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1 Introduction 

Increased adoption of integrated weed management (IWM) strategies is 
critically needed to reduce the evolution and spread of herbicide-resistant 
weed species in Conservation Agriculture (Mortensen et al., 2012). Cover 
cropping has the potential to be a foundational component of IWM in 
Conservation Agriculture by reducing weed ftness during active periods of 
growth and as surface residue after termination (Teasdale, 1996a). However, 
weed suppression is just one of several ecosystem services that winter annual 
cover crops regulate in agroecosystems (Schipanski et al., 2014). 

Several contemporary trends may contribute to increased cover crop 
adoption in Conservation Agriculture. Cover cropping is increasingly 
incentivized as a means for improving soil health and climate resilience, which 
alters the assessment of agronomic and economic tradeoffs that infuence 
adoption (Chami et al., 2023; Sawadgo, 2024). Continued advancement in 
precision agriculture technologies and development of decision support tools 
(DSTs) are also helping to optimize the agronomic benefts of cover crops 
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while minimizing liabilities associated with potential crop yield penalties. 
Finally, awareness and adoption of IWM is increasing due to the current pace 
of herbicide resistance evolution among weed species, which has far-reaching 
implications for the economics of weed control and sustainability of farming 
systems (Moss, 2019; Jussaume et al., 2022). 

Adoption of IWM strategies remains elusive in modern production systems 
due to the common perception that it increases management complexity and 
cost (Jussaume and Dentzman, 2016). Integrating cover crops as a component 
of IWM certainly increases the complexity of management decision-making 
compared to herbicide-based weed control. The latter approach is a more 
prescriptive process often limited to the selection of herbicide products that 
result in acceptable weed control. In comparison, weed control by cover crops 
can vary in magnitude and sometimes direction depending on biotic, abiotic, 
and spatiotemporal conditions. Identifying the mechanisms, or ecological 
interactions, that are the source of variation in weed responses to cover 
cropping tactics is critical for advancing their utility (Catford et al., 2022). Cover 
crops also increase management complexity because they regulate multiple 
ecosystem services or disservices affecting cropping systems. Therefore, weed 
management performance targets should be weighed against other desired 
ecosystem services. Identifying the proper role of cover crops in IWM is a 
necessary frst step toward negotiation of these tradeoffs. 

In this chapter, we provide a unique contribution to the cover crop 
and weed ecology literature by focusing our synthesis on the integration 
of cover crop and herbicide-based weed control tactics in no-till grain crop 
production systems. Specifcally, we aim to inform research that is oriented 
towards improving cover crop management decision-making by describing 
(1) scale-dependent processes that infuence the ecology of cover crop– 
weed interactions; (2) the role of cover crops in IWM and proactive herbicide 
resistance management; and (3) cover cropping practices that aim to balance 
weed and cash crop management goals. 

2 Ecology of cover crop–weed interactions 

Cover crops can be managed to manipulate abiotic and biotic factors, hereafter 
referred to as ecological stressors, that lead to mortality or reduced ftness 
of weeds. A fundamental understanding of how these ecological stressors 
infuence an individual’s ftness is necessary to employ weed management 
strategies that integrate cover crop (ecological stressor) and herbicide-based 
(chemical stressor) tactics. In this section, we describe (1) cover crop traits and 
management tactics that affect the duration and intensity of stressors on an 
individual’s ftness and (2) interspecifc and intraspecifc traits of weeds that 
infuence susceptibility to these stressors. 

The contribution of cover crops to IWM in Conservation Agriculture2
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The regeneration niche. Niche theory is a useful framework for 
understanding stressors imposed by cover crops (Liebman and Davis, 2000). 
The ‘regeneration’ niche is defned as the abiotic, biotic, and physiochemical 
requirements necessary for germination, establishment, and growth of plant 
species (Grubb, 1977; Silvertown, 2004). Stressors imposed by cover crops 
affect weeds at each developmental stage involved in the regeneration niche. 
From this perspective, the management goal is to optimize the duration and 
intensity of cover crop stressors to preempt the regeneration niche of weeds, 
while minimizing negative impacts on the regeneration niche of cash crops. 

Stressor duration, intensity, and heterogeneity. The duration of cover crop 
stressors can be delineated between the period of active cover crop growth 
and the period after termination in which cover crop surface residues impact 
the regeneration niche of weeds in Conservation Agriculture. The intensity 
of cover crop stressors can be thought of as the relative proportion of niche 
space that is occupied by cover crops, which is positively correlated with cover 
crop biomass and other measures of abundance. The spatial and temporal 
heterogeneity of stressors imposed by cover crops is an important and often 
overlooked determinant of weed suppression potential (Eslami and Davis, 
2018). For example, cover crop biomass production can vary signifcantly at fne 
(< 1 m2), patch (> 10 m2), and feld scales (Fig. 1). Weed suppression potential 
is optimized when cover crop management practices increase the duration 
and intensity of stressors, while reducing stressor heterogeneity. Management 
practices that infuence these aims include cover crop species selection, 
sowing timing, establishment method, termination timing, and surface residue 
management. 

Trait-based cover crop effects. The intensity of cover crop stressors on 
individual weed ftness is driven, in part, by differences in biomass potential 
among species (Mohler and Teasdale, 1993; Mirsky et al., 2013). Cover crops 
from all taxonomic groups can provide some level of weed suppression during 
the active period of growth or as surface residue, but winter cereal (e.g. cereal 
rye) and brassica species (e.g. canola) produce comparatively greater biomass 
and weed suppression levels compared to leguminous species due to higher 
growth rates in late fall and early spring (Finney et al., 2017). 

Several cover crop traits mediate the effect of biomass on individual weed 
ftness. Establishment rate and early-season plant height are important traits for 
establishing a ftness advantage for cover crops, in which larger cover crop plants 
preempt light resources from emerging weeds via size-asymmetric competition 
(Schwinning and Weiner, 1998). Seed mass and germination requirements of 
cover crop species are primary indicators of both establishment rate and early-
season growth rates (Nosratti et al., 2023). The growth habit of cover crops also 
mediates the effect of biomass on weeds during active periods of growth and 
as surface mulch. Teasdale and Mohler (2000) developed the mulch area index 

The contribution of cover crops to IWM in Conservation Agriculture 3
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(MAI) to quantify the relationship between surface area and mass of cover crop 
species, which was then used to predict effects on weed ftness that can result 
from light resource preemption and physical impedance. They demonstrated 
that commonly used cover crops differ in the ratio of surface area to mass (hairy 
vetch > crimson clover > cereal rye), where greater surface area per unit of 
surface mass results in greater stressor intensity. 

The duration of cover crop stressors is driven, in part, by biomass 
production and aboveground C:N ratio of plant tissue, which are traits that 
determine decomposition rates, or mass loss of surface residues. Species 
selection, including the presence or absence of leguminous species, and 
the phenological stage of cover crop species at the time of termination are 
the key factors that determine the C:N ratio of cover crop surface residues. 
Variation in cover crop decomposition rates results from complex interactions 
between intrinsic (soil, weather) and extrinsic (management) factors (Thapa 
et al., 2021). Decomposition rates decrease when cover crop management 
results in increased surface residue mass, as well as increased C:N, residue 
holo-cellulose concentration, and lignin:N. Relative humidity and number of 
rainy days are intrinsic factors that are positively correlated with cover crop 
decomposition rates (Thapa et al., 2021). 

Trait-based weed responses. Weed life-history strategies infuence 
responses to cover crop stressors. Cover crops have the greatest impact on 
weed species with winter- and summer-annual life cycles and have more 
limited impacts on species with biannual or perennial life cycles. Emergence 
periodicity, seed mass, and germination requirements are interrelated traits of 
annual weed species that are sources of variation in response to cover crop 
stressors. 

Annual weed species with prolonged emergence periods, or peak 
emergence windows that correspond to advanced decomposition of 
surface residues, are less infuenced by cover crop stressors due to greater 
regeneration niche availability. Annual weed species with greater seed mass 
are less susceptible to stressors created by cover crop surface residues (Mohler, 
1996). Though weed species vary considerably in seed mass, they are often 
operationally defned as either small- or large-seeded using crop seed mass 
as a relative metric. Weed species with average seed mass that are at least two 
(102) to three (103) orders of magnitude smaller than corn and soybean are 
typically classifed as small-seeded, whereas species that are less than an order 
of magnitude smaller than crops are classifed as large-seeded. 

Weed seed mass is associated with evolved life-history strategies that 
infuence weed species responses to cover crop stressors at a population and 
community level. Classical plant ecology theory suggests that small-seeded 
species produce many seeds (‘r-selected’) to increase the probability of dispersal 
into a favorable environment for establishment (MacArthur and Wilson, 1967). 

The contribution of cover crops to IWM in Conservation Agriculture 5
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Figure 2  Effect of cereal rye surface residues on seedling emergence and growth of (a) 
waterhemp (A. tuberculatus), a small-seeded broadleaf species, in a Pennsylvania feld 
experiment, and (b) velvetleaf (A. theophrasti), a large seeded broadleaf species, from 
a greenhouse experiment conducted by Ficks et al. (2022a) that measured the effect of 
cereal rye surface residues (3–9 Mg ha-1) on seedling resource allocation to roots and 
shoots during the establishment phase. Photo credit: a (J. Wallace); b (T. Ficks). 

Conversely, larger-seeded species produce fewer seeds per plant but are 
more tolerant to stressors and competition. Recent reviews have described 
the role of resource availability and disturbance regimes in r/K selection within 
agroecosystems (MacLaren et al., 2020), but explicit consideration of selection 
resulting from cover crop stressors has yet to be fully described (Fig. 2). 

3 Cover crop stressor effects on individual weeds and 
weed communities 

Cover crop stressors impact the ftness of individual weeds via effects on 
seedbank survival, germination and establishment rates, and seedling survival 
(i.e. vital rates). Cover crops indirectly affect weed seed mortality within soil by 
improving habitat for animals that consume weed seeds (i.e. seed predators) 
near the soil surface and microorganisms (bacteria, fungi) that contribute to 
seed decay within soil (see Smith et al., 2024). Seed predation rates can be 
signifcant but highly variable (Davis et al., 2008). A synthesis of the literature 
suggests that cropping system design, including use of continuous living cover 
and no-till practices, is the primary means for enhancing weed seed mortality 
rates through habitat improvement, while cover crop management practices 
within phases of crop rotations play a secondary role (Smith et al., 2024). Cover 
crop management decisions within a rotation sequence are likely to have 
a comparatively greater impact on germination, emergence, and seedling 
survivorship rates of annual weeds. In this section, we highlight how cover crop 

The contribution of cover crops to IWM in Conservation Agriculture6
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management practices infuence individual weed ftness during these early 
developmental stages. 

Germination. Weed seed germination occurs only after weed seeds have 
been released from either a primary or secondary dormancy state (Benech-
Arnold et al., 2000). Dormancy release and germination are two different 
processes that are infuenced by the same suite of interacting environmental 
controls, including light fux density, soil temperature amplitude, light quality, 
nitrate concentration, and biologically active gases (oxygen, carbon dioxide) 
in soil (Teasdale, 1996a). These environmental controls are indicators of 
soil disturbance or gap openings in established vegetation. Attenuation of 
germination stimuli is a mechanism by which cover crops infuence weed 
ftness. This effect results in either induced secondary dormancy or delayed 
germination within a given growing season depending on the duration and 
intensity of cover crop stressors. 

Cover crop effects on germination that result from changes in light fux 
density and light quality are strongly correlated with cover crop biomass 
production and residue management strategies. Teasdale and Mohler (1993) 
found that the effects of cereal rye and hairy vetch surface residues on 
photosynthetic photon fux density (PPFD) and red to far-red ratio (R:FR) are 
likely insuffcient to prevent the germination process in phytochrome-sensitive 
seed located at the soil surface across a range of biomass levels (3–9 Mg ha-1). 
The authors noted that although high levels of surface mulch did not exclude 
light from penetrating to the soil surface, the presence of surface mulch can 
prevent germination of seeds located at shallow soil depths (< 5 mm), where 
light penetration is marginal for germination under non-mulch conditions. 
Consequently, it is likely that soil disturbance and seed dispersal patterns that 
affect seed burial within Conservation Agriculture are important sources of 
variation that mediate the effect of cover crop surface residues on germination 
stimuli. 

The magnitude of cover crop effects on germination that result from 
changes in soil temperature and moisture is likely to vary considerably among 
environmental and management gradients. 

Teasdale and Mohler (1993) suggest that cover crop surface residue effects 
on maximum soil temperature are likely insuffcient to prevent germination 
but may result in a delay in the onset of germination. Similarly, Teasdale and 
Daughtry (1993) reported a reduction in the amplitude of minimum and 
maximum soil temperatures beneath cover crop residues but suggested 
that prevention of germination was unlikely for seeds without a temperature 
amplitude requirement (~10 C; Taylorson, 1987). From a weed management 
perspective, a delay in germination in response to cover crop stressors has 
the potential to increase the effcacy of other tactics that follow in sequence, 
including crop competition and herbicide use. 

The contribution of cover crops to IWM in Conservation Agriculture 7
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The magnitude of cover crop effects on germination that result from changes 
in soil nitrate is likely to vary based on cover crop species selection, termination 
timing and method, and soil fertility. Spatial and temporal variation in soil 
nitrate concentrations is rarely quantifed in relationship to weed recruitment. 
Consequently, evidence of inhibitory or stimulatory effects on germination is 
limited to observed differences in emergence rates of nitrophilic weed species 
in winter cereal or legume cover crops (Mohler et al., 2018). Compared to winter 
cereals, legume monocultures or mixtures often result in higher soil inorganic 
nitrogen pools due to less N immobilization prior to cover crop termination 
and higher mineralization rates after termination (Mohler and Teasdale, 1993; 
Pittman et al., 2020). Soil nitrate is known to stimulate germination in several 
economically important weeds, such as Amaranthus species and common 
lambsquarters (Chenopodium album L.), but germination rate and periodicity 
of these species are likely to be infuenced by the interacting effects of soil 
nitrate pools and other abiotic factors (Little et al., 2021). 

Seedling emergence. Cover crop stressors can also reduce the survival 
rate of a germinated seed, which is reliant on nonrenewable seed resources, 
to a photosynthetic autotrophic seedling (Forcella et al., 2000). Mortality after 
germination but prior to emergence (i.e. fatal germination) is an important 
seedbank loss pathway, which is often diffcult to measure in feld studies 
(Davis and Renner, 2007). Mechanisms by which cover crops infuence fatal 
germination include resource limitation, physical impedance, allelopathy, and 
soilborne pathogens (Teasdale, 1996b). 

Resource limitation and physical impedance are interacting factors 
that mediate elongation of coleoptiles and hypocotyls prior to seedling 
emergence. Teasdale and Mohler (1993) reported that the photosynthetic light 
compensation point (20–50 mol m-2 s-1) can occur for an emerging seedling at 
approximately 4.5 Mg ha-1 of cover crop surface residue. Physical impedance of 
seedling elongation results from the occupation of space by cover crop surface 
residue above the location of seed, which creates a mechanical barrier that 
requires redirection of elongating seedlings and additional allocation of seed 
reserves to coleoptile or hypocotyl elongation (Teasdale, 1996b). 

By controlling for the germination process, Ficks et  al. (2022a) 
demonstrated that survivorship from germination to establishment is related 
to dicotyledon seed mass (Fig. 3a). Large-seeded species tend to have greater 
seed reserves and larger initial seedling size, which increases survival under 
low-light conditions that create carbon defcits during the establishment phase 
(Ganade and Westoby, 1999; Leishman and Westoby, 1994). Small-seeded 
species (r-selected) typically have higher relative growth rates, which can confer 
a ftness advantage over large-seeded species (K-selected) under non-limiting 
resource conditions in the post-establishment phase (Ganade and Westoby, 
1999). However, establishment in cover crop surface residue is a barrier that 

The contribution of cover crops to IWM in Conservation Agriculture8
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small-seeded species must frst navigate before high relative growth rates can 
create a ftness advantage. 

Allelopathy, or chemically mediated interference of weed growth, has 
received considerable attention as a mechanism by which living cover crops 
and surface residues reduce seedling emergence rates. Allelopathy has been 
documented under controlled conditions for several taxonomic groups, 
including several winter cereal species (Putnam and DeFrank, 1983), medium 
red clover (Liebman and Davis, 2000), winter oilseed rape (Haramoto and 
Gallandt, 2005), and oilseed radish, black oat, buckwheat, and sunfower (Sturm 
et al., 2018). 

Teasdale et al. (2012) reported that benzoxazinoid compounds found in 
cereal rye can inhibit weed growth under controlled conditions but do not 
reside in soil at concentrations necessary to inhibit weed growth under most 
management scenarios. Under no-till management, allelopathic compounds 
released by cereal rye, including phenolic acids and benzoxazinoids, (1) are 
more concentrated in cereal rye roots compared to shoots; (2) are found in soil 
at concentrations a magnitude of order below phytotoxic thresholds; (3) peak 
near cereal rye termination (3–7 d); (4) require soil moisture to be mobilized; 
and (5) are rapidly (< 2 d) degraded via microbial activity (Otte et al., 2020; 
Rice et al., 2022). These feld-based observations are supported by a recent 
meta-analysis that suggests allelopathic effects of cover crops are variable and 
unpredictable under many management scenarios (Mahé et al., 2022). 

Allelopathic effects of cover crops, when present, are also likely to differ 
among taxonomic groups and traits of weeds. For example, weed seed mass 
is positively correlated with emergence rate in medium red clover (Liebman 
and Sundberg, 2006) and oilseed rape (Kruidhof et al., 2011) residues 
containing allelopathic compounds. Later germinating weed cohorts are also 
more likely to survive to establishment in these residues (Kruidhof et al., 2011), 
which highlights that weed control potential is infuenced by the temporal 
overlap between inhibitory concentrations of allelopathic compounds and the 
regeneration niche of annual weeds. 

Current breeding efforts are targeting selection of increased allelopathic 
activity among cover crop cereal rye cultivars (Rebong et al., 2024). Separating 
allelopathic effects from other weed interference mechanisms under realistic 
management conditions is a signifcant challenge to such efforts. Breeding 
efforts require consideration of the relationship between allelopathic traits and 
traits that increase weed interference via other mechanisms. Breeding efforts 
will also need to consider the selection of allelopathic traits in the context of 
management to target the release of allelochemicals within the spatial and 
temporal regeneration niche of problematic weed species. 

Seedling growth. Plants subjected to resource limitation during the 
establishment phase allocate more biomass to structures that increase 

The contribution of cover crops to IWM in Conservation Agriculture10
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acquisition of the limiting resource (Poorter et al., 2012). Therefore, non-
lethal stressors imposed by cover crops are likely to affect resource allocation 
and acquisition patterns of emerging weed seedlings. Ficks et  al. (2022a) 
demonstrated that dicot weed seedlings increased shoot biomass to facilitate 
hypocotyl elongation as cover crop residue mass increased, which came at a 
cost of reduced resource allocation to root biomass production (Fig. 3b). The 
authors found similar resource allocation tradeoffs in response to cover crop 
residue mass gradients for small- and large-seeded species, but small-seeded 
species elongated their hypocotyl with a lower tissue density compared to 
large-seeded species, likely due to comparatively lower seed reserves (Fig. 3c). 
Reduction in hypocotyl tissue density has the potential to decrease survivorship 
of seedlings when exposed to other abiotic or biotic stressors (Ganade and 
Westoby, 1999). 

Soil nutrient availability can also be a limiting factor for establishing 
weed seedlings. Winter cereal cover crops that scavenge nitrogen prior to 
emergence of summer annual weeds can limit nitrogen acquisition during 
seedling growth (Wells et al., 2013; Poffenbarger et al., 2015a). High biomass 
production coupled with delaying termination until advanced growth stages 
of winter cereals can result in C:N ratios that exceed 20:1, which depletes soil 
inorganic nitrogen pools and delays decomposition and nitrogen mineralization 
from surface residues beyond early weed growth stages (Brockmueller et al., 
2023; Keles et al., 2016). Menalled et al. (2021) demonstrated the importance 
of nitrogen limitation on weed growth by experimentally applying nitrogen 
after cereal rye termination at anthesis. The observed positive relationship 
between nitrogen addition and late season weed biomass found in this study 
demonstrates that nitrogen limitation is a mechanism that regulates cover crop 
stressor intensity. 

3.1 Cover crop stressor effects on populations 

The study of safe site and seed supply recruitment dynamics is a useful 
framework for understanding cover crop stressor effects on weeds at a 
population level. Harper (1977) defned a ‘safe site’ as a microsite that provides 
(1) necessary stimuli for terminating dormancy and germination, (2) resources 
required for seedling emergence, and (3) freedom from hazards that prevent 
seedling establishment, such as phytotoxic chemicals and pathogens within 
soil. Conceptually, a safe-site is an extension of the ‘regeneration niche’ to the 
population-level. Seed supply refers to the number of available propagules, 
either introduced via dispersal or stored within the weed seedbank. The size 
and structure of weed populations are emergent properties that result from 
interactions between the number of available safe sites and seed supply 
(Fig. 4). Most feld-based studies measure cover cropping effects on weed 
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Figure 4  Hypothesized effect of cover crops on seedling recruitment processes based 
on model described in Duncan et al. (2009). Cover crop stressor intensity infuences the 
(1) number of safe sites available for seedling recruitment. The rate at which safe sites are 
flled as seed supply increases is infuenced by spatial heterogeneity of (2) seed dispersal 
dynamics and (3) cover crop stressors. Figure credit: L. Wellman. 

populations (density or biomass) without consideration of seed supply, which 
varies considerably at fne- to feld-level scales (Gallandt et al., 1999). 

The direction and magnitude of cover crop stressor effects on recruitment 
dynamics are a function of the interaction between cover crop biomass, weed 
species traits, and extrinsic factors (Mohler and Teasdale, 1993; Nord et al., 
2011; Nord et al., 2012). For example, cover crop surface residues below 2.5 Mg 
ha-1 can stimulate seedling recruitment of small-seeded Amaranthus species 
relative to bare ground in some years but decrease seedling recruitment in 
other years (Teasdale and Mohler, 2000; Nunes et al., 2024). Stimulatory effects 
of cover crop residues on weed recruitment can be attributed to improved 
soil moisture conditions for germination and establishment in years when soil 
moisture is a limiting factor (Mohler and Teasdale, 1993). 

Sources of variation in population-level outcomes. Signifcant variation in 
weed population responses to cover crop stressors is evident among meta-
analyses of feld experiments conducted over a range of soil-environment 
conditions. Nichols et  al. (2020) reported that cover crop residues exceeding 
5 Mg ha-1 resulted in a 75% reduction in weed biomass in a meta-analysis of 
feld studies (n = 15) within US Midwest corn and soybean production systems. 
However, the authors reported no effect of cover crop residues on weed density. 
In contrast, from a similar meta-analysis of feld studies (n = 28) within the US 
Southeast, Weisberger et al. (2023) reported that cover crop residues exceeding 
6.6 Mg ha-1 resulted in a 50% reduction in weed density but had no effect on 
weed biomass. In a global meta-analysis of feld studies (n = 53), Osipitan et al. 
(2019) reported that increasing cover crop biomass reduced both weed density 
and biomass. In these studies, cover crop residues exceeding 5 Mg ha-1 and 6 Mg 
ha-1 resulted in a 50% reduction in weed biomass and weed density, respectively. 
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Several context-dependent factors are likely sources of variation in weed 
abundance across biomass gradients. Many foundational studies that were 
conducted in low-synthetic input or organic systems evaluated cover crop 
surface residue effects on season-long weed suppression in the absence of 
additional weed control interventions. In these scenarios, assessment of 
cover crop performance extends beyond the regeneration niche, which likely 
contributes to discrepancies between biomass and density responses. For 
example, Teasdale (1996b) suggested that cover crop residues infuence weed 
biomass less than weed density because weeds that survive to establishment 
compensate for reduced density by producing greater biomass per plant 
due to less intraspecifc competition. Weisberger et al. (2024) documented a 
reduction in Palmer amaranth density in response to cover crop residues but 
noted similar total weed biomass (per m2) levels with and without cover crops. 

These examples highlight the importance of considering the appropriate 
population-level measurement given the management goal, as well density-
dependent and density-independent selection processes on weed populations. 
Looking forward, modeling relationships between cover crop biomass and 
weed seedling recruitment across a range of seedbank sizes (i.e. seed supply) 
will be useful for understanding density-dependent and density-independent 
recruitment processes that result from spatial and temporal heterogeneity of 
cover crop–weed interactions among seedbank gradients relevant to weed 
management (Duncan et al., 2009; Wandrag et al., 2019). 

3.2 Cover crop stressor effects on weed communities 

Community assembly theory provides a framework for understanding factors 
that shape weed community composition in Conservation Agriculture (Booth 
and Swanton, 2002; Smith and Mortensen, 2017). Within this framework, cover 
crops are considered a biotic flter situated below a hierarchy of environmental, 
cropping system, and management flters that structure species composition 
and abundance of weed communities. Smith and Mortensen (2017) suggest 
that the relative importance of biotic flters in structuring weed communities 
is greatest in cropping systems characterized by low disturbance frequency 
and intensity. Management flters that create high intensity and frequent 
disturbance events include herbicide-based and tillage-based weed control. 
Several studies have concluded that the strength of cover cropping effects on 
weed community structure depends on whether herbicides or tillage are tools 
in the weed control toolbox (Swanton et al., 1999; Moonen and Bàrberi, 2004; 
Adeux et al., 2021). 

In the absence of other management flters, Smith et al. (2015) concluded 
that the fltering effects of cover crops are short-term, relatively stochastic, 
and a function of the relative abundance of species within the resident weed 
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species pool. Within this context, there is general agreement on three trait-
based responses of annual weed species to cover crops that shape community 
assembly. First, the fltering strength of cover crops will be greatest for annual 
weed species with life cycles that overlap with winter annual cover crop 
growth periods but emerge after cover crop sowing (Adeux et al., 2021). In 
comparison, annual weed species that have partially- or non-overlapping 
life cycles will be more infuenced by other management flters. Next, annual 
dicots are more affected by cover crops than monocots (Swanton et al., 1999), 
likely due to the combination of phytochrome-sensitive germination traits 
and greater susceptibility of dicots to the physical impedance of hypocotyl 
elongation during the seedling establishment phase. And fnally, small-seeded 
dicot species are more affected by cover crops than large-seeded dicot species 
(Teasdale, 1996b), likely due to reduced germination and survival under low-
light conditions. 

3.3 Summary 

Given the heterogeneous environment at the scale of a non-dormant weed 
seed, Harper (1977) noted the impossibility of discovering which mechanism(s) 
directly control germination and seedling emergence. This observation 
highlights the diffculty, and perhaps futility, of research that aims to amplify a 
single weed suppression mechanism via a change in cover crop management 
tactics. Rather, the size and structure of weed populations are emergent 
properties of multiple stressors imposed by cover crops that infuence 
processes at individual, population, and community levels (Fig. 5). Identifying 
cover crop management tactics that increase biomass production and reduce 
the heterogeneity of cover crop stressors at fne- to feld-level scales should 

Figure 5 The levels of ecological organization infuenced by cover crop stressors and the 
sources of variation that infuence interactions among levels. Population-level responses 
to management practices involve interactions (denoted by arrows) among individuals 
within populations and among populations within weed communities. Figure credit: J. 
Wallace. 
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be the primary management goal. In the next section, we consider the role of 
cover crops when integrated with herbicide-based tactics. 

4 The role of cover crops in integrated weed 
management 

The design and practice of IWM are highly context dependent due to weed 
species traits, management constraints, and cropping system design (Buhler 
et al., 2000). Consequently, it is diffcult to judge the performance of cover 
crops as an IWM tool without explicit consideration of context-dependent IWM 
goals. In this section, we link IWM principles to cover cropping performance 
targets for herbicide resistance management, describe herbicide–cover crop 
interactions through the lens of multi-stressor interactions, and synthesize feld-
based research focused on integration of cover crop and herbicide-based 
weed control. 

4.1 IWM goals and performance target 

As an extension of IPM principles, IWM aims to decrease the equilibrium density 
of weeds, reduce the impact of weeds on crop yield loss, and limit herbicide 
use to scenarios in which truncating weed population peaks to maintain below-
threshold densities is necessary (Mortensen et al., 2000; Cardina et al., 2020). 
Adherence to these principles remains limited in modern weed management 
systems because their performance targets are diffcult to measure and evaluate 
by practitioners operating in the feld. 

The ‘many little hammers’ concept is an extension of IWM principles that 
focuses on weed control at a population level and offers more measurable 
performance targets for integrating cover crops as an IWM tool (Liebman 
and Gallandt, 1997). This concept is based on employing multiple tactics 
(i.e. ‘multi-tactic’) that result in similar or greater weed control than a single 
and highly selective control tactic, such as herbicides or tillage. Management 
goals for integrating cover crops and herbicides as a multi-tactic strategy 
may include (1) acceptable weed control that prevents crop yield loss without 
increasing herbicide inputs; (2) reduced risk of herbicide-based weed control 
failures; and (3) reduced exposure of weed populations to selection and 
adaptation to herbicide-based tactics. Therefore, performance targets for 
cover cropping may include a measurable reduction in the (1) density of weed 
seedlings at the time of herbicide stressor events, (2) rate of weed seedling 
emergence relative to crop emergence; (3) early-season weed growth rates 
(i.e. size and biomass); (4) population-level reproductive output of targeted 
species; and (5) dominance of ‘adapted’ or ‘resistant’ weed species within 
weed communities. 
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4.2 The role of cover crops in herbicide resistance 
management 

Weed species that have evolved resistance to multiple herbicide sites-of-action 
are now present and widespread in most crop production regions. Industry-led 
approaches to this challenge have focused on combining transgenic seed-trait 
technologies with rotation of herbicide mixtures that contain multiple, effective 
sites-of-action in preemergence and postemergence programs (Soteres and 
Peterson, 2015). Mortensen et  al. have predicted (2012) and documented 
(2024) the limits of this approach and argue strongly for IWM as an alternative 
solution for reducing the agronomic and economic impacts of resistant weed 
species and the negative environmental consequences of increased herbicide 
use. 

The design of IWM strategies as a proactive approach to slow herbicide 
resistance evolution will beneft from more explicit consideration of eco-
evolutionary dynamics (Neve et al., 2014; Menalled et al., 2016). The study 
of eco-evolutionary dynamics rests on the principle that (1) the effect of 
evolutionary change on ecological change, and vice-versa, is strongest at the 
population level; and (2) understanding of phenotypic trait distributions within 
populations is critical because phenotypes interact with the environment, come 
under direct selection, and have direct effects on population growth (Hendry 
et al., 2011). From an eco-evolutionary perspective, IWM strategies should 
aim to manipulate selection processes to promote desired demographic 
outcomes (i.e. population decline) while reducing undesired evolutionary 
consequences. 

Integrating cover crop and herbicide-based tactics can promote population 
decline by either altering the timing of selection or increasing the dimensionality 
(i.e. layering or stacking) of selection forces. For example, integrating cover 
crops with postemergence herbicides diversifes the timing of selection by 
imposing ecological stressors at developmental stages prior to when herbicide 
stressors are imposed (Fig. 6a). In comparison, integrating cover crop surface 
residues with soil-applied residual herbicides may increase the dimensionality 
of selection by layering both ecological and chemical stressors on individuals 
transitioning from the germination to establishment stage. In both scenarios, 
the desired demographic outcome is to maximize mortality, or control levels 
(%), to prevent population-reproductive output (i.e. zero seed rain). 

Integrating cover crop and herbicide-based tactics will have the greatest 
impact on population decline when their interaction results in synergistic effects. 
Synergism occurs when the selection intensity of one stressor is amplifed in 
the presence of another. For example, weed control levels and demographic 
outcomes will signifcantly improve if a postemergence herbicide that controls 
80% of the emerged population when imposed in the absence of cover crop 
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Figure 6  Diagram of (a) sub-annual developmental stages and vital rates infuenced 
by multi-tactic strategies, including cover crop and postemergence (POST) herbicide 
stressors, on summer annual weed species within a cash crop growing season. Cover 
crops infuence vital rates at early developmental stages, including: ssb = survival of non-
germinated seed within seedbank; g = germination rate; sg = survival of germinated seed 
to establishment; and ss = survival of established seedling to juvenile stage. Vital rates 
infuenced by POST herbicide stressors include sj = survival of juveniles and f = fecundity. 
Multi-stressor interactions on weed control (%) can be evaluated by (b) quantifying 
responses to single- (herbicide, cover crop) and multi-stressors (herbicide cover crop) 
in factorial experiments, which allows for assessment of synergistic effects (dashed line) 
based on predictions of their joint effects. 

use controls 95% of the emerged population when used in sequence with 
cover crop surface residues (Fig. 6b). 

Identifying management tactics that produce synergistic effects will require 
more explicit consideration of null mechanistic models that predict the joint 
effect of two stressors. We suggest that evaluation of IWM tactics would beneft 
from use of null mechanistic models designed in other disciplines. For example, 
Schäfer and Piggott (2018) offer alternative null models for the study of multi-
stressor interactions in conservation biology that differ in assumptions related 
to (1) how a stressor affects an organism (i.e. mode-of-action); (2) correlation 
between stressor events (i.e. sequence or timing); and (3) differential sensitivity 
of organisms to a stressor (i.e. effect-size). In the context of IWM, it is reasonable 
to assume that the mode of action of cover crop stressors is dissimilar to 
herbicide stressors. However, the correlation between stressors will depend, 
in part, on the sequence or spatial extent of management tactics, and the 
effect size will depend on how phenotypic trait distributions within populations 
infuence sensitivity to imposed stressors. 

There is growing recognition that non-lethal herbicide stressors can select 
for resistance within the range of standing phenotypic variation of a weed 
population due to epigenetic inheritance mechanisms (Neve et al., 2014; Dyer, 
2018). Such scenarios can rapidly shift the structure of populations towards 
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a ‘resistance phenotype’ that survives labeled rates of herbicides. In these 
scenarios, stressors imposed by cover crops may act at the individual-level to 
reduce survivorship of resistant phenotypes to herbicide selection by reducing 
the mean lethal dose (Fig. 7a). Alternatively, stressors imposed by cover crops 
may act at the population-level by reducing survivorship of resistant phenotypes 
at developmental stages that precede herbicide selection events (Fig. 7b). In 
the next two sections, we explore these potential mechanisms in the context 
of cover crop interactions with preemergence and postemergence herbicides 
and their implications for designing IWM strategies. 

4.3 Cover crop–soil residual herbicide interactions 

The combined effects of cover crop surface residues and soil-applied residual 
herbicides may reduce survival of resistant phenotypes at the (1) individual 
level by lowering the effective, or lethal, herbicide dose needed to control 
emerging seedlings (Fig. 7a), or (2) population level by increasing the spatial 
extent of cover crop and herbicide stressors acting on emerging weed 
seedlings (Fig. 7b). 

Figure 7  Hypotheses of cover crop effects on herbicide selection at the (a) individual and 
(b) population level based on low-dose herbicide resistance selection theory (Neve et al., 
2014). This theory assumes the mean resistance phenotype is equivalent to the LD50 value 
(dashed-line) for a normal-distributed population (bell-curve) and herbicide selection (i.e. 
applied dose; solid-line) occurs within the range of standing variation. At the individual 
level, (a) cover crop stressors may reduce the mean LD50 of herbicide, leading to reduced 
survivorship (right-tail) of resistant phenotypes. At the population level, (b) cover crop 
stressors may remove resistant phenotypes from the population at developmental 
stages preceding herbicide selection, leading to reduced survival (right-tail) compared 
to imposing herbicide stressor only. 

The contribution of cover crops to IWM in Conservation Agriculture18



Published by Burleigh Dodds Science Publishing Limited, 2026.

 

 

 
  

 
 

 

 

  

  

  

To our knowledge, only a single study has documented synergistic effects 
of cover crop surface residues and soil-applied residual herbicides. Teasdale 
et  al. (2005) found evidence of synergism from hairy vetch residues and 
S-metolachlor interactions on emergence of smooth pigweed (A. hybridus) 
in greenhouse studies. The combination of tactics reduced smooth pigweed 
emergence by 86%, which was greater than the prediction of their joint effects 
using a multiplicative null model. Multiplicative action assumes that stressors 
occur sequentially and all individuals within the population are exposed to 
both stressors. The authors concluded that the physical barrier to establishment 
created by hairy vetch residues resulted in exhaustion of seedling resources, 
which lowered the herbicide concentration needed to control emerging 
weed seedlings (i.e. lower mean LD50) with very long chain fatty acid synthesis 
(VLCFAS; Group 15) inhibitors. Emergence of broadleaf weed species in 
cover crop surface residues requires partitioning of limited carbohydrate seed 
reserves to shoot (or hypocotyl) development during the seedling emergence 
phase. Thus, it is reasonable to assume that cover crop surface residue is 
uniquely suited as a synergist for VLCFAS inhibitors, which specifcally inhibits 
seedling shoot elongation and is phytotoxic during the seedling emergence 
phase, in comparison to other sites of action, such as herbicides that disrupt 
photosynthesis. 

Under many management scenarios, the combined action of cover crop 
surface residue and soil-applied residual herbicides can be compromised 
by cover crop interference of herbicide spray deposition to the soil surface 
(Teasdale et al., 2003). As a result, the potential for reducing the mean LD50 

among phenotypes (Fig. 7a) may be negated by a reduction in the realized 
applied dose, or herbicide concentration in soil. For example, Whalen et  al. 
(2020) found that concentration of soil-residual herbicides within the upper soil 
profle was signifcantly greater when applied at the jointing stage of cereal rye 
compared to more advanced heading stages. Nunes et al. (2023a) reported that 
increasing cereal rye surface mass results in reduced deposition of herbicides 
to the soil surface. Nunes et al. (2023b) also found that bioavailability of soil-
residual herbicides remains signifcantly lower in systems using cover crop 
surface residue compared to no cover crop in the frst 3 weeks after soybean 
planting, which overlaps with the regeneration niche of many summer annual 
weed species. 

The effects of decaying crop residues on herbicide fate are well-studied 
in Conservation Agriculture, which provides a foundation for future research 
in cover cropping systems (Locke and Bryson, 1997; Alletto et al., 2010). In 
general, herbicide interception is likely to be a function of cover crop residue 
mass, height, and orientation to the soil surface (Banks and Robinson, 1982; 
Khalil et al., 2020). Herbicide retention on cover crop residues will likely be 
mediated by changes in physical (mass, surface area) and chemical composition 
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(i.e. lignin content) of cover crop residues (Dao, 1991). And fnally, precipitation 
timing and volume will mediate the amount of herbicide that is available to 
be washed off cover crop residues. Initial investigations by Smith (2025) found 
that several management scenarios can exacerbate the loss of herbicide 
bioavailability when cover crop surface residue levels exceed 4 Mg ha-1. These 
scenarios include application of soil-residual herbicides into living cover crops, 
grass-legume mixtures, and roll-crimped cover crops. Smith (2026) also found 
a two- to fourfold increase in washoff potential of herbicides with intermediate 
polarity (log Kow) compared to more lipophilic or hydrophilic herbicides when 
applied into cereal rye surface residues and subjected to simulated rainfall (1.9 
cm). These results suggest that when higher levels of cover crop surface residue 
are achieved, repositioning the timing of soil-residual herbicide applications to 
later crop growth stages may help to improve the combined action of cover 
crop and herbicide stressors. Future research should also consider further 
quantifying the interactive effects between cover crop biochemical properties 
and herbicide properties on washoff processes to inform herbicide selection 
and application timing. 

4.4 Cover crop–postemergence herbicide interactions 

Stressors imposed by actively growing cover crops affect weed ftness prior 
to use of postemergence herbicides to terminate cover crops. Similarly, cover 
crop surface residue affects weed ftness prior to in-crop, postemergence 
applications. Consequently, cover cropping practices alter the timing of 
selection relative to postemergence herbicide use. The interactive effects of 
these stressors may reduce survival of resistant phenotypes at the individual level 
if reduced seedling ftness, which results from non-lethal cover crop stressors, 
lowers the effective herbicide dose needed to control resistant phenotypes 
at later growth stages (Fig. 7a). Alternatively, cover crop stressors may reduce 
survival of resistant phenotypes at the population level by increasing their 
mortality rates at earlier stages of development prior to herbicide selection 
(Fig. 7b). 

Weed size and emergence timing (i.e. emergence cohort) are two 
phenotypic traits that are likely to infuence the range of responses to 
postemergence herbicides within a population. Large individuals intercept 
less herbicide per biomass unit (Wauchope et al., 1997; Baker and Hunt, 1981), 
which, if translated to greater survivorship, would have a disproportionate effect 
on population growth (Heywood, 1986). Importantly, studies have documented 
that weed size at the time of herbicide stressor events can infuence selection 
for phenotypes that evolve non-target site resistance mechanisms because 
large individuals have greater capacity to prevent the active ingredient from 
reaching the herbicide target site (Dinelli et al., 2006; Vila-Aiub et al., 2018). 
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The effects of cover crop stressors on weed size can be assessed in various 
ways. One method is to characterize the population structure by quantifying 
size inequality in weed populations. Size inequality occurs when relatively few 
individuals contribute most of the population’s biomass due to interactions 
between phenotypes, heterogeneity of resources, and competition (Weiner, 
1985). Postemergence herbicides may be more effective on populations with 
lower size inequality. Another approach with direct management implications 
is to quantify the number of days until a proportion of the emerged weed 
population exceeds a height threshold (e.g. > 10 cm) for postemergence 
applications (Wiggins et al., 2015; Perkins et al., 2021; Nunes et al., 2024). Many 
factors prevent timely postemergence applications, which can have a deleterious 
effect on weed demography and selection events that shape resistance 
evolution. Lengthening the number of days or weeks in which postemergence 
applications will still result in high levels of effcacy is a tangible management 
beneft of integrating cover crops and should be considered when weighing the 
costs and benefts of integrating cover crops into IWM strategies. 

4.5 Examples of a ‘two-hammer’ approach 

Many recent feld-based studies have focused on the integration of cover 
crop and herbicide-based tactics for control of multiple herbicide-resistant 
species. Most have documented cover crop benefts related to reduced weed 
recruitment and lengthening of herbicide application windows, but few studies 
suggest that reducing herbicide inputs is attainable if minimizing reproductive 
output is the management goal. 

For example, horseweed (Conyza canadensis) is a multiple herbicide-
resistant weed species of economic importance in no-till production systems. It 
is a small-seeded and wind-dispersed facultative winter annual that is diffcult 
to control at the time of pre-plant burndown applications, as well as in-crop 
postemergence applications in some regions. Wallace and colleagues (2019) 
demonstrated that cereal rye reduced horseweed population size (72 to 92%) and 
size inequality at the time of a pre-plant burndown application in the Northeast 
US. Field studies in other production regions have reported similar reductions in 
horseweed population size due to the use of cover crops. Pittman et al. (2019) 
concluded that a well-established cover crop stand can serve as a substitute for 
the use of fall-applied residual herbicides to control late-fall and spring emerging 
horseweed cohorts. In other studies, horseweed control levels from cover 
cropping tactics were insuffcient to eliminate the use of postemergence fall 
herbicide applications or spring-applied pre-plant residual herbicides (Cholette 
et al., 2018; Essman et al., 2020; Schramski et al., 2021; Sherman et al., 2020). 

The current pace of resistance evolution in waterhemp and Palmer amaranth 
has far-reaching implications for the sustainability of conservation tillage 
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systems (Davis and Frisvold 2017). These species are currently managed with 
two- to three-pass herbicide programs that include combinations of soil-applied 
and foliar products to minimize population-level reproductive output (i.e. zero 
seed rain) in corn, soybean, and cotton production systems. They are dioecious 
species that have an extended emergence pattern, high relative growth rates and 
fecundity (Hartzler et al., 2004), and seeds are persistent for several years within 
soil seedbanks (Davis, 2008). The use of cereal rye and rye-legume mixtures 
can delay emergence and extend the number of days until individuals surpass 
height-based postemergence application thresholds (>10 cm) when used as 
a single tactic (Wiggins et al., 2015) or in combination with pre-plant residual 
herbicides (Perkins et al., 2021). While cover crops can result in meaningful 
reductions in the size of Palmer amaranth and waterhemp populations at early 
crop growth stages, comprehensive herbicide-based programs are still needed 
to minimize reproductive output and prevent population growth (Loux et al., 
2017; Vollmer et al., 2020; Montgomery et al., 2018). 

4.6 Summary 

Adoption of cover cropping as a foundational component of IWM will only 
increase if practitioners understand both short- and long-term benefts 
of ecologically based practices. Cover crops become a meaningful IWM 
tool when their use reduces the risk of weed control failures in response to 
herbicide stressors, which can result from unforeseen events (e.g. weather, 
misapplication) or from selection of resistant phenotypes. Targeting fewer and 
smaller weeds with postemergence herbicides and maintaining high-effcacy 
rates without increasing herbicide inputs are two performance targets that can 
be observed by the practitioner and measured by the researcher. 

Deeper understanding of eco-evolutionary processes is necessary to 
design IWM strategies that limit or slow herbicide resistance evolution. Though 
modeling sub-annual population dynamics can help identify IWM strategies 
that reduce population-level reproductive output (Liebman et al., 2022), future 
efforts may beneft from integrating trait-based and demographic approaches, 
which has been described in other disciplines (Salguero-Gómez et al., 2018), 
to explore relationships between IWM strategies and selection for herbicide-
resistant phenotypes. 

5 Integrated crop management decision making 

Cover crop management decisions routinely result in tradeoffs among 
ecosystem services. Design of management strategies that aim to negotiate 
tradeoffs among ecosystem services requires understanding of weed ecology, 
soil quality, and crop productivity relationships (reviewed in Gallandt et al., 1999; 
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Smith et al., 2011; Nichols et al., 2015). Here, we review current understanding 
of weed, soil fertility, and crop management tradeoffs associated with key cover 
crop management decisions in no-till production systems. 

5.1 Cover crop species selection 

Considerable attention has been given to the hypothesis that diverse cover crop 
mixtures should provide higher levels of weed suppression than monocultures 
due to increased productivity, resource utilization, and nutrient retention in 
agroecosystems (Florence et al., 2019; MacLaren et al., 2019). However, cover 
crop biomass production, rather than species diversity, is the primary driver of 
weed suppression during the period of active cover crop growth (Smith et al., 
2020). In many studies, the most weed suppressive monoculture provides 
similar or greater weed suppression than cover crop mixtures that contain 
the most weed suppressive species (Finney and Kaye, 2017; Baraibar et al., 
2018a). In corn production systems, using cereal rye monocultures to maximize 
weed suppression potential can negatively affect nitrogen supply relative to 
corn demand (Finney et al., 2017). This tradeoff can be overcome, in part, with 
use of grass-legume mixtures (Poffenbarger et al., 2015b) or with use of split-
applications of synthetic nitrogen that align with peak nitrogen demand during 
the corn-growing season (Quinn et al., 2023). 

5.2 Cover crop establishment 

Fall growing degree days (GDDs) are strongly correlated with spring cover 
crop biomass production and a primary driver of biomass-related ecosystem 
services for fall-sown cover crops, such as cereal rye (Feyereisen et al., 2006; 
Mirsky et al., 2011; Mirsky et al., 2017b) and hairy vetch (Mischler et al., 
2010; Mirsky et al., 2017a). For example, sowing cereal rye 2 to 3 weeks after 
optimal establishment dates can reduce spring biomass potential by 1 Mg 
ha-1 to 3 Mg ha-1 (Farsad et al., 2011; Mirsky et al., 2011), which limits weed 
suppression potential of cover crop surface residues. Cash crop life cycles and 
rotation sequences in some regions are signifcant constraints to lengthening 
establishment windows for cover crops. 

In northern US corn production regions, post-harvest establishment 
of cover crops during optimal sowing windows is limited to sequences that 
follow small grains or annual forages in rotation. Within these sowing windows, 
Baraibar and colleagues (2018b) found that cover crop and weed biomass 
were positively correlated when measured in the fall and negatively correlated 
in the spring. This relationship refects a management tradeoff, where early 
fall sowing dates more directly overlap with the regeneration niche of winter 
annual weeds, whereas later fall sowing dates permit an opportunity to control 
emerged winter annual weeds prior to sowing the cover crop. 
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There is considerable interest in relay intercropping practices as a means 
for establishing cover crops within grain crop rotations that have narrow post-
harvest establishment windows. The timing of cover crop establishment using 
relaying-intercropping practices depends on methods and equipment, ranging 
from interseeding at early cash crop growth stages using modifed grain drills 
(Curran et al., 2018; Noland et al., 2018) to later crop growth stages using high-
clearance broadcast seeders (Hively et al., 2015), fxed-wing aircraft (Baker and 
Griffs, 2009; Wilson et al., 2014), or UAVs (i.e. drones). Relay-established cover 
crops typically do not overlap with the regeneration niche of summer annual 
weeds within the cash growing season, but successful establishment has been 
shown to suppress fall- and spring-emerging weed species (Curran et al., 
2018; Wallace et al., 2021) when compared to fallow management. However, 
performance of cover crops that are established using relay intercropping 
methods is often characterized by high spatial heterogeneity, which reduces 
the weed suppression benefts of this practice. 

5.3 Delayed cover crop termination 

Planting green is an emerging agronomic practice where cover crop termination 
is delayed until at or after corn or soybean planting to produce continuous 
living roots, improve planting conditions, and build soil health (Reed et al., 
2019). Planting green is also a means for reaching biomass thresholds (> 5 Mg 
ha-1) that are correlated with meaningful levels (50–75%) of weed suppression 
(Nichols et al., 2020; Weisberger et al., 2023). This practice presents a signifcant 
opportunity for increasing cover crop stressors on weed populations but also 
presents crop management tradeoffs that must be negotiated by growers. 
The role of planting green as an IWM tactic should therefore be placed in 
context of adaptive management decision-making to balance crop and weed 
management goals. 

Delaying termination of winter cereal cover crops until at or after soybean 
planting can signifcantly improve control of multiple herbicide-resistant 
species when integrated with herbicide-based tactics, while producing 
comparable soybean yields to no cover crop or early-terminated cover crop 
scenarios (Ficks et al., 2023; Grint et al., 2022; Nunes et al., 2024). Adaptive 
management decisions when planting green in soybean production systems 
include consideration of the relative benefts of early soybean planting dates 
to maximize yield potential compared to weed suppression and soil health 
benefts associated with greater cover crop biomass accumulation. 

Planting green represents a change in long-held management 
recommendations for cover crop termination in corn production systems 
(Duiker and Curran, 2005), which requires re-evaluation of both pest and 
fertility management recommendations to optimize the benefts and minimize 
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the risks associated with this practice. In most regions, cover crop establishment 
before corn phases is limited to winter cereals, such as cereal rye. Agronomic 
tradeoffs related to delaying cereal rye termination prior to corn production 
include increased nitrogen immobilization (Patel et al., 2019; Quinn et al., 2023), 
reduced soil-water availability (Raimbault et al., 1990), increased incidence 
of seedling disease (Acharya et al., 2022), reduced stand establishment due 
to residue interference (Champagne et al., 2021; Wallace et al., 2023), and 
increased potential for interference via allelopathy (Koehler-Cole et al., 2020). 
Planting green into a leguminous cover crop carries fewer production risks in 
corn production, but this practice remains limited by narrow establishment and 
growing season windows for leguminous cover crops. 

5.4 Cultural practices for cover crops 

Increased sowing density and more uniform spatial arrangement of cover crops 
are two methods for increasing light resource preemption and competition for 
resources with weeds that have overlapping life cycles (Schwinning and Weiner, 
1998; Weiner et al., 2001). In the context of cover cropping, most studies have 
measured the effect of increased winter cereal sowing rates on ground cover, 
biomass, and weed suppression. Increasing cereal rye seeding rates can increase 
early spring ground cover (Ryan et al., 2011, Haramoto, 2019; Schramski et al., 
2021) but has marginal impacts on total biomass potential (Bish et al., 2021; Ryan 
et al., 2011; Haramoto, 2019). Therefore, it’s likely that higher sowing density will 
be a more important cultural tactic for suppressing winter annual weed species 
that have an overlapping regeneration niche with fall-sown cover crops. 

Future research may consider how interactions between cover crop sowing 
density and spatial arrangement can mediate the preemption of resources and 
the regeneration niche of weed species. For example, plants are known to 
over-proliferate roots in response to neighbors when sown at high densities 
(Gersani et al., 2001; Cabal, 2022). Winter cereal seeding rates can mediate 
root distribution and belowground biomass allocation (Hecht et al., 2016). High 
cereal rye seeding rates can also increase tissue C:N, which can be attributed to 
increased depletion of soil N due to below-ground competition (Brockmueller 
et al., 2023). Future cover crop breeding efforts may beneft from evaluating 
weed suppressive traits in the context of these cultural management practices 
(Weiner, 2022). 

5.5 Residue management 

Achieving consistent and precise crop seed placement when planting into 
cover crop surface residue has limited adoption of high-residue cover crop 
management practices, particularly in corn (Mirsky et al., 2012; Mirsky et al., 
2013). However, signifcant technological advancements have been made in 
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the past decade since the introduction of roll-crimping (Kornecki et al., 2009) 
as a mechanical practice that creates a surface residue mulch at the time of 
planting. No-till planters can now be equipped with row-cleaners, double-
disk openers, electric metering systems, automated hydraulic downforce, and 
closing wheel assemblies that are designed for higher residue systems and 
make use of precision technologies (Brockmueller et al., 2024). 

Manipulating cover crop residue to improve cash crop establishment 
involves a crop–weed management tradeoff. For example, the combination of 
row-cleaning and roll-crimping cereal rye results in signifcantly higher intra-
row weed recruitment, but lower inter-row weed recruitment compared to 
leaving cereal rye standing and not employing row cleaners (Fig. 8; Wallace 
et al., 2023). Row-cleaning and roll-crimping can also reduce etiolation of 
corn seedlings compared to those emerging in standing residue (Wallace 
et al., 2023). Etiolation of corn seedlings is a shade avoidance response (i.e. 
ecological stressor) common in monocot species (Page et al., 2010; Rajcan 
et al., 2004), which is created by low R:FR light conditions within standing cover 
crops and can impact corn productivity. Etiolation of soybean seedlings is also 
common, but fewer cases of soybean yield responses to standing cover crops 
have been observed relative to roll-crimping practices (Sias et al., 2024). 

6 Case study 

The following case study presents a body of research that focused on defning 
achievable performance targets for cover crop-based IWM in no-till corn 
and soybean production systems within the Northeastern US. In response to 
increasing prevalence of glyphosate-resistant weed species, Bunchek et  al. 
(2020) designed experiments to quantify the role of cover crops when integrated 
with alternative herbicide programs, including a one-pass postemergence 
(POST) program compared to a two-pass program (preemergence, PRE 
and POST). Fall-sown cereal rye (135 kg ha-1) was compared to winter fallow 
management in soybean experiments, and cereal rye–hairy vetch (101 kg ha-1 

+ 22 kg ha-1) was sown in corn experiments. Cover crops were terminated 
approximately 10 days prior to cash crop planting, producing 2–8.5 Mg ha-1 of 
dry matter biomass before corn and 3–-5.5 Mg ha-1 before soybean. Cover crop 
residue management included the use of integrated roll-crimpers and double-
disk row cleaners (Fig. 8) in both crops to create uniform surface residue cover 
and improve crop seed placement. The primary weed species of interest 
were glyphosate-resistant horseweed, a facultative winter annual, and smooth 
pigweed (A. hybridus), a small-seeded summer annual species. 

Corn experimental results. Fall-sown cover crops signifcantly reduced 
horseweed density at the pre-plant burndown application timing (Fig. 9a) 
and smooth pigweed at the POST application timing (Fig. 9d). In addition, the 
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 Figure 8  Example of (a) cover crop surface residues following use of integrated roll-
crimper and row-cleaners; and (b) effect of this residue management strategy (red) on 
early-season intra- and inter-row weed recruitment compared to planting into standing 
cereal rye without residue management tools (blue), or roll-crimping only (yellow), in a 
study conducted by Wallace et al. (2023). 

population structure of both species was characterized by lower size inequality, 
due to fewer large individuals in the presence of cover crops (Fig. 9b, e). The 
combined effects on population size and structure were considered to increase 
the potential for synergistic effects when integrated with POST herbicides. 
Similar fndings have been reported in studies of cover crop effects on multiple 
herbicide-resistant species, such as Palmer amaranth (Vollmer et al., 2020) and 
waterhemp (Nunes et al., 2024). 

Cover crops and two-pass herbicide (PRE/POST) programs reduced 
weed abundance at the time of crop maturity by approximately 60% and 
90%, respectively, when imposed as a single tactic. The highest level of 
weed suppression occurred when cover crops were combined with the two-
pass herbicide program despite cover crop interference of PRE-herbicide 
deposition (Fig. 9c, f). Corn yields were not infuenced by the cereal rye–hairy 
vetch mixtures. Given the lack of yield response, additional inputs associated 
with cover crop seeding resulted in lower net returns when compared to 
treatments employing only herbicides. Weed suppression benefts associated 
with cereal rye can be achieved at lower seeding rates (< 56 kg ha-1), and thus 
input costs, than used in this study (Ficks et al., 2022b). 

These results refect a tradeoff that should be considered when designing 
IWM practices. Integrating cover crops with more intensive herbicide programs 
(two-pass PRE/POST) increases control levels and promotes greater population 
decline. However, similar corn and soybean yields were observed when cover 
crops were integrated with reduced herbicide programs (POST only). The 
presence of multiple herbicide-resistant species that rapidly evolve resistance 
likely infuences management decision-making related to herbicide inputs and 
the risk of weed escapes. Consideration of cover crop input costs should also 
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weigh other ecosystem services and disservices. As a component of IWM and 
Conservation Agriculture, cover crops should be valued for their short-term 
benefts and as an investment in the long-term success of the farm. 

7 Conclusion and future trends 

A central theme of this chapter is that use of cover crops in IWM strategies 
requires consideration of scale-dependent ecological interactions and 
tradeoffs among crop- and weed-management goals. Such complexity stands 
in contrast to more prescriptive, herbicide-based strategies that are common 
in modern agriculture. Several current and future advances can help reduce 
the complexity of cover crop management decisions and increase adoption of 
IWM strategies described in this chapter. 

Development of decision support tools (DSTs) that can accurately describe 
or predict variation in cover crop stressor intensity, duration, and spatial 
heterogeneity is in a nascent stage and will likely improve management 
decision-making. For example, photogrammetric (i.e. structure-from-motion) 
and proximal remote sensing technologies can now be mounted to agricultural 
equipment to provide real-time estimates of cover crop biomass levels and 
heterogeneity within agricultural production felds at scales that are relevant to 
weed management decision-making (Dobbs et al., 2022, 2024). The expansion 
of cover crop research has also provided opportunities for utilizing ‘big-data’ 
(Huddell et al., 2024) to develop and evaluate process-based, machine-
learning, and deep-learning models that can inform future DSTs. For example, 
process-based models that utilize site-specifc data to predict cover crop 
decomposition and inform nitrogen management decisions (Thapa et al., 2021, 
2022) may also have utility in describing the stressor duration of cover crop 
residues on the regeneration niche of weed species. 

As a foundational component of IWM in Conservation Agriculture, cover 
crops will play an increasingly important role in reducing the risk of weed 
control failures and population growth that are associated with evolution and 
spread of herbicide-resistant species. The last decade has produced a large 
body of feld-based research demonstrating weed control benefts associated 
with cover crops. The next decade of research should aim to quantify the 
effect of cover crops and other non-chemical tactics on processes that shape 
herbicide resistance evolution. To accomplish this goal, weed scientists will 
need to adopt an eco-evolutionary framework for studying IWM strategies 
(Menalled et al., 2016), leverage epidemiological approaches that have recently 
been incorporated into our discipline (Comont and Neve, 2021), and construct 
thoughtful long-term cropping systems experiments that evaluate proactive 
herbicide resistance management practices in the context of other ecosystem 
services and disservices. 
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Finally, cover crops ought to play a signifcant role in mitigating risks of 
surface- and sub-surface runoff of soil-applied herbicides, as well as extreme 
weather impacts on herbicide effcacy under future climate change scenarios 
(Landau et al., 2021). Increased understanding of short- and long-term cover 
cropping effects on hydrologic processes within agricultural felds (Basche and 
Delonge, 2019) should be leveraged to improve herbicide stewardship, weed 
control effcacy, and herbicide resistance management. 

8 Where to look for further information 

Our contribution to the cover crop–weed ecology literature is intentionally placed 
in context of early-season weed management decision-making in corn and 
soybean production systems that practice no-tillage, employ herbicide-based 
weed control tactics, and reside in regions where crop production is not limited 
by precipitation. Several contributions to the literature have been made that 
address areas beyond our scope: Smith et al. (2024) provide a broad synthesis of 
how cover crop management can infuence weed populations and communities 
over longer temporal scales. Kumar et al. (2020) review the role of cover crops 
in IWM for the US semiarid Great Plains region, where more limited rainfall 
infuences IWM and agronomic tradeoffs.Toler et al. (2019) synthesize cover crop 
research in the context of IWM in cotton production systems of the Southeast US, 
where the climate is well-suited for intensive cover crop management. Finally, 
cover crops play a central role in organic grain crop production systems that aim 
to reduce the intensity and frequency of tillage. In fact, many foundational studies 
on weed suppression mechanisms related to cover crop surface residues, as well 
as systems-level analyses of crop–weed management tradeoffs, were conducted 
in organic systems and provide a blueprint for cover crop-based IWM (Mirsky 
et al., 2013; Vincent-Caboud et al., 2019). 
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