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* Background and Aims In several disciplines, identifying relevant root traits to characterize the root system
architecture of species or genotypes is a crucial step. To address this question, we analysed the inter-specific
variations of root architectural traits in two contrasting environments.

* Methods We sampled 60 species in natura, at two sites, each presenting homogeneous soil conditions. We
estimated for each species and site a set of five traits used for the modelling of the root system architecture:
extreme tip diameters (D,;, and D_ ), relative diameter range (Drange), mean inter-branch distance (IBD) and
dominance slope between the diameters of parent and lateral roots (DIDm).

* Key Results The five traits presented a highly significant species effect, explaining between 77 and 98 % of
the total variation. D, , D and Drange were particularly determined by the species, while DIDm and IBD
exhibited a higher percentage of environmental variations. These traits make it possible to confirm two main axes
of variation: ‘fineness—density’ (defined by D, and IBD) and ‘dominance-heterorhizy’ (DIDm and Drange), that
together accounted for 84 % of the variations observed.

* Conclusions We confirmed the interest of these traits in the characterization of the root system architecture in
ecology and genetics, and suggest using them to enrich the ‘root economic spectrum’.
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INTRODUCTION

Plant root systems are essential components of ecosystems
and agro-ecosystems, and recent papers have emphasized the
importance of their study in the field of genetics (Price et al.,
1997; Dorlodot et al., 2007; Courtois et al., 2009; Watt et al.,
2013; Kuijken et al., 2015; York and Lynch, 2015) as well as in
the field of ecology (Picon-Cochard et al., 2012; Bardgett et al.,
2014; De La Riva et al., 2016; Roumet et al., 2016; Iversen
et al., 2017), where there is an increasing concern about inter-
and intra-specific variations of traits (Mommer and Weemstra,
2012; Siefert et al., 2015). Characterizing the root system
architecture (RSA) and its dynamics is particularly important
in order to understand root functions and interactions with the
soil environment (York and Lynch, 2015), but it is particularly
challenging because of the difficulties in accessing growing
roots in the soil and because of the plasticity of root systems
in this heterogeneous medium. The large samples required by
genetic studies in the broad sense exacerbate the difficulty.
A common approach in ecology and agricultural sciences is to
sample root systems or soil volumes and to evaluate root traits
defined at the root system level, such as root length, biomass,
depth or specific root length (length per dry mass). All these
traits depict various aspects of the root functioning of plants,
communities or ecosystems. For example, the distribution of
root length density is commonly used as input in uptake models

for crops (Nye and Tinker, 1969; Barber and Silberbush, 1984).
Specific root length is a favourite trait for the characterization
of the acquisitive/conservative behaviour of species in the ‘root
economic spectrum’ (Wright ez al., 2004; Bardgett et al., 2014;
Kramer-Walter et al., 2016). All these root traits, which can be
described as ‘integrated traits’, are dependent on time or devel-
opmental stages (e.g. Cornelissen et al., 2003; Picon-Cochard
et al., 2012), species or genotypes (e.g. Craine et al., 2001;
Comas and Eissenstat, 2009; Makita er al., 2012; Matias et al.,
2012; Gu et al., 2014; Kong et al., 2014; Valverde-Barrantes
et al., 2015, 2017; Roumet et al., 2016), and environmental
conditions including soil and climate (e.g. Atkin et al., 2000;
Craine et al., 2001). However, these three sources of variation
are barely separable in most studies because of the sampling
designs.

In order to characterize the RSA more specifically, Pages
(2014, 2016) proposed a set of five traits and a method to evalu-
ate them. These traits are: minimal and maximal tip diameters
(D,,, and D_ ); relative range of diameters (Drange); slope
of the linear relationship between the tip diameters of lateral
roots and the tip diameters of their parent root (DIDm); and
inter-branch distance along the parent root (IBD). These traits
were conceived to summarize a number of essential archi-
tectural attributes of root systems which are connected to the
exploration and exploitation capacities of root systems. The
minimal diameter (D_, ) reflects the fineness of the numerous
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roots developed as ultimate branches of root systems, which
are usually among the shortest and have a pure absorptive func-
tion. Developing very fine roots (low D __ ) is a prime strategy
to increase the soil-root exchange surface at a minimal cost
(Eissenstat et al., 2000), all the more so because the finest roots
tend to be the simplest from a structural viewpoint (e.g. Varney
et al., 1991) with a low mass tissue density (Drouet et al., 2005;
Picon-Cochard et al., 2012). The D__ is observed among the
longest roots which explore the soil and extend the colonized
volume. Thus, the roots with large tips contribute to the deter-
mination of the overall amount of available soil resources.
The root system extension to depth, for instance, is often used
as an indicator of available water for the plant (Cabelguenne
and Debaeke, 1998). Large tip diameters were also shown to
be favourable for the penetration of strong soils (Materechera
et al., 1992; Watt et al., 2013), a decisive advantage in order to
achieve this exploration function. In his simulation study, Pages
(2011) showed that not only the extreme diameters considered
separately, but also their relative range (Drange), could have a
significant and positive impact on the colonized volume. The
IBD, i.e. the reciprocal of linear branching density, strongly
contributes to defining the root length density per unit of soil
volume (Pages, 2011) and therefore the intensity of soil exploit-
ation. Since diameters are reduced from the mother roots to their
laterals through branching, DIDm defines the rate of diameter
transition from the thickest to the finest. It is assumed to modu-
late the topological characteristics between the two extreme
figures defined by Fitter (from 1982 onwards): herringbone
(strong dominance, low DIDm) and dichotomous (low domin-
ance, high DIDm). Thus, the five traits together are indicative
of growth and branching behaviour, and also of the exploration
and exploitation functions of the root system. As such, they are
associated with a modelling approach, acting as input param-
eters of a simple architectural model, called Archisimple (Pages
et al., 2014). In this particular model, which was designed to
describe and predict the RSA of numerous species in various
environments, these traits are the drivers of root elongation and
branching. They are thought to depend mainly on genotypes
or species and to be stable across environmental conditions.
Beyond the significance of each individual trait, model simu-
lations make it possible to combine the proposed trait/param-
eter values with environmental characteristics to calculate more
integrated and dynamic traits, such as root length density pro-
files or colonized volumes. Thus, the association of the set of
traits, the measurement protocol and the dynamic model of the
root system representing interactions with the environment is
an interesting toolbox. The approach was validated from a the-
oretical point of view (Pages, 2011; Zhao et al., 2017). Applied
to a set of Poaceae species (Pages and Picon-Cochard, 2014),
it successfully bridged the set of input traits to root depth, root
length distribution and specific root length.

In previous papers, Pages (2014, 2016) demonstrated the
feasibility of the measurements of the proposed set of traits
in natura on a large number of species and environment com-
binations, i.e. phenotypes. The large number of phenotypes
made it possible to study correlations between traits, reveal-
ing underlying trade-offs. A strong positive correlation was
shown between D_. and IBD, leading to an axis called the
‘fineness—density’ axis. Phenotypes with the finest roots (low
D_.) were associated with a high branching density (low
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IBD), and vice versa: phenotypes with thicker roots (high
D, ) also had spaced branches (high IBD). Another cor-
relation was shown between the relative range of diameters
(Drange) and the branching dominance (DIDm). A larger
range of diameters was associated with a stronger dominance
(‘heterorhizy—dominance’ axis).

To go further into the validation of the approach, with the
ultimate aim of accounting for genotype x environment interac-
tions, we now want to evaluate the strength of the inter-specific
variations and correlations of the traits, in comparison with
their environmental variations. For this study, our strategy was
to extend the sampling design of Pages (2016) in order to obtain
pairs of evaluations of the same species within two contrasted
environments. To obtain a relevant ranking of the five traits
regarding their relative stability to environmental conditions,
it was necessary to evaluate them in a large number of species.
We obtained 60 pairs for rather widespread species, belonging
to common families.

MATERIALS AND METHODS

Sample species and sites

We sampled 60 different species that were found at two con-
trasting and homogeneous sites. Each species was sampled at
both sites between 2013 and 2017. Most species grew spon-
taneously in kitchen gardens, cultivated fields or meadows,
as weeds or regrowth of previous crops. Some were sown or
planted in gardens. The list of these species is given in Table 1,
using the names of Tela Botanica (http://www.tela-botanica.
org/), adapted to the French flora.

The sampling sites were chosen because each of them was
rather homogeneous (soil origin and climate) and they differed
markedly regarding soil and climate. Moreover, their soils were
suitable for root excavation because they were rather light (bulk
density <1.3) with low levels of clay and stones. The first site
is located near Thouzon, in the south-east of France (Provence
region: latitude, 43°57’; longitude, 4°59’; altitude, 50 m), with
a Mediterranean climate. The soil is a deep calcareous silty
soil developed on loess on a geological plain (called ‘Plaine
de Thouzon’). The second site is around Nozeyrolles, located
in the Massif Central (Auvergne region: latitude, 44°59’; lon-
gitude, 3°24°; altitude, 1100 m). Its climate can be succinctly
qualified as oceanic/mountainous. The soil was a sandy brown
soil developed on the granitic arena of a geological plateau
(called ‘Plateau de la Margeride’). The main characteristics of
the superficial soils, given by the Laboratory of Soil Analyses
(INRA Arras, France), are indicated in Table 2. The main dif-
ferences concerned pH and soil texture, with more coarse sand
and clay in Nozeyrolles and more fine sand and silt in Thouzon.

Small variations were noted around these mean charac-
teristics because of local effects mainly due to micro-topog-
raphy and hydrography. From a climatic point of view, the
between-site differences are important, since there is a 7 °C
difference in average temperature and a 150 mm difference in
average precipitation, with a wetter and more even distribu-
tion in Nozeyrolles, due to the oceanic and altitude influences.
Moreover, since both sites are distant from each other, submit-
ted to different climatic influences, with shifts of several weeks
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TABLE 1. List of species and families

Species name Family Biological type
Amaranthus retroflexus Amaranthaceae Therophyte
Atriplex hortensis Amaranthaceae Therophyte
Chenopodium album Amaranthaceae Therophyte
Allium cepa Amaryllidaceae Geophyte

Allium porrum Amaryllidaceae Geophyte

Vinca major Apocynaceae Chamephyte
Vinca minor Apocynaceae Chamephyte
Hedera helix Araliaceae Panerophyte
Artemisia vulgaris Asteraceae Hemicryptophyte
Lapsana communis Asteraceae Therophyte
Pilosella officinarum Asteraceae Hemicryptophyte
Senecio vulgaris Asteraceae Therophyte
Sonchus asper Asteraceae Therophyte/hemicryptophyte
Sonchus oleraceus Asteraceae Therophyte/hemicryptophyte
Taraxacum officinale Asteraceae Hemicryptophyte
Lycopsis arvensis Boraginaceae Therophyte
Alliaria petiolata Brassicaceae Hemicryptophyte
Capsella bursa-pastoris ~ Brassicaceae Therophyte
Cardamine hirsuta Brassicaceae Therophyte
Lunaria annua Brassicaceae Hemicryptophyte
Silene latifolia Caryophyllaceae ~ Hemicryptophyte
Stellaria media Caryophyllaceae ~ Therophyte
Euphorbia helioscopia Euphorbiaceae Therophyte
Lotus corniculatus Fabaceae Hemicryptophyte
Medicago lupulina Fabaceae Therophyte
Trifolium pratense Fabaceae Hemicryptophyte
Trifolium repens Fabaceae Hemicryptophyte
Geranium molle Geraniaceae Therophyte
Geranium robertianum Geraniaceae Therophyte
Ajuga reptans Lamiaceae Hemicryptophyte
Glechoma hederacea Lamiaceae Therophyte
Lamium amplexicaule Lamiaceae Therophyte
Lamium purpureum Lamiaceae Therophyte
Malva neglecta Malvaceae Therophyte
Chelidonium majus Papaveraceae Therophyte
Papaver rhoeas Papaveraceae Therophyte
Linaria repens Plantaginaceae Hemicryptophyte/geophyte
Plantago lanceolata Plantaginaceae Hemicryptophyte
Plantago major Plantaginaceae Hemicryptophyte
Veronica hederifolia Plantaginaceae Therophyte
Veronica persica Plantaginaceae Therophyte
Dactylis glomerata Poaceae Hemicryptophyte
Holcus lanatus Poaceae Hemicryptophyte
Hordeum murinum Poaceae Therophyte
Lolium perenne Poaceae Hemicryptophyte
Poa annua Poaceae Therophyte
Fallopia convolvulus Polygonaceae Therophyte
Polygonum aviculare Polygonaceae Therophyte
Lysimachia arvensis Primulaceae Therophyte
Ficaria verna Ranunculaceae Geophyte
Fragaria vesca Rosaceae Hemicryptophyte
Potentilla reptans Rosaceae Hemicryptophyte
Rubus idaeus Rosaceae Phanerophyte
Rubus ulmifolius Rosaceae Phanerophyte
Galium aparine Rubiaceae Therophyte
Verbascum thapsus Scrophulariaceae  Hemicryptophyte
Solanum tuberosum Solanaceae Geophyte

Urtica dioica Urticaceae Hemicryptophyte
Viola odorata Violaceae Hemicryptophyte
Viola tricolor Violaceae Therophyte/hemicryptophyte

The names of species follow the names of Tela Botanica (www.tela-botanica.
org). The biological types are adapted from the Raunkiaer’s classification by

Tison et al. (2014).

between the phenological stages of the vegetation, we assumed
the independence of weather conditions for each pair of species.
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TABLE 2. Main characteristics of the superficial soils — averaged
between 5 cm and 40 cm deep — at the two sampling sites

Sampling site Thouzon Nozeyrolles
Clay (<2 pm) 129 127

Fine silt (2-20 pm) 299 117

Coarse silt (20-50 pm) 157 54

Fine sand (50-200 pm) 243 111

Coarse sand (200-2000 pm) 173 592

pH (water) 8.9 6.7

Carbon 16.6 13.0
Nitrogen 1.46 0.865

Total organic matter 28.6 22.5

Values are given in g kg™!, with the exception of pH.
Masses are given on a dry matter basis.

Sampling and excavation procedure

Sampling and measurement methods followed those pre-
sented in Pages (2014). We favoured rather young and vig-
orous plants at different stages until flowering, especially for
dicot species, to obtain a high percentage of healthy and grow-
ing roots in the sampled monolith. Sampled plants typically
had from eight to 30 unfolded leaves on the main shoot. For
Poaceae species, we sampled plants with many tillers, at the
flowering stage to ensure their correct determination.

The sampling design was partly dictated by the availability
of plants at suitable stages. A total of 2—-5 plants per species
and site were excavated during the 5 year period of the study.
The individual plants were not considered as replicates since
all the samples from the same species and site were pooled to
measure the root traits as explained below. Isolated plants were
preferred to facilitate the subsequent separation of the roots. We
used a garden fork to demarcate a monolith around the chosen
plant (radius 15-20 cm around the collar, 30-50 cm deep), and
to extract it before putting it in a metal mesh in a large bucket
filled with water. Then, the monolith was gently washed with
running water. Once the root system was nearly free of soil
and organic debris, it was moved to a black trough and left for
30 min in salt water (2 g L") with liquid soap to complete the
cleaning process. The whole study involved the sampling and
treatment of >350 monoliths.

Scanning and measurements

Using paintbrushes and mounted needles, root systems were
separated in the trough and spread carefully in a several mil-
limetres deep layer of water contained in a transparent plas-
tic tray. The densest root systems were cut into several pieces
in order to minimize root overlap in the tray. They were then
scanned with flatbed scanners (EPSON perfection V700 and
V850) at a resolution of 1200-4800 dpi, using the transpar-
ent mode. The resolution was adjusted for each species so as
to obtain at least ten pixels transversally to the finest roots, in
order to measure them with sufficient accuracy. Previous tests
had shown that this adjustment did not introduce any bias, since
we obtained the same values (on average) when measuring the
same objects at these various resolutions. We also validated the
parallel use of several scanners.
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Measurements were made on the computer screen by
mouse clicking on the displayed images using the measur-
ing tools (i.e. length of a straight line and a segmented line)
provided by the ImageJ software (http://rsbweb.nih.gov/ij/).
On these images, we identified sub-structures, consisting of
young parts of roots together with their laterals, on which
we measured the diameter of the parent root, the diameter
of the laterals and the distance along the parent root from
each lateral to its proximal closest neighbour (from axis
to axis). We quantified branching density through the IBD
(its reciprocal), because this variable could be measured for
each lateral root.

For each sample (species x site), we measured from 80 to
200 lateral roots (total: 15 621 roots).

All diameters (also called ‘apical diameters’ hereafter) were
measured on the young part of the roots, as recommended by
McCormack et al. (2015), at a location where it is nearly cylin-
drical and where it exhibits a primary structure. The closeness
of the growing apex guarantees that the zone is young. In cases
where the apex of the root was broken, it could be certified
by the combination of several visual criteria obtained on intact
roots from the same sample (e.g. the short length of the laterals
if any, colour, tissue transparency and structure, turgescence,
integrity of the cortex, presence and state of the root hairs).
Short zones of local thickening were sometimes observed along
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the roots, thought to be due to local mechanical constraints
(Konopka et al., 2009) because they were associated with local
curvatures. They were systematically avoided for diameter
measurements.

Data analyses

All data treatments, plots and analyses were done with the
R software (R Core Team, 2013; http://www.r-project.org/).
We used the non-parametric Wilcoxon signed rank test (func-
tion ‘wilcox.test’) to test the differences of trait distributions
between the two sites. We estimated the parameters of linear
models with the ‘Im’ function and performed analyses of vari-
ance (ANOVA) with the ‘anova’ function to test the species and
site effects on the traits. Principal component analyses (PCAs)
were performed with the ‘ade4’ R package (Chessel et al.,
2004).

In this study, we considered five traits (D_. , D _ ., Drange,
IBD and DIDm) which were presented and justified in detail
in Pages (2014). One value was estimated per species and
per site for each trait. D_, is the ‘minimal’ tip diameter
developed by the given species on the given site. It was esti-
mated by the 2 % quantile of the diameter distribution of
all measured lateral roots. D is the maximal tip diameter
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developed by the species. It was estimated by the maximal
value of the diameter distribution of all the measured roots.
IBD is the inter-branch distance, calculated as the average
value of the distances between neighbouring lateral roots
located on mother roots with a diameter above the cen-
tral value of the diameter range [i.e. >0.5 x (D_. + D_ ).
DIDm is the slope of the linear regression of the diameter of
lateral roots vs. that of their mother, this linear regression
being forced to pass through the co-ordinates (D, , D . ).
The lowest is DIDm and the highest is the diameter domin-
ance between mother and daughter roots. Drange, the rela-
tive range of diameters, is calculated using extreme diameter
values suchas:2x(D_—-D )/(D__+D

max min max min) :

RESULTS

Distribution of traits and overall effects of species and site

Figure 1 presents the distribution of traits in the population split
according to the observation site. It shows that the trait varia-
tions were large, especially for D, and IBD, with a ratio of 6.7
between the maximal and minimal value. Visually, the distri-
butions of these variables were rather similar, except for IBD
where the distribution was wider in Thouzon and for DIDm
where it was slightly higher. A Wilcoxon signed rank test con-
firmed the significance of these differences only for these two
traits (P = 0.031 for IBD; P = 0.037 for DIDm).

In addition, we performed an ANOVA for each trait (response
variable), studying the effects of species (60 level factor) and site
(two level factor) in an additive model (Table 3). The absence
of replicates at each site prevented the study of an interaction
effect between the two factors. The analysis showed a strong
and highly significant effect of the species on all traits (the high-
est P-value only reached 4.47e-7, for DIDm). According to this
ANOVA, the species factor explained between 77 (for DIDm)
and 98 % (for D__ ) of the total variation of the traits. The site
effect was significant only for DIDm (P = 0.015), for which the
Nozeyrolles site tended to give lower values (i.e. stronger dom-
inance in diameters). For IBD, the P-value of the site effect was
close to the 5 % threshold (P = 0.055).

TABLE 3. Analyses of variance to test the effects of species and
sites on the five traits

Trait Effect d.f. Mean square F-value  P-value

D,.. Species 59 0.0075193 51.4 0.000%**
Site 1 0.0000752 0.514 0.476n.s.
Residuals 59 0.0001462

i Species 59 0.194415 234 0.000%**

Site 1 0.009937 1.19 0.279n.s.
Residuals 59 0.008326

Drange Species 59 0.043693 8.10 0.000%#*
Site 1 0.004429 0.821 0.369n.s.
Residuals 59 0.005395

IBD Species 59 2.59652 9.28 0.000%**
Site 1 1.07721 3.8491 0.0545
Residuals 59 0.27986

DIDm Species 59 0.0046375 3.78 0.000%**
Site 1 0.0077038 6.27 0.0151*
Residuals 59 0.0012275
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Relationships between sites

The relationships between the different trait values at the two
sites are presented in Fig. 2. The bisecting lines were drawn on
the graphs to facilitate the visual location of the points.

Analyses showed several tight correlations, especially for D
and D__ . The correlation was still highly significant but looser
for DIDm. Correlation coefficient values confirmed that for all
five traits, the species effect was high in comparison with the site
effect. Unlike other traits, the points regarding DIDm (Fig. 2E)
were not distributed equally above and under the bisecting line,
confirming the weak effect of the site on this trait.

Principal component analysis)

The first plane of the PCA is presented in Fig. 3. The first two
principal components accounted for 48 and 36 % of the varia-
tions, respectively. All variables were close to the correlation
circle, which means that they were all very well represented
on this first plane. D_. and IBD were highly negatively cor-
related with the first principal component (PC1) whereas the
second principal component (PC2) was mostly correlated with
Drange (positively) and with DIDm (negatively). D had an
intermediate position between the two components.

Analyses of variance were carried out on these two principal
components (Table 4). The ‘species’ effects were highly sig-
nificant for both components. They explained 96 and 91 % of
the total variations for PC1 and PC2, respectively. Conversely,
the ‘site’ effect was not significant for PC1, and significant but
weak for PC2 (P =0.01).

In Fig. 4, individual observations (each corresponding to one
species at one site) were projected on this PC1-PC2 plane. The
points were scattered without any visible cluster, showing that
the co-ordinates on this plane displayed continuous variations.
The two points from the same species at the two sites, linked by
a segment, were close to each other, confirming the dominant
species effect. Moreover, these segments did not exhibit any
directional structure, attesting to the weak site effect.

DISCUSSION

Unexpectedly large genetic variations in root system architecture
were evidenced among common species

For all traits, we observed large relative variations: the low-
est for Drange and the highest for IBD. The species effect was

TABLE 4. Analyses of variance to test the effects of species and site
on the first and second principal components of the PCA

Principal Effect d.f. Mean square ~ F-value  P-value

component

PC1 Species 59 4.699 28.5 0.000%**
Site 1 0.460 2.79 0.1n.s.
Residuals 59 0.165

PC2 Species 59 3.363 11.1 0.000%**
Site 1 2.097 6.91 0.0109*
Residuals 59 0.304
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FiG. 2. Comparison of the trait values for the two sites. On each graph, the bisecting line was drawn as a landmark. Correlation coefficients were also indicated
on each graph.

dominant for all traits. It explained between 77 and 98 % of the
total variations. We did not expect such tightness in the correl-
ation between the two sites for four traits: D_, , D, Drange
and IBD. The definition of these traits and the procedure estab-
lished to measure them clearly emphasized the genetic capaci-
ties of the plant. Our results for diameter traits are in accordance
with the recent findings of several teams (Gu et al., 2014; Kong
et al., 2014; Valverde-Barrantes et al., 2017) who pointed out
the importance of the species effect and of the phylogenetic
signal that exists in several root traits, particularly in the root
diameter. Our work refines this result for several aspects of
the root diameter (extreme and range) and extends it to other
architectural traits (IBD and DIDm) for which the importance
of inter-specific variations is more controversial (Kong et al.,
2014). D . exhibited the largest inter-specific variations in
comparison with total variations. This probably indicates that
the capacity to produce thin roots is genetically determined,
and that thin roots with similar diameters are always produced
by a plant belonging to a given species, whatever the envir-
onmental conditions, provided that the plant has developed
sufficiently. The percentage of variations explained by the spe-
cies was slightly lower for D__ . Several reasons may explain
this: (1) the characteristics of the thickest roots may be more

dependent on environmental conditions than those of the thin-
nest roots; (2) the number of thick roots is much lower than the
number of thin roots, the sample to estimate D is therefore
reduced; and (3) D__is less variable than D _, among species.

D ., and D_  were not very strongly correlated. In add-
ition, Drange was also largely dependent on species, showing
that differences of D_, and D_  could not be summarized
by a scaling effect. Beyond the theoretical consideration that
the same average diameter could be obtained in species with
large differences in extreme diameters, this justifies consider-
ing extreme diameters instead of average values as done in
most studies (Cornelissen et al., 2003). The IBD values were
in keeping with previously published data (e.g. Johnson and
Aguirre, 1991; Pages and Pellerin, 1994; Fita et al., 2008;
Arredondo and Johnson, 2011; Adu et al., 2014; Colombi and
Walter, 2016; Wu et al., 2016). The recommendations for IBD
measurements, i.e. measuring IBDs on the young branched
zones of several thick roots and discarding zones where the
roots have encountered strong soils (Pages, 2014, 2016),
were effective in reducing variations due to local heterogen-
eity reported by Malamy (2005). Although sensitive to glo-
bal and local environmental conditions, branching intensity
also clearly depends on plant species. For DIDm, the species
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FiG. 3. Trait values and correlation circle projected on the first plane of the
PCA (defined by the two first components).

was also the main source of variation. The method proposed
for determining DIDm provides a way to quantify, at least
partially, the dominance between mother and daughter roots
(alternative method to that of Fitter, 1982).

The first two principal components corresponded to the pre-
viously (Pages, 2016) identified ‘fineness—density’ axis deter-
mined by D . and IBD and the ‘dominance-heterorhizy’ axis

113

determined by Drange and DIDm. They were highly controlled
by species effects, which explained 96 and 91 % of the total vari-
ations on these axes. These results confirm that these two axes
may correspond to important characteristics of root system archi-
tecture and that the corresponding trade-offs are under genetic
control. The ‘“fineness—density’ axis would mean that species can
produce high-density branching only if they are able to prod-
uce thin roots. The ‘dominance-heterorhizy’ axis indicates that
differences between mother and daughter are greater in species
producing diverse roots. These two axes are orthogonal, which
suggests that branching density (measured with IBD) and branch-
ing dominance (measured with DIDm) are independent features.

Possible use for species characterization

The set of traits we propose could help characterize inter-
specific RSA variations in natura and be included in develop-
ing databases (Iversen et al., 2017). The species studied were
chosen because they were present on both sites (Nozeyrolles
and Thouzon) in spite of the large differences in environmen-
tal conditions at these sites. Further investigations revealed
that most of them had spread throughout world temperate
zones [US National Plant Germplasm System https://npg-
sweb.ars-grin.gov; USDA, NRCS, Plants database http://
plants.usda.gov). Thus, large genetic variations for all the
traits studied were observed among very common species.
Even larger variations could be expected for species living in
more extreme environments. The large range observed for all
traits can be seen as an advantage from a phenotyping perspec-
tive (de Dorlodot et al., 2007), because it makes it possible to
include measurement uncertainty, and it defines a large scale
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FI1G. 4. Individuals (species observed at sites) projected on the first plane of the PCA. Segments join the points of the same species.
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to quantify and compare species. The main difficulty for stud-
ies in natura would be the excavation of plants. In some spe-
cies, D__is only observed on long and deep roots, which are
not easily obtained. Care is also necessary because such roots
with the thickest tips are not abundant. The finest roots, close
to the D . diameter, are very fragile and easily desiccated,
but they are also short and numerous. Thus, it is rather easy
to include a large number of them in the measured samples.
Their measurements also require very careful excavation and
high-resolution images (between 1200 and 4800 dpi depend-
ing on the species). The excavation of whole root systems is
not required, however, provided that one can make sure that
the roots belong to the targeted species. In cases where the
tracking of roots would be very difficult, DNA fingerprints of
the samples could be used.

Possible use for intra-specific phenotyping

Besides specific characterization, there is an increasing
demand for the study of intra-specific variations, especially
in the field of genetics and breeding (Colombi er al., 2015;
Kuijken et al., 2015; Walter et al., 2015). Seeing the large
inter-specific variations we observed, intra-specific variations
are likely to affect the traits studied, as observed for other
traits (Dorlodot et al., 2007). Indeed, intra-specific variations
for these traits have already been observed in three Solanaceae
species by Bui ef al. (2015). For genetics studies, numerous
genotypes have to be characterized and observation methods
must be simple and fast. Growing plants in sifted soil in indi-
vidual pots would free the method from the main difficulties
faced in field studies, i.e. the disentangling of roots from other
root systems, organic debris and strong soil. In keeping with
other results (Watt et al., 2013; Zhao et al., 2017), our observa-
tions suggest, however, that the characterization of very young
seedlings can only give a restricted view of the RSA. Both the
‘fineness—density axis’ and the ‘dominance-heterorhizy’ axis
involve traits that can only be reliably observed on well-devel-
oped plants. The minimal diameter (D, ) must be estimated on
plants which have already expressed all their branching orders.
The maximal diameter (D) may be observed very early on
during the ontogenesis in young radicles such as in Pisum sati-
vum, or much later on, e.g. on late nodal roots as in Zea mays,
to take the example of two well-known species (not included in
the present study). For some species, the thickest root tips were
found at the very periphery of the monolith, relatively deep
in the soil. Therefore, phenotyping procedures must include
plants with a sufficient level of development, and monoliths or
containers must be sufficiently deep. Based on the experience
gained by these numerous plant observations, it is also import-
ant to study plants of sufficient vigour to obtain the right (very
maximal) D, which can be seen as the genetic potential of
the species.

In order to simplify the measurements further, the close
association of D_. and IBD on the PC1 and the opposition of
Drange (calculated from D_, and D__ ) and DIDm on the PC2
suggested that, as a first approach, one could only measure D .
and D, .APCAbasedonD_,D,_ and Drange (not shown)
gave similar results to those with the whole set of traits. The
correlation coefficients between these two analyses were 0.9
and 0.84 for PC1 and PC2, respectively.
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Use of the traits to characterize environmental conditions

Although clearly dependent on species, D, Drange,
DIDm and IBD were all affected by environmental conditions.
According to our observations, the general vigour of the plant
or local strong soil conditions might influence the expression of
these traits. Thus, these traits could also be used to characterize
the plasticity of the RSA, with other adapted sampling strategies.
On the basis of PCA results, it is now possible to choose a sub-set
of species that would encompass most of the variations for the
root traits. One could describe the traits in a larger set of envir-
onmental and controlled conditions that can be obtained in other
laboratory experiments (such as in the work of Colombi and
Walter, 2016 or Moreau et al., 2017) and thus get a better insight
into the key environmental determinants of these trait variations.

CONCLUSIONS

The present study validates the use of the five traits as model
parameters to characterize species or genotypes, since, for all
the traits measured, the site effect was much lower than the spe-
cies effect. Combining the evaluation of the proposed traits with
the use of the ‘Archisimple’ model would provide a dynamic
vision of the RSA for the species studied in natura, which could
be difficult to obtain otherwise, as recommended by Dunbabin
et al. (2013). The model could also be used to establish the link
between these analytical traits and desirable agronomic traits
(as shown by Pages and Picon-Cochard, 2014).

A reduced sample of species could now be chosen to deter-
mine the environmental factors which contribute to modulate
the expression of D__, Drange and, above all, DIDm and IBD
which exhibited larger site and residual variations, in order to
improve our understanding of root system plasticity.
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