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Abstract

Background The ecological study of root systems lags
behind the understanding of the aboveground compo-
nents of plant communities, mainly due to methodolog-
ical challenges. As ecological root theory develops com-
plexity, root investigation methods are required to meet
higher standards of quantitative and detailed data.
Scope Spatial root density distribution of plants repre-
sents one of the main features pursued in ecological
studies, as it provides insight into root foraging behavior
and belowground competition. To study root density,
ecologists should preferably use and develop methods
with the potential to provide the most comprehensive
information: Individual Root Density Distribution
(IRDD), i.e. individual-level and spatially-explicit root
density maps. Here, we review the existing methods to
detect roots in the field (detection methods), and to infer
the identity of these roots (identification methods). We
discuss potential combinations of Detection and Identi-
fication (DI) methods, and the data quality that these
combinations yield in respect to IRDD.
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Conclusion We anticipate that root field ecologists pro-
gressively may want to adopt DI methods showing the
highest potential to provide high-quality IRDD. These
methods are (i) ground-penetrating radar or acoustic
tomography in combination with tracking the roots to
the individual plant (i.e. skeleton method sensu lato), (ii)
soil sampling in combination with in situ root staining
(for physiological individuals), or (iii) soil sampling in
combination with DNA microsatellites or single nucle-
otide polymorphism sequencing (for genetic
individuals).
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Introduction

Scientists have been intrigued by the study of plant roots
for over two millennia, since Theophrastus defined
‘rhizai’ —the organ plants use to get nutrients and mois-
ture from the soil- in his “Historia Plantarum”
(Pennazio 2014). Concretely, the ecological study of
root architecture and how plant roots distribution
responds to soil resources and the presence of
competitors also knows a long history. For instance, in
a series of natural history observations, Knight (1811)
highlighted the importance of soil nutrients in driving
the growth of the complete root system of trees. Later,
Fricke (1904) studied how plants responded below-
ground to competing neighbors, using trenching
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experiments to free trees from competitive pressure.
Both insights led to the current understanding that plants
adjust their carbon allocation to roots (Enquist and
Niklas 2002; O’Brien et al. 2005) and their root distri-
bution ranges in soil (Schenk et al. 1999; Schenk and
Jackson 2002) in response to soil-resource availability
and resource competition with neighbors (Cahill et al.
2010). Further deepening our understanding of root
systems is necessarily based on field empirical observa-
tions (Bardgett et al. 2014). However, obtaining field
observations of roots remains particularly challenging,
and contemporary plant ecologists are still confronted
by this methodological conundrum (Lux and Rost
2012).

Plant ecological theory is based on mechanisms that
remain largely misunderstood, and shedding light on
these mechanisms is timely. To that end, ecologists need
to better understand the biophysical processes mediating
the biotic interactions among plants, which requires
focusing on the individual plants, and incorporating
the spatial structure of the plant community (Cabal
et al. 2020a). In the case of the aboveground, under-
standing individual plants growth in space has proved
fundamental to that end. Tree architecture models and
studies have investigated the three-dimensional config-
uration of plant stems and leaves that optimize light
interception, water balance, or mechanical stability
(Pearcy et al. 2005; Eloy et al. 2017). However, study-
ing the root systems in plant communities in a spatially-
explicit context, while keeping track of the plant indi-
viduals to which those roots belong, is particularly
challenging.

Additionally, recent theory —the exploitative segre-
gation of plant roots (Cabal et al. 2020b)— demonstrated
that a more comprehensive approach to studying the
spatial structure of the root density of individual plants
is essential to understand plant-soil resource foraging
and competition. The exploitative segregation of plant
roots predicts, from a game theory approach, that, in
response to the local presence of non-self roots, plants
will overproliferate roots in their closest surroundings,
yet they will under-proliferate roots far away from their
stem, hence segregating. The balance between both
simultaneous local responses explains that plants can
both over- and under-invest in roots when facing com-
petition. This plant allocation-strategy shift depends
exclusively on the spatial structure of the plant
community, and more concretely on the distance
separating the competing plant individuals. Beyond the
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specific predictions of the theory, which still need
further validation, a key point made in Cabal et al.
(2020b) is that both alternative approaches, the root
distribution, and the allocation into roots, provide in-
complete results that must be interpreted with caution.
Such results can be reconciled and fully understood by
considering the study of individual plants’ root density
distribution maps (IRDD)!!)" 8¢ €105 \which provide an
integrative measure of an individual plant’s spatial root
range and belowground allocation strategy.

Despite increasing importance to further our under-
standing of plant root ecology, there is an apparent lack
of consensus on a standard approach to obtain high-
quality IRDD data. While IRDD of interacting plants
has been successfully mapped in experimental setups
(Cabal et al. 2020b), it has to our knowledge never been
done in the field. However, regardless of the nature of
the setup, a comprehensive method allowing the gener-
ation of IRDD maps must meet three basic require-
ments: (i) link root samples to plant individuals, (ii) be
fully spatially-explicit, and (iii) incorporate root densi-
ty!?! measures.

Through time, several seminal books (Schuurman
and Goedewaagen 1971; Bohm 1979a; Smit et al.
2000; Mancuso 2012) and review papers (Nadezhdina
and Cermak 2003; Maeght et al. 2013; Addo-Danso
et al. 2016; Alani and Lantini 2019) have tackled the
possible solutions that technology provides to study
plant roots, but not specifically to obtain IRDD data in
the field. In this review, we first present a novel classi-
fication of the existing methodologies, differentiating
root detection methods!®! from root identification
methods!™, and then assess how these can be combined
in Detection-Identification (DI) methods™. The goal of
our review is to present DI methods that provide, or
have the potential to provide, IRDD maps in the field,
and hence contribute towards the development of stan-
dardized methods for the field study of plant root density
distribution in the soil.

Root detection methods
Extraction methods
The earliest existing root detection methods™! are those

in which root fragments are physically extracted from
the soil (Fig. 1).
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Fig. 1 Schematic representation of the leading root detection methods

Excavation and trenches

By making a hole with a shovel or hoe and
detaching the roots from the soil, researchers can
detect the presence of roots, extract root fragments,
and analyze root anatomy (Bohm 1979b). Some
techniques have been developed to facilitate the full
excavation of root systems, such as hydraulic exca-
vation (Stoeckeler and Kluender 1938) or pneumatic
excavation (Rizzo and Gross 2000). Trenching is a
common excavation procedure that facilitates the
extraction of soil samples!® such as monoliths or
horizontal cores from different soil depths (Sekiya
et al. 2013). Trenching is also often used as a meth-
od that allows examining roots in trenched soil walls
(Bohm 1979c¢) and is particularly useful to examine
the range of deep roots (Maeght et al. 2013).
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and identification methods'!

Soil samples

Many soil sample extraction techniques have been de-
veloped for the study of roots. For instance, monolith
excavation consists of extracting the whole root system
of an individual plant in a block of soil (Nelson and
Allmaras 1969). It does not provide root spatial distri-
bution information unless the monolith is itself subsam-
pled (Bohm 1979d). Several techniques for extracting
monoliths exist, such as the pin-board method, which
involves fastening a wooden board to a trench’s surface
using long nails, thereby extracting a monolith
(Maschhaupt 1915). In general, monolith methods are
logistically consuming, as they require relatively large
excavations in order to extract the samples.

Extracting a cylinder-shaped mass of material (i.e. a
core) is the most widespread among the soil sampling
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techniques. Cores can be extracted from the soil without
conducting large excavations, making this a fast and
cheap method where more replicates can be obtained
with less effort. Core extraction tools are diverse but
usually based on rotation or percussion forces facilitat-
ing the insertion of a coring device (corer) in the soil.
Simple hand-operated Auger corers are commonly used
in root studies (Schuurman and Goedewaagen 1971;
Bohm 1979a). However, these devices do not perform
well in hard or stony soils, or when pursuing the extrac-
tion of wide, woody roots. Additionally, these corers
usually extract small soil samples, typically in the range
of 5 cm diameter and 20 cm deep, potentially
compromising the sampled volume and the representa-
tiveness of the sample (Taylor et al. 2013).

The logistical limitations of soil coring can be over-
come by using heavy truck-mounted machinery and
autonomous robots (Bar-Cohen and Zacny 2009), as is
often done for geological, oceanographic, petrological,
and astronomical exploration. Coring machinery is less
appealing for the ecological field, as they are expensive
tools, and difficult to bring into natural and forested
systems. While there is a gap between these two groups
of coring devices, and very few non-truck-mounted,
affordable, mechanical coring devices exist, some me-
chanical handy devices exist. For instance, some root
researcher have used gasoline powered jackhammers to
effectively extract cores by percussion in frozen soils
(Tarnocai 1993), or compacted clays of tropical acrisols

al Sl
Fig. 2 Photographies from unpublished (Cabal et al.) ecological

fieldwork showing the use of a- a construction diamond drilling
machine for extracting soil cores by rotation, and b- woody roots
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(Stahl et al. 2013). Alternatively, diamond core drilling
machines designed for the construction industry have
been used to extract soil cores by rotation in Mediterra-
nean granitic ranker soils (Cabal et al., unpublished, see
Fig. 2a), and are capable of drilling through rocks.

Observation methods

Observation methods are those that allow visualizing the
root fragments in the soil, without extracting them. By
visualizing, in the broader sense, we refer to using
technologies to directly (with the naked eye) or indirect-
ly observe the root fragments (Fig. 1).

Rhizotron systems

Among the rhizotron'”! systems or soil windows
(Wolfgang Bohm 1979), the minirhizotron is probably
the most successful: transparent PVC tubes buried in the
soil that function as a tubular window. Minirhizotron
tubes support scanning of the surrounding soil surface
and roots via adapted digital cameras that can be
lowered in these tubes (Klepper and Kaspar 1994;
Rewald and Ephrath 2013). Minirhizotron systems have
predominantly been used in controlled conditions, yet
their application to field studies is becoming increasing-
ly popular and affordable (Arnaud et al. 2019).
However, root ecologists ascribe several limitations
to this method. First of all, the natural behavior of roots

of three species of Mediterranean shrubs stained in situ in different
colors for their identification
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is likely modified by encountering the solid plastic
surface of the minirhizotron system (Semchenko et al.
2007; Bizet et al. 2016), potentially altering the ob-
served root density!? and traits. Another limitation of
minirhizotrons is that their small diameter and cost-
limited replicability severely compromise soil sample
representativeness (Taylor et al. 2013), in particular for
wide roots. Finally, these systems do not allow re-
searchers to obtain root density measures, as the obser-
vation is made in the plane, and soil volume is inacces-
sible. While the usefulness of rhizotron systems in ac-
quiring data on root anatomy and root function is be-
yond argument (see Withington et al. 20006), its use as a
tool to develop IRDD!" data is quite limited for all the
reasons listed above.

Tomography based on electromagnetic waves

In the field of plant root ecology, a wide array of
tomography!® techniques exists for inferring root sys-
tems’ spatial distribution based on different physical
properties that can be measured in the intact soil. Gen-
erally speaking, tomography methods are non-intrusive,
as they do not significantly alter the soil or roots within,
and repeated measures can be made over time, tracking
the growth of a root system.

Tomography based on the emission of electromag-
netic waves of different frequencies represents one of
the most revolutionary root detection methods!
(Wasson et al. 2020). Concretely, radar waves (0.4—
2.6 GHz) have proved most successful in natural condi-
tions, where the emitted signal is selectively reflected by
some soil components and can be thereafter detected by
receiving antennas (Guo et al. 2013). Ground-
penetrating radar (GPR) tomography is probably the
oldest root tomography technique developed (Hruska
et al. 1999) but has turned into a very popular method
for mapping the roots of trees in wild and urban envi-
ronments (Zenone et al. 2008a).

While it has been extensively used for over two
decades, recent studies have highlighted several limita-
tions of GPR tomography. Specifically, the technique
gets progressively less reliable with decreasing root
diameters, increasing soil depth, decreasing root volu-
metric water content, increasing soil moisture, presence
of organic litter, and when roots are located closer to one
another or to the tree stump (Hirano et al. 2009; Butnor
etal. 2016; Rodriguez-Robles et al. 2017). However, the
development of this technology has the potential to

overcome at least some of these problems (Bassuk
et al. 2011; Alani and Lantini 2019). For instance,
scanning vertical profiles in pits using GPR can provide
more accurate vertical profiles of root distribution
(Butnor et al. 2012).

Tomography based on acoustic waves

Acoustic tomography'® was mainly applied in forestry
for the detection of decay and holes in tree stems (Divos
and Szalai 2002). However, the velocity and amplitude
of the sound waves can be used to discriminate roots
from the soil (Mary et al. 2015). The principle underly-
ing this technique is that acoustic waves travel at differ-
ent speeds through different media, which is typically
high in healthy roots (2000-4000 m s') and much
lower in the air (343 m s ') or soil (<700 m s ')
(Bucur 2006; Mary et al. 2015; Alani and Lantini
2019). In practice, the shorter travel time of a sound
pulse, traveling between the transmitter at the stem base
and the spike-shaped receiver in the soil, informs on the
vicinity of roots.

In preliminary field tests of this method, circular
sampling setup around the stem of trees allowed re-
searchers to map the spatial position of the thick roots
of individual trees up to a depth of 50 cm and with of
120 cm distance from the trunk (Buza and Divos 2016;
Proto et al. 2020). While these tests of the method are
still preliminary, the technique is very promising as a
potential alternative to GPR tomography. So far, the
reported limitations are that it works only for thick roots
(diameter >4 cm), the space between individual roots
must be at least 20 cm to guarantee distinctive signals,
and the acoustic sound is also transmited by concrete,
pipes, or rocks, in a way that is undiscernible with roots,
limiting the applicability of the method in urban and
stony soils (Buza and Divés 2016 and references
therein). Nevertheless, the method also has a few ad-
vantages over GPR tomography; it presents a cheaper
technique, free from signal noise resulting from soil
moisture and soil organic matter, and producing plant
individual-level information (i.e. only roots of one
targeted focal individual are detected) (Buza and Divos
2016; Proto et al. 2020).

Inference methods

Inference methods do not require extracting nor visual-
izing the roots in the soil, but rather allow researchers to
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indirectly infer their presence and relative abundance
through the measure of a signal that is used as a proxy
for their occurrence (Fig. 1).

Methods based on root function - stable water isotopes

Gradients in the soil water isotopic composition with
depth can establish naturally by several
environmentally-driven processes (Dansgaard 1964;
Gat 2010) or can be imposed artificially by manual
enrichment of the soil (Stahl et al. 2013). The pioneering
work of Ehleringer and Dawson (1992) describes how
stable water isotopic composition (8°H and 5'%0) of
xylem water in plants is relatable with the stable water
isotopic contribution of their hydric resources. Isotopic
labeling of a specific water source supports validation if
the labeled source is accessed by the plant, e.g. this
enables the study of deep roots by labeling the water
in deeper soil layers (Stahl et al. 2013). Therefore, a
gradient in soil water isotopic composition with depth
can allow the characterization of vertical root water
uptake profiles (Sprenger et al. 2016). While the tech-
nique does not assess root density spatial distribution, it
can provide an approximation of absorptive root arca
distribution with depth (Ogle et al. 2004).

In general, stable water isotopic tracer techniques can
be used to extract root function data (i.e. information
about roots that are physiologically active at the time of
sampling), complementing IRDD!"! and facilitating a
more integrated view on the functionality and plasticity
of a plant’s root system. However, the current debate in
the literature (Penna et al. 2018) calls for cautious use
and interpretation of the technique as several studies
indicate obscured interpretation and hindering of inverse
modeling endeavors by (i) the presence of root level
isotopic fractionations, i.e. processes that cause a shift in
the relative abundances of the water isotopologues driv-
en by their differences in molecular mass, which has so
far been attributed to mycorrhizal activity (Poca et al.
2019) and other unknown reasons (Zhao et al. 2016), (ii)
the potential widespread occurrence of d*H-offsets in
plants (Barbeta et al. 2019, 2020), (iii) the excessive
time lag in signature transport within a plant (Magh et al.
2020), and (iv) pronounced variance in xylem water
isotopic composition with plant height and in time (De
Deurwaerder et al. 2020). New developments of in situ
sampling approaches show high potential to overcome
these hindrances (Volkmann et al. 2016; Marshall et al.
2020) and might propel implementation, use, and
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understanding of the stable water isotopic technique.
However, whether these new developments could sup-
port the collection of high-quality IRDD data remains
questionable.

Electric capacitance (or electric resistance)

Chloupek (1972) was the first to highlight the potential
of performing a rapid, cheap, and non-intrusive root
assessment using electric capacitance on potted plants.
Root cells and their content present an electric barrier
between highly conductive xylem and soil media
(Chloupek 1977; van Beem et al. 1998). Hence, the root
membrane (i.e. the cell membrane of various root cells
in the epidermis and cortex around the Casparian strip)
function as an imperfect electric capacitor which alters
the amplitude and phase of an alternating current im-
posed over a plant-soil electric circuit (AC, generally
1 kHz) (Ellis et al. 2013). Species-specific linear rela-
tionships allow qualitative estimates of the total dry root
mass (Chloupek 1972) and also correlate with other root
anatomical traits such as root length and root surface
area (Preston et al. 2004; Cao etal. 2011). Dalton (1995)
proposed a conceptual model that builds on these obser-
vations by integrating electrical capacitance responses
of a plant by considering roots to resemble leaky capac-
itors within an electrical circuit, a theoretical framework
further developed by Ellis et al. (2013). Daltons’ model
facilitates understanding of the empirical observed line-
ar relationships and advances the potential of electric
capacitance to be adapted as a tomography'® technique
(Liao et al. 2015), as discussed below.

However, the implementation and accuracy of
Daltons’ model have been contested by Dietrich
et al. (2012, 2013) who hypothesized that electric
capacitance correlates with a plants’ stem-cross sec-
tional area rather than with its total dry root mass, as
was originally proposed. Consequently, since the
underlying mechanisms of the observed plant re-
sponses is potentially misrepresented, associated er-
roneous interpretation of observations and root bio-
mass estimations via Daltons’ model are plausible.
In addition, the high sensitivity of the technique
concerning soil water content, soil texture, and ionic
composition, and the position and the size of the
plant electrode all confound the accuracy of the
estimate and call into question the usability of this
technique in the field (Ozier-Lafontaine and Bajazet
2005; Aulen and Shipley 2012; Postic and Doussan
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2016). These challenges need to be overcome to
validate and allow the application of electric capac-
itance in more complex field studies, and to allow
the comparison of plants experiencing different
growth conditions.

Tomography based on electric currents

Differences in the electrical responses of plant tissues
and the soil matrix to imposed electrical currents facil-
itate the indirect study of root systems (Zenone et al.
2008a; Amato et al. 2009). Specifically, the technique
supports observation of (i) the electrical responses of
roots mediated by the high electrical resistivity of their
cell walls (Cermak et al. 2006; Al Hagrey 2007), and (ii)
the frequency-dependent polarization and relaxation
properties of the double-layered root membrane
(Lyklema 2005; Weigand and Kemna 2017;
Cseresnyés et al. 2018a). Generally, the basic setup
consists of a single or multi-frequency current flowing
from a set of injection points (i.e. electric electrodes)
towards a set of monitoring points (i.e. the potential
electrodes). The shape of the emerging electrical fields
between these electrodes depends on the cumulative
flow resistivity and/or impedance responses experi-
enced along the currents’ pathway through the soil
and/or root media. Subsequently, this basic setup is
repeated with stepwise modification of pathway length,
direction, and current frequency according to the select-
ed electrode configuration approach (e.g. as reviewed by
Samouélian et al. 2005), and alterations in the electrical
fields are studied. The selection of the electrode config-
uration is important as it influences both the resolution
and sensitivity of the two- or three-dimansional tomog-
raphy™). These tomographic images are the result of the
obtained measurements via tomographic inversion
algorithms.

Three major subcategories in electrical tomography
can be distinguished based on the studied electric re-
sponse (i.e. resistivity vs impedance) and the electrode
configuration considered: (i) Electric resistivity (ER)
tomography targets the study of in-phase resistivity,
with electric flow injection in the soil medium (Stan¢k
1997; Aubrecht et al. 2006; Amato et al. 2009, 2010).
(i1) Mise-a-la-Masse describes a similar setup to ER
tomography, but the electrical current is applied to the
plant rather than to the soil (Mary et al. 2018; Corona-
Lopez et al. 2019). (iii) Electrical impedance tomogra-
phy observes dielectric polarization responses and/or

relaxation time of the double-layered root membrane
evoked by the external electric fields (Lyklema 2005;
Cseresnyés et al. 2018b).

The interpretation of electrical tomography remains
challenging, as measurements can be obscured by many
soil features such as the nature of solid constituents, soil
pore composition, or the ionic solution of the soil me-
dium, just to name a few (Samouélian et al. 2005). In
addition, the resolution of detectable root size is limited,
i.e. > 2 cm, although better resolution might be obtained
by increasing the electrical frequency (Butnor et al.
2001, 2003). Electrical tomography shows, however,
high promise in acquiring noninvasive insights in ab-
sorbing root surface area (Cermak et al. 2006), and its
applicability in field conditions will become more ap-
parent once we are able to overcome its current
limitations.

Root identification methods

While some root detection methods!*! intrinsically pro-
vide individual-level information —namely electric ca-
pacitance, water isotopes, acoustic tomography'™!, and
most electric tomography modalities—, the extractive
detection methods™!, rhizotron, GPR tomography and
ER tomography are detection techniques that provide
community-level information of root systems, i.e. infor-
mation about the total presence and/or density of roots
for all the plants present nearby the sample. Root iden-
tification methods!*! are technologies developed to link
a root fragment detected in the soil to a plant species or
individual. In this section, we review the existing meth-
odologies that allow plant researchers to cope with root
identification from soil samples!®), rhizotron!”! imagery,
or GPR tomography (Fig. 1).

An important consideration to keep in mind when
selecting an individual-level identification method™ is
the fundamental difference existing between physiolog-
ical' and genetic individuals!'®. The complexity in
defining what is a discrete plant individual was already
tackled by early plant population ecologists (Harper
1977). Indeed, many plants are clonal, as they can
reproduce asexually through root sprouting, rhizomes,
or other types of propagation (Barrett 2015). Whether
individuals are defined as genetic or physiological often
involves fundamental ecological consequences (Falik
et al. 2006). Most methods presented here refer to the
identification of physiological individuals, whereas
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those presented in Section 2.3 refer to genetic individ-
uals. Note that one may find different results when
identifying plant fragments in the field using genetic or
physiological individual-level methods, hence it is cru-
cial to consider this before selecting an adequate method
to test a given scientific question.

The skeleton method (sensu lato)

Excavating integrally the root system of an individual
plant by following its roots (the skeleton method) is
probably the oldest method used in root systems re-
search (Hales 1727). The skeleton method provides the
most comprehensive information: a complete map of the
roots of plant individuals. While Bohm (1979b) defined
the skeleton method (sensu stricto) as excavating the
individual roots in the soil surroundings (therefore a
detection method™®)), we consider it more adequate to
include it as an identification method™!. Indeed, one can
use several different excavation techniques (e.g. shovel,
pneumatic, hydraulic), while the essence of the skeleton
method is that, by tracking the roots, one can link them
to the physiological individual® to which they belong.
Moreover, while this method has traditionally been as-
sociated with excavation (see Kiilla and Lohmus 1999),
the principle can also be coupled with a more recent
detection®™ technique: tomography™ (see Cui et al.
2013). In a human body analogy, the excavation-
skeleton method would be like dissecting human bones,
while the tomography-skeleton method resembles tak-
ing X-ray radiography. Both combinations and their
differences will be discussed in Section 3. Generally,
we define the skeleton method (sensu lato) as an
individual-level identification method linking the roots
to one another and to an aboveground plant, by follow-
ing them and reconstructing the complete root system of
plant individuals.

Identification based on phenotypic traits

At the species level, the simplest techniques rely on
visually recognizing root morphological traits (i.e. ana-
tomical phenotype) that support linking root observa-
tions to a species. Species identification guides based on
root traits exist for specific regions (Cutler et al. 1987),
and root morphology can be used as a species-level root
identification method™ (Rewald et al. 2012). Generally,
the variability in root traits is less informative for plant
identification in comparison with aboveground plant
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traits, such as the floral traits. However, to this day,
many studies still rely on root-specific identifiable traits
(Cope et al. 2012; Pages and Kervella 2018). For in-
stance, Watt et al. (2008) relied on fluorescence and
cryo-scanning electron microscopic techniques to study
the number and arrangement of xylem tracheary ele-
ments to successfully distinguish current and remnant
roots and their distribution within triticale, barley, and
wheat cropping systems. So far, it has not been sug-
gested, as it seems rather unlikely, that root morphology
could be used for individual-level identification.
Similarly, molecular traits (i.e. chemical phenotype)
can be used to link sampled root fragments to a plant
species. The chemical phenotype of a plant can provide
tools for species-level identification of roots: species-
specific endogenous biomolecules detectable in dry tis-
sues or wax can be used as markers to identify roots
species identity (Roumet et al. 2006). While largely
unexplored, endogenous chemical markers have the
potentical to be greatly informative at the species level.

Identification based on genotype

Molecular techniques can overcome some of the limita-
tions associated with the taxonomic identification of
roots from phenotypic traits, both at the species- and
the genetic individual'®-levels. The potential of DNA-
based methods to identify plant parts in the soil was
recognized as early as 20 years ago (Mommer et al.
2011a; Pértel et al. 2012; Rewald et al. 2012 and
references therein), and since then, their use has repeat-
edly proved useful in the study of belowground plant
communities (e.g. Lamb et al. 2016; Tréger et al. 2019).

Genetic methods for species-level identification

Early studies compared DNA sequences of the internal
transcribed spacer (ITS) region obtained from individual
root fragments with an ITS reference database construct-
ed for the flora of the study area (Jackson et al. 1999;
Linder et al. 2000), allowing the identification of below-
ground plant parts at the genus, and often, the species
level. The later validation of specific DNA barcodes for
plants, i.e. short genomic regions that are universally
present in plant lineages (Kress et al. 2005; Kress and
Erickson 2007; Taberlet et al. 2007; Hollingsworth et al.
2009), was aimed at improving the taxonomic resolution
of molecular-based plant identifications. Chloroplast re-
gions, mainly the marK, rbcL, trnH-psbA, and trnL
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markers, quickly became the universal primers of choice
in most root barcoding studies, often in combination (e.g.
Brunner et al. 2001; Ridgway et al. 2003; Frank et al.
2010; Jones et al. 2011; Kesanakurti et al. 2011).

In the abovementioned studies, species identifi-
cation was performed on isolated roots. In other
words, DNA was extracted from each root frag-
ment, sequenced for the selected target region, and
then matched against the reference database to
assign it to a species in the regional pool. How-
ever, the rapid development of next-generation se-
quencing techniques and robust bioinformatic pipe-
lines boosted the transition from barcoding single
individuals to the metabarcoding of plant commu-
nities (Taberlet et al. 2012; Cristescu 2014; Deiner
et al. 2017). In this approach, DNA from an un-
known number of species is extracted from bulk
(mixed roots) or environmental samples (eDNA)
and later sequenced for a common region. The
production of billions of sequence reads allows
the simultaneous identification of multiple species
in compound samples, exponentially increasing the
speed and resolution of biodiversity assessments
(Cristescu 2014). Over the last decade, DNA
metabarcoding has been used to assess patterns
of root diversity in species-rich communities
across different vegetation types (Fisk et al.
2010; Taggart et al. 2011; Hiiesalu et al. 2012;
Price et al. 2012; Lamb et al. 2016; Li et al. 2018;
Trager et al. 2019). Furthermore, a recent study
used mock communities of known species compo-
sition and biomass partition to successfully quan-
tify the relative abundances of roots of different
species in mixed samples (Matesanz et al. 2019).
Interestingly, this opens the possibility that the use
of post-sequencing correction methods may trans-
form DNA metabarcoding from a purely qualita-
tive identification method™ to a quantitative
approach.

An alternative method to the use of universal primers
that amplify a common region across taxa is the use of
species-specific primers in quantitative real time-PCR
(gPCR). A remarkable benefit from the use of this tech-
nique is the fact that it renders quantitative (or semi-
quantitative) abundance of each species in a mixed sample
(Mommer et al. 2011b). However, the availability of
primers for each of the plant species in a study area may
constrain the implementation of this method in species-rich
plant communities. Indeed, the use of gPCR to assess root

identities and abundances has in general been limited to
communities of two to six species (Fisk et al. 2010;
Mommer et al. 2010; Riley et al. 2010; Haling et al.
2011; Zeng et al. 2015), although in a recent study, Herben
et al. (2018) assessed the vertical distribution of roots of 13
species in a montane grassland.

Genetic methods for individual-level identification

A critical aspect of the usefulness of molecular methods
to study root density'® distribution is whether the iden-
tification of single individuals —not only species— is
possible. In this context, several studies have used high-
ly polymorphic microsatellite markers to link root frag-
ments to specific individuals of different plant species
(Brunner et al. 2001; Saari et al. 2005; Lang et al. 2010).
In these works, individual multilocus genotypes are
obtained from aerial tissue (typically leaves) and then
matched to the genotyped root fragments. More recent-
ly, the analysis of single nucleotide polymorphisms
(SNPs) using high-throughput sequencing has been
shown to provide enough resolution for individual-
level identification. SNPs are comparatively less infor-
mative than microsatellites at the marker level, but the
number of SNPs is usually several orders of magnitude
larger than available microsatellites. However, although
the application of SNPs to identify single individuals is
fairly common in animal populations (see e.g. von
Thaden et al. 2020 and references therein), it is less so
in plants (Niissalo et al. 2018) and, to our knowledge, it
has not been used yet to link aboveground plants to
specific roots. Nevertheless, due to their potential reso-
lution for individual-level identification, the use of
SNPs to discriminate root fragments and link them to
their aerial counterparts may become much more com-
mon in the near future.

At the community level, a few recent studies have
attempted to obtain intraspecific genetic diversity data
from DNA metabarcoding data (see e.g. Pedro et al.
2017; Elbrecht et al. 2018; Turon et al. 2020). For
instance, using hypervariable barcodes, Turon et al.
(2020) inferred both inter- and intra-population genetic
variability of several species from benthic littoral com-
munities. Although this possibility has not yet been
explored for land plants, and more specifically, roots,
these studies open a promising avenue to potentially
discriminate between individuals of the same species,
and for multiple species simultaneously, by using
metabarcoding data.
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Identification based on artificial tracers
Plant injections

Exogenous artificial tracers, such as dyes or radioiso-
topes that can be incorporated in the aboveground tis-
sues of living individual plants and then detected in
roots, have been used as an individual-level identifica-
tion method™. The use of radioisotopes became popular
in the mid-twentieth century and was further developed
in the following decades. Plant physiologists tested a
wide variety of radioisotopes such as 14C, 134Cs, 13 lI,
32p or ®Rb, and several analytical techniques such as
the measure of Geiger activity, scintillation, autoradiog-
raphy, or gamma spectroscopy (Fraser and Mawson
1953; Bormann and Graham 1959; Racz et al. 1963;
Litav and Harper 1967; Baldwin and Tinker 1972;
Bookman and Mack 1982). However, on account of
the potential risks to health and to the environment
linked to this method, the field use of radioactive com-
pounds soon lost popularity, and will not be discussed
further in this review.

Dyes are cheap, visually recognizable tracers that can
travel through the plant vessels to the roots, and generally
do not diffuse to the soil, permitting the individual-level
identification of root fragments. The use of plant injections
has a long history —including injections of dyes starting in
the twelfth century—, and dyes have been occasionally used
as markers to link plant roots to individuals (Roach 1939).
Despite existing modern science studies of water transfer
between herbaceous plants and root graft in trees based on
the use of dyes (eosin, acid fuchsine) as tracers (Bormann
1957; Bormann and Graham 1959; Graham 1960), the use
of dyes to study roots has been overlooked, probably
eclipsed by the development of fancier methods involving
more modern technologies.

Recently, Murakami et al. (2006) revisited this pos-
sibility, incorporating the exertion of 0.5 bars of pres-
sure to the dye in order to force its descent in plants
grown in a greenhouse. They successfully stained in
different colors the roots of different individuals of plant
cultivars in pots after drying the substrate, allowing
them to map the root density®! of these plants. Even
though this method has been replicated in pot-grown
herbaceous plants (Miyazawa et al. 2010; Cabal et al.
2020b), and improved to work in larger containers kept
outdoor (Murakami et al. 2011), it still has received very
little attention to this day. It has been claimed that its
ecological application to large plants in the field may not
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be feasible (Rewald et al. 2012), yet the roots of wild
woody Mediterranean shrubs (up to 40 kg of above-
ground dry weight) have been successfully stained in the
field (Cabal et al., unpublished, see Fig. 2b), placing this
as a promising method for root identification in the field.

Fluorescence in genetically modified plants

Finally, genetically modified plants can endogenously
produce detectable substances such as fluorescent pro-
teins that can be used in experimental set-ups to differ-
entiate the roots of this group of genetically modified
organisms from the roots of non-modified conspecifics
(Faget et al. 2009). This method can be used to generate
individual-level root maps when planting a single fluo-
rescent individual surrounded by non-fluorescent con-
specifics, or several plants marked using different, dis-
cernible fluorescent proteins. However, this method is
not suited to study undisturbed natural systems, as it
requires the engineering and artificial planting of these
fluorescent individuals.

Detection-identification combined protocols

A complete protocol to study root systems must necessar-
ily account for both root detection” and root identification
methods!™. Table 1 presents these potential DI methods™™.
Here we discuss these methods and assess which of them
can potentially provide IRDD information.

The phenotypic identification of oot fragments requires
visualization of the roots in order to recognize species-
specific traits. Root trait recognition is generally done by
extraction (soil excavation, trenches, or soil samples[é])
(Pages and Kervella 2018). Similarly, identification
methods based on chemical substances, either genetic
information or other chemical metabolites, do require
bringing the root fragments to a laboratory for analysis.
Therefore, phenotype- or DNA-based identification
methods can be combined almost exclusively with extrac-
tion techniques. The combination of phenotype- or DNA-
based identification methods with excavation-based detec-
tion can inform on root presence (excavation), relative
abundance (trench walls), or root density (soil samples)
of plant species or genetic individuals. For instance, the
combination of DNA metabarcoding and soil coring can
provide maps of the relative abundance of plant roots in
two-dimensional horizontal root space (Fig. 3a). Further-
more, the combination of microsatellite or SNPs with soil
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Table 1 Summary of the potential combinations of detection!™!
and identification methods'¥ (DI methods[s]), and the type of
information provided by each of them. Table legend: symbols
for DI methods, differentiating identification levels, and the reso-
lution of detection methods. Within the detection resolution, we
distinguish (i) methods providing information on root density

(shown by red roots, as opposed to any other quantitative or
qualitative type of root information which is symbolized by grey
roots), and (ii) the spatial information of the root position they
provide (vertical profile and horizontal plane relative to above-
ground). (Tomography 1= Electromagnetic and acoustic waves,
11 = electric tomography methods).

Detection methods

Extraction Observation Inference

Tomography I
Water isotopes
Electric capacitance
Tomography I1

Anatomical phenotype

=)
]
=
o
=
=

Chemical phenotype

PCR/DNA barcoding

gPCR/DNA metabarcoding

DNA Microsatellites/SNP

18 8| 48| 38| BB Trench walls

9{" # # 5’ # Soil sampling (core)

Skeleton method

Identification method

*-

o ;1; 7 ” ” *-’ ” Excavation
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Artificial tracers
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Identification Species

Table legend:

Genetic  Physiological
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Detection Root 'Vertical  Horizontal
resolution density space space
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sampling may be suitable to map the IRDD of plants when
researchers target genetic individuals!'®. However, it is
worth stressing that this type of genetic analysis requires
performing separate tests for several hundreds of root
fragments, and is therefore economically prohibitive
currently.

As an exception to the above, belowground imagery
using rhizhotron systems can be used to assign root frag-
ments to species in controlled conditions of few species
with contrasting phenotypic traits. For instance, Padilla
et al. (2013) identified at the species level the roots of
two different species sharing a container, one with brown
roots and the other with white roots (Fig. 3b). Yet the
application of this method in the field may not be viable,
as multiple species with undiscernible root traits usually
coexist. Similarly, some other studies show the potential
combination of minirhizotron'” detection with the use of
artificial tracers such as injecting dyes (Cahill et al. 2010)
or using fluorescence (Faget et al. 2009) as individual-level
identification methods. However, generally speaking, the
use of minirhizotrons has several limitations when it comes
to obtaining IRDD data, as discussed above.

The skeleton method can be used as an identification
method to obtain a complete map of the roots of an
individual (including IRDD™ information), combined
with either excavation or radar tomography. The use of
excavation to implement the skeleton method presents,
however, several logistic limitations. In the case of woody
plants, this is potentially feasible but extremely time-
consuming for the coarse, lignified roots. On the other
hand, when roots get finer —hence copious and softer—
tracing their location without breaking them or losing track
of their spatial position becomes an almost impossible task.
With the development of adapted radar systems able to
detect roots in the soil, a non-intrusive skeleton method has
become popular (Zenone et al. 2008b) (Fig. 3c). Even
though in theory a complete 3D map of root systems can
be obtained using tomography systems, current equipment
fails to detect roots with small diameters or at greater
depths, as discussed above, limiting the outcome of this
combination. Nonetheless, this technology shows high
potential for the future of IRDD sampling. Alternatively,
acoustic tomography can be used with the same goal, with
the added value that this is an individual-level detection
method capable of confirming the individual plant to
which each root is linked.

The identification methods involving the use of
tracers generally need to be combined with extraction-
based detection techniques. Combining of the use of
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tracers with excavation methods can inform about the
root presence (excavation), relative abundance (trench
walls or rhizotron), or root density (soil samples) of
plants. Radioisotopes used as artificial tracers need to
be detected in extracted samples where Geiger activity
(Racz et al. 1963) or gamma spectroscopy (Bookman
and Mack 1982) is measured, or in soil trenches ana-
lyzed using autoradiography (Baldwin and Tinker
1972). In the case of colorants distributed throughout
the plant vessels by injection or fluorescent genetically
modified organisms, visualizing the root is enough,
therefore minirhizotron systems can also be used for
root detection, as discussed above. One of the most
successful approaches may result from the combination
of dye injection with soil sampling. This DI method has
been used to map the IRDD of physiological plant
individuals!®! both in controlled conditions (Cabal
et al. 2020b) (Fig. 3d) and in the field (see Fig. 2).

Some detection methods do not need to be combined
with any particular identification method (last row in
Table 1), namely water isotopes, electric capacitance,
electric impedance tomography'™®, and acoustic tomog-
raphy. These are root detection methods that detect the
presence of roots in the substrate by transmitting a signal
that travels through physiological individuals (being
emitted or detected in the individual body). Therefore,
these methods are by nature DI methods, as the roots are
both detected and linked to the studied physiological
individual in a single step. Nonetheless, most of these
are inference detection methods, and hence provide
surrogate information about the roots, not accurate in-
formation about the actual root density®!. As an exam-
ple, water isotope methods can be used to infer root
activity in the vertical soil profile (Fig. 3e). In conclu-
sion, these DI methods are generally not a good alter-
native to obtain IRDD maps, with the exception of
acoustic tomography, as discussed above.

Future directions

In support of ecological root theory validation, which is
becoming more complex and specific, the availability of
more comprehensive data seems inextricable. This im-
poses a challenge to a scientific branch notably limited
by its methodologies. We anticipate that methods
targeting qualitative IRDD!"! data show the highest po-
tential to meet these new data requirements, furthering
our understanding of plant roots.
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Fig. 3 TIllustration of the raw sample (upper pannels) and proc-
essed data (bottom pannels) information from five selected DI
methods. a- Raw samples are root mixtures obtained by regular
soil coring of a field plot (photograph by C. Diaz). Processed data
after DNA metabarcoding results in the spatially-explicit abun-
dance of roots of each species using their DNA reads in the
multispecies mixtures, map from A. [lluminati et al. (unpublished).
By relating the proportion of reads of each species to the root
biomass per sample, this method can provide species root densi-
ties. b- Raw sample obtained by scanning the surface of a
minirhizhotron tube, distinguishing white roots and brown roots
from two different species, photograph by F. M. Padilla and H. de
Kroon. Processed data show root length by surface changing over
time, plot adapted from Padilla et al. (2013). ¢- Raw sample of
tomography obtained by scanning a soil transect using ground-
penetrating radar; note distinct reflections that can be associated to
the presence of roots, image adapted from Butnor et al. (2001).

While all presented detection') and identification®
methodologies provide important insights in root ecol-
ogy, either by allowing the investigation of root anato-
my or root function, most of them (alone or in combi-
nation) are currently unsuccessful in acquiring in situ
and high-quality root density distribution data, i.e.
IRDD maps. This is especially true when IRDD data
for natural, and therefore more complex, systems are
pursued. As scientists aspire to more complex root da-
tabases, methods that receive great attention today (i.e.,
minirhizotron'”! systems, DNA metabarcoding and
qPCR, or water isotopes) but which are projected to
reach a growth ceiling in acquirable IRDD data detail
and applicability, might tend to lose popularity.

Coring to obtain soil samples'® is probably the most
advisable detection method currently available to obtain

Processed data shows the full root system spatial structure and
architecture, example image from TreeRadar UK
(https://treeradaruk.com/). d- Raw sample of clean root
fragments from a soil sample stained in different colors to
identify the individual plant to which they belong, photograph
by A. de Castro Aguilar. Processed data indicate the actual root
density distribution of the roots of each individual in space, plot
adapted from Cabal et al. (2020b). e- Raw sample is a wood core
obtained from the tree trunk, from which water isotope composi-
tion is measured, photograph by H. P. T. De Deurwaerder. Proc-
essed data compare the water isotopic composition of the samples
with the water isotopic composition across the vertical soil profile,
informing on the weighed depth of root water uptake, plot adapted
from De Deurwaerder et al. (2018). Although species’ means are
shown, data from the method come from individual-level infor-
mation. Symbols embedded in top panels as in the legend of
Table 1

IRDD data. Specifically, the use of visible tracers in
conjuncture with coring detection strategies can be ad-
vocated as the most straightforward and widely applica-
ble DI method™ available. Indeed, the use of visible in
situ tracers pumped through a plants’ transport tissues
was recently proved an affordable and effective identi-
fication method, supporting accurate and fast
individual-level identification of root fragments in soil
samples. While this combination of visible dyeing and
coring might embody the most achievable DI tool at
hand, pursuing further refinement and lowering costs of
microsatellite and SNPs analyses remains a high prior-
ity, as it has the potential to represent a very effective
way to identify root fragments at a genetic-individual '’
level. These specific DNA techniques might very likely
become more common in the future as they overcome
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the intrusive nature of applying visible dye to plants,
which requires cutting the aboveground part of the
plants and hence killing them, rather than only
extracting some root fragments in cores while allowing
the plant to recover and survive.

Additionally, we anticipate that when the resolution
and precision of GPR and acoustic tomography'®! sys-
tems for root detection improve, these methods may
become flagship techniques to obtain IRDD!™ data in
combination with the skeleton method, especially for
bigger plants with lignified roots. The application of
these methods for detecting fine roots of herbaceous
plants is questionable. One fundamental advantage of
the skeleton method over the abovementioned DI
methods is that, besides providing IRDD information,
the skeletonization of complete root systems also allows
to analyze more detailed data on root architecture (i.c.
root direction and branching patterns) encapsulating the
most comprehensive set of root information one can
imagine. However, as compared to soil sampling, it
has the disadvantage of not providing a direct measure
of root biomass, but only a root volume that can be used
as a proxy of root mass. Anticipating further refinement
of the technique, tomography based in either electro-
magnetic or acoustic waves emerges as perhaps the most
promising and convenient non-intrusive detection meth-
od with high potential to acquire high-quality IRDD
data under a variety of field conditions.
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Glossary

[1] Individual Root Density Distribution (IRDD):
The individual-level spatial distribution of root
density in the soil relative to the location of the
aboveground part of the plant, ecologically equiv-
alent to the map of a plant’s complete root system.

[2] Root density: A measure of root mass or volume
per soil volumetric unit (generally root dry weight
per soil cubic meters).

@ Springer

[3] Root detection method: A technique that allows
the identity of a root fragment to be resolved, either
at the species level or, with higher resolution, at the
individual plant level.

[4] Root identification method: A technique that al-
lows the identity of a root fragment to be resolved,
either at the species level or, with higher resolution,
at the individual plant level.

[5] Detection-Identification (DI) method: Any par-
ticular pairing of a root detection method with a
root identification method that allows researchers
to extract, visualize, or infer the presence of roots
of a given species or individual in a patch of soil.

[6] Soil sample: A portion of soil whose spatial infor-
mation —such as the position where the sample was
collected and the sample volume— is known.

[71 Rhizotron: Windows or transparent surfaces that
allow visualization of a soil wall and the roots
growing therein.

[8] Tomography: An imaging technique that pro-
duces a tomogram, i.c. a group of images arranged
in space. Different technologies can be used for
tomographic mapping of plant root systems in the
field, such as electric currents, electromagnetic
waves, or acoustic signals.

[9] Physiological individual: A group of plant organs
that are connected and share active transportation
of water and nutrients through transport tissues.

[10] Genetic individual: A group of plant organs

sharing a genotype originated from a single sex-
ual reproduction event; because some plants can
reproduce vegetatively, a single genetic individ-
ual may represent multiple physiological individ-
uals.
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