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Abstract

Motivation: Trait data are fundamental to quantitatively describe plant form and function. Although root
traits capture key dimensions related to plant responses to changing environmental conditions and effects
on ecosystem processes, they have rarely been included in large-scale comparative studies and global
models. For instance, root traits remain absent from nearly all studies that define the global spectrum of
plant form and function. Thus, to overcome conceptual and methodological roadblocks preventing a
widespread integration of root trait data into large- scale analyses we created the Global Root Trait
(GRooT) Database. GRooT provides ready-to-use data by combining the expertise of root ecologists with
data mobilization and curation. Specifically, we (i) determined a set of core root traits relevant to the
description of plant form and function based on an assessment by experts, (ii) maximized species

coverage through data standardization within and among traits, and (iii) implemented data quality checks.

Main types of variables contained: GRooT contains 114,222 trait records on 38 continuous root traits.

Spatial location and grain: Global coverage with data from arid, continental, polar, temperate, and

tropical biomes. Data on root traits derived from experimental studies and field studies.

Time period and grain: Data recorded between 1911 and 2019

Major taxa and level of measurement: GRooT includes root trait data for which taxonomic information is
available. Trait records vary in their taxonomic resolution, with sub-species or varieties being the highest
and genera the lowest taxonomic resolution available. It contains information for 184 sub-species or
varieties, 6,214 species, 1,967 genera and 254 families. Due to variation in data sources, trait records in

the database include both individual observations and mean values.

Software format: GRooT includes two csv file. A GitHub repository contains the csv files and a script in R

to query the database.
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1. Introduction

Plant traits have been used for describing multiple aspects of plant species’ fitness and realized
performance, including growth, survival, and reproduction (Grime, 1977; Calow, 1987; Geber & Griffen,
2003; Reich et al., 2003; Adler et al., 2014; Diaz et al., 2016). Moreover, traits can illustrate how species
respond to environmental variability and disturbances (Grime, 1974; Keddy, 1992; Pausas et al., 2004;
Bruelheide et al., 2018; Minden & Olde Venterink, 2019; Wieczynski et al., 2019) and reveal species
effects on ecosystem functions (Diaz & Cabido, 2001; Lavorel & Garnier, 2002; Breitschwerdt et al., 2018;
Craven et al., 2018). While root traits are likely to capture key dimensions of plant form and function, plant
evolutionary history, and responses to environmental variability (Bardgett ef al., 2014; Laliberté, 2016;
Freschet et al., 2017; Valverde-Barrantes et al., 2017; Ma et al., 2018; Kong et al., 2019), they remain
underrepresented in large-scale comparative studies and global models. Accordingly, root traits remain
absent from nearly all existing studies that define the global spectrum of plant form and function (Wright et
al., 2004; Chave et al., 2009; Reich, 2014; Diaz et al., 2016) but see Averill et al., (2019).

Conceptual and methodological challenges have deterred widespread data integration of root traits into
global trait databases. Conceptually, the functional importance of some root traits has yet to be formally
established, which may preclude their use in large-scale analyses (Aubin et al., 2016). Methodologically,
quantifying root traits is labor-intensive and there are technical difficulties in obtaining accurate
measurements (e.g., Delory et al., 2017). Further, large variation in methodologies precludes data
standardization and integration within traits. Specifically, while traits are characteristics measurable at the
individual plant level (Violle et al., 2007); root traits may be measured in different ways, increasing the
number of trait variables. For example, data for root nitrogen uptake are separated into eight trait
variables (lversen et al., 2017). While coordinated initiatives such as the Fine-Root Ecology Database
(FRED; Iversen et al., 2017) and the Plant Trait Database (TRY; Kattge et al., 2011, 2020) have compiled
valuable root trait data, these databases still face many of these conceptual and methodological

challenges associated with root traits.

FRED has been essential in terms of fine-root trait data mobilization, being the largest contributor of root
trait data to TRY (Kattge et al., 2020). FRED contains approximately 300 root trait variables; this high
resolution of root variables allows users to investigate a broad set of research questions. However,
barriers remain when using these root trait data in the context of large-scale comparative studies. For
example, the number of trait variables can be overwhelming, particularly for non-root specialists. Further,
a large number of trait variables have few data records, limiting data quality checks. For example, TRY
performs data standardization and intensive data quality checks for traits with more than 1,000 records

(Kattge et al., 2020), yet most root traits have fewer records than this threshold. In addition, some trait
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variables that are not directly comparable in terms of definitions and units have been aggregated by type
on TRY, for example, root type/root architecture. Therefore, using these data requires that one first
disaggregates these traits (e.g., by establishing links between trait names and definitions) and then
standardizes trait values. Finally, accurate global assessments on root trait data availability, in terms of
geographic or phylogenetic coverage, are essential to identify data gaps and to work towards increasing

representativeness in large-scale comparative studies and dynamic global vegetation models.

To overcome these roadblocks, we have created the Global Root Trait (GRooT) Database. The main
objective of GRooT is to make root trait data ready-to-use, particularly in the context of large-scale
analyses. To do so, we first provide a set of core root traits that are considered to be relevant for
describing plant form and function. Trait selection builds on the compilation of standardized trait
measurements in a new handbook on root traits (Freschet et al., submitted) and an assessment by
experts on root traits. In addition, we improved data coverage by compiling information from existing
databases, mobilizing new data and standardizing data across methodologies within and among traits.
Further, we curated and performed data quality checks for each root trait in GRooT and make these data
publicly available. Secondly, we provide within GRooT a unique overview of global root trait availability in
terms of geographic and phylogenetic coverage. We envision that our advanced root trait database will be

informative to global trait-based models and help to guide future measurement initiatives.

2. Methods

2.1 Data acquisition and compilation

GRooT includes root trait data provided directly from researchers, extracted from literature, or from large

databases such as FRED version 2.3 (https://roots.ornl.gov/; lversen et al., 2017, 2018)

and TRY version 4.1 (https://www.try-db.org; Kattge et al., 2011, 2020). In total, GRooT includes data from
919 publications via FRED, 38 datasets via TRY and 12 additional datasets (Appendix 1, Data References).

GRooT was assembled by first determining which root traits are most relevant in terms of describing plant
form and function (Table 1 and Supporting information Tables S1 and S2). To build towards an ontology
of root traits, we standardized trait names across data sources (Supporting information Table S3) and
matched them with names from the new handbook of root traits (Freschet et al., submitted).
Subsequently, we checked available trait variables (> 700) to establish (i) which variable was associated
with pre-selected relevant root traits, (ii) which variables would be the most pertinent for each root trait
based mostly on the handbook of root traits; (Freschet et al., submitted), and (iii) which variables could be
standardized across methodologies within or among traits. Within traits, we aggregated comparable trait

variables into a single unique trait, e.g., specific root respiration was combined into a unique trait,


https://doi.org/10.1101/2020.05.17.095851
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.17.095851; this version posted May 19, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

independent of it being measured as Oz consumption or COzrelease (Supporting information Table S3).
Among traits, we re-calculated values for traits that could be standardized, such as (i) data on the root-to-
shoot ratio for the calculation of root mass fraction (RMF) and (ii) data on stele diameter for the calculation
of the stele fraction (Supporting information Table S3 and Fig S1). After this process, we retained those
relevant traits with data for more than 50 plant species in the database (Table 1), because traits with lower
species coverage seemed less helpful for large-scale analyses involving many species. Traits under this

threshold — while still relevant — are currently excluded from GRooT (Supporting information Table S2).

In GRooT, we only included trait records for which taxonomic information was available and excluded trait
records where data was taken at the community level, i.e., from species mixtures. Trait records varied in
their taxonomic resolution, with sub-species or varieties and genera being the highest and lowest
taxonomic resolution available, respectively. We used the generic term of “root”, which includes any kind
of root entity (e.g. established using either diameter cut-offs, orders, or functionality). While the need to
analyse root entities separately (e.g., separating between fine and coarse roots; root orders or diameter
cut-offs; or absorptive and transport roots) is generally recommended by a range of recent syntheses
(McCormack et al., 2015; Freschet & Roumet, 2017), which entity is most suitable may vary strongly
depending on the research question (Freschet & Roumet, 2017). Therefore, we have included information
in GRooT that allows one to select data based on root entities (Supplementary information Table S4). We
urge future data contributors to provide information about root entities and data users to consider this

issue carefully.

GRooT includes selected meta-data for each trait record, when available, such as taxonomic information,
experimental conditions, sampling procedure, geographic location, date, as well as climatic and soil
variables (Supporting information Table S5). Moreover, we have included additional information for each
trait record including species growth form, photosynthetic pathway, and woodiness (Supporting
information Table S5). We extracted this information from TRY and the Global Inventory of Floras and

Traits (GIFT; Weigelt et al., 2019), or from general web research (e.g., Flora of China (www.efloras.org),

SEINet (swbiodiversity.org), USDA (plants.usdy.gov, and Southwest Desert Flora
(southwestdesertflora.com)) when the information was not available in the aforementioned databases. We
also included the present or absent ability to grow clonally and bud bearing information at the species
level on GRooT based on the CLO-PLA Database (CLO-PLA; http://clopla.butbn.cas.cz/; KlimeSova &
Bello, 2009; KlimeSova et al., 2017, 2019). For data collected under field conditions, biome classification

according to Képpen-Geiger was included using the “kgc” R Package (Bryant et al., 2017).

We added information on qualitative root traits as mycorrhizal association type and nitrogen (N2)-fixing

capacity by interconnecting existing databases. For mycorrhizal type, we extracted data from the
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“FungalRoot: Global online database of plant mycorrhizal associations” (Soudzilovskaia et al.). Mycorrhizal
assignments were made at the genus level for plant species for which the mycorrhizal status is, according
to current knowledge, conserved at this level (Soudzilovskaia et al.). We included both, standardized
mycorrhizal types (named: mycorrhizalAssociationTypeFungalRoot) and mycorrhizal type from the original
source (named: mycorrhizalAssociationType) in the database. For N2-fixation capacity, we extracted data
from the “Global database of plants with root-symbiotic nitrogen fixation: NodDB Database” (version 1.3a;

Tedersoo et al., 2018) at the genus level.

2.2. Data curation and quality control

We cross-checked references associated with each dataset to avoid data redundancy, which was mostly
generated by (i) a dataset being submitted to multiple databases or (ii) databases including the dataset
from different sources, e.g., submitted by the main authors versus extracted from literature, or the same
data being used in multiple papers. When datasets or references appeared in multiple data sources, we
performed manual checks to ensure the removal of redundant measurements while ensuring that
complementary information was not removed. In some cases, data contributors were contacted directly to
avoid dataset overlaps. Despite these efforts, there is the possibility that some redundant information
remains in GRooT, which is most likely restricted to instances where data has been used in multiple

publications.

GRooT contains original species names (as provided by the main source) and standardized species
names. We standardized original species names using the Taxonomic Name Resolution Service version
4.0, i.e., TNRS, (http://tnrs.iplantcollaborative.org/; Accessed: September 2019; Boyle et al., 2013),

selecting the best match among The Plant List version 1.1. (http://www.theplantlist.org/; accessed: 19 Aug

2015), Global Compositae Checklist (GCC; http://compositae.landcareresearch.co.nz/Default.aspx;
accessed: 21 Aug 2015), International Legume Database and Information Service(ILDIS;
http://www.ildis.org/; accessed: 21 Aug 2015), Missouri Botanical Garden’s Tropicos Database

(http://www.tropicos.org, accessed 19 Dec 2014), and the USDA'’s Plant Database (http://plants.usda.gov,

accessed: 17 Jan 2015). In addition, we obtained plant taxonomic order from ”taxize” R package version

0.9.4 (Chamberlain & Szdcs, 2013).

We checked trait records to ensure that data were in standardized units. Potential mistakes were checked
in the original sources, corrected when possible or excluded when values were unreasonable (e.g.,
negative values for nutrient concentrations or percentages greater than 100). We calculated the error risk
as the number of mean standard deviations (across all species within trait) from the respective species

mean (named: errorRisk), following TRY protocol (TRY; Kattge et al., 2011, 2020) — but not implemented
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across root traits in TRY. We reported the number of data entries used to calculate the error risk per
species (named: ErrorRiskEntries), with error risk robustness increasing when based on multiple
replicates (preferable more than 10 data entries). Normal distribution was checked for each trait and
logarithmic transformations were used before calculating error risk scores when required. Large error risk
scores can indicate potential measurement errors. Yet they can also reflect intra-specific variation. Thus,
we did not use error risk scores to remove trait records from the database but provide them to be used at

the users’ discretion.

2.3 Data use guidelines and data availability

GRooT contains two csv files and an R script. The first csv file named GRooTFullVersion.csv provides root
trait data at the highest resolution available (either trait values from individual replicates or mean values
per study), information to filter data by entities (Supporting information Table S4), meta-data (Supporting
information Table S5), and error risk scores. The second file named GRooTAggregateSpeciesVersion.csv
provides mean, median, and quantiles (0.25 and 0.75) of species values. The R script named
GRooTExtraction includes code to calculate error risk and the steps to calculate the mean, median and
quantiles (0.25 and 0.75) of species values. The code of the R script is customizable, including options to
calculate mean values by excluding trait records based on the error risk, and to select data based on root
entities (Supporting information Table S4) or relevant covariables such as root vitality (McCormack et al.,
2015). GRooT is public and will be maintained in a GitHub repository
(https://github.com/GRooT-Database/GRooT-Data). We encourage users to report mistakes, suggestions

to improve the database and contribute data (https://groot-database.github.io/GRooT/).

3. Description of the data

GRooT includes 38 root traits, 38,276 species-by-site mean values based on 114,222 trait records (Table
1, Supporting information Figs S2 to S14). GRooT includes more than 1,000 species with data on the
following nine traits: root mass fraction, root carbon and nitrogen concentration, lateral spread, root
mycorrhizal colonization intensity, mean root diameter, root tissue density, specific root length, and
maximum rooting depth. Data were collected in experimental microcosm studies (20.2% and 1.3% of
species-by-site mean values from potted and hydroponic experiments, respectively), field studies (71.4%
of species-by-site mean values; including field observations and field or common garden experiments), or
were unspecified (7.1% of species-by-site mean values). Root trait coverage from field studies varies
geographically across the globe (Fig 1). Regions such as North America, Europe, and Asia are well-
covered, while there are consistent gaps in other regions such as Africa and South America. These
geographic patterns are observed in terms of number of species as well as number of traits measured per

site.
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Phylogenetically, data in GRooT cover all major clades of vascular plants, i.e., pteridophytes,
gymnosperms, basal angiosperms, monocots, magnoliids, basal eudicots, superrosids and superasterids
(Fig 2a), with data for 254 families. However, phylogenetic gaps are observed for traits related to key
categories such as anatomy, architecture, dynamics, and physiology. When accounting for the number of
vascular species included in GRooT (n = 6,214 species across 254 families), the average number of traits
per species within family ranges between two to 14, with an overall average of four traits for species
across the phylogeny. When accounting for the number of vascular species accepted globally (based on
The Plant List; n = 316,110 species across n = 442 families), the average number of traits per species

within family ranges from zero to eight traits, with an overall average of <1 traits for species (Fig 2b).

4. Discussion

GRooT is a uniquely important step towards the inclusion of root traits in large-scale comparative studies
and global models by integrating expert knowledge, data mobilization, standardization, curation and open
accessibility. In terms of geo-referenced data from field studies, GRooT has highest coverage in North
America, Europe, and Asia, especially for chemical and morphological traits, reflecting the capability for
large-scale studies in these regions. In terms of phylogenetic coverage, data in GRooT include the major
clades of vascular plants, with, on average, four traits included per species. Thereby, phylogenetic
coverage in GRooT opens the possibility to use the data in large-scale phylogenetic studies like analyses
of trait conservatism (Valverde-Barrantes et al., 2017; Averill et al., 2019) or assessments of trait

relationships and trade-offs across the phylogeny.

GRooT also helps highlighting remaining barriers to integrate root trait data on global analyses.
Particularly, data availability of certain relevant but hard-to-measure root traits related to physiology,
mechanical properties and root dynamics generally remain scarce (Supplementary Information Table S2).
Moreover, while GRooT contains global data with a wide geographical range, the species coverage in
South America and Africa remains limited irrespective of trait type, reflecting overall biases in global
ecological observations (Martin et al., 2012; Cornwell et al., 2019). Thus, targeted initiatives in these
regions, such as that by Addo-Danso et al. (2019), are fundamental. While GRooT includes around 6,500
species, initiatives to increase the representativeness of species for families with highest species richness,

such as Fabaceae, Fagaceae, Orchidaceae, and Poaceae, are also required.

GRooT can be used for — but is not restricted to — studying macroecological and functional biogeography
(Violle et al., 2014), assessing global belowground trait-environmental relationships as known from
aboveground approaches (Bruelheide et al., 2018), detecting fundamental ecological patterns such as the

root economic space (Bergmann et al., 2020) or trade-offs and coordination among organs in the plant
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economic spectrum (Freschet et al., 2010). Furthermore, GRooT facilitates the integration of root traits
into studies of related scientific disciplines, e.g. soil science and agronomy (Wood et al., 2015; Martin &
Isaac, 2018). The completion of this standardized, curated and publicly-available database provide
immediate benefit to the research community from ready-to-use data (Gallagher et al., 2019) and provide
additional direction helping experts to identify gaps that need to be filled to increase completeness of

global root trait data.
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Biosketch

The Global Root Trait Research Team is a group of root ecologist interested on contributing towards the
inclusion of root traits in large-scale comparative studies and global models by offering standardized and

publicly curated data of key root traits. The team built GRooT during two synthesis workshops on root
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traits (sRoot working group) and with the help of external researchers. We have also developed
interconnections with other databases, creating innovative linkages and facilitating the use of
complementary information among databases. Our goal is to provide accessible information to overcome
the conceptual and methodological roadblocks limiting the use of root traits by a wide community of
ecologist and biogeographers assessing topics such as global belowground trait-environmental
relationships, detecting ecological patterns such as the root economic space or trade-offs and

coordination among organs in the plant economic spectrum.
Data availability

GRooT is publicly available, the database csv files and the script in R to query the database are stored in a
GitHub repository (https://github.com/GRooT-Database/GRooT-Data).
GitHub page: (https://groot-database.github.io/GRooT/).
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Table 1. Root traits included in GRooT. For each trait, standardized units, number of species, and number
of species-by-site mean values are presented. Traits are categorized based on McCormack et al. (2017)
and Freschet et al. (submitted). See Supporting information Table S1 for trait definitions.

Traits Units # # Mean Qu. Median Qu.
species Species (0.25) (0.75)
by site
Anatomy
Root cortex thickness pgm 151 180 207.8 76.9 153.2 300.4
Root stele diameter pm 318 491 185.9 57.9 104.1 204.4
Root stele fraction % 352 534 0.13 0.05 0.08 0.15
Root xylem vessel numbert = number mm-2 96 97 4438 2325 3828 5847
Root vessel diameter! um 125 125 9.2 4.2 6.5 9.1
Architecture
Root branching ratio number 173 189 3.52 245 3.12 4.30
number’
Root branching density* number cm-’ 216 247 2.79 1.62 2.17 3.35
Belowground allocation
Root mass fraction gg’ 1348 3527 0.40 0.24 0.36 0.54
Chemistry
Root structural mg g 185 228 567.9 443 .1 620.0 692.6
carbohydrate concentration
Root lignin concentration mg g™ 311 401 164.2 96.5 153.5 203.2
Root carbon concentration = mg g’ 1099 2328 417.3 388.2 416.7 455.5
Root nitrogen mg g 1719 3619 12.5 7.8 10.8 15.5
concentration
Root phosphorus mg g 486 1284 1.33 0.74 1.10 1.61
concentration
Root carbon-to-nitrogen mg mg"’ 925 1308 41.6 25.3 35.8 51.5
ratio
Root nitrogen-to- mg mg"’ 154 154 13.7 6.0 10.6 19.0
phosphorus ratio
Root calcium concentration = mg g™ 169 915 5.10 244 3.38 5.57
Root potassium mg g’ 167 891 6.88 3.65 5.95 8.92
concentration
Root magnesium mg g™ 146 862 2.55 1.39 2.09 3.27
concentration
Root manganese mg g™ 52 89 0.22 0.10 0.16 0.29
concentration
Dynamics &
decomposition
Root production” g m2yrt 116 201 397.5 116.6 230.0 436.8
Root lifespan mean days 80 98 696.2 252.5 377.0 734.5
Root lifespan median days 60 65 324.8 149.5 255.7 357.9
Root turnover rate yr 126 251 0.79 0.21 0.55 1.04
Root litter mass loss rate yr' 232 289 1.92 0.27 0.67 2.51
Horizontal plant mobility
Lateral spread” cmyr' 1398 1398 7.92 0.50 6.80 13.0
Microbial associations
Root mycorrhizal % 2405 2529 40.5 9.4 40.0 64.5
colonization intensity™
Morphology
Mean root diameter mm 1628 2845 0.44 0.22 0.36 0.55
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Root dry matter content gg’ 431 1499 0.22 0.15 0.22 0.28
Root tissue density gcm? 1465 3291 0.25 0.1 0.20 0.34
Specific root area cm?g’ 477 707 617.7 179.1 385.8 728.4
Specific root length m g’ 1973 3407 88.7 18.9 47.4 113.0
Physiology & respiration

Net uptake rate of nitrogen = pmol g-'day’ 68 68 49.5 32.3 52.6 64.8
Specific root respiration nmol g's™ 248 408 21.7 7.0 14.6 32.7
System & distribution

Fine root mass-to-leaf mass g g™ 143 176 2.39 0.08 0.32 2.30
ratio

Coarse-to-fine root mass gg’ 128 130 10.6 1.7 5.0 12.8
ratio

Root mass density gcm? 152 260 0.13  0.0001 0.02 0.13
Root length density cm cm® 122 178 4.10 0.43 1.82 5.80
Maximum rooting depth m 1024 1782 2.21 0.50 1.10 2.00

This information can be used to calculate theoretical root specific hydraulic conductance (Valenzuela-
Estrada et al., 2009).

*This information needs to be interpreted with caution, since the included total root length can vary across
studies.

"This trait can be measured via minirhizotrons or ingrowth cores and both measurements lead to
contrasting results.

“Lateral spread by clonal growth: while this trait is not categorized as a trait of the root system per se, was
included because its influence on root growth (KlimeSova & Bello, 2009).

*Qualitative microbial association traits including mycorrhizal association type and nitrogen fixing capacity
are included in GRooT (see Supporting information Table S5).

“*Mycorrhizal colonization intensity is based mostly on data for arbuscular mycorrhizal colonization.
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Figure 1. Maps depicting all geo-referenced data from field studies included in GRooT. Circles indicate range of species per site, e.g., 1-2 species,
2-4 species, successively, or trait per site, e.g., 1-2 traits, 2-4 traits successively.
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Figure 2. Phylogenetic coverage of root traits in GRoOT. Panel (a) shows the average distribution of root
traits per species in GRooT across the phylogeny (n = 6,214 species across n = 254 families) and panel
(b) shows GRooT phylogenetic coverage based on the accepted species by The Plant List (n = 316,110
species across n = 442 families). Tip and inner ring color depict mean number of traits per species in a
family while dark blue color indicates families with lower number of traits per species. The outer ring
represents major clades of vascular plants and the bars in this ring represent the family size (proportional
to the logarithm base 10) either based on the number of species per family included in GRooT or the

number of accepted species per family globally (Panel a and b, respectively).
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Supporting Information

Table S1. Definitions and units of root traits included in GRooT. Definitions based on the handbook of root traits (Freschet et al., submitted), FRED
guidelines (lversen et al., 2018) and CLO-PLA (KlimeSovéa & Bello, 2009; KlimeSova et al., 2017, 2019). Traits categorization based on the
handbook of root traits and McCormack et al (2017).

Traits Units Definitions

Anatomy

Root cortex thickness gm Thickness of the ring of cortical cells beginning outside the stele and extending to the
root epidermis

Root stele diameter pum Diameter of root stele

Root stele fraction
Root xylem vessel number
Root vessel diameter

%
number mm-
um

Root cross-sectional area that is occupied by the stele
Root xylem vessel number per root stele area
Root vessel diameter

Architecture

Root branching ratio number Number of roots on a given order divided by the number of roots in the higher order
number-"

Root branching density number cm™  Number of laterals on a given length unit of total root lengtht

Belowground allocation

Root mass fraction gg’ Ratio of root dry mass per total plant standing dry biomass

Chemistry

Root structural carbohydrate mg g™ Root cellulose and hemicellulose content per root mass

concentration

Root lignin concentration mg g™ Mass of lignin per root dry mass

Root carbon concentration mg g™ Mass of C per root dry mass

Root nitrogen concentration mg g™ Mass of N per root dry mass

Root phosphorus concentration mg g™ Mass of P per root dry mass

Root carbon to nitrogen ratio gg’ Ratio of carbon to nitrogen in root by mass

Root nitrogen to phosphorus ratio gg’ Ratio of nitrogen to phosphorus in root by mass

Root calcium concentration mg g™ Mass of Ca per root dry mass

Root potassium concentration mg g™ Mass of K per root dry mass

Root magnesium concentration

mg g’

Mass of Mg per root dry mass
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Root manganese concentration mg g’ Mass of Mn per root dry mass

Dynamics & decomposition

Root production g m2yr’ Dry mass of root produced per soil volume and per year

Root lifespan days Time between birth and death of a root

Root turnover rate year' Root dry mass production per dry mass of a given pool of roots over a period of time

Root litter mass loss rate year' Dry mass lost by roots per initial dry mass of the roots per unit time

Horizontal plant mobility

Lateral spread cm yr! Distance a clonal plant grows laterally in one year

Microbial associations

Root mycorrhizal colonization % Percentage length of roots colonized by fungi

intensity

Morphology

Mean root diameter mm Mean diameter of the root sample

Root dry matter content gg’ Dry mass of root per unit fresh root mass

Root tissue density gcm Dry mass of root per unit volume of fresh root

Specific root area cm?g’ Surface area of a root per unit dry mass

Specific root length mg’ Length of a root per unit dry mass

Physiology & respiration

Net uptake rate of nitrogen pumol g'd™ Amount of labelled nitrogen accumulated within a plant individual per unit dry mass and
time*

Specific root respiration nmol g's™ Amount of CO: released or O2 absorbed by root per unit root dry mass per unit of time

System & distribution

Fine root mass to leaf mass ratio gg’ Ratio of fine-root mass to leaf mass

Coarse to fine root mass ratio gg’ Ratio of coarse root biomass to fine root biomass

Root mass density gcm Mass of roots per unit soil volume

Root length density cmcm Length of roots per unit soil volume

Maximum rooting depth m Maximum soil depth at which roots occur

tAs the total root length in the category can vary across studies, this information needs to be interpreted with caution.

* Combined uptake of 15N as NO3-, NH4+ or glycine tracers in 24h per shoot dry mass, estimated as F = [T(AS-AB)]/AF with T is the plant N
concentration, AS is the atom percent excess 15N in the sample, AB is the atom percent excess 15N in natural sample, AF is the atom percent
excess 15N in the tracer
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Table S2. Relevant root traits not included in GRooT due to low coverage (data for <50 species available). Definitions based on the handbook of
root traits (Freschet et al., submitted) and FRED guidelines (lversen et al. 2018). Traits categorization based on the handbook of root traits and

McCormack et al. (2017).

Traits Units Definitions

Architecture

Root branching intensity number cm™’ number of laterals on a given length unit of parent root

Chemistry

Root total non-structural mg g™ the mass of carbohydrate molecules that do not participate in root structure per

carbohydrate concentration root dry mass

Root phenolic concentration mg g™ the mass of phenolic compounds per root dry mass

Root sulphur (S) concentration mg g the mass of S per root dry mass

Root aluminum concentration mg g’ the mass of Al per root dry mass

Dynamics

Time root growth initiation Date the calendar date at which roots production stops or becomes minimal after a
period of high growth

Time root growth cessation Date the calendar date at which root production starts increasing after a period of low or
null growth

Mechanical

Root tensile strength Pascal The force required to cause failure of the root per cross-sectional area

Morphology

Root hair density
Root hair length

number mm-
um

the number of root hairs per unit root length
the length of fully-grown root hairs

Physiology

Theoretical root specific hydraulic

conductance

Maximum net ion uptake rate, Imax

Michaelis-Menten constant, km

m?3 s MPa™'
cm?
pumol g's’

mmol ' or mM

the calculated amount of water that can move through tissue per the cross
sectional area of the tissue

the amount of ion accumulated per unit root biomass and time under conditions of
non-limiting nutrient concentration

the nutrient concentration where 50% of the maximum net ion uptake rate is
observed

Root system

Vertical root mass distribution
index

Lateral root mass distribution index

Lateral rooting extent

Unitless

Unitless

Extinction coefficient (B) of an asymptotic equation (Y = 1 - g fitting the
cumulative proportional root biomass over depth. Values of 3 approaching 1 imply
a greater proportion of roots with depth

Extinction coefficient (B) of an asymptotic equation (Y = 1 - g fitting the
cumulative proportional root biomass over depth. Values of B approaching 1
correspond to a greater proportion of roots away from the plant base

Maximum distance between superficial roots and the base of the plant
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Table S3. Trait names across major trait databases with root traits. FRED is also included in the TRY Database. Aggregable trait variables into a

single unique trait in GRooT are showed.

Trait name

GRooT

FRED

TRY

Anatomy

Root cortex thickness
Root stele diameter
Root stele fraction

Root xylem vessel number
Root vessel diameter

Root cortex thickness

Root stele diameter

Root stele fraction and re-calculated
Root stele diameter

Root xylem vessel number

Root vessel diameter

Architecture

Root branching ratio

Root branching density

Root branching intensity (branching

ratio)_Number of roots per higher order

root
Root branching intensity_root tips per
total root length

Belowground allocation

Root mass fraction

Root mass fraction (RMF) and re-
calculated shoot:root ratio

Root mass fraction (fraction of root dry mass per whole plant
dry mass) and re-calculated shoot:root ratio

Chemistry

Root structural carbohydrate
concentration

Root lignin concentration
Root carbon concentration

Root nitrogen concentration

Root phosphorus concentration

Root carbon to nitrogen ratio

Root cellulose and hemicellulose
content per root mass or sum of Root
cellulose content and Root
hemicellulose content per root mass
Root lignin content

Root C content

Root N content

Root P content

Root C/N ratio

Sum of root cellulose content per root dry mass and root
hemicellulose content per root dry mass

Root lignin content per root dry mass

Coarse root carbon(C) content per coarse root mass; fine root
carbon (C content per fine root dry mass; root carbon (C)
content per root dry mass

Coarse root nitrogen (N) content per coarse root dry mass; Fine
root nitrogen (N) content per fine root dry mass; root nitrogen
content per root dry mass

Fine root phosphorus (P) content per fine root dry mass; root
phosphorus (P) content per root dry mass

Fine root carbon/nitrogen (C/N) ratio; root carbon/nitrogen
(C/N) ratio
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Root nitrogen to phosphorus ratio

Root calcium concentration
Root potassium concentration
Root magnesium concentration
Root manganese concentration

Root Ca content
Root K content

Root Mg content
Root Mn content

Fine root nitrogen/phosphorus (N/P) ratio; root
nitrogen/phosphorus N/P ratio

Root calcium (Ca) content per root dry mass
Root potassium (K) content per root dry mass

Dynamics & decomposition

Root production
Root lifespan mean
Root lifespan median
Root turnover rate

Root litter mass loss rate

Root growth_Annual mass production
per ground area

Root median lifespan_Main_d

Root turnover_Annual root system
replacement

Root decomposition_Annual k constant

Fine root litter decomposition rate constant

Horizontal plant mobility

Lateral spread

Lateral spread

Microbial associations

Root mycorrhizal colonization
intensity

Morphology

Mean root diameter
Root dry matter content
Root tissue density

Specific root area
Specific root length

Root diameter
Root dry matter content (RDMC)

Root tissue density (RTD)

Specific root area (SRA)
Specific root length (SRL)

Fine root diameter; root diameter

Fine root dry mass per fine root fresh mass (fine root dry matter
content; RDMC); root dry mass per root fresh mass (root dry
matter content; RDMC)

Root dry mass per root volume (root density, root tissue
density; root tissue density (root dry mass per root volume)

Fine root length per fine root dry mass (specific fine root length,
SRL); root length per root dry mass (specific root length, SRL)

Physiology& respiration

Net uptake rate of nitrogen

Specific root respiration

Plant N uptake_daily uptake of molar
total 15N per shoot dry mass

Root respiration rate per root dry mass
CO2 release and Root respiration rate
per root dry mass O2 uptake

Root respiration rate per root dry mass

System & distribution

Fine root mass to leaf mass ratio
Coarse to fine root mass ratio

Fine root mass to leaf mass ratio
Coarse to fine root mass ratio

Coarse root to fine root ratio
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Root mass density Belowground biomass per soil volume

Root length density Root length density (RLD) Root length
per soil volume

Maximum rooting depth Rooting depth and rooting depth max
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Table S4. Available information on root entities available in GRooT. Definitions from the handbook of root traits (Freschet et al., submitted) and

FRED guidelines (Iversen et al., 2018).

Column name

Definition

Categories and definitions

belowgroundEntitiest

Selected main entities

coarse roots (CR): root with large diameter, often roots > 2
mm in diameter; roots are generally lignified, with clear
secondary development

fine roots (FR): root with small diameter, often roots <2 mm
in diameter; roots are generally not lignified

total root system (TR): roots considered without specifying if
coarse roots are included

total belowground (TB): belowground parts included but not
specified

belowground steam (BS)*: belowground steams

rhizomes (R)*: usually shoot axis growing horizontally at or
below the substrate and produces shoots above and
adventitious roots below

unspecified: information about entities not provided

belowgroundEntitiesOrderClassification

Root order-based classifications
based on root branch
hierarchy

centrifugal: also knows as developmental classification, it is a
root- (i.e. growth axis-) based approach in which the lowest
order root is the basal or shoot-borne root (i.e. order ‘0’) and
the highest order roots are the most distal (coarsest to
finest)

centripetal: also knows as morphometric or stream-order
(‘Strahler’) classification, it is a segment order-based
approach in which distal root segments are first-order and
parent root segments are higher order (finest to coarsest)

belowgroundEntititiesOrder

Root branching order, either
coarsest to finest (Centrifugal) or
finest to coarsest (Centripetal).

numeric

belowgroundEntititiesOrderMin

Minimum root order included

numeric

belowgroundEntititiesOrderMax

Maximum root order included

numeric

belowgroundEntitiesFuctional

Root functional classification
based on functionally similar
categories of absorptive and
transport roots. The
absorptive/transport function is
associated mostly with the
presence/absence of phellem

absorptive™: root with dominantly absorptive function
transport*: root with dominantly transport function
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BelowgroundEntitiesDiameterMin™* Minimum root diameter included numeric

BelowgroundEntitiesDiameterMax™* Maximum root diameter included numeric

TMultiple categories together are also included

*Belowground steam (BS) and rhizomes (R) were only included when measured together with roots.
*Both categories together are also included

*Information of root diameter in the traitName column can be used too for determining entities based on diameter cut-offs
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Table S5. Selected information and meta-data provided in GRooT.

Column name Description

Source

GRooTID Unique ID in GRooT by observation, it links root trait
measurements performed on the same individual(s)

source Main source of the data

versionSource Version of the main source

originallD Original ID in the main source

referencesAbbreviated Abbreviation of the citation related to the data

references Reference related to the data

referencesDataset Reference dataset

referencesAdditional

Additional references associated to the dataset

Plant taxonomical information

family
genus
species
infraspecific

familyTNRS
genusTNRS
speciesTNRS
infraspecificTNRS
taxonomicStatus
taxonomiclnformation

group

order

Family of the plant provided by data source

Genus of the plant provided by data source

Species epithet of the plant provided by data source

Variety, cultivar, or subspecies of plant provided by data
source

Family of plant using the Taxonomic Name Resolution
Service (TNRS)

Genus of plant using TNRS

Species epithet using TNRS

Variety, cultivar, or subspecies of plant using TNRS

If the species name is accepted, illegitime, invalid, no opinion
or synonym based on the name standardization

Matching score and specifically database used to standardize
the name (i.e., tpl, tropicos. usda, gcc, ildis)

Plant taxonomical groups (i.e., Angiosperm eudicotal,
magnoliid or monocotyl; Gymnosperm or Pteridophytes
Plant taxonomical order

Plant categorical information

growthForm
photosyntheticPathway
woodiness

mycorrhizalAssociationType

mycorrhizalAssociationTypeFungal
Root

nitrogenFixationNodDB

abilityToGrownClonallyCloPla

budBearingOrganCloPla

Plant growth form (i.e., fern, graminoid, herb, herb/shrub,
shrub, shrub/tree, subshrub or tree)

Plant photosynthetic pathway (i.e., C3, C3/C4, C3/CAM, C4,
C4/CAM, or CAM)

Plant woodiness (i.e., non-woody, non-woody/woody, or
woody)

Mycorrhizal type from the original source (i.e., arbuscular
(AM), ectomycorrhizal (EcM), ericoid (ErM), non-mycorrhizal
(NM), orchid, EcM — AM, or NM — AM

Standardized mycorrhizal types based on the FungalRoot
Database (i.e., arbuscular (AM), ectomycorrhizal (EcM),
ericoid (ErM), non-mycorrhizal (NM), orchid (OM), EcM — AM,
NM — AM, NM — Am rarely EcM, species-specific: AM or
rarely ECM-AM or AM, or uncertain.

Nitrogen fixation capacity based on the NodDB (i.e., Rhizobia,
Frankia, none, present, likely present, unlikely rhizobia,
Nostocaceae, likely rhizobia)

The potential of a plant to produce physically independent
rooting units from one genetic individual, i.e., present or
absent

Belowground organ bearing reserve of dormant meristems
(bud bank) that may be used for regeneration after seasonal
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adversity or damage, i.e., horizontal stem, turions, stem

fragments, budding, epigeogenous rhizome, hypogeogenous

rhizome, stem tuber, bulb, root sprouting, or root tuber.

Root information

vitality

Measured roots were living, dead, both or unspecified

Experimental conditions

measurementProvenance

measurementTreatments
measurementMethod
year

yearBegin

yearEnd

ageStand

agePlant

Data derived from experimental studies (either potted or
hydroponic experiments) and field studies (i.e., natural
conditions and plot and common garden experiments)
Treatments

Method used for collecting the roots

Year in which roots were collected

Year in which the collection started

Year in which the collection finished

Time since the established of the stand

Age of the plant in years

Geographic, climatic and biomes

locationID

location
decimalLatitude
decimalLongitude
climaticlnformation
biomesKoeppen

biomesKoeppenGroups

temperatureColdestMonth
temperatureWarmestMonth
meanAnnualTemperature
meanAnnualPrecipitation
elevation

Site ID provided by study

Location provided by the study

Latitude of the study

Longitude of the study

Climate provided by the study

Biomes classification based on the Koeppen Geiger
classification

Biomes classification based on the Koeppen Geiger
classification as main groups, i.e., arid, continental, polar,
temperate or tropical.

Temperature coldest month provided by the study
Temperature warmest month provided by the study
Mean annual temperature provided by the study
Mean annual precipitation provided by the study
Elevation provided by the study

slope Slope provided by the study

Soil conditions

soilpH Soil pH measured in water provided by the study
soilTexture Soil texture provided by the study

soilCarbon Soil carbon concentration provided by the study
soilNitrogen Soil nitrogen concentration provided by the study

soilPhosphorus
soilCarbonToNitrogen
soilBaseCationSaturation
soilCationExchangeCapacity
soilOrganicMatter
soilWaterGravimetric
soilWaterVolumetric

Soil phosphorus concentration provided by the study
Soil carbon to nitrogen ration provided by the study
Soil base cation saturation provided by the study
Soil cation exchange capacity provided by the study
Soil organic matter content provided by the study
Soil water (gravimetric) provided by the study

Soil water (volumetric) provided by the study
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Standardization across traits
Root mass fraction (RMF) was calculated from data of root-to-shoot biomass ratio (R:S) by:

RMF = R:S / (1+ R:S)

Root stele fraction was calculated using information on root stele diameter and root diameter.

Data from papers reporting stele fraction, stele diameter and root diameter were used to compare

between stele fraction measured directly and calculated values (Fig S1)

® Mao et al 2018 ® Hummel et al 2007 ® Ostonen & Léhmus 2003

0.6

0.4

0.2 E)
L

Root stele fraction calculated (um?® pm ?)

0.2 0.4 0.6
Root stele fraction (|Jm2 pm_z)

Figure S1. Comparison between root stele fraction reported (based on cross sectional area directly
measured; x axis) and the calculated root stele fraction (y axis), determined by calculating cross sectional
area of stele and root based on stele and root diameter, respectively. Points show studies in the database,
that have data for both, area and diameter. The gray line has an intercept of 0 and a slope of 1. Results
from a standardized major axis estimation show a positive relationship between the calculated and
measured root stele fractions (R% 0.99, p-value 2.22¢).
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Figure S2. Density plots for anatomical traits. Points represent species mean values. Axis “y” is
logarithmic base 2. Data from coarse (CR), fine (FR) and total roots (TR).
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Figure S3. Density plots for root xylem vessel number. Points represent species mean values. Data from
coarse (CR) and fine roots (FR).
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Figure S4. Density plots for architectural traits. Points represent species mean values. Axis “y” is
logarithmic base 2. Data from coarse (CR), fine (FR) and total roots (TR).
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Figure S5. Density plots for root mass fraction. Points represent species mean values. Data from coarse
(CR), fine (FR) and total roots (TR) or unspecified.


https://doi.org/10.1101/2020.05.17.095851
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.17.095851; this version posted May 19, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

i CR #§ CR+FR+BS | FR 8 TB 8§ TR+BS
Belowground part § GR 4 FR i CR+FR+R ¢ FR+R & TR § unspecified
Root carbon to nitrogen ratio (mg mg™") Root calcium concentration (mg g™')
2501 J
200+ o
150
100 | 101
. 51 *
50 1
Root potassium concentration (mg g'1) Root magnesium concentration (mg g‘ﬂ)
25
20 6
15 o
104 é’ é
5 2
-]
w
-]
=1
©
>
&
E Root manganese concentration (mg g ") Root nitrogen concentration (mgg ')
w
0 1.004 50
8 0.75 40 . .
» 0.50 301 . 1
. 20 .
0.254 10
- g _
Root nitrogen to phosphorus ratio (mg mg ™) Root phosphorus concentration (mg g™')
751 '1'3:
50
5_
25 1

Belowground part

Figure S6. Density plots for chemical traits. Points represent species mean values. Axis “y” is logarithmic
base 2. Data from coarse (CR), fine (FR) and total roots (TR), belowground steam (BS), rhizomes (R), total
belowground (TB) or unspecified.
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Figure S7. Density plots for chemical traits. Points represent species mean values. Data from coarse
(CR), fine (FR) and total roots (TR), total belowground (TB) or unspecified.
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Figure S8. Density plots for dynamics and decomposition. Points represent species mean values. Axis “y
is logarithmic base 2. Data from coarse (CR), fine (FR) and total roots (TR), rhizomes (R), or unspecified.
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Figure S9. Density plots for lateral spread. Points represent species mean values. Distances are
estimated within categories, with mean values of their ranges.
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Figure S$10. Density plots for root mycorrhizal colonization intensity. Points represent species mean
values. Data from coarse (CR), fine (FR) and total roots (TR), or unspecified.
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Figure S11. Density plots for morphological traits. Points represent species mean values. Axis “y” is
logarithmic base 2. Data from coarse (CR), fine (FR) and total roots (TR), total belowground (TB) or
unspecified.
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Figure $12. Density plots for specific root respiration. Points represent species mean values. Data from
coarse (CR), fine (FR) and total roots (TR), rhizomes (R) or unspecified.
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Figure $13. Density plots for net uptake rate of nitrogen. Points represent species mean values. Data
from coarse (CR) or fine roots (FR).


https://doi.org/10.1101/2020.05.17.095851
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.17.095851; this version posted May 19, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

# CR CR+FR+R # TR # TR+R
Belowground part j cr . rr © FR 9 TR+BS § TR+R+BS
Coarse to fine root mass ratio (g g ") Fine root mass to leaf mass ratio (g g )

60
404

20+

754
501

25+

Root length density (cm cm ™) Root mass density (g cm %)
2] bk
0.5

n 104
1]
: i
™
S
c -
o
£
- A
2
o
(1]
Q.
»

Maximum rooting depth (m)

604
404

204

Belowground part

Figure S14. Density plots for system and distribution traits. Points represent species mean values. Axis
“y” is logarithmic base 2. Data from coarse (CR), fine (FR) and total roots (TR), belowground steam (BS),
and rhizomes (R).
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