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ARTICLE INFO ABSTRACT

Keywords: Modern agriculture faces growing threats from soil degradation, nutrient loss, and declining biological activity,

Cover crops primarily driven by intensive tillage, monoculture, and the extensive use of agrochemicals. Cover crops hold

Eﬁ?t tra}llts promises for restoring soil health and resilience. However, their potential is often underutilized due to the limited
izosphere

understanding of cover crop-soil interactions. This review synthesizes the current knowledge on the role of cover
crop root systems in shaping soil biological, chemical, and physical functions. The review methodology followed
an ‘integrative’ approach to overview the knowledge base, critically review, reconceptualize, and expand on the
theoretical foundation of the broad and interdisciplinary topic of cover crop root functions in agroecosystems.
Through structural root traits and exudates, cover crops can influence microbial communities, regulate organic
matter decomposition and nutrient cycling, improve soil aggregation and porosity, and promote carbon
sequestration. However, the extent of these benefits depends strongly on cropping system design, tillage in-
tensity, species selection, and management practices such as sowing date, seeding rate, and harvest timing.
Despite their importance, root traits remain underutilized in cover crop breeding due to limited phenotyping
capabilities and insufficient germplasm resources. Advances in biosensors, in situ imaging, and genomic tech-
niques, now provide opportunities to identify and select root traits that enhance soil function. We emphasize the
importance of root-focused breeding strategies and context-specific management approaches to maximize the
agricultural and ecological benefits of cover crops and to advance progress toward more sustainable and
regenerative agricultural systems.

Sustainable agriculture
Soil health

Carbon sequestration
Phenomics

1. Introduction

Intensive tillage, monoculture, and extensive use of agrochemicals
have disrupted natural soil processes, degrading the physical, chemical,
and biological integrity of ecosystems (Allam et al., 2022; Marinari
et al., 2022; Nunes et al., 2020). These practices reduce soil aggregate
stability, porosity, organic matter, and microbial diversity, driving
widespread declines in soil health (Lehman et al., 2015). Globally, an
estimated 33% of soils are moderately to severely degraded (FAO,
2015). In the United States, continuous cultivation and erosion have
resulted in a 30-50% loss of soil organic carbon in croplands (Cordova
et al., 2025; Sanderman et al., 2017; Thaler et al., 2021), with erosion
rates in the southeast often 5-10 times faster than the rate of natural soil
formation (Blanco-Canqui et al., 2013). These losses reduce water
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infiltration, increase runoff and erosion, and decrease fertility, thereby
threatening both agricultural productivity and environmental sustain-
ability (Blanco-Canqui et al., 2013; Lal, 2015). Soil health is under-
pinned by four interconnected functions: (i) maintaining soil structure
and hydrologic regulation, (ii) nutrient cycling and provisioning, (iii)
supporting soil biota, and (iv) regulating climate through carbon storage
and greenhouse gas exchange (Hao et al., 2025; Rollett and Williams,
2024). Together, these functions provide essential ecosystem services
such as food production, water purification, and climate-change miti-
gation (Delgado-Baquerizo et al., 2025; Telo da Gama, 2023).

Cover crops are recognized as an effective strategy for restoring soil
function and improving agroecosystem sustainability (Delgado and
Gantzer, 2015; Franzluebbers et al., 2021; Wang et al., 2025). By
maintaining continuous soil cover and reducing fallow periods, they
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protect soil from erosion, maintain biological activity, and enhance the
stability of natural ecosystems (Delgado and Gantzer, 2015; Petcu et al.,
2023). These conditions support nutrient cycling, microbial activity, and
soil stabilization (Bielenberg et al., 2023; Delgado and Gantzer, 2015;
Olson et al., 2014). However, cover crop performance is inconsistent and
strongly influenced by management decisions, environmental condi-
tions, and species selection. Results from the 2019-2020 National Cover
Crop Survey [by the United States Department of Agriculture’s Sus-
tainable Agriculture Research and Education (SARE), Conservation
Technology Information Center (CTIC), and American Seed Trade As-
sociation (ASTA)] illustrate this variability. Among 1172 farmers across
diverse production systems, 86% reported long-term soil improvements,
yet only 51% observed immediate yield benefits, and nearly 25%
experienced yield declines- often linked to poor establishment, drought,
or mismanagement of seeding rates, species, or termination timing.
Meta-analyses indicate that cover crops improve or maintain subsequent
crop yields in approximately two-thirds of evaluated studies, with mean
yield gains typically ranging from 5% to 10%, particularly in rainfed
temperate systems, maize-based rotations, and low to moderate nitrogen
input systems (Poeplau and Don, 2015; Tonitto et al., 2006). Yield
benefits are most consistently observed following leguminous cover
crops, where biological nitrogen inputs partially substitute for synthetic
fertilizer and improve nitrogen availability without yield penalties. In
contrast, 20-30% of studies report neutral or negative yield responses,
with yield reductions generally being modest (often <10%) and pri-
marily associated with water-limited environments, short-term cover
crop adoption, late termination, or high C:N non-legume cover crops
that temporarily immobilize nitrogen. Importantly, long-term syntheses
indicate that yield penalties are context-dependent rather than system-
atic, and not an inherent outcome of cover cropping when species se-
lection and management are aligned with pedo-climatic conditions
(Poeplau and Don, 2015). These inconsistencies highlight the need to
optimize cover crop-soil interactions to local soil and climate condi-
tions. Research has traditionally emphasized aboveground biomass as a
proxy for soil health benefits (Blanco-Canqui et al., 2015; Clark, 2007).
While residue inputs are important, they do not fully explain the vari-
ability in outcomes. Belowground processes, particularly root-mediated
interactions with soil microbes, nutrient dynamics, and soil structure,
remain comparatively underexplored (Finney et al., 2016; McDaniel
et al., 2014; Rosolem and Pivetta, 2017).

This review examines the functional roles of cover crop roots in
agroecosystem sustainability. We focus on how root traits interact with
soil biotic and abiotic components, their contributions to soil health, and
their implications for long-term agricultural sustainability. By
advancing understanding of root-mediated processes, we outline stra-
tegies to better leverage cover crop root systems for building productive,
resilient, and environmentally sound farming systems.

2. Methodology

The manuscript is organized around a focused synthesis of contem-
porary literature on how cover crop root systems influence soil processes
and agroecosystem function. An integrative review approach was fol-
lowed, consistent with Snyder's (2019) guidelines, that allows for crit-
ical synthesis of broad and interdisciplinary topics and conceptual
integration, as opposed to a systematic review or meta-analysis, which
are typically narrower in scope and focused on a specific research
question (Snyder, 2019). The methodology followed in this review
involved four phases, as outlined by Snyder (2019), that focused on
review design, literature search (inclusion and exclusion), thematic or-
ganization, and synthesis and reporting (Fig. 1). In the review design
phase, the scope and objective were defined around the role of cover
crop roots in shaping soil biological, chemical, and physical processes
and their broader implications for agroecosystem sustainability. Based
on this core theme, relevant studies were identified through targeted
searches of Scopus and Google Scholar using keywords related to cover
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¢ Final review developed

Fig. 1. Workflow of the integrative review adapted from Snyder (2019),
showing the four main phases of the review process.

crops, root traits, rhizosphere processes, soil biological activity, soil
physical processes, nutrient cycling, carbon dynamics, and agro-
ecosystem sustainability. Rather than applying a rigid systematic
screening protocol, studies were evaluated iteratively and selected based
on their relevance to root-mediated biological, physical, and chemical
processes. The literature included in this review comprised 263 publi-
cations spanning 2000 through 2025 (Fig. 2). Out of the 263 publica-
tions, 254 were peer-reviewed articles, and the remaining nine were
dissertations, reports, preprints, and extension articles. Though the
references spanned over two decades, emphasis was put on those pub-
lished over the past 15 years. Overall, the literature base was predom-
inantly composed of recent work, while still incorporating earlier studies
that provided the conceptual foundation of the topic of interest (Fig. 2).
The selected studies were grouped into major thematic areas, including
soil physical, chemical, and biological processes, cover crop manage-
ment practices, cover crop breeding, and emerging technologies. Within
each thematic area, the reported information was synthesized to identify
recurring patterns, knowledge gaps, implications for agroecosystem
management, and future research directions.
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Fig. 2. Distribution of references included in the review by publication year.
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3. Functional roles of cover crop roots in soil physical, chemical,
and biological processes

3.1. Role of cover crop roots in soil physical processes

Cover crop roots strongly influence soil physical properties by
improving aggregation, porosity, and structural stability (Fig. 3). These
changes reduce compaction, enhance water infiltration, and lower
erosion risk (Hao et al., 2023; Pauletto et al., 2016; Zhang et al., 2022a).
Root system architecture plays a central role in this process. For
example, tap-rooted species such as forage radish (Raphanus sativus var.
longipinnatus), alfalfa (Medicago sativa), and chicory (Cichorium intybus)
can penetrate compacted subsoils through root swelling and biopore
formation (Chen and Weil, 2011; Han et al., 2015). Burr-Hersey et al.
(2017) demonstrated the biodrilling potential of tillage radish and black
oat (Avena strigose), which effectively penetrated sandy loam subsoils.
These biopores reduce mechanical resistance and provide low-resistance
pathways for subsequent crop roots (Han et al., 2015; Huang et al.,
2020; Zhou et al., 2021). Fibrous-rooted species such as rye and annual
rye grass create fine pore networks in the upper soil layers, enhancing
water retention and gas exchange. Coarse-rooted species with thick
taproots or dense fibrous roots, such as tillage radish, disrupt larger soil
volumes, increasing macroporosity (Bodner et al., 2014).

Cover crop roots also contribute to aggregate stability. Root exudates
act as natural adhesives that bind mineral particles (Naveed et al., 2018;
Sedghi and Weil, 2022; Van Deynze et al., 2018; Wang et al., 2012),
while hyphal networks of root-associated fungi-particularly arbuscular
mycorrhizal fungi (AMF), further reinforce soil cohesion. Thus, different
root morphologies contribute to the development of pore networks and
structural integrity of the soil (Bodner et al., 2014).

Decomposing cover crop roots also shape soil physical properties.
Senesced roots leave behind channels that preserve macroporosity and
pore continuity, while releasing organic matter that promotes

Active roots

Penetrate

compacted layer
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aggregation (Yang et al., 2019). Root-derived carbon supports soil
fauna, particularly earthworms, which create additional macropores
through burrowing activity (Marcinkeviciene et al., 2022). These
structural improvements have a direct impact on soil water dynamics.
Cover crop roots increase the water-holding capacity, infiltration, and
plant-available water (Abdollahi and Munkholm, 2017; Basche et al.,
2016; Basche and DeLonge, 2019; Blanco-Canqui et al., 2011).
Enhanced aggregation and microporosity reduce water loss, allowing
soils to retain moisture for longer periods of time (Zhang et al., 2022b).
Root channels further increase infiltration and water percolation, which
are critical for mitigating drought stress (Pi et al., 2023; Saha et al.,
2011; Stanchi et al., 2015; Zhang et al., 2022b; Zhao et al., 2023). Yu
et al. (2016) showed that cover crop root length and diameter influence
hydraulic conductivity, with coarse-rooted species such as yellow sweet
clover (Melilotus officinalis), grass pea (Lathyrus sativus), and linseed
(Linum usitatissimum) improving water infiltration and reducing surface
runoff by ~17%.

Improvements in the soil physical structure also enhance root
exploration and nutrient uptake by subsequent crops. Long-term ex-
periments further demonstrate that root-derived macropores created by
deep-rooted pre-crops (including forage or cover crops) can persist
across multiple seasons and be reused by subsequent crops, improving
rooting depth and yield performance, particularly during dry years
(Behrend et al., 2025). For example, under long-term no-till, rainfed
management on silt loam soils in the upper midwestern United States,
Yin et al. (2025) attributed 7-8% yield gains in soybean to improved
rooting associated with biopore legacy effects created through repeated
cover cropping. In a primarily rainfed, no-till soybean-corn system on a
compacted silt-loam soil of two mid-Atlantic sites in the United States,
Williams and Weil (2004) observed that root channels created by forage
radish and cereal rye were later colonized by soybean roots, resulting in
yield increases of approximately 6-20% relative to no-cover treatments,
with the strongest gains occurring under drought stress. In the same

Senescing and decaying
roots

Root channels enhance

Exudates enhance
aggregation

Tap root

Disrupt large volumes
of soil, enhancing
macropososity

macroporosity, maintain pore
continuity and increase water
infiltration rates

Releases organic
matter which binds
mineral particles
and stabilizes soil

AMF-induced
aggregate
cohesion

Fibrous root

Increase networks
of micropores in the
upper soil layers

aggregate

Fig. 3. Effects of active and decaying cover crop roots on soil physical properties. Active roots of tap-rooted species, such as alfalfa, penetrate compacted soil layers
and disrupt large soil volumes, enhancing macroporosity. Fibrous-rooted species, such as rye, develop dense networks of micropores in the upper soil layers,
improving water retention and gas exchange. Root exudates and arbuscular mycorrhizal fungi (AMF) further promote soil aggregation. As roots senesce, decaying
root channels maintain pore continuity, enhance water infiltration, and release organic matter that binds mineral particles, stabilizing soil aggregates, and reinforcing

long-term soil structural integrity.
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mid-Atlantic region of the United States, Chen and Weil (2011) showed
that across increasing levels of soil compaction in rainfed silt-loam soils,
brassica cover crops (forage radish/rapeseed) improved biopore conti-
nuity and reduced mechanical impedance. These conditions improved
maize root growth and maize silage yield by approximately 15-30%
compared with no-cover treatments. Similarly, in loamy soils under
cereal-based rotations in central Pennsylvania in the United States,
autumn rye-oat cover crops increased water-stable aggregation and
AMF colonization, enhancing phosphorus uptake and sweet corn yields
by approximately 20-40% relative to fallow treatments (Kabir and
Koide, 2002). These findings indicate that biopore formation by cover
crop roots can reduce soil physical resistance, supporting healthy root
growth of subsequent crops, thereby resulting in yield gains and sta-
bility. This evidence reinforces the role of cover crop roots in agro-
ecosystem sustainability and reduced reliance on intensive tillage.
However, some long-term field studies and syntheses have also reported
neutral or negative root-mediated effects on soil physical conditions and
subsequent crop yields under certain species choices and management
regimes or water-limited environments (Poeplau and Don, 2015;
Blanco-Canqui et al., 2015; Finney et al., 2016). For example, in a humid
U.S. Coastal Plain no-till corn site at Rocky Mount, North Carolina (fine
sandy loam soil), cover crops did not reduce bulk density after three
years (e.g., bulk density was 1.52 and 1.47 Mg m~ under wheat and
hairy vetch cover crops, respectively while it was 1.44 Mg m~ under no
cover crop), indicating a lack of advantage on soil compaction mitiga-
tion (Wagger and Denton, 1989). In a review of cover crops’ ecosystem
services, Blanco-Canqui et al. (2015) concluded that changes in bulk
density and soil compaction would be a function of the duration of cover
cropping and cover crop management, and effects may be neutral in
short term.

3.2. Role of cover crop roots in soil chemical processes

Cover crop roots play a central role in regulating soil chemical pro-
cesses by reducing nutrient losses, enhancing nutrient cycling, and
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contributing to carbon sequestration, thereby supporting long-term soil
fertility and environmentally sustainable nutrient management (Fig. 4).
By actively taking up nutrients, cover crop roots limit nitrogen and
phosphorus leaching and runoff, thereby lowering the risk of eutrophi-
cation (Daryanto et al., 2017; Dorissant et al., 2022; Dybowski et al.,
2020; Fageria et al., 2014; Liang et al., 2025; Nouri et al., 2022). This
function is particularly important in the off-season, when no cash crop is
present to absorb nutrients. Deep-rooted species, such as rye and radish
are “nutrient pumps”, scavenging nitrate and other mobile nutrients
from deeper horizons and returning them to the surface profile as their
residues decompose (Kruse and Nair, 2016; Pi et al., 2023; Saha et al.,
2011; Stanchi et al., 2015; Zhang et al., 2022a; Zhao et al., 2023). In
addition, improved soil structure and microbial activity associated with
cover crop roots enhance organic nitrogen mineralization, increasing
plant-available forms and improving nitrogen-use efficiency (Curtright
et al., 2024; Kristensen and Thorup-Kristensen, 2004; Murrell et al.,
2020; Nicole et al., 2021; Nouri et al., 2022; Smukler et al., 2012; Thapa
et al., 2018a).

Cover crops can also alter the rhizosphere chemistry. Protons (H*
ions) released during nutrient uptake, particularly ammonium, acidify
the rhizosphere, improving the solubility of otherwise unavailable nu-
trients such as phosphorus, iron, and manganese. For example, lupins
(Lupinus spp.) and crimson clover (Trifolium incarnatum) strongly acidify
the rhizosphere mobilizing phosphorus and micronutrients in nutrient-
depleted soils (Bolan et al., 2025; Lambers et al., 2006; Pearse et al.,
2009). Enhanced nutrient retention and cycling ultimately benefit cash
crop yields: Spargo et al. (2016) reported that a hairy vetch (Vicia villosa)
cover crop, planted in autumn and terminated in spring right before corn
planting, increased early corn nitrogen uptake by 76% and corn grain
yield by 53% compared to fallow treatments in the mid-Atlantic United
States on a Codorus silt loam soil. Cover crop roots play a crucial role in
soil carbon sequestration by contributing biomass to long-term organic
carbon pools (Fig. 4) (Bolan et al., 2025; Dasgupta and Mahanty, 2024;
McCauley and Barlow, 2023; Zhang et al., 2023). Root-carbon in-
teractions encompass the processes through which roots deposit,
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transform, and stabilize carbon in the soil, directly influencing soil
carbon storage and supporting healthy microbial ecosystems (Poeplau
and Don, 2015; Sadeghi and Raeini, 2016; Sokol et al., 2019). Beyond
biomass inputs, roots continuously release rhizodeposits- exudates,
mucilage, and sloughed cells that serve as immediate microbial sub-
strates and contribute to the formation of mineral-associated organic
carbon (Sokol et al., 2019). While these labile inputs cycle rapidly
through microbial pathways, root biochemical compounds, such as
lignin and suberin, persist longer in the soil, gradually integrating into
stable carbon fractions. This slow turnover supports the accumulation of
soil organic matter and long-term carbon storage (Amsili and Kaye,
2021; Beillouin et al., 2021; Fulton-Smith and Cotrufo, 2019; Matheus
et al., 2020; Spielvogel et al., 2006). Most studies have reported root
effects on soil organic carbon within the upper 30 cm of soil (Amsili and
Kaye, 2021; Jackson et al., 2003; Sainju et al., 2006), but roots can in-
fluence carbon dynamics at greater depths (Kell, 2012; Rasse et al.,
2005). Therefore, understanding the distribution of root biomass
throughout the soil profile is critical for assessing the potential for deep
carbon sequestration (Peixoto et al., 2022; Wong et al., 2024). Traits
that enable cover crops to develop persistent root systems are particu-
larly valuable, as they enhance carbon retention and stabilization
(Griffiths et al., 2022).

Because roots decompose more slowly, are more stable, and release

fixed carbon release
) into the rhizosphere
LEls via root exudates
AN
Mustard (Brassica)
(Tap-rooted)

Root Exudates
‘e @ Sugars
Amino acids

Organic acids

Egyptian clover
(Fibrous-rooted) roots)
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less CO5 than aboveground biomass, cover crop root systems often
contribute more to the soil organic carbon pool than shoots (Beillouin
et al., 2021; Gale et al., 2000; Kong and Six, 2010; Matheus et al., 2020;
Wilhelm et al., 2004). Root contributions to soil organic carbon pools
can reach up to 75% of the total organic carbon inputs (Gale et al., 2000;
Gale and Cambardella, 2000), emphasizing their role in soil carbon
sequestration. Species such as cereal rye and hairy vetch are notable for
producing extensive root systems with high biomass that persist in the
soil (Austin et al., 2017; Pisarcik et al., 2024; Thapa et al., 2018b),
whereas sunn hemp (Crotalaria juncea), with its deep taproot and high
lignin content, is particularly effective at stabilizing carbon in deeper
soil layers (Baitsaid et al., 2018; Kell, 2012; Rasse et al., 2005; Srikavi
and Mekala, 2023). A high root-to-shoot ratio further enhances soil
organic carbon sequestration by allocating more biomass belowground
(Redin et al., 2018; Saadat et al., 2025). Belowground decomposition is
slower than surface residue decomposition due to lower microbial ac-
tivity, limited oxygen levels, and greater physical protection within soil
aggregates (Qin et al., 2023). However, trade-offs can arise. For
example, Peng et al. (2025) reported that combining cover crops with
no-tillage increased soil greenhouse gas emissions, primarily due to
elevated respiration, despite reducing nitrate leaching in rainfed
corn-soybean fields (Blount silt loam soil) near Fort Wayne, Indiana,
USA. While aboveground biomass contributes less to soil organic carbon

Shallow, dense
roots support
microbial
proliferation
near the soil
surface

Root exudates serve as energy

Flavonoids
Glucosinolates

Phenolics

Repel soil-borne
pathogens

Recruit nitrogen-fixing
rhizobia, which promote
biofilm formation

Stimulate AMF
colonization and
hyphal elongation

sources and chemical signals
that attract and repel specific
microbial groups

Taproot creates
vertical channels
influencing
microbial
colonization at
lower depths

Attract microbes that
produce key extracellular
enzymes for carbon and
nitrogen cycling processes

Fig. 5. Root-mediated biological interactions in the rhizosphere of cover crops. Cover crop roots release 5-21% of photosynthetically fixed carbon as exudates,
including sugars, amino acids, organic acids, flavonoids, glucosinolates, and phenolics that shape microbial community structure and function. Tap-rooted species,
such as mustard and hairy vetch, form vertical biopores, enhancing microbial colonization at depth, whereas fibrous-rooted species, such as Egyptian clover, promote
surface-level microbial activity. Exudates act as signals and energy sources that (i) stimulate arbuscular mycorrhizal fungi (AMF) colonization, (ii) promote biofilm
formation through nitrogen-fixing rhizobia, (iii) suppress pathogens, and (iv) activate microbial enzymes for carbon and nitrogen cycling.
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than roots, it remains essential for functions such as soil surface pro-
tection, moisture retention, and weed suppression.

3.3. Role of cover crop roots in soil biological processes

Soil biological processes underpin the long-term sustainability of
agroecosystems by regulating nutrient cycling, soil fertility, biological
resilience, and ecosystem stability. These processes are primarily regu-
lated by the vitality, abundance, and metabolic activity of microbial
communities, nematodes, and earthworms (Angst et al., 2022;
Cozim-Melges et al., 2025; Lu et al., 2020). Active microbial populations
drive organic matter decomposition, CO; release, and nutrient cycling,
forming the basis for nitrogen mineralization, biological nitrogen fixa-
tion, and suppression of soil-borne pathogens (Blagodatskaya and
Kuzyakov, 2013; Wagg et al., 2014). Cover crop traits and root exudates
strongly influence microbial dynamics shaping the rhizosphere and
driving soil biological processes (Fig. 5).

3.3.1. Cover crop root - microbe interactions

Root exudates, comprising sugars, amino acids, organic acids, phe-
nolics, flavonoids, and other metabolites, are primarily released from
root tips, border cells, and lateral root emergence sites (Bais et al.,
2006). Between 5% and 21% of a plant’s fixed carbon can enter the
rhizosphere through exudation (Badri and Vivanco, 2009; Yetgin,
2023). Exudate composition varies among cover crops. For example,
Egyptian clover (Trifolium alexandrinum) and white mustard (Sinapis
alba) release high amounts of simple sugars and amino acids, brassicas
exude phenolic acids and glucosinolates, and legumes, such as hairy
vetch, produce flavonoids and organic acids (Heuermann et al., 2023;
Seitz et al., 2024). These compounds act as energy sources and signaling
molecules that selectively recruit specific microbial groups. For
instance, sorgoleone from sorghum alters the bacterial community
composition by suppressing nitrifiers such as Nitrosomonas europaea,
while enriching taxa involved in carbon cycling, including Nocardia and
Methylophilaceae (Wang et al., 2021,2021). Wheat exudes phenolic acids
in cultivar-specific patterns (Wu et al., 2001), which contribute to the
selective recruitment of rhizobacteria such as Pseudomonas spp. (Hu
et al., 2018). Chemotaxis—the directed movement of microbes toward
or away from chemical stimuli—further facilitates root colonization,
with beneficial microbes responding to specific root exudate gradients
(Feng et al., 2021). Through these mechanisms, cover crop roots reshape
the composition, diversity, and assembly of the microbial community
(Cazzaniga et al., 2023; Kim et al., 2020; Thapa et al., 2021; Zhao et al.,
2022). For example, oilseed radish (Brassicaceae) promotes Pseudo-
monadaceae while repressing Microascaceae, and lentil (Fabaceae)
broadly stimulates fungal taxa such as Trichocomaceae and Glomerales
(Cazzaniga et al., 2023). Recent research has also demonstrated that
legume and cereal cover crop roots impose distinct microbial legacies
that persist in subsequent maize crops (Shi et al., 2025). Legume roots,
through nitrogen-fixing symbioses and organic acid exudation, reduced
microbial groups that inhibit maize growth while enriching taxa such as
Nonomuraea and Pedomicrobium, which promote maize biomass. In
contrast, grass roots stimulated taxa that compete for nitrogen, resulting
in significant reductions in maize biomass.

Cover crop roots influence soil microbial communities not only
taxonomically but also functionally, as reflected by shifts in functional
genes that serve as molecular markers for microbial nutrient-
transforming capacity. Long-term field studies have illustrated these
effects. In a 36-year, rainfed continuous cotton experiment on a Lex-
ington silt loam soil of Jackson, Tennessee, USA, hairy vetch, grown
under both conventional tillage and no-tillage, increased the abundance
of key nitrogen-cycling genes, including nifH (nitrogen fixation), amoA
(ammonia oxidation), nirK and nirS (nitrite reduction/denitrification),
and nosZ (nitrous oxide reduction), relative to both no-cover and winter
wheat treatments (Hu et al., 2021). Similarly, Brtnicky et al. (2021)
reported a higher abundance of phoD genes (organic phosphorus
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mineralization) in white clover rhizospheres than in bulk soil under
rainfed conditions in Troubsko, Czech Republic on silt to silty-loam
Haplic luvisol soils. Li et al. (2024) found that combining white clover
with orchard grass increased the abundance of genes linked to carbon
fixation and nitrogen metabolism pathways in the rhizosphere in Hefei,
Anhui Province, Southeast China. Controlled microcosm studies have
further demonstrated that exudates from cereal rye and sorghum can
reprogram microbial functional trajectories, enriching nitrite oxidizers,
stimulating  phytohormone-related pathways, and redirecting
nitrogen-cycling activity (Seitz et al., 2024).

Cover crop roots support symbiosis with AMF, which form special-
ized structures called arbuscules within root cortical cells (Ebbisa, 202.3;
Qiu et al., 2024). These arbuscules facilitate water and nutrient acqui-
sition, particularly phosphorus and micronutrients, from soil zones
otherwise inaccessible to roots, with AMF receiving the carbon fixed by
plant photosynthesis (Ebbisa, 2023; Qiu et al., 2024). Root traits influ-
ence AMF colonization, and exudates play a critical role in signaling and
hyphal stimulation (Ebbisa, 2023; Steinkellner et al., 2007).

Root exudates also provide energy for rhizosphere microbes that
produce extracellular enzymes that break down organic residues into
forms accessible to both microbes and plants (Elhaddad et al., 2024;
Seitz et al., 2023; Wang et al., 2021b). For example, exudates from hairy
vetch enhance the activity of key carbon-cycling enzymes such as
B-glucosidase and cellulase, which degrade cellulose, hemicellulose, and
other plant polymers into glucose and simpler sugars (Elhaddad et al.,
2024; Mubvumba and Tyler, 2024). This accelerates carbon turnover in
the rhizosphere, promotes residue decomposition, and improves soil
health (Pett-Ridge et al., 2021).

Cover crop root traits, such as rooting depth, lateral spread, and
branching density, strongly influence microbial colonization patterns
and shape oxygen gradients and nutrient distribution within the rhizo-
sphere (Amadou et al., 2021; Hudek et al., 2022; Ogilvie et al., 2021;
Wendel et al., 2022). For instance, the taproot of daikon radish
(Raphanus sativus var. longipinnatus) penetrates deep into the soil,
forming vertical channels that promote microbial colonization at lower
depths, whereas the shallow, dense root systems of species such as
phacelia (Phacelia tanacetifolia) enhance microbial proliferation in upper
soil layers (Amadou et al., 2021; Hudek et al., 2022; Ogilvie et al., 2021;
Seitz et al., 2024). Leguminous cover crops, such as hairy vetch and
crimson clover are also effective at supporting dense microbial com-
munities in surface soils (Koudahe et al., 2022; Mubvumba and Tyler,
2024). High fine root density and expanded surface area increase the
spatial extent of microbial colonization and the delivery of labile carbon
to the rhizosphere (Amadou et al., 2021; Ogilvie et al., 2021; Seitz et al.,
2024). Chaparro et al. (2014) reported that microbial community
composition shifts dynamically in response to root system development
over time, underscoring the influence of root structural traits on rhizo-
sphere microbial dynamics. Functional root traits further determine the
effectiveness of cover crops in facilitating decomposition. High root-hair
density and extensive lateral root proliferation expand the rhizosphere
volume, creating broader zones of microbial activity where residue
breakdown can occur (Zhang et al., 2022a). Additionally, root traits
improve soil aeration and moisture retention, which are two key factors
that sustain microbial and enzymatic activity in decomposition zones
(Zhang et al., 2022a).

The diversity and activity of beneficial rhizosphere microbes under
cover cropping also strengthen soil suppression of pathogens (Peralta
et al., 2018). Root exudates and structural traits help create rhizosphere
conditions that favor beneficial microbes over pathogens (Hu et al.,
2018). For instance, brassicas such as Indian mustard (Brassica juncea)
release bioactive compounds, such as isothiocyanates, which suppress
pathogens like Fusarium oxysporum (Liu et al., 2021,2021), the causal
agent of Fusarium wilt. Similarly, Dawadi et al. (2019) found that
incorporating a mixture of crimson clover and annual ryegrass (Lolium
multiflorum) into nursery soils reduced the prevalence of Rhizoctonia
solani, which causes root rot and damping-off.
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3.3.2. Cover crop root- soil macro-biota interactions

Beyond microbes, cover crop roots influence higher trophic levels in
the soil food web, notably nematodes and earthworms, which in turn,
regulate microbial turnover, nutrient cycling, and soil structure. Diverse
root architectures and exudate profiles can shift nematode community
composition, often increasing the abundance of bacterial- and fungal-
feeding nematodes that accelerate organic matter mineralization,
while suppressing populations of plant-parasitic nematodes (Garba
et al., 2024; Marquez and Hajihassani, 2023; Wang et al., 2022). For
example, brassica cover crops release bioactive compounds with
nematicidal properties, reducing root-knot nematode densities and
mitigating damage to subsequent crops (Garba et al., 2024; Mcsorley,
2011). Earthworms also respond positively to root-driven increases in
organic matter inputs, functioning as ecosystem engineers that directly
and indirectly enhance soil biological processes (Akhila and Entoori,
2022; Lemtiri et al., 2014). Burrowing and casting activities improve soil
aeration, water infiltration, and aggregate stability, facilitate the
incorporation of organic residues into mineral soil to form humus, and
redistribute nutrients (Akhila and Entoori, 2022). Nutrient-rich casts act
as hotspots for microbial activity, enzyme production, and nutrient
cycling, accelerating the decomposition of organic matter and the
mineralization of nitrogen and phosphorus (Akhila and Entoori, 2022;
Blouin et al., 2013). Cover crop species vary in their capacity to support
earthworm populations. Fibrous-rooted grasses and legumes, in partic-
ular, provide continuous root-derived carbon and stable pore networks
that foster earthworm abundance and activity (Bertrand et al., 2015;
Blanco-Canqui, 2022; Pelosi et al., 2020).

3.3.3. Nodulation and biological nitrogen fixation

Leguminous cover crops contribute to biological nitrogen fixation,
enriching soil fertility and reducing dependence on synthetic fertilizers.
Fixed nitrogen becomes available to subsequent crops upon residue
decomposition (Curtright et al., 2024; Murrell et al., 2020; Nicole et al.,
2021; Nouri et al., 2022; Smukler et al., 2012; Thapa et al., 2018a). The
reported amounts of fixed nitrogen inputs range from ~ 30-200 kg N
ha! per growing season, depending on species and management
(Brennan and Boyd, 2012; Maham et al., 2020). Teasdale et al. (2008)
reported that hairy vetch, as a single species or in a mixture with rye,
accumulated ~200 kg N ha! in a humid mid-Atlantic U.S. no-till sweet
corn system (loamy sand soils) at Beltsville, Maryland. More typically,
hairy vetch contributes ~70-80 kg N ha~! under favorable conditions,
whereas clovers often contribute ~50-60 kg N ha~! (Kirchmann et al.,
2007). Brennan and Boyd (2012) estimated ~57-76 kg N ha™! fixed by
legume (purple vetch, faba bean, and field pea)-rye mixtures in an
irrigated organic vegetable system with Chualar loamy sandy soil in
Central Coast, California, USA.

The nodulation process is initiated and shaped by root-specific
chemical signaling. Flavonoids exuded by legume roots induce the
expression of nodulation (nod) genes in compatible rhizobia, leading to
the synthesis of nod factors. Upon host recognition of nod factors, root
hair curling occurs, followed by infection thread formation (Oldroyd
et al., 2011; Roy et al., 2020). This signaling highlights the role of
flavonoid root exudation in determining infection success and the dis-
tribution of nodules across the root system (Oldroyd, 2013). Some
legume cover crops exhibit broad or preferential compatibility with
indigenous rhizobial populations, partly because their root exudate
profiles effectively induce nod gene expression in locally adapted diaz-
otrophs. Species such as clovers (Trifolium spp.), vetches (Vicia spp.), and
peas (Pisum spp.) typically nodulate successfully without inoculation in
most soils, reflecting compatibility with resident rhizobia and a response
to the host plant's flavonoids and isoflavonoids (Fustec et al., 2010;
Peoples et al., 2009; Schipanski et al., 2014). Repeated cultivation of
these legume cover crops can increase the abundance of symbiotically
effective rhizobial populations in soil (Sulieman and Tran, 2016; Mah-
mud et al., 2020). Enrichment is driven by selective stimulation of
compatible rhizobia during successive cycles of root exudation,
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infection, and nodule turnover. Such enrichment may create a biological
legacy, increasing the pool of host-compatible diazotrophs, contributing
to more effective nodulation and earlier symbiotic establishment in
subsequent legume crops, particularly in soils with historically low
rhizobial populations.

4. Maximizing cover crop root benefits through management
practices

As outlined above, cover crop root systems provide substantial
agronomic and ecological benefits. When effectively managed, they
enhance cash crop yield potential and resource use efficiency through
improvements in soil biological, physical, and chemical processes.
However, consistent success depends on selecting cover cropping sys-
tems, species, tillage practices, and management strategies that are
suited to local soil, climate, and farm conditions. These choices deter-
mine how long roots remain active, how deeply and widely they will
grow, and how well they support soil functions such as aggregation,
nutrient cycling, water regulation, and microbial activity.

4.1. Choosing the cover crop system

The design of the cover cropping system, whether it be sole cover
crops, interseeding, relay cropping, or living mulches (Fig. 6), strongly
influences root growth patterns and their contributions to belowground
processes. Each system shapes the timing, distribution, and persistence
of root activity, thereby affecting the soil structure, organic matter
turnover, and microbial dynamics in distinct ways. Sole cover cropping
involves planting cover crops independently of cash crops, either as a
single species or as a mixture (Clark, 2007; Snapp et al., 2005). In the
United States, they are typically sown in autumn following the harvest of
the previous summer cash crop or in early spring before summer
planting of the next cash crop, depending on regional conditions.
Autumn-sown cover crops usually grow for three to six months, pro-
ducing more root biomass, stimulating greater rhizosphere microbial
activity, and improving soil structure more than spring plantings, which
persist for only six to ten weeks (Clark, 2007; Snapp et al., 2005). For
example, autumn-planted rye has been shown to produce higher root
biomass and soil enzyme activity than spring-planted rye (Basche et al.,
2016; McDaniel et al., 2014; Mirsky et al., 2011; Mischler et al., 2010;
Wagstaff and Thelen, 2011). Similarly, hairy vetch grown across the
autumn-spring season accumulated more nitrogen and stimulated
greater microbial biomass than spring-planted vetch, due to the longer
growth duration and sustained root exudation and residue inputs (Clark,
2007; Mohammadi and Ghobadi, 2010; Wiggins et al., 2017).

Interseeding involves introducing cover crops into a standing cash
crop during its early to mid-vegetative stages, allowing both root sys-
tems to develop simultaneously. This approach exploits the underutil-
ized niches between crop rows, enhancing resource capture and
stimulating soil biological activity (Brooker et al., 2020; Klopp, 2024;
Mohammed et al., 2020). For example, interseeding hairy vetch into
no-till soybean under rainfed conditions stimulated microbial biomass
and increased active carbon pools in the coastal-plain fields (Kempsville
fine sandy loam, Suffolk loamy sand, and Atlee silt loam soils) of eastern
Virginia, USA (Norris, 2015). Similarly, red clover (Trifolium pratense)
interseeded with no-till sweet corn contributed biologically fixed ni-
trogen and elevated residual soil nitrogen in south-central Wisconsin
(Plano silt loam soil), USA (Francis, 2020; Gaudin et al., 2013). Cereal
rye interseeded into no-till soybean maintained soil cover and enhanced
soil health parameters during late-season cash crop growth under rain-
fed conditions in the midwestern United States (Clarion loam/Webster
clay loam soils in Iowa and silty clay loams in Illinois) (Patel, 2020;
Ruffatti et al., 2019).

Relay cropping involves sowing cover crops into a standing cash crop
before harvest, thereby extending root activity across seasonal transi-
tions (Blanco-Canqui et al., 2015; Lauriault et al., 2018). Early
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Fig. 6. Examples of cover cropping systems: (A) Sole cover cropping (crimson clover), (B) Interseeding (buckwheat interseeded into maize. In this system, buckwheat
will typically be terminated before maize harvest), (C) Relay cropping (soybean cover crop relayed into maize. In this system, soybeans will typically be terminated
after maize harvest, extending root activity beyond the maize season), and (D) Living mulch system (perennial ryegrass as a living mulch in an apple orchard).

establishment supports deeper rooting, greater early biomass, and
nutrient capture during periods when soil resources are often underu-
tilized (Griffiths et al., 2022; Homulle et al., 2022). For example, Kaspar
etal. (2012) reported an advantage of oat cover crop relayed with no-till
corn and soybean on Canisteo and Nicollet soils at Ames, Iowa, USA such
that the oat cover reduced nitrate losses by ~26%. However, the success
of this approach depends on timing; late cash crop senescence or poor
weather may limit cover crop establishment and reduce soil benefits
(Lauriault et al., 2018).

Living mulch systems maintain perennial or semi-perennial cover
crops as continuous ground cover supporting year-round root activity
(Brennan and Smith, 2018; Hartwig and Ammon, 2002). Continuous
rooting provides steady carbon inputs, root turnover, and microbial
habitats, enhancing long-term soil structure and carbon storage (Tarrant
et al., 2020; Woolf and Lehmann, 2012). For instance, a white clover
living mulch can increase soil organic matter, improve porosity, and
enhance infiltration (Hill et al., 2021). However, without timely man-
agement (e.g., mowing, strip-tillage), living mulches may compete with
cash crops for water and nutrients, especially in drought-prone or
nutrient-limited systems (Hartwig and Ammon, 2002).

Overall, the effectiveness of each system hinges on balancing root-
driven benefits—such as biomass production, microbial stimulation,
and soil aggregation—against risks like resource competition and
management complexity. Strategic coordination of cover crop choice,
planting and termination timing, and management practices tailored to
system goals is essential. Understanding how different systems influence
root architecture, turnover, and rhizosphere processes will enable
farmers to better align cover crop systems with soil health, resilience,
and agroecosystem services.

4.2. Selecting tillage practice

Tillage practices strongly influence root architecture, root channel
persistence, soil porosity, and microbial activity, which determine the
effectiveness of cover crop roots in improving soil health and agro-
ecosystem function. Conventional tillage methods, such as moldboard
plowing and repeated disking or harrowing, cause substantial mechan-
ical disturbance (Acar et al., 2018; Guo et al., 2016; Villamil et al.,
2006). Although they can facilitate field preparation and improve
short-term planting conditions, they disrupt soil aggregates, destroy
macropores, and accelerate organic matter decomposition (Acar et al.,
2018). These disturbances often restrict cover crop roots to shallow
layers with limited access to subsoil moisture and nutrients (Guo et al.,
2016; Kochiieru et al., 2020). For example, fibrous-rooted species, such
as cereal rye and annual ryegrass, typically exhibit reduced root biomass
and rooting depth under conventional tillage due to compaction and

disrupted pore continuity (Villamil et al., 2006; Wortman et al., 2012).

Conservation tillage reduces soil disturbance and maintains surface
residue, creating conditions that support long-term soil health, extended
root activity, and beneficial rhizosphere interactions (Guo et al., 2016;
Tautges et al., 2019).

Within conservation tillage, several approaches vary in disturbance
level and their effects on root processes. Reduced tillage involves
moderate soil disturbance, retaining 15-30% of the surface residue
(Indiana State Department of Agriculture, 2021; Stichler, 2006).
Strip-till disturbs only narrow seed zones, leaving the residue between
the rows intact (Haramoto and Brainard, 2012; Jaskulska et al., 2018).
Jaskulska et al. (2018) reported a more uniform establishment of winter
rapeseed under strip-tillage than under conventional tillage on Cambisol
soils under rainfed conditions in a low-rainfall region of northern
Poland, potentially due to strip till leading to better rooting and initial
plant development. Mulch-till uses full-width tillage but preserves sub-
stantial residue, buffering soil conditions and supporting early root
development. Mulch-till has been shown to improve soil physical
properties, particularly benefiting legumes by promoting lateral and fine
root proliferation under warm climates (Blanco-Canqui and Lal, 2009;
Dung et al., 2022; Mondal et al., 2019). Ridge-till confines soil distur-
bance to raised ridges, leaving inter-row soil intact. This stratified
approach maintains microbial hotspots and biopores that encourage
vertical root expansion in the soil. No-till systems, which leave the soil
largely undisturbed, offer the most favorable conditions for root devel-
opment. For example, Sainju et al. (2005) observed greater root biomass
of irrigated sorghum under no-tillage (548 kg ha™') than under con-
ventional chisel tillage with no ground cover (218 kg ha™) in central
Georgia, USA (Dothan sandy loam soil).

Overall, conservation tillage provides a more favorable environment
than conventional tillage for root proliferation, microbial colonization,
and biogeochemical cycling. By preserving soil structure, reducing
compaction, and maintaining pore networks, conservation tillage sys-
tems allow cover crop roots to function more effectively as “biological
engineers” ultimately enhancing soil health, resilience, and
sustainability.

4.3. Selecting the cover crop

Selecting the appropriate cover crop species is a critical management
decision that largely determines the type and extent of soil benefits
delivered by the cover crop roots. Cover crops differ in rooting depth,
architecture, exudation patterns, and interactions with soil biota, and
are often grouped into three broad functional types: legumes, brassicas,
and grasses. Legumes (e.g., hairy vetch, crimson clover) develop
moderately deep, fine roots with nodules that fix nitrogen. They
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stimulate microbial activity through nitrogen-rich exudates but
contribute less to long-term carbon storage due to low root C:N ratios
(Griffiths et al., 2022; Johnson et al., 2021; Poeplau and Don, 2015; Seitz
et al., 2024). Brassicas (e.g., forage radish, mustard) produce large
taproots that penetrate compacted subsoils, physically improving soil
structure through biodrilling. However, their roots decompose rapidly
after termination, limiting their persistence (Bodner et al., 2014;
Marcinkeviciené et al., 2022; Rosolem and Pivetta, 2017). Grasses (e.g.,
rye, annual ryegrass) form dense, fibrous root systems concentrated in
the upper soil layers (Wittwer et al., 2017; Wittwer and Van Der Heijden,
2020). These roots stabilize surface aggregates and gradually build
organic matter through slower-decomposing residues (Basche and
DeLonge, 2019; Poeplau and Don, 2015). Within these groups, species
vary widely in function. For instance, hairy vetch develops deep, fine
roots with long-lasting rhizobia-rich nodules (Poffenbarger et al., 2015;
Sainju et al., 2005), whereas field pea has a shallower root profile and
shorter nodulation period, limiting its nitrogen contribution (Boeglin
et al., 2022; Johnson et al., 2021; Seitz et al., 2024). Among grasses,
cereal rye forms dense, fibrous root mats that strongly stabilize surface
aggregates (Crawford et al., 2018; Rai, 2022; Ruis et al., 2020), whereas
oat (Avena sativa) produces coarser short-lived roots (Basche and
DeLonge, 2019; Ruis et al., 2020). Among brassicas, forage radish cre-
ates rapid biopores but decomposes quickly (Martinez et al., 2019;
Solangi et al., 2024), whereas rapeseed has a more branched system with
moderate penetration but greater residue longevity (Johnson et al.,
2021; Martinez et al., 2022).

Species mixtures often outperform monocultures by integrating
complementary root traits. Beyond increases in total root biomass and
root length density (Barel et al., 2019), cover crop mixtures modify soil
processes through contrasting root traits of component species that
operate simultaneously in space and time (Barel et al, 2019;
Thorup-Kristensen et al., 2020). Differences in root diameter, branching
density, and vertical penetration depth enhance pore continuity and
connectivity, improving both aggregate stability and vertical water and
solute movement compared with single-species cover crops (Rillig et al.,
2015; Six et al., 2004; Williams and Weil, 2004). Deep-rooted species
facilitate subsoil exploration and nutrient uplift, while shallow-rooted
species intensify nutrient interception in surface layers, creating syner-
gistic nutrient acquisition across soil horizons (Couédel et al., 2018;
Thorup-Kristensen et al., 2020). In addition, species-specific rhizosphere
effects, such as localized pH modification, organic acid release, and
different carbon inputs, promote greater microbial diversity and func-
tional heterogeneity (Canarini et al., 2019; Storkey et al., 2019). The
strength of these interactions depends on soil and climate conditions,
with cover crop mixtures providing the greatest benefits in compacted,
nutrient-limited, or water-limited soils where complementary rooting
patterns reduce key constraints (Dabney et al., 2001; Finney et al.,
2016). Thus, careful selection or mixing of species tailored to manage-
ment goals is essential to maximize soil improvement and long-term
system performance.

4.4. Optimizing cover crop cultural practices

Cultural practices determine not only whether roots establish suc-
cessfully, but also how long they grow, persist, and interact with soil and
microbial communities. Management factors such as planting time and
methods, seeding rate, and termination strategies strongly influence the
spatial and temporal expression of root traits (Clark, 2007; Murrell et al.,
2017). To maximize belowground benefits, cultural management should
be tailored to site-specific environmental and agronomic conditions,
including climate, soil type, and target cash crops.

Planting time sets the length of the active growth window and shapes
root development. In the United States, early seeding—generally 6-10
weeks before the first frost for autumn-planted species or during the
early vegetative stages of the cash crop in intercropped system-
s—promotes greater root biomass, deeper soil penetration, stronger
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microbial activation, and favorable soil moisture conditions (Clark,
2007; Finney et al., 2017). Late seeding—generally less than four weeks
before the first frost for autumn-planted species and during advanced
cash crop stages for interseeded cover crops—typically results in poor
establishment and root and microbial contributions (Mirsky et al., 2012;
Sievers and Cook, 2018). However, the definitions of “early” or “late”
planting vary with the cropping strategy. It is also important to note that
the first frost is only a practical guideline, as root activity declines when
soil temperatures fall below species-specific thresholds, regardless of
calendar frost dates (Yang et al., 2021).

Seeding rate affects root system density, distribution, and competi-
tion among plants. Higher rates can enhance canopy closure and root
biomass, but may intensify intra-specific competition if not aligned with
species-specific growth habits, such as rooting depth, lateral spread, and
crowding sensitivity (Hadir et al., 2025; Homulle et al., 2022). Deep- or
wide-rooted species generally require lower densities to develop fully,
while compact- or shallow-rooted species tolerate higher seeding rates
without functional compromise (Hadir et al., 2025; Homulle et al., 2022;
Kemper, 2024; Wong et al., 2024). Conversely, low seeding rates may
reduce competition but risk uneven establishment and patchy root
development, particularly under suboptimal germination conditions
(Feng et al., 2024).

Termination timing determines whether root systems reach func-
tional maturity. In the United States, autumn-sown cover crops are
typically terminated 2-3 weeks before planting the following cash crop
(Clark, 2007; Mirsky et al., 2009). Termination outside this window is
generally classified as early or late, each with specific agronomic
trade-offs (Kaye and Quemada, 2017). Early termination may prevent
full root development, thereby limiting biopore formation and long-term
soil benefits (Griffiths et al., 2022; Lucas et al., 2022; Wong et al., 2024).
Late termination can increase competition for water and nutrients,
particularly in regions with erratic spring rainfall (Murrell et al., 2017).
For example, late-terminated sorghum can reduce subsequent crop
yields by up to 28% in dryland systems due to soil water depletion
(Zhang et al., 2023). In interseeded or living mulch systems, cover crops
may not be actively terminated but are instead suppressed by environ-
mental factors or competition with cash crop (Ogilvie et al., 2021;
Quintarelli et al., 2022).

Termination methods also shape belowground outcomes. Mechani-
cal approaches, such as roller crimping, preserve root systems, slow
decomposition, and sustain microbial activity through the gradual
nutrient release. Herbicide termination accelerates residue breakdown,
creating a short-term nutrient pulse but fewer lasting soil benefits (Price
et al., 2019; SARE Outreach, 2020). The effects on root-associated mi-
crobes depend on the herbicide type and soil conditions. Frost termi-
nation of sensitive species functions similarly to mechanical methods,
leaving roots intact and decomposing slowly, thereby improving the soil
structure, carbon retention, and microbial habitat.

Overall, optimizing cultural practices is essential for realizing the full
potential of cover crops in sustainable agriculture. Aligning manage-
ment with local conditions ensures that roots support microbial activity,
nutrient cycling, and soil structure. In contrast, poorly timed or mis-
matched practices may reduce these benefits or even lead to competition
with the cash crop. Importantly, the effects of cultural practices interact
with other management decisions, including cropping system, tillage,
and species selection, to determine overall root performance and soil
health outcomes (Blanco-Canqui and Ruis, 2018; Tautges et al., 2019).
When coordinated effectively, these factors provide substantial benefits;
when misaligned, they can undermine system performance.

5. Breeding for cover crop root traits to enhance belowground
interactions

Breeding cover crops for root traits is an emerging priority in sus-
tainable agriculture, which has the potential to improve soil health,
enhance nutrient-use efficiency, and promote long-term carbon
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sequestration. Unlike many commercial cash crops that have undergone
decades of intensive breeding, most cover crops remain genetically
underexplored, leaving substantial opportunities to harness below-
ground traits that contribute directly to key agroecosystem services. A
major challenge in root-focused breeding is the inherent complexity and
plasticity of root traits. Root system architecture, depth, branching
patterns, exudate composition, and symbiotic associations vary not only
by species but also in response to soil texture, moisture, nutrient avail-
ability, and microbial communities. This environmental dependency
complicates trait selection and renders traditional phenotypic screening
impractical on a large scale.

Genomic selection offers a powerful strategy for accelerating
breeding of complex root traits. Integrating whole-genome markers with
phenotypic data allows for the early prediction of root biomass, archi-
tecture, rhizodeposition, and functional trait expression. Marker-trait
associations have been identified for biomass in winter rye, and prog-
ress has been made in mapping nodulation and seed dormancy traits in
temperate forage legumes (Annicchiarico et al., 2023; Tilhou et al.,
2023). In buckwheat, genome-wide association studies across 117 ge-
notypes identified 73 QTLs linked to root surface area, volume, and
branching frequency—traits critical for drought tolerance and nutrient
acquisition (Singh et al., 2025).

Despite these advances, significant challenges remain. High
genotype-by-environment interactions, limited trait heritability, and
logistical constraints in phenotyping diverse, multi-species systems
complicate the selection for root traits. Root traits are highly plastic and
vary temporally with soil conditions, moisture, and planting density.
Phenotyping protocols must capture this variability while maintaining
throughput and cost efficiency. Standardized, scalable protocols for
evaluating root function under field conditions still constrain compa-
rability across studies.

Another major limitation is the scarcity of well-characterized cover
crop germplasm collections specifically targeting root traits. Histori-
cally, cover crop species have been selected primarily for agronomic
traits such as biomass accumulation or nitrogen fixation, with little
systematic evaluation of root system diversity. Pre-breeding efforts to
assemble and characterize diverse accessions across various environ-
ments will be essential for identifying novel alleles and trait combina-
tions relevant to breeding cover crops with enhanced belowground
functionality.

6. Emerging technologies

Advances in technology are expanding the capacity to measure root-
soil-environmental interactions with greater precision and relevance to
field conditions. Tools such as X-ray computed tomography (Zeng et al.,
2021), shovelomics combined with 3D modeling, and rhizotron-based
platforms allow detailed assessment of root morphology. Tube-based
platforms allow for the in-situ monitoring of rooting depth, angle, and
growth dynamics under field conditions (Odone and Thorup-Kristensen,
2025). For example, the RadiMax facility—consisting of 40-m-long,
V-shaped concrete beds filled with repacked soil—facilitates
high-throughput imaging and estimation of rooting depth and spatial
distribution through embedded minirhizotron tubes (Odone and
Thorup-Kristensen, 2025). Functional indices such as DeepRooty,
quantify vertical root distribution and identify zones of the most active
root growth, which are critical for traits such as drought tolerance and
nitrogen uptake efficiency (Odone et al, 2023). Artificial
intelligence-based tools, such as ChronoRoot (Gaggion et al., 2021) and
RootNav 2.0 (Yasrab et al., 2019), automate the estimation of root
architectural traits with high accuracy and temporal resolution,
enabling scalable, high-throughput phenotyping far beyond manual
methods.

Advances in 3D root phenotyping from field or simulated field
samples have greatly improved the amount of architectural information
that can be extracted, in many cases increasing heritability estimates of
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root system architectural traits (Dowd et al., 2022; Hein et al., 2025; S.
Liu et al., 2021; Shao et al., 2021; Wu et al., 2023). X-ray microscopy
(XRM) provides non-destructive, three-dimensional imaging of organs at
cellular and subcellular resolution, supporting comparative analyses
across developmental stages and species (Duncan et al., 2022, 2022,
2019; Jacobsen, 2020). Coupled with spatial transcriptomics, these ap-
proaches retain positional context while mapping gene expression
within tissues, linking molecular activity to structural features (Cox Jr
et al., 2022; Crosetto et al., 2015; Marx, 2021; Sun et al., 2023). Insights
from species-level comparisons, such as those in Fig. 7, reveal diversity
within single functional groups and illustrate how these methods can be
extended to assess functional diversity in cover crops of ecological and
agricultural relevance.

Molecular tools have further enhanced root trait assessment by tar-
geting root-microbe interactions rather than architecture alone. Tech-
niques such as quantitative PCR (qPCR), next-generation sequencing,
and fluorescence in situ hybridization (FISH) enable the direct quanti-
fication of AMF colonization and microbial interactions at the root
interface (Corona Ramirez et al., 2023; Wang et al., 2021). Pairing these
capabilities with Automatic Mycorrhiza Finder (AMFinder), a convolu-
tional neural network trained to detect AMF structures in stained root
images, provides high-throughput and standardized quantification of
symbiosis (Evangelisti et al, 2021). When combined with
depth-resolved soil core methods and image-based platforms such as
Rhizovision Explorer (Seethepalli and York, 2020) or WinRhizo (Regent
Instruments), AMFinder links colonization levels with root system
placement across soil depths, giving a more complete view of how
symbiosis varies among cover crop species and functional groups. In
parallel, biosensor-based assays using engineered microbes responsive
to root exudates, provide real-time monitoring of rhizosphere signaling
(Guyonnet et al., 2018; Rubia et al., 2020). These microbes contain re-
porter genes (e.g., lux, gfp) that are activated by specific exudate com-
pounds such as sugars, amino acids, or organic acids, producing
luminescent or fluorescent signals for non-destructive, temporally
resolved detection of root exudation patterns (Neelam and Tabassum,
2023; Porteous et al., 2000; Rubia et al., 2020).

Together, these emerging technologies move root research beyond
descriptive studies, enabling mechanistic insights into how roots
interact with soil and microbes under realistic field conditions. Their
integration across molecular, structural, and environmental scales al-
lows researchers to link trait expression with ecosystem functions such
as nutrient cycling, water capture, and stress resilience. Ultimately, this
toolbox enables cover crop research to identify and deploy root traits
that maximize both agricultural productivity and ecological
sustainability.

7. Conclusions and future directions

This detailed review highlights the key point that a paradigm shift is
necessary: rather than selecting cover crops primarily for biomass pro-
duction or nitrogen fixation, root trait diversity should be recognized as
a crucial driver of ecosystem function. The evidence synthesized here
demonstrates that root architectural diversity, rhizosphere processes,
and root-soil-microbe interactions play central roles in regulating soil
physical structure, nutrient cycling, and biological activity, which are
essential for agroecosystem sustainability. Despite their importance,
cover crop root traits remain under-characterized and poorly integrated
into selection and management strategies. Bridging this gap is essential
to move beyond generalized recommendations toward regionally
adapted, trait-informed cover crop systems. Achieving this goal will
require interdisciplinary efforts that integrate plant breeding, soil sci-
ence, and agroecology. Such coordinated efforts will (i) evaluate root-
soil interactions under field conditions across diverse environments
and cropping systems (e.g., assessing how deep-rooted species or species
mixtures perform under reduced tillage or in compacted soils), (ii)
identify root traits that confer desirable soil outcomes such as improved
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Fig. 7. X-ray microscopy (XRM) imaging of fixed and contrast-enhanced root nodules showing species-level structural diversity within legumes. Panels A&B are both
digital sections from XRM scans. (A) Determinate soybean nodule showing a ring of sclerenchyma cells located just below the epidermal cell layer. (B) Indeterminate
crimson clover nodule displaying distinct developmental zones of nodulation: meristem (m), infection (i), fixation (f), and senescence (s). (C) Three-dimensional
volume rendering of multiscale scans of the crimson clover nodule. The grayscale inset (corresponds to the yellow box in panel B) represents a region-of-interest
scan at higher contrast. Samples were prepared as described in Duncan et al. (2022). Scale bars A = 200pum, B = 300pm, C = 500pm. v, vasculature, rt, root. La-

bels based on Jhu and Oldroyd (2023).

pore connectivity, nutrient capture, and microbial functions, (iii)
develop phenotyping tools and datasets to guide species selection, and
(iv) enable practitioners to match specific cover crop species or mixtures
to soil constraints such as low fertility or poor structure rather than
relying on a biomass based cover crop selection.

Harnessing the full potential of cover crop root systems promises a
path toward resilient, regenerative agriculture. Aligning root traits with
site-specific goals and environmental constraints can enable the design
of cover crop systems that deliver consistent, multifunctional benefits.
Ultimately, this approach can transform cover cropping from a prom-
ising practice into a precision tool for agroecosystem sustainability.
Importantly, maximizing these benefits requires careful integration of
management practices, as poorly aligned approaches can diminish or
negate both soil and agronomic gains.

CRediT authorship contribution statement

Akanksha Sehgal: Writing — review & editing, Writing — original
draft. Rongzhong Ye: Writing — review & editing, Funding acquisition.

11

Luvina B. Madrid: Writing — review & editing, Writing — original draft,
Visualization, Validation, Methodology, Investigation, Formal analysis,
Data curation, Conceptualization. Christopher Topp: Writing — review
& editing, Resources. Sruthi Narayanan: Writing — review & editing,
Validation, Supervision, Resources, Project administration, Methodol-
ogy, Funding acquisition, Conceptualization. Kadambot H.M. Siddi-
que: Writing — review & editing, Resources. Kirsten Hein: Writing —
review & editing, Writing — original draft.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

Many thanks to Keith Duncan, Director of the X-ray Imaging Facility
at the Danforth Plant Sciences Center, for preparing and processing the



L.B. Madrid et al.

3D volumes and curating Fig. 7 and its legend. This work was supported
by the National Institute of Food and Agriculture, U.S. Department of
Agriculture, under award number (20213864034724) through the
Southern Sustainable Agriculture Research and Education program,
under sub-award number (LS22-374 and SUB00002854). This work was
also supported by Hatch Act, project award no. SC-1700691, from the U.
S. Department of Agriculture's National Institute of Food and Agricul-
ture. U.S. Department of Agriculture is an equal opportunity employer
and service provider. Any opinions, findings, conclusions, or recom-
mendations expressed in this publication are those of the author(s) and
do not necessarily reflect the view of the U.S. Department of Agriculture.
This publication is Technical Contribution No.7471 of the Clemson
University Experiment Station.

Data Availability
Data will be made available on request.

References

Abdollahi, L., Munkholm, L.J., 2017. Eleven years’ effect of conservation practices for
temperate sandy loams: ii. soil pore characteristics. Soil Sci. Soc. Am. J. 81, 392-403.
https://doi.org/10.2136/sssaj2016.07.0221.

Acar, M., Celik, L., Giinal, H., 2018. Effects of long-term tillage systems on aggregate-
associated organic carbon in the eastern Mediterranean region of Turkey. EURASIAN
J. SOIL Sci. EJSS 7, 51-58. https://doi.org/10.18393/ejss.335329.

Akhila, A., Entoori, K., 2022. Role of earthworms in soil fertility and its impact on
agriculture: a review. Int. J. Fauna Biol. Stud. 9, 55-63. https://doi.org/10.22271/
23940522.2022.v9.i3a.907.

Allam, M., Radicetti, E., Quintarelli, V., Petroselli, V., Marinari, S., Mancinelli, R., 2022.
Influence of organic and mineral fertilizers on soil organic carbon and crop
productivity under different tillage systems: a meta-analysis. Agriculture 12, 464.
https://doi.org/10.3390/agriculture12040464.

Amadou, 1., Houben, D., Faucon, M.-P., 2021. Unravelling the role of rhizosphere
microbiome and root traits in organic phosphorus mobilization for sustainable
phosphorus fertilization. a review. Agronomy 11, 2267. https://doi.org/10.3390/
agronomy11112267.

Amsili, J.P., Kaye, J.P., 2021. Root traits of cover crops and carbon inputs in an organic
grain rotation. Renew. Agric. Food Syst. 36, 182-191. https://doi.org/10.1017/
$1742170520000216.

Angst, G., Frouz, J., van Groenigen, J.W., Scheu, S., Kogel-Knabner, 1., Eisenhauer, N.,
2022. Earthworms as catalysts in the formation and stabilization of soil microbial
necromass. Glob. Change Biol. 28, 4775-4782. https://doi.org/10.1111/gcb.16208.

Annicchiarico, P., De Buck, A.J., Vlachostergios, D.N., Heupink, D., Koskosidis, A.,
Nazzicari, N., Crosta, M., 2023. White lupin adaptation to moderately calcareous
soils: phenotypic variation and genome-enabled prediction. Plants 12, 1139. https://
doi.org/10.3390/plants12051139.

Austin, E.E., Wickings, K., McDaniel, M.D., Robertson, G.P., Grandy, A.S., 2017. Cover
crop root contributions to soil carbon in a no-till corn bioenergy cropping system.
GCB Bioenergy 9, 1252-1263. https://doi.org/10.1111/gcbb.12428.

Badri, D.V., Vivanco, J.M., 2009. Regulation and function of root exudates. Plant Cell
Environ. 32, 666-681. https://doi.org/10.1111/j.1365-3040.2009.01926.x.

Bais, H.P., Weir, T.L., Perry, L.G., Gilroy, S., Vivanco, J.M., 2006. The role of root
exudates in rhizosphere interactions with plants and other organisms. Annu. Rev.
Plant Biol. 57, 233-266. https://doi.org/10.1146/annurev.
arplant.57.032905.105159.

Baitsaid, A., Schaffer, B., Vargas, A.L, Li, Y., Liu, G., 2018. Effect of plant age on in-soil
decomposition and nitrogen content of sunn hemp tissue. Commun. Soil Sci. Plant
Anal. 49, 2680-2688. https://doi.org/10.1080/00103624.2018.1526954.

Barel, J.M., Kuyper, T.W., Paul, J., De Boer, W., Cornelissen, J.H.C., De Deyn, G.B., 2019.
Winter cover crop legacy effects on litter decomposition act through litter quality
and microbial community changes. J. Appl. Ecol. 56, 132-143. https://doi.org/
10.1111/1365-2664.13261.

Basche, A.D., DeLonge, M.S., 2019. Comparing infiltration rates in soils managed with
conventional and alternative farming methods: a meta-analysis. PLOS ONE 14,
e0215702. https://doi.org/10.1371/journal.pone.0215702.

Basche, A.D., Kaspar, T.C., Archontoulis, S.V., Jaynes, D.B., Sauer, T.J., Parkin, T.B.,
Miguez, F.E., 2016. Soil water improvements with the long-term use of a winter rye
cover crop. Agric. Water Manag 172, 40-50. https://doi.org/10.1016/j.
agwat.2016.04.006.

Behrend, D., Athmann, M., Han, E., Kuepper, P.M., Perkons, U., Bauke, S.L., Seidel, S.J.,
2025. Do biopores created by perennial fodder crops improve the growth of
subsequent annual crops? A synthesis of multiple field experiments. Field Crops Res.
322, 109687. https://doi.org/10.1016/j.fcr.2024.109687.

Beillouin, D., Ben-Ari, T., Malézieux, E., Seufert, V., Makowski, D., 2021. Positive but
variable effects of crop diversification on biodiversity and ecosystem services. Glob.
Change Biol. 27, 4697-4710. https://doi.org/10.1111/gcb.15747.

Bertrand, M., Barot, S., Blouin, M., Whalen, J., De Oliveira, T., Roger-Estrade, J., 2015.
Earthworm services for cropping systems. A review. Agron. Sustain. Dev. 35,
553-567. https://doi.org/10.1007/513593-014-0269-7.

12

Agriculture, Ecosystems and Environment 407 (2026) 110468

Bielenberg, H., Clark, J.D., Sanyal, D., Wolthuizen, J., Karki, D., Rahal, A., Bly, A., 2023.
Cover crop composition in long-term no-till soils in semi-arid environments do not
influence soil health measurements after one year. Soil Sci. Soc. Am. J. 87, 528-540.
https://doi.org/10.1002/saj2.20523.

Blagodatskaya, E., Kuzyakov, Y., 2013. Active microorganisms in soil: Critical review of
estimation criteria and approaches. Soil Biol. Biochem 67, 192-211. https://doi.org/
10.1016/j.s0ilbio.2013.08.024.

Blanco-Canqui, H., Lal, R., 2009. Crop Residue Removal Impacts on Soil Productivity and
Environmental Quality. Crit. Rev. Plant Sci. 28, 139-163. https://doi.org/10.1080/
07352680902776507.

Blanco-Canqui, H., Ruis, S.J., 2018. No-tillage and soil physical environment. Geoderma
326, 164-200. https://doi.org/10.1016/j.geoderma.2018.03.011.

Blanco-Canqui, H., Mikha, M.M., Presley, D.R., Claassen, M.M., 2011. Addition of Cover
Crops Enhances No-Till Potential for Improving Soil Physical Properties. Soil Sci.
Soc. Am. J. 75, 1471-1482. https://doi.org/10.2136/s55aj2010.0430.

Blanco-Canqui, H., Holman, J.D., Schlegel, A.J., Tatarko, J., Shaver, T.M., 2013.
Replacing Fallow with Cover Crops in a Semiarid Soil: Effects on Soil Properties. Soil
Sci. Soc. Am. J. 77, 1026-1034. https://doi.org/10.2136/ss5aj2013.01.0006.

Blanco-Canqui, H., 2022. Cover crops and soil ecosystem engineers. Agron. J. 114,
3096-3117. https://doi.org/10.1002/agj2.21160.

Blanco-Canqui, H., Shaver, T.M., Lindquist, J.L., Shapiro, C.A., Elmore, R.W., Francis, C.
A., Hergert, G.W., 2015. Cover Crops and Ecosystem Services: Insights from Studies
in Temperate Soils. Agron. J. 107, 2449-2474. https://doi.org/10.2134/
agronj15.0086.

Blouin, M., Hodson, M.E., Delgado, E.A., Baker, G., Brussaard, L., Butt, K.R., Dai, J.,
Dendooven, L., Peres, G., Tondoh, J.E., Cluzeau, D., Brun, J.J., 2013. A review of
earthworm impact on soil function and ecosystem services. Eur. J. Soil Sci. 64,
161-182. https://doi.org/10.1111/ejss.12025.

Bodner, G., Leitner, D., Kaul, H.-P., 2014. Coarse and fine root plants affect pore size
distributions differently. Plant Soil 380, 133-151. https://doi.org/10.1007/511104-
014-2079-8.

Boeglin, L., Morere Le-Paven, M.-C., Clochard, T., Fustec, J., Limami, A.M., 2022. Pisum
sativum Response to nitrate as affected by rhizobium leguminosarum-derived
signals. Plants 11, 1966. https://doi.org/10.3390/plants11151966.

Bolan, N., Mukherjee, S., Sharma, S., Bolan, S., Yuan, J., Yang, S., Peacock, C., Otero-
Farina, A., Adeleke, R., Obi, L., Pang, J., Siddique, K.H.M., 2025. Exudates of
carboxylates by roots and their implications for nutrient, contaminant and carbon
dynamics in soil. Crit. Rev. Plant Sci. 1-23. https://doi.org/10.1080/
07352689.2025.2549655.

Brennan, E.B., Boyd, N.S., 2012. Winter cover crop seeding rate and variety affects
during eight years of organic vegetables: II. Cover crop nitrogen accumulation.
Agron. J. 104 (3), 799-806. https://doi.org/10.2134/agronj2011.0331.

Brennan, E.B., Smith, R.F., 2018. Mustard cover crop growth and weed suppression in
organic, strawberry furrows in California. HortScience 53, 432-440. https://doi.org/
10.21273/HORTSCI12576-17.

Brooker, A.P., Renner, K.A., Sprague, C.L., 2020. Interseeding cover crops in corn. Agron.
J. 112, 139-147. https://doi.org/10.1002/agj2.20046.

Brtnicky, M., Kintl, A., Hammerschmiedt, T., Mustafa, A., Elbl, J., Kucerik, J.,
Vyhnanek, T., Skladanka, J., Hunady, 1., Holatko, J., 2021. Clover species specific
influence on microbial abundance and associated enzyme activities in rhizosphere
and non-rhizosphere soils. Agronomy 11, 2214. https://doi.org/10.3390/
agronomy11112214.

Burr-Hersey, J.E., Mooney, S.J., Bengough, A.G., Mairhofer, S., Ritz, K., 2017.
Developmental morphology of cover crop species exhibit contrasting behaviour to
changes in soil bulk density, revealed by X-ray computed tomography. PLOS ONE
12, e0181872. https://doi.org/10.1371/journal.pone.0181872.

Canarini, A., Kaiser, C., Merchant, A., Richter, A., Wanek, W., 2019. Root exudation of
primary metabolites: mechanisms and their roles in plant responses to
environmental stimuli. Front. Plant Sci. 10, 157. https://doi.org/10.3389/
fpls.2019.00157.

Cazzaniga, S.G., Braat, L., van den Elsen, S., Lombaers, C., Visser, J., Obinu, L., Macia-
Vicente, J.G., Postma, J., Mommer, L., Helder, J., 2023. Pinpointing the distinctive
impacts of ten cover crop species on the resident and active fractions of the soil
microbiome. Appl. Soil Ecol. 190, 105012. https://doi.org/10.1016/j.
apsoil.2023.105012.

Chaparro, J.M., Badri, D.V., Vivanco, J.M., 2014. Rhizosphere microbiome assemblage is
affected by plant development. ISME J. 8, 790-803. https://doi.org/10.1038/
ismej.2013.196.

Chen, G., Weil, R.R., 2011. Root growth and yield of maize as affected by soil compaction
and cover crops. Soil Tillage Res 117, 17-27. https://doi.org/10.1016/j.
still.2011.08.001.

Clark, A. (Ed.), 2007. Managing cover crops profitably, 3rd ed. ed, Handbook series.
SARE, College Park, MD.

Cordova, S.C., Kravchenko, A.N., Miesel, J.R., Robertson, G.P., 2025. Soil carbon change
in intensive agriculture after 25 years of conservation management. Geoderma 453,
117133. https://doi.org/10.1016/j.geoderma.2024.117133.

Corona Ramirez, A., Symanczik, S., Gallusser, T., Bodenhausen, N., 2023. Quantification
of arbuscular mycorrhizal fungi root colonization in wheat, tomato, and leek using
absolute qPCR. Mycorrhiza 33, 387-397. https://doi.org/10.1007/s00572-02.3-
01122-8.

Couédel, A., Alletto, L., Justes, E., 2018. Crucifer-legume cover crop mixtures provide
effective sulphate catch crop and sulphur green manure services. Plant Soil 426,
61-76. https://doi.org/10.1007/s11104-018-3615-8.

Cox Jr, K.L., Gurazada, S.G.R., Duncan, K.E., Czymmek, K.J., Topp, C.N., Meyers, B.C.,
2022. Organizing your space: The potential for integrating spatial transcriptomics


https://doi.org/10.2136/sssaj2016.07.0221
https://doi.org/10.18393/ejss.335329
https://doi.org/10.22271/23940522.2022.v9.i3a.907
https://doi.org/10.22271/23940522.2022.v9.i3a.907
https://doi.org/10.3390/agriculture12040464
https://doi.org/10.3390/agronomy11112267
https://doi.org/10.3390/agronomy11112267
https://doi.org/10.1017/S1742170520000216
https://doi.org/10.1017/S1742170520000216
https://doi.org/10.1111/gcb.16208
https://doi.org/10.3390/plants12051139
https://doi.org/10.3390/plants12051139
https://doi.org/10.1111/gcbb.12428
https://doi.org/10.1111/j.1365-3040.2009.01926.x
https://doi.org/10.1146/annurev.arplant.57.032905.105159
https://doi.org/10.1146/annurev.arplant.57.032905.105159
https://doi.org/10.1080/00103624.2018.1526954
https://doi.org/10.1111/1365-2664.13261
https://doi.org/10.1111/1365-2664.13261
https://doi.org/10.1371/journal.pone.0215702
https://doi.org/10.1016/j.agwat.2016.04.006
https://doi.org/10.1016/j.agwat.2016.04.006
https://doi.org/10.1016/j.fcr.2024.109687
https://doi.org/10.1111/gcb.15747
https://doi.org/10.1007/s13593-014-0269-7
https://doi.org/10.1002/saj2.20523
https://doi.org/10.1016/j.soilbio.2013.08.024
https://doi.org/10.1016/j.soilbio.2013.08.024
https://doi.org/10.1080/07352680902776507
https://doi.org/10.1080/07352680902776507
https://doi.org/10.1016/j.geoderma.2018.03.011
https://doi.org/10.2136/sssaj2010.0430
https://doi.org/10.2136/sssaj2013.01.0006
https://doi.org/10.1002/agj2.21160
https://doi.org/10.2134/agronj15.0086
https://doi.org/10.2134/agronj15.0086
https://doi.org/10.1111/ejss.12025
https://doi.org/10.1007/s11104-014-2079-8
https://doi.org/10.1007/s11104-014-2079-8
https://doi.org/10.3390/plants11151966
https://doi.org/10.1080/07352689.2025.2549655
https://doi.org/10.1080/07352689.2025.2549655
https://doi.org/10.2134/agronj2011.0331
https://doi.org/10.21273/HORTSCI12576-17
https://doi.org/10.21273/HORTSCI12576-17
https://doi.org/10.1002/agj2.20046
https://doi.org/10.3390/agronomy11112214
https://doi.org/10.3390/agronomy11112214
https://doi.org/10.1371/journal.pone.0181872
https://doi.org/10.3389/fpls.2019.00157
https://doi.org/10.3389/fpls.2019.00157
https://doi.org/10.1016/j.apsoil.2023.105012
https://doi.org/10.1016/j.apsoil.2023.105012
https://doi.org/10.1038/ismej.2013.196
https://doi.org/10.1038/ismej.2013.196
https://doi.org/10.1016/j.still.2011.08.001
https://doi.org/10.1016/j.still.2011.08.001
https://doi.org/10.1016/j.geoderma.2024.117133
https://doi.org/10.1007/s00572-023-01122-8
https://doi.org/10.1007/s00572-023-01122-8
https://doi.org/10.1007/s11104-018-3615-8

L.B. Madrid et al.

and 3D imaging data in plants. Plant Physiol. 188, 703-712. https://doi.org/
10.1093/plphys/kiab508.

Cozim-Melges, F., Ripoll-Bosch, R., Oggiano, P., Van Zanten, H.H.E., Van Der Putten, W.
H., Veen, G.F. (Ciska), 2025. The effect of alternative agricultural practices on soil
biodiversity of bacteria, fungi, nematodes and earthworms: a review. Agric. Ecosyst.
Environ. 379, 109329. https://doi.org/10.1016/j.agee.2024.109329.

Crawford, L.E., Williams, M.M., Wortman, S.E., 2018. An early-killed rye (secale cereale)
cover crop has potential for weed management in edamame (Glycine max. Weed Sci.
66, 502-507. https://doi.org/10.1017/wsc.2018.5.

Crosetto, N., Bienko, M., van Oudenaarden, A., 2015. Spatially resolved transcriptomics
and beyond. Nat. Rev. Genet 16, 57-66. https://doi.org/10.1038/nrg3832.

Curtright, A.J., Renner, K.A,, Tiemann, L.K., 2024. Availability of dissolved organic
carbon drives differences in microbial nitrogen-cycling processes between two sites
with cover crops interseeded into corn. Soil Sci. Soc. Am. J. 88, 56-70. https://doi.
org/10.1002/5aj2.20604.

Dabney, S.M., Delgado, J.A., Reeves, D.W., 2001. Using winter cover crops to improve
soil and water quality. Commun. Soil Sci. Plant Anal. 32 (7-8), 1221-1250. https://
doi.org/10.1081/CSS-100104110.

Daryanto, S., Wang, L., Jacinthe, P.-A., 2017. Impacts of no-tillage management on
nitrate loss from corn, soybean and wheat cultivation: a meta-analysis. Sci. Rep. 7,
12117. https://doi.org/10.1038/541598-017-12383-7.

Dasgupta, K., Mahanty, A., 2024. Carbon sequestration in a changing climate:
management techniques and strategic solutions. Asian Res. J. Agric. 17, 703-713.
https://doi.org/10.9734/arja/2024/v17i4577.

Dawadi, S., Baysal-Gurel, F., Addesso, K., Oliver, J., Simmons, T., 2019. Impact of cover
crop usage on soilborne diseases in field nursery production. Agronomy 9, 753.
https://doi.org/10.3390/agronomy9110753.

Delgado, J.A., Gantzer, C.J., 2015. The 4Rs for cover crops and other advances in cover
crop management for environmental quality. J. Soil Water Conserv 70, 5. https://
doi.org/10.2489/jswc.70.6.142A.

Delgado-Baquerizo, M., Eldridge, D.J., Liu, Y.-R., Liu, Z.-W., Coleine, C., Trivedi, P.,
2025. Soil biodiversity and function under global change. PLOS Biol. 23, e3003093.
https://doi.org/10.1371/journal.pbio.3003093.

Dorissant, L., Brym, Z.T., Swartz, S., 2022. Residue decomposition dynamics in mixed
ratios of two warm-season cover crops. Agrosystems Geosci. Environ. 5, e20311.
https://doi.org/10.1002/agg2.20311.

Dowd, T.G., Li, M., Bagnall, G.C., Johnston, A., Topp, C.N., 2022. Root system
architecture and environmental flux analysis in mature crops using 3D root
mesocosms. Front. Plant Sci. 13. https://doi.org/10.3389/fpls.2022.1041404.

Duncan, K.E., Bray, A.L., Dowd, T.G., Topp, C.N., 2019. Using 3D X-ray microscopy to
study crown root development and primary root tip growth in diverse maize (Zea
mays L.) Lines. Microsc. Micro 25, 1032-1033. https://doi.org/10.1017/
$1431927619005890.

Duncan, K.E., Czymmek, K.J., Jiang, N., Thies, A.C., Topp, C.N., 2022. X-ray microscopy
enables multiscale high-resolution 3D imaging of plant cells, tissues, and organs.
Plant Physiol. 188, 831-845. https://doi.org/10.1093/plphys/kiab405.

Dung, T.V., Ngoc, N.P., Dang, L.V., Hung, N.N., 2022. Impact of cover crop and mulching
on soil physical properties and soil nutrients in a citrus orchard. PeerJ 10, e14170.
https://doi.org/10.7717 /peerj.14170.

Dybowski, D., Dzierzbicka-Glowacka, L.A., Pietrzak, S., Juszkowska, D., Puszkarczuk, T.,
2020. Estimation of nitrogen leaching load from agricultural fields in the Puck
Commune with an interactive calculator. PeerJ 8, e8899. https://doi.org/10.7717/
peerj.8899.

Ebbisa, A., 2023. Arbuscular Mycorrhizal Fungi (AMF) in Optimizing Nutrient
Bioavailability and Reducing Agrochemicals for Maintaining Sustainable
Agroecosystems. In: Nogueira De Sousa, R. (Ed.), Arbuscular Mycorrhizal Fungi in
Agriculture - New Insights. IntechOpen. https://doi.org/10.5772/
intechopen.106995.

Elhaddad, F., Gonzalez, J.A.C., Abdelhamid, S., Garcia-Ruiz, R., Chehab, H., 2024.
Alternative cover crops and soil management practices modified the macronutrients,
enzymes activities, and soil microbial diversity of rainfed olive orchards (cv.
Chetoui) under Mediterranean Conditions in Tunisia. Sustainability 16, 5329.
https://doi.org/10.3390/5u16135329.

Evangelisti, E., Turner, C., McDowell, A., Shenhav, L., Yunusov, T., Gavrin, A.,
Servante, E.K., Quan, C., Schornack, S., 2021. Deep learning-based quantification of
arbuscular mycorrhizal fungi in plant roots. N. Phytol. 232, 2207-2219. https://doi.
org/10.1111/nph.17697.

Fageria, N.K., Moreira, A., Moraes, L.A.C., Moraes, M.F., 2014. Root growth, nutrient
uptake, and nutrient-use efficiency by roots of tropical legume cover crops as
influenced by phosphorus fertilization. Commun. Soil Sci. Plant Anal. 45, 555-569.
https://doi.org/10.1080/00103624.2013.861908.

FAO, 2015. Status of the world’s soil resources: main report. FAO: ITPS, Rome.

Feng, H., Fu, R., Hou, X., Lv, Y., Zhang, N., Liu, Y., Xu, Z., Miao, Y., Krell, T., Shen, Q.,
Zhang, R., 2021. Chemotaxis of beneficial rhizobacteria to root exudates: the first
step towards root-microbe rhizosphere interactions. Int. J. Mol. Sci. 22, 6655.
https://doi.org/10.3390/ijms22136655.

Feng, X., Alletto, L., Cong, W.-F., Labreuche, J., Lamichhane, J.R., 2024. Strategies to
improve field establishment of cover crops. a review. Agron. Sustain. Dev. 44, 47.
https://doi.org/10.1007/s13593-024-00986-0.

Finney, D.M., White, C.M., Kaye, J.P., 2016. Biomass production and carbon/nitrogen
ratio influence ecosystem services from cover crop mixtures. Agron. J. 108, 39-52.
https://doi.org/10.2134/agronj15.0182.

Finney, D.M., Buyer, J.S., Kaye, J.P., 2017. Living cover crops have immediate impacts
on soil microbial community structure and function. J. Soil Water Conserv 72,
361-373. https://doi.org/10.2489/jswc.72.4.361.

13

Agriculture, Ecosystems and Environment 407 (2026) 110468

Francis, H. (2020). Nitrogen Benefits when Interseeding Red Clover into Corn (Doctoral
dissertation, University of Wisconsin-Madison).

Franzluebbers, A.J., Broome, S.W., Pritchett, K.L., Wagger, M.G., Lowder, N.,
Woodruff, S., Lovejoy, M., 2021. Multispecies cover cropping promotes soil health in
no-tillage cropping systems of North Carolina. J. Soil Water Conserv 76, 263-275.
https://doi.org/10.2489/jswc.2021.00087.

Fulton-Smith, S., Cotrufo, M.F., 2019. Pathways of soil organic matter formation from
above and belowground inputs in a Sorghum bicolor bioenergy crop. GCB Bioenergy
11, 971-987. https://doi.org/10.1111/gcbb.12598.

Fustec, J., Lesuffleur, F., Mahieu, S., Cliquet, J.B., 2010. Nitrogen rhizodeposition of
legumes. A review. Agron. Sustain. Dev. 30 (1), 57-66. (https://link.springer.com/a
rticle/10.1051/agro/2009003).

Gaggion, N., Ariel, F., Daric, V., Lambert, E., Legendre, S., Roulé, T., Camoirano, A.,
Milone, D.H., Crespi, M., Blein, T., Ferrante, E., 2021. ChronoRoot: high-throughput
phenotyping by deep segmentation networks reveals novel temporal parameters of
plant root system architecture. GigaScience 10, giab052. https://doi.org/10.1093/
gigascience/giab052.

Gale, W.J., Cambardella, C.A., 2000. Carbon dynamics of surface residue- and root-
derived organic matter under simulated no-till. Soil Sci. Soc. Am. J. 64, 190-195.
https://doi.org/10.2136/ss5aj2000.641190x.

Gale, W.J., Cambardella, C.A., Bailey, T.B., 2000. Root-derived carbon and the formation
and stabilization of aggregates. Soil Sci. Soc. Am. J. 64, 201-207. https://doi.org/
10.2136/5s52j2000.641201x.

Garba, L1, Stirling, G.R., Stirling, A.M., Williams, A., 2024. Cover crop functional types
alter soil nematode community composition and structure in dryland crop-fallow
rotations. Appl. Soil Ecol. 194, 105196. https://doi.org/10.1016/j.
apsoil.2023.105196.

Gaudin, A., Westra, S., Loucks, C., Janovicek, K., Martin, R., Deen, W., 2013. Improving
resilience of northern field crop systems using inter-seeded red clover: a review.
Agronomy 3, 148-180. https://doi.org/10.3390/agronomy3010148.

Griffiths, M., Delory, B.M., Jawahir, V., Wong, K.M., Bagnall, G.C., Dowd, T.G.,
Nusinow, D.A., Miller, A.J., Topp, C.N., 2022. Optimisation of root traits to provide
enhanced ecosystem services in agricultural systems: a focus on cover crops. Plant
Cell Environ. 45, 751-770. https://doi.org/10.1111/pce.14247.

Guo, L., Zheng, S., Cao, C., Li, C., 2016. Tillage practices and straw-returning methods
affect topsoil bacterial community and organic C under a rice-wheat cropping system
in central China. Sci. Rep. 6, 33155. https://doi.org/10.1038/srep33155.

Guyonnet, J.P., Guillemet, M., Dubost, A., Simon, L., Ortet, P., Barakat, M., Heulin, T.,
Achouak, W., Haichar, F.E.Z., 2018. Plant Nutrient Resource Use Strategies Shape
Active Rhizosphere Microbiota Through Root Exudation. Front. Plant Sci. 9, 1662.
https://doi.org/10.3389/1pls.2018.01662.

Hadir, S., Doring, T.F., Justes, E., Demie, D.T., Paul, M., Legner, N., Kemper, R.,
Gaiser, T., Weedon, O., Ewert, F., Seidel, S.J., 2025. Root growth and belowground
interactions in spring wheat /faba bean intercrops. Plant Soil 506, 57-76. https://
doi.org/10.1007/5s11104-024-06742-3.

Han, E., Kautz, T., Perkons, U., Liisebrink, M., Pude, R., Kopke, U., 2015. Quantification
of soil biopore density after perennial fodder cropping. Plant Soil 394, 73-85.
https://doi.org/10.1007/5s11104-015-2488-3.

Hao, Song, J.-J., Gao, G.-X., Xu, W., Bai, J.-Z., Feng, Y.-Z., Wang, X., 2023. Mitigation of
the ratio of soil dissolved organic carbon to available phosphorus effectively
improves crop productivity under mulching measures on the loess plateau.
Agronomy 13, 1810. https://doi.org/10.3390/agronomy13071810.

Hao, Y., Mao, J., Bachmann, C.M., Hoffman, F.M., Koren, G., Chen, H., Tian, H., Liu, J.,
Tao, J., Tang, J., Li, L., Liu, L., Apple, M., Shi, M., Jin, M., Zhu, Q., Kannenberg, S.,
Shi, X., Zhang, X., Wang, Y., Fang, Y., Dai, Y., 2025. Soil moisture controls over
carbon sequestration and greenhouse gas emissions: a review. Npj Clim. Atmos. Sci.
8, 16. https://doi.org/10.1038/s41612-024-00888-8.

Haramoto, E.R., Brainard, D.C., 2012. Strip Tillage and Oat Cover Crops Increase Soil
Moisture and Influence N Mineralization Patterns in Cabbage. HortScience 47,
1596-1602. https://doi.org/10.21273/HORTSCI.47.11.1596.

Hartwig, N.L., Ammon, H.U., 2002. Cover crops and living mulches. Weed Sci. 50,
688-699. https://doi.org/10.1614/0043-1745(2002)050%255B0688:AIACCA%
255D2.0.CO;2.

Hein, K.M., Liu, A.E., Mullen, J.L., Shao, M.-R., Topp, C.N., McKay, J.K., 2025. Phenome-
to-genome insights for evaluating root system architecture in field studies of maize.
Plant Genome 18, €70100. https://doi.org/10.1002/tpg2.70100.

Heuermann, D., Doll, S., Schweneker, D., Feuerstein, U., Gentsch, N., Von Wirén, N.,
2023. Distinct metabolite classes in root exudates are indicative for field- or
hydroponically-grown cover crops. Front. Plant Sci. 14, 1122285. https://doi.org/
10.3389/fpls.2023.1122285.

Hill, N.S., Levi, M., Basinger, N., Thompson, A., Cabrera, M., Wallace, J., Saikawa, E.,
Avramov, A., Mullican, J., 2021. White clover living mulch enhances soil health vs.
annual cover crops. Agron. J. 113, 3697-3707. https://doi.org/10.1002/
agj2.20768.

Homulle, Z., George, T.S., Karley, A.J., 2022. Root traits with team benefits:
understanding belowground interactions in intercropping systems. Plant Soil 471,
1-26. https://doi.org/10.1007/s11104-021-05165-8.

Hu, J., Jin, V.L., Konkel, J.Y.M., Schaeffer, S.M., Schneider, L.G., DeBruyn, J.M., 2021.
Soil Health Management Enhances Microbial Nitrogen Cycling Capacity and
Activity. mSphere 6, €01237-20. https://doi.org/10.1128/mSphere.01237-20.

Hu, L., Robert, C.A.M., Cadot, S., Zhang, X., Ye, M., Li, B., Manzo, D., Chervet, N.,
Steinger, T., Van Der Heijden, M.G.A., Schlaeppi, K., Erb, M., 2018. Root exudate
metabolites drive plant-soil feedbacks on growth and defense by shaping the
rhizosphere microbiota. Nat. Commun. 9, 2738. https://doi.org/10.1038/541467-
018-05122-7.


https://doi.org/10.1093/plphys/kiab508
https://doi.org/10.1093/plphys/kiab508
https://doi.org/10.1016/j.agee.2024.109329
https://doi.org/10.1017/wsc.2018.5
https://doi.org/10.1038/nrg3832
https://doi.org/10.1002/saj2.20604
https://doi.org/10.1002/saj2.20604
https://doi.org/10.1081/CSS-100104110
https://doi.org/10.1081/CSS-100104110
https://doi.org/10.1038/s41598-017-12383-7
https://doi.org/10.9734/arja/2024/v17i4577
https://doi.org/10.3390/agronomy9110753
https://doi.org/10.2489/jswc.70.6.142A
https://doi.org/10.2489/jswc.70.6.142A
https://doi.org/10.1371/journal.pbio.3003093
https://doi.org/10.1002/agg2.20311
https://doi.org/10.3389/fpls.2022.1041404
https://doi.org/10.1017/S1431927619005890
https://doi.org/10.1017/S1431927619005890
https://doi.org/10.1093/plphys/kiab405
https://doi.org/10.7717/peerj.14170
https://doi.org/10.7717/peerj.8899
https://doi.org/10.7717/peerj.8899
https://doi.org/10.5772/intechopen.106995
https://doi.org/10.5772/intechopen.106995
https://doi.org/10.3390/su16135329
https://doi.org/10.1111/nph.17697
https://doi.org/10.1111/nph.17697
https://doi.org/10.1080/00103624.2013.861908
https://doi.org/10.3390/ijms22136655
https://doi.org/10.1007/s13593-024-00986-0
https://doi.org/10.2134/agronj15.0182
https://doi.org/10.2489/jswc.72.4.361
https://doi.org/10.2489/jswc.2021.00087
https://doi.org/10.1111/gcbb.12598
https://link.springer.com/article/10.1051/agro/2009003
https://link.springer.com/article/10.1051/agro/2009003
https://doi.org/10.1093/gigascience/giab052
https://doi.org/10.1093/gigascience/giab052
https://doi.org/10.2136/sssaj2000.641190x
https://doi.org/10.2136/sssaj2000.641201x
https://doi.org/10.2136/sssaj2000.641201x
https://doi.org/10.1016/j.apsoil.2023.105196
https://doi.org/10.1016/j.apsoil.2023.105196
https://doi.org/10.3390/agronomy3010148
https://doi.org/10.1111/pce.14247
https://doi.org/10.1038/srep33155
https://doi.org/10.3389/fpls.2018.01662
https://doi.org/10.1007/s11104-024-06742-3
https://doi.org/10.1007/s11104-024-06742-3
https://doi.org/10.1007/s11104-015-2488-3
https://doi.org/10.3390/agronomy13071810
https://doi.org/10.1038/s41612-024-00888-8
https://doi.org/10.21273/HORTSCI.47.11.1596
https://doi.org/10.1614/0043-1745(2002)050&percnt;255B0688:AIACCA&percnt;255D2.0.CO;2
https://doi.org/10.1614/0043-1745(2002)050&percnt;255B0688:AIACCA&percnt;255D2.0.CO;2
https://doi.org/10.1002/tpg2.70100
https://doi.org/10.3389/fpls.2023.1122285
https://doi.org/10.3389/fpls.2023.1122285
https://doi.org/10.1002/agj2.20768
https://doi.org/10.1002/agj2.20768
https://doi.org/10.1007/s11104-021-05165-8
https://doi.org/10.1128/mSphere.01237-20
https://doi.org/10.1038/s41467-018-05122-7
https://doi.org/10.1038/s41467-018-05122-7

L.B. Madrid et al.

Huang, N., Athmann, M., Han, E., 2020. Biopore-induced deep root traits of two winter
crops. Agriculture 10, 634. https://doi.org/10.3390/agriculture10120634.

Hudek, C., Putinica, C., Otten, W., De Baets, S., 2022. Functional root trait-based
classification of cover crops to improve soil physical properties. Eur. J. Soil Sci. 73,
€13147. https://doi.org/10.1111/ejss.13147.

Indiana State Department of Agriculture, 2021. BMP-Practice-definitions-for-Science-
Assessment_Version-1-Final.

Jackson, L.E., Calderon, F.J., Steenwerth, K.L., Scow, K.M., Rolston, D.E., 2003.
Responses of soil microbial processes and community structure to tillage events and
implications for soil quality. Geoderma 114, 305-317. https://doi.org/10.1016/
S0016-7061(03)00046-6.

Jacobsen, C., 2020. X-ray Microscopy:, 1st ed. Cambridge University Press. (https://doi.
org/10.1017/9781139924542).

Jaskulska, 1., Gatezewski, L., Piekarczyk, M., Jaskulski, D., 2018. Strip-till technology - a
method for uniformity in the emergence and plant growth of winter rapeseed
(Brassica napus L.) in different environmental conditions of Northern Poland. Ital. J.
Agron. 13, 981. hitps://doi.org/10.4081/ija.2018.981.

Jhu, M.Y., Oldroyd, G.E., 2023. Dancing to a different tune, can we switch from chemical
to biological nitrogen fixation for sustainable food security? PLoS Biol. 21 (3),
€3001982. https://doi.org/10.1371/journal.pbio.3001982.

Johnson, A.M., Gamble, A.V., Balkcom, K.S., Hull, N.R., 2021. Influence of cover crop
mixtures on soil health in southeastern crop production systems. Agrosystems
Geosci. Environ. 4, e20202. https://doi.org/10.1002/agg2.20202.

Kabir, Z., Koide, R.T., 2002. Effect of autumn and winter mycorrhizal cover crops on soil
properties, nutrient uptake and yield of sweet corn in Pennsylvania, USA. Plant Soil
238, 205-215. https://doi.org/10.1023/A:1014408723664.

Kaspar, T.C., Jaynes, D.B., Parkin, T.B., Moorman, T.B., Singer, J.W., 2012. Effectiveness
of oat and rye cover crops in reducing nitrate losses in drainage water. Agric. Water
Manag 110, 25-33. https://doi.org/10.1016/j.agwat.2012.03.010.

Kaye, J.P., Quemada, M., 2017. Using cover crops to mitigate and adapt to climate
change. A review. Agron. Sustain. Dev. 37, 4. https://doi.org/10.1007/513593-016-
0410-x.

Kell, D.B., 2012. Large-scale sequestration of atmospheric carbon via plant roots in
natural and agricultural ecosystems: why and how. Philos. Trans. R. Soc. B Biol. Sci.
367, 1589-1597. https://doi.org/10.1098/rstb.2011.0244.

Kemper, R., 2024. Root growth of sole and mixed cover crops in organic farming
(Thesis). Universitats- und Landesbibliothek Bonn.

Kim, N., Zabaloy, M.C., Guan, K., Villamil, M.B., 2020. Do cover crops benefit soil
microbiome? a meta-analysis of current research. Soil Biol. Biochem 142, 107701.
https://doi.org/10.1016/j.s0ilbio.2019.107701.

Kirchmann, H., Bergstrom, L., Katterer, T., Mattsson, L., Gesslein, S., 2007. Comparison
of long-term organic and conventional crop-livestock systems on a previously
nutrient-depleted soil in Sweden. Agron. J. 99 (4), 960-972. https://doi.org/
10.2134/agronj2006.0061.

Klopp, H.W., 2024. Effects of interseeding cover crops into corn and soybean on biomass
production, grain yields and ecosystem services: a review. Agronomy 14, 1229.
https://doi.org/10.3390/agronomy14061229.

Kochiieru, M., Lamorski, K., Feiza, V., Feiziene, D., Volungevicius, J., 2020.
Quantification of the relationship between root parameters and soil macropore
parameters under different land use systems in Retisol. Int. Agrophysics 34,
301-308. https://doi.org/10.31545/intagr/123266.

Kong, A.Y.Y., Six, J., 2010. Tracing Root vs. Residue Carbon into Soils from Conventional
and Alternative Cropping Systems. Soil Sci. Soc. Am. J. 74, 1201-1210. https://doi.
org/10.2136/sssaj2009.0346.

Koudahe, K., Allen, S.C., Djaman, K., 2022. Critical review of the impact of cover crops
on soil properties. Int. Soil Water Conserv. Res. 10, 343-354. https://doi.org/
10.1016/j.iswcr.2022.03.003.

Kristensen, H.L., Thorup-Kristensen, K., 2004. Root Growth and Nitrate Uptake of Three
Different Catch Crops in Deep Soil Layers. Soil Sci. Soc. Am. J. 68, 529-537. https://
doi.org/10.2136/ss5aj2004.5290.

Kruse, R., Nair, A., 2016. Summer Cover Crops and Lettuce Planting Time Influence
Weed Population, Soil Nitrogen Concentration, and Lettuce Yields. HortTechnology
26, 409-416. https://doi.org/10.21273/HORTTECH.26.4.409.

Lal, R., 2015. Restoring soil quality to mitigate soil degradation. Sustainability 7,
5875-5895. https://doi.org/10.3390/5u7055875.

Lambers, H., Shane, M.W., Cramer, M.D., Pearse, S.J., Veneklaas, E.J., 2006. Root
structure and functioning for efficient acquisition of phosphorus: matching
morphological and physiological traits. Ann. Bot. 98, 693-713. https://doi.org/
10.1093/aob/mcl114.

Lauriault, L.M., Guldan, S.J., Popiel-Powers, F.G., Steiner, R.L., Martin, C.A., Heyduck, R.
F., Falk, C.L., Petersen, M.K., May, T., 2018. Relay Intercropping with Cover Crops
Improved Autumn Forage Potential of Sweet Maize Stover. Agriculture 8, 103.
https://doi.org/10.3390/agriculture8070103.

Lehman, R., Cambardella, C., Stott, D., Acosta-Martinez, V., Manter, D., Buyer, J.,
Maul, J., Smith, J., Collins, H., Halvorson, J., Kremer, R., Lundgren, J., Ducey, T.,
Jin, V., Karlen, D., 2015. Understanding and enhancing soil biological health: the
solution for reversing soil degradation. Sustainability 7, 988-1027. https://doi.org/
10.3390/su7010988.

Lemtiri, A., Colinet, G., Alabi, T., Cluzeau, D., Zirbes, L., Haubruge, E., Francis, F., 2014.
Impacts of earthworms on soil components and dynamics. A review.

Li, D., Wang, Y., Li, X., Zhang, Z., Wang, G., Zhang, Y., Chen, L., 2024. Exploring
microbial diversity and function in companion planting systems of white clover and
orchard grass. Sci. Rep. 14, 21609. https://doi.org/10.1038/541598-024-72705-4.

Liang, Q., Zhang, T., Kuang, Y., Jiliu, Y., Cheng, Y., Gao, W., Feng, H., Siddique, K.H.M.,
2025. Ryegrass intercropping with residue incorporation enhances apple yield and
reduces nitrogen loss despite minimal water-nitrogen competition on the Loess

14

Agriculture, Ecosystems and Environment 407 (2026) 110468

Plateau, China. Agric. Ecosyst. Environ. 389, 109700. https://doi.org/10.1016/].
agee.2025.109700.

Liu, H., Wu, J., Su, Y., Li, Y., Zuo, D., Liu, Hongbin, Liu, Y., Mei, X., Huang, H., Yang, M.,
Zhu, S., 2021. Allyl Isothiocyanate in the volatiles of brassica juncea inhibits the
growth of root rot pathogens of panax notoginseng by inducing the accumulation of
ROS. J. Agric. Food Chem. 69, 13713-13723. https://doi.org/10.1021/acs.
jafc.1c05225.

Liu, S., Barrow, C.S., Hanlon, M., Lynch, J.P., Bucksch, A., 2021. DIRT/3D: 3D root
phenotyping for field-grown maize (Zea mays). Plant Physiol. 187, 739-757. https://
doi.org/10.1093/plphys/kiab311.

Ly, Q., Liu, T., Wang, N., Dou, Z., Wang, K., Zuo, Y., 2020. A review of soil nematodes as
biological indicators for the assessment of soil health. Front. Agric. Sci. Eng. 7, 275.
https://doi.org/10.15302/J-FASE-2020327.

Lucas, M., Nguyen, L.T.T., Guber, A., Kravchenko, A.N., 2022. Cover crop influence on
pore size distribution and biopore dynamics: enumerating root and soil faunal
effects. Front. Plant Sci. 13, 928569. https://doi.org/10.3389/fpls.2022.928569.

Maham, S.G., Rahimi, A., Subramanian, S., Smith, D.L., 2020. The environmental
impacts of organic greenhouse tomato production based on the nitrogen-fixing plant
(Azolla). J. Clean. Prod. 245, 118679. https://doi.org/10.1016/].
jclepro.2019.118679.

Mahmud, K., Makaju, S., Ibrahim, R., Missaoui, A., 2020. Current progress in nitrogen
fixing plants and microbiome research. Plants 9 (1), 97. https://doi.org/10.3390/
plants9010097.

Marcinkevi¢iené, A., Cmukas, A., Velicka, R., Kosteckas, R., Skinuliené, L., 2022. Effects
of Biopesticides and Undersown Cover Crops on Soil Properties in the Organic
Farming System. Agronomy 12, 2153. https://doi.org/10.3390/
agronomy12092153.

Marinari, S., Radicetti, E., Mancinelli, R., 2022. Soil Quality and Health to Assess Agro-
Ecosystems Services. Agriculture 12, 784. https://doi.org/10.3390/
agriculture12060784.

Marquez, J., Hajihassani, A., 2023. Successional effects of cover cropping and deep
tillage on suppression of plant-parasitic nematodes and soilborne fungal pathogens.
Pest Manag. Sci. 79, 2737-2747. https://doi.org/10.1002/ps.7450.

Martinez, A.D.S., Seidel, E.P., Pan, R., Brito, T.S., Caciano, W.M., Leticia Gabriela
Ertel, L.G.E., 2019. Crop rotation and soil scarification: impacts in the soil
penetration resistance. Commun. Plant Sci. 9. https://doi.org/10.26814/
¢ps20190014.

Martinez, A.D.S., Seidel, E.P., Pan, R., Brito, T.S., Vasconcelos, E., 2022. Corn yield for
ensilage in consortium with green manure and bean in succession. Res. Soc. Dev. 11,
€439111234661. https://doi.org/10.33448/rsd-v11i12.34661.

Marx, V., 2021. Method of the Year: spatially resolved transcriptomics. Nat. Methods 18,
9-14. https://doi.org/10.1038/541592-020-01033-y.

Matheus, R., Kantur, D., Masria, 2020. The effect of residues of plant rotation patterns
with cover crop legums on soil organic carbon dynamics and corn products during
two seasons of planting. Asian J. Appl. Sci. 8. https://doi.org/10.24203/ajas.
v8i5.6305.

McCauley, K., Barlow, K., 2023. Regenerative agriculture: increasing plant diversity and
soil carbon sequestration on agricultural landscapes. SURG J. 15. https://doi.org/
10.21083/surg.v15i1.7196.

McDaniel, M.D., Tiemann, L.K., Grandy, A.S., 2014. Does agricultural crop diversity
enhance soil microbial biomass and organic matter dynamics? A meta-analysis. Ecol.
Appl. 24, 560-570. https://doi.org/10.1890/13-0616.1.

Mecsorley, R., 2011. Overview of organic amendments for management of plant-parasitic
nematodes, with case studies from Florida. J. Nematol. 43 (2), 69.

Mirsky, S.B., Curran, W.S., Mortensen, D.A., Ryan, M.R., Shumway, D.L., 2009. Control
of Cereal Rye with a Roller/Crimper as Influenced by Cover Crop Phenology. Agron.
J. 101, 1589-1596. https://doi.org/10.2134/agronj2009.0130.

Mirsky, S.B., Curran, W.S., Mortenseny, D.M., Ryany, M.R., Shumway, D.L., 2011.
Timing of Cover-Crop Management Effects on Weed Suppression in No-Till Planted
Soybean using a Roller-Crimper. Weed Sci. 59, 380-389. https://doi.org/10.1614/
WS-D-10-00101.1.

Mirsky, S.B., Ryan, M.R., Curran, W.S., Teasdale, J.R., Maul, J., Spargo, J.T., Moyer, J.,
Grantham, A.M., Weber, D., Way, T.R., Camargo, G.G., 2012. Conservation tillage
issues: Cover crop-based organic rotational no-till grain production in the mid-
Atlantic region, USA. Renew. Agric. Food Syst. 27, 31-40. https://doi.org/10.1017/
S$1742170511000457.

Mischler, R.A., Curran, W.S., Duiker, S.W., Hyde, J.A., 2010. Use of a Rolled-rye Cover
Crop for Weed Suppression in No-Till Soybeans. Weed Technol. 24, 253-261.
https://doi.org/10.1614/WT-D-09-00004.1.

Mohammadi, G.R., Ghobadi, M.E., 2010. The effects of different autumn-seeded cover
crops on subsequent irrigated corn response to nitrogen fertilizer. Agric. Sci. 01,
148-153. https://doi.org/10.4236/as.2010.13018.

Mohammed, Y.A., Matthees, H.L., Gesch, R.W., Patel, S., Forcella, F., Aasand, K.,
Steffl, N., Johnson, B.L., Wells, M.S., Lenssen, A.W., 2020. Establishing winter
annual cover crops by interseeding into Maize and Soybean. Agron. J. 112, 719-732.
https://doi.org/10.1002/agj2.20062.

Mondal, S., Das, T.K., Thomas, P., Mishra, A.K., Bandyopadhyay, K.K., Aggarwal, P.,
Chakraborty, D., 2019. Effect of conservation agriculture on soil hydro-physical
properties, total and particulate organic carbon and root morphology in wheat
(Triticum aestivum) under rice (Oryza sativa)-wheat system. Indian J. Agric. Sci. 89.
https://doi.org/10.56093/ijas.v89i1.86126.

Mubvumba, P., Tyler, H.L., 2024. Evaluation of single and mixed cover crops species in a
sandy loam soil under corn production. Agron. J. 116, 1655-1669. https://doi.org/
10.1002/agj2.21574.

Murrell, E.G., Schipanski, M.E., Finney, D.M., Hunter, M.C., Burgess, M., LaChance, J.C.,
Baraibar, B., White, C.M., Mortensen, D.A., Kaye, J.P., 2017. Achieving Diverse


https://doi.org/10.3390/agriculture10120634
https://doi.org/10.1111/ejss.13147
https://doi.org/10.1016/S0016-7061(03)00046-6
https://doi.org/10.1016/S0016-7061(03)00046-6
https://doi.org/10.1017/9781139924542
https://doi.org/10.1017/9781139924542
https://doi.org/10.4081/ija.2018.981
https://doi.org/10.1371/journal.pbio.3001982
https://doi.org/10.1002/agg2.20202
https://doi.org/10.1023/A:1014408723664
https://doi.org/10.1016/j.agwat.2012.03.010
https://doi.org/10.1007/s13593-016-0410-x
https://doi.org/10.1007/s13593-016-0410-x
https://doi.org/10.1098/rstb.2011.0244
https://doi.org/10.1016/j.soilbio.2019.107701
https://doi.org/10.2134/agronj2006.0061
https://doi.org/10.2134/agronj2006.0061
https://doi.org/10.3390/agronomy14061229
https://doi.org/10.31545/intagr/123266
https://doi.org/10.2136/sssaj2009.0346
https://doi.org/10.2136/sssaj2009.0346
https://doi.org/10.1016/j.iswcr.2022.03.003
https://doi.org/10.1016/j.iswcr.2022.03.003
https://doi.org/10.2136/sssaj2004.5290
https://doi.org/10.2136/sssaj2004.5290
https://doi.org/10.21273/HORTTECH.26.4.409
https://doi.org/10.3390/su7055875
https://doi.org/10.1093/aob/mcl114
https://doi.org/10.1093/aob/mcl114
https://doi.org/10.3390/agriculture8070103
https://doi.org/10.3390/su7010988
https://doi.org/10.3390/su7010988
https://doi.org/10.1038/s41598-024-72705-4
https://doi.org/10.1016/j.agee.2025.109700
https://doi.org/10.1016/j.agee.2025.109700
https://doi.org/10.1021/acs.jafc.1c05225
https://doi.org/10.1021/acs.jafc.1c05225
https://doi.org/10.1093/plphys/kiab311
https://doi.org/10.1093/plphys/kiab311
https://doi.org/10.15302/J-FASE-2020327
https://doi.org/10.3389/fpls.2022.928569
https://doi.org/10.1016/j.jclepro.2019.118679
https://doi.org/10.1016/j.jclepro.2019.118679
https://doi.org/10.3390/plants9010097
https://doi.org/10.3390/plants9010097
https://doi.org/10.3390/agronomy12092153
https://doi.org/10.3390/agronomy12092153
https://doi.org/10.3390/agriculture12060784
https://doi.org/10.3390/agriculture12060784
https://doi.org/10.1002/ps.7450
https://doi.org/10.26814/cps20190014
https://doi.org/10.26814/cps20190014
https://doi.org/10.33448/rsd-v11i12.34661
https://doi.org/10.1038/s41592-020-01033-y
https://doi.org/10.24203/ajas.v8i5.6305
https://doi.org/10.24203/ajas.v8i5.6305
https://doi.org/10.21083/surg.v15i1.7196
https://doi.org/10.21083/surg.v15i1.7196
https://doi.org/10.1890/13-0616.1
http://refhub.elsevier.com/S0167-8809(26)00255-0/sbref130
http://refhub.elsevier.com/S0167-8809(26)00255-0/sbref130
https://doi.org/10.2134/agronj2009.0130
https://doi.org/10.1614/WS-D-10-00101.1
https://doi.org/10.1614/WS-D-10-00101.1
https://doi.org/10.1017/S1742170511000457
https://doi.org/10.1017/S1742170511000457
https://doi.org/10.1614/WT-D-09-00004.1
https://doi.org/10.4236/as.2010.13018
https://doi.org/10.1002/agj2.20062
https://doi.org/10.56093/ijas.v89i1.86126
https://doi.org/10.1002/agj2.21574
https://doi.org/10.1002/agj2.21574

L.B. Madrid et al.

Cover Crop Mixtures: Effects of Planting Date and Seeding Rate. Agron. J. 109,
259-271. https://doi.org/10.2134/agronj2016.03.0174.

Murrell, E.G., Ray, S., Lemmon, M.E., Luthe, D.S., Kaye, J.P., 2020. Cover crop species
affect mycorrhizae-mediated nutrient uptake and pest resistance in maize. Renew.
Agric. Food Syst. 35, 467-474. https://doi.org/10.1017/51742170519000061.

Naveed, M., Brown, L.K., Raffan, A.C., George, T.S., Bengough, A.G., Roose, T.,
Sinclair, I., Koebernick, N., Cooper, L., Hallett, P.D., 2018. Rhizosphere-scale
quantification of hydraulic and mechanical properties of soil impacted by root and
seed exudates. Vadose Zone J. 17, 1-12. https://doi.org/10.2136/vzj2017.04.0083.

Neelam, A., Tabassum, S., 2023. Optical sensing technologies to elucidate the interplay
between plant and microbes. Micromachines 14, 195. https://doi.org/10.3390/
mil4010195.

Nicole, L.R., Cardoso, D.P., Pires, F.R., Bonomo, R., Netto, B.B., Belo, A.F., 2021.
Performance of cover crops under two irrigation regimes in the coastal tablelands
region of Brazil. Rev. Ceres 68, 301-309. https://doi.org/10.1590/0034-
737x202168040007.

Norris, R.B., 2015. Winter Annual Cover Crops Interseeded into Soybean in Eastern
Virginia: Influence on Soil Nitrogen, Corn Yield, and In-Season Soil Nitrogen Tests.
Virginia Tech.

Nouri, A., Lukas, S., Singh, Shikha, Singh, Surendra, Machado, S., 2022. When do cover
crops reduce nitrate leaching? a global meta-analysis. Glob. Change Biol. 28,
4736-4749. https://doi.org/10.1111/gcb.16269.

Nunes, M.R., Karlen, D.L., Moorman, T.B., 2020. Tillage intensity effects on soil structure
indicators-A US meta-analysis. Sustainability 12, 2071. https://doi.org/10.3390/
sul2052071.

Odone, A., Thorup-Kristensen, K., 2025. Can rhizotron tube studies predict deep rooting
in the field? A comparison of root phenotyping methods. Field Crops Res 326,
109867. https://doi.org/10.1016/j.fcr.2025.109867.

Odone, A., Popovic, O., Thorup-Kristensen, K., 2023. Genotypic variation in deep roots:
implications for nitrogen uptake and drought tolerance in winter wheat. (https://
doi.org/10.21203/rs.3.rs-2639804/v1).

Ogilvie, C.M., Ashiq, W., Vasava, H.B., Biswas, A., 2021. Quantifying root-soil
interactions in cover crop systems: a review. Agriculture 11, 218. https://doi.org/
10.3390/agriculture11030218.

Oldroyd, G.E., 2013. Speak, friend, and enter: signalling systems that promote beneficial
symbiotic associations in plants. Nat. Rev. Microbiol. 11 (4), 252-263.

Oldroyd, G.E., Murray, J.D., Poole, P.S., Downie, J.A., 2011. The rules of engagement in
the legume-rhizobial symbiosis. Annu. Rev. Genet. 45 (1), 119-144. https://doi.org/
10.1146/annurev-genet-110410-132549.

Olson, K., Ebelhar, S.A., Lang, J.M., 2014. Long-term effects of cover crops on crop
yields, soil organic carbon stocks and sequestration. Open J. Soil Sci. 04, 284-292.
https://doi.org/10.4236/0jss.2014.48030.

Patel, S., 2020. Intercropping and relay cropping to increase productivity, resilience, and
long-term sustainability of corn and soybean cropping systems in Iowa (Doctor of
Philosophy). Iowa State University. (https://doi.org/10.31274/etd-20200624-170).

Pauletto, E.A., Stumpf, L., Pinto, L.F.S., Silva, T.S.D., Ambus, J.V., Garcia, G.F., Dutra
Junior, L.A., Scheunemann, T., Albert, R.P., 2016. Reclamation of a degraded coal-
mining area with perennial cover crops. Rev. Bras. Ciénc. Solo 40. https://doi.org/
10.1590/18069657rbcs20150482.

Pearse, S.J., Veneklaas, E.J., Cawthray, G.R., Bolland, M.D.A., Lambers, H., 2009.
Carboxylates in the rhizosphere of canola, wheat, lupins and pulses: their role in P
acquisition from sparingly soluble forms. South Afr. J. Bot. 75, 415. https://doi.org/
10.1016/j.5ajb.2009.02.091.

Peixoto, L., Olesen, J.E., Elsgaard, L., Enggrob, K.L., Banfield, C.C., Dippold, M.A.,
Nicolaisen, M.H., Bak, F., Zang, H., Dresbgll, D.B., Thorup-Kristensen, K.,
Rasmussen, J., 2022. Deep-rooted perennial crops differ in capacity to stabilize C
inputs in deep soil layers. Sci. Rep. 12, 5952. https://doi.org/10.1038/541598-02.2-
09737-1.

Pelosi, C., Boros, G., van Oort, F., Schmidt, O., 2020. Soil Oligochaeta communities after
9 decades of continuous fertilization in a bare fallow experiment. Soil Org. 92 (2),
129-141. https://doi.org/10.25674/S092ISS2PP129.

Peng, Y., Jacinthe, P., Dobrowolski, E.G., Wang, L., 2025. Increased soil greenhouse gas
emissions from the combined use of cover crops and no-tillage in producer-managed
fields. Earths Future 13, e2025EF006009. https://doi.org/10.1029/2025EF006009.

Peoples, M.B., Unkovich, M.J., Herridge, D.F., 2009. Measuring symbiotic nitrogen
fixation by legumes. Nitrogen Fixat. Crop Prod. 52, 125-170. https://doi.org/
10.2134/agronmonogr52.c6.

Peralta, A.L., Sun, Y., McDaniel, M.D., Lennon, J.T., 2018. Crop rotational diversity
increases disease suppressive capacity of soil microbiomes. Ecosphere 9, €02235.
https://doi.org/10.1002/ecs2.2235.

Petcu, V., Bubueanu, C., Casarica, A., Savoiu, G., Stoica, R., Bazdoaca, C., Lazar, D.A.,
Iordan, H.L., Horhocea, D., 2023. Efficacy of Trichoderma Harzianum and Bacillus
Subtilis as seed and vegetation application combined with integrated agroecology
measures on maize. Rom. Agric. Res. 40, 439-448. https://doi.org/10.59665/
rar4041.

Pett-Ridge, J., Shi, S., Estera-Molina, K., Nuccio, E., Yuan, M., Rijkers, R., Swenson, T.,
Zhalnina, K., Northen, T., Zhou, J., Firestone, M.K., 2021. Rhizosphere Carbon
Turnover from Cradle to Grave: The Role of Microbe-Plant Interactions. In: Gupta, V.
V.S.R., Sharma, A.K. (Eds.), Rhizosphere Biology: Interactions Between Microbes and
Plants, Rhizosphere Biology. Springer Singapore, Singapore, pp. 51-73. https://doi.
org/10.1007/978-981-15-6125-2_2.

Pi, H., Webb, N.P., Huggins, D.R., Li, S., 2023. Effects of secondary soil aggregates on
threshold friction velocity and wind erosion. Land Degrad. Dev. 34, 16-27. https://
doi.org/10.1002/1dr.4440.

15

Agriculture, Ecosystems and Environment 407 (2026) 110468

Pisarcik, M., Hakl, J., Toleikiene, M., Fuksa, P., Rasmussen, J., Hood-Nowotny, R., 2024.
Role of cover crop roots in soil organic carbon accrual-A review. Eur. J. Soil Sci. 75,
e13532. https://doi.org/10.1111/ejss.13532.

Poeplau, C., Don, A., 2015. Carbon sequestration in agricultural soils via cultivation of
cover crops — A meta-analysis. Agric. Ecosyst. Environ. 200, 33-41. https://doi.org/
10.1016/j.agee.2014.10.024.

Poffenbarger, H.J., Mirsky, S.B., Weil, R.R., Kramer, M., Spargo, J.T., Cavigelli, M.A.,
2015. Legume Proportion, Poultry litter, and tillage effects on cover crop
decomposition. Agron. J. 107, 2083-2096. https://doi.org/10.2134/agronj15.0065.

Porteous, F., Killham, K., Meharg, A., 2000. Use of a lux-marked rhizobacterium as a
biosensor to assess changes in rhizosphere C flow due to pollutant stress.
Chemosphere 41, 1549-1554. https://doi.org/10.1016/50045-6535(00)00072-2.

Price, A.J., Duzy, L., McElroy, J.S., Li, S., 2019. Evaluation of Organic Spring Cover Crop
Termination Practices to Enhance Rolling/Crimping. Agronomy 9, 519. https://doi.
org/10.3390/agronomy9090519.

Qin, Z., Guan, K., Zhou, W., Peng, B., Tang, J., Jin, Z., Grant, R., Hu, T., Villamil, M.B.,
DeLucia, E., Margenot, A.J., Umakant, M., Chen, Z., Coppess, J., 2023. Assessing
long-term impacts of cover crops on soil organic carbon in the central US Midwestern
agroecosystems. Glob. Change Biol. 29, 2572-2590. https://doi.org/10.1111/
gcb.16632.

Qiu, L.-X., Guan, D.-X., Liu, Y.-W., Teng, H.H., Li, Z.-B., Lux, A., Kuzyakov, Y., Ma, L.Q.,
2024. Mechanisms of arbuscular mycorrhizal fungi increasing silicon uptake by rice.
J. Agric. Food Chem. 72, 16603-16613. https://doi.org/10.1021/acs.jafc.4c01487.

Quintarelli, V., Radicetti, E., Allevato, E., Stazi, S.R., Haider, G., Abideen, Z., Bibi, S.,
Jamal, A., Mancinelli, R., 2022. Cover crops for sustainable cropping systems: a
review. Agriculture 12, 2076. https://doi.org/10.3390/agriculture12122076.

Rai, T.S., 2022. Probabilistic assessment of cereal-rye impacts on regional crop yield and
soil carbon. (https://doi.org/10.21203/r5.3.r5-2011115/v1).

Rasse, D.P., Rumpel, C., Dignac, M.-F., 2005. Is soil carbon mostly root carbon?
Mechanisms for a specific stabilisation. Plant Soil 269, 341-356. https://doi.org/
10.1007/511104-004-0907-y.

Redin, M., Recous, S., Aita, C., Chaves, B., Pfeifer, I.C., Bastos, L.M., Pilecco, G.E.,
Giacomini, S.J., 2018. Root and shoot contribution to carbon and nitrogen inputs in
the topsoil layer in no-tillage crop systems under subtropical conditions. Rev. Bras.
Ciénc. Solo 42. https://doi.org/10.1590/18069657rbcs20170355.

Rillig, M.C., Aguilar-Trigueros, C.A., Bergmann, J., Verbruggen, E., Veresoglou, S.D.,
Lehmann, A., 2015. Plant root and mycorrhizal fungal traits for understanding soil
aggregation. N. Phytol. 205, 1385-1388. https://doi.org/10.1111/nph.13045.

Rollett, A., Williams, J., 2024. Soil function maps resource review. Gov. Welsh.

Rosolem, C.A., Pivetta, L.A., 2017. Mechanical and biological approaches to alleviate soil
compaction in tropical soils: assessed by root growth and activity (Rb uptake) of
soybean and maize grown in rotation with cover crops. Soil Use Manag 33, 141-152.
https://doi.org/10.1111/sum.12313.

Roy, S., Liu, W., Nandety, R.S., Crook, A., Mysore, K.S., Pislariu, C.I., Udvardi, M.K.,
2020. Celebrating 20 years of genetic discoveries in legume nodulation and
symbiotic nitrogen fixation. Plant Cell 32 (1), 15-41. https://doi.org/10.1105/
tpc.19.00279.

Rubia, M.I., Ramachandran, V.K., Arrese-Igor, C., Larrainzar, E., Poole, P.S., 2020.

A novel biosensor to monitor proline in pea root exudates and nodules under osmotic
stress and recovery. Plant Soil 452, 413-422. https://doi.org/10.1007/s11104-020-
04577-2.

Ruffatti, M.D., Roth, R.T., Lacey, C.G., Armstrong, S.D., 2019. Impacts of nitrogen
application timing and cover crop inclusion on subsurface drainage water quality.
Agric. Water Manag 211, 81-88. https://doi.org/10.1016/j.agwat.2018.09.016.

Ruis, S.J., Blanco-Canqui, H., Elmore, R.W., Proctor, C., Koehler-Cole, K., Ferguson, R.B.,
Francis, C.A., Shapiro, C.A., 2020. Impacts of cover crop planting dates on soils after
four years. Agron. J. 112, 1649-1665. https://doi.org/10.1002/agj2.20143.

Saadat, D., Hashemi, M., Herbert, S., Siller, A., 2025. Contribution of roots and shoots of
three summer cover crops to soil C and N Cycling Post-Termination. Agronomy 15,
1467. https://doi.org/10.3390/agronomy15061467.

Sadeghi, H., Raeini, M.G.N., 2016. Capability investigation of carbon sequestration in
Artemisia aucheri Bioss. Int. J. Environ. Sci. Technol. 13, 159-164. https://doi.org/
10.1007/513762-015-0858-2.

Saha, D., Kukal, S.S., Sharma, S., 2011. Landuse impacts on SOC fractions and aggregate
stability in typic ustochrepts of Northwest India. Plant Soil 339, 457-470. https://
doi.org/10.1007/s11104-010-0602-0.

Sainju, U.M., Whitehead, W.F., Singh, B.P., 2005. Biculture legume—cereal cover crops
for enhanced biomass yield and carbon and nitrogen. Agron. J. 97, 1403-1412.
https://doi.org/10.2134/agronj2004.0274.

Sainju, U.M., Singh, B.P., Whitehead, W.F., Wang, S., 2006. Carbon supply and storage in
tilled and nontilled soils as influenced by cover crops and nitrogen fertilization.

J. Environ. Qual. 35, 1507-1517. https://doi.org/10.2134/jeq2005.0189.

Sanderman, J., Hengl, T., Fiske, G., 2017. Soil carbon debt of 12,000 years of human land
use. Proc. Natl. Acad. Sci. 114, 201706103. https://doi.org/10.1073/
pnas.1706103114.

SARE Outreach. (2020). Cover crop termination methods. In Conservation tillage systems
in the Southeast. Sustainable Agriculture Research and Education. (https://www.
sare.org/publications/conservation-tillage-systems-in-the-southeast/chapter-9-plant
ing-in-cover-crop-residue/cover-crop-termination-methods/).

Schipanski, M.E., Barbercheck, M., Douglas, M.R., Finney, D.M., Haider, K., Kaye, J.P.,
White, C., 2014. A framework for evaluating ecosystem services provided by cover
crops in agroecosystems. Agric. Syst. 125, 12-22. https://doi.org/10.1016/j.
agsy.2013.11.004.

Sedghi, N., Weil, R., 2022. Fall cover crop nitrogen uptake drives reductions in winter-
spring leaching. J. Environ. Qual. 51, 337-351. https://doi.org/10.1002/
jeq2.20342.


https://doi.org/10.2134/agronj2016.03.0174
https://doi.org/10.1017/S1742170519000061
https://doi.org/10.2136/vzj2017.04.0083
https://doi.org/10.3390/mi14010195
https://doi.org/10.3390/mi14010195
https://doi.org/10.1590/0034-737x202168040007
https://doi.org/10.1590/0034-737x202168040007
https://doi.org/10.1111/gcb.16269
https://doi.org/10.3390/su12052071
https://doi.org/10.3390/su12052071
https://doi.org/10.1016/j.fcr.2025.109867
https://doi.org/10.21203/rs.3.rs-2639804/v1
https://doi.org/10.21203/rs.3.rs-2639804/v1
https://doi.org/10.3390/agriculture11030218
https://doi.org/10.3390/agriculture11030218
http://refhub.elsevier.com/S0167-8809(26)00255-0/sbref148
http://refhub.elsevier.com/S0167-8809(26)00255-0/sbref148
https://doi.org/10.1146/annurev-genet-110410-132549
https://doi.org/10.1146/annurev-genet-110410-132549
https://doi.org/10.4236/ojss.2014.48030
https://doi.org/10.31274/etd-20200624-170
https://doi.org/10.1590/18069657rbcs20150482
https://doi.org/10.1590/18069657rbcs20150482
https://doi.org/10.1016/j.sajb.2009.02.091
https://doi.org/10.1016/j.sajb.2009.02.091
https://doi.org/10.1038/s41598-022-09737-1
https://doi.org/10.1038/s41598-022-09737-1
https://doi.org/10.25674/SO92ISS2PP129
https://doi.org/10.1029/2025EF006009
https://doi.org/10.2134/agronmonogr52.c6
https://doi.org/10.2134/agronmonogr52.c6
https://doi.org/10.1002/ecs2.2235
https://doi.org/10.59665/rar4041
https://doi.org/10.59665/rar4041
https://doi.org/10.1007/978-981-15-6125-2_2
https://doi.org/10.1007/978-981-15-6125-2_2
https://doi.org/10.1002/ldr.4440
https://doi.org/10.1002/ldr.4440
https://doi.org/10.1111/ejss.13532
https://doi.org/10.1016/j.agee.2014.10.024
https://doi.org/10.1016/j.agee.2014.10.024
https://doi.org/10.2134/agronj15.0065
https://doi.org/10.1016/S0045-6535(00)00072-2
https://doi.org/10.3390/agronomy9090519
https://doi.org/10.3390/agronomy9090519
https://doi.org/10.1111/gcb.16632
https://doi.org/10.1111/gcb.16632
https://doi.org/10.1021/acs.jafc.4c01487
https://doi.org/10.3390/agriculture12122076
https://doi.org/10.21203/rs.3.rs-2011115/v1
https://doi.org/10.1007/s11104-004-0907-y
https://doi.org/10.1007/s11104-004-0907-y
https://doi.org/10.1590/18069657rbcs20170355
https://doi.org/10.1111/nph.13045
https://doi.org/10.1111/sum.12313
https://doi.org/10.1105/tpc.19.00279
https://doi.org/10.1105/tpc.19.00279
https://doi.org/10.1007/s11104-020-04577-2
https://doi.org/10.1007/s11104-020-04577-2
https://doi.org/10.1016/j.agwat.2018.09.016
https://doi.org/10.1002/agj2.20143
https://doi.org/10.3390/agronomy15061467
https://doi.org/10.1007/s13762-015-0858-2
https://doi.org/10.1007/s13762-015-0858-2
https://doi.org/10.1007/s11104-010-0602-0
https://doi.org/10.1007/s11104-010-0602-0
https://doi.org/10.2134/agronj2004.0274
https://doi.org/10.2134/jeq2005.0189
https://doi.org/10.1073/pnas.1706103114
https://doi.org/10.1073/pnas.1706103114
https://www.sare.org/publications/conservation-tillage-systems-in-the-southeast/chapter-9-planting-in-cover-crop-residue/cover-crop-termination-methods/
https://www.sare.org/publications/conservation-tillage-systems-in-the-southeast/chapter-9-planting-in-cover-crop-residue/cover-crop-termination-methods/
https://www.sare.org/publications/conservation-tillage-systems-in-the-southeast/chapter-9-planting-in-cover-crop-residue/cover-crop-termination-methods/
https://doi.org/10.1016/j.agsy.2013.11.004
https://doi.org/10.1016/j.agsy.2013.11.004
https://doi.org/10.1002/jeq2.20342
https://doi.org/10.1002/jeq2.20342

L.B. Madrid et al.

Seethepalli, A., York, L.M., 2020. RhizoVision Explorer - Interactive software for
generalized root image analysis designed for everyone. (https://doi.org/10.52
81/zen0do.4095629).

Seitz, V.A., Chaparro, J.M., Schipanski, M.E., Wrighton, K.C., Prenni, J.E., 2023. Cover
crop cultivar, species, and functional diversity is reflected in variable root exudation
composition. J. Agric. Food Chem. 71, 11373-11385. https://doi.org/10.1021/acs.
jafc.3¢02912.

Seitz, V.A., McGivern, B.B., Borton, M.A., Chaparro, J.M., Schipanski, M.E., Prenni, J.E.,
Wrighton, K.C., 2024. Cover crop root exudates impact soil microbiome functional
trajectories in agricultural soils. Microbiome 12, 183. https://doi.org/10.1186/
s40168-024-01886-x.

Shao, M.R., Jiang, N., Li, M., Howard, A., Lehner, K., Mullen, J.L., Gunn, S.L., McKay, J.
K., Topp, C.N., 2021. Complementary phenotyping of maize root system architecture
by root pulling force and x-ray imaging. Plant Phenomics 2021, 9859254. https://
doi.org/10.34133/2021/9859254.

Shi, S., Gong, X., Cheng, S., Tao, D., Chen, X., Van Der Heijden, M.G.A., Trivedi, P.,
Baquerizo, M.D., Liu, M., 2025. Maize growth as a function of cover crop-mediated
soil microbiome. N. Phytol., nph.70460 https://doi.org/10.1111/nph.70460.

Sievers, T., Cook, R.L., 2018. Aboveground and root decomposition of cereal rye and
hairy vetch cover crops. Soil Sci. Soc. Am. J. 82, 147-155. https://doi.org/10.2136/
sssaj2017.05.0139.

Singh, D., Sudan, J., Verma, A., Bhat, B., Urwat, U., Shikari, A.B., Bhat, M.A,, Sofi, P.A.,
Zargar, S.M., 2025. Insight into root system architecture of buckwheat through
genome-wide association mapping-first study. Crop Sci. 65, €70092. https://doi.org/
10.1002/csc2.70092.

Six, J., Bossuyt, H., Degryze, S., Denef, K., 2004. A history of research on the link
between (micro)aggregates, soil biota, and soil organic matter dynamics. Soil Tillage
Res 79, 7-31. https://doi.org/10.1016/j.still.2004.03.008.

Smukler, S.M., O’Geen, A.T., Jackson, L.E., 2012. Assessment of best management
practices for nutrient cycling: A case study on an organic farm in a Mediterranean-
type climate. J. Soil Water Conserv 67, 16-31. https://doi.org/10.2489/
jswe.67.1.16.

Snapp, S.S., Swinton, S.M., Labarta, R., Mutch, D., Black, J.R., Leep, R., Nyiraneza, J.,
O’Neil, K., 2005. Evaluating cover crops for benefits, costs and performance within
cropping system niches. Agron. J. 97, 322-332. https://doi.org/10.2134/
agronj2005.0322a.

Snyder, H., 2019. Literature review as a research methodology: an overview and
guidelines. J. Bus. Res. 104, 333-339. https://doi.org/10.1016/j.
jbusres.2019.07.039.

Sokol, N.W., Kuebbing, SaraE., Karlsen-Ayala, E., Bradford, M.A., 2019. Evidence for the
primacy of living root inputs, not root or shoot litter, in forming soil organic carbon.
N. Phytol. 221, 233-246. https://doi.org/10.1111/nph.15361.

Solangi, F., Zhu, X., Cao, W., Dai, X., Solangi, K.A., Zhou, G., Alwasel, Y.A., 2024.
Nutrient Uptake Potential of Nonleguminous Species and Its Interaction with Soil
Characteristics and Enzyme Activities in the Agro-ecosystem. ACS Omega 9,
13860-13871. https://doi.org/10.1021/acsomega.3c08794.

Spargo, J.T., Cavigelli, M.A., Mirsky, S.B., Meisinger, J.J., Ackroyd, V.J., 2016. Organic
supplemental nitrogen sources for field corn production after a hairy vetch cover
crop. Agron. J. 108, 1992-2002. https://doi.org/10.2134/agronj2015.0485.

Spielvogel, S., Prietzel, J., Kogel-Knabner, 1., 2006. Soil organic matter changes in a
spruce ecosystem 25 years after disturbance. Soil Sci. Soc. Am. J. 70, 2130-2145.
https://doi.org/10.2136/ss5aj2005.0027.

Srikavi, A., Mekala, M., 2023. Characterization of Sunn hemp fibers as a substitute for
synthetic fibers in composites and various applications. Ind. Crops Prod. 192,
116135. https://doi.org/10.1016/j.indcrop.2022.116135.

Stanchi, S., Falsone, G., Bonifacio, E., 2015. Soil aggregation, erodibility, and erosion
rates in mountain soils (NW Alps, Italy). Solid Earth 6, 403-414. https://doi.org/
10.5194/se-6-403-2015.

Steinkellner, S., Lendzemo, V., Langer, 1., Schweiger, P., Khaosaad, T., Toussaint, J.-P.,
Vierheilig, H., 2007. Flavonoids and strigolactones in root exudates as signals in
symbiotic and pathogenic plant-fungus interactions. Molecules 12, 1290-1306.
https://doi.org/10.3390,/12071290.

Stichler, C., 2006. Best Management Practices for Conservation/Reduced Tillage.

Storkey, J., Bruce, T.J., McMillan, V.E., Neve, P., 2019. The future of sustainable crop
protection relies on increased diversity of cropping systems and landscapes.
Agroecosystem diversity. Academic Press, pp. 199-209.

Sulieman, S., & Tran, L., 2016. Legume nitrogen fixation in a changing environment.
Cham: Springer. (https://link.springer.com/content/pdf/10.1007/978-3-319-0621
2-9.pdf).

Sun, B., Wang, Y., Yang, Q., Gao, H., Niu, H., Li, Y., Ma, Q., Huan, Q., Qian, W., Ren, B.,
2023. A high-resolution transcriptomic atlas depicting nitrogen fixation and nodule
development in soybean. J. Integr. Plant Biol. 65, 1536-1552. https://doi.org/
10.1111/jipb.13495.

Tarrant, A.R., Brainard, D.C., Hayden, Z.D., 2020. Cover Crop performance between
plastic-mulched beds: impacts on weeds and soil resources. HortScience 55,
1069-1077. https://doi.org/10.21273/HORTSCI14956-20.

Tautges, N.E., Chiartas, J.L., Gaudin, A.C.M., O’Geen, A.T., Herrera, 1., Scow, K.M., 2019.
Deep soil inventories reveal that impacts of cover crops and compost on soil carbon
sequestration differ in surface and subsurface soils. Glob. Change Biol. 25,
3753-3766. https://doi.org/10.1111/gcb.14762.

Teasdale, J.R., Abdul-Baki, A.A., Bong Park, Y., 2008. Sweet corn production and
efficiency of nitrogen use in high cover crop residue. Agron. Sustain. Dev. 28 (4),
559-565. (https://link.springer.com/article/10.1051/agro:2008029).

Telo da Gama, J., 2023. The role of soils in sustainability, climate change, and ecosystem
services: challenges and opportunities. Ecologies 4, 552-567. https://doi.org/
10.3390/ecologies4030036.

16

Agriculture, Ecosystems and Environment 407 (2026) 110468

Thaler, E., Larsen, 1., Yu, Q., 2021. The extent of soil loss across the US Corn Belt. Proc.
Natl. Acad. Sci. 118, €1922375118. https://doi.org/10.1073/pnas.1922375118.

Thapa, R., Mirsky, S.B., Tully, K.L., 2018a. Cover crops reduce nitrate leaching in
agroecosystems:a global meta-analysis. J. Environ. Qual. 47, 1400-1411. https://
doi.org/10.2134/jeq2018.03.0107.

Thapa, R., Poffenbarger, H., Tully, K.L., Ackroyd, V.J., Kramer, M., Mirsky, S.B., 2018b.
Biomass production and nitrogen accumulation by hairy vetch—cereal rye mixtures: a
meta-analysis. Agron. J. 110, 1197-1208. https://doi.org/10.2134/
agronj2017.09.0544.

Thapa, V.R., Ghimire, R., Acosta-Martinez, V., Marsalis, M.A., Schipanski, M.E., 2021.
Cover crop biomass and species composition affect soil microbial community
structure and enzyme activities in semiarid cropping systems. Appl. Soil Ecol. 157,
103735. https://doi.org/10.1016/j.apso0il.2020.103735.

Thorup-Kristensen, K., Halberg, N., Nicolaisen, M., Olesen, J.E., Crews, T.E.,

Hinsinger, P., Kirkegaard, J., Pierret, A., Dresbgll, D.B., 2020. Digging deeper for
agricultural resources, the value of deep rooting. Trends Plant Sci. 25, 406-417.
https://doi.org/10.1016/j.tplants.2019.12.007.

Tilhou, N., Kucek, L.K., Carr, B., Marion, A., Douglas, J., Englert, J., Ali, S., Raasch, J.,
Bhamidimarri, S., Mirsky, S.B., Monteros, M.J., Krogman, S., Hayes, R., Azevedo, M.,
Riday, H., 2023. Genome-wide association mapping in hairy vetch (Vicia villosa)
discovers a large effect locus controlling seed dormancy. Front. Plant Sci. 14,
1282187. https://doi.org/10.3389/fpls.2023.1282187.

Tonitto, C., David, M.B., Drinkwater, L.E., 2006. Replacing bare fallows with cover crops
in fertilizer-intensive cropping systems: A meta-analysis of crop yield and N
dynamics. Agric. Ecosyst. Environ. 112, 58-72. https://doi.org/10.1016/j.
agee.2005.07.003.

Van Deynze, A., Zamora, P., Delaux, P.-M., Heitmann, C., Jayaraman, D., Rajasekar, S.,
Graham, D., Maeda, J., Gibson, D., Schwartz, K.D., Berry, A.M., Bhatnagar, S.,
Jospin, G., Darling, A., Jeannotte, R., Lopez, J., Weimer, B.C., Eisen, J.A.,

Shapiro, H.-Y., Ané, J.-M., Bennett, A.B., 2018. Nitrogen fixation in a landrace of
maize is supported by a mucilage-associated diazotrophic microbiota. PLOS Biol. 16,
€2006352. https://doi.org/10.1371/journal.pbio.2006352.

Villamil, M.B., Bollero, G.A., Darmody, R.G., Simmons, F.W., Bullock, D.G., 2006. No-Till
Corn/Soybean Systems Including Winter Cover Crops: Effects on Soil Properties. Soil
Sci. Soc. Am. J. 70, 1936-1944. https://doi.org/10.2136/ss5aj2005.0350.

Wagg, C., Bender, S.F., Widmer, F., Van Der Heijden, M.G.A., 2014. Soil biodiversity and
soil community composition determine ecosystem multifunctionality. Proc. Natl.
Acad. Sci. 111, 5266-5270. https://doi.org/10.1073/pnas.1320054111.

Wagger, M.G., Denton, H.P., 1989. Influence of cover crop and wheel traffic on soil
physical properties in continuous no-till corn. Soil Sci. Soc. Am. J. 53, 1206-1210.
https://doi.org/10.2136/ss5aj1989.036159950.

Wagstaff, S.A., Thelen, K.D., 2011. Interseeded winter annual rye in dry bean cropping
systems. J. Crop Improv 25, 425-434. https://doi.org/10.1080/
15427528.2011.582233.

Wang, J., Wang, Jiang, He, J., Zhu, Y., Qiao, N., Ge, Y., 2021. Arbuscular mycorrhizal
fungi and plant diversity drive restoration of nitrogen-cycling microbial
communities. Mol. Ecol. 30, 4133-4146. https://doi.org/10.1111/mec.16030.

Wang, K.-H., Waisen, P., Leslie, A., Paudel, R., Meyer, S., Hooks, C., 2022. Relationships
between soil tillage systems, nematode communities and weed seed predation.
Horticulturae 8, 425. https://doi.org/10.3390/horticulturae8050425.

Wang, L., Garland, G.M., Ge, T., Guo, S., Kebede, E.A., He, C., Hijri, M., Plaza-Bonilla, D.,
Stringer, L.C., Davis, K.F., Lee, S.-J., Feng, S., Wang, L., Wei, Z., Cao, H., Wang, Z.,
Xu, J., Siddique, K.H.M., Gan, G.Y., Zhao, M., 2025. Integrated strategies for
enhancing agrifood productivity, lowering greenhouse gas emissions, and improving
soil health. Innovation, 101006. https://doi.org/10.1016/j.xinn.2025.101006.

Wang, P., Chai, Y.N., Roston, R., Dayan, F.E., Schachtman, D.P., 2021. The sorghum
bicolor root exudate sorgoleone shapes bacterial communities and delays network
formation, 10.1128/msystems.00749-20 mSystems 6. https://doi.org/10.1128/
msystems.00749-20.

Wang, Q., Li, Y., Klassen, W., Alva, A., 2012. High retention of N P nutrients, soil organic
carbon, and fine particles by cover crops under tropical climate. Agron. Sustain. Dev.
32, 781-790. https://doi.org/10.1007/s13593-011-0054-9.

Wendel, A.S., Bauke, S.L., Amelung, W., Knief, C., 2022. Root-rhizosphere-soil
interactions in biopores. Plant Soil 475, 253-277. https://doi.org/10.1007/s11104-
022-05406-4.

Wiggins, M.S., Hayes, R.M., Nichols, R.L., Steckel, L.E., 2017. Cover Crop and
Postemergence Herbicide Integration for Palmer amaranth Control in Cotton. Weed
Technol. 31, 348-355. https://doi.org/10.1017/wet.2017.10.

Wilhelm, W.W., Johnson, J.M.F., Hatfield, J.L., Voorhees, W.B., Linden, D.R., 2004. Crop
and Soil Productivity Response to Corn Residue Removal. A Lit. Rev.

Williams, S.M., Weil, R.R., 2004. Crop Cover Root Channels May Alleviate Soil
Compaction Effects on Soybean Crop. Soil Sci. Soc. Am. J. 68, 1403-1409. https://
doi.org/10.2136/sssaj2004.1403.

Wittwer, R.A., Van Der Heijden, M.G.A., 2020. Cover crops as a tool to reduce reliance on
intensive tillage and nitrogen fertilization in conventional arable cropping systems.
Field Crops Res 249, 107736. https://doi.org/10.1016/j.fcr.2020.107736.

Wittwer, R.A., Dorn, B., Jossi, W., Van Der Heijden, M.G.A., 2017. Cover crops support
ecological intensification of arable cropping systems. Sci. Rep. 7, 41911. https://doi.
org/10.1038/srep41911.

Wong, K.M., Griffiths, M., Moran, A., Johnston, A., Liu, A.E., Sellers, M.A., Topp, C.N.,
2024. Cover crop cultivars and species differ in root traits potentially impacting their
selection for ecosystem services. Plant Soil 500, 279-296. https://doi.org/10.1007/
511104-023-06431-7.

Woolf, D., Lehmann, J., 2012. Modelling the long-term response to positive and negative
priming of soil organic carbon by black carbon. Biogeochemistry 111, 83-95.
https://doi.org/10.1007/510533-012-9764-6.


https://doi.org/10.5281/zenodo.4095629
https://doi.org/10.5281/zenodo.4095629
https://doi.org/10.1021/acs.jafc.3c02912
https://doi.org/10.1021/acs.jafc.3c02912
https://doi.org/10.1186/s40168-024-01886-x
https://doi.org/10.1186/s40168-024-01886-x
https://doi.org/10.34133/2021/9859254
https://doi.org/10.34133/2021/9859254
https://doi.org/10.1111/nph.70460
https://doi.org/10.2136/sssaj2017.05.0139
https://doi.org/10.2136/sssaj2017.05.0139
https://doi.org/10.1002/csc2.70092
https://doi.org/10.1002/csc2.70092
https://doi.org/10.1016/j.still.2004.03.008
https://doi.org/10.2489/jswc.67.1.16
https://doi.org/10.2489/jswc.67.1.16
https://doi.org/10.2134/agronj2005.0322a
https://doi.org/10.2134/agronj2005.0322a
https://doi.org/10.1016/j.jbusres.2019.07.039
https://doi.org/10.1016/j.jbusres.2019.07.039
https://doi.org/10.1111/nph.15361
https://doi.org/10.1021/acsomega.3c08794
https://doi.org/10.2134/agronj2015.0485
https://doi.org/10.2136/sssaj2005.0027
https://doi.org/10.1016/j.indcrop.2022.116135
https://doi.org/10.5194/se-6-403-2015
https://doi.org/10.5194/se-6-403-2015
https://doi.org/10.3390/12071290
http://refhub.elsevier.com/S0167-8809(26)00255-0/sbref202
http://refhub.elsevier.com/S0167-8809(26)00255-0/sbref202
http://refhub.elsevier.com/S0167-8809(26)00255-0/sbref202
https://link.springer.com/content/pdf/10.1007/978-3-319-06212-9.pdf
https://link.springer.com/content/pdf/10.1007/978-3-319-06212-9.pdf
https://doi.org/10.1111/jipb.13495
https://doi.org/10.1111/jipb.13495
https://doi.org/10.21273/HORTSCI14956-20
https://doi.org/10.1111/gcb.14762
https://link.springer.com/article/10.1051/agro:2008029
https://doi.org/10.3390/ecologies4030036
https://doi.org/10.3390/ecologies4030036
https://doi.org/10.1073/pnas.1922375118
https://doi.org/10.2134/jeq2018.03.0107
https://doi.org/10.2134/jeq2018.03.0107
https://doi.org/10.2134/agronj2017.09.0544
https://doi.org/10.2134/agronj2017.09.0544
https://doi.org/10.1016/j.apsoil.2020.103735
https://doi.org/10.1016/j.tplants.2019.12.007
https://doi.org/10.3389/fpls.2023.1282187
https://doi.org/10.1016/j.agee.2005.07.003
https://doi.org/10.1016/j.agee.2005.07.003
https://doi.org/10.1371/journal.pbio.2006352
https://doi.org/10.2136/sssaj2005.0350
https://doi.org/10.1073/pnas.1320054111
https://doi.org/10.2136/sssaj1989.036159950
https://doi.org/10.1080/15427528.2011.582233
https://doi.org/10.1080/15427528.2011.582233
https://doi.org/10.1111/mec.16030
https://doi.org/10.3390/horticulturae8050425
https://doi.org/10.1016/j.xinn.2025.101006
https://doi.org/10.1128/msystems.00749-20
https://doi.org/10.1128/msystems.00749-20
https://doi.org/10.1007/s13593-011-0054-9
https://doi.org/10.1007/s11104-022-05406-4
https://doi.org/10.1007/s11104-022-05406-4
https://doi.org/10.1017/wet.2017.10
http://refhub.elsevier.com/S0167-8809(26)00255-0/sbref227
http://refhub.elsevier.com/S0167-8809(26)00255-0/sbref227
https://doi.org/10.2136/sssaj2004.1403
https://doi.org/10.2136/sssaj2004.1403
https://doi.org/10.1016/j.fcr.2020.107736
https://doi.org/10.1038/srep41911
https://doi.org/10.1038/srep41911
https://doi.org/10.1007/s11104-023-06431-7
https://doi.org/10.1007/s11104-023-06431-7
https://doi.org/10.1007/s10533-012-9764-6

L.B. Madrid et al.

Wortman, S.E., Francis, C.A., Bernards, M.L., Drijber, R.A., Lindquist, J.L., 2012.
Optimizing cover crop benefits with diverse mixtures and an alternative termination
method. Agron. J. 104, 1425-1435. https://doi.org/10.2134/agronj2012.0185.

Wu, H., Haig, T., Pratley, J., Lemerle, D., An, M., 2001. Allelochemicals in Wheat
(Triticum aestivum L.): Cultivar Difference in the Exudation of Phenolic Acids.

J. Agric. Food Chem. 49, 3742-3745. https://doi.org/10.1021/jf010111x.

Wu, Q., Wu, J., Hu, P., Zhang, Weixin, Ma, Y., Yu, K., Guo, Y., Cao, J., Li, H., Li, B.,
Yao, Y., Cao, H., Zhang, Wenyu, 2023. Quantification of the three-dimensional root
system architecture using an automated rotating imaging system. Plant Methods 19,
11. https://doi.org/10.1186/5s13007-023-00988-1.

Yang, J., Zhang, T., Zhang, R., Huang, Q., Li, H., 2019. Long-term cover cropping
seasonally affects soil microbial carbon metabolism in an apple orchard.
Bioengineered 10, 207-217. https://doi.org/10.1080/21655979.2019.1622991.

Yang, X.M., Reynolds, W.D., Drury, C.F., Reeb, M.D., 2021. Cover crop effects on soil
temperature in a clay loam soil in southwestern Ontario. Can. J. Soil Sci. 101,
761-770. https://doi.org/10.1139/cjss-2021-0070.

Yasrab, R., Atkinson, J.A., Wells, D.M., French, A.P., Pridmore, T.P., Pound, M.P., 2019.
RootNav 2.0: Deep learning for automatic navigation of complex plant root
architectures. GigaScience 8, giz123. https://doi.org/10.1093/gigascience/giz123.

Yetgin, A., 2023. The dynamic interplay of root exudates and rhizosphere microbiome.
Soil Stud. 12, 111-120. https://doi.org/10.21657 /soilst.1408089.

Yin, C., Osborne, S.L., Lehman, R.M., 2025. Legacy effects of cover crop on cash crop
rhizosphere microbiota in a no-till maize-soybean cropping system. PBIOMES-09
Phytobiomes J.. https://doi.org/10.1094/PBIOMES-09-24-0086-R.

Yu, Y., Loiskandl, W., Kaul, H.-P., Himmelbauer, M., Wei, W., Chen, L., Bodner, G., 2016.
Estimation of runoff mitigation by morphologically different cover crop root
systems. J. Hydrol. 538, 667-676. https://doi.org/10.1016/].jhydrol.2016.04.060.

17

Agriculture, Ecosystems and Environment 407 (2026) 110468

Zeng, D., Li, M., Jiang, N., Ju, Y., Schreiber, H., Chambers, E., Letscher, D., Ju, T.,
Topp, C.N., 2021. TopoRoot: a method for computing hierarchy and fine-grained
traits of maize roots from 3D imaging. Plant Methods 17, 127. https://doi.org/
10.1186/513007-021-00829-z.

Zhang, C., Xue, W., Xue, J., Zhang, J., Qiu, L., Chen, X., Hu, F., Kardol, P., Liu, M., 2022a.
Leveraging functional traits of cover crops to coordinate crop productivity and soil
health. J. Appl. Ecol. 59, 2627-2641. https://doi.org/10.1111/1365-2664.14264.

Zhang, H., Ghahramani, A., Ali, A., Erbacher, A., 2023. Cover cropping impacts on soil
water and carbon in dryland cropping system. PLOS ONE 18, e0286748. https://doi.
org/10.1371/journal.pone.0286748.

Zhang, Z., Yan, L., Wang, Y., Ruan, R., Xiong, P., Peng, X., 2022b. Bio-tillage improves
soil physical properties and maize growth in a compacted Vertisol by cover crops.
Soil Sci. Soc. Am. J. 86, 324-337. https://doi.org/10.1002/52j2.20368.

Zhao, X., Hao, C., Zhang, R., Jiao, N., Tian, J., Lambers, H., Liang, C., Cong, W.-F.,
Zhang, F., 2023. Intercropping increases soil macroaggregate carbon through root
traits induced microbial necromass accumulation. Soil Biol. Biochem 185, 109146.
https://doi.org/10.1016/j.s0ilbio.2023.109146.

Zhao, Z., Ma, Y., Feng, T., Kong, X., Wang, Z., Zheng, W., Zhai, B., 2022. Assembly
processes of abundant and rare microbial communities in orchard soil under a cover
crop at different periods. Geoderma 406, 115543. https://doi.org/10.1016/j.
geoderma.2021.115543.

Zhou, H., Whalley, W.R., Hawkesford, M.J., Ashton, R.W., Atkinson, B., Atkinson, J.A.,
Sturrock, C.J., Bennett, M.J., Mooney, S.J., 2021. The interaction between wheat
roots and soil pores in structured field soil. J. Exp. Bot. 72, 747-756. https://doi.org/
10.1093/jxb/eraa475.


https://doi.org/10.2134/agronj2012.0185
https://doi.org/10.1021/jf010111x
https://doi.org/10.1186/s13007-023-00988-1
https://doi.org/10.1080/21655979.2019.1622991
https://doi.org/10.1139/cjss-2021-0070
https://doi.org/10.1093/gigascience/giz123
https://doi.org/10.21657/soilst.1408089
https://doi.org/10.1094/PBIOMES-09-24-0086-R
https://doi.org/10.1016/j.jhydrol.2016.04.060
https://doi.org/10.1186/s13007-021-00829-z
https://doi.org/10.1186/s13007-021-00829-z
https://doi.org/10.1111/1365-2664.14264
https://doi.org/10.1371/journal.pone.0286748
https://doi.org/10.1371/journal.pone.0286748
https://doi.org/10.1002/saj2.20368
https://doi.org/10.1016/j.soilbio.2023.109146
https://doi.org/10.1016/j.geoderma.2021.115543
https://doi.org/10.1016/j.geoderma.2021.115543
https://doi.org/10.1093/jxb/eraa475
https://doi.org/10.1093/jxb/eraa475

	Cover crop root attributes and their contribution to soil processes and agroecosystem sustainability
	1 Introduction
	2 Methodology
	3 Functional roles of cover crop roots in soil physical, chemical, and biological processes
	3.1 Role of cover crop roots in soil physical processes
	3.2 Role of cover crop roots in soil chemical processes
	3.3 Role of cover crop roots in soil biological processes
	3.3.1 Cover crop root - microbe interactions
	3.3.2 Cover crop root- soil macro-biota interactions
	3.3.3 Nodulation and biological nitrogen fixation


	4 Maximizing cover crop root benefits through management practices
	4.1 Choosing the cover crop system
	4.2 Selecting tillage practice
	4.3 Selecting the cover crop
	4.4 Optimizing cover crop cultural practices

	5 Breeding for cover crop root traits to enhance belowground interactions
	6 Emerging technologies
	7 Conclusions and future directions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Data Availability
	References


