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present the rationale and ﬁrst results of a Functional Biogeography exercise
collated 51,486 botanical relevés in French permanent grasslands
combined botanical relevés, seven key functional traits and environmental layers
provide country-wide predictions of forage digestibility through trait mapping
discuss the next challenges for functional biogeography
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a b s t r a c t
The effect of biodiversity on ecosystem functioning has been widely acknowledged, and the importance of the
functional roles of species, as well as their diversity, in the control of ecosystem processes has been emphasised
recently. However, bridging biodiversity and ecosystem science to address issues at a biogeographic scale is still
in its infancy. Bridging this gap is the primary goal of the emerging ﬁeld of functional biogeography. While the rise
of Big Data has catalysed functional biogeography studies in recent years, comprehensive evidence remains
scarce. Here, we present the rationale and the ﬁrst results of a country-wide initiative focused on the C3 permanent grasslands. We aimed to collate, integrate and process large databases of vegetation relevés, plant traits and
environmental layers to provide a country-wide assessment of ecosystem properties and services which can be
used to improve regional models of climate and land use changes. We outline the theoretical background, data
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availability, and ecoinformatics challenges associated with the approach and its feasibility. We provide a case
study of upscaling of leaf dry matter content averaged at ecosystem level and country-wide predictions of forage
digestibility. Our framework sets milestones for further hypothesis testing in functional biogeography and earth
system modelling.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Functional trait-based ecology has opened new avenues to help elucidate the assembly processes leading to the structure of ecological
communities on the one hand (McGill et al., 2006; Weiher et al.,
2011) and to link biodiversity and ecosystem processes on the other
hand (Chapin et al., 2000; Diaz and Cabido, 2001; Lavorel and Garnier,
2002; Eviner and Chapin, 2003; Cadotte et al., 2011). Ultimately, a
trait-based approach has the potential to provide a comprehensive
framework to link community assembly with ecosystem functioning.
Most work in this ﬁeld has been conducted at local scales (Lavorel and
Garnier, 2002; Garnier and Navas, 2012), and we still lack proof-ofconcept for the beneﬁt of functional approaches at a larger spatial
scale (but see e.g., Reich, 2012; Swenson et al., 2012; Lamanna et al.,
2014). The emerging discipline of functional biogeography – i.e., the
study of the geographical distribution of the functional attributes of organisms – attempts to ﬁll this knowledge gap (Violle et al., 2014).
The distribution of functional traits in communities depicts the
diversity and abundance of ecological strategies displayed by cooccurring species. Theoretical expectations suggest a link between the
properties of this trait distribution and ecosystem functioning and dynamics (Enquist et al., 2015). In particular, the mean trait value of a
community (Community-Weighted Means or CWM: the average value
of species traits weighted by their relative abundance in the community) is expected to provide an accurate snapshot of ecosystem properties
relevant to biogeochemical cycling (Garnier et al., 2004). This hypothesis is based on the “mass ratio hypothesis”: a species' trait will impact
ecosystem properties in proportion to the local abundance/biomass of
the species within the community (Grime, 1998). The mass ratio hypothesis has been tested by examining relationships between CWM of
plant traits and a number of ecosystem properties. For example, significant relationships have been established empirically between leaf
chemistry and litter decomposition (Cornwell and Ackerly, 2009),
between species relative growth rate, leaf structure and ecosystem net
primary productivity (Garnier et al., 2004; Vile et al., 2006; Reich,
2012), between leaf dry matter content and forage digestibility
(Gardarin et al., 2014). This framework therefore provides conceptual
and practical guidelines to scale up from individual organs to ecosystem
properties and, ultimately, to understand how changes in community
functional structure can impact ecosystem functioning (Lavorel and
Garnier, 2002). A functional perspective to biogeography needs to extend this framework to large spatial scales in order to provide proxies
of ecosystem properties at any point on earth (Violle et al., 2014). In
this perspective, a key milestone would be to provide continuous
maps of CWMs per biome. Ultimately, this information could help parameterize process-based Land Surface Models based on the functional
characteristics of vegetation surface (Van Bodegom et al., 2014).
How to proceed to design these CWM maps? Theoretically, a taxonfree approach could be applied through intense sampling of traits of organisms at a coarse geographic scale without any prior information
about taxonomy, but this approach is practically almost intractable. A
sensible alternative at these scales is to infer local CWMs metrics from
species' mean traits (Swenson and Weiser, 2010; Albert et al., 2011;
Swenson et al., 2012). While the importance of accounting for intraspeciﬁc phenotypic variation in functional biogeography is still debated
(Albert et al., 2011; Reich et al., 2014), extracting mean species trait
values from global databases appears a reasonable procedure at least
for most traits classically used in functional ecology (Kazakou et al.,
2014). The mapping of CWMs, and more generally of any moment of

the trait distribution (Enquist et al., 2015), requires a combination of
species' trait information with local ﬂoristic composition (Lavorel
et al., 2011). A main challenge thus consists in combining large heterogeneous databases, notably: species × sites matrices, trait databases and
environmental layers (Violle et al., 2014). Interestingly, the amount of
plot-based vegetation data (complete lists of species occurrence and
abundance) – hereafter vegetation relevés – collected by environmental
agencies, land-use managers and researchers (Schaminée et al., 2007,
2009) is a real gold mine for functional biogeography. The time is ripe
for vegetation ecology to meet ecosystem science since the raw data
and modelling frameworks are now available to provide spatially distributed vegetation parameters at a regional scale and to use them to
scale up to biogeochemical cycling (Reichstein et al., 2014).
In this paper we present the rationale and ﬁrst results of the
DIVGRASS project conducted at the CESAB, the French Centre for the
Synthesis and Analysis of Biodiversity. DIVGRASS aims to (i) integrate
and share existing knowledge about both taxonomic and functional
plant diversity, as well as about ecosystem properties and functioning
of the C3 French permanent grasslands, and (ii) combine this information to examine how plant functional diversity impacts biogeochemical cycling. To our knowledge, there has been no previous
attempt to integrate vegetation ecology and ecosystem science at
this spatial scale. The next sections of the paper illustrate the main
work ﬂow of the DIVGRASS initiative and include (i) a presentation
of the targeted C3 grasslands and the speciﬁc questions we addressed on
these ecosystems; (ii) the data availability for vegetation relevés and
plant traits and the methodological challenges we faced to collate
and integrate these databases; and (iii) a functional biogeography
case study showing the mapping of the CWM of a key functional
trait (leaf dry matter content, LDMC mg·g−1) and its use for modelling
a particular ecosystem property, namely forage digestibility for ruminants, at a country-wide scale. Finally, we provide perspectives for
functional biogeography including the predictions of other ecosystem
processes (e.g., Net Primary Productivity) using Land Surface Models
parameterized with spatially distributed CWMs, and highlight their
relevance to evaluate ecosystem services and to inform conservation
policies.
2. Permanent grasslands as a case study
Permanent grasslands are broadly deﬁned as “Land on which vegetation is composed of perennial or self-seeding annual forage species
which may persist indeﬁnitely. It may include either naturalized or cultivated forages” (Allen et al., 2011). According to European Union laws,
this deﬁnition is further restricted to grasslands that have been used for
at least ﬁve years to produce forage, and which have not been ploughed
nor re-seeded during this period (Plantureux et al., 2012). In France,
permanent grasslands are mainly found in regions producing fodder
where they account for more than 20% of the total land area: namely
the Pyrénées, Alps, Jura, Vosges, Massif Central for mountainous areas;
Normandy, Loire lower valley, Loraine, Champagne-Ardenne and the
marshes of Atlantic coast for plains (cf. Fig. 1A). The land area devoted
to permanent grasslands increased considerably between 1860 and
1970, mainly in the lowlands (Plantureux et al., 2012). This increase
was related to the regression of fallow and heathland, the increasing
ability to export dairy and meat products, and the necessity to cope
with agricultural disasters (e.g., phylloxera) (Huyghes, 2009). The area
occupied by grasslands has steadily decreased since 1970 as a consequence of the development of other fodder resources like maize silage
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or temporary grasslands, together with the conversion of permanent
grasslands to arable land and a decline in animal husbandry in the
mountains.
A ﬁrst achievement of the DIVGRASS initiative was to provide an
updated comprehensive 5 km resolution map of French Permanent
Grasslands – hereafter FPGs – by combining two sources of data
(Fig. 1A). First, we used the Corine Land Cover database (European Environment Agency, 2006) that maps the territory into homogeneous units
of 25 ha. Permanent grasslands are included in different Corine Land
Cover classes: grasslands (code 231), but also partly in heterogeneous
agricultural areas (code 24), natural grasslands (code 321) and possibly
in moors & heathlands (code 322) and inland wetlands (code 42). Second, we processed data from the Registre Parcellaire Graphique database
(Agence de Service et de Paiement; http://www.asp-public.fr/?q=
node/856). This administrative database provides detailed information
on land management based on on-farm survey data. This combination
of land cover and land management databases allowed us to estimate
accurately the current extent and spatial distribution of permanent
grasslands in France.
3. Vegetation and plant trait databases in the era of ‘big data’: an
ecoinformatics challenge
During the last decades, the explosion of data usable to address key
ecological issues (e.g., botanical relevés, organism specimens, phenotypic trait data, gene sequences) and the improvement of computing
tools have allowed the building of large databases. Although these databases constitute an invaluable wealth for the scientiﬁc community, their
compatibility, their accessibility and, a fortiori, their integration remain
problematic, especially in a perspective of multi-disciplinary analyses
(e.g., Reichman et al., 2011; Garnier and Navas, 2013; Hampton et al.,
2013). The diversity of variables involved makes this task inherently
complex and their integration is undoubtedly one of the major current
challenges in ecology (Jones et al., 2006; Kattge et al., 2011a,b; Wiser
et al., 2011; Jetz et al., 2012), and in functional biogeography in particular (Violle et al., 2014). Because data are currently stored in distributed
repositories and in heterogeneous formats (e.g., raster ﬁles of environmental layers, lists of species' occurrences per grid cell, various
measures of species abundance per vegetation relevés, individuals or
species by traits matrices, and phylogenetic trees), a major effort is
necessary whenever these data need to be integrated into a coherent
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ecoinformatics platform for analysis. One aim of the DIVGRASS project
was precisely to assemble plant community data (species' occurrences
and abundances) and plant trait data, along with multiple environmental
layers relevant to the characterization of climate, soil and land use within
such a coherent platform.
The number of FPGs vegetation relevés, plots of 50 to 100 m2 on average, that have been published in the “grey” literature or that have
remained unpublished is considerable (probably around 200,000
relevés). However, the integration of these data into a reference database has long been delayed and France is still represented as a “white
hole” in maps of available digitized plot-based vegetation data in
Europe (Schaminée et al., 2009). We aimed to ﬁll this gap by assembling
51,486 vegetation relevés, each representing a speciﬁc grassland situation, from multiple data sources (Table S1 in Supporting information),
combined into a unique data repository, the DIVGRASS database. The
data consist of visually estimated relative cover of all species present
in relevés using a 6-level abundance scale derived from the BraunBlanquet (1932) cover scale: [0%,1%], [1%,5%], [5%,25], [25%,50%],
[50%75%] and [75%,100%]. We used the median of each class to derive
a percentage cover for each species, i.e., 0.5%, 3%, 15%, 37.5%, 62.5%
and 87.5%, respectively. Most vegetation relevés were geo-located at
the municipality level with an uncertainty of a few kilometers. Importantly, we have been able to collate relevés for the most important
French forage regions (Fig. 1B). The vegetation relevés are dominated
by graminoids with ca. 20 species per plot (Fig. 2).
Plant traits reﬂect the outcome of evolutionary processes in the context of abiotic and biotic environmental constraints. They cover all the
aspects of plant structure and function from roots to leaves and the
whole plant, and from the simple attribution of plant growth form to
complex measurements of biochemistry and physiology (Weiher
et al., 1999; Westoby et al., 2002; Westoby and Wright, 2006; Violle
et al., 2007). They are usually measured at the level of individual plants
(McGill et al., 2006; Violle et al., 2007) for which taxonomy is identiﬁed
at the species level. As a consequence of the multiple and diverse aspects covered by plant traits and their long measurement history
(Westoby and Wright, 2006; Shipley, 2007; Garnier and Navas, 2013),
plant trait data are scattered across numerous small datasets all over
the world, are highly heterogeneous, and exhibit a low degree of standardization (Kattge et al., 2011a,b). There have been several initiatives
to integrate and standardize different plant trait datasets. However,
these initiatives were focused on speciﬁc regions (e.g., Kleyer et al.,

Fig. 1. (A) Spatial distribution of French permanent grasslands (FPGs) and (B) location of the 51,486 vegetation relevés collated in the DIVGRASS database. In (A), the green colour scale
represents the coverage (%) of French Permanent Grassland (FPG) in a 5 km × 5 km grid cell. This grassland mask has been produced through the combination of different sources (see text
for more details). In (B) the heat colour scale represents the number of relevés per pixel; red colour represents a number of relevés higher or equal to ten relevés in a grid cell. Grid cells
with a cover percentage of permanent grasslands lower than 20% are not shown (grey colour).
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Fig. 2. Distribution of functional groups in the DIVGRASS vegetation relevés. Here we provide the kernel density of the proportions for legumes, graminoids and forbs, three simple
a priori functional groups, in the DIVGRASS database.

2008) or speciﬁc trait spectra (e.g., Wright et al., 2004). The TRY initiative started in 2007 aiming to develop a global archive of plant traits
to make these data available for the scientiﬁc community (www.trydb.org) (Kattge et al., 2011a,b). Since then TRY has become a global network of vegetation scientists. Based on the integration of 215 datasets
the TRY database has achieved an unprecedented coverage of currently
about 5.6 million trait entries for about 1000 different plant traits and
100,000 plant species worldwide (status as of 03/2015).
In this paper we used the TRY database as the main source for trait
data. Based on the availability of trait data for species found in FPGs,
seven traits were retained and were incorporated into the DIVGRASS
ecoinformatics platform (Fig. 3): Speciﬁc Leaf Area (SLA, m2·kg− 1),
Leaf Area (LA, m2), Leaf Dry Matter Content (LDMC, mg·g−1), massbased Leaf Nitrogen Content (LNC_m, mg·g− 1), mass-based Leaf
Phosphorus Content (LPC_m, mg·g−1), Seed Mass (SM, mg) and plant
height (height, m) — see Garnier and Navas (2013) for the functional rationale to use these traits. Over the 4282 species occurring in the relevés
of the database, 3007 (70%) were also present in the trait database.
We also used local trait databases to increase data coverage and to
speciﬁcally assess the validity of using trait values from TRY in actual
settings (see Table S2 for the list of the trait databases used and related
references). Whether to use mean species traits to answer ecological
questions is currently hotly debated in the literature (Jung et al., 2010;
Albert et al., 2011, 2012; Violle et al., 2012; Cordlandwehr et al., 2013;
Kazakou et al., 2014). To further contribute to this debate, we compared
species' mean traits obtained from the TRY database with local trait
measurements, using the trait dataset from a previous project –
DivHerbe (Dumont et al., 2012; Gardarin et al., 2014) – also conducted
in FPGs (see “scaling” section below and Fig. 4). This latter dataset includes trait measurements for 180 species found in FPGs that cover a
wide range of climate and soil conditions within France, from subalpine
to Mediterranean grasslands.
Species names from the different datasets were harmonized using
TaxRef5 taxonomic referential database (Muséum National d'Histoire
Naturelle; http://inpn.mnhn.fr/telechargement/referentielEspece/
referentielTaxo?lg=en). To merge the taxonomy from vegetation
relevés and the trait database (TRY), all infraspeciﬁc ranks (subspecies,
variety, etc.) were replaced by their corresponding speciﬁc rank.
4. A call for a better characterization of environmental gradients
While trait axes are supposed to reﬂect niche and resource axes
(Westoby et al., 2002; Violle and Jiang, 2009), it is common to observe

noisy, inconsistent trait–environment relationships at large spatial
scales (Wright et al., 2005; Moles et al., 2014), the ﬁrst reason for
which is certainly the multiple, sometimes opposing factors that may
drive such relationships, since at these scales, gradients are inevitably
indirect (sensu Austin, 1980). But it is also important to stress that environmental gradients are often poorly quantiﬁed in ecology and agroecology (McGill et al., 2006; Garnier and Navas, 2012; Gaba et al.,
2014). Therefore we urgently call for a better characterization and quantiﬁcation of environmental gradients – including climate, soil and land
management – in a functional biogeography perspective. Speciﬁc efforts
were devoted to this issue in the context of the DIVGRASS project.
We used monthly means of air temperatures (°C) and monthly sums
of rainfall (mm) that are available at a 1 km resolution (AURELHY: Analyse Utilisant le RELief pour l'HYdrométéorologie) (Benichou and Le
Breton, 1986). Incoming net radiation accounting for topographic effects was calculated according to Piedallu and Gegout (2008). As input
to a soil water balance model, we used a Turc-based estimate of Potential Evapotranspiration (PET, mm). Soil Available Water Capacity (AWC)
was derived from the 1/1,000,000-scale Soil Geographical Database of
France, using the pedotransfer functions from Al Majou et al. (2008). A
one-bucket model was used to estimate the dynamics of the soil Available Water content (AW, m). Monthly climate time series were interpolated at a daily time step. For each pixel, AW of day n equalled AW of day
n − 1, plus precipitation and minus PET. AW was bound between 0 and
AWC. The model was run for 10 years with the same climate forcing to
estimate the yearly time course of AW. As an attempt to better assess
the environmental conditions actually sensed by the plants, we estimated the time available for plant growth by calculating an index for Growing Season Length (GSLtw hereafter) that accounts for both temperature
and soil water limitation to plant growth. GSLtw corresponded to the
number of days in the year for which (i) mean daily temperature was
above 5 °C and (ii) the ratio AW/AWC was above 0.2. This approach is
in line with previous studies in functional ecology (Gardarin et al.,
2014) and biogeography (Kikuzawa et al., 2013). All climate and soil
variables were spatially interpolated at the 5 km grid cell resolution to
match vegetation data.
Land management is still used poorly in functional biogeography
and biogeochemical modelling due to the scarcity and dispersion of
available information (see Klein Goldewijk, 2001; Reidsma et al.,
2006). However, such information is crucial to understand the controls
over the structure and functioning of human-driven ecosystems like permanent grasslands (Reidsma et al., 2006; Garnier and Navas, 2013). Here,
we collated information about nitrogen input (sum of organic fertilization, mineral fertilization and nitrogen deposition) at the French national
level from the census of the French Ministry of Agriculture (http://www.
statistiques.developpement-durable.gouv.fr, platform Nopolu-Agri). We
used this estimate as a proxy for the intensity of land management. Nitrogen input was available for each of the French councils (“cantons”). The
average council area is about 8 km2, which is in the order of magnitude
of the climate grid cell resolution and the accuracy of most vegetation
data geolocation.
5. Scaling up from organismal traits to forage digestibility
Together with the amount and the timing of dry matter production,
forage quality is a critical component of herbage nutritive value to domestic ruminants, and thus a major service delivered by grasslands to
animal husbandry. It can be estimated by the measurement of dry matter digestibility of green material, which provides a synthetic measure
of the amount of energy available for herbivores in plant constituents
(Bruinenberg et al., 2002). A central question, which has both fundamental and applied aspects, is to understand the relative effects of
environment and vegetation (functional) composition on the variations
of forage digestibility. Recently, Gardarin et al. (2014) performed a
multi-site analysis of the drivers of forage digestibility in permanent
grasslands. They showed that its variation across ecosystems could be
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Fig. 3. Trait availability in the plant traits module of the DIVGRASS ecoinformatics platform. We used seven key plant traits of ecological interest. The x-axis represents the species' frequency in the relevés module of the DIVGRASS platform, based on occurrence data across vegetation relevés. The y-axis represents the proportion of species for which trait values are available in
the Plant traits' module of the DivGrass platform (black colour: available values; grey colour: lack of data). Traits are ordered by decreasing data availability (n = total number of species
with available trait values). Leaf nitrogen and phosphorus contents are mass-based values.

captured successfully by a single leaf trait averaged at the community
level (CWM), namely Leaf Dry Matter Content (LDMC, mg·g−1). The relationships were strikingly consistent among sites, with the same slope,
while the intercepts were dependent on local climatic conditions. In the
context of the functional biogeography approach followed in DIVGRASS,
we built on these results to map forage digestibility at a country-wide
scale as described below.
We ﬁrst calculated CWMs values for LDMC for the 51,486 relevés as:
CWM ¼

X

p
i i

LDMCi

ð1Þ

where pi is the relative abundance of species i in the relevé (community
level) and LDMCi is the LDMC value of species i taken from the TRY
database.
To test the reliability of this procedure we compared (i) trait values
taken from TRY with those collected on-site from the DivHerbe project
(Gardarin et al., 2014) for the 167 species in common, and (ii) on-site

CWM values of the 100 DivHerbe plots with CWM values calculated
using local species abundances of the DivHerbe plots and species average LDMC values taken from TRY. In both cases, we found a highly signiﬁcant correlation between on-site measurements and TRY-based
estimates (Fig. 4).
Second, we established relationships between environmental variables available at the French national scale (see section on environmental gradients above) and CWM LDMC calculated from the vegetation
relevés (Fig. 1B and Table S1) and LDMC values taken from the
DIVGRASS database. The best variable describing variations in CWM
LDMC at the biogeographical scale was GSLtw, and our data show that
CWM LDMC signiﬁcantly decreases with increasing GSLtw (R2 = 0.18).
Importantly this relationship was strengthened by incorporating
nitrogen input as a proxy for land-use intensiﬁcation (model:
LDMC_CWM LDMC ~ GSLtw × nitrogen input, R 2 = 0.30: Fig. 5).
Other results from the DIVGRASS project have shown that the gradient
of GSLtw is correlated signiﬁcantly with a gradient of primary productivity
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Fig. 4. A comparison between on-site leaf dry matter content (LDMC, mg·g−1) and LDMC values extracted from the TRY database at both species and community levels. (A) A species-level
comparison. Each dot corresponds to the mean LDMC value of a given species extracted from a local dataset (the DivHerbe dataset) (x-axis) or from the TRY database (y-axis) (n = 167
species). (B) A community-level comparison. Each dot corresponds to the community Weighted Mean (CWM) of Leaf Dry Matter Content (CWM LDMC) of a DivHerbe vegetation relevé
using local (on-site) LDMC measurements (x-axis) or LDMC value extracted from TRY (y axis) (n = 100 relevés). Rho represents the Spearman's correlation coefﬁcient.
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estimated from remotely sensed NDVI (Normalized Difference Vegetation
Index) (data not shown). Overall, these ﬁndings suggest that leaf dry
matter content tends to decrease with increasing environmental
favourability, as previously reported at a local scale (McIntyre, 2008;
Hodgson et al., 2011). Our analysis also showed that LDMC tends to decrease with increasing nitrogen inputs (Fig. 5). This emphasizes the importance of including land use layers when examining trait variation
along abiotic gradients.
Third, the CWM LDMC − GSLtw × nitrogen input relationship was
used to map the spatial variation of CWM LDMC across FPGs (Fig. 6A).
We performed a cross-validation test to assess the reliability of this

Fertilization = 10 kg/ha
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Fertilization = 150 kg/ha
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extrapolation (2/3 of the dataset used for data training and 1/3 for the
test randomly sampled 1000 times). The distribution of R2 (0.31 [0.20,
0.40]) for this test proves the reliability of the transfer function and
the accuracy of the map. Next, we applied the equation proposed by
Gardarin et al. (2014) to provide a map of forage digestibility across
these grasslands from values of CWM LDMC. Note that in the Divherbe
dataset, forage digestibility is not affected by higher moments – in
particular variance, kurtosis and skewness – of the trait distribution
(R b 0.06, P N 0.07). Gardarin et al. (2014)'s equation is site-speciﬁc
with an inﬂuence of the potential evaporation during the growing
season in the site (PETDivHerbe). As this variable was not estimated in
the same way in DIVGRASS, we used a correction coefﬁcient to make
cross-climate grid extrapolations: we estimated the potential evapotranspiration during the favourable growing season (period with AW/
AWC ≥ 0.2 and mean daily temperature ≥ 5 °C) at each DIVGRASS site
(PETDivGrass) (Fig. 6B) and compared these values to PETDivHerbe values.
Based on this relationship, the following correction was then applied:
PETDivGrass = 111 + 1.47 ∗ PETDivHerbe. The combined impacts of LDMC
and PET on digestibility across FPGs are shown in Fig. 6C. Our low dimensional model of digestibility indicates that a difference of 100 mg/
g in CWM LDMC translates into a difference of 130 g/kg in digestibility.
By comparison, a 100 mm difference in PET has two to three times less
effect on digestibility. Given that the range of values reported for PET in
FPGs is two to three times larger than that for CWM LDMC, we conclude
that functional composition and bioclimate have about the same weight
in determining digestibility in FPGs. This hints at the importance of taking information and data of different types into account (a combination
of community functional structure and climate in this example) to scale
ecosystem properties in the context of functional biogeography.
6. Conclusions and future directions

GSLtw (days)

Fig. 5. Community Weighted Mean of Leaf Dry Matter Content (CWM LDMC) as a function
of Growing Season Length estimated through temperature and water limitations (GSLtw,
days). This ﬁgure shows the negative relationship between Community Weighted Mean
of Leaf Dry Matter Content (CWM LDMC) of the DIVGRASS relevés aggregated at the
grid cell level (5 km × 5 km, n = 2145, with at least 3 relevés per grid cell) and GSLtw.
GSLtw values were estimated by using a simple one-bucket model accounting for water
availability in soil and mean annual temperature dynamics (see text for details). Three regression lines of the relationship between CWM LDMC and GSLtw are given for three nitrogen input levels as examples. R2 gives the adjusted coefﬁcient of determination of the
model (CWM LDMC ~ GSLtw × nitrogen input).

DIVGRASS is an example of the ecological issues that can be tackled
when data of different nature originating from dispersed sources are
combined. Notably, we demonstrated the relevance of vegetation ecology to ecosystem science. Functional biogeography takes advantage of
trait-based approaches which were ﬁrst developed at local scales, to answer large-scale questions including the assessment of country-wide
biogeochemical cycling and ecosystem services. In particular, we
showed how knowledge of the link between a functional trait, leaf dry
matter content (LDMC), and an ecosystem property, forage digestibility,
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Fig. 6. Mapping of Leaf Dry Matter Content (CWM LDMC) of permanent grasslands across France, potential evapotranspiration during the growing season and predicted forage digestibility. (A) Community Weighted Mean of Leaf Dry Matter Content (CWM LDMC) for permanent grasslands mapped at the grid cell level using the Growing Season Length and the linear
relationship obtained in Fig. 5; (B) Cumulated evapotranspiration during the growing season for French permanent grasslands; (C) Forage digestibility derived from the CWM LDMC
map, the cumulated Hargreaves' evapotranspiration during the growing season and the equation parameters proposed by Gardarin et al. (2014) (see text for more details).

can be spatially scaled. The R2 of the environment–community-level
LDMC relationship found here (Fig. 5) is remarkably high compared to
previous attempts using species-level data (e.g., Moles et al., 2014)
and we were able to validate the accuracy of spatial extrapolation of
LDMC thanks to a cross-validation test. Given the absence of on-site
measurements of forage digestibility covering the whole country, we
were not able to validate the predicted map of digestibility. However
given the relevance of forage digestibility for livestock, we advocate
that such an approach paves the way towards a more quantitative assessment and mapping of ecosystem services delivered by grasslands.
A systematic exploration of the linkage between environment, plant
traits, ecosystem properties and services will improve the assessment
of trade-offs among ecosystem services at the biogeographical scale
(Lavorel et al., 2011; Lamarque et al., 2014) and our understanding of
the complex relationships between biodiversity and ecosystem services
(Mace et al., 2012; Lavorel, 2013). Finally, while exploring the relevance
of CWMs as a driver of biogeochemical cycling is a key ﬁrst step, the remaining challenge is to assess how the other moments of the trait distribution inﬂuence ecosystem processes at large scales (Enquist et al.,
2015). Indeed, several local and experimental studies found a signiﬁcant
role of the trait variance (or other derived functional metrics) in the regulation of ecosystem processes (Lavorel, 2013) like grassland carbon
ﬂuxes (e.g., Milcu et al., 2014). However the relationships between
higher moments of trait distributions and environmental variables are
often very weak at a biogeographical scale (Swenson et al., 2012;
Šímová et al., 2015), which may result in strong uncertainties in a scaling exercise.
The DIVGRASS project illustrates the complexity of the functional
biogeography approach, which requires an intricate sequence of procedures to merge different heterogeneous data sources into a comprehensive ecoinformatics platform. We have identiﬁed several challenges in
the integration process. First, taxonomy resolution and standardization
are pivotal but considered as a recurrent problem in (comparative) biology (Dayrat, 2005). Even if informatics tools now exist to assist in taxonomic validation and standardization (Boyle et al., 2013), vegetation
science is still confronted by the heterogeneous reliability of ﬁeld observations. Moreover, we have to make strong assumptions when linking
full taxonomy (accounting for authority) in vegetation relevés to partial
(binomial) taxonomy in trait databases. It will be urgent to test the sensitivity of functional biogeography outcomes to such uncertainties in
taxonomy. Second, we emphasized data availability issues for all the
types of data we have used. Soil characteristics and land use are key to
assess the drivers of vegetation changes and functioning but there is little reliable information at large scales. However, in the context of this

project, we could beneﬁt from unique country-wide soil and land use
databases available for France. Collating historical vegetation relevés is
often biased by the unbalanced sampling efforts towards patrimonial
plant communities (e.g., the species-rich dry calcareous meadows). Finally, for all the studied traits, trait availability increased with species
frequency (Fig. 3). In other words, trait data were more available for frequent species than for rare species. This remains an important, although
underestimated, bias in functional biogeography, especially with respect to the higher moments of trait frequency distributions. For instance, while the detection and localization of functional rarity has
been identiﬁed as an important task to accomplish (Mouillot et al.,
2013; Violle et al., 2014), this looks like an elusive goal in the shortterm given current availability of trait data. Collectively, while the emergence of functional biogeography is concomitant with the rise of the era
of ‘Big Data’ in biology and environmental science in particular, data
availability remains a major obstacle for the further development of
this ﬁeld.
A next step is to incorporate knowledge of plant functional diversity
within the framework of process-based Land Surface Models (LSMs)
that simulate energy partitioning and nutrient cycling in the soil–atmosphere continuum. LSMs currently oversimplify the representation of
vegetation by distinguishing a limited number of Plant Functional
Types (PFTs) based on broad categorization: herbaceous/trees, evergreen/deciduous needle leaves/broad leaves, C3/C4 photosynthetic
pathway and boreal/temperate/tropical climate and by prescribing a
set of ﬁxed parameter values to each of these PFTs. This long-standing approach in earth system modelling (Verheijen et al., 2013; Wullschleger
et al., in press) neglects within-PFT variations, how these variations are related to drivers such as land management and bioclimate and how they
may respond to changes in these drivers. A main challenge in Land Surface Modelling is therefore to target the relevant facet of functional diversity to include in LSMs as well as to provide case studies examining the
pitfalls of neglecting within-PFT variation of functional diversity (Ziehn
et al., 2011; Verheijen et al., 2013; Van Bodegom et al., 2014;
Wullschleger et al., in press). In this context, our ongoing work attempts
(i) to provide continuous maps of key functional traits involved in biogeochemical cycling — such as Leaf Nitrogen Content, Speciﬁc Leaf Area, for
the individual PFTs, (ii) to use these spatially distributed vegetation traits
to improve the parameterization of Land Surface Models and, ﬁnally, (iii)
to assess the sensitivity of LSM outputs – e.g., primary productivity – to
within-PFT trait variation.
Functional biogeography is still in its infancy and evidence is needed
to show that the approach is an improvement over species-based biogeography to better understand the links between biodiversity and
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ecosystem functioning (Reichstein et al., 2014). In this paper we have
shown how functional biogeography capitalizes on the extensive knowledge of changes in plant community composition and functional trait
values along broad environmental gradients. Second, the paper is
tightly connected to (i) experimental studies that manipulate biodiversity to investigate biodiversity-functioning relationships in semicontrolled environments and (ii) observational studies that examine both plant diversity and ecosystem properties across a
range of sites. Finally, it proposes an integrated framework that
connects key questions in biodiversity (e.g., what are the determinants
of species and plant trait assembly, and what are the drivers of their dynamics?) and in ecosystem science — (e.g., what are the effects of climate, land use and biodiversity changes on biogeochemical cycling?).
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