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Plant roots show extraordinary diversity in form and function in heterogeneous
environments. Mounting evidence has shown global bi-dimensionality in root
traits, the root economics spectrum (RES), and an orthogonal dimension de-
scribing mycorrhizal collaboration; however, the origin of the bi-dimensionality
remains unresolved. Here, we propose that bi-dimensionality arises from the cy-
lindrical geometry of roots, allometry between root cortex and stele, and inde-
pendence between root cell wall thickness and cell number. Root geometry
and mycorrhizal collaboration may both underlie the bi-dimensionality. Further,
we emphasize why plant roots should be cylindrical rather than flat. Finally, we
highlight the need to integrate organ-, cellular-, and molecular-level processes
driving the bi-dimensionality in plant roots to fully understand plant diversity
and functions.

The importance of roots

The absorption of resources by roots is fundamental for plant growth and response to environ-
mental changes [1-5]. The absorptive function of plant roots is reflected in a suite of root func-
tional traits (see Glossary) [6-12], encompassing morphology, physiology, architecture,
anatomy, chemistry, mechanics, and associations with soil biota. Each of these trait categories
(e.g., anatomy) can be subdivided into several subcategories (e.g., size of the cortex, stele,
and vessels) and many finer categories (e.g., cell size and cell number) [6,8,13]. Therefore,
there is a large number of root traits related to the absorptive functions of roots [14,15].

Identifying key trait dimensions within the total root trait variation helps to understand how plants
coexist and adapt to heterogeneous environments and enables us to predict how changes in
vegetation composition and diversity alter the function of ecosystems [2,7,16-20]. Analogous
to the well-recognized leaf economics spectrum (LES) [21,22], plant root traits were previously
considered to be arranged along a RES [20,23,24], measured by root tissue density (RTD, root
dry mass per unit root volume) and root nitrogen concentration. It has been suggested that the
RES aligns with leaf and stem economics, as such forming a whole-plant economics spectrum
[23,24]. However, this notion has been challenged by the mounting evidence of another root trait di-
mension independent of the RES; this dimension is represented by a negative relationship between
the root diameter (RD) and specific root length (SRL, root length per unit root biomass), which reflects
a trade-off in nutrient acquisition between ‘do-it-yourself’ by high-SRL roots versus low-SRL roots,
which outsource nutrient acquisition to mycorrhizal fungi [16,25].

Theoretically, the capacity of root nutrient acquisition relies on how much surface area (i.e., the
quantity) of the plant roots is used for nutrient foraging and the physiological activity of the
roots taking up nutrients. Currently, the potential decoupling of quantity- and activity-related
root traits (see Box 1), and hence the bi-dimensionality in root traits, is the prevailing paradigm
that links the form and function of plant roots [7,16,17,26]. Bi-dimensionality in root trait spectra is
critical to our understanding of species coexistence and belowground responses to global
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Plant roots are characterized by a
cylindrical nature. The worldwide
bi-dimensionality in suites of traits for
cylindrical-shaped roots reflects essential
plant strategies to cope with different
environments.

Of the two dimensions, one is the root
economic spectrum, representing a
trade-off between nutrient acquisition
and conservation, while the second is
the gradient of nutrient foraging from
mycorrhizal dependence to reliance on
roots themselves. However, the origin of
this bi-dimensionality remains unknown.

We propose that this bi-dimensionality
arises from the cylindrical geometry of
roots, the allometric relationship of root
anatomical structures, and the indepen-
dence between root cell wall thickness
and cell number.

As such, the cylindrical shape of roots,
together with mycorrhizal collaborations,
may account for the origin of the
bi-dimensionality observed in root traits.
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climate change [16,27]. Yet we know little about the origin of bi-dimensionality in root traits. In this
review, we first present a brief introduction to the discovery of root trait bi-dimensionality, then we
propose multiple mechanisms that could explain root trait bi-dimensionality, and finally we pro-
pose ways forward in this fast-developing field of research.

The discovery of root trait bi-dimensionality

Root trait bi-dimensionality was first empirically demonstrated in 2016 by Kramer-Walter et al. [28]
in 66 New Zealand tree species, while the bi-dimensional decoupling of root quantity (i.e., SRL)
from root activity was observed as early as 2009 [29,30]. Since then, various studies have re-
ported independence of root quantity and activity across different scales, mycorrhiza types,
plant growth forms, climatic zones, and successional stages (e.g., Table S1 in the supplemental
information online). In 2020, Bergmann et al. [16] first proposed the worldwide decoupling be-
tween the quantity and activity of absorptive roots (i.e., the SRL and RD and the RTD and
root nitrogen dimensions) using a global dataset of 1810 plant species. Thus, they conceived
the concept of root trait bi-dimensionality, which was further confirmed by Weigelt et al. [7],
Carmona et al. [17], and Klimesova et al. [31] using more species.

The mechanisms of root trait bi-dimensionality

Of the root traits related to the absorptive function, RD is the most easily measured and has been
shown to vary substantially among plant species. For example, the diameter of the first-order
roots has 115-fold variation from the thinnest, at 40 um in the highbush blueberry (Vaccinium
corymbosum, Ericaceae), to the thickest, at 4600 um in the perennial herb Cymbidium
cyperifolium (Orchidaceae) [32—-34]. There is a strong correlation between SRL and RD but a
weak correlation of RTD and root nitrogen with RD [3,16,35,36]; this suggests that the
decoupling between quantity (SRL) and activity (RTD, root nitrogen) of plant roots could be due
to differing constraints of RD on these two groups of root traits. Here, we propose three inter-
related mechanisms that could explain the origin of bi-dimensionality in plant roots.

Mechanism 1: cylindrical geometry of different diameter roots

As absorptive roots are approximately cylindrical [35,37], the SRL of roots is usually calculated as
follows: SRL= root length/root mass. Mathematically, root mass is the product of RTD (unit: g cm™®)
and root volume (unit: cm™®), then SRL can be expressed as in Equation 1 [38].

1 1 4 ]

SARL = = 5 X
(RTDXHXHTDZ) RTD x RD? T

To assess the role of RD in shaping the ‘decoupling’ of SRL and RTD, we discuss the relationship
for cases of either constant or variable RD across plant species.

Constant RD across species

In this case, variation in SRL would have been determined only by RTD (Figure 1). Then, given that
RTD and root nitrogen concentration are closely related to each other and both reflect aspects of
root activity, the root quantity and activity dimensions should be closely coupled. As there is great
variation in RD across species, this alternatively suggests a key role of variable RD in driving the
independence of root quantity and activity. (See Box 1.)

Variable RD across species
To better understand the role of RD in driving the relationship between SRL and RTD, we discuss

the following two cases (Figure 1): RTD increasing (and root nitrogen concentration generally
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Glossary

Absorptive roots: a few terminal root
branches mostly with primary rather
than secondary tissues; these root
branches are dominantly responsible for
nutrient absorption in plant roots
(Figure S1 in the supplemental
information online).

Bi-dimensionality in root traits: two
orthogonal trait syndromes that
constitute bi-dimensionality in root traits:
one is the root economics spectrum and
the other reflects the associations with
mycorrhizal fungi.

Cortex: tissues between the epidermis
and the vascular system in stems and
roots. The cortex in absorptive roots
functions as the agent for water and
nutrient uptake and the site for
mycorrhizal colonization.

Leaf economics spectrum (LES): a
trait syndrome in leaves reflecting a
trade-off between the capacity and the
persistence (i.e., leaf lifespan) in leaf
photosynthesis. This spectrum runs
from leaves with high photosynthetic
rates, short lifespans, and fast growth
rates to leaves with low photosynthetic
rates, long lifespans, and slow growth
rates.

Mycorrhizal associations: the
symbiosis between plant roots and
mycorrhizal fungi where roots provide
carbon to the fungi and, as a reward, the
fungi return nutrients to roots.

Root economics spectrum (RES): a
trait syndrome in roots, analogous to the
leaf economics spectrum, reflecting a
trade-off between capacity and
persistence (i.e., root lifespan) in root
nutrient absorption. Species with this
spectrum shift from fast to slow root
growth rates.

Root functional traits: characteristics
in root morphology, chemistry,
physiology, structures, microbial
associations, etc., that influence plant
performance.

Stele: tissues in the central part of roots
and stems consisting of the vascular
system and ground tissues. The stele in
absorptive roots functions as the agent
for water and nutrient transportation
upward and photosynthate
transportation downward through
conduits in the vascular tissues.


CellPress logo

Trends in Ecology & Evolution

Constant RD Variable RD (empirical)

SRL<1/RTD Independence of SRL and RTD

::8 Os3 | Increased SRL

relative to 1 unit

(1 unit=61.54 mg")

SRL
SRL

=== =-=== (1unit=61.54 mg")

sS40 OS2 | Decreased SRL
OS1 | relative to 1 unit

RTD ¢ Scenario 1 e RTD
(81)
RD = 0.6 mm, SRL = 1/8 unit

RTD
[ = < Scenario 2 (‘
TR et |

RD = 0.3 mm, SRL= 1/2 unit l RD =0.3 mm, SRL = 1/2 unit
1 inereasing Scenario 3 (NG
~(s3) RD =0.15 mm, SRL = 2 units

RD = 0.3 mm, SRL=1 unit l ~ Scenario 4
I decreasing (84)

|- ‘ RTD = 0.23 g cm? (,
|

RD = 0.6 mm, SRL = 1/2 unit

(S5)

RD = 0.3 mm, SRL= 2 units RD = 0.3 mm, SRL = 2 units
Scenario 6
\ (86) RD = 0.15 mm, SRL = 8 units

Trends in Ecology & Evolution

Figure 1. The cylinder shape and root trait bi-dimensionality. Conceptual diagram illustrating how shifts in root
diameter (RD) can shape the independent variation of specific root length (SRL) and root tissue density (RTD). Roots are
simplified as cylinders with different diameters and SRL can be calculated using Equation 2 in the main text. As an
example, the initial RD and RTD values are set at 0.3 mm and 0.23 g cm, respectively, using the median trait value of the
first-order roots from the Fine-Root Ecology Database (FRED) 3.0 [15], and the resulting SRL value of 61.54 m g~' is
considered as 1 unit of SRL. In the left panel, assuming a constant RD, SRL is negatively correlated with RTD. The right
panel shows two cases for the effect of increasing RTD (e.g., in dry and infertile soils) and decreasing RTD (e.g., in wet
and fertile soils) on SRL and each case includes three scenarios showing increasing, constant, and decreasing values of
RD (i.e., Scenarios 1-3 and Scenarios 4-6). Scenario 1: doubling in RD; SRL decreases from 1 unit to 1/8 unit. Scenario
2: constant RD; SRL decreases from 1 unit to 1/2 unit. Scenario 3: a 50% decrease in RD; SRL increases from 1 unit to
2 units. Scenario 4: doubling in RD; SRL decreases from 1 unit to 1/2 unit. Scenario 5: constant RD; SRL increases from
1 unit to 2 units. Scenario 6: a 50% decrease in RD; SRL increases from 1 unit to 8 units.

decreasing) or RTD decreasing (and root nitrogen concentration generally increasing) from an
initial value of RTD and RD. Theoretically, the initial RTD and RD can be randomly assigned a
value. As an example, we use the median value of RTD and RD (i.e., 0.23 g cm™ and 0.3 mm,
respectively) for the first-order roots (the root segment most active in absorptive function [39])
in the Fine-Root Ecology Database (FRED 3.0) [15], currently the largest root trait database. In
FRED 3.0, RD varies largely independently of RTD (Figures S2 and S3 in the supplemental
information online). For simplicity, we consider the case of increasing RTD by onefold and the
case of decreasing RTD by 50%. For each of these two cases, we examine how SRL changes
under three scenarios, corresponding to doubling in RD, constant RD, and a 50% decrease in
RD, respectively (Scenarios 1-6, Figure 1).

These scenarios show greater sensitivity of SRL to changes in RD than to changes in RTD. That
is, in each case of RTD being doubled or halved, shifts in RD allow relatively free variation of SRL
(i.e., increasing, decreasing, or remaining constant; Figure 1). In other words, SRL varies indepen-
dently from RTD, indicating the decoupling of the quantity and activity of absorptive roots. There-
fore, such decoupling or root bi-dimensionality can result from varying diameters of the cylindrical
geometry of the roots, regardless of the interior structures of the roots (e.g., assembly of the cor-
tex and the stele, see mechanism 2, and cell wall thickness of these tissues, see mechanism 3).
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Box 1. Quantity-related and activity-related root traits

The terms ‘quantity’ and ‘activity” in root traits are inspired by the terms of ‘quantity’ and ‘efficiency’ of the ecosystem traits
proposed by He et al. [90,91]. Here, ‘quantity’-related root traits refer to the root mass or surface area per unit land area
and describe the capacity for nutrient foraging [78]. Whereas the ‘activity’-related root traits refer to root mass- or surface
area-normalized traits that are directly or indirectly related to nutrient uptake efficiency from the root surface. These include
root biochemical contents (e.g., nutrients, proteins, and hormones), enzyme activity (e.g., phosphatase activity), and rates
of physiological processes (e.g., root respiration and exudation) [6,25,92,93]. All else being equal, the longer the total ab-
sorptive root length, the larger surface area these roots have contacting the soil for nutrient foraging. Therefore, the root
length per unit root biomass (i.e., SRL) can be taken as the trait reflecting the quantity of absorptive surface area for a given
root biomass. However, the activity of roots for nutrient uptake is usually represented by two common traits at opposite
ends of the root economics spectrum [i.e., root nitrogen concentration and root tissue density (RTD)] [28,58]; other activ-
ity-related root traits are infrequently measured [82,92]. Root nitrogen is closely and positively related to root respiration
[94]. The higher RTD that is common in dry or infertile soils is usually associated with higher investment in root cell walls,
which, in turn, reduces the resources allocated for nutrient uptake [46,95]. If quantity-related root traits are coordinated
with activity-related root traits (e.g., high SRL is associated with low RTD or high root nitrogen concentration), plants would
run along the fast- to slow-growing continuum both above- and belowground and thus form the assumed plant econom-
ics spectrum [24].

Thus, the cylindrical shape could be an important driver for root trait bi-dimensionality, which en-
ables multiple root strategies in coping with different environments belowground [17].

Mechanism 2: allometry between root cortex and stele

There is a common allometry between root cortex and stele (hereafter, root allometry), that is, the
cortical thickness increases at a faster rate than the stele radius with increasing RD across plant
species (Figure 2, Model 1) [35,40,41]. The allometric relationship between the root cortex and stele is
not a coincidence, but is rather to balance root nutrient uptake and transport as well as balance root
carbon supply and consumption [42—44]. This relationship can lead to a negative correlation between
RD and RTD (Figure 2, Model 1) [35] as the proportion of root cross-sectional area occupied by the
high mass-density stele decreases with increasing RD (Figure 2, Model 1) [45].

According to the Equation 2 the negative effect of increasing RD on SRL, in conjunction with a
shift to thicker absorptive roots, could be offset by the positive effect of decreasing RTD on SRL.

-1 2 2
RTD x RD= 11

SRL
This offset effect would greatly reduce the variation in SRL with changing RD, while RTD, as men-
tioned earlier, decreases with increasing RD. The different trends of SRL and RTD with increasing
RD could thus result in the decoupling of SRL and RTD (Figure 2, Model 1) [35]. For a better un-
derstanding of the root allometry-induced bi-dimensionality in root traits, we consider a hypothet-
ical case of root allometry. In this hypothetical case, if the stele radius increases much faster than
the cortex thickness with increasing RD (Figure 2, Model 2), then RTD would increase (Figure 2,
Model 2) with increasing RD. In this case both RTD and RD would negatively affect SRL rather
than offsetting each other, creating a negative relationship between SRL and RTD (Figure 2,
Model 2). That is, the quantity (SRL) and activity (RTD) of absorptive roots could be coupled in
this hypothetical case. Together, by comparing the extant (Figure 2, Model 1) and hypothesized
(Figure 2, Model 2) root allometry, it is reasonable to deduce that the independence of the quantity
and the activity of absorptive roots (i.e., root trait bi-dimensionality) also arises from the allometric
relationship between root cortex and stele in extant plants [35].

Mechanism 3: independent variation in cell wall thickness and cell number

The allometry between root cortex and stele has a profound impact on RTD [35,45]. Neverthe-
less, we still observe considerable variation in RTD around the predicted RTD from the root
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Figure 2. Allometry in root structural components and root trait bi-dimensionality. Models 1 (a1) and 2 (b4)
represent the extant and hypothesized allometry between root cortex and stele, respectively. The two allometric models
and the panels a; and by are based on Figure 1 in a previous study [35]. The known and hypothesized allometry lead to
different patterns of cortex and stele area ratio (i.e., the proportion of root cross-sectional area occupied by the cortex and
the stele) with increasing root diameter (RD) (a2, bo), and a negative (ag) and positive (bs) relationship between RD and root
tissue density (RTD) Given the calculation of SRL using Equation 2 in the main text , the negative RTD-RD relationship (az)
could cause an offset effect of RTD and RD on SRL, eventually leading to root trait bi-dimensionality (a4); alternatively, the
positive RTD-RD relationship (bs) would cause no such offset effect and, hence, no root trait bi-dimensionality (b,4). Cortex
is shown as the area of layers of open cells; stele is the open circle surrounded by the cortex; vessels are the small open
circles inside the stele. Abbreviations: RN, root nitrogen concentration; SRL, specific root length.

allometric equation [16,35]. The deviation of RTD is largely due to changes in cell walls of root cor-
tex and stele [46-48]. The rationale is that cell walls of the cortex and stele, in particular vessels
and fibers in the stele, are enriched in chemical components with high specific density, such as
cellulose (1.53-1.57 g cm™), hemicellulose (1.50-1.54 g cm™), and/or lignin (1.26-1.41 g cm”~
%) [49,50]. All of these have a higher specific density than the cytoplasm (about 1.00 g cm™)
[61,52]. Therefore, changes in cell wall thickness of the cortex and the stele can have a great im-
pact on RTD [46,48,53-55].

Considering the root allometric relationship (Figure 3A), increasing RD is accompanied by a sig-
nificant increase in cell numbers of root cortex and stele [43,55,56]. Therefore, a change in
RTD depends on both cell number and cell wall thickness of the root cortex and stele. If we as-
sume constant cell wall thickness of root cortex and stele alongside an increasing RD (Figure
3B), RTD shows a nonlinear decrease according to root allometry across plant species (curve
¢+ in Figure 3C) [35]. Alternatively, if cell wall thickness becomes thinner (Figure 3B), for example,
in nutrient-rich habitats [28,57], the actual RTD value for any given RD (curve ¢ in Figure 3C)
would be lower than that predicted from the root allometric equation [34]. By contrast, an in-
crease in cell wall thickness, for example, in nutrient-poor habitats [58-60], could increase the
RTD value (curve cz in Figure 3C) relative to that predicted from the root allometric equation.

RD and associated root cell number are phylogenetically conserved, while RTD and associated
root cell wall thickness strongly vary across species with environmental conditions, such as soil
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Figure 3. Independent variation in root cell number and cell wall thickness and root trait bi-dimensionality. (A)
Root allometry between the cortex and stele. (B) Different scenarios for the change in cell wall thickness from thick (rdy) to thin
(rd4) absorptive roots: constant (b4), thinning (b,), and thickening (bg). Cortex is shown as the area of layers of open cells; stele
is the open circle surrounded by the cortex; vessels are the small open circles inside the stele. (C) Different relationships
(curves c1—cg) between root tissue density (RTD) and root diameter (RD), corresponding to constant (c4), thinning (c»), and
thickening (cs) of the root cell wall thickness, when roots are built according to the allometric relationship depicted in (A).
The light blue area between curve ¢, and curve cz is shaped by the combined effects of changes in root cell number and
root cell wall thickness on RTD. For example, from a thick absorptive root (RD = rdy) to a thin absorptive root (RD = rd),
the RTD may not necessarily shift from f2 to f1 but could shift to an even smaller value of f1" due to thinning of root cell
walls or a greater value of f1"” due to thickening of root cell walls.

fertility, moisture, and soil compaction [27,28,47] (Table S1 in the supplemental information on-
line). Moreover, the responses of cell wall thickness to environmental changes differ between
root cortex and stele [46-48,60]. The actual RTD value deviates substantially from that predicted
by the root allometric equation (see the light gray area in Figure 3C). This, in turn, suggests that
variation in root cell wall thickness can be independent of both RD and root cell number. The hy-
pothesized independence is partially supported by the lack of relationships between RD and cell
wall thickness in root exodermis [55] and root stele [46] and by the large amount of variation in cell wall
thickness for plant species with a similar RD [48,61]. The independence could also be supported by a
strong root allometry (R = 0.60-0.98) [35] but a weak root allometry-derived relationship between
RTD and RD in both Kong et al. [35] (R* = 0.16) and Bergmann et al. [16] (R = 0.01).

In the case of independent variation in root cell wall thickness and cell number, the effect of RTD
on SRL (by changing root cell wall thickness) can increase, be cancelled out, or be reversed by
adjusting the RD (i.e., root cell number) because of the larger effect of RD on SRL than on RTD
(under the formula, in Equation 2; see mechanism 1). Consequently, this could lead to bi-dimen-
sionality in root traits. Given the close relationship of cell wall thickness with cell metabolic activity
(e.g., thicker cell walls usually indicate lower cell metabolic activity) [47,62,63], root trait bi-dimen-
sionality could originate from the independence between root cell activity (i.e., root cell wall thick-
ness) and cell number. For nutrient acquisition, the organ-level independence of the root quantity
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(SRL) and activity (RTD) could be explained by the cellular-level independence of root cell activity
and cell number. This supports the general idea in ecology that patterns and processes observed
at coarser scales originate essentially from those at finer scales [48,58,64].

Relationships among the three mechanisms

The three mechanisms (Figure 4) differ in how they perceive the role of the allometry between root
cortex and stele in driving root trait bi-dimensionality. As for mechanism 2, the bi-dimensionality
arises primarily from the allometry-derived negative relationship between RTD and RD (Figure 2,
Model 1az or curve ¢, in Figure 3C). Different from mechanism 2, with a default assumption of
constant root cell wall thickness, mechanism 3 accounts for variations in root cell wall thickness,
allowing higher variability of RTD (the area between curve ¢, and curve ¢z in Figure 3C).

In contrast to mechanisms 2 and 3, mechanism 1 accounts for factors underlying variations in
RTD (i.e., root allometry and/or the variation of root cell wall thickness). Even in few cases with
no observable root allometry [39,65], mechanism 1 can still explain bi-dimensionality in root traits.
Therefore, mechanism 1 basically covers all cases in mechanisms 2 and 3. Moreover, both mech-
anisms 2 and 3 hold under the prerequisite of cylindrically-shaped roots as well as their compo-
nents (i.e., cortex and stele). Collectively, we propose that the bi-dimensionality in root traits could
originate from the cylindrical geometry of plant roots with variable diameter (i.e., mechanism 1).

Why are roots cylindrically shaped?
Although absorptive roots can deviate from a perfect cylindrical shape, the deviation is small. We
define a roundness value for an elliptical shape as the ratio of the minor to the major axis (i.e., the

(Cylindrical geometry of roots with different diameter)

4

Mechanism 1

Cell wall thickness Cell number allocation
in cortex and stele to cortex and stele 2
Ml  Bi-dimensionality
in root traits
Thickening or thinning Allometry
\ J
~
. i \ Mechanism 3
Cell wall thickness vs. cell number independence )
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Figure 4. Relationships among the three mechanisms underpinning bi-dimensionality in plant root traits.
Mechanisms are indicated by squares linked with arrowed lines in different colors: cylindrical geometry of roots
(mechanism 1), allometry between root cortex and stele (mechanism 2), and independence variation in root cell wall
thickness and cell number (mechanism 3). See Figures 1-3 in the main text for details on the three mechanisms. Typical
cross-sectional areas of a thick and thin absorptive root are presented. Cortex is shown as the area of layers of open cells;
stele is the open circle surrounded by the cortex; vessels are the small open circles inside the stele.
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roundness value) of the ellipse. We find that the average roundness value of 0.96 (n = 36, Table
S2 in the supplemental information online) is very close to 1, which signifies an almost perfectly
round shape. Therefore, absorptive roots can generally be characterized by a cylindrical nature.

When plants colonized terrestrial habits more than 400 million years ago, they formed rhizomes
and, later, true roots in the cylindrical shape [66,67]. As argued earlier, the innate bi-dimensionality
of the cylindrical roots and, hence, multiple nutrient acquisition strategies of plant roots, might be
why plant roots evolved cylindrically.

However, why roots in reality are cylindrical (and not flat, as leaves are) also lies in several charac-
teristics of the soils that plant roots grow in. First, given the porous nature of soils [68,69], flat
roots would be confronted with substantial physical resistance both horizontally and vertically
[44,70], consequently prohibiting root extension. Second, soils are rich in pathogens and root
herbivores, such as nematodes [70-73]. While flat roots, if we assume them flattened from cylin-
der-shaped roots of the same dry mass, would greatly enhance soil nutrient acquisition because
of increased root surface area, they would also suffer from increased infection by soil pathogens
and herbivory [71]. This would require increased investment in defense and, hence, a reduction in
plant growth.

Alternatively, although a spherical shape favors nutrient foraging in all directions of soil space, it is
also understandable why the absorptive roots are not spherical. If the absorptive roots were
spherical, there would be high physical resistance as well as great carbon cost in building the roots
to obtain nutrients over distances. Furthermore, given the same volume, the spherical shape has
the least surface contact with soils and thus the highest carbon cost of nutrient foraging.

Root trait bi-dimensionality and mycorrhizal associations

Mycorrhizal associations may produce a root trait dimension different from the RES. For ex-
ample, thick absorptive roots (low SRL) that typically have long lifespan are expected to have
low nutrient acquisition abilities according to the RES; however, they can, in fact, have high nutrient
acquisition rates through high mycorrhizal associations [3,42,74]. Therefore, mycorrhizal associations
potentially contribute to the formation of bi-dimensionality in root traits [74—-76]. Different to this
perspective, root trait bi-dimensionality, as we have argued, could simply result from the cylindrical
geometry of the roots. That is, given a cylindrical geometry of roots with varying diameters, root
trait bi-dimensionality is an inevitable outcome, irrespective of mycorrhizal associations.

Nevertheless, for most terrestrial plants, mycorrhizal associations are greatly influenced by RD [3].
This is because thick absorptive roots with low SRL usually have little absorptive area for a given
amount of root biomass. Hence, mycorrhizal associations of thick absorptive roots would be fa-
vored by natural selection in nutrient-limiting environments [3,77]. Meanwhile, a single thick absorptive
root has a large surface area and, as such, a high chance to ‘meet’ and be colonized by mycorrhizal
fungi [40]. Therefore, mycorrhizal associations can be seen to coevolve with the cylindrical geometry
of the roots varying in diameter, as such, co-contributing to the bi-dimensionality in root traits. We
note there are species with no mycorrhizal association or no positive mycorrhizal association with
RD (e.g., ectomycorrhiza) that still exhibit root trait bi-dimensionality [7,16,78,79]. Here, the bi-dimen-
sionality can mainly be attributed to the cylindrical geometry of the roots.

Concluding remarks

In light of the widely recognized bi-dimensionality in root traits, we proposed three inter-related
mechanisms. Of these, the cylindrical geometry of roots is likely to be the most straightforward
and most powerful in explaining the origin of root trait bi-dimensionality. However, all three
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Outstanding questions

At the level of bulk roots, what is the
relationship  between overlooked
quantity traits, such as absorptive
root biomass, and dominating root
traits in a multidimensional root trait
space? For instance, the assumed
positive correlation between specific
root length and nutrient absorption, a
fundamental assumption in root
economics space, can be impacted
by variations in absorptive root
biomass, which is often ignored. By
uncovering the coupled or decoupled
association between absorptive root
biomass and specific root length, a
better understanding of the form,
function, and evolution of the whole
plant can be obtained.

At the cellular level, is there
independent variation across species
in both cell activity and quantity in
absorptive roots? The thickness or
chemical composition of root cell
walls can indicate cell activity, while
cell number indicates cell quantity.
Investigating cellular independence
can clarify how individual root activity
and quantity become decoupled,
leading to the formation of bi-
dimensionality in root traits.

At the biochemical level, is the bi-
dimensionality of root traits the result of
the autonomous regulation of certain
key genes governing cell wall thickening
and cell mitosis in absorptive roots?
Conducting empirical tests to explore
this hypothesis would provide further
evidence supporting the long-standing
idea that macro-scale processes,
such as species coexistence and plant
diversity, inherently arise from micro-
scale processes like molecular
interactions.

Is there an abrupt functional transition
between coarse roots (or rhizomes) and
absorptive roots (e.g., transport/
storage/mechanics versus absorption)
along root branches? Despite the
functional transition, all these tissues
are intimately connected for plant
belowground functioning. Therefore, do
coarse roots and rhizomes have the
bi-dimensionality in their traits and is the
bi-dimensionality, if it exists, underlain by
the cylindrical geometry?
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mechanisms help in understanding the form and function of plant roots. Here, we propose three
top-priority directions for further research (see Outstanding questions).

First, in the framework of root trait bi-dimensionality, SRL (root length per unit root biomass) is
typically used as a proxy, reflecting the quantity of root surface area for a given root biomass in
nutrient foraging. However, root foraging depends not only on the SRL of the absorptive roots
but also on the quantity of plant biomass allocated to the absorptive roots and mycorrhizal
fungi (e.g., ectomycorrhizas) [75,80,81]. Hence, in understanding whole-plant performance, it
would be interesting to test whether the root and mycorrhizal biomass-based quantity traits are
coordinated with or vary independently with the SRL-based quantity traits.

Second, we put forward the idea of independent variation in root cell activity and cell number at the
cellular level and that this cellular-level independence could explain the organ-level root trait bi-dimen-
sionality (see mechanism 3). To test the cellular level independence, it is necessary to know how the
cell activity and cell number vary within and across different plant functional groups that possess con-
trasting root traits (e.g., woody versus non-woody species or arbuscular mycorrhizal species versus
ectomycorrhizal species versus ericoid mycorrhizal species) [82,33]. Furthermore, one could evaluate
how the chemical composition of cell walls covaries with the cell wall thickness in absorptive roots, as
both are important determinants of root metabolic activity and mycorrhizal associations [84,85].

Third, if the cellular independence of cell activity and number in plant roots is widely supported, we can
dig deeper (e.g., how is all of this shaped at the molecular level?). It has been shown that cell numbers
are controlled by some transcription factors [84] and that cell wall thickness is genetically controlled
through regulating gene expression of cellulose, hemi-cellulose, or lignin [48,86]. It is possible that
the cell activity- and cell number-related processes are regulated independently through different mo-
lecular pathways or networks with little crosstalk [87-89]. This interesting hypothesis links molecular-
level processes with cylindrical geometry-derived bi-dimensionality in root traits. The molecular-level
processes-based bi-dimensionality, if tested, will offer valuable insights into how the macro-scale
plant community complexity and diversity, since the first appearance of land plants from sea, can
arise from the interactions of organic-, cellular-, and molecular-level processes.

Data availability
The data used in Figures S2 and S8 in the supplemental information online are available from the Fine-Root
Ecology Database (FRED), http://roots.ornl.gov.

Acknowledgements

We thank Dr Junxiang Ding, Dr Zhipei Feng, Qingpei Yang, Yuxin Pei, Jing Chen, all members of Dr Deliang Kong'’s lab, Prof.
Liangdong Guo, Prof. Nianpeng He, and Prof. Xingguo Han for their constructive comments on this study. We are grateful to
the editor, Dr Andrea Stephens, Dr Hans Cornelissen, and two other anonymous referees for their insightful comments and
suggestions. This study was supported by the National Natural Science Foundation of China (32171746, 31870522, 42122054,
42192513, and 42077450), the Funding for Characteristic and Backbone Forestry Discipline Group of Henan Province, the Scien-
tific Research Foundation of Henan Agricultural University (30500854), and Research Funds for overseas returnee in Henan Pro-
vence, China, Key Platform and Scientific Research Projects of Guangdong Provincial Education Department (2019KZDXMO028
and 2020KCXTD006), Guangdong Basic and Applied Basic Research Foundation (2021B1515020082), and the Science and
Technology Development Fund Project of Shenzhen (JCYJ20190809142611503 and JCYJ20190809162205531). M.L. acknowl-
edges the generous support of the Santa Fe Institute Omidyar Fellowship. P.K. acknowledges funding from the Swedish Research
Council (Vetenskapsradet) (grant no. 2015-04214).

Author contributions
Y.Z. and D.K. conceived the idea. Y.Z. wrote the first draft of the manuscript. D.K., J.C., G.F., M.L., J.W., and P.K.
contributed to the further writing of the final manuscript.

¢? CellPress

Trends in Ecology & Evolution, Month 2023, Vol. xx, No. xx 9



http://roots.ornl.gov
CellPress logo

¢? CellPress

Declaration of interests
The authors declare no competing interests.

Supplemental information
Supplemental information associated with this article can be found online at https://doi.org/10.1016/}.tree.2023.09.002.

References

N

w

o~

o

~

©

©

20.

21.

22.

283.

. Bardgett, R.D. et al. (2014) Going underground: root traits as

drivers of ecosystem processes. Trends Ecol. Evol. 29, 692-699

. Joswig, J.S. et al. (2022) Climatic and soil factors explain the

two-dimensional spectrum of global plant trait variation. Nat.
Ecol. Evol. 6, 36-50

. Ma, Z.Q. et al. (2018) Evolutionary history resolves global organi-

zation of root functional traits. Nature 555, 94-97

. Kambach, S. et al. (2023) Climate-trait relationships exhibit

strong habitat specificity in plant communities across Europe.
Nat. Commun. 14, 712

. Wang, B. et al. (2023) Embracing fine-root system complexity in

terrestrial ecosystem modeling. Glob. Chang. Biol. 29,
2871-2885

. McCormack, M.L. et al. (2017) Building a better foundation: im-

proving root-trait measurements to understand and model
plant and ecosystem processes. New Phytol. 215, 27-37

. Weigelt, A. et al. (2021) An integrated framework of plant form

and function: the belowground perspective. New Phytol. 232,
42-59

. Freschet, G.T. et al. (2021) A starting guide to root ecology:

strengthening ecological concepts and standardising root classi-
fication, sampling, processing and trait measurements. New
Phytol. 232, 973-1122

. De la Riva, E.G. et al. (2023) Editorial: root functional traits: from

fine root to community-level variation. Front. Plant Sci. 14,
1152174

. Betekhtina, A.A. et al. (2023) Root structure syndromes of four

families of monocots in the Middle Urals. Plant Divers. Published
online February 1, 2023. https://doi.org/10.1016/j.pld.2023.01.
007

. Dallstream, C. et al. (2023) A framework for fine-root trait syn-

dromes: syndrome coexistence may support phosphorus
partitioning in tropical forests. Oikos 2023, e08908

. Chaudhary, V.B. et al. (2022) What are mycorrhizal traits? Trends

Ecol. Evol. 37, 573-581

. Iversen, C.M. et al. (2017) A global Fine-Root Ecology Database

to address below-ground challenges in plant ecology. New
Phytol. 215, 15-26

. Guerrero-Ramirez, N.R. et al. (2021) Global root traits (GRooT)

database. Glob. Ecol. Biogeogr. 30, 256-37

. Iversen, C.M. et al. (2021) Fine-Root Ecology Database (FRED): A

Global Collection of Root Trait Data with Coincident Site, \Vegeta-
tion, Edaphic, and Climatic Data, Version 3, US Department of
Energy https://doi.org/10.25581/omlsfa.014/1459186

. Bergmann, J. et al. (2020) The fungal collaboration gradient

dominates the root economics space in plants. Sci. Adv. 6,
1193-1208

. Carmona, C.P. et al. (2021) Fine-root traits in the global spectrum

of plant form and function. Nature 597, 683-687

. Streit, R.P. and Bellwood, D.R. (2023) To harness traits for ecol-

ogy, let's abandon 'functionality'. Trends Ecol. Evol. 38, 402—-411

. Chalmandrier, L. et al. (2022) Predictions of biodiversity are im-

proved by integrating trait-based competition with abiotic filter-
ing. Ecol. Lett. 25, 1277-1289

Guo, C. et al. (2022) Size matters for linking traits to ecosystem
multifunctionality. Trends Ecol. Evol. 37, 803-813

Wright, I.J. et al. (2004) The worldwide leaf economics spectrum.
Nature 428, 821-827

Pellegrini, A.F.A. et al. (2023) Consistent physiological, ecological
and evolutionary effects of fire regime on conservative leaf eco-
nomics strategies in plant communities. Ecol. Lett. 37, 573-581
Freschet, G.T. et al. (2010) Evidence of the ‘plant economics
spectrum’ in a subarctic flora. J. Ecol. 98, 362-373

10 Trendsin Ecology & Evolution, Month 2023, Vol. xx, No. xx

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Trends in Ecology & Evolution

Reich, P.B. (2014) The world-wide ‘fast-slow’ plant economics
spectrum: a traits manifesto. J. Ecol. 102, 275-301

Yaffar, D. et al. (2022) Representing root physiological traits in the
root economic space framework. Representing root physiologi-
cal traits in the root economic space framework. New Phytol.
234, 773-775

Wang, S.Y. et al. (2023) Lianas have a faster resource acquisition
strategy than trees: below-ground evidence from root traits, phy-
logeny and the root economics space. J. Ecol. 111, 436-448
Laughlin, D.C. et al. (2021) Root traits explain plant species dis-
tributions along climatic gradients yet challenge the nature of
ecological trade-offs. Nat. Ecol. Evol. 5, 1123-1134
Kramer-Walter, K.R. et al. (2016) Root traits are multidimen-
sional: specific root length is independent from root tissue den-
sity and the plant economic spectrum. J. Ecol. 104, 1299-1310
Comas, L.H. and Eissenstat, D.M. (2009) Patterns in root trait
variation among 25 co-existing North American forest species.
New Phytol. 182, 919-928

Laughlin, D.C. et al. (2010) A multi-trait test of the leaf-height-
seed plant strategy scheme with 133 species from a pine forest
flora. Funct. Ecol. 24, 493-501

Klimesova, J. and Herben, T. (2023) The hidden half of the fine
root differentiation in herbs: nonacquisitive belowground organs
determine fine-root traits. Oikos 2023, e08794
Valenzuela-Estrada, L.R. et al. (2008) Root anatomy, morphol-
ogy, and longevity among root orders in Vaccinium corymbosum
(Ericaceae). Am. J. Bot. 95, 1506-1514

Zhu, L.Q. et al. (2016) Anatomical structure and environmental
adaptability of Cymbidium cyperifolium in karst area. Guihaia
36, 1179-1185+1164

Lu, M.Z. et al. (2022) Biome boundary maintained by intense be-
lowground resource competition in world's thinnest-rooted plant
community. Proc. Natl. Acad. Sci. U. S. A. 119, e2117514119
Kong, D.L. et al. (2019) Nonlinearity of root trait relationships and
the root economics spectrum. Nat. Commun. 10, 2203
McCormack, M.L. and Iversen, C.M. (2019) Physical and func-
tional constraints on viable belowground acquisition strategies.
Front. Plant Sci. 10, 1215

Holdaway, R.J. et al. (2011) Species- and community-level pat-
terns in fine root traits along a 120, 000-year soil
chronosequence in temperate rain forest. J. Ecol. 99, 954-963
Rose, L. (2017) Pitfalls in root trait calculations: how ignoring di-
ameter heterogeneity can lead to overestimation of functional
traits. Front. Plant Sci. 8, 898

Guo, D.L. et al. (2008) Anatomical traits associated with absorp-
tion and mycorrhizal colonization are linked to root branch order
in twenty-three Chinese temperate tree species. New Phytol.
180, 673-683

Zhou, M. et al. (2022) Using anatomical traits to understand root
functions across root orders of herbaceous species in a temper-
ate steppe. New Phytol. 234, 422-434

Zhang, Y. et al. (2023) The worldwide allometric relationship in
anatomical structures for plant roots. Plant Divers. Published on-
line June 8, 2023. https://doi.org/10.1016/).pld.2023.05.002
Kong, D.L. et al. (2017) The nutrient absorption-transportation
hypothesis: optimizing structural traits in absorptive roots. New
Phytol. 213, 1669-1572

Kong, D.L. et al. (2021) A framework to assess the carbon sup-
ply-consumption balance in plant roots. New Phytol. 229,
659-664

Colombi, T. et al. (2022) Carbon supply-consumption balance in
plant roots: effects of carbon use efficiency and root anatomical
plasticity. New Phytol. 233, 1542-1547


https://doi.org/10.1016/j.tree.2023.09.002
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0005
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0005
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0010
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0010
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0010
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0015
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0015
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0020
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0020
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0020
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0025
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0025
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0025
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0030
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0030
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0030
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0035
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0035
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0035
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0040
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0040
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0040
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0040
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0045
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0045
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0045
https://doi.org/10.1016/j.pld.2023.01.007
https://doi.org/10.1016/j.pld.2023.01.007
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0055
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0055
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0055
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0060
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0060
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0065
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0065
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0065
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0070
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0070
https://doi.org/10.25581/ornlsfa.014/1459186
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0080
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0080
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0080
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0085
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0085
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0090
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0090
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0095
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0095
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0095
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0100
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0100
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0105
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0105
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0110
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0110
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0110
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0115
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0115
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0120
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0120
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0125
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0125
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0125
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0125
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0130
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0130
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0130
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0135
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0135
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0135
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0140
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0140
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0140
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0145
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0145
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0145
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0150
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0150
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0150
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0155
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0155
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0155
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0160
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0160
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0160
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0165
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0165
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0165
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0170
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0170
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0170
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0175
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0175
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0180
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0180
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0180
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0185
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0185
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0185
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0190
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0190
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0190
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0195
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0195
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0195
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0195
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0200
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0200
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0200
https://doi.org/10.1016/j.pld.2023.05.002
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0210
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0210
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0210
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0215
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0215
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0215
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0220
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0220
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0220
CellPress logo

Trends in Ecology & Evolution

45.

46.
47.

48.

49.

50.

51.

52.

53.

54.
55.
56.

57.

58.
59.

60.

61.
62.

63.

65.

66.

67.
68.

69.

70.

Valverde-Barrantes, O.J. et al. (2021) Root anatomy helps to rec-
oncile observed root trait syndromes in tropical tree species. Am.
J. Bot. 108, 744-755

Wahl, S. and Ryser, P. (2000) Root tissue structure is linked to
ecological strategies of grasses. New Phytol. 148, 459-471
Pandey, B.K. et al. (2021) Plant roots sense soil compaction
through restricted ethylene diffusion. Science 371, 276-280
Schneider, H.M. et al. (2021) Multiseriate cortical sclerenchyma
enhance root penetration in compacted soils. Proc. Natl. Acad.
Sci. U. S. A. 118, 2012087118

Gibson, L.J. (2012) The hierarchical structure and mechanics of
plant materials. J. R. Soc. Interface 9, 2749-2766

Jiang, Y. et al. (2018) Cell wall microstructure, pore size distribu-
tion and absolute density of hemp shiv. R. Soc. Open Sci. 5,
171945

Moran, U. et al. (2010) SnapShot: key numbers in biology. Cell
141, 1262

Heyden, S. and Ortiz, M. (2017) Investigation of the influence of
viscoelasticity on oncotripsy. Comput. Methods Appl. Mech.
Eng. 314, 314-322

Kong, D.L. et al. (2016) Economic strategies of plant absorptive
roots vary with root diameter. Biogeosciences 13, 4156-424
Feng, T. et al. (2022) Natural variation in root suberization is asso-
ciated with local environment in Arabidopsis thaliana. New
Phytol. 236, 385-398

Eissenstat, D.M. and Achor, D.S. (1999) Anatomical characteris-
tics of roots of citrus rootstocks that vary in specific root length.
New Phytol. 141, 309-321

Xu, H.W. et al. (2022) Differential influence of cortex and stele
components on root tip diameter in different types of tropical
climbing plants. Front. Plant Sci. 13, 961214
Valverde-Barrantes, O.J. et al. (2015) Fine root morphology is
phylogenetically structured, but nitrogen is related to the plant
economics spectrum in temperate trees. Funct. Ecol. 29,
796-807

Chen, W.L. et al. (2021) The genetic basis of the root economics
spectrum in a perennial grass. Proc. Natl. Acad. Sci. U. S. A.
118, 2107541118

Freschet, G.T. et al. (2017) Climate, soil and plant functional
types as drivers of global fine-root trait variation. J. Ecol. 105,
1182-1196

Long, Y.Q. et al. (2013) Variation of the linkage of root function
with root branch order. PLoS One 8, e57153

Guo, X.Y. et al. (2021) Coordination between root cell wall thick-
ening and pectin modification is involved in cadmium accumula-
tion in Sedum alfredii. Environ. Pollut. 268, 115665

Feng, Y.L. et al. (2009) Evolutionary tradeoffs for nitrogen alloca-
tion to photosynthesis versus cell walls in an invasive plant. Proc.
Natl. Sci. U. S. A. 106, 1853-1856

Shipley, B. et al. (2006) Fundamental trade-offs generating
the worldwide leaf economics spectrum. Ecology 87,
535-541

. Onoda, Y. et al. (2017) Physiological and structural tradeoffs un-

derlying the leaf economics spectrum. New Phytol. 214,
1447-1463

Zhou, M. et al. (2018) Multi-dimensional patterns of variation in
root traits among coexisting herbaceous species in temperate
steppes. J. Ecol. 106, 2320-2331

Eshel, A., Beeckman, T., eds (2002) Plant Roots: The Hidden
Half, CRC Press

Brundrett, M.C. and Tedersoo, L. (2018) Evolutionary history of
mycorrhizal symbioses and global host plant diversity. New
Phytol. 220, 1108-1115

Robinson, D.A. et al. (2022) Analytical modelling of soil porosity
and bulk density across the soil organic matter and land-use
continuum. Sci. Rep. 12, 7085

Cardenas, J.P. et al. (2010) Soil porous system as heteroge-
neous complex network. Geoderma 160, 13-21

Mao, Z. et al. (2023) Intra- and inter-specific variation in root me-
chanical traits for twelve herbaceous plants and their link with the
root economics space. Oikos 2023, e09032

Il

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

. Coban, O. et al. (2022) Soil microbiota as game-changers in res-

toration of degraded lands. Science 375, abe0725

Chen, L. et al. (2019) Differential soil fungus accumulation and
density dependence of trees in a subtropical forest. Science
366, 124-128

Van den Hoogen, J. et al. (2019) Soil nematode abundance and
functional group composition at a global scale. Nature 572,
194-198

Weemstra, M. et al. (2016) Towards a multidimensional root trait
framework: a tree root review. New Phytol. 211, 1159-1169
Weemstra, M. et al. (2022) Incorporating belowground traits: av-
enues towards a whole-tree perspective on performance. Oikos
2023, e08827

Yan, H. et al. (2022) Mycorrhizal symbiosis pathway and edaphic
fertility frame root economics space among tree species. New
Phytol. 234, 1639-1653

Kong, D.L. et al. (2014) Leading dimensions in absorptive root
trait variation across 96 subtropical forest species. New Phytol.
203, 863-872

Ding, J.X. et al. (2023) Precipitation, rather than temperature
drives coordination of multidimensional root traits with
ectomycorrhizal fungi in alpine coniferous forests. J. Ecol. 111,
1935-1949

Ding, J.X. et al. (2020) Climate and soil nutrients differentially drive
multidimensional fine root traits in ectomycorrhizal-dominated al-
pine coniferous forests. J. Ecol. 108, 2544-2556

Ouimette, A. et al. (2013) Insights into root growth, function, and
mycorrhizal abundance from chemical and isotopic data across
root orders. Plant Soil 367, 313-326

Withington, J.M. et al. (2006) Comparisons of structure and life
span in roots and leaves among temperate trees. Ecol. Monogr.
76, 381-397

Chen, W.L. et al. (2016) Root morphology and mycorrhizal sym-
bioses together shape nutrient foraging strategies of temperate
trees. Proc. Natl. Acad. Sci. U. S. A. 113, 8741-8746

Fanin, N. et al. (2022) Ericoid shrubs shape fungal communities
and suppress organic matter decomposition in boreal forests.
New Phytol. 236, 684-697

Ortiz-Ramirez, C. et al. (2021) Ground tissue circuitry regulates
organ complexity in maize and Setaria. Science 374, 1247-1252
Xia, M.X. et al. (2021) Coordination between compound-specific
chemistry and morphology in plant roots aligns with ancestral
mycorrhizal association in woody angiosperms. New Phytol.
232, 12569-1271

Cosgrove, D. (2015) Cell walls: structure, biosynthesis, and ex-
pansion. In Plant Physiology (5th edn) (Taiz, L. and Zeiger, E.,
eds), pp. 426-428, Sinauer Associates

Wei, H.Y. et al. (2023) Root cell wall remodeling: a way for
exopolysaccharides to mitigate cadmium toxicity in rice seedling.
J. Hazard. 443, 130186

Batty, P. and Gerlich, D.W. (2019) Mitotic chromosome mechan-
ics: how cells segregate their genome. Trends Cell Biol. 29,
717-726

Gonzalez, |. et al. (2021) Mitotic memories of gene activity. Curr.
Opin. Cell Biol. 69, 41-47

He, N.P. et al. (2019) Ecosystem traits linking functional traits to
macroecology. Trends Ecol. Evol. 34, 200-210

He, N.P. et al. (2023) Predicting ecosystem productivity based
on plant community traits. Trends Plant Sci. 28, 43-53
Freschet, G.T. et al. (2021) Root traits as drivers of plant and
ecosystem functioning: current understanding, pitfalls and future
research needs. New Phytol. 232, 1123-1158

Feng, Z.P. et al. (2022) Coordination of root growth with root
morphology, physiology and defense functions in response to
root pruning in Platycladus orientalis. J. Adv. Res. 36, 187-199
Reich, P.B. et al. (2008) Scaling of respiration to nitrogen in
leaves, stems and roots of higher land plants. Ecol. Lett. 11,
793-801

Assefa, D. et al. (2018) Fine root morphology, biochemistry and
litter quality indices of fast- and slow-growing woody species in
Ethiopian highland forest. Ecosystems 21, 482-494

Trends in Ecology & Evolution, Month 2023, Vol. xx, No. xx

¢ CellP’ress

11



http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0225
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0225
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0225
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0230
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0230
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0235
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0235
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0240
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0240
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0240
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0245
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0245
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0250
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0250
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0250
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0255
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0255
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0260
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0260
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0260
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0265
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0265
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0270
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0270
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0270
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0275
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0275
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0275
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0280
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0280
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0280
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0285
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0285
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0285
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0285
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0290
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0290
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0290
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0295
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0295
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0295
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0300
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0300
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0305
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0305
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0305
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0310
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0310
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0310
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0315
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0315
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0315
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0320
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0320
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0320
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0325
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0325
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0325
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0330
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0330
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0335
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0335
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0335
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0340
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0340
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0340
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0345
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0345
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0350
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0350
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0350
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0355
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0355
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0360
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0360
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0360
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0365
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0365
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0365
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0370
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0370
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0375
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0375
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0375
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0380
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0380
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0380
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0385
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0385
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0385
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0390
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0390
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0390
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0390
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0395
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0395
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0395
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0400
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0400
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0400
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0405
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0405
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0405
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0410
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0410
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0410
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0415
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0415
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0415
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0420
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0420
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0425
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0425
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0425
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0425
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0430
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0430
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0430
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0435
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0435
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0435
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0440
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0440
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0440
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0445
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0445
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0450
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0450
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0455
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0455
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0460
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0460
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0460
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0465
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0465
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0465
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0470
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0470
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0470
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0475
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0475
http://refhub.elsevier.com/S0169-5347(23)00233-1/rf0475
CellPress logo

	The origin of bi-�dimensionality in plant root traits
	The importance of roots
	The discovery of root trait bi-dimensionality
	The mechanisms of root trait bi-dimensionality
	Mechanism 1: cylindrical geometry of different diameter roots
	Constant RD across species
	Variable RD across species

	Mechanism 2: allometry between root cortex and stele
	Mechanism 3: independent variation in cell wall thickness and cell number

	Relationships among the three mechanisms
	Why are roots cylindrically shaped?
	Root trait bi-dimensionality and mycorrhizal associations
	Concluding remarks
	section13
	Acknowledgements
	Author contributions
	Declaration of interests
	Supplemental information
	References




