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Restoring Soil Functions
and Agroecosystem Services
Through Phytotechnologies

Jacynthe Dessureault-Rompré”™

Laval University, Soil and Agri-Food Engineering Department, Quebec, QC, Canada

Phytotechnology has traditionally been considered as a tool to remediate contaminated
soils. While phytotechnology has been generally defined as the application of science and
engineering to study problems and provide solutions involving plants, the practical
applications go far beyond restoring contaminated land. This review aims to broaden
the way we think about phytotechnologies while highlighting how these living technologies
can restore, conserve and regenerate the multiple functions and ecosystem services
provided by the soil, particularly in the context of agroecosystems. At first, the main
problems of soil degradation in agroecosystems are shortly underlined. Subsequently, the
importance of plants and their living roots as engines of restoration are reviewed. This
paper demonstrates the importance of root traits and functions for soil restoration. It also
demonstrates that plant and root diversity together with perenniality are key component of
an efficient soil restoration process. Then, a phytotechnology toolbox which includes three
pillars for agroecosystems restoration is presented. The three pillars are agricultural
practices and land management (1), rhizosphere engineering (2) and ecological
intensification (3). This paper also highlights the importance of developing targeted
phytotechnology-based restoration strategies developed from root functions and
knowledge of rhizosphere processes. More work is needed to evaluate the potential
benefits of incorporating phytotechnology-based restoration strategies in the context of
grain or vegetable crop productions as most of the studies for agroecosystem restoration
strategies were intended to mimic natural prairies.

Keywords: rhizosphere, roots, soil functions, land management, soil restoration, agroecosystems, phytotechnology toolbox

INTRODUCTION

The United Nations has declared 2021-2030 as the Decade on Ecosystem Restoration, a call to
prevent, halt, and reverse the degradation of ecosystems. Agroecosystems are among those systems
needing protection. This effort offers a unique opportunity for soil scientists and phytotechnologists
to work together towards restoring sustainable terrestrial ecosystems.

Phytotechnology, a relatively new field, is defined as “the application of science and engineering
to study problems and provide solutions involving plants” (1). Mangkoedihardjo (2007) (2) later
incorporated the idea of sustainability into that definition: “Phytotechnology is a domain of applied
science and engineering that focuses on the use of plants to provide cost-effective, sustainable
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solutions to environmental issues”. These rather broad
definitions evolved from the more well-known concept of
phytoremediation, which explains why the literature today still
abounds with definitions confining the term phytotechnology to
the remediation of contaminated land. A few examples of
definitions are presented in Table 1.

Plants used in phytotechnology are numerous, and historically
more attention have been focused on plant having abilities for
contaminated soil remediation. For example, Populus sp., Salix sp.
and Brassicaceae sp. have been used for phytoextraction of heavy
metal (8). Salix sp. have also been used for phyto-treatment of
landfill leachate (9) and phytoremediation of site with previous
petrochemicals activities (10). As such, in a bibliometric analysis of
phytotechnologies, Koelmel et al. (2015) (6) observed that while
the proportion of articles including the term phytoremediation has
increased steadily since 1999, a comparatively small percentage of
articles mention the term phytotechnology. The concept of
phytotechnology thus appears to be underexploited. This paper
revisits the previous definitions from the UN Environmental
Programme (UNEP, 2003) and Mangkoedihardjo (2007) “the
application of science and engineering to study environmental
problems and provide sustainable and cost-effective solutions
involving plants and expands it with and their living roots”. This
expanded definition opens up new perspectives for this green
technology and underscores how plants and, in particular, plant
roots and rhizosphere functions are essential contributors to the
restoration, conservation and regeneration of the multiple
functions of the soil in ecosystems.

This review highlights the main problems encountered in
degraded agroecosystems and underlines the importance of root
and rhizosphere functions in restoring degraded soils. Then, a
phytotechnology toolbox is presented for application in
agroecosystems restoration, and how integrating rhizosphere
engineering and ecological intensification research to this
toolbox may benefit agroecosystem management for a
sustainable and resilient future.

THE LOSS OF SOIL FUNCTIONS AND
SERVICES IN DEGRADED
AGROECOSYSTEMS

As described by Hatfield et al. (2017) (11), soil properties,
functions and ecosystem services are interrelated. Soil

TABLE 1 | Definitions of phytotechnologies encountered in the literature.

properties represent the foundation on which soil functions
and services are based. Soil degradation affects soil properties
and, in turn, the associated functions and services provided by
the soil. Modern agricultural practices have often been singled
out as a cause of soil degradation (12, 13). Indeed, intensive
agricultural practices involving synthetic fertilizers and
pesticides, monocropping with little or no return of organic
matter, soils left bare for prolonged periods, and over- and
inappropriate use of heavy machinery have all disturbed,
reduced or inhibited the natural balance of agroecosystems,
sometimes to a nearly irreversible degree. Consequently, an
estimated 12 million hectares of agricultural land are lost to
soil degradation each year (14). Soil degradation leads to the loss
of soil functions to varying extents. The main processes involved
in the degradation of agroecosystems are physical, chemical and
biological (Figure 1). In addition to these three degradation
processes, Lal (2015) (12) includes ecological degradation in soil
degradation processes, referring to the disruption of nutrient and
hydrological cycles, the decline in net biome productivity, the
loss of nutrients and carbon, the decline in input use efficiency,
and impeded denaturing of pollutants. This reviews will focus on
the physical, chemical and biological aspects of soil degradation.

Physical degradation refers to the loss of the structural quality
of the soil through compaction, erosion, and eventually
desertification. A worldwide study of soil degradation
conducted 30 years ago estimated that 68 million hectares of
agricultural land were affected by soil compaction (15). Soil
compaction increases soil density and decreases its porosity,
mainly macro-porosity, impeding soil functions such as water
infiltration, root penetration, and water and gas exchange. Crop
productivity can be severely reduced by soil compaction as well
(16). Soil erosion causes not only the loss of soil, but of carbon
(C), nutrients, and pesticides as well. Globally, agricultural carbon
erosion has been estimated at 0.5 + 0.15 Pg C y™', with water
erosion delivering 0.08 + 0.02 Pg C to river systems each year
(17). This same study evaluated the loss of nitrogen by erosion at
23-42 Tgy™', and the loss of organic phosphorus at 2.1-3.9 Tg y™"
and inorganic phosphorous at 12.5-22.5 Tgy™ (17). Pesticide loss
through soil erosion depends on the molecular characteristics of
the pesticides, among other factors. Wind erosion, for example,
has been estimated to remove from 1941 mgha™' y~ ' to 3000 mg
ha' y' of the well-known herbicide glyphosate and its
degradation product aminomethylphosphonic acid (AMPA),
depending on the initial load in the soil (18). Water erosion
could lead to higher losses, from 9753 mg ha™' y™' to 47 667 mg

Definition

References

Phytotechnologies use plants to remediate various media impacted with different types of contaminants.
Phytotechnologies are defined as: “The use of vegetation to contain, sequester, remove, or degrade inorganic and organic contaminants in soils,

sediments, surface waters, and groundwater.”

Phytotechnologies are defined as “a set of technologies using plants to remediate or contain contaminants in soil, groundwater, surface water, or

sediments.”

“Phytotechnologies are plant based technologies for environmental cleanup and cogeneration of phytoproducts.”
The term phytotechnologies, which replaces the earlier term phytoremediation, is also known as green-remediation, and in general, means using plants to (
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degrade, extract, contain, transform into less harmful forms, or immobilize contaminants in soil, water, or air with inorganic or organic compounds.
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Physical degradation:
structure loss,
compaction and erosion

\Water erosion

Reduced water
infiltration

FIGURE 1 | Soil degradation in an agroecosystem. Physical degradation includes structure loss, compaction and erosion. These problems come with crop growth
restriction (compact layer, aeration restriction) and overuse of fertilizer to compensate. Biological degradation includes the loss of organic matter and biodiversity
often related to tillage intensity and frequency, poor crop rotation and soil coverage and heavy use of pesticides. Chemical degradation includes acidification,
salinization and nutrient imbalance often related to heavy use of fertilizer, poor irrigation water quality and intensity of cropping systems.

Chemical degradation:
acidification, salinization,
nutrient imbalance

ha™ y' (18). All these losses caused by soil degradation processes
have substantial environmental, economical, and societal
consequences (12, 14, 19, 20).

Chemical degradation is characterized by acidification,
salinization, nutrient imbalance, reduced cation exchange
capacity (CEC), increased metal toxicities, and leaching of
NO;-N and other essential plant nutrients. Of the land area
affected by salinization worldwide, 17 per cent of the soil and 24
per cent of the irrigated land was found to be affected by human-
induced salinization (21). Crop productivity is directly impacted
by soil salinity which leads to losses of close to US$ 30 billion in
crop production worldwide each year (22). Another example is
the contamination of agroecosystems with heavy metals
contained in fertilizers, pesticides, biosolids, manure, and waste
water, in addition to atmospheric deposits (23). Soil
contamination with heavy metals can reduce soil fertility,
modify microbial processes such as carbon mineralization and
nitrogen transformation, and reduce crop production (23). Soil
fertility is a critical component of food and water safety, and the
ever-growing pressure to increase food, fiber, and fuel
production to meet worldwide demand and achieve zero
hunger has put severe pressure on soil resources (11, 24).
Losses of carbon and essential nutrients from the agricultural
system have resulted in nutrient deficient food for human
consumption. These losses will only increase as crop
management is intensified to replace the lost fertility,
exacerbating the problem (25). Intensified crop management
include also an increase in the use of pesticides which have been
related to a decrease in nitrifying bacteria, N,-fixing bacteria and

nitrogenase activity (26) which may have a significant and
negative impact on soil fertility.

Biological degradation refers mainly to processes leading to the
loss of organic matter and soil biodiversity. Soil organic matter
(SOM) and carbon (SOC) are central to many soil functions and
ecosystem services. Such losses therefore severely impact the
performance of agroecosystems in terms of crop productivity,
carbon sequestration, nutrient and water availability, and
biological diversity. Changes in land use and land cover
worldwide have resulted in substantial losses of carbon from
soils (27). In their epic publication, Sanderman et al. (2017) (27)
estimated that agricultural land use has resulted in a cumulative
loss of ~133 Pg C from the earth. Authors Guo and Gifford
(2002) (28) observed in a meta-analysis that changes in land use
from natural pasture or forest to cropping systems have decreased
the soil organic carbon stock by 40% to 60%. These losses are the
direct consequence of agricultural activities such as tillage,
fertilization, and biomass alteration, which have modified the
carbon (C), nitrogen (N), and phosphorus (P) pools and fluxes
that originally existed in native ecosystems (29). Likewise, the loss
of soil biodiversity has been closely linked to soil organic matter
loss and other soil health related problems (30). The widespread
use of agrochemicals has also resulted in reduced biodiversity
(31). Likewise, soil biological degradation has disrupted the food
web, in turn affecting nutrient and carbon cycling and the control
of pathogens (32, 33). In addition, degraded agroecosystems have
been found to have a negative impact on arbuscular mycorrhizae,
earthworms, and microarthropods (34). As examples,
accumulation of pesticides in agroecosystems have been related
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to a reduction in the microbial functional diversity (35), and the
use of pesticides, particularly organophosphate, have been shown
to negatively impact the total earthworms community biomass
and density (36).

RESTORATION OF SOIL FUNCTIONS AND
SERVICES IN AGROECOSYSTEMS: A
PLANT AND RHIZOSPHERE
PERSPECTIVE

Soil restoration has been the subject of many literature reviews.
When related to agroecosystems, these reviews often focus on
soil management practices, including reducing tillage,
incorporating organic amendments, and returning crop straw
(37, 38). Other reviews include a wider range of practices, such as
green manure, crop rotation, and agroforestry (39, 40). Very few,
however, have examined soil restoration from a plant and
rhizosphere perspective. Although the distinction between soil
restoration and soil conservation is not always well-defined for
agroecosystems, this paper focuses on soil restoration, aimed at
recovering and sustaining optimal soil functioning, rather than
on soil conservation, which by definition is a combination of
management and land use methods (mainly reducing tillage,
covering the soil, and diversifying crop rotations) that safeguard
the soil against depletion or deterioration by natural or human-
induced factors (41). Soil restoration, which implies recovery or
an approximate return to a natural state, should ideally be
inspired by nature itself. Agroecosystems were once natural
prairies, forests, or peatlands characterized by a state of
dynamic equilibrium within a community of organisms
including among others, plant diversity, root diversity, an
associated rhizosphere food web.The restoration practices
implemented in degraded agroecosystems must therefore take
inspiration from this original state of dynamic equilibrium.

The Power of Roots

Roots are central to maintaining and restoring physical, chemical
and biological conditions in the soil. They also drive the
functioning of the rhizosphere, the microenvironment found at
the interface between roots, soil and soil biota. Roots explore the
soil and exploit its resources. Roots of higher plants shape-up the
belowground diversity of terrestrial ecosystems and provide much
of the carbon to power the soil ecosystem (42). The next sections
illustrate how roots are powerful drivers of soil restoration.

Roots and Soil Physical Restoration

Structure and Compaction

Plant roots have a major impact on the physical properties of soil
(43, 44). Some morphology traits (e.g., root length, specific root
length and root diameter) have also been linked to soil stability
(45, 46). Although soil structure can influence root distribution
in the soil, plant roots are capable of modifying soil structure to
accommodate their growth (47) and can thus play a significant
role in restoring physically degraded soil. Indeed, plant roots
affect soil physical properties through a variety of mechanisms,

including direct penetration and anchorage (48), modifying
water availability (49), reorganizing the soil pore structure (50),
releasing exudates (51), and altering the soil structure through
their association with mycorrhizae (52). In addition, plant
species adopt different strategies to adapt for soil compaction,
such as changing root length and diameter (53-57). Integrating
perennial and deep-rooting plants that tolerate high soil
penetration resistance and low concentrations of oxygen in the
rotation sequence can help repair soil structure by improving soil
penetrability and aeration (58-61). Increasing the variety of plant
species has been shown to enhance soil aggregate stability (62).
By improving soil physical conditions, this strategy may also
contributes to higher productivity in subsequent crops (63, 64).

Erosion

The protection afforded by plant roots against soil erosion is well
known (65-69). Gyssels et al. (2005) (65) showed that the
decrease in water erosion rates with increasing root mass is
exponential and highlighted the importance of roots in
controlling this degradation process. Zuazo and Pleguezuelo
(2008) (67) also stressed the role of roots in controlling the
erosion process, highlighting how they contribute to improving
soil properties, such as soil aggregation, structural stability, and
cohesion between soil particles. In a review paper, Ola et al.
(2015) (68) demonstrated the importance of root system
architecture in controlling soil erosion and illustrated the key
mechanisms by which plant roots influence soil physical
properties: increasing shear strength, physically retaining soil
particles, increasing aggregation, supplying additional organic
matter, and altering pore size distribution. In a study on purple
alfalfa in a Loess soil, Li et al. (2017) (66) found that the physical
intertwining of roots was the main factor involved in reducing
soil erosion and that root surface area density could be regarded
as the key indicator of changes in soil erosion resistance in loam
soils. Finally, Hao et al. (2020) (69) showed that vegetation
restoration improves many of the soil physical properties (soil
noncapillary porosity, aggregate stability, and shear strength)
that are key to mitigating erosion, and that the functional traits of
roots, in particular, fine roots, play a substantial role in this
relationship. The authors propose that a restoration approach
using species with desired root traits could be a promising tool to
control soil erosion.

Roots and Soil Chemical Restoration

Salinity

In arid and semi-arid regions, precipitation may not be adequate
to leach out salts from the rhizosphere, leading to toxic
conditions for most cultivated plants. Halophytes are native
flora that can tolerate or exploit the high sodium chloride
concentrations in the soil water of saline soils (70). Halophytes
have been the topic of numerous studies aimed at restoring saline
soils (71) and have attracted attention around the world as a
potential source of human food, forage, oilseeds, protein, and
energy (72). These plants can decrease exchangeable sodium and
soluble salt concentrations in soils through absorption by roots
and accumulation in the biomass. Root associated processes in
the restoration of salinity-affected soils have been related so far to
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root exudates, production of extracellular enzyme and alteration
in root architecture (73). In a review paper, Panta et al. (2014)
(72) reported that some species of plants removed between 0.66
and 6.35 t ha' a! of NaCl. Halophytes have also been used as
intercrops with watermelon (74), cotton (75), maize (76), and
many other crops, as reviewed by (77). Until now, however, most
of the studies on intercropping with halophytes have been done
under greenhouse conditions, with both successful and
unsuccessful responses (77). Further study under field
conditions would thus be required. Nonetheless, intercropping
cotton with halophytes has been shown to decrease soil salinity
and bulk density while increasing soil porosity, soil organic
carbon, root growth, total aboveground biomass, and cotton
yield, in comparison with a conventional monoculture system
(75, 78). The results are thus promising in terms of cash crop
yield and quality, owing mainly to the effect of the halophytes in
restoring adequate soil conditions.

Fertility

Numerous studies have shown that changes in land use from
natural grassland and forest to intensive annual cropping
systems alter soil fertility by lowering carbon, nitrogen and
phosphorus stocks (79-81). There is growing evidence,
however, that degraded lands can be restored while remaining
productive (82). Central to this restoration is the incorporation
of perennial crops and forages in long rotations (24, 83).
Perennial plants that have a higher root-to-shoot ratio (24),
higher root biomass production (84-86), and higher root-
associated C input through exudation and turnover (87, 88)
can improve soil properties that are closely linked to soil fertility,
such as soil aggregation, water-holding capacity, and microbial
biomass and diversity. In addition, perennial plants are known to
make better use of nitrogen, as their deeper and more extensive
root systems optimize inorganic N and P retention in the soil,
thus reducing leaching of these elements (81, 89-92). In addition,
some species contribute to N retention by translocating N in
their belowground biomass, such as in rhizomes at the end of the
growing season (24). Further to this perenniality concept in
restoring soil fertility is the diversification concept. In a 23-year
survey of plant biodiversity and soil fertility, Furey and Tilman
(2021) (93) observed that, relative to monocultures of these same
species, plots containing 16 perennial grassland plant species had
about 30% to 90% more nitrogen, potassium, calcium,
magnesium and carbon in the soil, in addition to a greater
cation exchange capacity. They also reported that increasing
plant functional biodiversity may help restore soil fertility. As
biodiversity performs key ecological services, an approach
appropriately implemented in time and space can contribute to
re-establishing agroecosystems capable of maintaining soil
fertility, crop health and productivity (94). In addition,
selecting species that develop root hair may help the
restoration process as these plant are particularly effective in
acquiring immobile or sparingly soluble nutrient in addition to
being performant in dry soil conditions (95). Finally, plant root
exudates play a key role in shaping the rhizosphere and
regulating nutrient cycling which are important for restoring
soil fertility. For example, Yuan et al. (2022) (96) observed in an

incubation study using low fertility soils that the type of root
exudates (organic acids or carbohydrates) affect differently the N
mineralization and N fixation rates. Organic acids addition was
related to higher plant-available N compared to carbohydrates
additions (96). More studies related to the root exudation in
relation to soil fertility restoration are needed as both plant and
soil conditions will influence the dominant exudates released and
therefore its impact on nutrient availability.

Roots and Soil Biological Restoration

Soil Organic Matter

In a highly recognized study, Rasse et al. (2005) (97) asked the
simple question: Is soil carbon mostly root carbon? In doing so,
they initiated discussions and interest about the importance of
root structures and functions in controlling the soil C cycle. Plant
roots indeed contribute substantially to the formation of stable
SOM and, to a varying extent depending on their traits, to C
sequestration in soil (98). Indeed, it has been shown that root
exudation adds OC to the soil which will be partly consume by
microorganisms and partly stabilized to mineral-associated SOC
(99). In addition, the role of root hairs in this process has been
highlighted by Zhang et al. (2020) (100). Agricultural practices
are responsible for dramatic losses of SOM (27). Two of the
primary reasons why native terrestrial ecosystems contain more
SOM than agroecosystems are that a greater percentage of native
ecosystem productivity is generated below ground in perennial
roots and that the soils in these systems remain relatively
undisturbed (101, 102). Crews and Rumsey (2017) (101)
reviewed approaches to rebuilding SOM in croplands and
stated that shifting from annual to perennial crops is central,
as “perennials address the root of the problem “. Shifting from
annual to perennial grain crops may be the most promising way
for agriculture to approach the SOM levels that accumulate in
native ecosystems, and Crews and Rumsey (2017) (101)
estimated that between 0.13 and 1.70 t ha™ y' of SOC could
be accumulated in fields converted to perennial grains. Indeed,
studies have shown that higher belowground allocation of carbon
resources and reduced soil disturbance promote the
accumulation of SOM in perennial-based ecosystems (103,
104). As was advocated for fertility restoration, biodiversity is
also fundamental to improving SOM (105-107). Yang et al.
(2019) (106) concluded from a long-term field experiment that
restoring late-successional grassland plant diversity accelerates
annual carbon storage, noting that higher soil carbon storage
rates are linked to greater root biomass and aboveground
production. In another long-term field experiment exploring
grassland diversity, Lange et al. (2015) (107) reported that soil
carbon storage is governed by the metabolic activity of soil
microbes, which is stimulated by plant diversity that ensures
greater root input through root exudation. In their experiment,
however, legumes were found to negatively affect soil carbon
concentrations. In a chronosequence experiment, Liu et al.
(2019) (105) observed that greater plant species diversity
increases community productivity and enhances root biomass
and rhizosphere carbon inputs in the soil, increasing soil carbon
storage and in turn improving other soil properties, such as soil
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infiltration capacity, by influencing soil aggregate stability
and porosity.

Biological Diversity

Plant diversity is an important determinant of soil biodiversity
(108). Enhancing crop diversity in space (e.g., intercropping) or
time (e.g., crop rotation or cover crops) has been proven to have
beneficial effects on ecosystem processes. Greater attention has
thus been focused on the impact of plant diversity on soil
biodiversity. Venter et al. (2016) (109) observed in a meta-
analysis that soils under a higher diversity of crops in rotation
produced higher microbial richness (+15.11%, n = 26) and
diversity (+3.36%, n = 43) scores. In a long-term experiment,
Scherber et al. (2010) (110) studied how plant diversity influences
the richness and abundance of above- and belowground
organisms. They revealed that, in both cases, herbivores
responded more strongly to changes in plant diversity than did
carnivores or omnivores. The density and richness of carnivorous
taxa were independent of the vegetation structure, but increased
plant diversity decreased biological invasion, pathogen
infestation and hyperparasitism. Eisenhaeur et al. (2013) (111)
observed that greater plant diversity increased soil pH, soil N
concentration, soil water content, and plant root biomass, which
increased soil microbial biomass and the density of micro- and
mesofauna detritivores. Moreover, plant species richness may
have fueled the soil decomposer food web by increasing levels of
rhizodeposition, although this specific parameter was not directly
measured in their study. A meta-analysis conducted by Zhang
et al. (2022) (112) showed that fauna (p=0.009) and diversity
(p=0.076) increased with plant species richness, with a particular
effect on herbivores. Their study also highlighted the time factor
in the response of soil fauna to plant diversity and underlined the
importance of soil fauna in ecosystem functions such as
decomposition and soil formation. In a study using the
dilution-to-extinction approach, Yang et al. (2021) (113)
observed that resiliency against environmental variability is
greater when both soil biodiversity and plant diversity are high
and that reduced biodiversity strongly impacts the stability of
biomass production. Re-establishing biodiversity at a
multitrophic level (plant and soil) is therefore crucial to the
restoration of ecosystem functions. The changes in biodiversity
often observed under high plant diversity have been linked to
higher microbial biomass, fungi, respiration and gross N
mineralisation, all of which contribute to improving ecosystem
productivity (114). Although plant species richness has mostly
been studied in terms of the number of plants, many questions
remain as to what extent interactions between the different
species drive the positive effects observed (115). To that end,
Bakker et al. (2019) (115) studied how root traits (specific root
length, root length density, root tissue density, and the deep root
fraction) explain temporal changes in biodiversity in grassland
mixtures. They observed that increased positive effects of species
richness on community biomass in a dry year were mainly the
result of increased dominance of deep-rooting species,
supporting the hypothesis of the protective effect of
biodiversity. The findings on root traits are also echoed in soil
food web studies (116-119), where plant diversity and root traits

have been shown to have an impact beyond productivity and thus
have an important role to play in any soil restoration process.

From Roots to Phytotechnology:
Presentation of a phytotechnology toolbox
for Agroecosystem Restoration

The sections above demonstrated the importance of root traits
and functions for soil restoration. It also demonstrated that plant
and root diversity together with perenniality are key component
of an efficient soil restoration process. Improving soil function
and agroecosystem services can be achieved with a set of tools
based on the ingenious use of plants. The following sections
present a phytotechnology toolbox for agroecosystem restoration,
health and sustainability which is based on three main pillars
being agricultural practices and land management, rhizosphere
engineering and ecological intensification (Figure 2).

Cover Crops and Intercropping

Cover crops, intercropping and living mulch are well-known and
well-studied agricultural practices (120, 121) (Figure 3).
Through the mechanisms of the plant root and rhizosphere
functions, these practices have been observed to improve soil
structure (122, 123), carbon sequestration (124, 125), N and P
fertility (126, 127), and soil biodiversity (128, 129), in addition to
reducing erosion (130, 131). For example, specific cover crops
have been used to enhance soil biota to increase the yield of the
subsequent crop (132). Living mulch has often been studied in
the context of vegetable crop production, where it has been
shown to provide multiple benefits (133-135). In the
phytotechnology toolbox, both cover crops and intercropping/
living mulch can improve the diversity and the perenniality of
agroecosystems. Multispecies cover crops or intercrops are
increasingly being studied in a context of sustainable
agricultural practices (136-138). Although some studies found
no improvement with multispecies as compared to monoculture
cover crops (139), Finney and Kaye (2017) (137), in a 2-year
study of 18 cover crop treatments ranging in diversity from 1 to 8
species, reported an increase in N retention and weed
suppression and concluded that using multispecies cover crops
that maximize functional diversity could increase the
multifunctionality of agroecosystems. Saleem et al. (2020)
(136) described how cover crop diversity improves root
architectural traits and root coverage in addition to soil
properties, such as the composition of soil aggregate-size
classes, nutrients, as well as SOM and SOC contents across the
soil depth. They concluded that competition among plant roots
in species-rich communities may improve rhizosphere soil
carbon storage, the composition of soil aggregate-size classes,
and nutrients. Intercropping with perennial crops has also been
shown to benefit soil functions, such as nutrient acquisition, as
well as microbial abundance and diversity (140-142).

Agroforestry

The association of woody species with agricultural production
has long been recognized in many civilizations as an essential
component of sustainable agriculture (143). When well adapted
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Increasing diversity of root traits
(ex:lenght, density, biomass,
composition) and root functions
(nutrient and water acquisition, growth,
exudation, symbiosis) improve soil
properties such as SOM, fertility and
soil biodiversity and a better connection
of the soil food web

Increasing

plant and root

diversity Cover/Intercropping
mul

Improved soil properties improve soil functions
such as soil biodiversity, carbon seq {
availability of nutrient and water

Xox — = N\ ALTRY

Intensive
monoculture leads
to soil degradation

Agroforestry

Improved soil functions improve
agroecosystem services:
Climate regulation, biodiversity
(both above and below-ground),
water regulation, sustainable
food production.

Increasing
plant
perenniality

Rhizosphere
engineering
Ecological
intensification

FIGURE 2 | The phytotechnology toolbox: From root and rhizosphere functions to agroecosystem services. Intensive monoculture leads to soil degradation.
Increasing plant and root diversity and plant perenniality at the farm and agroecosystem scales improves soil properties, soil functions and therefore related
agroecosystem services. The phytotechnology toolbox is based on three pillars. 1) Agricultural practices and land management: cover crops and intercrops in
multispecies, perennials crops in the rotations including bioenergy crops, agroforestry and vegetalized buffers. 2) Rhizosphere engineering: organic amendment,
inoculation and selection of plant species based on root trait and functions to achieve a specific goal (improving sail fertility?, soil biology?, soil physical conditions?).
3) Ecological intensification: the more the better e.g., to multiply at the farm scale the beneficial agricultural practices. Increasing at the farm and agroecosystems
scales the integration of the three pillars included in the phytotechnology toolbox will benefits degraded soil and improves the sustainability of food production.

FIGURE 3 | Field of okra intercropped with clover. Photo credit: Jacynthe Dessureault-Rompré.
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to the crops and under favorable environmental conditions, an
agroforestry system, with its supply of humus and litter and the
root system of trees, can improve the edaphic conditions for the
root system of the crops (144). Typically, there is a noticeable
increase in organic matter and nitrogen, a biological rise of
nutrients from deep soil horizons, and an increased mycorrhizal
presence. Other notable benefits are a decrease in water and wind
erosion, improved soil structure, greater porosity, reduced
acidity and salinity, and enhanced soil biological activity. An
agroforestry farming system generally exhibits greater microbial
biomass and earthworm populations, due to inputs of organic
matter from trees (145). The tree component of an agroforestry
system is known to provide nutritional benefits through various
mechanisms: 1) reducing nutrient losses through a trapping
system (or safety net) (146, 147); 2) adding “new” nutrients
through N, fixation and increasing deep soil nutrients (148);
and 3) inducing morphological and chemical changes at the
rhizosphere level through root activity and plasticity (149). A
review written by Udawatta et al. (2019) (150) indicated that
flora, fauna and soil microbial diversity were significantly higher
in agroforestry systems compared to monoculture systems.
Among soil organisms, arbuscular mycorrhizae, bacteria and
enzyme levels were significantly higher in the agroforestry
systems. Agroforestry also creates high-density biodiversity
(including the different trophic levels of the rhizosphere)
concentrated in proximity to trees due to the favorable soil-
plant-water-microclimate conditions there. As the system
matures, the evenly distributed leaves, litter, roots, and dead/
living biological material and the microclimate improve the soil
and microclimate in adjacent crop and pasture areas. Finally, in
agroforestry systems, the potential of the root system to
contribute to sequestering and transferring carbon to the soil is
very high. With some tree root systems extending to a depth of
60 m, the contribution to soil carbon can be substantial.
Compared to the roots of agricultural plants, tree roots are
coarse and lignified, and so decompose much more slowly. The
dynamics of tree root growth, renewal and decomposition are
still poorly understood today, however, and most studies on
carbon in these systems focus on carbon fluxes in the top 40 cm
rather than on sequestration by the entire root system.
Nonetheless, a recent meta-analysis on carbon sequestration in
temperate agroforestry systems showed that carbon stocks are
higher in areas under agroforestry systems compared to
conventional systems, that forest hedgerows are more efficient
than alley cropping and silvopastoral systems, and that
broadleaved trees perform better than conifers in increasing
soil carbon stocks. Again here, however, the study only focused
on carbon fluxes and did not take into account the whole root
system (151).

Vegetative Buffers

Buffer zones are interfaces between natural areas and
agroecosystems that include a mixture of herbaceous, floral
and ligneous vegetation (152). Although not considered as a
soil restoration practice per se, buffer zones are included in the
phytotechnology toolbox as they can benefit agroecosystems by
enhancing biodiversity, removing contaminants, and acting as

carbon sinks. Studies on vegetative buffer zones (also known as
riparian zones) have shown that increased plant diversity can
improve the nematode food web structure, increase total
microbial biomass, and reduce N et P loading in the soil (153,
154). Nitrogen removal by vegetative buffers was also observed
by Mayer et al. (2007) (155), who pointed out that buffer width,
soil type, subsurface hydrology (e.g., soil saturation,
groundwater flow paths), and subsurface biogeochemistry
(organic carbon supply, nitrate inputs) are all important
considerations for nitrogen management in watersheds.
Pesticide removal has also been observed in riparian buffer
zones adjacent to no-till crops (156). Finally, carbon
sequestration was observed under restored rangeland riparian
(157). Other authors compared woody to herbaceous buffers
and concluded that woodlot and poplar buffers have much
higher potential for increasing C stock (158, 159). Hence,
depending on the characteristics of both the vegetative buffer
and the site, this phytotechnology strategy can provide a
multitude of services to the ecosystem.

Perennial Bioenergy Crop

Bioenergy crop production on degraded or marginal land has
been the topic of numerous studies (160-162). Bioenergy crops
have been found to be good candidates for soil restoration (163),
improving soil health and contributing to carbon sequestration
(164) thanks to minimal soil disturbance. Moreover, they
generally have low external input requirements (165) and can
provide continuous carbon input from root and leaf litter (166).
In fact, experimental evidence suggests that SOM accumulation
in perennial bioenergy systems may be more important than
aboveground biomass production in offsetting fossil fuel use
(167). Plant root traits such as high exudation and deep rooting
also increase the potential for soil C sequestration (168). While
most of the work on bioenergy crops has focused on
monoculture, which could have a negative impact on
biodiversity (169), although abandoned and degraded soils can
become breeding grounds for invasive plant species (170), there
is an emerging interest in intercropping with bioenergy crops
(171, 172) (Figure 4). Despite the obvious importance of root
and microbiome traits in determining the sustainable
productivity of bioenergy cropping systems, little attention has
been focused on belowground traits (173). Bioenergy crops have
many outlets, such as mulch and bedding for farms (174),
amendments (175), biochar (176), and bioplastics (177), which
are used in the circular economy of sustainable production.
Integrating bioenergy crops with cover crops on farms is
considered to be a realistic strategy to restore and conserve
cultivated organic soils (178) (Figure 5).

Rhizosphere Engineering and Ecological
Intensification for Soil Restoration

In addition to agricultural practices and land management, both
rhizosphere engineering and ecological intensification offer green
and accessible means for restoring degraded agroecosystems
in which root and rhizosphere functions play a central role.
Both concepts can be integrated into the phytotechnology
toolbox (Figure 2).

Frontiers in Soil Science | www.frontiersin.org

July 2022 | Volume 2 | Article 927148


https://www.frontiersin.org/journals/soil-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/soil-science#articles

Dessureault-Rompré

Phytotechnology Toolbox for Restoring Soils Restoration

FIGURE 4 | Willow field intercropped with red clover. Photo credit: Jacynthe Dessureault-Rompré.

Rhizosphere engineering, is the manipulation of one or
more of the three axes of the rhizosphere, the soil, the biota,
and the plant roots, in order to emulate the mutually beneficial
interactions that have evolved in nature between soils, plants
and soil organisms (179). Much work has been done on
rhizosphere engineering, and many studies have focused on
soil amendment, inoculation, and plant metabolic engineering,
in order to improve crop productivity and crop resilience
against abiotic or biotic stresses (179-182). For examples
compost and biochar have been shown multiple times to
improve soil physical, chemical and biological conditions
which have positive impact on crop productivity (183, 184).
Inoculation with mycorrhizae, plant-growth promoting
bacteria have been related to better biological properties of
the rhizosphere under drought stress in horticultural crops
(185, 186) and have been related to improved growth
condition in marginal lands (187). The engineering of plant
has received considerable attention over the past 30 years,
especially with the development of genetic engineering
techniques which have lead to genetically modified plants
resistant to some insects or tolerant to one or more herbicide
families or tolerant to high metal concentration (179). Looking
back to crop wild relative and especially to the roots of these
wild relatives is increasingly recognized has a way to sustain
food production in a changing world (188, 189). More simply,
rhizosphere can be efficiently engineered by selecting a plant
or a group of plants for a specific purpose, for example,
including a leguminous crop in a rotation to improve N
fertility or selecting grass plant for their high root biomass
production to improve carbon sequestration into the soil.
Rhizosphere engineering applications for soil restoration

purpose are still in their infancy and therefore a world of
scientific opportunity awaits unfolding.

Ecological intensification has been recently proposed as an
approach to integrate ecological processes into land-
management strategies to enhance ecosystem service delivery
and reduce anthropogenic input (190). Ecological intensification
aims to combine nature and agriculture to design
multifunctional agroecosystems that are both “sustained by
nature and sustainable in their nature” (34, 191). With the
objective of soil restoration, the integration of the principles of
ecological intensification makes it possible to multiply the
opportunities to increase biodiversity at the scale of a farm or
an agroecosystem. These increases in biodiversity will go through
an increase in agricultural practices and land management which
are presented in Figure 2, on these same scales. Designing a
sustainable agroecosystem with phytotechnologies implies taking
into account the three pillars discussed above and presented
in Figure 2.

DESIGNING SUSTAINABLE
AGROECOSYSTEM LANDSCAPES
WITH PHYTOTECHNOLOGIES

Agroecosystem restoration should be considered for purposes
beyond food production (192). The phytotechnology toolbox
discussed in this paper includes a variety of management
options for restoring soil functions and services provided by
agroecosystems. Management strategies can be implemented at
the field level, but the potential benefits would be enhanced by
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FIGURE 5 | Miscanthus production on degraded organic soils. Upper left: Miscanthus field; upper right: miscanthus root profile; bottom left: field application of
chopped miscanthus; bottom right: growth of green onion on miscanthus amended organic soil: Photo credit: Jacynthe Dessureault-Rompré.

integrating the different phytotechnology tools on a farm and
landscape scale. As stated by Asbjornsen et al. (2014) (82), over
the past century, agricultural landscapes worldwide have
increasingly been managed for the primary purpose of
producing food. However, agroecosystems should be designed
to incorporate additional services. Increasing biodiversity in time
and space and incorporating areas of perennial vegetation in
strategic locations (as discussed above: cover crops and
intercropping, vegetative buffers, perennial bioenergy crops,
and agroforestry) within agricultural landscapes could represent
an opportunity to delivery a wider range of goods and services to
society, including water purification and hydrologic regulation,
pollination, pest and pathogen control, diverse food and fuel
products, optimized nutrient cycling, carbon sequestration, and
greater resilience to climate change and extreme disturbances
(Figure 4). Ferrarini et al. (2017) (193) conducted a thorough

review of multiple ecosystem services provision and biomass
logistics management in bioenergy buffers, in which they
presented a land-use scenario for bioenergy crops on a farm
and landscape scale. Their scenario proposed the conversion of
marginal land within the landscape to either biomass production
or natural area. The phytotechnology toolbox presented in this
paper allows to go even further in our way of designing
sustainable agroecosystems.

The present paper proposed a phytotechnology toolbox to
restore degraded soils and design sustainable agroecosystems,
starting with root trait and functions and rhizosphere
engineering then integrating agricultural practices and land
management together with ecological intensification. By
increasing plant diversity and perenniality, and by diversifying
root traits and rhizosphere functions, soils can be restored to
support sustainable agroecosystems (Figure 2).
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CONCLUSION

Plants, their root systems and associated rhizosphere functions are
the foundation of a phytotechnology-based restoration system.
Covering physical, chemical and biological soil degradation, this
review showed that plant diversification, in time and space, and
perenniality together with rhizosphere engineering and ecological
intensification strategies should play a fundamental role in any
restoration plan. Implementing strategies aimed at diversification
and perenniality at the farm and agroecosystem level could lead to
the recovery of optimal soil function and agroecosystem services.
Many studies on phytotechnology-based agroecosystem
restoration strategies were intended to mimic natural prairies
and although the long-term studies presented in this review
have provided solid and thought-provoking information, more
work is needed to evaluate the potential benefits of incorporating
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phytotechnology-based restoration strategies in the context of
grain or vegetable crop productions. In addition, despite
growing interest worldwide for ecosystem restoration, there is an
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for sustainable development. Moreover, it is imperative to go
beyond generic plant use and focus further research on developing
targeted phytotechnology-based restoration strategies based on
root functions and knowledge of rhizosphere processes, with the
ultimate goal of restoring soil function and agroecosystem services
to ensure sustainable and resilient agriculture.
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