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Abstract

A growing need exists to consider effects of biodiversity dynamics on the functioning of natural and
anthropised ecosystems. This requires including the concepts of functional ecology, especially comparative
trait-based ecology, in a broad range of theoretical and applied studies. In parallel, the importance of the
belowground compartment is increasingly recognised, which has exponentially increased the number of
studies that consider root functional traits, despite limited understanding of their meaning. This perspective
article 1) describes the origins of the trait-based ecology framework, ii) highlights current limitations of root-
system studies, and iii) recommends ways to address these limitations.

In recent years, studies claimed that aboveground functional ecology had theoretical foundations
without adequate empirical support. Root functional ecology has experienced the same problems and, for
several reasons, its foundations seem even more unstable. Firstly, roots are difficult to collect, and it is
difficult to precisely define components of the root system that have homogenous functions. Secondly, root
systems are complex organs and have a diversity of functions, such as taking up nutrients and water, storing
resources, and anchoring plants. Thirdly, the theoretical background used in root functional ecology
approaches is based on that of aboveground ecology, specifically leaf functional ecology.

In the past several decades, root ecology benefitted from following in the footsteps of aboveground
trait-based functional ecology, which highlighted the existence of a variety of trait spectra that were partially
related to species’ ecology or their interaction with symbiotic microorganisms. However, root functional
ecology is currently at a crossroads and must move beyond this aboveground path and rediscover the origins
of root ecology and include new traits based on root architecture and anatomy. Doing so requires developing
innovative approaches that are more specific to the belowground compartment to improve understanding of
plant roots and include them in large-scale studies.
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Introduction

In the past few decades, trait-based
approaches have expanded from studies on plant
functional ecology to a wide range of disciplines,
including theoretical and applied sciences such as
agronomy and conservation biology (Auber et al.,
2022; Faucon et al., 2017). This phenomenon is
due to the ability to integrate and summarise
information on plant and animal diversity at a large
scale through various trait spectra (Diaz et al.,
2015; Toussaint et al., 2021). Species’ positions
along these spectra are related to their response to
environmental changes and their effects on
communities and ecosystem functioning (Lavorel
et al., 2007). Thus, using the trait-based approach is
a way to understand and predict community and
ecosystem functioning (Lavorel & Garnier, 2002).
Limitations of these approaches, weaknesses of the
relations and the limitations of conceptual
frameworks remain partially hidden and are often
ignored by the readers. As a result, trait-based
approaches can be perceived as the best way to
explore and predict biodiversity functioning,
resulting in excess use and criticisms of their utility
(Streit & Bellwood, 2022; Volaire et al., 2020).

Another criticism of plant functional
ecology is that it ignored the importance of root
system functions or considered them a support or
reflection of the aboveground system (Grime,
1977). However, roots function are different than
those of the aboveground organs (e.g. water and
nutrient uptake, resource storage, and anchorage)
and must grow in the soil, which has much more
heterogeneous and complex conditions and
resource distribution than the aboveground
compartment (Hillel, 1998; Jobbagy & Jackson,
2001). This renders the study of roots particularly
complex due to the difficulties involved in
sampling roots and defining root functions
(Freschet, Pageés, et al.,, 2021). Despite these
obstacles, the belowground compartment is
increasingly considered, and root traits were
included in the recent description of the global
plant strategies (Carmona et al., 2021; Weigelt et
al., 2021).

Research on root system functions has
resulted in the construction of relevant databases
(Guerrero-Ramirez et al., 2021; lversen et al.,
2017); however, they do not increase understanding
of the belowground compartment to the level of
understanding of the aboveground compartment.
Moreover, root functional ecology is based on
concepts and approaches used in studies that focus
on the aboveground compartment. For example,
aboveground functional ecology has developed a
leaf economic spectrum (LES) related to a species’
use of resources, especially carbon (I. J. Wright et
al., 2004) and most belowground studies attempt to
establish its equivalent for roots (Roumet et al.,
2016; Shao et al., 2019). In this theoretical
framework, the root economic spectrum should
reflect the LES, even though roots and leaves
perform different functions. More recently, the
databases exploration allows to integrate this root
economic spectrum into a more belowground
focused root economic space (Bergmann et al.,
2020). However, before to consolidate the
foundations of the root economic space by
assessing the meaning of its different dimensions, it
was discussed in relation to the major traits
supporting the aboveground economic space
(Carmona et al., 2021; Weigelt et al., 2021).

The objective of this perspective article is to
review the limitations of current developments in
trait-based root functional ecology as well as the
opportunities it provides. To this end, it i) describes
the origins of the trait-based ecology framework
and focus on its initial goals and conceptual and
practical limitations; ii) highlights the current
limitations of root system studies, and iii) provides
new insights on how to address these limitations,
especially when multiple traits are considered.

Origin and framework of functional ecology

Functional ecology is concerned with
understanding how organisms adapt to the biotic
and abiotic characteristics of their habitats (Calow,
1987). Functional ecology differs from autoecology
and physiology by adopting a comparative
approach that considers a wide range of species. It
aims to characterise and compare species’
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responses to different environments and/or the
effects they have on the functioning of their
habitats (Figure 1). It also enables classifying
species in relation to each other according to their
functions, and thus promotes better understanding
of biodiversity patterns at different scales (Keddy,
1992).

Because functional ecology explicitly
considers diversity, it works with a large number of
entities (e.g., species, populations, genotypes),
which has led functional ecologists to develop
methods to  summarise  biodiversity-related
information. One of the oldest methods is to use
functional types to group plants that have similar
morphological characteristics and effects on
community  functioning. Long before the
emergence of modern science, Theophrastus (3rd
century BC) classified plant species into four
groups (i.e., trees, shrubs, sub-shrubs, and herbs),
depending on their life form (Weiher & Keddy,
1999). Although this initial step may seem
rudimentary, studies on relations between
biodiversity and ecosystem functioning at large
scales use similar classifications (Bradford et al.,
2014; Duckworth et al., 2000; Poulter et al., 2015).
Another way to distinguish species by function is to

physiological, and phenological characteristics of
individuals of a species (Violle et al., 2007). They
are simple-to-measure proxies of an organism’s
function (e.g., carbon fixation, nutrient acquisition,
light interception).

Measuring a set of traits of a set of
organisms helps estimate the degree to which they
perform multiple functions (i.e., their adaptive
strategy) in different environments (Figure 1). In
the 1970s, John Philip Grime, a pioneer in the field
of adaptive strategies, classified grassland species
into three main strategies: competitive, stress-
tolerant, and ruderal (CSR). This made it possible
to distinguish species by their ability to tolerate
disturbances or stresses (Grime, 1977; Grime et al.,
1997).  This  classification  enables rapid
characterisation of plant adaptation to different
types of environments, ignoring fine adaptations
and specific features. These seminal studies created
the framework for trait-based functional ecology
and, as a central concept, established the trade-offs
involved in fulfilling distinct functions. These
trade-offs restrict the range of strategies that
organisms can use, as they cannot maximise
reproduction, survival, and development at the
same time (Bornhofen & Lattaud, 2006; Cox et al.,

measure their functional characteristics (i.e., 2010; S. J. Wright et al., 2010).
functional traits), which are morphological,
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The LES is the most studied and robust
trade-off that structures plant diversity (I. J. Wright
et al.,, 2004). This spectrum distinguishes fast-
growing species, which can acquire resources
rapidly, from slow-growing species, which cannot,
but which can conserve resources over a long
period due to a long life span, among other
physiological mechanisms (Chapin et al., 1993;
Diaz et al., 2004; Grime et al., 1997; 1. J. Wright et
al., 2004). One trait that defines this spectrum is
specific leaf area (SLA) or its inverse, leaf mass
area. SLA is positively correlated with
photosynthetic efficiency per unit of biomass and
relative growth rate but is negatively correlated
with leaf life span (1. J. Wright et al., 2004). SLA
can explain the position of species along the LES at
the global scale and is simple to measure, which
renders it a major trait in functional ecology, with
more than 430,000 occurrences in the TRY plant
trait database (Kattge et al., 2011). An increasing
number of studies use SLA (van der Plas et al.,
2020), but often ignore its original meaning and
limitations (Shipley et al., 2016). These studies also
often ignore the comparative and sometimes
oversimplified nature of the research that identified
large-scale relations between SLA and other traits.

Comparative functional ecology does not
consider the specific characteristics of individual
species, but focuses more on general patterns,
which are explored by comparing traits among
species or populations in different environments
(Calow, 1987). This approach requires considering
many species that have a variety of ecological
requirements (Ryser, 2006). Based on these
prerequisites, this approach can explain the position
of species along environmental gradients (Ordofiez
et al., 2009; Reich, 2014; 1. J. Wright et al., 2004)
or use a few traits to characterise the diversity of
plant organisms at the global scale (Carmona et al.,
2021; Diaz et al., 2015; Weigelt et al., 2021).
However, it is not as effective at finely
distinguishing the strategies of a few species with
similar ecological requirements (Grime & Hunt,
1975), which challenges its relevance for some
studies. Due to its initial success at generalising at
the global scale and the use of functional ecology

concepts in multiple disciplines, functional ecology
has gradually lost sight of its origins (Shipley et al.,
2016), which is exploring the relations between
structure and function, as well as function and
adaptation based of physiological and ecological
knowledge (Calow, 1987).

Is root system ecology functional?
A subject that is difficult to define

One difficulty in describing root systems is
understanding what to measure in which
component. For most plants, it is simple to identify
in which organ to measure photosynthetic activity;
it is much less obvious to know which part of the
root system to measure to determine nutrient
uptake, water uptake, or respiration. Root systems
come in a variety of shapes, colours, and
organisation, within a root system, some old roots
may display absorbing hairs while young one will
not, which differs from the images in biology
textbooks. The concept of leaves and stems seems
universal, and non-specialists can understand that
some belowground organs, such as bulbs or
rhizomes, are modified leaves and stems,
respectively. However, distinct vocabularies are
used to describe a given root component, and it is
often difficult to make them converge (Freschet,
Pages, et al., 2021). Despite several attempts to
standardise sampling based on diameter classes or
orders (McCormack et al, 2015; Pérez-
Harguindeguy et al., 2013), no clear consensus has
emerged, and all options seem mixed depending on
the type of plant studied or the question asked
(Freschet, Pageés, et al., 2021). Despite the
difficulty in estimating the relative proportion of
functions performed by a root, studying roots with
distinct functions (e.g., absorption, transport,
storage) separately seems the most suitable method
to describe them in the greatest detail (Freschet,
Pages, et al., 2021; McCormack et al., 2015).
However, this approach does make it difficult to
compare species whose root systems are organised
differently.

Many traits or species are called, but few
are chosen
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Once the difficult sampling stage is
completed, the next step is to measure traits. Much
of the research on functional root ecology is based
on morphological traits that are theoretically or
empirically related to functions. Freschet et al.
(2021) identified more than 350 publications that
address relations among belowground traits, plant
functions, and ecosystem functioning. They
highlighted the importance of traits in a species’
ability to take up nitrogen and phosphorus, such as
net uptake capacity, root hair length or density,
aerenchyma production, and lateral root extension.
However, these traits are not broadly considered in
the literature on root functioning, which focuses on
four traits: mean root diameter, specific root length
(SRL), nitrogen concentration (RN), and root tissue
density (RTD).

Their success could be explained by the fact
that a large part of the theoretical background on
root functional ecology mirrored that of
aboveground functional ecology, which resulted in
the development of root traits analogous to
aboveground traits (i.e., SRL is similar to SLA,
RTD to leaf dry matter content, RN to leaf nitrogen
content and, to a lesser extent, root diameter to leaf
size). This mimicry also leads us to seek to
establish the existence of a spectrum of
belowground resource economy (RES, root
economic spectrum (Roumet et al., 2016)), which
distinguishes species in the same way than the LES
(I. J. Wright et al., 2004) and supports the idea of a
consistent resource economy spectrum at the
whole-plant scale (Freschet et al., 2010; Weemstra
et al., 2016). However, relations among the traits
that support this RES are not consistent among
studies. Indeed, the many attempts to highlight the
existence of this RES highlighted multi-
dimensionality of the relations among traits or non-
linearity of the RES, which makes it challenging to
describe (Kong et al., 2019; Kramer-Walter et al.,
2016; Weemstra et al., 2016). Studies that examine
the relation between the LES and RES also reveal
strong differences between them. Most notably,
Weigelt et al. (2021) observed a strong relation
between RTD and leaf mass area, as well as RN
and leaf nitrogen concentration, indicating a

correlation between LES and RES. In contrast,
Carmona et al. (2021) could not identify any strong
relations between traits from these spectrums
except between root and leaf nitrogen content.
These results challenge the generality of the RES,
or at least the ability to define it using knowledge
based on aboveground traits. Key features that
define root system functioning may be missed
when aboveground approaches are used to explain
belowground phenomena, and when developing
homologous traits for describing organs that
perform distinct functions under conditions that
differ from those of the leaves.

Another issue is that trait-function relations
belowground are not always as generalisable and
are not validated at large scales. A recent review
showed that only 43 studies published from 1989-
2019 considered the relation between root trait
values and the ability to acquire nitrogen (one of
the relations studied most), and that half of them
considered less than nine species, grown in pots or
hydroponically (Freschet, Roumet, et al., 2021).
Similarly, in a more applied context, only seven
studies that focused on the relation between traits
and soil stability were published during a similar
period, with a mean of 3.6 species considered
(Freschet, Roumet, et al., 2021). This indicates that
few species and traits are considered due to the
difficulty in measuring root traits and the greater
number of functions in large samples of plants.
Therefore, it is crucial to carefully consider which
species are included in studies (Ryser, 2006). To
fully understand relations among traits, functions,
and plant strategies, it is important to understand
species’ ecology. This could help select species that
ensure these relations to have enough variability in
traits and levels of function fulfilment to observe
relationships (Figure 1).

Studies on root functional ecology often
focus on traits related to resource management and
are based on knowledge of aboveground parts and
measured for a few easy-to-grow species. This has
reduced interest in studying traits that may be more
relevant for characterising root systems and their
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functions in  heterogeneous and
environments such as soils.

changing

Variations in
environmental gradients

root trait values along

Despite the limitations mentioned, the
construction of databases such as the Fine-Root
Ecology Database (FRED) and, more recently, the
Global Root traits (GRooT) database (Guerrero-
Ramirez et al., 2021; lversen et al., 2017) have
contributed to the understanding of the relation
between root traits and characteristics of species’
habitats. These studies demonstrate that biomes
influence the variation in root traits, particularly
diameter. Environments with little seasonality, such
as tropical forests, result in higher variation than
environments with pronounced seasonality, such as
deserts (Ma et al., 2018). Similarly, mean trait
values differ among biomes, with a larger mean
root diameter observed in tropical environments
and boreal forests than in grassland, temperate, or
desert areas. Parameters such as annual temperature
and precipitation are key factors that explain these
variations in traits at large scales (Freschet et al.,
2017; Ma et al., 2018; Valverde-Barrantes et al.,
2017). Forest species that have low SRL and high
RTD are more likely to occur in dry and warm
climates, while those that have high SRL and low
RTD are more likely to occur in cold climates
(Laughlin et al., 2021). However, it seems that this
type of trade-off is not the rule, and that
unidirectional benefits prevail (Laughlin et al.,
2021). For example, species from a dry climate
usually have a large root diameter and high RTD,
while species with the opposite trait values are not
associated with wet climates. In addition to these
environmental effects, the traits also carry strong
phylogenetic signals (Kong et al., 2019), and
relations between a species’ traits and adaptation to
environmental factors appear to depend on its
functional type. For example, the SRL of tree
species decreases as values of their ecological
indicators for nutrients decreases, while it increases
for grasses (Fort & Freschet, 2020). These studies,
among others, do not explore in detail the relations
between species’ trait values and adaptation to their

habitat, but highlight major factors that influence
trait values at large scales and enable considering
them in finer-scale approaches.

Relations are more difficult to observe at
fine scales due to cross-effects of abiotic micro-
environmental and biotic factors (Thakur &
Wright, 2017; Weemstra et al., 2021). One trend
indicates that SRL and root tissue density increase
and diameter decreases as nutrient availability in
the environment decreases, whether along a
chronosequence or along a land-use gradient
(Holdaway et al., 2011; Prieto et al., 2015). This
shift from conservative strategies in fertile
environments to acquisitive strategies in resource-
poor environments could indicate that an
acquisitive strategy provides good return on
investment in resource-poor environments, whereas
plants can afford to invest strongly in their tissues
under optimal growth conditions. The most recent
studies on relations among root diameter, SRL, and
investment in mycorrhizal symbioses (Bergmann et
al., 2020) indicate that these results can be
interpreted as a shift from “collaborative” plants
(low SRL) under fertile conditions to
“autonomous” plants (high SRL “do it yourself”
strategies) under resource-poor conditions, in
which symbiosis has higher costs than benefits
(Lambers et al., 2008). However, these relations are
rarely strong; in the case of the chronosequence
study, the shift from large-scale to community-
level measurements erases any relation, and at the
latter level, only RTD is strongly related to
resource availability (Holdaway et al., 2011). Other
studies have observed positive relations between
soil resource availability and SRL or its homolog,
specific root area (de la Riva et al., 2018; Fort et
al., 2016). These results support the hypothesis that
acquisitive strategies are advantageous in fertile
environments because they allow plants to acquire
resources more efficiently and thus help species to
compete for these resources by acquiring the most
nutrients at low cost (Carvajal et al., 2019; I. J.
Wright & Westoby, 1999). This agrees with an
experiment on the relation between traits and
competitive ability (Fort et al., 2014; Mommer et
al., 2011). These results, which are only a sample
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of those on variations in traits along small-scale
environmental gradients, clearly show the diversity
and fragility of fine-scale knowledge.

A recent study investigated intraspecific
variation in root traits along an elevational gradient
(Weemstra et al., 2021). One objective was to
assess whether intraspecific variation along this and
other gradients (e.g. temperature, precipitation, soil
and vegetation properties) was similar to
interspecific variation across a range of species.
One main result was the diversity of relations
obtained for a given factor (e.g. linear or unimodal,
positive or negative) depending on the species. This
study clearly shows the difficulty in identifying
generalisable relations between trait values and
gradients. It also demonstrates that species, or even
populations and individuals, respond differently to
changes in resources, especially due to their
evolutionary history (Weemstra et al., 2021). This
indicates the need to better consider the populations
included in approaches and to better characterise i)
the environmental context that plants experience
during their life cycle (e.g. by using more than
annual means) and ii) the micro-environment in
studies at fine scales.

These often-conflicting results indicate the
need to explore relations between trait values and
species’ ability to respond to small-scale
environmental conditions, including abiotic and
biotic factors. This would improve understanding
of the mechanisms that structure plant communities
and influence their functioning.

Following in the footsteps or exploring a new
path?

Root functional ecology is currently at a
crossroads, and must choose between i) following
the aboveground path by filling databases with a
few morphological traits that are easily measured
for new sets of species or ii) returning to the origins
of root ecology by including new traits identified in
studies of root architecture and anatomy. Both
options could improve understanding of root
system ecology. The latter seems more likely to
generate significant advances, however, especially

at a fine scale. Here, we present traits that could be
integrated or reintegrated into root functional
ecology to improve the description of plant
strategies.

Root  system
exploration

organisation and  soil

Soil resources are unevenly distributed; for
example, topsoil is less likely to be oxygen
deficient (Hillel, 1998) and contains higher nutrient
concentrations than the subsoil (Jobbagy &
Jackson, 2001). As a result, a root system’s shape
and location within the soil, as well as a root’s
location within the root system, are strongly related
to the resources they can take up and the conditions
they experience.

Traits that define root system architecture
provide information on interactions between plants
and their environment, especially resource
acquisition. The depth and lateral spread of root
systems of natural vegetation seem related to
climate conditions and the type of biome; for
example, rooting depth is positively correlated with
mean annual precipitation, which results in deeper
root systems in tropical biomes (Schenk & Jackson,
2002a, 2005). At the biome level, the size of root
systems should be considered as a function of soil
properties. For example, for a root system of a
given size in a given climate, a plant growing in
coarse soil should take up less water than one
growing in a fine soil due to the soil’s lower water-
holding capacity and deeper infiltration (Jackson et
al., 2000; Sperry et al., 1998). Absolute rooting
depth is often difficult to determine, but it has been
estimated as 95% or 99% of root biomass, which
can be predicted using root distribution throughout
a soil profile (Pérez-Harguindeguy et al., 2013;
Schenk & Jackson, 2002b). At a finer scale, the
crown root angle appears to be a good indicator of
a plant’s ability to take up nutrients, especially
phosphorus, when in a nutrient deficit (Lynch,
2011). Genotypes with a larger crown root angle
can grow more roots in the topsoil than other plants
can; consequently; they export more phosphorus,
and their growth is influenced less by a
phosphorous deficit than genotypes with a smaller
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crown root angle (Liao et al., 2001). Several
parameters can be used to describe root system
architecture in detail, such as the position of
secondary and tertiary roots relative to the primary
root, the angle between mother and daughter roots
at the latter’s base, and their gravitropism (Fitter,
1987; Fitter et al., 1991). These parameters can
accurately describe root system organisation, which
can be used to estimate the overlap of root
depletion zones within a root system and thus the
effectiveness of resource acquisition (Fitter, 1987;
Fitter et al., 1991). Because this method is time-
consuming, it cannot describe a large number of
individuals, which is a prerequisite of comparative
ecology. This is why root length density per unit of
soil volume, which is easier to measure, was widely
adopted to determine the intensity of soil foraging
(Freschet, Pageés, et al., 2021). This trait is related

to the amount of resources, especially water and
nitrogen, exported by species from the soil layer in
which the root length density was measured (Fort et
al., 2017; Mommer et al., 2011). These results
show the relevance of describing the spatial
organisation of the root system at different scales to
better understand relations between plants and their
environment (Figure 2).

Root length is only one parameter that can
determine a plant’s soil exploration strategy. Root
hairs increase the exchange surface between roots
and the soil, which serves a major function in
resource acquisition (Fitter et al., 1991; Lynch,
2011). For example, root hairs increased root-soil
contact and phosphorus uptake for a barley
genotype, but their effectiveness depended on soil
properties (Haling et al.,, 2013). Their length
appears to be positively related to a plant’s ability
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Figure 2: Hypothetical relation between the type of traits, i.e. anatomical, architectural and morphological, and
the level of organisation and functions about which they can provide information. The global scale patterns
represent the biodiversity responses to climatic and edaphic conditions at the biome scale, the small scale
represents the soil aggregate level. Soil exploration encompasses both the position of the roots along the soil
profile and the exploitation of soil resources within the root system through the proliferation of absorbent hairs or
fine roots. Resources economy represents the different ways in which plants can manage their resources to explore
the soil and acquire water and nutrients. Root system representation done with ArchiSimple model (Pages et al.,

2014).
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to adequately respond to a water deficit (Marin et
al., 2021) or to the amount of phosphorus they can
take up under a phosphorus deficit (Gahoonia &
Nielsen, 2004). Root hairs also influence soil
functioning and extend a plant’s influence on soil
parameters by forming rhizosheaths (Burak et al.,
2021). Using root hair length could improve the
description of root strategies, as it can be easily
measured from high-resolution images manually
(Fort et al., 2015) or semi-automatically (Vincent et
al., 2017). Root hairs density was also measured in
a comparative ecology study, which demonstrated
its relevance for defining plant strategies (Freschet
et al., 2018). However, measuring root hairs
density for a large number of plants remains
difficult and time consuming (Vincent et al., 2022).

Although mycorrhizal fungi are not plant
organs and deserve their own functional
description, it is difficult to discuss soil exploration
without considering mycorrhizal associations.
Unlike the traits already mentioned, the
mycorrhizal status of species is considered in
global-scale analyses (Bergmann et al., 2020;
Weigelt et al., 2021). Despite this strong interest,
mycorrhizal type is often considered a qualitative
variable that provides information on whether a
species is able to establish mycorrhizal symbiosis
and, if so, the type of symbiosis (i.e. ericoid,
arbuscular, and/or ectomycorrhizal). It might be
more complex but useful to identify traits that are
related to the efficiency with which the root-fungi
association exchanges resources or the degree to
which a species or genotype depends on its
mycorrhizal network to explore the soil.

Root tissue organisation

The internal organisation of root tissue is
strongly related to a species’ or genotype’s
adaptation to grow and acquire resources within a
variety of soils and climates (Wahl & Ryser, 2000;
Yamauchi et al., 2021). Root tissues consist of the
epidermis, which produces the root hairs; the
cortex, which is composed of parenchymal tissues;
and the central part (i.e. the stele), which is
bounded by the endodermis and contains the
vessels. The epidermis and cortex absorb resources

and interact with the biotic and abiotic
environment, while the stele transports resources
and exchanges them with the rest of the plant.
Study their organisation and proportions within the
root is a promising tool for understanding the
variety of root functions.

Among anatomical features, the
aerenchyma (i.e. large gas space in the cortex) is
studied the most in ecology due to its ability to
allow root respiration under anoxic conditions
(Armstrong, 1980; Pedersen et al., 2021).
Producing aerenchyma decreases the cost of root
functioning (Zhu et al., 2010), which explains why
genotypes that produce large aerenchyma are able
to grow more roots and acquire more resources
than others under stressful conditions (Postma &
Lynch, 2011a, 2011b). This decrease in the
maintenance and functioning cost could be adaptive
under limiting growth conditions and indicate the
benefit of aerenchyma production for grass species
adapted to flooded or dry environments, which
have limited resource availability (Yamauchi et al.,
2021). Despite this non-linear relation between the
root cross-section occupied by aerenchyma and a
species’ adaptation to water availability,
determining plant aerenchyma production could
help to understand a plant’s resource-acquisition
strategy and ability to respond to stress.

The distribution of the root cross-section
between the stele and the cortex (i.e. cortex:stele
ratio) is also a key factor in a plant’s adaptation to
limiting conditions. This includes the response of
grassland Fabaceae species to water and
phosphorus deficits (Fort et al., 2015); the soil
water requirements of wheat, rice, and maize
genotypes (Yamauchi et al., 2019); and the
hydrological niche of grass species (Yamauchi et
al., 2021). Genotype or species adapted to dry
conditions had lower cortex:stele ratios than those
adapted to waterlogging (Yamauchi et al., 2019,
2021). A large cortex is associated with plants with
fast growing strategies (Wahl & Ryser, 2000) that
are able to grow in resources rich environment
(Yamauchi et al., 2021). Moreover, a large root
with a thick cortex allows mycorrhizal symbiosis to
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be established, as it requires space to develop the
exchange (Eissenstat et al., 2015). At a finer scale,
the size of xylem vessels and the proportion of their
root cross-sectional area are positively correlated
with plant size (Wahl & Ryser, 2000). The deep
roots and large xylem vessels of some wheat
genotypes can efficiently take up water from deep
soil but are not the most efficient to respond to long
droughts as they deplete water resources (Blum,
2011). More generally, xylem vessel size and
organisation are related to a plant’s growth strategy
(Wahl & Ryser, 2000; Yamauchi et al., 2021) and
can be used to determine the water and resource
transport capacity of a root section (Jackson et al.,
2000). However, it is difficult to extrapolate water
flux in a root section to the total uptake capacity of
an entire root system due to the influence of plant
size (Hernandez et al., 2010). Using root
anatomical features to improve functional studies
seems promising to better understand root trait
values and functions especially the one related to
species response to small-scale resources
availability (Figure 2). However, these properties,
observed at fine scales, are influenced by a plant’s
size, investment in its organs, and the shape of its
root system.

Conclusion

Growing interest in the ecology of root
systems has resulted in advances, including the
construction of databases that allow the
identification of large-scale patterns in trait
variations. However, little is known about the
mechanisms and constraints that support these
relations and the morphological traits broadly used
to not allow to deal with a large part of the root
system functions (Figure 2). As a result,
contradictory hypotheses exist about the relations
among trait values, functions, and adaptation of
individuals to the environment, without the ability
to confirm their validity over a wide range of
conditions, species, or genotypes.

Existing studies are often difficult to
compare and integrate into broader approaches due
to the complexity of measuring the traits
underlying the approaches, as well as the difficulty

in selecting the components in which these traits
are measured and their associated functions.
Therefore, the standardisation efforts in recent
years are essential to produce more generalisable
results. However, this standardisation must not
hinder including new traits or using architectural
and anatomical traits in approaches, because these
improvements are needed to identify functions and
better understand the relations between plants and
their environment.

Reinforcing the foundations of this
approach is especially necessary in a context in
which trait-based functional ecology, including root
ecology, is expanding to include other approaches
and in which its concepts are used in other
disciplines and in applied fields in need of
predictive power. Exploring the datasets from
experiments with a variety of objectives and
methods is only one way to reinforce these
foundations. Innovative studies are required to
improve understanding of relations between trait
values and plant functions to render root ecology
more functional.
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