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Abstract

1. A recent analysis of variation in six major traits conducted on a large worldwide

sample of vascular plant species showed that three-quarters of trait variation
was captured by a two-dimensional global spectrum of plant form and function
(“global spectrum” hereafter). We developed the PhenoSpace application, whose
aim is to visualize and export the position of any individual/population/species in

the phenotypic space of the global spectrum.

. PhenoSpace is a Shiny application that helps users to manipulate and visualize

data pertaining to the global spectrum of plant form and function. It is freely ac-

cessible at the following URL: https://shiny.cefe.cnrs.fr/PhenoSpace/.

. PhenoSpace has three main functionalities. First, it allows users to visualize the

phenotypic space of the global spectrum using different combinations of traits
and growth forms. Second, trait data from any new user-defined dataset can be
projected onto the phenotypic space of the global spectrum, provided that at least
two of the six traits are available. Finally, figures produced and loadings of the
imported data on the PCA axes can be downloaded, allowing users to conduct

further analyses.

. PhenoSpace fulfills the practical goal of positioning plants in the phenotypic space

of the global spectrum, making it possible to compare trait variation at any level of
organization against the worldwide background. This serves a major aim of com-
parative plant ecology, which is to put specific sets of individuals, populations or
species into a broader context, facilitating comparison and synthesis of results
across different continents and environments using relevant indicators of plant

design and function.
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1 | INTRODUCTION

Traits, which are measurable properties of individuals related to
their functioning and modulating their fitness (Calow, 1987; McGill
et al., 2006; Violle et al., 2007), are key to study biodiversity from
a functional perspective (Enquist et al., 2015; Garnier et al., 2016;
Lavorel et al., 2007 for reviews). In plants, an established body of
research has been devoted to the identification of key traits allow-
ing a synthetic description of phenotypes in a way that is relevant
to their functioning and ecology (Grime, 1977; Laughlin, 2014;
Weiher et al., 1999; Westoby, 1998). A recent study conducted
on the largest dataset ever compiled of six major traits critical
to growth, survival, and reproduction and measured on a sam-
ple of vascular plant species distributed worldwide, showed that
three-quarters of trait variation could be captured in a two-di-
mensional “global spectrum of plant form and function” (“global
spectrum” hereafter: Diaz et al., 2016). One major dimension re-
flects the size of whole plants and their parts, while the other rep-
resents the leaf economics spectrum (Wright et al., 2004), which
runs from quick to slow return on investments of nutrients or dry
mass in leaves. As a major advance in our understanding of plant
phenotypes, this global spectrum provides a backdrop for describ-
ing species from a functional perspective using relevant axes of
variation (discussed in Diaz et al., 2016; Westoby et al., 2002).
We, therefore, expect extensive use of this phenotypic space as
a reference in plant trait-based research (907 citations to the Diaz
et al., 2016 paper in Google Scholar as of 4 August 2020). In this
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context, we developed the application PhenoSpace, which fulfills
the practical goal of positioning plants in the phenotypic space of
the global spectrum, making it possible to compare trait variation
at any level of organization against the worldwide background.
This serves a major aim of comparative plant ecology, which is
to put specific sets of individuals, populations or species into a
broader context, facilitating comparison and synthesis of results
across different continents and environments using relevant func-
tional axes. More precisely, PhenoSpace allows one to: (a) visualize
the outcome of various multivariate analyses run with the original
dataset compiled by Diaz et al. (2016) or subsets thereof; (b) proj-
ect and visualize any user-defined dataset in the phenotypic space
of the global spectrum; and (c) download figures produced by the
user and/or coordinates of the imported dataset on the PC axes of

plant size and the leaf economics spectrum.

2 | THE FUNCTIONALITIES OF
PHENOSPACE

Shiny is an R package that makes it easy to build interactive web
applications from R (Chang et al., 2019). PhenoSpace, the Shiny
application presented here, is designed to help users manipulate
and visualize data pertaining to the global spectrum. It is available
at the following URL: https://shiny.cefe.cnrs.fr/PhenoSpace/. Its
functionalities, accessible from three different tabs, are described
below.

TABLE 1 Traits involved in the phenotypic space of the global spectrum of plant form and function (Diaz et al., 2016) and their functional
significance (Garnier et al., 2016; Pérez-Harguindeguy et al., 2013 for details), together with their abbreviations and units. Definitions are
taken from the thesaurus of plant characteristics (TOP: Garnier et al., 2017)

Range of variation in
the Diaz et al. (2016)

Trait Definition Functional significance Abbreviation  Unit dataset
Adult plant height  The shortest distance between Light capture, above-ground H m 0.001-90
the upper boundary of the competition, dispersal
photosynthetic tissues of an adult distance of seeds
plant and the ground level
Stem specific The ratio of the mass of the stem or Growth potential versus SSD mg/mm3 0.06-1.39
density a unit thereof assessed after drying mortality risk from
to its volume assessed without biomechanical or hydraulic
drying failure
Leaf area The area of a leaf in the one-sided Light interception, energy LA mm? 0.79-2.79 x 10°
projection balance
Leaf mass per The ratio of the dry mass of a leaf Photosynthetic rate, leaf LMA g/m2 4.9-1,507
area to its area longevity, seedling relative
growth rate
Leaf nitrogen The ratio of the quantity of nitrogen  Protein content (RubisCo), N ass mg/g 2.48-68.98
content per unit in the leaf and its dry mass photosynthetic rate
mass
Seed dry mass The mass of a seed assessed after Dispersal and regeneration SM mg 3.0x 10 % to
drying strategy, seedling 2.05 x 10?
competition

?Excluding Pteridophytes.
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2.1 | Visualizing the phenotypic space of the
global spectrum

The first functionality of PhenoSpace (“Customize the PCA” tab) is to
display the outcomes of multivariate analyses based on the original
dataset explored by Diaz et al. (2016).

Six traits are involved in the definition of the phenotypic space of
the global spectrum (Table 1 for definitions, units of expression, and
functional significance): adult plant height (H), stem specific density
(SSD), the area of a leaf (LA), leaf mass per area (LMA), leaf nitrogen

content per unit mass (N , and seed or spore dry mass (SM). The

mass)
species geometric mean values of the six traits were log-transformed
to fulfill normality assumptions, centered and scaled before the anal-
ysis. PhenoSpace allows dynamic visualization of the loadings of the
2,214 species available in the original dataset on any combination of
components of the principal components analyses (PCA) run either
on these six traits or on any user-defined subsets of these traits. The
user can also choose to display data for species of all growth forms
available in the original dataset (herbs, shrubs, trees, and others), or

only for a selection of these growth forms. When a selection is made,

anew PCA is run using the corresponding subset of the dataset.

Boxplots at the top of the page show the ranges of values for the
selected traits covered by the selected species (Figure 1). By default,
principal components 1 and 2 of the PCA run on all six traits for
all species are displayed (Figure 1a) which corresponds to Figure 2a
shown in Diaz et al. (2016). The correlation circle (showing the cor-
relation between the traits and the principal components) was su-
perimposed to the plot using a scaling factor. Arrows ending close
to the dotted circle describe traits that are well represented on the
selected plane. Figure 1b shows the result of a new PCA in which
only four traits (H, LA, LMA, and SM) and one growth form (herba-
ceous species) are used.

On the PCA representation, a density area showing the occur-
rence probability of species in the trait space is shown as a color gra-
dient (from red = highest to white = lowest) as in Diaz et al. (2016). In
PhenoSpace, the “Colored area” section allows representing alterna-
tive density areas using subsets of species according to their growth
forms (Figure 1c for example).

Finally, the position of a set of species selected by the user
among the 2,214 species available in the original dataset can be ex-
plicitly represented in the dynamically displayed phenotypic space
(Figure 1d for examples).

2.2 | Plotting data onto the phenotypic space of the
global spectrum

The second functionality of PhenoSpace (“Project your data” tab)
allows the projection of new data from an uploaded file onto the
user-defined phenotypic space of the global spectrum. Therefore,
any dataset providing values for at least two of the six traits can be

easily compared with the worldwide trait distribution.

The first step is to prepare a csv file that contains the data to be
projected. Trait values should be organized in columns whose head-
ings correspond to the abbreviations of trait names spelt out exactly
as shown in Table 1. Trait values should be expressed in the units
shown in Table 1, and no data transformation is required before the
upload. Each line of the dataset can describe an individual, a popula-
tion, a species or even a community (“entity” hereafter). Entities with
missing values (coded NA) are excluded from the analysis. No data
completion or gap-filling method is performed in the application. If
it is considered useful for a specific dataset, it should be performed
by the user before uploading the file. Extracolumns are allowed and
can subsequently be used to identify subsets of data on the plot (see
below).

The following conditions must be verified on the application set-
ting before uploading the file: (a) the separator and decimal charac-
ters are well specified on the “Project your data” tab; and (b) if the
imported file misses any of the six traits from the original dataset,
they should be unticked on the “Customize the PCA” tab. The csv
file can then be uploaded by clicking on the “Browse button” on the
“Project your data” tab.

Once the importation is completed, entity trait values from
the imported dataset are visualized as (a) boxplots drawn for each
trait, displayed next to those showing the distribution of trait val-
ues from the original global spectrum dataset (top of the page);
and (b) additional data points appearing on the selected plane of
the PCA (Figure 2). For the latter, the imported data are treated as
inactive individuals in the PCA: The projection of each entity on
the PCA planes is calculated using the trait loadings on the prin-
cipal components of the global spectrum (see section 2.1). The
background plane of the PCA onto which the data are projected
is thus unaltered.

The optional extracolumns in the data file can be used to identify
data points according to the attributes of the criteria specified in
the column (which can be quantitative or qualitative). Here, we show
an example of the projection of 55 plant species representative of
five successional stages (from recently abandoned agricultural fields
or rangelands to mature forests) in Mediterranean southern France
(see Navas et al., 2010) on the global spectrum (Figure 2). The suc-
cessional stage was used as qualitative criteria to color the species

points in the PhenoSpace app.

2.3 | Download figures and tables

The third tab (Downloads) allows the user to save the figures in a
png, pdf, or svg format specifying the image size and resolution (for
png files). Color changes and the manipulation of graphic elements
can be easily done on vector graphics (svg format) once downloaded.
When a dataset is projected onto the PCA, entity coordinates on
the principal components can be downloaded in an automatically
produced csv file. These coordinates are added to the originally up-
loaded table as extracolumns. The file also contains a header de-

scribing the list of traits and the number of species from the original
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FIGURE 1 Screenshots showing the PhenoSpace page displays (“Customize the PCA” tab) for different selections of variables and species
groups. (a) all traits and species from the original dataset analyzed in Diaz et al. (2016); (b) plots for herbaceous species using only four

traits: Plant height (H), Leaf area (LA), Leaf mass per area (LMA) and Seed dry mass (SM); (c) distinct density areas for the three main growth
forms (for each growth form, the 0.50 and 0.95 density areas are represented); (d) positions of four species (1 Arabidopsis thaliana, 2 Datura
stramonium, 3 Quercus alba, and 4 Sequoia giganteum) in the plane defined by the first two components of the PCA run on the whole dataset
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Table 1 for trait abbreviations
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dataset that has been used to run the PCA (see section 2.1). These
coordinates can be used for further analyses. For example, the co-
ordinates of the 55 plants species studied in Navas et al. (2010) on
the two first components of the global spectrum were downloaded
from PhenoSpace. The five successional stages were then compared
using a posthoc analysis on these coordinates (Tukey tests, Figure 3).
We found that early-successional species had lower values than late-
successional species on the size axis (PC1) while no difference be-

tween stages was found on the leaf economics axis (PC2).

3 | DISCUSSION AND CONCLUSION

The final sentence of the Diaz et al. (2016) paper reads: “The global
spectrum of plant form and function is thus, in a sense, a galactic
plane within which we can position any plant -from star anise to sun-
flower - based on its traits.” More specifically, it provides a common
basis for further trait-based multivariate analyses. PhenoSpace helps
to fulfill the practical goal of positioning plants quickly and simply
in this phenotypic space, making it possible to compare trait varia-
tion at any level of organization against the worldwide background.
This can be done not only for species, but also for populations or
genotypes within species, or even for higher taxonomic ranks or
communities. PhenoSpace is a service to the community, which is in
principle similar to, for example, the taxonomic name resolution ser-
vice (TNRS, Boyle et al., 2013) or the calculator developed by Pierce
et al. (2017) to allocate positions to species/populations in Grime's
plant strategy scheme (see below). It provides a web interface that
allows one to compute entities coordinates in the global spectrum
in a very simple way what could otherwise be done only with much
more effort or not at all.

Here, we discuss three benefits of using this phenotypic space
as a reference, instead of running independent analyses for new
datasets. First, principal component analyses are generally pre-
ceded by scaling of trait data aiming to compare the variation of
several traits, although expressed in different units and covering
various ranges of values. This procedure often uses the distribu-
tion observed in the dataset as areference, giving equal weightings

to the range of values covered by each trait in the construction of

principal components. However, it is rarely assessed whether the
observed distributions cover a significant range of values, as com-
pared to global datasets. The imbalance of trait representativeness
can lead to a distortion of the resulting PCA. For example, center-
ing and scaling a dataset that includes low variation in size traits
but large variation in leaf traits, regarding global distribution, will
result in a PCA, which over-disperses entities on the size axis as
compared to the leaf axis. In PhenoSpace, we used the worldwide
distribution of trait values to center and scale the imported trait
data, resulting in a more accurate description of the multivariate
trait variation. Second, a low range of values or a small number of
entities can result in an inaccurate estimation of trait covariations.
In these cases, one can consider that the use of large datasets such
as the original dataset explored by Diaz et al. (2016) is more appro-
priate to construct a meaningful multivariate space. PhenoSpace
relies on this idea as imported data are considered as inactive
entities in the PCA. Finally, there is an increasing interest in the
description of volume and shapes of phenotypic hypervolumes
(Blonder, 2018). The global spectrum provides a standardized mul-
tivariate space for each set of traits, from which hypervolumes of
projected data can be computed (using the download functional-
ity, see section 2.3) and easily compared.

PhenoSpace is an open source project (available on a GitHub
repository at: https://github.com/jsegrestin/phenospace). The ap-
plication will be regularly updated to make sure that it provides the
most detailed phenotypic space of plants as our understanding and
description of plant phenotype improves. We will therefore work in
close collaboration with plant trait databases (e.g., the TRY database,
see Kattge et al., 2011, 2020) to include new species and/or traits in
future versions of the application. Our decision rule will be to include
a new trait when data are available for a large amount of species in
common with the current global spectrum and displays a wide range
of variation. The version number, a report detailing the new features,
and links to old versions of the application will be available on the
webpage.

PhenoSpace could also be further developed to position enti-
ties in phenotypic spaces already defined with sets of traits dif-
ferent from those of the global spectrum. Two schemes would be

particularly interesting in this perspective. The first one is that of
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the leaf economics spectrum (Wright et al., 2004), which is exten-
sively used to position species along an axis of resource acquisi-
tion and conservation, and involves the six following leaf traits:

photosynthetic and respiration rates, LMA, N leaf phosphorus

mass’
content per unit mass and leaf life span. The second one is the
CSR ecological strategy scheme (Grime, 1977, 2001), in which en-
tities are assigned scores on axes characterizing their degree of
competitive ability (C), stress-tolerance (S), and ruderality (R) from
the values of their traits. Using either the algorithm developed by
Hodgson et al. (1999) based on seven traits or that recently pro-
posed by Pierce et al. (2017) based on three leaf traits, any species
could then be positioned in the CSR triangular ordination in a way
similar to what has been done here to place species in the PCA
planes.

The current and future versions of PhenoSpace will serve a major
aim of comparative plant ecology, which is to put specific sets of
individuals/populations/species/communities into a broader context
(Diaz et al., 2016), allowing one to synthesize results across different
continents and environments using relevant indicators of plant func-
tioning (cf. Westoby et al., 2002). Future developments may not only
be based on existing schemes of phenotypic spaces but could also
incorporate other relevant functional dimensions as our understand-

ing of plant phenotypes improves.
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