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Abstract
Mechanical impedance constrains root growth in most soils. Crop cultivation chan-
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ged the impedance characteristics of native soils, through topsoil erosion, loss of
organic matter, disruption of soil structure and loss of biopores. Increasing adoption
of Conservation Agriculture in high‐input agroecosystems is returning cultivated
soils to the soil impedance characteristics of native soils, but in the low‐input
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generating more challenging environments for root growth. We propose that root
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tegies to develop crops to meet global needs under climate change. We present

phenotypes have evolved to adapt to the altered impedance characteristics of cultivated soil during crop domestication. The diverging trajectories of soils under

several root ideotypes as breeding targets under the impedance regimes of both
high‐input and low‐input agroecosystems, as well as a set of root phenotypes that
should be useful in both scenarios. We argue that a ‘whole plant in whole soil’
perspective will be useful in guiding the development of future crops for future soils.
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1

| INTRODUCTION

World Bank, 2017). These constraints are intensifying over time because
of the interlinked effects of increasing population pressure, global climate

1.1 | More efficient, resilient crops are urgently
needed in global agriculture

change and soil degradation (Godfray et al., 2010; Mbow et al., 2019;
Tebaldi & Lobell, 2008; Tilman et al., 2011). The development of crops
with more effective and resilient root systems is a promising avenue to

In high‐input agroecosystems, intensive use of fertilizers, pesticides and

address these challenges. Roots play a central role in crop adaptation to

irrigation causes large‐scale environmental pollution and unsustainable

water and nutrient stress, as well as resistance to soil pathogens and

resource depletion (Foley et al., 2011; Woods et al., 2010). In low‐input

pests. Roots, and more generally, the plant–soil interface, including as-

agroecosystems characteristic of developing nations, suboptimal avail-

sociated microbiota, could also play a key role in ameliorating soil de-

ability of water and nutrients, compounded by biotic stress, are primary

gradation and climate change by improving soil quality and sequestering

limitations to crop production, and therefore, food security, economic

atmospheric carbon into soil organic matter. To realize this potential, we

development and political stability (FAO, 2015; Nkonya et al., 2016;

need to understand the fitness landscape of root phenotypes—how root
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phenotypes influence soil resource capture and plant performance in

the root apex moves through the soil matrix (Batey, 2009; Hernandez‐

various environments—so that root function may be optimized through

Ramirez et al., 2014, Suzuki et al., 2013; Valentine et al., 2012). Soil

management and breeding, and in turn, how the future soil environments

texture, structure, water content and bulk density are the primary com-

developed under contemporary agricultural systems will impact the be-

ponents influencing the penetration resistance of compacted soils to

haviour of different root phenotypes. The scope and diversity of edaphic

emerging roots. In a growing root, the root cap is advanced through the

stresses and plant responses considered require that our focus be on

soil matrix by turgor pressure within the root elongation zone, and if this

general trends and patterns, for which specific exceptions may exist.

pressure is not sufficient to overcome resistance at the soil–root interface, elongation of the root will be impeded. Generally, mechanical impedance >2 MPa is sufficient to inhibit the emergence and elongation of

1.2

| Plant adaptations to degraded soil

roots in both monocot and dicot species (Atwell, 1993; A. G. Bengough
et al., 2006; Coelho et al., 2013; Colombi & Walter, 2016; M. T. Grzesiak

FAO estimates that while only about 11% of the earth's surface is

et al., 2014; S. Grzesiak et al., 2013; Pfeifer et al., 2014). Mechanical

devoted to agriculture, approximately 33% of agricultural soils are

impedance of root elongation limits crop productivity by inhibiting soil

degraded and over 90% could be degraded by 2050 (FAO, 2011;

exploration and soil resource capture, and consequently, is a key factor

Montanarella et al., 2018). Compaction is a physical form of soil

affecting the energetic cost of soil resource extraction by roots. Beyond

degradation where soil structure is broken down and pore space is

directly impeding root emergence and elongation, conditions that in-

reduced, usually as a consequence of tillage, cropping and grazing

crease soil strength also affect soil hydraulic conductivity, water storage

(Hamza & Anderson, 2005). In addition to reducing soil capacity for

capacity, gas diffusivity and permeability, nutrient cycling and the habitat

water infiltration, aeration and storage of water and nutrients, the

of soil organisms (Keller et al., 2019; Tracy et al., 2011).

diminished pore space in compacted soils also augments soil strength,
thereby mechanically impeding the penetration of roots into the soil
matrix. In this article, we focus on how root adaptations to me-

2.2 |

Mechanical impedance in native soils

chanical impedance may have evolved over time, and are continuing
to evolve, in response to changing soil environments. We adopt a

Root systems under undisturbed conditions can proliferate extensively

‘whole organism in whole soil’ approach to consider how ancestral

and grow deep into the soil profile. Dickinson and Polwart (1982) re-

adaptations to native soil may have changed in response to crop

corded a root biomass of around 5 tonnes/ha in the top 15 cm of UK

cultivation. We propose that ongoing changes in the soil environ-

grassland soil. In natural environments, such as where the soil is not

ments of both high‐input and low‐input agroecosystems may present

subject to regular cultivations and other agri‐management interventions,

divergent physical constraints for soil exploration by roots. Finally,

for example permanent pasture, mechanical impedance to root growth

we suggest new ideas regarding how the evolving fitness landscape

commonly occurs under situations of water deficit, where the drying of

for root phenotypes offers opportunities to breed more resilient,

shallow soil horizons leads to increased penetration resistance in super-

efficient crops. In addition to being more productive, such crops

ficial domains. Previous work on root penetration resistance in the epi-

would improve soil quality through biopore development, organic

pedon (i.e., the upper soil layer) has reported a feedback interaction

matter accumulation and erosion mitigation. We will not focus on a

between soil strength, water extraction and root growth. Higher pene-

comprehensive review of all relevant literature, but rather seek to

tration resistance in the topsoil serves to initially limit root system depth,

provide new thinking that may catalyse research to address sig-

thereby exacerbating topsoil dying, further increasing penetration re-

nificant knowledge gaps.

sistance of the topsoil and decreasing overall depth of the root system
(Colombi et al., 2018). The ability of roots to generate the required
growth pressure is impaired in drying soils while the strength of the soil

2 | T R A J E C T O R Y O F S O I L I M P E D A N C E AS
A P RIMARY CONSTRAINT TO ROOT
EXPLORATION

increases, thereby increasing the growth pressure required for elongation
(Whalley et al., 1998). Reduced pore space also diminishes water storage
capacity, so compacted soils dry more quickly than uncompacted soils,
further increasing penetration resistance to root growth (Colombi

In this section, we introduce soil characteristics in key agroecosys-

et al., 2018; Lipiec & Hatano, 2003). Decreased hydraulic conductivity in

tems, which are central to understanding how root phenotypes may

compacted soils also leads to diminished transpiration‐driven mass flow

affect crop performance in those systems.

of nutrients to roots (Lipiec & Hatano, 2003; Richard et al., 2001; Romero
et al., 2011).
Under native soils, the impacts of grazing (animal trampling) can have

2.1 | Soil compaction and impedance to root
growth

significant negative impacts on soil physical properties (Zhang
et al., 2019). The extent of soil compaction associated with this depends
upon animal type and associated characteristics (e.g., hoof size, animal

Compacted soils inhibit root growth through reduced pore connectivity

mass); however, further impacts can be compensated through careful

and available space to accommodate the displacement of soil particles as

management for example limits to grazing periods, regular relocation of

|
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feed/water stations (Taboada et al., 2011). A further limitation to root

2.3.1 |

3

Topsoil erosion

penetration in natural ecosystems is the increased hardness and density
that is commonly observed with increasing soil depth, caused by over-

The conversion of native vegetation into agriculture is associated with

burden pressure, effectively the pressure imposed on soil at depth by the

higher rates of soil erosion because of soil disturbance and reduced ve-

weight of the horizons on top of it (Baker et al., 2015). Values >2 MPa

getation cover. This process and its role in the decline of world civiliza-

(which would impair root elongation) can be readily reached at depths

tions have been recognized since the time of Plato (Montgomery, 2007a).

beyond 40 cm, and in some cases, at shallower depths (Gregory

Loss of soil from conventionally tilled agricultural fields is 1–2 orders of

et al., 2007). Additionally, some soils naturally have harder subsoils or

magnitude faster than from natural landscapes (Montgomery, 2007b).

horizons depending on the soil type and the dominant factors of for-

This rate of soil loss exceeds the rate of soil formation by more than a

mation. For example, duplex soils are characterized by horizons with

factor of 10 (Montgomery, 2007b). Soil erosion increases the mechanical

contrasting soil texture, and the sodic subsoil horizons found in South

impedance of the root zone by reducing the thickness of the epipedon,

Australia can have a soil strength that significantly restricts root growth

which forces the root zone into subsoil horizons, which often have

(Chittleborough, 1992).

greater clay content and bulk density, less organic matter content and

In soils with high bulk density, roots will often forage for zones of

porosity, and less favourable nutrient‐ and water‐holding characteristics.

weakness in the soil matrix to facilitate easier penetration (Atkinson

Conservation Agriculture practices (i.e., using residues as a soil amend-

et al., 2020). In this context, the role of the soil biopores is crucial in

ment and protector of the soil surface and intercropping/cover cropping

assisting with root elongation and proliferation at depth. Biopores are

as part of a rotation, along with efforts to minimize soil disturbance) are

created by soil faunal or root activity and can significantly improve

associated with greatly reduced rates of soil erosion that are comparable

the ability of roots to extend deeper into the soil profile, where high

to natural soil formation rates (Montgomery, 2007b), and are therefore a

bulk density would otherwise preclude root elongation (Zhou

key component of sustainable agriculture (see Section 2.4). Nonetheless,

et al., 2021). Hirth et al. (2005) found that soil strength and biopore

historically, soil erosion in agricultural landscapes has created a more

angle equally impacted the elongation of ryegrass roots, with roots

challenging environment for root growth in the context of mechanical

more likely to exit inclined biopores rather than those horizontally

impedance.

orientated. The nature of the soil structure, particularly the shape and
size of aggregates, can have important consequences for root development. For example, in tilled soils, aggregates in the seedbed are

2.3.2 |

Reduced soil organic matter

usually prepared to conform to a granular or crumb‐like structure.
These aggregates, often less than a few centimetres in diameter, are

Of all the impacts on soil from modern agriculture, one might argue that

often rounded, and when packed together, they generate a structure

the key concern has been the systematic degradation of soil carbon

that is porous, supporting germination, seedling establishment and

stocks associated with extensive agricultural mechanization, and in par-

root elongation (Blunk et al., 2021). However, in native or un-

ticular, the action of tillage, due to its importance in sustaining soil pro-

disturbed soils, aggregates tend to be larger and more irregular in

ductivity. It has been estimated that 133 billion tonnes of carbon, or 8%

shape, depending on the dominant factors of soil formation. In subsoil

of the total global soil carbon stock, may have been lost from the upper

horizons, zones of weakness can exist at the interfaces of packed

2 m of the world's soil since the start of the first agriculture, known as the

aggregates, which roots can exploit for easier elongation than in the

total ‘soil carbon debt’ (Sanderman et al., 2017; Figure 1). The largest

bulk zone. In this case, the nature of the soil structure can exert a

losses have been linked to arable crop production in the US Corn Belt and

significant influence on the developing root system architecture. For

Western Europe since the start of the industrial revolution. In the United

example, roots can extend more readily vertically at depth in a soil

States, as much as 30%–50% of soil organic carbon that the soil con-

with a prismatic or columnar structure that are characterized by

tained before the establishment of agricultural production system has

narrow horizontal axes and extended vertical axes, which in turn aid

been lost (Kucharik et al., 2001). Similarly, Bellamy et al. (2005) reported

the development and stability of the soil aggregates and structure.

an annual loss of 0.6% (relative to the existing soil carbon content) between 1978 and 2003 for England and Wales (Bellamy et al., 2005).
Sanderman et al. (2017) found median losses of soil organic carbon of

2.3

| Mechanical impedance in cultivated soils

26% from the upper 30 cm following a meta‐analysis, albeit with a range
of −36% to 78%.

The advent of agriculture and soil tillage was associated with altered
soil mechanical impedance. Despite the direct loosening effects of
topsoil tillage, such tillage also causes (1) greater topsoil erosion and

2.3.3 |

Soil compaction

therefore loss of less consolidated soil horizons, (2) soil hardening via
compaction caused by vehicle and animal traffic, (3) reduced soil

Soil compaction due to vehicle traffic is an issue affecting an esti-

macrofaunal activity leading to reduced biopore development and (4)

mated 68 million ha worldwide (Hamza & Anderson, 2005), a number

greater organic matter oxidation, thereby degrading soil structure and

that has likely increased in recent years as the mechanization of

increasing soil bulk density.

agriculture becomes more widespread and the size of agricultural

4
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F I G U R E 1 Global distribution of cropping and
grazing in 2010 from (a) HYDE v3.2 and (b)
modelled SOC (soil organic carbon) change in the
top 2 m. In (a), colour gradients indicate the
proportion of grid cell occupied by given land use.
In (b), the legend is presented as a histogram of
SOC loss (Mg C per hectare), with positive values
indicating loss and negative values depicting net
gains in SOC. From Sanderman et al. (2017) [Color
figure can be viewed at wileyonlinelibrary.com]

machinery increases (Keller et al., 2019; Schjønning et al., 2015;

2.3.4 |

Reduced biopore development

Tracy et al., 2011). In contrast to visually obvious forms of soil
degradation like erosion and salinization, compaction can be difficult

Soil biopores are stable networks of channels produced by roots,

to diagnose in the field without specialized equipment such as a

earthworms and macrofauna (Kautz, 2014). Several studies report

penetrometer. In sandy soils, subsoil compaction may not sig-

preferential root growth in biopores, especially in hard soils

nificantly interfere with water infiltration into deep layers, but can

(Cresswell & Kirkegaard, 1995; Landl et al., 2019; Watt et al., 2006;

prevent roots from reaching and utilizing this water, leading to poor

Figure 2). Biopore networks in the topsoil can be disrupted by con-

water use efficiency and increased drought hazard (Laker, 2001). In

ventional tillage and vehicle traffic (Dexter, 1979; Hadas, 1997), re-

intensively managed agricultural systems, issues of compaction are

sulting in reduced biopore frequency in tilled agricultural soils (Or

often exacerbated in a positive feedback cycle, where increased soil

et al., 2021, Figure 3). Even in tilled soils, biopore networks may

strength and decreased soil fertility reduce plant growth, leading to

persist in the subsoil, which could benefit resource capture by deep

lower inputs of crop residues, thereby reducing nutrient cycling and

roots (Kirkegaard & Lilley, 2007; Lucas et al., 2019; McCallum

mineralization of carbon and nitrogen as well as activity of micro‐

et al., 2004; Watt et al., 2006).

organisms (De Neve & Hofman, 2000). Specifically, soil organic
matter affects soil structure and compactability through binding of
soil particles, reducing the wettability and increasing the mechanical
strength of soil aggregates (Tisdall & Oades, 1982). Ultimately, soil

2.4 | Changing soils associated with modern
agriculture

texture strongly influences the capacity for soil to accumulate C,
where clay particles form recalcitrant clay–humic complexes with low

Pressures from a changing climate will bring about complex and

recycling rates due to their size, electrical charge and high surface

systematic changes to soils and impinge on their abilities to provide

area to volume ratio (Six et al., 2002). Additionally, the ratio of C:N of

essential functions (Haygarth & Ritz, 2009). Whilst the value of terms

organic matter can affect the rate of decomposition by bacteria. Crop

such as soil quality and soil health is currently heavily debated in the

residues that have a low C:N ratio and high soluble carbohydrate

literature (Kibblewhite et al., 2008; Powlson, 2020), it is widely ac-

content will ultimately enhance CO2 emissions and lead to the further

cepted that new approaches will be needed to ensure that soils are fit

depletion of soil organic carbon stocks (Novelli et al., 2011). Com-

for purpose in the future. Whilst neglect and overcropping can lead

paction of agricultural soils has also been shown to reduce the con-

to significant loss of soil carbon (see Section 2.3), restoration is not

centration of CO2 held within the soil (Conlin & Driessche, 2000).

without considerable challenges. It is estimated that a shift towards

|
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F I G U R E 2 Example of biopore development
in a sandy loam soil from 60 to 70 cm soil depth
with roots clearly visible entering a biopore (left)
and shown clustered in a biopore (right) from an
X‐ray computed tomography image taken in cross
section (x–y plane; inset shows roots at higher
magnification). Resolution = 20 µm. Adapted from
Zhou et al. (2021) [Color figure can be viewed at
wileyonlinelibrary.com]

carbon‐enhancing management practices for example use of fallow
periods, effective manure management, and so forth could recover
up to two thirds of carbon losses (Smith et al., 2008). However,
Sanderman et al. (2017) dispute this, suggesting that even with renewed focus on the sustainable management of soils, the global
carbon sink that can be filled is at best 10%–30%.
Conservation of soil as an indispensable resource must be a future priority. Loss of soil via erosion represents a significant global
agricultural problem. However, recent suggestions of a short lifespan
of global soils (the so‐called ‘60 harvests left’; Wong, 2019) have
been discredited (Evans et al., 2020), with only 16% of soils managed
by conventional approaches having a lifespan <100 years based on
net erosion. Conversely, for soils managed according to the principles
for Conservation Agriculture, this value decreases to 7%, which gives
a clear steer towards safeguarding future soils; even though the
productive lifespan of most soils exceeds several hundred years, the
global trend is predominantly towards soil thinning.

F I G U R E 3 Metrics of natural soil structure relative to managed
soil structure. Data are from paired studies that compare metrics of
natural and managed soil structure from the same location. Numbers
in parentheses indicate the number of paired studies. From Or
et al. (2021)

In particular, recognition of the effects of intensive cropping and
continued tillage has become more widespread and it would appear that a
global transition to minimum and no‐till systems has started, albeit with

uncultivated soils begin to function similarly to cultivated soils hy-

considerable geographical variability. Indeed, the key principles of Con-

draulically for example hydraulic conductivity; in addition, there are

servation Agriculture, that is using residues as a soil amendment and

benefits from improved carbon sequestration and reduced greenhouse

protector of the soil surface and intercropping/cover cropping as part of a

gas emissions (Cooper et al., 2021). However, the time scales involved in

rotation, along with efforts to minimize soil disturbance, have received

the development of soil structure, replenished soil organic matter and

considerable attention particularly in the last 10 years. The decision for a

greater biopore frequency that facilitates the ready development and

farmer to till or not involves a considerable number of factors including

expansion of crop root systems are likely to vary considerably among

soil/crop type, availability of machinery, cost of fuel, impact on yield, and

different climatic systems and soil types. Thus, it seems likely that our

so forth. It is well recognized that no‐till systems, early after conversion

future soils under Conservation Agriculture, especially in the epipedon,

from conventional tillage, tend to have dense topsoil that has greater

are going to endure periods (possibly between 5 and 10 years) of high

mechanical impedance for root growth in shallow horizons (Colombi

mechanical impedance until the processes of soil structural development

et al., 2018). This also leads to reduced infiltration (Mangalassery

have regenerated soils, many of which have undergone decades of de-

et al., 2014) and can lead to negative impacts on yield. However, there is

gradation. In this regard, it is vital that the future plant phenotypes that

considerable conflicting literature regarding the impact of no tillage on

can thrive under such harsh conditions are prioritized.

yield (Mangalassery et al., 2015). Over time, under no till conditions, soil

While global drought predictions suggest a significant increase in

fauna can operate and proliferate without disturbance, which helps to

frequency (Shukla et al., 2019), some form of mitigation may be offered

generate a new soil structure developed under more natural conditions. It

by no till management, which enhances water retention through an in-

was recently shown in the United Kingdom that after 7 years,

crease in soil bulk density and increased number of micropores (<30 µm).
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Conversely, under wet conditions, it is likely that anoxic conditions are

the topsoil in the form of mechanical weed control (Flach, 1990). Con-

more likely to develop under no till systems. Under such conditions, the

sequently, erosion from continuous tillage has been shown to cause yield

development of soil biopores predominantly via earthworm burrowing or

reductions of 30%–90% in some shallow soils found in west Africa

cover crops, preferentially selected due to their deeper rooting (e.g., til-

(Lal, 1987; Mbagwu et al., 1984). Topsoil erosion is especially harmful to

lage radish), could be valuable (Burr‐Hersey et al., 2017). After 6–10 years

crops in weathered soils, since the subsoil is a harsh environment for root

of no till, the total porosity was greater under cultivated soils, while the

growth, being more acidic, with less nutrient availability, and greater Al

connected porosity, likely important for infiltration and drainage, was

toxicity (Lynch & Wojciechowski, 2015). Where smallholder farmers lack

actually greater under no till, which they attributed to the biopores cre-

equipment for subsoiling, continuous tillage of shallow soil horizons and

ated by earthworms and root channels (Cooper et al., 2021). Manage-

livestock traffic may cause compaction to build up in deeper horizons

ment systems, which promote the development of biopores especially at

over time, thereby limiting the depth of the root system. Because the use

depth in soils, should be prioritized for our future soils. Biopores facilitate

of irrigation is also limited in low‐input systems, a shallow distribution of

deeper root growth, which supports acquisition of water and nutrients.

root length in the soil profile results in an increased drought hazard

Zhou et al. (2021) recently demonstrated, using X‐ray imaging of un-

(Colombi et al., 2018).

disturbed 1 m long field cores, that below 50 cm depth, wheat roots are

As cultivation techniques used by smallholder farmers are generally

predominantly found clustered in biopores and that the soil porosity at

driven more by subsistence rather than commercial production, and land

depth explained c. 60% of the variance in the root number density (Zhou

availability is often a limitation, fallowing to allow restoration of soil fer-

et al., 2021). This demonstrates the potential benefits for deeper rooting

tility is less routinely employed, especially as populations are rapidly in-

phenotypes and targeting deeper rooting cover crops. In addition, deeper

creasing in these regions. As a result, it is estimated that the annual

rooting supports greater and deeper carbon additions into the soil,

depletion rates in soil fertility across 38 countries in sub‐Saharan Africa

building soil health and resilience. Managing rotation, strategic use of

are 22 kg N, 3 kg P and 15 kg K per hectare on average (Stoorvogel

cover crops and intercropping to enhance soil structure to facilitate

et al., 1993). Overall, it is estimated that only 29% of soils across the

deeper rooting and building carbon stocks should be key future priorities

continent of Africa have medium‐high suitability for agriculture, but in

in attempts to recarbonize soils and support regeneration of soils fol-

reality, land availability is even less due to a rapidly expanding population

lowing decades of neglect.

and competition with other land uses (Eswaran et al., 1997).
This combination of native attributes of tropical soils coupled
with the agronomic practices utilized by smallholder farmers por-

2.5 | Soil degradation in low‐input agricultural
systems

tends increasing challenges for agricultural productivity of low‐input
systems in the future. The low capacity for biomass production and a
high rate of decomposition will serve to further reduce the organic

Low‐input agriculture is a dominant agroecosystem in many devel-

matter content of tropical soils over time. Frequent tillage of shallow

oping nations of the tropics and subtropics, characterized by small-

soil horizons for weed control will contribute to continued loss of P

holder farmers with limited access to purchased inputs. Mollisols and

and N, as well as the deterioration of aggregates and soil structure,

Alfisols, derived from native prairies and forests, are considered the

thereby further reducing fertility and water‐holding capacity. The

most agriculturally productive soils, but only make up around 17% of

lack of subsoil tillage will inhibit root elongation into deeper soil

global soils (Eswaran et al., 2012). In contrast, approximately 40% of

horizons, which will have significant implications for the productivity

global landmass is located in the tropics and subtropics, where some

of these rainfed systems as climate change progresses and the

of the most common soil orders include Entisols, Ultisols and Oxisols.

duration and frequency of drought events increase.

In general, these soils are highly weathered and weakly structured,
with low water‐holding capacity, cation exchange capacity and nutrient content (Bekunda et al., 2010). These soils are often infertile,

3 |

R O O T A D A P T A T I O N S TO I M P E D A N C E

having low pH and poor bioavailability of key nutrients including P, K,
Ca and Mg, in addition to toxic levels of Al and Mn (Lynch, 2019;

While the soil physical properties of both high‐ and low‐input agricultural

Sanchez, 2019). Additionally, the high rate of decomposition in these

systems pose distinct challenges to the crops that they support, the de-

climates severely decreases the organic matter content of tropical

velopment of novel varieties with optimized root systems can play a key

soils. For example, soils sampled throughout sub‐Saharan Africa have

role in improving yields in degraded soils. Ultimately, the integration of

been reported to have 40% lower carbon stocks compared to the

soil management strategies coupled with breeding efforts for targeted

global average (Mokwunye et al., 1996; Smaling & Dixon, 2006).

root architectural and anatomical phenotypes will not only help to ame-

While potential yield losses due to soil degradation may be masked in

liorate stress‐induced yield loss in soils with high mechanically impedance

high‐input systems through the use of irrigation, fertilizer and technolo-

to root growth but can also limit further soil degradation. Genetic varia-

gies like subsoil tillage, the productivity of low‐input agricultural systems

tion for root architectural and anatomical phenotypes can have dramatic

throughout the developing world is overtly impacted by poor soil quality.

effects on the ability of roots to penetrate strong soils. Root architectural

While smallholder farmers are not compacting soils with heavy machin-

phenes influence the spatial and temporal placement of roots in the soil

ery, these low‐input systems ultimately require more frequent tillage of

matrix, and anatomical phenes affect the metabolic costs and influence

|
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root penetration in soils with strong mechanical impedance to root

Vanhees et al., 2020), lupin (Chen et al., 2014), wheat (Botwright

growth. Here, we highlight several root adaptations that influence root

et al., 2007; Kubo et al., 2006) and common bean (Rivera et al., 2019)

penetration in hard soils that we believe merit further investigation.

suggest the adaptive value of root traits for enhanced penetration in hard
soils (Figure 4). Several root phenotypes improve penetration of hard
soils. In wheat, roots with a steep growth angle are associated with en-

3.1 | Root anatomical phenes influence the
metabolic costs of root tissue

hanced root penetration of hard soils (Vanhees, Schneider, et al., 2021;
Whalley et al., 2013). Anatomical phenes are also important for enhanced
penetration ability. In maize grown in strong soils, deeper rooting was

Root phenotypes that reduce the metabolic cost of root production and

associated with greater cortical cell file number and greater mid‐cortical

maintenance benefit plant performance by expanding the volume of soil

cell area at node three and greater root cortical aerenchyma formation at

explored per unit of plant internal resource invested, in addition to re-

node four (Vanhees et al., 2020; Figure 4a). Small outer cortical cells aid in

lease of internal resources for other plant functions such as the growth

stabilizing the root against ovalization and reduce the likelihood of

of photosynthetic tissue and reproduction (Lynch, 2015). Root anato-

buckling. Cortical cell thickness, cortical cell count, cortical cell wall area,

mical phenes are a primary determinant of the metabolic costs of root

outer cortical cell size and stele diameter are all associated with increased

construction and maintenance, and therefore, the cost of soil exploration

root penetration and bend strength (Chimungu, Loades, et al., 2015). In

(Lynch et al., 2021). The metabolic cost of roots is dependent on the type

hard soils, maize roots become coarser (Vanhees, Loades, et al., 2021) and

and proportion of specific tissues (e.g., cell wall, cytoplasm and vacuole)

wheat roots have a plastic response in the expression of root cross‐

as different tissues have different construction and maintenance costs.

sectional area, stele and cortical area, root cortical aerenchyma and cor-

Additionally, many anatomical features also influence the proportion of

tical cell size and file number (Colombi & Walter, 2017). Multiseriate

living and dead cells in root tissue, which has a significant influence on

cortical sclerenchyma (MCS) is characterized by small cells in the outer

the metabolic cost of soil exploration. For example, the formation of root

cortex with thick, lignified cell walls (Schneider et al., 2021). In maize and

cortical aerenchyma (J. G. Chimungu, Maliro, et al., 2015; Galindo‐

wheat, MCS increases root tensile strength and therefore increases

Castañeda et al., 2018; Saengwilai et al., 2014), root cortical senescence

rooting depth in strong soils. In maize, genotypes with MCS have greater

(Schneider, Postma, et al., 2017; Schneider, Wojciechowski, et al., 2017),

rooting depth and greater shoot biomass in compacted soils in the field

increased cortical cell size (Chimungu et al., 2014b), reduced cortical cell

(Schneider et al., 2021).

file number (Chimungu et al., 2014a) and reduced secondary growth

Increased root diameter may also facilitate root anchorage, thereby

(Strock et al., 2018) have utility in edaphic stress by reducing the me-

improving penetration of hard soils. Root anchorage, through the pro-

tabolic cost of root construction and maintenance. Under circumstances

duction of root hairs and lateral roots and the friction of soil particles, may

of high soil strength, roots have greater metabolic costs for root elon-

support the maximum growth pressure (i.e., growth force exerted by the

gation, due to root thickening (Vanhees et al., 2020; Yang et al., 2019).

root per unit cross‐sectional area), which is largely driven by turgor

However, wheat genotypes with greater cortical cell diameter sig-

pressure in the expanding cells at the root elongation zone, to force the

nificantly reduced the energy costs of root growth in soils with greater

root tip to continue root elongation into hard soils (A. Bengough &

mechanical impedance (Colombi et al., 2019). In addition, root exudates

Mullins, 1990; Lynch & Wojciechowski, 2015; Figure 4b). Radial thick-

and mucilage, influenced by species, tissue age and environmental fac-

ening may also relieve stress from the root tip by deforming the soil near

tors, also represent significant carbon costs (Marschner, 1995). Young

the root tip through an increase in the number of cell files, cell size or cell

plants can exude 30%–40% of their fixed carbon as root exudates

wall thickness (Atwell, 1993).

(Whipps, 1990). Anatomical features that reduce the metabolic costs of
root construction and maintenance and optimal root exudation may be
beneficial in environments with hard soils by releasing internal resources
that can be allocated to further root growth or reproductive tissues. For

3.3 | Root thickening in response to impedance
may be a ‘stop signal’ for root growth

example, to avoid soil hardening due to receding water tables and soil
drying from the surface, a strategy for annual plants would be to grow

Generally, roots with greater diameter have been considered superior in

deep roots quickly, to allow continued growth of the root tip in moist

penetrating strong soils. Thick roots are more resistant to buckling and

and favourable soil conditions. Anatomical phenes that enable deep

deflection upon encountering soils with greater mechanical impedance

rooting at a reduced metabolic cost may be adaptive in these environ-

(Whiteley et al., 1982), and root thickening is a common response to hard

ments (Lynch et al., 2021).

soils (Araki et al., 2000; Atwell, 1993; Colombi & Walter, 2016). In response to compaction, increases in root diameter were due to the addition of cell layers radially (Colombi et al., 2019; Vanhees et al., 2020) and

3.2 | Root phenotypes are important for
penetrating hard soils

the expansion of cortical cells (Atwell, 1989; Colombi & Walter, 2017;
Vanhees et al., 2020; Vanhees, Schneider, et al., 2021). However, an
increase in root diameter in response to hard soils may also be accom-

Intraspecific variation in root penetration ability in several crops including

panied by a decrease in cell flux and division at the apical meristem (Clark

maize (Bushamuka & Zobel, 1998; Chimungu, Loades, et al., 2015;

et al., 2003; Croser et al., 1999) and therefore root elongation

8

|

LYNCH

ET AL.

F I G U R E 4 Root phenes for enhanced root
penetration in hard soils. (a) Roots with a greater
root diameter, greater stele area, many cortical
cell files, small cortical cells in the outer cortex, (b)
long, dense root hairs and (c) and a reduced root
tip radius to length ratio enhance root penetration
in hard soils [Color figure can be viewed at
wileyonlinelibrary.com]

(a)

(b)

(c)

(Atwell, 1993). Therefore, roots of augmented diameter in hard soils have

phenotypes influenced rooting depth, especially in thinner roots of

decreased root elongation and root depth (Colombi et al., 2019; Vanhees

older nodes in maize (Vanhees et al., 2020). Ethylene may be an

et al., 2020; Vanhees, Schneider, et al., 2021). Upon encountering hard

important signal in response to strong soils by causing radial thick-

soils, the length of the elongation zone is reduced in response to de-

ening and slowing root elongation (Vanhees, Schneider, et al., 2021).

creased cell wall extensibility in the axial direction at the apical end of the

This ‘stop’ signal may be adaptive by redirecting soil foraging by the

elongation zone, while the local growth rate is maintained (Bengough

root system as a whole to softer, wetter soil domains. Ethylene dif-

et al., 2006). The abbreviated elongation zone will therefore produce cells

fusion is reduced in compacted soils and therefore accumulates near

with a smaller length and larger diameter (Bengough et al., 2006; Colombi

root tissues, which triggers a signalling cascade to stop root growth

et al., 2019). Elongation rates are related to the length of the elongation

(Pandey et al., 2021). In maize and other cereals, thinner roots may

zone and therefore by increasing the length of the elongation zone and

have a greater propensity to thicken when compared to younger,

the cell wall properties of the expanding cells, mechanically impeded roots

thicker roots emerging at more mature growth stages. Innately

may be able to continue to elongate rapidly (Bengough et al., 2006; Sharp

thicker roots may experience less impedance stress than thinner

et al., 2004).

roots and, therefore, young, thick roots that do not respond to hard

Greater root diameter is associated with greater metabolic cost

soils by radially expanding may be beneficial for growing though

of root elongation (Colombi et al., 2019; Vanhees et al., 2020; Yang

strong soils. Root thickening is node‐specific, influenced by several

et al., 2019). In a recent study, root thickening was not related to

root anatomical phenes, and may be obscured by allometric effects

deeper rooting in compacted soils; however, root anatomical

(i.e., effects driven by plant growth and size, Vanhees et al., 2020).

|
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The utility of roots that are innately thicker compared to roots that

more border cells and mucilage in mechanically impeded soils (Barber

thicken as a response to strong soils remains to be explored.

& Gunn, 1974; Iijima et al., 2000). A better understanding is required
of how root mucilage and exudates interact with the soil at the root
tip to influence penetration in hard soils.

3.4 | Root tip geometry and mucilage are
important for root penetration
Root tip geometry also plays an important role in influencing root
elongation and penetration in strong soils (Figure 4c). For a root to

4 | THE FITNESS L ANDSCAPE FOR ROOT
ADA PTATI O NS TO I M P EDANC E M AY H AVE
CHA NGED

penetrate soil, it must overcome the frictional resistance between the
root and soil and requires pressure to expand the cavity in the soil.

Recent evidence supports the hypothesis that the fitness landscape

The geometry of the root tip, rate of penetration and soil mechanical

for root adaptations to mechanical impedance has changed through

properties determine the cavity expansion pressure required for

crop evolution from wild ancestors. MCS, characterized by thick,

penetration. A smaller root tip radius to length ratio reduces pene-

lignified cell walls in the root cortex, is heritable, genetically con-

tration stress and enables root elongation in hard soils (Colombi

trolled and shows variation in many Poaceae species including maize,

et al., 2017). More narrowly pointed root tips have more efficient,

wheat, barley and sorghum. A recent study evaluating maize, wheat

cylindrical‐like deformation of the soil when compared to less effi-

and barley wild crop ancestors, landraces and modern cultivars found

cient spherical‐like deformation of the soil caused by more blunt root

that wild crop ancestors and landraces did not develop MCS, while

tips (A. G. Bengough et al., 1997). In addition, mucilage or rhizo‐

MCS was present in many modern cultivars (Figure 5). In addition,

deposits may alter the mechanical properties around the root tip

MCS is modulated by ethylene, an important signal in compaction

including hydraulic properties of the rhizosphere (Carminati

stress. Genotypes that constitutively do not form MCS developed

et al., 2010; Read et al., 2003; Whalley et al., 2005). Roots produce

MCS upon exogeneous ethylene exposure (Schneider et al., 2021).

F I G U R E 5 Modern genotypes may develop
multiseriate cortical sclerenchyma (MCS), but not
landraces or wild ancestors. MCS is characterized
by small cells with thick cell walls in the outer
cortex. (a) MCS is not observed in barley
landraces, but is observed in approximately 60%
of modern genotypes. (b) MCS is not observed in
wild wheat ancestors, but is observed in
approximately 40% of modern genotypes. (c)
MCS is not observed in teosinte, but is observed
in approximately 30% of modern maize inbred
genotypes. MCS was observed in an ancient
maize root specimen dating 5280–4970 before
present (BP). (d) MCS is plastic in compaction
stress. Maize inbred lines that were grown in
compacted soils developed thicker cell walls in
MCS after growing through a compacted layer.
Images modified from Schneider et al. (2021) and
López Valdivia et al. (2019). Data from Schneider
et al. (2021). Scale bars = 500 µm [Color figure
can be viewed at wileyonlinelibrary.com]
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Presumably, ethylene signals play a role in MCS plasticity upon

Low‐input agriculture: These environments are the most challen-

compaction stress. Plants show plasticity in the degree of MCS ex-

ging for root growth, with loss of topsoil and organic matter, a high

pression as cortical cell wall thickness is modified as the root grows

rate of drought‐induced hardening of the topsoil and limited nutrient

into less compacted from more compacted soil layers (Schneider

and often water availability, with the added constraint in weathered

et al., 2021). We propose that MCS is an adaptive trait for soil re-

soils of acid subsoil (Figure 6d).

source acquisition in modern agroecosystems. The responsiveness of
MCS to ethylene, its plastic response to greater mechanical impedance and its utility in penetrating hard soils may be useful for

5 |

ROOT IDEOTYPES FOR FU TU RE S OILS

penetrating hard soils caused by agricultural tillage and especially
mechanization (see Section 5). The presence of MCS in cultivated

Ideotypes are conceptual models of ideal phenotypes to be targeted

taxa but its apparent absence from wild crop relatives supports the

in crop breeding programmes. Ideotype breeding has several ad-

proposal that agriculture has changed the fitness landscape of roots

vantages over brute‐force yield selection, especially with complex

in terms of mechanical impedance.

breeding goals such as improved adaptation to edaphic stress

Presently, literature focused on root growth in soils with high

(Lynch, 2019). Here, we propose ideotypes for crop adaptation to

penetration resistance places emphasis on the identification of root

future soils in the context of mechanical impedance that we believe

adaptations for improved exploration into strong soils (Colombi &

merit investigation and validation.

Keller, 2019; Lynch & Wojciechowski, 2015). Alternatively, little attention has been paid to the inverse of this approach, where the
economic framework of root system development may indicate that

5.1 |

Root ideotypes for high‐input systems

the inhibition of root elongation into domains with high impedance is
an adaptive response rather than a symptom of limited growth ca-

The current trajectory for soils in high‐input systems is moving gra-

pacity. Here, we propose that active suppression of root elongation

dually towards the principles of Conservation Agriculture, which will,

into strong soils would likely benefit the plant if the energetic in-

over time, lead to greater soil organic matter content, improved soil

vestment of exploring impeded domains surpasses the payoff in re-

structure through aggregation and increased number of biopores.

source acquisition. By restricting root growth into strong soils, plants

These trends will be strengthened if carbon markets are developed to

may then reallocate internal resources to root growth into soil do-

compensate farmers for soil carbon sequestration. Climate change is

mains where this balance between resource expenditure and acqui-

forecast to intensify water deficit stress in many high‐input agroe-

sition is improved. For the ultimate goal of improving crop

cosystems, and so drought‐induced soil hardening, especially in the

performance in conditions of greater mechanical impedance, under-

topsoil, will be an important constraint to root growth. This will

standing of the costs and benefits of root penetration under different

create a scenario in which a soil environment more like that of native

distributions of soil strength at a whole‐plant level is essential.

soils will confer fitness benefits to plants with more ancestral root

We propose that the evolution of soil environments can be grouped

phenotypes in terms of mechanical impedance (Figure 6c). More

into four categories: (1) native soil, (2) traditional mechanized agriculture,

plastic root phenotypes that avoid hard, dry soil domains to exploit

(3) Conservation Agriculture and (4) low‐input agriculture (Figure 6).

biopores, soil fissures and deeper, wetter and therefore softer soils

Native soil: Mechanical impedance to root growth in native soils

would be advantageous (although soils that are too soft are not de-

is mediated by high organic matter content, low‐resistance pathways

sirable either). These traits may be associated with greater ethylene

formed by biopores, soil aggregates and soil structure and drought‐

responsiveness. Crops in high‐input systems, in which drought is

induced hardening of the topsoil, with N and water available in the

important but biotic stresses are managed, may also benefit from

topsoil, but greater water availability at depth (Figure 6a).

parsimonious root phenotypes that focus on rooting depth at the

Mechanized agriculture: In contrast to native soils, soils under

expense of other root functions (Lynch, 2018).

conventional tillage have less organic matter, thinner topsoil, fewer
biopores, less favourable soil structure at several scales, and thus
fewer low‐resistance pathways for root growth, less N‐ and water‐

5.2 |

Root ideotypes for low‐input systems

holding capacity in the topsoil and greater tendency towards topsoil
drying and hardening, but much greater N availability in the subsoil

Soil degradation, primarily wind and water erosion, is likely to con-

because of leaching of fertilizer N (Figure 6b).

tinue to be a dominant factor in the fertility of low‐input systems.

Conservation Agriculture: In high‐input agroecosystems, tradi-

Climate change is likely to exacerbate soil degradation by increasing

tional tillage in mechanized agriculture is evolving towards reduced

the severity of rainfall events, and by increasing water deficit stress,

tillage, which will return to some of the features of native soil, in-

thereby reducing the protective effects of crop cover and carbon

cluding greater topsoil organic matter, greater frequency of biopores,

inputs from crop residues. These trends are autocatalytic in that in-

greater aggregate development and improved soil structure, but

creased soil degradation exacerbates crop water and nutrient stress,

harder bulk soil, and greater N availability in deep strata because of

which in turn reduces nutrient cycling and carbon inputs, making soils

nitrate leaching from fertilizer (Figure 6c).

more vulnerable to degradation. These trends will lead to soils with

|
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F I G U R E 6 Conceptual scheme of four soil scenarios, their impedance profiles (shown in the left portion of each panel as increasing
impedance from left to right) and hypothetical root phenotypes adapted to them, as described in the text. (a) Native soil: Mechanical impedance
to root growth in native soils is mediated by high organic matter content, low‐resistance pathways formed by biopores, soil aggregates and soil
structure and drought‐induced hardening of the topsoil (pink triangle), with N and water available in the topsoil, but greater water availability at
depth. Nitrogen availability is limited and is greater in the epipedon from organic matter mineralization. We propose that root phenotypes
adapted to this environment have plastic roots that can respond to local low‐resistance pathways, and will benefit from dimorphic root
phenotypes that promote both topsoil and subsoil foraging. (b) Soils under conventional tillage, which, in comparison to native soil, have a
thinner epipedon with less organic matter, hence less water‐holding capacity and greater susceptibility to soil hardening due to soil drying, fewer
low‐resistance pathways from soil structure and biopores and often have a plowpan from vehicle traffic. Over time, nitrogen availability is
greater at depth due to nitrate leaching from fertilizer. In these environments, nonplastic root phenotypes that can penetrate through hard
surface layers to reach deep soil domains with greater water and N availability could be advantageous. Root phenotypes that promote topsoil
foraging could be less useful for mature plants. (c) Conservation Agriculture. In high‐input agroecologies, traditional tillage in mechanized
agriculture is evolving towards reduced tillage in Conservation Agriculture, which will return to some of the features of native soil, including
greater topsoil organic matter, greater frequency of biopores, greater aggregate development and improved soil structure, but harder bulk soil,
and greater N availability in deep strata because of nitrate leaching from fertilizer. More plastic root phenotypes that avoid hard, dry soil domains
to exploit biopores, soil fissures and deeper, wetter and therefore softer soils could be advantageous. Penetrating axial roots, parsimonious root
phenotypes and phenotypes that support subsoil exploration could be useful in exploiting N and water in deep soil strata. (d) Soils under
low‐input agriculture, with similar characteristics as mechanized agriculture, but with greater loss of the epipedon and organic matter, hence
greater susceptibility to soil hardening due to soil drying, no plowpan, low N availability limited to the epipedon because of limited fertilizer use
and the additional barrier of acid subsoil (yellow triangle). In these environments, nonplastic root phenotypes that can penetrate through hard
surface layers to reach deep soil domains with greater water availability will be advantageous, along with Al tolerance and dimorphic root
phenotypes that also permit capture of shallow N from mineralization [Color figure can be viewed at wileyonlinelibrary.com]

less topsoil, less organic matter, reduced water‐holding capacity and

These phenotypes would need to be less plastic in response to soil

therefore more prone to water deficit, and greater mechanical im-

impedance, and possibly less responsive to ethylene, opting instead

pedance. In such soil environments, root phenotypes that can pe-

to penetrate hard soil to reach deep water. The fact that many such

netrate through hard surface layers to reach deep soil domains with

systems are in acid soils with increasing aluminium toxicity and de-

greater water availability will be advantageous (Figure 6d).

creasing nutrient availability with soil depth represents an additional
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challenge (Lynch, 2019). Nitrogen availability is a limitation in these

conditions, as they determine the overall architecture and hence

systems and is concentrated in the epipedon from mineralization of

soil exploration of the root system, while lateral root emergence

soil organic matter, so dimorphic root phenotypes that are capable of

and elongation should be plastic to exploit local variation in water

subsoil as well as topsoil foraging will be advantageous (Burridge

availability and soil impedance. Secondary growth of axial roots,

et al., 2020; Lynch, 2019).

or the radial thickening of roots as they age, should ideally display
a plastic response to edaphic conditions. In soils with distinct
domains of high penetration resistance, the capacity to reallocate

5.3 | Root ideotypes for both high‐input and
low‐input systems

resources from root thickening to root elongation would allow for
the proliferation of root length in less compacted horizons with
greater water and nutrient availability (Strock & Lynch, 2020).

Several root phenotypes are likely to be useful across a range of soil
environments, including high‐input and low‐input systems. These
include the following:

5.4 |

1. Long, dense root hairs: Root hairs provide anchorage as roots

A significant portion of carbon fixed by plants is deposited into the

elongate, aiding in penetration of hard soil, and are critically im-

soil by roots through growth, exudation and associations with soil

portant for the acquisition of immobile soil resources such as

organisms (Farrar et al., 2003; Jones et al., 2004; Lambers

Root ideotypes for carbon sequestration

phosphorus, which are critical limitations in low‐input agroeco-

et al., 2002). Root phenotypes that increase the sequestration of

systems. Crops show substantial interspecific variation for root

atmospheric carbon would not only help to combat climate change

hair phenotypes, and this variation is easily screened. Crops with

but would also serve to alleviate soil degradation by stabilizing ag-

long, dense root hairs will be increasingly useful in future soils as

gregates, improving water and nutrient retention, increasing nutrient

we work to make high‐input systems less demanding and more

cycling and sustaining the rhizosphere community. While there is

resilient, and low‐input systems more productive (Lynch, 2019).

debate over the length of time carbon is stored in the soil currently

2. Cheap roots: An array of anatomical phenotypes can reduce the

(Hobley et al., 2014), it is well established that the stabilization of soil

metabolic cost of soil exploration, thereby improving water and

organic matter is influenced by both abiotic and biotic factors and

nutrient capture, and penetration of hard soil (see Section 3.1;

that roots contribute a greater fraction to the soil than above‐ground

Lynch, 2019). These should be useful in an array of soil

tissues (Ghafoor et al., 2017; Rasse et al., 2005). Ultimately, the

environments.

persistence of carbon deposited by roots is largely a function of the

3. Developmental regulation of root plasticity in cereal crops: In cereal

vertical distribution of the root system (Gill et al., 1999), due to soil

crops, distinct root classes are produced over time. The primary

conditions that limit the activity of microorganisms in addition to the

root is followed by seminal roots; then, nodal roots produced by

increased lignin concentrations that are often found in deeper roots

shoot nodes that emerge near or above the soil surface. Distinct

(Prieto et al., 2015). Consequently, architectural phenotypes that

root classes may have different plastic responses to impedance, as

promote deeper rooting would serve to sequester more enduring

has been shown for example in wheat (Colombi et al., 2017) and

carbon in the soil than plants with a shallow distribution of root

maize (Vanhees et al., 2020; Vanhees, Schneider, et al., 2021). It is

length (Jobbagy & Jackson, 2000; Kell, 2011, 2012; Lynch &

important that the primary root secure adequate water to support

Wojciechowski, 2015; Poirier et al., 2018). Additionally, root phe-

the growing seedling, so this root class may benefit from anato-

notypes that improve the metabolic efficiency of soil foraging and

mical phenotypes that support penetration of hard soil. Lateral

improve the growth of above‐ground biomass may, through allo-

roots emerging from the primary root, as well as seminal root axes

metry, produce greater overall root mass and sequestration of carbon

and their laterals, may benefit from plastic responses to local soil

in soil.

conditions. However, nodal roots must always pass through the

Compared to carbon derived from above‐ground crop residues,

epipedon, which may be dry and hard, on their way to deeper soil

carbon from roots has a longer residence time in the soil (Rasse

domains. Therefore, nodal root axes should be nonplastic; they

et al., 2005). Secondary cell wall compounds such as lignin and

should ignore local soil conditions including hardness, since they

suberin are abundant in root tissue and have been shown to degrade

must penetrate the topsoil to benefit the plant. Lateral roots

more slowly than other cell wall compounds like cellulose and

arising from nodal roots could again be plastic in response to local

hemicellulose (Berg & McClaugherty, 2003; Kogel‐Knabner, 2002;

soil impedance to optimally exploit soil resources.

Yue et al., 2016). For example, the suberin content of roots has been

4. Developmental regulation of root plasticity in dicot crops: The annual

identified as one of the most influential components stabilizing soil

dicotyledonous root system is dominated by one or more orders

organic matter (Poirier et al., 2018). Consequently, we propose that

of lateral roots emerging from a scaffold of axial roots consisting

dicotyledonous roots that have more secondary growth (Strock &

of the primary root in addition to dominant basal roots or early

Lynch, 2020) or monocotyledonous roots with thicker cell walls and

lateral roots in some species. We propose that the elongation of

greater lignin or suberin content (Schneider et al., 2021) could greatly

axial root classes should be relatively insensitive to local soil

increase the quantity and longevity of carbon deposited into the soil.
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Finally, root systems with greater exudation or interactions with soil

over multiple seasons will be facilitated by integration tools for

organisms may further contribute to the total quantity of carbon

multiscale integration (Benes et al., 2020). Linkage of these with

added to the soil. Overall, the ideal root ideotype for sequestering

landscape models and climate projections will be useful in guiding

more atmospheric carbon and improving soil C content should have

crop breeding as soils and the climate continue to change.

an architecture that promotes deep distribution of root length, anatomical composition with higher concentrations of lignin or suberin
per unit mass of tissue and augmented exudation.

6.3 |

The value of considering multiple soil taxa

Most research on root responses to impedance has focused on ar-

6

| F UT UR E D I R E C T I O NS

tificial substrates, on growth media derived from a single soil taxon or
in field studies, on one or a few related soil taxa. This is clearly related

6.1 | The value of considering whole plants in
whole soils

to the requirements for reproducibility in lab studies and on the logistical challenges of working with multiple soil taxa in the field. A
related problem is that the preponderance of relevant research has

We have adopted a ‘whole plant in whole soil’ approach to this problem,

occurred in ecoregions with active research communities. To address

which we feel represents a useful complement to much of the existing

global agricultural challenges, we need to understand plant–soil in-

literature, which primarily focuses on either field‐scale responses of crops

teractions in a wide range of soil taxa. For example, rooting depth in

to soil management or responses of individual root axes to mechanical

acid tropical soils has very different connotations than rooting depth

impedance. For example, a root axis capable of penetrating a hard soil

in younger temperate soils (Lynch & Wojciechowski, 2015). Plant–soil

layer may be seen as advantageous within the context of a single root

interactions in degraded soils of developing countries represent an

axis, but may be disadvantageous within the context of an entire plant

important knowledge gap that is critical for global food security. In-

allocating resources to many root axes exploiting both hard and soft soil

digenous research communities in such regions are often poorly re-

domains. Similarly, as we propose here, useful phenotypes may differ

sourced. Plant–soil interactions in a range of soil taxa, including those

among root classes, may vary with time and may vary with soil en-

found in developing regions, merit greater attention.

vironments. Additionally, it is important to consider plant responses in
natural versus controlled environments. Studies of mechanically impeded
soils in controlled growth conditions often involve repacking soil in pots,
which changes both the soil bulk density and soil structure including pore

6.4 | The value of integrating soil and plant
expertise

size and connectivity. Changes in soil structure, including pore characteristics and air permeability, have significant effects on root growth

Support for training and research on plant–soil interactions is often highly

(Lipiec & Hatano, 2003). Soil structure, including pore size and con-

competitive and is generally focused on specific subdomains that become

nectivity, should be considered as an important mechanism for deep

bandwagons. A current example is the focus on the rhizosphere micro-

rooting in hard soils and considered when interpreting results from

biome. Prioritization of plant molecular biology at the expense of more

controlled experiments. The morphology of whole soils, with horizons

integrative and holistic approaches has persisted for several decades, and

having distinct characteristics, is also important to consider, and yet is

molecular approaches are increasingly important in soil science as well, as

often lacking from controlled environment studies.

interest in the soil microbiome grows. Deep but narrow specialization,
within subdomains and often within spatiotemporal scales, is rewarded by
most training, funding and publishing regimes. This represents an obstacle

6.2

| The value of in silico approaches

in the context of soil/plant relations, which requires expertise in two
distinct fields. Cross‐disciplinary expertise in plant biology and soil science

The vast array of potential root phenotypes interacting with the wide

is increasingly rare, as is expertise in soil/plant interactions in the crop

range of potential soil environments results in a high dimensional

breeding community. More integrative, transdisciplinary, team‐oriented

parameter space that exceeds the capabilities of empirical research.

approaches are needed to develop future crops suited to future soils.

This is especially true given the stochasticity of weather, and given
that some root phenotypes of interest, and future climate and soil

ACKNOWL EDGEM ENTS

scenarios, do not yet exist in nature. This calls for robust in silico tools

J. P. L. acknowledges support from USDOE ARPA‐E Award Number

capable of mechanistically linking root phenotypes to plant fitness in

DE‐AR0000821. C. F. S. and J. P. L. acknowledge support from a grant

a range of soil environments. Specific capabilities of interest in this

from the Foundation for Food and Agriculture Research/Crops of the

context include the ability to model the spatiotemporal dynamics of

Future program and from the United States Department of Agriculture/

soil hardness and root growth in drying soils with realistic profiles at a

National Institute of Food and Agriculture and Hatch Appropriations

relatively fine scale. Such tools exist and are becoming more capable

Project #PEN04732. S. J. M. is funded by the Biotechnology and

(Dunbabin et al., 2013). Integration of such models with stand‐ and

Biological Sciences Research Council Designing Future Wheat Cross‐

field‐scale models of crop performance in a season and soil quality

Institute Strategic Programme (Grant BB/P016855/1).

14

|

LYNCH

CO NFL I CT OF INTERES T S
The authors declare that there are no conflict of interests.
ORCID
Jonathan P. Lynch
Sacha J. Mooney

http://orcid.org/0000-0002-7265-9790
http://orcid.org/0000-0002-9314-8113

Christopher F. Strock

http://orcid.org/0000-0003-1432-8130

Hannah M. Schneider

https://orcid.org/0000-0003-4655-6250

REFERENCES
Araki, H.H., Hirayama, M.M., Hirasawa, H. & Iijima, M. (2000) Which roots
penetrate the deepest in rice and maize root systems? Plant
Production Science, 3, 281–288.
Atkinson, J.A., Hawkesford, M.J., Whalley, W.R., Zhou, H. & Mooney, S.J.
(2020) Soil strength influences wheat root interactions with soil
macropores. Plant Cell and Environment, 43, 235–245.
Atwell, B.J. (1989) Physiological responses of lupin roots to soil
compaction. In: Loughamn B.C., Gašparíková O. & Kolek J. (Eds.)
Structural and functional aspects of transport in roots. Developments in
plant and soil sciences, Vol. 36. Dordrecht: Springer, pp. 251–252.
Available from: https://doi.org/10.1007/978-94-009-0891-8_47
Atwell, B.J. (1993) Response of roots to mechanical impedance.
Environmental and Experimental Botany, 33(1), 27–40.
Baker, R.O., Yarranton, H.W. & Jensen, J.L. (2015) Conventional core
analysis–rock properties. In: Baker, R.O., Yarranton, H.W. & Jensen,
J.L. (Eds.) Practical reservoir engineering and characterization. Oxford:
Gulf Professional Publishing, pp. 197–237. Available from: https://
doi.org/10.1016/B978-0-12-801811-8.00007-9
Barber, D. & Gunn, K. (1974) The effect of mechanical forces on the
exudation of organic substances by the roots of cereal plants grown
under sterile conditions. New Phytologist, 73, 39–45.
Batey, T. (2009) Soil compaction and soil management—a review. Soil Use
and Management, 25(4), 335–345.
Bekunda, M., Sanginga, N. & Woomer, P.L. (2010) Restoring soil fertility in
sub‐Sahara Africa. In: Sparks, D.L. (Ed.) Advances in agronomy, Vol.
108. San Diego: Elsevier Academic Press Inc., pp. 183–236.
Bellamy, P.H., Loveland, P.J., Bradley, R.I., Lark, R.M. & Kirk, G.J.D. (2005)
Carbon losses from all soils across England and Wales 1978‐2003.
Nature, 437, 245–248.
Benes, B., Guan, K., Lang, M., Long, S.P., Lynch, J.P., Marshall‐Colón, A. et al.
(2020) Multiscale computational models can guide experimentation and
targeted measurements for crop improvement. The Plant Journal, 103,
21–31.
Bengough, A. & Mullins, C. (1990) Mechanical impedance to root growth:
a review of experimental techniques and root growth responses.
Journal of Soil Science, 41, 341–358.
Bengough, A.G., Bransby, M.F., Hans, J., McKenna, S.J., Roberts, T.J. &
Valentine, T.A. (2006) Root responses to soil physical conditions;
growth dynamics from field to cell. Journal of Experimental Botany,
57, 437–447.
Bengough, A.G., Mullins, C.E. & Wilson, G. (1997) Estimating soil frictional
resistance to metal probes and its relevance to the penetration of
soil by roots. European Journal of Soil Science, 48, 603–612.
Berg, B. & McClaugherty, C. (2003) Plant litter. Berlin: Springer.
Blunk, S., Bussell, J., Sparkes, D., de Heer, M.I., Mooney, S.J. &
Sturrock, C.J. (2021) The effects of tillage on seed‐soil contact and
seedling establishment. Soil and Tillage Research, 206, 104757.
Botwright Acuña, T.L., Pasuquin, E. & Wade, L.J. (2007) Genotypic differences
in root penetration ability of wheat through thin wax layers in
contrasting water regimes and in the field. Plant and Soil, 301, 135–149.
Burr‐Hersey, J.E., Mooney, S.J., Bengough, A.G., Mairhofer, S. & Ritz, K.
(2017) Developmental morphology of cover crop species exhibit

ET AL.

contrasting behaviour to changes in soil bulk density, revealed by
X‐ray computed tomography. PLoS One, 12, 1–18.
Burridge, J.D., Rangarajan, H. & Lynch, J.P. (2020) Comparative phenomics
of grain legume root architecture. Crop Science, 60, 2574–2593.
Available from: https://doi.org/10.1002/csc2.20241
Bushamuka, V. & Zobel, R. (1998) Differential genotypic and root type
penetration of compacted soil layers. Crop Science, 38, 776–781.
Carminati, A., Moradi, A.B., Vetterlein, D., Vontobel, P., Lehmann, E.,
Weller, U. et al. (2010) Dynamics of soil water content in the
rhizosphere. Plant and Soil, 332, 163–176.
Chen, Y.L., Palta, J., Clements, J., Buirchell, B., Siddique, K.H.M. & Rengel, Z.
(2014) Root architecture alteration of narrow‐leafed lupin and wheat in
response to soil compaction. Field Crops Research, 165, 61–70.
Chimungu, J., Brown, K. & Lynch, J. (2014a) Reduced root cortical cell file
number improves drought tolerance in maize. Plant Physiology, 166,
1943–1955.
Chimungu, J., Loades, K. & Lynch, J. (2015) Root anatomical phenes
predict root penetration ability and biomechanical properties in
maize (Zea mays). Journal of Experimental Botany, 66, 3151–3162.
Chimungu, J.G., Brown, K.M. & Lynch, J.P. (2014b) Large root cortical cell
size improves drought tolerance in maize. Plant Physiology, 166,
2166–2178.
Chimungu, J.G., Maliro, M.F.A., Nalivata, P.C., Kanyama‐Phiri, G.,
Brown, K.M. & Lynch, J.P. (2015) Utility of root cortical aerenchyma
under water limited conditions in tropical maize (Zea mays L.). Field
Crops Research, 171, 86–98.
Chittleborough, D.J. (1992) Formation and pedology of duplex soils.
Australian Journal of Experimental Agriculture, 32, 815–825.
Clark, L., Whalley, W. & Barraclough, P. (2003) How do roots penetrate
strong soil? Plant and Soil, 255, 93–104.
Coelho Filho, M.A., Colebrook, E.H., Lloyd, D.P.A., Webster, C.P.,
Mooney, S.J., Phillips, A.L. et al. (2013) The involvement of
gibberellin signaling in the effect of soil resistance to root
penetration on leaf elongation and tiller number in wheat. Plant
and Soil, 371(1–2), 81–94.
Colombi, T., Herrmann, A.M., Vallenback, P. & Keller, T. (2019) Cortical
cell diameter is key to energy costs of root growth in wheat. Plant
Physiology, 180, 2049–2060.
Colombi, T. & Keller, T. (2019) Developing strategies to recover crop
productivity after soil compaction—a plant eco‐physiological
perspective. Soil & Tillage Research, 191, 156–161.
Colombi, T., Kirchgessner, N., Walter, A. & Keller, T. (2017) Root tip shape
governs root elongation rate under increased soil strength. Plant
Physiology, 174, 2289–2301.
Colombi, T., Torres, L.C., Walter, A. & Keller, T. (2018) Feedbacks between
soil penetration resistance, root architecture and water uptake limit
water accessibility and crop growth—a vicious circle. Science of the
Total Environment, 626, 1026–1035.
Colombi, T. & Walter, A. (2016) Root responses of triticale and soybean to
soil compaction in the field are reproducible under controlled
conditions. Functional Plant Biology, 43, 114–128.
Colombi, T. & Walter, A. (2017) Genetic diversity under soil compaction in
wheat: root number as a promising trait for early plant vigor.
Frontiers in Plant Science, 8, 1–14.
Conlin, T.S.S. & van denDriessche, R. (2000) Response of soil CO2 and O2
concentrations to forest soil compaction at the long‐term soil
productivity sites in central British Columbia. Canadian Journal of Soil
Science, 80(4), 625–632.
Cooper, H.V., Sjögersten, S., Lark, R.M. & Mooney, S.J. (2021) To till or not
to till in a temperate ecosystem? Implications for climate change
mitigation. Environmental Research Letters, 16.
Cresswell, H.P. & Kirkegaard, J.A. (1995) Subsoil amelioration by plant‐
roots—the process and the evidence. Australian Journal of Soil
Research, 33, 221–239.

FUTURE ROOTS FOR FUTURE SOILS

Croser, C., Bengough, A.G. & Pritchard, J. (1999) The effect of mechanical
impedance on root growth in pea (Pisum sativum). I. Rates of cell flux,
mitosis, and strain during recovery. Physiologia Plantarum, 107,
277–286.
De Neve, S. & Hofman, G. (2000) Influence of soil compaction on carbon
and nitrogen mineralization of soil organic matter and crop residues.
Biology and Fertility of Soils, 30(5–6), 544–549.
Dexter, A.R. (1979) Prediction of soil structures produced by tillage.
Journal of Terramechanics, 16, 117–127.
Dickinson, N.M. & Polwart, A. (1982) The effect of mowing regime on an
amenity grassland ecosystem: above‐ and below‐ground
components. Journal of Applied Ecology, 19, 569–577.
Dunbabin, V., Postma, J.A., Schnepf, A., Pages, L., Javaux, M., Wu, L. et al.
(2013) Modelling root–soil interactions using three–dimensional models
of root growth, architecture and function. Plant and Soil, 372, 93–124.
Eswaran, H., Almaraz, R., Reich, P. & Zdruli, P. (1997) Soil quality and soil
productivity in Africa. Journal of Sustainable Agriculture, 10(4),
75–94.
Eswaran, H., Reich, P.F. & Padmanabhan, E. (2012) World soil resources
opportunities and challenges. In: Lal, R. & Stewart, B.A. (Eds.) World
soil resources and food security. Boca Raton: CRC Press‐Taylor &
Francis Group, pp. 29–52.
Evans, D.L., Quinton, J.N., Davies, J.A.C., Zhao, J. & Govers, G. (2020) Soil
lifespans and how they can be extended by land use and
management change. Environmental Research Letters, 15, 0940b2.
FAO. (2011) The State of the World's Land and Water Resources for Food and
Agriculture (SOLAW)—managing systems at risk. Food and Agriculture
Organization of the United Nations and London. Rome: Earthscan.
FAO. (2015) The State of Food Insecurity in the World 2015. Meeting the
2015 International Hunger Targets: Taking Stock of Uneven
Progress. FAO, Rome.
Farrar, J., Hawes, M., Jones, D. & Lindow, S. (2003) How roots control the
flux of carbon to the rhizosphere. Ecology, 84(4), 827–837.
Flach, K.W. (1990) Low‐input agriculture and soil conservation. Journal of
Soil and Water Conservation, 45(1), 42–44.
Foley, J.A., Ramankutty, N., Brauman, K.A., Cassidy, E.S., Gerber, J.S.,
Johnston, M. et al. (2011) Solutions for a cultivated planet. Nature,
478, 337–342.
Galindo‐Castañeda, T., Brown, K.M. & Lynch, J.P. (2018) Reduced root
cortical burden improves growth and grain yield under low
phosphorus availability in maize. Plant, Cell, & Environment, 41(7),
1579–1592. Available from: https://doi.org/10.1111/pce.13197
Ghafoor, A., Poeplau, C. & Kätterer, T. (2017) Fate of straw‐ and root‐
derived carbon in a Swedish agricultural soil. Biology and Fertility of
Soils, 53, 1–11.
Gill, R., Burke, I., Milchunas, D. & Lauenroth, W.K. (1999) Relationship
between root biomass and soil organic matter pools in the shortgrass
steppe of Eastern Colorado. Ecosystems, 2, 226–236.
Godfray, H.C., Beddington, J.R., Crute, I.R., Haddad, L., Lawrence, D.,
Muir, J.F. et al. (2010) Food security: the challenge of feeding 9
billion people. Science, 327, 812–818.
Gregory, A.S., Watts, C.W., Whalley, W.R., Kuan, H.L., Griffiths, B.S.,
Hallett, P.D. et al. (2007) Physical resilience of soil to field
compaction and the interactions with plant growth and microbial
community structure. European Journal of Soil Science, 58,
1221–1232.
Grzesiak, M.T., Ostrowska, A., Hura, K., Rut, G., Janowiak, F., Rzepka, A.
et al. (2014) Interspecific differences in root architecture among
maize and triticale genotypes grown under drought, waterlogging
and soil compaction. Acta Physiologiae Plantarum, 36(12),
3249–3261.
Grzesiak, S., Grzesiak, M.T., Hura, T., Marcinska, I. & Rzepka, A. (2013)
Changes in root system structure, leaf water potential and gas
exchange of maize and triticale seedlings affected by soil
compaction. Environmental and Experimental Botany, 88, 2–10.

|

15

Hadas, A. (1997) Soil tilth—the desired soil structural state obtained
through proper soil fragmentation and reorientation processes. Soil
& Tillage Research, 43, 7–40.
Hamza, M.A. & Anderson, W.K. (2005) Soil compaction in cropping
systems—a review of the nature, causes and possible solutions. Soil
& Tillage Research, 82(2), 121–145.
Haygarth, P.M. & Ritz, K. (2009) The future of soils and land use in the UK:
soil systems for the provision of land‐based ecosystem services.
Land Use Policy, 26, 187–197.
Hernandez‐Ramirez, G., Lawrence‐Smith, E.J., Sinton, S.M., Tabley, F.,
Schwen, A., Beare, M.H. et al. (2014) Root responses to alterations in
macroporosity and penetrability in a silt loam soil. Soil Science Society
of America Journal, 78(4), 1392–1403.
Hirth, J., McKenzie, B. & Tisdall, J. (2005) Ability of seedling roots of
Lolium perenne L. to penetrate soil from artificial biopores is modified
by soil bulk density, biopore angle and biopore relief. Plant and Soil,
272, 327–336.
Hobley, E., Willgoose, G.R., Frisia, S. & Jacobsen, G. (2014) Stability and
storage of soil organic carbon in a heavy‐textured Karst soil from
south‐eastern Australia. Soil Research, 52, 476–482.
Iijima, M., Griffiths, B. & Bengough, A.G. (2000) Sloughing of cap cells and
carbon exudation from maize seedling roots in compacted sand. New
Phytologist, 145, 477–482.
Jobbagy, E.G. & Jackson, R.B. (2000) The vertical distribution of soil
organic carbon and its relation to climate and vegetation. Ecological
Applications, 10(2), 423–436.
Jones, D.L., Hodge, A. & Kuzyakov, Y. (2004) Plant and mycorrhizal
regulation of rhizodeposition. New Phytologist, 163(3), 459–480.
Kautz, T. (2014) Research on subsoil biopores and their functions in
organically managed soils: a review. Renewable Agriculture and Food
Systems, 30(4), 318–327.
Kell, D.B. (2011) Breeding crop plants with deep roots: their role in
sustainable carbon, nutrient and water sequestration. Annals of
Botany, 108(3), 407–418.
Kell, D.B. (2012) Large‐scale sequestration of atmospheric carbon via
plant roots in natural and agricultural ecosystems: why and how.
Philosophical Transactions of the Royal Society B‐Biological Sciences,
367(1595), 1589–1597.
Keller, T., Sandin, M., Colombi, T., Horn, R. & Or, D. (2019) Historical
increase in agricultural machinery weights enhanced soil stress
levels and adversely affected soil functioning. Soil & Tillage
Research, 194, 12.
Kibblewhite, M.G., Ritz, K. & Swift, M.J. (2008) Soil health in agricultural
systems. Philosophical Transactions of the Royal Society B: Biological
Sciences, 363, 685–701.
Kirkegaard, J.A. & Lilley, J.M. (2007) Root penetration rate—a benchmark
to identify soil and plant limitations to rooting depth in wheat.
Australian Journal of Experimental Agriculture, 47, 590–602.
Kogel‐Knabner, I. (2002) The macromolecular organic composition of
plant and microbial residues as inputs to soil organic matter. Soil
Biology & Biochemistry, 34(2), 139–162.
Kubo, K., Iwama, K., Yanagisawa, A., Watanabe, Y., Terauchi, T.,
Jitsuyama, Y. et al. (2006) Genotypic variation of the ability of root
to penetrate hard soil layers among Japanese wheat cultivars. Plant
Production Science, 9, 47–55.
Kucharik, C.J., Brye, K.R., Norman, J.M., Foley, J.A., Gower, S.T. & Bundy, L.G.
(2001) Measurements and modeling of carbon and nitrogen cycling in
agroecosystems of southern Wisconsin: potential for SOC sequestration
during the next 50 years. Ecosystems, 4(3), 237–258.
Laker, M.C. (2001) Soil compaction: effects and amelioration. Proceedings
of the 75th Annual Congress of the South African Sugar Technologists’
Association. Durban, pp. 125–128.
Lal, R. (1987) Response of maize (Zea mays) and cassava (Manihot
esculenta) to removal of surface soil from and Alfisol in Nigeria.
International Journal of Tropical Agriculture, 5(2), 77–92.

16

|

Lambers, H., Juniper, D., Cawthray, G.R., Veneklaas, E.J. & Martinez‐Ferri,
E. (2002) The pattern of carboxylate exudation in Banksia grandis
(Proteaceae) is affected by the form of phosphate added to the soil.
Plant and Soil, 238(1), 111–122.
Landl, M., Schnepf, A., Uteau, D., Peth, S., Athmann, M., Kautz, T. et al.
(2019) Modeling the impact of biopores on root growth and root
water uptake. Vadose Zone Journal, 18, 180196. Available from:
https://doi.org/10.2136/vzj2018.11.0196
Lipiec, J. & Hatano, R. (2003) Quantification of compaction effects on soil
physical properties and crop growth. Geoderma, 116, 107–136.
López Valdivia, I. (2019) Caracterización de raíces milenarias de maíz
provenientes de Tehuacán: comparación con poblaciones actuales del
género Zea. Thesis, Centro de Investigación de Estudios Avanazados
del Instituto Politécnico Nacional, Irapuato, Mexico.
Lucas, M., Schlüter, S., Vogel, H.J. & Vetterlein, D. (2019) Soil structure
formation along an agricultural chronosequence. Geoderma, 350, 61–72.
Lynch, J.P. (2015) Root phenes that reduce the metabolic costs of soil
exploration: opportunities for 21st century agriculture. Plant, Cell
and Environment, 38, 1775–1784.
Lynch, J.P. (2018) Rightsizing root phenotypes for drought resistance.
Journal of Experimental Botany, 69(13), 3279–3292.
Lynch, J.P. (2019) Root phenotypes for improved nutrient capture: an
underexploited opportunity for global agriculture. New Phytologist,
223, 548–564. Available from: https://doi.org/10.1111/nph.15738
Lynch, J.P., Strock, C.F., Schneider, H.M., Sidhu, J.S., Ajmera, I., Galindo‐
Castañeda, T. et al. (2021) Root anatomy and soil resource capture.
Plant and Soil, 466, 21–63.
Lynch, J.P. & Wojciechowski, T. (2015) Opportunities and challenges in
the subsoil: pathways to deeper rooted crops. Journal of Experimental
Botany, 66(8), 2199–2210.
Mangalassery, S., Sjögersten, S., Sparkes, D.L. & Mooney, S.J. (2015)
Examining the potential for climate change mitigation from zero
tillage. Journal of Agricultural Science, 153, 1151–1173.
Mangalassery, S., Sjögersten, S., Sparkes, D.L., Sturrock, C.J., Craigon, J. &
Mooney, S.J. (2014) To what extent can zero tillage lead to a
reduction in greenhouse gas emissions from temperate soils?
Scientific Reports, 4, 1–8.
Marschner, H. (1995) Mineral nutrition of higher plants, 2nd edition. San
Diego: Academic.
Mbagwu, J.S.C., Lal, R. & Scott, T.W. (1984) Effects of desurfacing of
Alfisols and Utisols in Southern Nigeria. 1. Crop performance. Soil
Science Society of America Journal, 48(4), 828–833.
Mbow, C., Rosenzweig, C., Barioni, L.G., Benton, T.G., Herrero, M.,
Krishnapillai, M. et al. (2019) Food security. In: Shukla, P.R., Skea, J.,
Calvo Buendia, E., Masson‐Delmotte, V., Pörtner, H‐O., Roberts, D.
C., Zhai, P., Slade, R., Connors, S., vanDiemen, R., Ferrat, M.,
Haughey, E., Luz, S., Neogi, S., Pathak, M., Petzold, J., Portugal
Pereira, J., Vyas, P., Huntley, E., Kissick, K., Belkacemi, M. & Malley,
J. (Eds.) Climate change and land: an IPCC special report on climate
change, desertification, land degradation, sustainable land
management, food security, and greenhouse gas fluxes in terrestrial
ecosystems. Geneva: IPCC.
McCallum, M.H., Kirkegaard, J.A., Green, T.W., Cresswell, H.P.,
Davies, S.L., Angus, J.F. et al. (2004) Improved subsoil macroporosity
following perennial pastures. Australian Journal of Experimental
Agriculture, 44, 299–307.
Mokwunye, A.U., de Jager, A. & Smaling, E.M.A. (1996) Restoring and
maintaining the productivity of West African soils: keys to sustainable
development. International Fertilizer Development Center‐Africa.
Montanarella, L., Scholes, R. & Brainich, A. (Eds.) (2018) The IPBES
assessment report on land degradation and restoration. Bonn:
Secretariat of the Intergovernmental Science‐Policy Platform on
Biodiversity and Ecosystem Services.
Montgomery, D.R. (2007a) Dirt: the erosion of civilization. Berkeley and Los
Angeles, USA: University of California Press.

LYNCH

ET AL.

Montgomery, D.R. (2007b) Soil erosion and agricultural sustainability.
Proceedings of the National Academy of Sciences, 104, 13268–13272.
Nkonya, E., Mirabaev, A. & vonBraun, J. (2016) Economics of land
degradation and improvement—a global assessment for sustainable
development. New York: Springer International.
Novelli, L.E., Caviglia, O.P. & Melchiori, R.J.M. (2011) Impact of soybean
cropping frequency on soil carbon storage in Mollisols and Vertisols.
Geoderma, 167–168, 254–260.
Or, D., Keller, T. & Schlesinger, W.H. (2021) Natural and managed soil
structure: on the fragile scaffolding for soil functioning. Soil & Tillage
Research, 208, 104912.
Pandey, B.K., Huang, G., Bhosale, R., Hartman, S., Sturrock, C.J., Jose, L.
et al. (2021) Plant roots sense soil compaction through restricted
ethylene diffusion. Science, 371, 276–280.
Pfeifer, J., Faget, M., Walter, A., Blossfeld, S., Fiorani, F., Schurr, U. et al.
(2014) Spring barley shows dynamic compensatory root and shoot
growth responses when exposed to localised soil compaction and
fertilisation. Functional Plant Biology, 41(6), 581–597.
Poirier, V., Roumet, C. & Munson, A.D. (2018) The root of the matter:
linking root traits and soil organic matter stabilization processes. Soil
Biology & Biochemistry, 120, 246–259.
Powlson, D.S. (2020) Soil health‐useful terminology for communication or
meaningless concept? Or both? Frontiers of Agricultural Science and
Engineering, 7, 246–250.
Prieto, I., Roumet, C., Cardinael, R., Dupraz, C., Jourdan, C., Kim, J.H. et al.
(2015) Root functional parameters along a land‐use gradient:
evidence of a community‐level economics spectrum. Journal of
Ecology, 103, 361–373.
Rasse, D.P., Rumpel, C. & Dignac, M.F. (2005) Is soil carbon mostly root
carbon? Mechanisms for a specific stabilisation. Plant and Soil,
269(1–2), 341–356.
Read, D.B., Bengough, A.G., Gregory, P.J., Crawford, J.W., Robinson, D.,
Scrimgeour, C.M. et al. (2003) Plant roots release phospholipid
surfactants that modify the physical and chemical properties of soil.
New Phytologist, 157, 315–326.
Richard, G., Cousin, I., Sillon, J.F., Bruand, A. & Guerif, J. (2001) Effect of
compaction on the porosity of a silty soil: influence on unsaturated
hydraulic properties. European Journal of Soil Science, 52(1), 49–58.
Rivera, M., Polanía, J., Ricaurte, J., Borrero, G., Beebe, S. & Rao, I. (2019)
Soil compaction induced changes in morpho‐physiological
characteristics of common bean. Journal of Soil Science and Plant
Nutrition, 19, 217–227.
Romero, E., Della Vecchia, G. & Jommi, C. (2011) An insight into the water
retention properties of compacted clayey soils. Geotechnique, 61(4),
313–328.
Saengwilai, P., Nord, E.A., Chimungu, J.G., Brown, K.M. & Lynch, J.P.
(2014) Root cortical aerenchyma enhances nitrogen acquisition from
low‐nitrogen soils in maize. Plant Physiology, 166, 726–735.
Sanchez, P.A. (2019) Properties and management of soils in the tropics, 2nd
edition. Cambridge: Cambridge University Press.
Sanderman, J., Hengl, T. & Fiske, G.J. (2017) Erratum: soil carbon debt of 12,
000 years of human land use (Proc Natl Acad Sci USA 114 (9575–9580)
https://doi.org/10.1073/pnas.1706103114). Proceedings of the National
Academy of Sciences of the United States of America, 115, E1700.
Schjønning, P., van denAkker, J.J.H., Keller, T., Greve, M.H., Lamande, M.,
Simojoki, A. et al. (2015) Driver‐Pressure‐State‐Impact‐Response
(DPSIR) analysis and risk assessment for soil compaction—a
European perspective. In: Sparks, D.L. (Ed.) Advances in agronomy,
Vol. 133. San Diego: Elsevier Academic Press Inc., pp. 183–237.
Schneider, H.M., Postma, J.A., Wojciechowski, T., Kuppe, C. & Lynch, J.P.
(2017) Root cortical senescence improves barley growth under
suboptimal availability of nitrogen, phosphorus, and potassium. Plant
Physiology, 174, 2333–2347.
Schneider, H.M., Strock, C.F., Hanlon, M.T., Vanhees, D.J., Perkins, A.C. &
Ajmera, I.B. (2021) Multiseriate cortical sclerenchyma enhance root

FUTURE ROOTS FOR FUTURE SOILS

penetration in compacted soils. Proceedings of the National Academy
of Sciences, 118, e2012087118.
Schneider, H.M., Wojciechowski, T., Postma, J.A., Brown, K.M., Lücke, A.,
Zeisler, V. et al. (2017) Root cortical senescence decreases root
respiration, nutrient content, and radial water and nutrient transport
in barley. Plant, Cell and Environment, 40, 1392–1408.
Sharp, R.E., Poroyko, V., Hejlek, L.G., Spollen, W.G., Springer, G.K.,
Bohnert, H.J. et al. (2004) Root growth maintenance during water
deficits: physiology to functional genomics. Journal of Experimental
Botany, 55, 2343–2351.
Shukla, P.R., Skea, J., Calvo Buendia, E., Masson‐Delmotte, V.,
Pörtner, H.O. & Roberts, D.C. (2019) IPCC, 2019: Climate Change
and Land: an IPCC special report on climate change, desertification,
land degradation, sustainable land management, food security, and
greenhouse gas fluxes in terrestrial ecosystems.
Six, J., Feller, C., Denef, K., Ogle, S.M., Sa, J.C.D. & Albrecht, A. (2002) Soil
organic matter, biota and aggregation in temperate and tropical
soils—effects of no‐tillage. Agronomie, 22(7–8), 755–775.
Smaling, E.M.A. & Dixon, J. (2006) Adding a soil fertility dimension to the
global farming systems approach, with cases from Africa. Agriculture
Ecosystems & Environment, 116(1–2), 15–26.
Smith, P., Martino, D., Cai, Z., Gwary, D., Janzen, H., Kumar, P. et al. (2008)
Greenhouse gas mitigation in agriculture. Philosophical Transactions
of the Royal Society B: Biological Sciences, 363, 789–813.
Stoorvogel, J.J., Smaling, E.M.A. & Janssen, B.H. (1993) Calculating soil
nutrient balances in Africa at different scales. 1. Supra‐national
scale. Fertilizer Research, 35(3), 227–235.
Strock, C.F. & Lynch, J.P. (2020) Root secondary growth: an unexplored
component of soil resource acquisition. Annals of Botany, 126(2),
205–218.
Strock, C.F., de la Riva, L.M. & Lynch, J.P. (2018) Reduction in root
secondary growth as a strategy for phosphorus acquisition. Plant
Physiology, 176(1), 691–703.
Suzuki, L., Reichert, J.M. & Reinert, D.J. (2013) Degree of compactness,
soil physical properties and yield of soybean in six soils under no‐
tillage. Soil Research, 51(4), 311–321.
Taboada, M.A., Rubio, G. & Chaneton, E.J. (2011) Grazing impacts on soil
physical, chemical, and ecological properties in forage production
systems. In: Hatfield J.L. & Sauer T.J. (Eds.) Soil Management: Building
a Stable Base for Agriculture. Madison: American Society of
Agronomy and Soil Science Society of America, pp. 301–320.
Tebaldi, C. & Lobell, D.B. (2008) Towards probabilistic projections of
climate change impacts on global crop yields. Geophysical Research
Letters, 35, 6.
Tilman, D., Balzer, C., Hill, J. & Befort, B.L. (2011) Global food demand and the
sustainable intensification of agriculture. Proceedings of the National
Academy of Sciences of the United States of America, 108, 20260–20264.
Tisdall, J.M. & Oades, J.M. (1982) Organic‐matter and water‐stable
aggregates in soils. Journal of Soil Science, 33(2), 141–163.
Tracy, S.R., Black, C.R., Roberts, J.A. & Mooney, S.J. (2011) Soil
compaction: a review of past and present techniques for
investigating effects on root growth. Journal of the Science of Food
and Agriculture, 91(9), 1528–1537.
Valentine, T.A., Hallett, P.D., Binnie, K., Young, M.W., Squire, G.R., Hawes, C.
et al. (2012) Soil strength and macropore volume limit root elongation
rates in many UK agricultural soils. Annals of Botany, 110(2), 259–270.
Vanhees, D., Loades, K., Bengough, A.G., Mooney, S. & Lynch, J. (2021)
The ability of maize roots to grow through compacted soil is not

|

17

dependent on the amount of roots formed. Field Crops Research,
264, 108013.
Vanhees, D., Loades, K., Bengough, G., Mooney, S. & Lynch, J. (2020) Root
anatomical traits contribute to deeper rooting of maize (Zea mays L.)
under compacted field conditions. Journal of Experimental Botany,
eraa165, 4243–4257. Available from: https://doi.org/10.1093/jxb/
eraa165
Vanhees, D., Schneider, H., Sidhu, J., Loades, K., Bengough, A.,
Bennett, M. et al. (2021) Soil penetration by maize roots is
negatively related to ethylene‐induced thickening. Plant, Cell &
Environment. In press.
Watt, M., Kirkegaard, J.A. & Passioura, J.B. (2006) Rhizosphere biology
and crop productivity—a review. Australian Journal of Soil Research,
44, 299–317.
Whalley, W.R., Bengough, A.G. & Dexter, A.R. (1998) Water stress
induced by PEG decreases the maximum growth pressure of the
roots of pea seedlings. Journal of Experimental Botany, 49,
1689–1694.
Whalley, W.R., Dodd, I.C., Watts, C.W., Webster, C.P., Phillips, A.L.,
Andralojc, J. et al. (2013) Genotypic variation in the ability of wheat
roots to penetrate wax layers. Plant and Soil, 364, 171–179.
Whalley, W.R., Leeds‐Harrison, P.B., Clark, L.J. & Gowing, D.J.G. (2005)
Use of effective stress to predict the penetrometer resistance of
unsaturated agricultural soils. Soil and Tillage Research, 84, 18–27.
Whipps, J. (1990) Carbon economy. In: Lynch, J. (Ed.) The rhizosphere.
Essex, UK: John Wiley & Sons Ltd., pp. 59–97.
Whiteley, G.M., Hewitt, J.S. & Dexter, A.R. (1982) The buckling of plant
roots. Physiologia Plantarum, 54, 333–342.
Wong, J. (2019) The idea that there are only 100 harvests left is just a
fantasy. New Scientist, p. 3229.
Woods, J., Williams, A., Hughes, J.K., Black, M. & Murphy, R. (2010)
Energy and the food system. Philosophical Transactions of the Royal
Society B: Biological Sciences, 365, 2991–3006.
World Bank. (2017) World development indicators 2017. Washington, DC:
World Bank.
Yang, J.T., Schneider, H.M., Brown, K.M. & Lynch, J.P. (2019) Genotypic
variation and nitrogen stress effects on root anatomy in maize are
node specific. Journal of Experimental Botany, 70(19), 5311–5325.
Yue, K., Peng, C., Yang, W., Peng, Y., Zhang, C. & Huang, C. et al. (2016)
Degradation of lignin and cellulose during foliar litter decomposition
in an alpine forest river. Ecosphere, 7. Available from: https://doi.
org/10.1002/ecs2.1523
Zhang, B., Beck, R., Pan, Q., Zhao, M. & Hao, X. (2019) Soil physical and
chemical properties in response to long‐term cattle grazing on
sloped rough fescue grassland in the foothills of the Rocky
Mountains, Alberta. Geoderma, 346, 75–83.
Zhou, H., Whalley, W.R., Hawkesford, M.J., Ashton, R.W., Atkinson, B.,
Atkinson, J.A. et al. (2021) The interaction between wheat roots and
soil pores in structured field soil. Journal of Experimental Botany, 72,
747–756.

How to cite this article: Lynch, J.P., Mooney, S.J., Strock, C.F.
& Schneider, H.M. (2021) Future roots for future soils. Plant,
Cell & Environment, 1–17. https://doi.org/10.1111/pce.14213

