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1 Introduction

During the last few decades, research has resulted in significant advances
in understanding the role of cover crops in sustainable agroecosystems,
particularly in improving nutrient cycling. As addressed in other chapters, using
cover crops contributes to soil structure improvement, soil erosion reduction,
soil carbon (C) sequestration, and soil biological health (e.g. Blanco-Canqui
and Ruis, 2020; Jian et al., 2020; Kim et al., 2020), which directly and indirectly
influence nutrient cycling and losses. Fertilizer inputs to provide nutrients are a
significant cost of production; thus, optimizing nutrient availability to crops via
cover crops is a key component of sustainable agriculture. Nutrient losses that
are from agroecosystems, especially the losses of nitrogen (N) and phosphorus
(P), cause eutrophication, biodiversity loss, and in the case of N-related climate
change (Tilman, 1999). Therefore, we need to comprehensively understand
the role of cover crops in reducing nutrient losses and improving nutrient
availability to subsequent crops.

Despite many studies to evaluate cover crop effects on crop agronomy
and environmental impacts (e.g. Scavo et al., 2022; Crespo et al., 2021; Nitu
et al., 2021; Hallama et al., 2019; Blanco-Canqui et al., 2015; Dabney et al.,
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2 The role of cover crops in optimizing nutrient cycles

2010; Eriksen, 2009), several challenges remain in improving nutrient cycling
with cover crops. The key challenges include how to select and manage
legume cover crops to improve biological N fixation (BNF); how to improve the
synchrony between soil supply (i.e. nutrient release from cover crops or organic
matter mineralization) and crop demand (Fontaine et al., 2024; Hansen et al.,
2021; Nevins et al., 2020); and how long-term cover cropping (=10 years) affects
soil health, soil microbial community, and nutrient cycling. Moreover, nutrient
cycles have some common aspects, such as mobilization-immobilization, and
only a small fraction of nutrients (i.e. inorganic forms) in soil are available for
plant uptake; however, each nutrient has specific aspects, such as gaseous forms
of N and sulfur (S) but not of P, as well as biologically fixed N (Murrell et al., 2021;
Biinemann et al., 2011; Stevenson and Cole, 1999). To address these challenges,
it is important to understand the mechanisms of how cover crops optimize
nutrient cycling of these most impacted macronutrients (i.e. N, S, and P).
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Figure 1 Graphical representation of the four major mechanisms (@ to @) of how cover
crops influence nutrient cycling in agroecosystems. ® Legume cover crops can directly
add nitrogen to the system via biological N fixation. Cover crops can reduce nutrient losses
from the system by @-1 scavenging soil residual nutrients, which mitigates @-2 leaching,
®-4 nitrogen gaseous losses, and @-3 soil erosion. After long-term use of cover crops,
the positive effect on ®@-1 soil organic matter content and ®-2 microbial community may
improve the capacity of soil to cycle nutrients. The decomposition of cover crop residues
@ supplies nutrients to subsequent crops. Nitrogen: N, phosphorus: P, nitrate: NOj3,
ammonium: NH;, sulfate: soz-, dihydrogen phosphate: H,POj; . Note: Cover crops can
cause immobilization of nutrients (e.g. N) and the increase in N gaseous emissions, under
certain circumstances, which is discussed in the text but is not delineated in Figure 1
(Photo credit: Yajun Peng).
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In this chapter, four primary mechanisms of how cover crops influence
nutrient cycling are discussed: (1) biologically fixing atmospheric dinitrogen
(N,); (2) reducing nutrient losses by mitigating leaching, soil erosion, and
gaseous forms; (3) improving soil health (soil organic matter and soil microbial
community) to cycle nutrients; and (4) supplying nutrients to subsequent crops
(Fig. 1). These four mechanisms are not the only means by which cover crops
influence nutrient cycling, but they are dominant pathways in agroecosystems
that affect crop growth. These mechanisms are neitherindependent norisolated,
as demonstrated via the case study of recent research. A ranking system of the
performance of common cover crops towards each mechanism is provided
(Table 1). Moreover, we structure this chapter by starting with N as it is the
macronutrient in most demand for crop growth, followed by P and S nutrients
when they apply to specific mechanisms (e.g. particulate P loss by soil erosion).

2 Adding biologically-fixed atmospheric nitrogen to
systems

Nitrogen is an essential macronutrient required in large amounts for crop
growth. Legume cover crops can provide large quantities of N via BNF
(Herridge et al., 2008), and thereby farmers can reduce N fertilizer inputs to
main crops that follow legume cover crops (Nitu et al., 2021; Soumare et al.,
2020; Howard and Rees, 1996). However, the amount of N via BNF and fertilizer
equivalence varies among legume cover crops (Nitu et al., 2021). Various
methodologies have been used to estimate BNF (Unkovich et al., 2008). The
most common approach is based on ®N natural abundance, which has been
widely used for estimating BNF from legume cover crops (Perrone et al., 2020;
Parr et al., 2011). The proportion of N in aboveground legume cover crop
biomass derived from BNF varied among species from 3% to 100% (Buchi
etal., 2015). As a result, the typical levels of N fixation from legume cover crops
are 30 kg N ha' yr' to 200 kg N ha™ yr' (Nitu et al., 2021). Correspondingly,
the N fertilizer equivalence of legume cover crops to subsequent non-legume
crops also varies (e.g. 12 kg N ha™' to 182 kg N ha™'; Fageria et al., 2005). Given
these ranges of values, there is a need for future research that provides better
predictions of N fertilizer equivalence.

The wide range of BNF and N fertilizer equivalence values is mainly due
to the complex interactions among legume species, planting and termination
dates, soil types, and climate conditions (Perrone et al., 2020; Carranca et al.,
1999). For instance, spring termination compared to fall termination of alfalfa
(Medicago sativa) and red clover (Trifolium pretense) provided optimal N to the
subsequent corn crop and to a greater extent than crimson clover (Trifolium
incarnatum; Coombs etal., 2017). This could be because with spring termination
the legume cover crops had (1) higher N content, (2) better synchrony between

Published by Burleigh Dodds Science Publishing Limited, 2026.



4 The role of cover crops in optimizing nutrient cycles

Table 1 Ranking system of the expected performance of how select cover crops optimize
nutrient cycles

Reduce soil

Biologically Scavenge and nutrient Improve
Cover crops fix nitrogen nutrients losses soil health
Legumes
Clover, Crimson 0000 ® (1] 000
(Trifolium incarnatum)
Clover, Red (Trifolium 0000 o0 000 0000
pratense)
Clover, White [ 1) [ 000 (1 ]
(Trifolium repens)
Field/Winter Pea 000 [ ( 1 ] ( 1 ]
(Pisum sativum subsp.
arvense)
Hair Vetch (Vicia 0000 o ( 1] [ 1]
villosa)
Grasses
Annual Ryegrass 0000 0000 0000
(Lolium multiflorum)
Barley (Hordeum 000 0000 000
vulgare)
Japanese Millet 0000 0000 000
(Echinochloa spp.)
Oat (Avena sativa) 000 000 000
Pearl Millet 0000 0000 000
(Pennisetum glaucum)
Sudangrass (Sorghum 0000 0000 0000
bicolor)
Winter Cereal Rye 0000 0000 0000
(Secale cereale)
Non-legume
Broadleaves
Buckwheat ° [ 000
(Fagopyrum
esculentum)
Mustards (Brassica 000 (1] ( 1 ]
juncea)
Radish (Raphanus 000 [ ] ([ I ]
sativus)
Turnip (Brassica rapa) 000 [ 1) (1]

Note: The ranking system is based on the Midwest Cover Crops Field Guide (Third Edition) and
Midwest Cover Crops Council (midwestcovercrops.org) and assumes expected growth to achieve the
performance. More dots indicate a greater ability to optimize nutrients under the given mechanism
(the maximum number of dots is four).
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cover crop N mineralization and crop N demand, and (3) less N lost from the
system, compared to fall termination (Coombs et al., 2017). However, growing
conditions (i.e. weather and soil conditions) are a more significant driver of BNF
than cover crop species and management (e.g. termination dates; Peng et al.,
2023; Coombsetal.,2017; Parretal.,2011). This is because growing conditions
not only affect the establishment and growth of legumes but also their BNF and
inorganic N uptake (Guinet et al., 2018). A low inorganic N condition might
enhance BNF to meet the N requirements of legumes (Guinet et al., 2018).
Hence, more site-specific research to understand BNF is critical to optimizing N
supply to subsequent crops and increasing yields.

3 Reducing nutrient losses from the system
3.1 Scavenging post-harvest nutrients via cover crop uptake

In agricultural systems, after the harvest of main crops, residual nutrients are
in the field as crop residues or the soil (Torma et al., 2018). Practically, these
residual nutrients are potential resources for subsequent main crops. However,
during the fallow period that follows crop harvest and before the next crop
planting (i.e. no living plants in the field), residual nutrients can be lost through
erosion, runoff, leaching, volatilization, and denitrification. Rather than a fallow
period, cover crops can be utilized to mitigate the losses of residual nutrients
(Hirsh et al., 2021; Kaye et al., 2019). Cover crops have different acquisition
strategies for residual nutrients; hence, the key question is how to select cover
crops to optimize the acquisition of specific nutrients.

The ability of cover crops to uptake residual nutrients largely relies on the
level of plant-available residual nutrients (i.e. inorganic form), the amount of
aboveground biomass, and the species of cover crops, specifically their leaf
and root traits (Griffiths et al., 2022; Wendling et al., 2016; White et al., 2013).
Under high nutrient conditions (fertile soil), cover crop species with the greatest
production of biomass (especially shoots) have the greatest acquisition of
nutrients (Wendling et al., 2016). Five nutrient acquisition strategies based on
leaf and root traits of 20 cover crop species were comprehensively explored in
fields with high soil fertility (Switzerland; Wendling et al., 2016). They reported
that cover crop species with large root length density (large root diameter and
root area) and large shoot biomass production are recommended to uptake
residual nutrients. These species include sunflower (Helianthus annuus), white
mustard (Sinapis alba), phacelia (Phacelia tanacetifolia), turnip rape (Brassica
rapa campestris), and oilseed radish (Raphanus sativus oleiformis). In contrast,
under low nutrient conditions (infertile soil), the acquisition of nutrients is
controlled primarily by cover crop root traits (Griffiths et al., 2022; Wendling
et al., 2016; White et al., 2013). Crucifer cover crops such as winter rape
(Brassica napus), phacelia, and fodder radish (Raphanus sativus) with deep
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root penetration and fast establishment are recommended to facilitate N and
S uptake from subsoil layers (>1 m soil depth; Thorup-Kristensen, 2001). These
cover crops with vigorous and deep roots bring nutrients from deeper soil
layers to the aboveground biomass and ultimately the soil surface, which after
mineralization is an available nutrient source for subsequent crops. However,
cover crops with ‘topsoil foraging’ root systems are recommended to take up
P, because P is relatively immobile in the soil profile and is concentrated in the
topsoil (Griffiths et al., 2022; Lynch et al., 2001), especially under no-tillage
systems. Clearly, cover crop approaches to scavenge nutrients need to be
nutrient- and species-specific.

3.2 Decreasing nitrate and sulfate leaching during the non-
growing season

When cover crops scavenge residual nutrients (also water), they reduce
nutrients available for losses via leaching (e.g. nitrate (NO3) and sulfate; Nouri
et al., 2022; Thapa et al., 2018; Eriksen and Thorup-Kristensen, 2002). Higher
evapotranspiration with cover crops compared to bare soils reduces the amount
of water that moves through the soil profile (Nouri et al., 2022; Meyer et al.,
2019). Studies have reported that cover cropping decreased NOj3; leaching
by 40% to 70% over the non-growing season, compared to a no cover crop
control, based on high-frequency weighing lysimeter systems (e.g. Lapierre
et al., 2022) and global meta-analyses (Nouri et al., 2022; Thapa et al., 2018).
The adoption of winter cereal rye (Secale cereale) in corn (Zea mays)-soybean
(Glycine max) and continuous corn cropping systems in the upper midwestern
United States was estimated to have the potential to decrease NOj3 leaching
in the Mississippi River Basin by 20%, improving water quality (Kladivko et al.,
2014). This suggests cover cropping is a promising management practice that
decreases nutrient leaching and increases water quality in rivers and lakes.
Many factors affect the effectiveness of cover crops in reducing nutrient
leaching, such as cover crop species, planting date (the timing and length
of cover crop growth), the time of cover crop termination, soil texture, main
crop systems, tillage systems, and weather conditions (Nouri et al., 2022;
Eriksen and Thorup-Kristensen, 2002; Thapa et al., 2018; Teixeira et al., 2016).
The positive impact of cover crops on NO3 leaching reduction is greater in
high-risk environments, such as sand-dominated soil (more water moving
through the profile), vegetable cropping systems (fresh residues susceptible
to quick mineralization), and conventional tillage systems (more homogenous
distribution of soil pores within the tillage depth; Nouri et al., 2022). Moreover,
non-leguminous cover crops (e.g. winter cereal rye) are generally more
effective in reducing NOj3leaching than legume cover crops, primarily due to
quicker growth, higher N demand for growth, and relatively higher C/N ratio
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(Nouri et al., 2022; Thapa et al., 2018). There is significant evidence that cover
crops reduce NOjleaching when the cover crop is alive. However, there may
be nutrient leaching losses from the field if the release of nutrients from frost-
or herbicide-terminated cover crop residues coincides with water movement
through the soil profile (Cober et al., 2018, 2019; Lozier et al., 2017). Research
is needed on the effects of cover crop termination timing on nutrient leaching
and the extent to which reducing leaching losses influences subsequent crop
nutrient uptake and growth.

3.3 Decreasing surface phosphorus losses by mitigating runoff
and soil erosion during the non-growing season

In addition to reducing N and S leaching, cover crops can reduce P losses.
Losses of P from agricultural systems to surface waters are largely via soil
erosion, surface runoff, and subsurface drainage (Hansen et al., 2002; Sharpley
and Smith, 1991). This indicates that the greatest potential for P loss occurs when
the soil is less covered (or uncovered) and the region has precipitation that at
times exceeds the soil’s infiltration capacity. Therefore, management practices
that can reduce soil erosion, by protecting soil from the forces of wind and
water as well as runoff by increasing water infiltration, are effective at reducing
P loss from agricultural soil to water (Hansen et al., 2002). Agroecosystems with
cover crops generally are less susceptible to erosion, because cover cropping
extends the duration of time that soil is covered with living plants and provides
more soil cover through surface plant residues (cover crops), compared to no
cover crop system (Kaspar and Singer, 2011). Also, soil with cover crops has
less runoff (due to increased water uptake and transpiration during growth)
but greater soil structure (due to increased water infiltration), compared to soil
without cover crops (Kaspar and Singer, 2011). The control of surface runoff
and sediment transport by cover crops has been shown to decrease total P loss
by 54% to 94% (e.g. Kaspar and Singer, 2011; Sharpley and Smith, 1991).
However, cover cropping is generally more efficient at reducing particulate
P losses through soil erosion rather than dissolved P (Sharpley et al., 2000).
In cold climates, frost-terminated cover crops increased dissolved reactive P
load into surface runoff, compared to bare soils (Liu et al., 2019; Cober et al.,
2018). However, in a region with freeze-thaw processes, most P released from
cover crops was retained in surface soil rather than lost through surface or
subsurface water (Cober et al., 2019). Therefore, the use of frost-tolerant cover
crop species is a potential practice to mitigate P losses, especially in winter
(Macrae et al., 2021). The effects of cover cropping on P losses from agricultural
soil are complicated by interactions among soil types, cover crop species (frost-
tolerant vs. frost-intolerant), freeze-thaw cycles, and hydrological processes
(Kaspar and Singer, 2011; Cober et al., 2018, 2019). More site-specific studies
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are needed, such as how cover crops affect dissolved P losses via tile drainage
in cold climates (Macrae et al., 2021).

3.4 Decreasing annual nitrous oxide emissions

In addition to reducing NQOj leaching, there is an increased interest in
mitigating nitrous oxide (N,O) emissions from agricultural systems (Liu
etal.,, 2017; Forster et al., 2007). One pathway of N losses is nitrous oxide (and
dinitrogen gas) emissions through denitrification, especially after N fertilizer/
manure application, which decreases crop N use efficiency. Moreover, N,O is a
potent greenhouse gas with 298 times greater global warming potential than
that of carbon dioxide and 12 times greater than that of methane.

It is a challenge to mitigate N,O emissions in fertilized cropping systems.
This is because (1) small quantities of N,O losses occur on agricultural lands
(approximately 1% of fertilizer N applied; Intergovernmental Panel on Climate
Change, 2006) but scaled globally can result in substantial greenhouse
gas emissions; (2) multiple processes lead to N,O production, including
nitrification, nitrifier-denitrification, chemo-denitrification, and denitrification
(Venterea et al,, 2012); (3) a reduction of ammonia (NH,) and/or NOj losses
from the field allow for more mineral N available for direct N,O emissions (i.e.
there are trade-offs between pathways of N losses); and (4) there is high spatial
and temporal variability of N,O production in a given field, referred to as ‘hot
spots’ (large amounts of N,O production in specific areas) and ‘hot moments’
(pulses of N,O production within a short period; Wagner-Riddle et al., 2020).
Large N,O emission pulses (hot moments) commonly occur when N is applied,
and during dry-wet or frozen-thaw cycles (Eberwein et al., 2020; Wagner-Riddle
et al., 2017; Teepe et al,, 2001). These peak N,O emissions may account for
over 80% of annual N,O emissions in a given environment (Foltz et al., 2021).
Therefore, management practices that (1) reduce N application rates and/or (2)
decrease soil mineral N levels, particularly during the occurrence of dry-wet/
freeze-thaw events, are promising strategies for reducing N,O emissions from
agricultural soils (Gomes et al., 2009), for which cover crops have a role.

The effect of cover cropping on N,O emissions is inconsistent (Zhang
etal., 2022; Muhammad et al., 2019; Basche et al., 2014; Venterea et al., 2012).
Cover crops can reduce N,O emissions in the fall (after main crop harvest
and before cover crop termination), primarily due to the reduction of NO3
available for denitrification (Foltz et al., 2021) and reducing water-saturated soil
conditions. In cold climates, in late winter or early spring, the presence of cover
crops increased peak N,O fluxes, due to mineral N release from cover crops
and freeze-thawing events (Gao et al., 2023; Thomas et al., 2017). However,
some studies reported that cover crops reduced N,O emissions at thaw (Foltz
etal., 2021), likely because cover crop residues and trapped snowfall insulated
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the soil surface layer against cold temperatures and reduced soil freezing
extent and depth (Lombardozzi et al., 2018; Wagner-Riddle et al., 2007). The
inconsistent reports of N,O emissions at thaw with cover crops are highly
related to (1) the timing and amount of mineral N release from cover crops,
which is species dependent; (2) the timing, frequency, and intensity of freeze-
thaw cycles (annual weather conditions), which is influenced by insolating
properties of cover crop residues on the soil surface; and (3) a function of the
amount of C biomass inputs (i.e. providing C energy for denitrifiers and creating
anaerobic conditions in the soil due to oxygen consumption during respiration;
Farquharson and Baldock., 2008). Although cover crops can either increase or
decrease N,O emissions at thaw, when annual N,O emissions (including the
non-growing season and growing season of subsequent crops) were assessed,
the effect of cover cropping on cumulative N,O emissions was negligible (see
meta-analysis by Basche et al. (2014)). Therefore, multiple years of study over
the entire year (i.e. cover crop and main crop growing seasons) are essential
to comprehensively assess the cover cropping effect on cumulative N,O
emissions. A recent related case study is provided below to demonstrate the
role of cover crops in N,O emissions.

3.5 Case study: use of nitrification and urease inhibitors to
mitigate N,O emissions in diverse crop rotation with cover
crops

The effect of cover cropping alone on N,O emissions has been discussed in
Section 3.4. Other agronomic management practices, such as crop rotation
diversification and the use of nitrification and urease inhibitors (NUI), also affect
N,O emissions (Ekwunife et al., 2022; Drury et al., 2021). However, there is a
lack of information on the stacking effects of cover crops, diverse crop rotations,
and use of NUI on annual N,O emissions. Tariq et al. (2024) conducted a 4-year
crop rotation study to determine the effect of crop rotation diversification and
use of NUI on N,O emissions, in a temperate, humid climate (Elora, Ontario,
Canada, 43°39'N, 80°25'W). The N,O flux was measured year-round using a
micrometeorological method using four 4 ha fields. Two fields were under a
conventional crop rotation (corn-soybean-soybean-corn). The other two fields
were managed as a diverse crop rotation (corn-soybean-winter wheat (Triticum
aestivum)-corn). In the diverse crop rotation, cover crops were either under-
seeded in corn (mix of crimson clover and annual ryegrass (Lolium perenne)) or
planted after the harvest of winter wheat (mix of cereal rye, oat (Avena sativa),
crimson clover, and Daikon radish (Raphanus sativus var. longipinnatus)).

The effect of NUI was investigated only in the corn phase in the fourth year
in both crop rotations (conventional vs. diverse). The diverse crop rotation with
NUI had 13% lower annual cumulative N,O emissions in the corn year than
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without NUI. However, the use of NUI did not affect annual cumulative N,O
emissions in the conventional rotation. This finding indicates the potential of
using NUl to mitigate the undesired effect of increased N,O emission from cover
crops (probably due to legume cover crops without reductions of applied N to
the main crop). In crop rotation with cover crops, reducing N application rates
by accounting for cover crop contributions is critical to mitigate N,O emission.
This also requires improving the synchronicity between the N supply of cover
crops and N uptake by the subsequent crop.

Of the 4 years, only the diverse crop rotation in the year of winter wheat
followed by cover crops (the third year) reduced annual N,O emissions by
43%, compared to the corresponding year of soybean in the conventional
rotation. Three possible mechanisms were explained: (1) soils were bare for
approximately 8 months for the conventional rotation (soybeans were grown
from 22 May to 23 September) but for less than 1 month for the diverse rotation,
reducing the amount of NO3 available for denitrification as it was taken up by
winter wheat and cover crops; (2) soybean residue mineralization (an increase
in soil mineral N due to decomposition of crop residues, roots, and nodules)
during a short wet period in the fall resulted in enhanced N,O emissions; and
(3) cover crops reduced N,O emissions in fall due to high biomass production
(more cover crop biomass with more N uptake thus less mineral N susceptible
to denitrification; see Section 3.1). This study’'s findings indicate that the
inclusion of winter wheat and cover crops into the corn-soybean rotation can
substantially reduce year-round N,O emissions.

4 Improving soil organic matter and nutrient cycling
4.1 Soil organic matter accrual increases nutrient availability

Soil properties affect nutrient cycling by directly and indirectly controlling soil
capacity to retain and supply nutrients to crops (Schroder et al., 2016). When
plants take up nutrients (i.e. causing a decrease in nutrient concentrations in
soil solution), nutrients in soil solution are replenished by surface exchange of
cation/anion (e.g. soil clay surface); mineralization of crop residues, organic
matter, and microbial necromass; and/or dissolution of soil minerals (e.g.
P-bearing minerals; Havlin, 2020). This is referred to as soil nutrient buffer
capacity, which is greater in soils with greater clay and organic matter content
(Havlin, 2020; Spain et al., 1983).

In addition to being a reservoir of nutrients, soil organic matter plays an
importantrole in improving water holding capacity, soil aggregation, and cation
exchange capacity (Goulding et al., 2001). Also, soil organic matter serves
as an energy source for both macro- and micro-faunal organisms (Wander,
2004), facilitating the decomposition of organic matter and the release of plant
nutrients, because C concentrations are frequently in excess of organisms'
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assimilation needs for other nutrients (e.g. N, P, and S). Therefore, the increase
of soil organic matter can potentially increase the soil’s capacity to supply plant-
available nutrients and the productivity of subsequent crops (e.g. N; Kuo and
Jellum, 2000).

Cover crops can increase soil organic matter, largely due to the increase in
plant and soil microbial biomass, and reductions in organic matter losses due
to soil erosion (Hao et al., 2023; Van Eerd et al., 2023; McClelland et al., 2021;
Ding et al., 2006). However, the accumulation of soil organic matter is usually
detected after the long-term use of cover crops rather than its short-term
use (Peng et al., 2023). The insufficient number of long-term cover cropping
experiments (Hao et al., 2023) limits the study on linking soil organic matter
accumulation and nutrient availability enhancement. Moreover, soil organic
matter is extremely complex in terms of chemical structure and stability, which
complicates cover cropping effects on nutrient cycling. For instance, cover
cropping has a more pronounced effect on particulate organic matter than
mineral-associated organic matter (Peng and Van Eerd, 2024; Fohrafellner
et al., 2024; Wooliver and Jagadamma, 2023). Yet, how the shift in these soil
organic matter characteristics affects nutrient cycling, especially under weather
extremes (e.g. heat and drought), has not been addressed, let alone the cover
crop influences.

4.2 Changes in soil microbial community

The role of soil microbial community in improving nutrient cycling can be
categorized into three aspects. The primary role of soil microbes is the
decomposition and mineralization of crop residues and organic matter,
providing nutrients available for plant growth (Yadav et al., 2021; Sahu
etal., 2017). Also, microbes play an important role in weathering of rocks and
minerals, mobilizing nutrients, particularly P and S as well as micronutrients
(Yadav et al., 2021; Hirsch and Mauchline, 2015). Moreover, microbes affect
(1) the formation of organic matter by supplying components such as proteins,
lipids, and polysaccharides and (2) the decomposition rates of necromass
(Villarino et al., 2023; Sokol et al., 2022). Therefore, the changes in soil microbial
communities under cover cropping affect nutrient cycling.

The effect of soil microbial change by cover cropping on nutrient cycling is
not clear. Cover crops affect soil microbial community largely by (1) increasing
substrate (e.g. root exudates) availability for soil microbes and (2) providing a
better soil environment, especially soil moisture retention in the surface soil (top
15 cm depth), thereby facilitating microbial growth and biomass (Vukicevich
et al., 2016). Overall, cover crops increased soil microbial abundance, activity,
and diversity (Muhammad et al., 2021; Kim et al., 2020), while stimulating fungi
growth more, compared to bacteria (Muhammad et al., 2021). Moreover, the
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12 The role of cover crops in optimizing nutrient cycles

improvement of soil biological processes under cover cropping positively
affected soil enzyme activities and the availability of macronutrients (Hallama
etal., 2022,2019; Chavarria et al., 2016). However, the effect of cover cropping
on N-cycling functional genes, including N-fixation genes (nifH), nitrification
genes (ammonia-oxidizing archaea and bacterial amoA), and denitrification
genes (nirK and nirS), has been inconsistent (Kim et al., 2022; Hu et al., 2021),
due to different cropping systems and historical fertilization management.
Therefore, more studies are needed to understand the change in soil cycling
microbial community with cover cropping, especially after long-term use of
cover crops across diverse crop rotations and tillage systems.

5 Supplying nutrients to subsequent crops

We have discussed ways in which cover crops can enhance nutrient storage
and supply, by reducing losses of nutrients as well as increasing soil organic
matter and microbial biomass. Our challenge continues to be how best to
manage the system to optimize the supply of those scavenged nutrients to the
subsequent crops. Nutrients contained in cover crops (i.e. organic forms) must
be mineralized via microbial processes to make the nutrients (i.e. inorganic
forms) available to the succeeding crops. As alluded to in the sections above,
factors controlling the mineralization-immobilization of nutrients are key to
understanding these cycles.

Here, we take an example of N to discuss the mineralization-immobilization
of covercrop residues asNisthe mostdemanded macronutrientof crops with the
highest number of published research, compared to other nutrients. Nitrogen
mineralization is defined as the transformation of organic N into inorganic N
forms of ammonium (NH;) and NOs3. Nitrogen immobilization occurs when
organic material is high in C relative to N concentrations and soil microbes take
up soil mineral N to meet assimilation needs. Hence, N immobilization converts
inorganic N into organic forms (Jansson and Persson, 1982), reducing soil
inorganic N available for crop uptake. The sum of two concurrent but opposing
processes, namely gross N mineralization and gross N immobilization, is net N
mineralization, which usually refers to the net increase/decrease in NH; and
NOj3 concentrations relative to blank control samples, during soil incubation
assays (Myrold and Bottomley, 2008).

Different cover crops contain and release different amounts of mineral N.
The decomposition of cover crop residues and N mineralization-immobilization
are controlled by several factors, including the quality (e.g. C/N ratio) and
chemical composition (e.g. lignin and polyphenol) of cover crop residues, soil
temperature, moisture, and properties (e.g. chemical, biological, and physical),
and freeze/thaw and drying-wetting events (Raimondi et al., 2023; Rosecrance
et al., 2000; Thapa et al., 2021; Cabrera et al., 2005; Doran and Smith, 1991).
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Apart from the selection and management of cover crop species, most of these
factors are either not manageable or difficult to change. Generally, the C/N ratio
of cover crops largely explained why net N mineralization was observed for
most legume cover crops, such as hairy vetch (Vicia villosa), and crimson clover,
while net N immobilization was observed for grass cover crops, such as winter
cereal rye. This finding was based on various approaches, including field, mesh
bag experiments, '°N tracer technique, and incubation experiments (Raimondi
et al.,, 2023; Lacey et al., 2020; Gabriel et al., 2016; Rosecrance et al., 2000;
Ranells and Wagger, 1996). For example, white lupin (Lupinus albus) released
the highest amount of mineral N (56 kg N ha™"), followed by hairy vetch (40 kg
N ha="), but only 10 kg N ha™" for buckwheat (Fagopyrum esculentum; Hansen
etal, 2021).

Additionally, synchronization between cover crop N mineralization and
crop N uptake is critical to optimizing N supply to subsequent crops (Korsaeth
et al., 2002). Specifically, crops (e.g. winter wheat, rice (Oryza sativa), corn,
and soybean) accumulate less than 3% of their N during the seedling stage
(0-30 days), but 70% to 80% during the vegetative growth stage (30-160
days; Chen et al., 2014). Thus, the mineralization of cover crop residues should
match the timing of N demand for subsequent crops. The timing of cover crop
termination (2-4 weeks before subsequent crop seeding) and the selection
of cover crop species (e.g. legumes or legume-dominated mixture) can be
adjusted to minimize the asynchrony between cover crop residue N release
and crop N needs (Nyabami et al., 2023; Balkcom et al., 2015). However, the
time of cover crop termination should be site-specific, year-specific, and crop
rotation-specific (Nyabami et al., 2023; Nevins et al., 2020; Keene et al., 2017;
Balkcom et al., 2015), leading to the need for regionally specific cover crop
research on N.

Compared to N, cover crops supply less P and S to crops, while there is less
opportunity for P and S deficiency (less crop demand) in the agroecosystem.
The mineralization-immobilization of cover crop residues mainly depends on
C/nutrient ratios and microbial assimilation needs (Nachimuthu et al., 2009;
Eriksen et al., 2004; Horst et al.,, 2001). For instance, a C/P ratio of less than
200/1 will result in net P mineralization (Varela et al., 2017; Nachimuthu et al.,
2009). Maltais-Landry et al. (2014) found that winter cereal rye is more effective
in supplying available P to subsequent crops than the tested legumes, including
fava bean (Vicia faba), vetches (Vicia dasycarpa, Vicia sativa, Vicia benghalensis),
and pea (Pisum sativum), in California agricultural soils. Moreover, short-term (3
years) cover cropping had relatively little effect on soil P cycling improvement,
indicating long-term studies are needed (Teles et al., 2017). Specifically, oat,
winter cereal rye, and ryegrass released 4.5 kg P ha™', 4.7 kg P ha™',and 1.7 kg P
ha™', respectively, which were available for soybean uptake (Varela et al., 2017).
Similarly, cover crops supply a relatively low amount of S, largely due to the
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relatively low S accumulation. For example, oilseed radish released 3 kg S ha™,
and no detectable S was mineralized from buckwheat (Hansen et al., 2021).
There may be an opportunity to utilize cover crops to enhance fertilizer P and
S availability to the main crop (Soltangheisi et al., 2018), but further research is
needed, particularly for infertile soils.

6 Conclusion and research priorities

Four mechanisms of how cover crops can increase N, P, and S cycling in
agroecosystems are: (1) biologically fixing atmospheric N,; (2) reducing
nutrient losses by leaching, soil erosion, and gaseous forms; (3) improving
soil organic matter and soil microbial community to cycle nutrients; and (4)
supplying nutrients to subsequent crops. Many factors affect nutrient cycling
in cover crop systems, including the complex interaction among scavenging
and preventing losses, delivering nutrients, and the site-specific nature of
nutrient cycling, especially climate conditions, soil type, species selection, and
mineralization-immobilization of cover crop residues. These interactions are
further complicated by the specific cover crop grown and how it is managed.
Site-specific cover crop management is clearly necessary to optimize nutrient
cycling.

The grand challenge of optimizing nutrient cycling is designing research
outcomes that address the specificity required to make cover crop nutrient
recommendations to growers. Priority research questions for each mechanism
include the following. (1) Legume cover crops can supply a substantial portion
of N via BNF to crops, but what is the amount of commercial N fertilizer that
can be replaced without yield penalties? How can farmers easily adjust the
N fertilizer application rate based on on-farm cover crop conditions (e.g.
biomass and species, soil type, and main crops)? (2) Cover crops can decrease
nutrient losses through multiple processes (e.g. greenhouse gas emissions,
soil erosion, runoff, and leaching). Yet, there are trade-offs among pathways
of loss as minimizing runoff might lead to leaching losses. Therefore, research
that integrates other management practices (i.e. tillage system, crop rotations,
and NUI) rather than those that solely focus on maximizing cover crop biomass
is needed to better understand multiple pathways of nutrient losses. (3)
Long-term use of cover crops is important to improve nutrient cycling via soil
organic matter accrual and microbial communities. There is an opportunity
to explore the effect of changing climate (e.g. extreme weather season) on
nutrient cycling by comparing data over multiple years under the long-term
use of cover crops. (4) Optimizing nutrient use by the subsequent crop requires
synchronization of nutrient mineralization of cover crops. Research evaluating
both cover crop and main crop management is required. Undoubtedly, the
opportunities to investigate these and other research questions are what make
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cover crop research exciting and valuable to researchers, farmers, and all of
society.

7

Where to look for further information

Areview of cover cropping is Van Eerd, L. L., et al. (2023). Influence of cover
crops atthe four spheres: areview of ecosystem services, potential barriers,
and future directions for North America. Science of the Total Environment,
858, 159990. https://doi.org/10.1016/j.scitotenv.2022.159990.

A comprehensive introduction to nutrient cycling is Stevenson, F. J. &
Cole, M. A. (1999). Cycles of soils: carbon, nitrogen, phosphorus, sulfur,
micronutrients. John Wiley & Sons, INC.

An advanced introduction to nitrogen cycling processes is Earl-Goulet S.,
et al. (2024). Advances in understanding nitrogen cycling in soil. In Jagdish,
Kumar, Ladha (Eds.), Improving nitrogen use efficiency in crop production.
Burleigh Dodds Science Publishing. https://doi/10.19103/AS.2024.0135.03.
A soil incubation study comparing nutrient release from cover crops is
Hansen, V., et al.(2021). Towards integrated cover crop management: N, P
and S release from aboveground and belowground residues. Agriculture,
Ecosystems & Environment, 313, 107392. https://doi.org/10.1016/j.agee
.2021.107392.

A study on cover cropping effect of nitrogen-cycling functional genes is
Kim, N., et al. (2022). Limited impacts of cover cropping on soil N-cycling
microbial communities of long-term corn monocultures. Frontiers in
Microbiology, 13, 926592. https://doi.org/10.3389/fmicb.2022.926592.

Key organizations (North America):

Midwest Cover Crops Council (www.midwestcovercrops.org).

Southern Cover Crops Council (www.southerncovercrops.org).

Northeast Cover Crops Council (www.northeastcovercrops.com).
Sustainable Agriculture Research & Education (SARE) (www.sare.org/
resources/cover-crops).

Natural Resources Conservation Service — USDA (www.nrcs.usda.gov
/resources/guides-and-instructions/cover-crop-ac-340-conservation
-practice-standard).
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