.g., Asner et al., 2015; Vaglio Laurin
et al., 2014a, 2014b). The variables we used for predicting diversity
metrics included band-wise mean and band-wise mean absolute de-
viation (MAD) of surface reflectance computed using all nine pixels
within each 30 m × 30 m plot. We performed PLSR using the PLS
package in R (Mevik and Wehrens, 2007).

To evaluate model performance, we conducted a stratified 10-fold
cross-validation. we split our data into 10 folds (using the function
createFolds in R package caret), with each fold consists of a roughly
equal proportion of sample from each study region. We then performed
PLSR for predicting three different types of FDis (FDislea, FDisstr, and
FDisall) and evaluated model performance using the stratified 10-fold
cross-validation. To minimize statistical overfitting, we determined the
optimal number of components used in the final PLSR model by mini-
mizing the prediction residual error sum of squares (PRESS) statistics
(Chen et al., 2004). We evaluated model performance against the cross-
validation dataset using two statistical measures: 1) coefficient of de-
termination (R2

CV); and 2) normalized root mean squared error
(nRMSECV, RMSE divided by sample mean), wherein both cases the
subscript CV indicates that we obtained these measures from validation
datasets. For model performance obtained from calibration dataset, we
used the subscript “Cal”. We used R package plsVarSel (Mehmood et al.,
2012) to compute the variable importance of projection (VIP) score
associated with each spectral band to quantify the statistical

contribution of each individual variable to the fitted PLSR model across
all model components.

3. Results

3.1. Investigate statistical relationship between FDis and Sentinel-2
measurements

We linked FDis to 20 predictive variables from Sentinel-2 (band-
wise mean and band-wise MAD for 10 spectral bands) using PLSR in the
three study regions with in-situ trait measurements (Finland, Romania,
Spain) (Fig. 3). Among the three FDis measures (FDisstr, FDislea, FDisall),
we found that the predictive power using Sentinel-2 is the best for
FDisall (FDis computed using both leaf and whole-plant traits) (cross-
validation R2

CV = 0.55, nRMSECV = 31%, # of PLSR components = 8,
N = 46) (Fig. 3). An additional test based on Moran's I confirms that the
model performance is not biased by spatial autocorrelation (Sec. 1.5 in
Supplementary file). Our PLSR model can also predict FDislea (FDis
computed using leaf traits) in a good confidence (cross-validation
R2

CV = 0.43, nRMSECV = 36%, number of PLSR components = 4,
N = 46), and to a less degree for FDisstr (FDis computed using whole-
plant traits) (cross-validation R2

CV = 0.19, nRMSECV = 71%, number of
PLSR components = 4, N = 46) (Fig. 3). As we stated before, FDisall

integrated both foliar and whole-plant traits that are both functionally
important, so in following analyses we will focus only on FDisall.

3.2. Quantify relative importance of different Sentinel-2 bands in predicting
functional dispersion

Sentinel-2 visible bands (blue, green, red) only explained a small
percentage of variance in FDis across sites (R2

CV = 0.08,
nRMSECV = 45%, N = 46) (Table 4). Model performance was sig-
nificantly improved by including NIR (R2

CV = 0.20, nRMSE = 41%,
N = 46) and SWIR bands (R2

CV = 0.51, nRMSE = 33%, N = 46)
(Table 4). The best model performance was achieved by further adding
the three red-edge bands (R2

CV = 0.55, nRMSE = 31%, N = 46)
(Table 4). The red-edge, NIR, and SWIR spectral regions provided the
most important information in predicting FDis according to the VIP
statistical measure (see Methods) (Fig. 4).

We also tested the relative role of band-wise mean (10 predictive
variables, hereafter mean spectra) and band-wise MAD (10 predictive
variables, hereafter MAD spectra), representing between-site difference
(e.g., different forest types) and within-site spatial heterogeneity (e.g.,
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Fig. 3. PLSR model cross-validation results for predicting functional dispersion computed using (A) whole-plant traits (FDisstr), (B) foliar traits (FDislea); and (C) both
foliar and whole-plant traits (FDisall) using Sentinel-2 spectral measurements across plots from three FunDivEUROPE sites (Boreal forests in Finland, Mountainous
beech forests in Romania, and Mediterranean mixed forests in Spain). The subscripts Cal and CV indicate results from calibration and cross-validation dataset
respectively.
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variation in forest structure within a plot) respectively, for predicting
FDisall. Fig. 5 shows that mean spectra contributed more to the model
performance (R2

CV = 0.44, nRMSECV = 35%, N = 46) than the MAD
spectra (R2

CV = 0.16, nRMSECV = 43%, N = 46) (Fig. 5). Both mean and
MAD spectra provided complementary information as the model using
both the mean and MAD spectra performed the best (Fig. 3C).

3.3. Exploring the potential of using compiled trait database to complement
in-situ trait data

To calibrate the PLSR model for more forest types, we tested the
potential of filling in-situ foliar trait gaps with trait data from TRY.
Comparison between species average values for each trait between in-
situ data and TRY data showed very good agreement (Fig. 6). Corre-
lation coefficients vary from 0.78 for LDMC to 0.88 for leaf %N, 0.96 for
SLA, 0.97 for leaf %C, and 0.99 for LA (Fig. 6). Table S4 and S5 in
Supplementary file give the statistical summary of species-mean trait
and TRY trait for all targeted species across the FunDivEUROPE plots.
As such, we proceeded and attempted to link FDis computed with a
fusion of in-situ whole-plant traits, TRY foliar traits, and in-situ species
abundance data across all six FunDivEUROPE sites (117 plots).

The PLSR model predicting FDisall over all six FunDivEUROPE re-
gions using Sentinel-2 measurements explained 22% of variance in the
cross-validation dataset (R2

CV = 0.22, nRMSECV = 44%, # of PLSR
components = 6, N = 117) (Fig. 7A). There is an increasing trend from
the lowest FDis found in Finnish boreal forests, to thermophilous de-
ciduous forests in Italy, Mediterranean mixed forests in Spain, beech
forests in Germany, mountainous beech in Romania, and to the highest
FDis found in hemiboreal forests in Poland (Fig. 7B). Overall, the be-
tween site (forest type) variations in FDis was captured by the PLSR
model results (Fig. 7B).

We then attempted an initial mapping of FDis at high spatial

resolution (30 m) over the six regions. We found strong local, within-
forest type, variation in FDis (Fig. 8). The beech forests in Germany
appear to be much more homogenous (coefficient of variance or
CV = 19%) in terms of FDis across space as compared to other forest
types, and the thermophilous deciduous forests in Italy (CV = 54%) and
boreal forests in Finland (CV = 39%) are the most heterogeneous in
terms of the local variations in FDis.

4. Discussion

4.1. Integrating in-situ and high-resolution satellite data for mapping FD
across space

This study demonstrated the potential of integrating high-resolution
satellite data and in-situ measurements to explain spatial variation in
FD of leaf and whole-plant traits at a regional scale, and hence is a
significant step towards tracking in the future global FD variations
using Earth observations. To our knowledge, this study is the first at-
tempt to link functional diversity directly to spaceborne measurements,
representing a major advancement compared to previous attempts at
site-level based on airborne data.

Compared with mapping FD using airborne remote sensing mea-
surements (e.g., Schneider et al., 2017; Asner et al., 2017), our ap-
proach using spaceborne measurements can be applied to a greater
geographic extent and can be repeated through time, which offers two
important possibilities for future studies. First, we can apply our sta-
tistical models to map FD along an environmental gradient and then
investigate how FD varies with environmental factors. Second, although
we acknowledge that the ability of our model to resolve temporal dy-
namics in FD remains to be validated, once this is done, future studies
could possibly track seasonal and inter-annual FD variation, thereby
allowing to study how FD responds to weather, climate or land-use

Table 4
Statistical model performance in predicting FDisall with different combination of Sentinel-2 spectral bands.

Number of samples Number of PLSR components R2
Cal nRMSECal R2

CV nRMSECV

VIS 46 1 0.19 42% 0.08 45%
VIS + NIR 46 2 0.36 37% 0.20 41%
VIS + NIR + SWIR 46 6 0.70 25% 0.51 33%
NIR + SWIR 46 4 0.66 27% 0.53 32%
VIS + NIR + SWIR + RedEdge 46 8 0.82 20% 0.55 31%
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Fig. 4. Statistical quantification of the relative im-
portance of 20 predictors (mean and MAD, the mean
absolute deviation, of 10 spectral bands) from Sentinel-2
in predicting FDisall. On x-axis of Panel (a), ‘VIPmean’ and
VIPMAD refer to the VIP score for mean and mean abso-
lute deviation of spectral reflectance for a given band
within a plot respectively. Please refer to Table 3 for
band definitions.
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change.
Our approach offers two major advantages to recent studies that

model global FD patterns using climate and soil data (e.g., Butler et al.,
2017). First, the accuracy of predictions based on global modeling
studies might be compromised by uncertainties in the input dataset,
especially when mapping FD over regions where networks of meteor-
ological stations or soil sampling sites are sparse. By contrast, our ap-
proach that effectively integrates ground measurements and satellite
observations can provide more accurate estimates of FDis than global
models driven by interpolated meteorology and soil properties. In ad-
dition, using Sentinel-2 we can generate FD maps at 30 m resolution,
which is also a big step forward as compared to the half-degree re-
solution of current global maps (e.g., Butler et al., 2017).

Being able to predict FD using Sentinel-2 measurements offers

opportunities for monitoring FD over a global scale, with high spatial
resolution, and repeated over time. The upscaled FD maps from this
study can be used to study the links between FD and ecosystem func-
tioning and stability over broad scale, which has a direct implication in
addressing the challenge in scaling up and testing the theories drawn
from plot- level analysis to landscape or even continental levels (Isbell
et al. 2017; Thompson et al. 2018). In addition, the FD maps generated
from Sentinel-2 can also be used to provide a rapid biodiversity change
assessment and reporting, which is usually difficult to be done using
labor-intensive field surveys.

4.2. Interpretations of the observed link between FDis and Sentinel-2

We could use multispectral measurements from Sentinel-2 to
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Fig. 5. PLSR model cross-validation results for predicting FDisall using band-wise mean reflectance and band-wise MAD reflectance respectively across the three
FunDivEUROPE regions.
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Fig. 8. High-resolution (30 m) map of FDis predicted using Sentinel-2 measurements for six FunDivEUROPE regions. These maps represent an average condition as
they were computed using mean reflectance value across the 2015–2017 time period. Non-forest areas, defined as when percent tree cover of a pixel is < 30% based
on a high-resolution global forest cover map (Hansen et al. 2013), are excluded.
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predict, in cross-validation, 55% of the variance in plant functional
diversity derived from 5 leaf trait (%C, %N, SLA, LDMC, LA) and 3
whole-plant traits (H, CCSA, DBH). To gain insight into the observed
link between FDis and Sentinel-2, we ran additional analyses for pre-
dicting individual foliar traits using Sentinel-2 (Fig. S13 in
Supplementary file). Our results showed that multispectral measure-
ments from Sentinel-2 showed a good predictive power for leaf che-
mical composition including leaf %N (R2

CV = 0.37) and %C
(R2

CV = 0.47), and leaf morphological trait such as SLA (R2
CV = 0.63)

(Fig. S13). The model for LDMC and LA showed a moderate predictive
power (R2

CV = 0.25 and 0.37 respectively) (Fig. S13 in the
Supplementary file). Our findings here, therefore, align well with pre-
vious studies that used multispectral measurements from Landsat and
Sentinel-2 for estimating leaf biochemical and morphological traits. For
instance, Ollinger et al. (2008) found a strong correlation between NIR
reflectance and canopy nitrogen concentration (R2 = 0.79), while
Clevers and Gitelson (2013) found that with simulated Sentinel-2 re-
flectance, the nitrogen content in grass and potato crops is strongly
correlated to spectral indices that has a red-edge band (R2 > 0.80).
Over sites in Australia that contain forests, woodland, and shrubland,
Lymburner et al. (2006) found that the canopy average SLA can be well
related to several spectral indices computed from Landsat TM bands.
Similar results were also reported by Mohammed Ali et al. (2017) for
predicting SLA using Landsat-8 over German forests. With the use of
airborne hyperspectral measurements, a strong correlation was re-
ported between LDMC and SLA and canopy spectra in the NIR and
SWIR region (R2 value of 0.87 for LDMC and 0.85 for SLA). Noticed that
the R2 value reported in these studies are higher than what we reported
here since we reported the R2 in cross-validation only here. If con-
sidering calibration data, our results are actually close to what have
been reported in previous studies, with R2 ranging from 0.55 for LDMC
to 0.78 for SLA (Fig. S13 in supplementary file).

The predictive power of the plant traits we selected using Sentinel-2
data are expected as optical remote sensing measurements in the visible
and infrared regions are aggregated signals reflecting leaf biochemical
and leaf morphological traits and canopy structure from top layers of
the canopy (Ustin and Gamon, 2010). The leaf traits we selected are not
only ecologically important (Pérez-Harguindeguy et al., 2011) as they
capture the trade-off between resource acquisition and conservation
(Diaz et al., 2016; Westoby et al., 2002; Wright et al., 2004), but also
have a major role in the optical signal response. We found leaf %N and
SLA dominate the first principal component that accounts for 65%
variance of the traits we selected. Our study and previous studies have
found that leaf %N and SLA can be predicted by multispectral or hy-
perspectral measurements (e.g., Ollinger et al., 2008; Clevers and
Gitelson, 2013; Schlerf et al., 2010; Townsend et al., 2003; Loozen
et al., 2018; Pérez-Priego et al., 2015; Mohammed Ali et al., 2017;
Lymburner et al., 2006). From the variable importance analysis, we
found that the most important Sentinel-2 spectral bands in predicting
functional diversity are located in the red-edge, near-infrared, and
SWIR region (Fig. 4), which aligns well with the known importance of
these spectral regions based on other studies in upscaling leaf %N and
SLA (Ollinger et al., 2008; Clevers and Gitelson, 2013; Mohammed Ali
et al., 2017; Lymburner et al., 2006). Indeed, the correlation between
leaf %N and SLA and Sentinel-2 spectral reflectance, which have been
frequently reported in previous studies (Ollinger et al., 2008; Asner and
Martin 2008; Townsend et al., 2003) can be caused by a structure effect
(Knyazikhin et al., 2013). This means that the correlation between
spectral reflectance and leaf %N and SLA can be resulted from indirect
mechanisms manifested by co-variation in leaf and canopy structural
properties instead of a direct physical mechanism between these traits
and reflectance. Nonetheless, as Townsend et al. (2003) has pointed
out, ample evidence showed that canopy architecture and leaf struc-
tural and chemical and optical properties tend to covary among plant
functional types (Kokaly et al., 2009; Ollinger et al., 2008; Wright et al.,
2004) and such tendency may be exploited for the purpose of diagnostic

mapping of traits and plant functional diversity.
Sentinel-2 is a multispectral instrument equipped with much less

spectral bands than hyperspectral instruments. A lower spectral re-
solution means that potentially many spectral reflectance features re-
sulted from varying leaf and canopy traits can be obscured (Asner and
Martin, 2009; Wang et al., 2018). The upcoming spaceborne hyper-
spectral missions such as German EnMAP and NASA's SBG (Surface
Biology and Geology) offer great potential to improve this situation
(Guanter et al., 2015; Lee et al., 2015), as it has been demonstrated on
the ground that spectral diversity proxies derived from ground-based
hyperspectral measurements are highly relevant for inferring plant
functional diversity (Schweiger et al., 2018). As a multi-temporal in-
strument, Sentinel-2, as well as Sentinel-1, can characterize seasonal
and inter-annual variations in vegetation dynamics and phenology.
Species situated in different ecological niches within a plant community
can have different phenological characteristics (so-called temporal
niche differentiation), and therefore phenological metrics for each in-
dividual pixel derived from Sentinel-2 and other high-resolution sa-
tellites can be included as additional variables for inferring biodi-
versity. Beyond the spectral regions covered by Sentinel-2 towards
longer wavelength, there are thermal infrared bands that can inform
forest canopy temperature and hence provide additional information
for inferring functional diversity, as species with different functional
traits (e.g., leaf size and angle) can have different canopy temperatures
under the same environmental conditions (Leuzinger and Körner,
2007). In addition, to better bridge the field plot data with satellite
measurements and understand the scaling effect, intermediate scale
measurements taken by field spectrometers, drones and aircraft can be
collected in tandem with biodiversity measurements (Wang & Gamon,
2019). Above discussions suggest that the rich information content in
the constellation of the satellite missions, including optical, thermal,
microwave, and multi-temporal (phenology-related), should be
exploited in a joint and complementary manner to achieve a better
inference of plant functional diversity and other facets of plant diversity
from space (Fassnacht et al., 2016).

Optical measurements from Sentinel-2 are not the best information
source for resolving tree structural variability within a forest plot as
compared to more direct radar or LiDAR measurements (Bergen et al.,
2009). Nonetheless, we found that Sentinel-2 can still explain ~20%
variance in FDis computed using three tree structural traits (H, CCSA,
DBH) (Fig. 3). This is likely related to the fact that tree structure can
also affect Sentinel-2 spectral reflectance (Asner, 1998; Xiao et al.,
2014), especially over the NIR region, as NIR radiation can penetrate
deeper into forest canopy and hence provide information about vertical
profile of foliage within a canopy. This is in turn related to canopy
structural and architectural properties such as canopy height and leaf
angle (Colwell, 1974; Huete, 2004). As variability in whole-plant traits
(tree-structure) is an important component of functional diversity, it is
worth to explore the opportunity of integrating optical and radar and
LiDAR measurements for upscaling FD (e.g., Goetz et al., 2007; Mura
et al., 2015; Zhao et al., 2018). For instance, measurements from
spaceborne radar instruments (e.g., Sentinel-1 C-band SAR, PALSAR2 L-
band SAR, BIOMASS P-band SAR), or even spaceborne LiDAR (e.g.,
GEDI), can be complementary to Sentinel-2 as SAR or LiDAR mea-
surements are more sensitive to tree structure, which may improve the
estimation of FD measured that integrates both leaf and whole plant
traits (Lausch et al., 2016). Remote sensing measurements integrate
multiple plant including leaf traits, canopy architecture, and vegetation
structure (Ustin and Gamon, 2010), and hence FD derived from a
combined leaf and whole-plant traits can potentially be better related to
spectral variability than using any individual trait alone. The data fu-
sion approach that can effectively integrate multi-source remote sen-
sing measurements, therefore, needs to be explored in the future in the
context of global FD monitoring.
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4.3. Current limitations and future opportunities

We acknowledge a few important limitations of our methodology
and identify also a few future opportunities to address these limitations.
First, there might be a few remaining uncertainties due to the temporal
mismatch between in-situ and Sentinel-2 measurements that cannot be
completely eliminated from our additional checks of the steadiness in
community composition. For any given forest stand, inter-annual var-
iations in trait value for any given species can still have some influences
on the computed FDis, though our analysis on TRY and field measured
traits at species-average level suggested that at least for those traits we
selected in this study, the trait value for any given species remains to be
conservative. Trees have likely grown in the 2-year period between in
situ trait and community measurements and RS observations, although
this growth was likely moderate in the mature forests we selected. In
addition, there was a summer heat wave over much of Europe (except
Finland) that can cause uncertainties to our results as forest growth can
be affected by this heatwave. To overcome such limitations in future
studies, we suggest that a more reliable upscaling of plant FD, than the
present one, using remote sensing can be achieved having collocated
measurements, in space and time, between field trait and satellite
measurements.

Second, our results based on leaf traits from the TRY database were
promising and hence these compiled traits can fill data gaps, where in-
situ trait measurements are not available, for calibrating and validating
remote sensing measurements. However, uncertainty still remains, as
even for the European tree species the number of trait records per
species in the TRY database is limited and therefore it is often im-
possible to resolve the potential between-community variation of trait
values for any given species. In addition, while the focal European tree
species in this study are well represented in TRY database, this may not
necessarily be the case for other global regions, such as hyper-diverse
tropical regions (Kattge et al., 2011). Much effort is thus needed to
improve the spatial and species representativeness of the TRY database
to be able to extend the remote sensing of FD study to global scale.
Indeed, for the purpose of remote sensing upscaling, new trait sampling
that can match satellite measurements in space and time would be
particularly desired. However, new sampling would demand much re-
sources that might not be available to every group or researcher. In this
case, repeated sampling for any given species along an environmental
gradient and across time would be highly appreciated to understand the
degree of uncertainty that might be caused by spatio-temporal mis-
match between field and satellite measurements. In any case, ancillary
information about the geographic location, environmental background,
and exact time of measurement would be essential to make the best use
of the trait database for remote sensing.

Third, we suggest that a network with a similar design like
FunDivEURUOPE, but potentially larger plots (e.g. 30–90 m size), ex-
tended across Europe to cover more species and a wider environmental
space is needed to serve the purpose of both calibrating remote sensing
data with in-situ measurements and for carrying our functional biodi-
versity research. Only with a joint effort from ecology and remote
sensing communities, can we achieve eventually global monitoring of
plant functional diversity not only across space but also across time.

5. Conclusion

In this study, we showed that measurements from a high-resolution
spaceborne multispectral radiometer (Sentinel-2) can explain 55% of
the variability in functional diversity across major European forest
types. Among the spectral regions of Sentinel-2, we found red-edge and
infrared bands to be more important than visible bands in predicting
functional traits dispersion. We also tested the possibility of extending
our analysis to sites where in-situ traits measurements are not available
by using compiled traits from global trait databases and demonstrated
the potential of combining in-situ species abundance sampling with the

TRY data for quantifying functional dispersion over a wider geographic
and climatic extent. Being able to predict functional diversity using
Sentinel-2 measurements offers opportunities for monitoring functional
diversity potentially over a global scale, with high spatial resolution,
and repeated over time at every few days, over a decade or even longer
periods of time. Our study also opens the opportunity for studying the
links between FD and ecosystem functioning across space and time. We
expect that with the data from upcoming next-generation spaceborne
hyperspectral or even dedicated biodiversity monitoring missions there
is potential to achieve a better spatial and temporal remote sensing of
functional diversity. Meanwhile, the multi-temporal capability of the
new generation spaceborne hyperspectral missions would allow a better
temporal match with field measurement, which is critical to reduce the
uncertainty that can come from temporal trait variability. Though
challenges such as reduced spatial resolution of the new hyperspectral
missions will need to be addressed by establishing field plots with much
larger size to bridge the scale gap. From a remote sensing perspective,
spatial resolution of future hyperspectral missions needs to be much
improved to be able to better link to field plot measurements. Only
through a coordinated effort between the ecology and remote sensing
communities can we achieve the global plant functional diversity
monitoring goal.

Acknowledgement

This work was primarily supported by an iDiv-Flexpool project
“Observing effects of biodiversity on ecosystem functioning across time,
space, and wavelength: oBEF-Across” and a European Union H2020
project “Detecting changes in essential ecosystem and biodiversity
properties - towards a Biosphere Atmosphere Change Index: BACI”
(grant agreement number: 640176). The data from FunDivEUROPE
network was collected with the financial support from the European
Union Seventh Framework Programme (FP7/2007-2013) (grant
agreement number: 265171). Remeasurements across all
FunDivEUROPE plots were financed by EU H2020 project Soil4Europe
(Bioidversa 2017-2019). We thank Prof. Dr. Michael Scherer-Lorenzen
and Prof. Dr. Kris Verheyen from FunDivEUROPE network for their
generous help with field data during the paper revision. DEPM and MM
and MDM also acknowledge the support of the Trustee European
Commission project no H2020-MSCA-ITN-2016 – 721995. The free use
of Sentinel-2 data is enabled by ESA's Copernicus Open Access Hub. The
in-situ plant traits data collected over Finnish, Romanian, and Spanish
sites were supported by a Marie-Curie Fellowship (DIVERFOR, FP7-
PEOPLE-2011-IEF. No. 302445) to R. Benavides. The free access of
plant trait data was supported by the TRY initiative (http://www.try-
db.org).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.rse.2019.111368.

References

Anderson-Teixeira, K., Davies, S., Bennett, A., Gonzalez-Akre, E., Muller-Landau, H.,
Wright, S., et al., 2015. CTFS-ForestGEO: a worldwide network monitoring forests in
an era of global change. Glob. Chang. Biol. 21, 528–549.

Asner, G., 1998. Biophysical and biochemical sources of variability in canopy reflectance.
Remote Sens. Environ. 64 (3), 234–253.

Asner, G.P., Martin, R.E., 2008. Spectral and chemical analysis of tropical forests: Scaling
from leaf to canopy levels. Remote Sens. Environ. 112 (10), 3958–3970.

Asner, G., Martin, R., 2009. Airborne spectranomics: mapping canopy chemical and
taxonomic diversity in tropical forests. Frontiers in Ecology and Environment 7 (5),
269–276.

Asner, G., Martin, R., Tupayachi, R., Anderson, C., Fl, S., Carranza-Jiménez, L., et al.,
2014. Amazonian functional diversity from forest canopy chemical assembly. Proc.
Natl. Acad. Sci. 111, 5604–5609.

Asner, G., Martin, R., Anderson, C., Knapp, D., 2015. Quantifying forest canopy traits:
imaging spectroscopy versus field survey. Remote Sens. Environ. 158, 15–27.

X. Ma, et al. Remote Sensing of Environment 233 (2019) 111368

11

http://www.try-db.org
http://www.try-db.org
https://doi.org/10.1016/j.rse.2019.111368
https://doi.org/10.1016/j.rse.2019.111368
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0005
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0005
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0005
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0010
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0010
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf5035
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf5035
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0015
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0015
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0015
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0020
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0020
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0020
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0025
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0025


Asner, G., Martin, R., Knapp, D., Anderson, C., Sinca, F., Vaughn, N., et al., 2017.
Airborne laser-guided imaging spectroscopy to map forest trait diversity and guide
conservation. Science 355, 385–389.

Baeten, L., Verheyen, K., Wirth, C., Bruelheide, H., Bussotti, F., Finér, L., et al., 2013. A
novel comparative research platform designed to determine the functional sig-
nificance of tree species diversity in European forests. Journal of PPEES Sources 15
(5), 281–291.

Batjes, N.H., 2016. Harmonized soil property values for broad-scale modelling
(WISE30sec) with estimates of global soil carbon stocks. Geoderma 269, 61–68.

Benavides, R., Valladares, F., Wirth, C., Müller, S., Scherer-Lorenzen, M., 2019.
Intraspecific trait variability of trees is related to canopy species richness in European
forests. Perspectives in Plant Ecology Evolution and Systematics 36, 24–32.

Bergen, K., Goetz, S., Dubayah, R., Henebry, G., Hunsaker, C., Imhoff, M., et al., 2009.
Remote sensing of vegetation 3-D structure for biodiversity and habitat: review and
implications for LiDAR and radar spaceborne missions. J. Geophys. Res. 114,
G00E06.

Bruelheide, H., Dengler, J., Purschke, O., Lenoir, J., Jiménez-Alfaro, B., Hennekens, S.,
et al., 2018. Global trait-environment relationships of plant communities. Nature
Ecology & Evolution 2, 1906–1917.

Butler, E., Datta, A., Flores-Moreno, H., Chen, M., Wythers, K., Fazayeli, F., et al., 2017.
Mapping local and global variability in plant trait distributions. Proc. Natl. Acad. Sci.
114 (51), E10937–E10946.

Chapin III, F., Matson, P., Vitousek, P., 2011. Species effects on ecosystem processes. In:
Principles of Terrestrial Ecosystem Ecology. Springer, New York, NY, USA, pp. 327.

Chen, S., Hong, X., Harris, C., Sharkey, P., 2004. Sparse modeling using orthogonal for-
ward regression with PRESS statistic and regularization. IEEE Transactions on
Systems, Man, and Cybernetics 34 (2), 898–911.

Clevers, J., Gitelson, A., 2013. Remote estimation of crop and grass chlorophyll and ni-
trogen content using red-edge bands on Sentinel-2 and -3. Int. J. Appl. Earth Obs.
Geoinf. 23, 344–351.

Colwell, J., 1974. Vegetation canopy reflectance. Remote Sens. Environ. 3, 175–183.
Cornelissen, J.H.C., Lavorel, S., Garnier, E., Diaz, S., Buchmann, N., Gurvich, D.E., Reich,

P.B., ter Steege, H., Morgan, H.D., 2003. A handbook of protocols for standardised
and easy measurement of plant functional traits worldwide. Aust. J. Bot. 51 (4),
335–380.

Dänescu, A., Albrecht, A., Bauhus, J., 2016. Structural diversity promotes productivity of
mixed, uneven-aged forests in southwestern Germany. Oecologia 182, 319–333.

de Bello, F., Lepš, J., Sebastià, M., 2006. Variations in species and functional plant di-
versity along climatic and grazing gradients. Ecography 29, 801–810.

Díaz, Cabido, 2001. Vive la différence: plant functional diversity matters to ecosystem
processes. Trends Ecol. Evol. 16 (11), 646–655.

Díaz, S., Lavorel, S., McIntyre, S., Falczuk, V., Casanoves, F., Milchunas, D., et al., 2007a.
Plant trait responses to grazing - a global synthesis. Glob. Chang. Biol. 13 (2),
313–341.

Díaz, S., Lavorel, S., de Bello, F., Quétier, F., Grigulis, K., Matthew Robson, T., 2007b.
Incorporating plant functional diversity effects in ecosystem service assessment. Proc.
Natl. Acad. Sci. 104 (52), 20684–20689.

Diaz, S., Kattge, J., Cornelissen, J., Wright, I., Lavorel, S., Dray, S., et al., 2016. The global
spectrum of plant form and function. Nature 529, 167–171.

Drusch, M., del Bello, U., Carlier, S., Colin, O., Fernandez, V., Gascon, F., et al., 2012.
Sentinel-2: ESA’s optical high-resolution mission for GMES operational services.
Remote Sens. Environ. 120 (C), 25–36.

Fassnacht, F.E., Latifi, H., Stereńczak, K., Modzelewska, A., Lefsky, M., Waser, L.T., et al.,
2016. Review of studies on tree species classification from remotely sensed data.
Remote Sens. Environ. 186, 64–87.

Fisher, R., Koven, C., Anderegg, W., Christoffersen, B., Dietze, M., Farrior, C., et al., 2018.
Vegetation demographics in earth system models: a review of progress and priorities.
Glob. Chang. Biol. 24 (1), 35–54.

Garnier, E., Shipley, B., Roumet, C., Laurent, G., 2001. A standardized protocol for the
determination of specific leaf area and leaf dry matter content. Funct. Ecol. 15 (5),
688–695.

Gherardi, L., Sala, O., 2015. Enhanced interannual precipitation variability increases
plant functional diversity that in turn ameliorates negative impact on productivity.
Ecol. Lett. 18, 1293–1300.

Gholizadeh, H., Gamon, J., Zygielbaum, A., Wang, R., Schweiger, A., Cavender-Bares, J.,
2018. Remote sensing of biodiversity: soil correction and data dimension reduction
methods improve assessment of α-diversity (species richness) in prairie ecosystems.
Remote Sens. Environ. 206, 240–253.

Gitelson, A.A., Merzlyak, M.N., 1997. Remote estimation of chlorophyll content in higher
plant leaves. Int. J. Remote Sens. 18 (12), 2691–2697.

Goetz, S., Steinberg, D., Dubayah, R., Blair, B., 2007. Laser remote sensing of canopy
habitat heterogeneity as a predictor of bird species richness in an eastern temperate
forest, USA. Remote Sens. Environ. 108 (3), 254–263.

Guanter, L., Kaufmann, H., Segl, K., Foerster, S., Rogass, C., Chabrillat, S., et al., 2015.
The EnMAP spaceborne imaging spectroscopy mission for Earth observation. Remote
Sens. 7 (7), 8830–8857.

Hansen, M.C., Potapov, P.V., Moore, R., Hancher, M., Turubanova, S.A.A., Tyukavina, A.,
Thau, D., Stehman, S.V., Goetz, S.J., Loveland, T.R., Kommareddy, A., Egorov, A.,
Chini, L., Justice, C.O., Townshend, J.R.G., 2013. High-resolution global maps of
21st-century forest cover change. Science 342 (6160), 850–853.

Harris, I.P.D.J., Jones, P.D., Osborn, T.J., Lister, D.H., 2014. Updated high-resolution
grids of monthly climatic observations–the CRU TS3. 10 Dataset. Int. J. Climatol. 34
(3), 623–642.

Hooper, D., Chapin III, J., Ewel, J., Hector, A., Inchausti, P., Lavorel, S., et al., 2005.
Effects of biodiversity on ecosystem functioning: a consensus of current knowledge.
Ecol. Monogr. 75 (1), 3–35.

Huete, A., 2004. Optical properties of earth surface materials. In: Artiola, J., Pepper, I.,
Brusseau, M. (Eds.), Environmental Monitoring and Characterization. Elsevier,
Burlington, MA, USA.

Inoue, Y., Guérif, M., Baret, F., Skidmore, A., Gitelson, A., Schlerf, M., Olioso, A., 2016.
Simple and robust methods for remote sensing of canopy chlorophyll content: a
comparative analysis of hyperspectral data for different types of vegetation. Plant
Cell Environ. 39 (12), 2609–2623.

Isbell, F., Gonzalez, A., Loreau, M., Cowles, J., Diaz, S., Hector, A., Mace, G.M., Wardle,
D.A., O'Connor, M.I., Duffy, J.E., Turnbull, L.A., Thompson, P.L., Larigauderie, A.,
2017. Linking the influence and dependence of people on biodiversity across scales.
Nature 546 (7656), 65.

Jetz, W., Cavender-Bares, J., Pavlick, R., Schimel, D., Davis, F., Asner, G., et al., 2016.
Monitoring plant functional diversity from space. Nature Plants 2, 16024.

Kattge, J., Díaz, S., Lavorel, S., Prentice, I., Leadley, P., Bönisch, G., et al., 2011. TRY - a
global database of plant traits. Glob. Chang. Biol. 17 (9), 2905–2935.

Knyazikhin, Y., Schull, M., Stenberg, P., Mõttus, M., Rautiainen, M., Yang, Y., et al., 2013.
Hyperspectral remote sensing of foliar nitrogen content. Proc. Natl. Acad. Sci. 110
(3), E185–E192.

Kokaly, R.F., Asner, G.P., Ollinger, S.V., Martin, M.E., Wessman, C.A., 2009.
Characterizing canopy biochemistry from imaging spectroscopy and its application to
ecosystem studies. Remote Sens. Environ. 113, S78–S91.

Kuenzel, C., Ottinger, M., Wegmann, M., Guo, H., Wang, C., Zhang, J., et al., 2014. Earth
observation satellite sensors for biodiversity monitoring: potentials and bottlenecks.
Int. J. Remote Sens. 35 (18), 6599–6647.

Laliberté, E., Legendre, P., 2010. A distance-based framework for measuring functional
diversity from multiple traits. Ecology 91 (1), 299–305.

Lamanna, C., Blonder, B., Violle, C., Kraft, N., Sandel, B., Šímová, I., et al., 2014.
Functional trait space and the latitudinal diversity gradient. Proc. Natl. Acad. Sci. 111
(38), 13745–13750.

Lausch, A., Banehr, L., Beckmann, M., Boehm, C., Feilhauer, H., Hacker, J., et al., 2016.
Linking earth observation and taxonomic, structural and functional biodiversity: local
to ecosystem perspectives. Ecol. Indic. 70, 317–339.

Lee, C., Cable, M., Hook, S., Green, R., Ustin, S., Mandl, D., et al., 2015. An introduction to
the NASA Hyperspectral InfraRed Imager (HyspIRI) mission and preparatory activ-
ities. Remote Sens. Environ. 167, 6–19.

Leuzinger, S., Körner, C., 2007. Tree species diversity affects canopy leaf temperatures in
a mature temperate forest. Agric. For. Meteorol. 146, 29–37.

Loozen, Y., Rebel, K., Karssenberg, D., Wassen, M., Sardans, J., Peñuelas, J., et al., 2018.
Remote sensing of canopy nitrogen at regional scale in Mediterranean forests using
the spaceborne MERIS Terrestrial Chlorophyll Index. Biogeosciences 15, 2723–2742.

Lymburner, L., Beggs, P., Jacobson, C., 2006. Estimation of canopy-average surface
specific leaf area using Landsat TM data. Photogrammetry Engineering & Remote
Sensing 66 (2), 183–191.

Mehmood, T., Liland, K., Snipen, L., Sæbø, S., 2012. A review of variable selection
methods in Partial Least Squares Regression. Chemom. Intell. Lab. Syst. 118, 62–69.

Mevik, B., Wehrens, R., 2007. The pls package: principal component and partial least
squares regression in R. J. Stat. Softw. 18 (2).

Mohammed Ali, A., Darvishzadeh, R., Skidmore, A., 2017. Retrieval of specific leaf area
from Landsat-8 surface reflectance data using statistical and physical models. IEEE
Journal of Selected Topics in Applied Earth Observations and Remote Sensing 10 (8),
3529–3536.

Mura, M., McRoberts, R., Chirici, G., Marchetti, M., 2015. Estimating and mapping forest
structural diversity using airborne laser scanning data. Remote Sens. Environ. 170,
133–142.

Musavi, T., Migliavacca, M., van de Weg, M., Kattge, J., Wohlfahrt, G., van Bodegom, P.,
et al., 2016. Potential and limitations of inferring ecosystem photosynthetic capacity
from leaf functional traits. Ecology and Evolution 6 (20), 7352–7366.

Ollinger, S., et al., 2008. Canopy nitrogen, carbon assimilation, and albedo in temperate
and boreal forests: functional relations and potential climate feedbacks. Proc. Natl.
Acad. Sci. 105 (49), 19336–19341.

Papale, D., Belli, C., Gioli, B., Miglietta, F., Ronchi, C., Vaccari, F.P., et al., 2008. ASPIS, a
flexible multispectral system for airborne remote sensing environmental applications.
Sensors 8, 3240–3256.

Paquette, A., Messier, C., 2011. The effect of biodiversity on tree productivity: from
temperate to boreal forests. Glob. Ecol. Biogeogr. 20, 170–180.

Pereira, H., Ferrier, S., Walters, M., Geller, G., Jongman, R., Scholes, R., et al., 2013.
Essential biodiversity variables. Science 339 (6117), 277–278.

Pérez-Harguindeguy, N., Díaz, S., Garnier, E., Lavorel, S., Poorter, H., Jaureguiberry, P.,
et al., 2011. New handbook for standardized measurement of plant functional traits
worldwide. Aust. J. Bot. 64, 715–716.

Pérez-Priego, O., Guan, J., Rossini, M., Fava, F., Wutzler, T., Moreno, G., et al., 2015. Sun-
induced chlorophyll fluorescence and photochemical reflectance index improve re-
mote-sensing gross primary production estimates under varying nutrient availability
in a typical Mediterranean savanna ecosystem. Biogeosciences 12 (21), 6351–6367.

Petchey, O.L., Gaston, K.J., 2006. Functional diversity: back to basics and looking for-
ward. Ecol. Lett. 9 (6), 741–758.

Pettorelli, N., Wegmann, M., Skidmore, A., Mücher, S., Dawson, T., Fernandez, M., Lucas,
R., et al., 2016. Framing the concept of satellite remote sensing essential biodiversity
variables: challenges and future directions. Remote Sensing in Ecology and
Conservation 2, 122–131.

Purschke, O., Schmid, B., Sykes, M., Poschlod, P., Michalski, S., Durka, W., et al., 2013.
Contrasting changes in taxonomic, phylogenetic and functional diversity during a
long-term succession: insights into assembly processes. J. Ecol. 101, 857–866.

R Core Team, 2017. R: A language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria.

Rocchini, D., Boyd, D., Féret, J., Foody, G., He, K., Lausch, A., et al., 2016. Satellite

X. Ma, et al. Remote Sensing of Environment 233 (2019) 111368

12

http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0030
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0030
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0030
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0035
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0035
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0035
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0035
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0045
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0045
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0055
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0055
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0055
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0060
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0060
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0060
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0060
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0065
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0065
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0065
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0070
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0070
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0070
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0080
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0080
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0085
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0085
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0085
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0105
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0105
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0105
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0115
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf5010
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf5010
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf5010
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf5010
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0125
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0125
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0050
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0050
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0130
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0130
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0135
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0135
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0135
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0140
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0140
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0140
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0145
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0145
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0150
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0150
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0150
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0155
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0155
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0155
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0165
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0165
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0165
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf5015
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf5015
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf5015
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0170
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0170
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0170
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0175
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0175
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0175
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0175
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0180
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0180
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0185
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0185
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0185
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0195
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0195
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0195
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf5000
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf5000
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf5000
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf5000
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0205
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0205
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0205
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0210
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0210
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0210
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0215
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0215
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0215
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0220
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0220
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0220
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0220
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf5025
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf5025
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf5025
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf5025
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0225
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0225
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0235
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0235
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0245
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0245
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0245
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf5040
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf5040
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf5040
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0250
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0250
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0250
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0255
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0255
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0260
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0260
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0260
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0265
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0265
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0265
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0270
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0270
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0270
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0275
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0275
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0285
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0285
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0285
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0290
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0290
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0290
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0300
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0300
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0305
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0305
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0310
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0310
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0310
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0310
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0325
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0325
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0325
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0330
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0330
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0330
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0335
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0335
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0335
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0340
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0340
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0340
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0345
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0345
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0350
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0350
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0355
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0355
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0355
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0360
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0360
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0360
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0360
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0365
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0365
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0370
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0370
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0370
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0370
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0380
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0380
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0380
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf5020
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf5020
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0400


remote sensing to monitor species diversity: potential and pitfalls. Remote Sensing in
Ecology and Conservation 2 (1), 25–36.

Rocchini, D., Luque, S., Pettorelli, N., Bastin, L., Doktor, D., Faedi, N., et al., 2018.
Measuring β-diversity by remote sensing: a challenge for biodiversity monitoring.
Methods in Ecology & Evolution 9, 1787–1798.

Ruiz-Benito, P., Gómez-Aparicio, L., Paquette, A., Messier, C., Kattge, J., Zavala, M.,
2014. Diversity increases carbon storage and tree productivity in Spanish forests.
Glob. Ecol. Biogeogr. 23, 311–322.

Scheiter, S., Langan, L., Higgins, S., 2013. Next generation dynamic global vegetation
models: learning from community ecology. New Phytol. 198, 957–969.

Schimel, D., Schneider, F., JPL Carbon and Ecosystem Participants, 2019. Flux tower in
the sky: global ecology from space. New Phytol. https://nph.onlinelibrary.wiley.
com/doi/full/10.1111/nph.15934.

Schlerf, M., Atzberger, C., Hill, J., Buddenbaum, H., Werner, W., Schüler, G., 2010.
Retrieval of chlorophyll and nitrogen in Norway spruce (Picea abies L. Karst.) using
imaging spectroscopy. Int. J. Appl. Earth Obs. Geoinf. 12 (1), 17–26.

Schneider, F., Morsdorf, F., Schmid, B., Petchey, O., Hueni, A., Schimel, D., et al., 2017.
Mapping functional diversity from remotely sensed morphological and physiological
forest traits. Nat. Commun. 8 (1), 1–57.

Scholes, R., Mace, G., Turner, W., Geller, G., Jürgens, N., Larigauderie, A., et al., 2008.
Toward a global biodiversity observing system. Science 321 (5892), 1044–1045.

Schrodt, F., Kattge, J., Shan, H., Fazayeli, F., Joswig, J., Banerjee, A., Reichstein, M.,
Bönisch, G., Díaz, S., Dickie, J., Gillison, A., Karpatne, A., Lavorel, S., Leadley, P.,
Wirth, C., Wright, I.J., Wright, S.J., Reich, P.B., 2015. BHPMF – a hierarchical
Bayesian approach to gap-filling and trait prediction for macroecology and functional
biogeography. Glob. Ecol. Biogeogr. 24 (12), 1510–1521.

Schweiger, A., Cavender-Bares, J., Townsend, P., Hobbie, S., Madritch, M., Wang, R.,
et al., 2018. Plant spectral diversity integrates functional and phylogenetic compo-
nents of biodiversity and predicts ecosystem function. Nature Ecology & Evolution 2,
976–982.

Singh, A., Serbin, S., McNeil, B., Kingdon, C., Townsend, P., 2015. Imaging spectroscopy
algorithms for mapping canopy foliar chemical and morphological traits and their
uncertainties. Ecol. Appl. 25 (8), 2180–2197.

Skidmore, A., Pettorelli, N., 2015. Environmental science: agree on biodiversity metrics to
track from space. Nature 523 (7561), 403–405.

Stavros, E.N., Schimel, D., Pavlick, R., Serbin, S., Swann, A., Duncanson, L., et al., 2017.
ISS observations offer insights into plant function. Nature Ecology & Evolution 1 (0),
194.

Thomas, S., Martin, A., 2012. Carbon content of tree tissues: a synthesis. Forests 3 (2),
332–352.

Thompson, P.L., Isbell, F., Loreau, M., 2018. The strength of the biodiversity-ecosystem
function relationship depends on spatial scale. Proc. R. Soc. B 285, 20180038.

Tilman, D., 2001. Functional diversity. In: Encyclopedia of Biodiversity. 3. pp. 109–120.

Tilman, D., Knops, J., Wedin, D., Reich, P., Ritchie, M., Siemann, E., 1997. The influence
of functional diversity and composition on ecosystem processes. Science 277 (5330),
1300–1302.

Townsend, P., Foster, J., Chastain, R., Currie, W., 2003. Application of imaging spec-
troscopy to mapping canopy nitrogen in the forests of the central Appalachian
mountains using Hyperion and AVIRIS. IEEE Trans. Geosci. Remote Sens. 41 (6),
1347–1354.

Trejo, D., Barois, I., Sangabriel-Conde, W., 2016. Disturbance and land use effect on
functional diversity of the arbuscular mycorrhizal fungi. Agrofor. Syst. 90 (2),
265–279.

Turner, W., 2014. Sensing biodiversity. Science 346 (6207), 301–302.
Ustin, S., Gamon, J., 2010. Remote sensing of plant functional types. New Phytol. 186,

795–816.
Vaglio Laurin, G., Chen, Q., Lindsell, J.A., Coomes, D.A., Del Frate, F., Guerriero, L., et al.,

2014a. Above ground biomass estimation in an African tropical forest with lidar and
hyperspectral data. ISPRS J. Photogramm. Remote Sens. 89, 49–58.

Vaglio Laurin, G., Chan, J.C.W., Chen, Q., Lindsell, J.A., Coomes, D.A., Guerriero, L.,
et al., 2014b. Biodiversity mapping in a tropical West African forest with airborne
hyperspectral data. PLoS One 9 (6), e97910.

Villéger, S., Mason, N., Mouillot, D., 2008. New multidimensional functional diversity
indices for a multifaceted framework in functional ecology. Ecology 89 (8),
2290–2301.

Wang, R., Gamon, J., 2019. Remote sensing of terrestrial plant biodiversity. Remote Sens.
Environ. 231, 111218.

Wang, R., Gamon, J., Schweiger, A., Cavender-Bares, J., Townsend, P., Zygielbaum, A.,
et al., 2018. Influence of species richness, evenness, and composition on optical di-
versity: a simulation study. Remote Sens. Environ. 211, 218–228.

Westoby, M., Falster, D., Moles, A., Vesk, P., Wright, I., 2002. Plant ecological strategies:
some leading dimensions of variation between species. Annu. Rev. Ecol. Syst. 33,
125–159.

Wold, S., Sjöström, M., Eriksson, L., 2001. PLS-regression: a basic tool of chemometrics.
Chemom. Intell. Lab. Syst. 58, 109–130.

Wright, I., Reich, P., Westoby, M., Ackerly, D., Baruch, Z., Bongers, F., et al., 2004. The
worldwide leaf economics spectrum. Nature 428, 821–827.

Wu, Z., Ahlström, A., Smith, B., Ardö, J., Eklundh, L., Fensholt, R., Lehsten, V., 2017.
Climate data induced uncertainty in model-based estimations of terrestrial primary
productivity. Environ. Res. Lett. 12 (6), 064013.

Xiao, Y., Zhao, W., Zhou, D., Gong, H., 2014. Sensitivity analysis of vegetation reflectance
to biochemical and biophysical variables at leaf, canopy, and regional scales. IEEE
Trans. Geosci. Remote Sens. 52 (7), 4014–4024.

Zhao, Y., Zeng, Y., Zheng, Z., Dong, W., Zhao, D., Wu, B., et al., 2018. Forest species
diversity mapping using airborne LiDAR and hyperspectral data in a subtropical
forest in China. Remote Sens. Environ. 213, 104–114.

X. Ma, et al. Remote Sensing of Environment 233 (2019) 111368

13

http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0400
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0400
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0405
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0405
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0405
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0410
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0410
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0410
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0415
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0415
https://nph.onlinelibrary.wiley.com/doi/full/10.1111/nph.15934
https://nph.onlinelibrary.wiley.com/doi/full/10.1111/nph.15934
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0435
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0435
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0435
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0445
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0445
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0445
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0450
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0450
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0455
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0455
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0455
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0455
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0455
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0460
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0460
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0460
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0460
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0480
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0480
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0480
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0485
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0485
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0495
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0495
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0495
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0500
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0500
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf5030
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf5030
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0505
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0510
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0510
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0510
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0520
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0520
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0520
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0520
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0525
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0525
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0525
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0535
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0540
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0540
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0545
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0545
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0545
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0550
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0550
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0550
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0560
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0560
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0560
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf5005
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf5005
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0565
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0565
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0565
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0575
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0575
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0575
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0580
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0580
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0585
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0585
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0590
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0590
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0590
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0595
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0595
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0595
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0600
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0600
http://refhub.elsevier.com/S0034-4257(19)30387-6/rf0600

	Inferring plant functional diversity from space: the potential of Sentinel-2
	Introduction
	Data and method
	FunDivEUROPE plot network
	In-situ leaf trait measurement
	Sentinel-2 spectral reflectance measurements
	Computing functional diversity from in-situ measurements
	Partial Least Squares Regression (PLSR)

	Results
	Investigate statistical relationship between FDis and Sentinel-2 measurements
	Quantify relative importance of different Sentinel-2 bands in predicting functional dispersion
	Exploring the potential of using compiled trait database to complement in-situ trait data

	Discussion
	Integrating in-situ and high-resolution satellite data for mapping FD across space
	Interpretations of the observed link between FDis and Sentinel-2
	Current limitations and future opportunities

	Conclusion
	Acknowledgement
	Supplementary data
	References




