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Abstract
Crop residues, plant material remaining post-harvest, provide critical ecosystem services, including reducing erosion, conserving 
soil moisture, and building soil organic matter. Globally, a “residue revolution” is underway, with substantial increases in the quan-
tity and persistence of residues driven by the expansion and intensification of annual crop production systems, widespread adoption 
of conservation agriculture principles, and growing recognition of the system benefits gained through residue retention. However, 
crop residues also act as reservoirs for damaging fungal crop pathogens, allowing them to persist between seasons and initiate 
residue-borne disease epidemics via inoculum carryover. Current management relies heavily on in-season management via genetic 
resistance and chemical controls, rather than preventative strategies that address off-season inoculum carryover. Consequently, 
broadacre production systems are increasingly vulnerable, as pathogens adapt to overcome genetic and chemical controls, partly 
due to the large populations persisting on residues. Despite this growing risk, previous review articles have overwhelmingly focused 
on individual pathogens or in-season management, with limited examination of the universalities of residue-borne diseases with 
respect to off-season survival and reproduction on residues. Here, we review an interdisciplinary body of research to address this 
gap. We (i) summarize key aspects of residue-borne pathogen biology, including reproduction, survival, and dispersal; (ii) outline 
global trends in agriculture collectively driving residue-borne disease risk; (iii) evaluate current and emerging management strate-
gies that target residue-borne pathogen inoculum using an integrated disease management pyramid, with emphasis on breaking 
the “brown bridge” of off-season inoculum carryover; (iv) highlight key social and economic barriers to the adoption and integra-
tion of these management strategies; and (v) outline future research and investment priorities for the development of sustainable, 
systems-integrated solutions. This review provides growers, agronomists, and researchers with a framework for managing crop 
residues to reduce residue-borne disease risk while preserving the agronomic and ecological benefits of crop residue retention.

Keywords  Stubble-borne disease · Sustainable disease management · Stubble retention · Conservation agriculture · 
Biocontrol · Inoculum reservoir · Plant pathogen survival · Disease prevention · Crop rotation · Management trade-offs
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1  Introduction

Crop diseases are a significant constraint to agricultural 
productivity and global food security, reducing crop yields 
and quality by ~16% globally (Oerke 2006). Many economi-
cally important crop diseases are caused by fungal residue-
borne pathogens (RBPs) that complete part of their lifecycle 
while persisting between host crops on infected residues 
(Figure 1). Crop residues are plant material that remains 
in agricultural fields after harvest of the economic product, 
including basal stems, roots, leaves, chaff, husks, haulms, 
and other plant debris (Suttie 2000). The term is often used 
interchangeably with stubble, although stubble can also 
refer specifically to intact basal stems of harvested plants. 
Through a combination of weathering and degradation by 
microbes, molluscs, and other invertebrates, crop residues 
gradually decompose to become plant detritus and even-
tually soil organic matter (SOM). Estimates suggest that 
over half of the world’s agricultural phytomass, the total 
organic mass of crop plants (living or dead), is in the form 
of crop residues (Smil 1999). Every year, approximately 
3.7 billion tons of residues, mainly from corn, wheat, and 
rice, are generated from food crops worldwide (Lal 2005). 
Growing appreciation of the agroecological benefits that 
crop residues provide throughout the degradation process, 
including prevention of erosion and soil moisture loss, can 

be described as a “residue revolution” and has been largely 
catalyzed by the widespread adoption of conservation 
agriculture (CA) practices, a key pillar of which is residue 
retention.

For residue-borne diseases (RBDs), crop residues con-
stitute the principal substrate for both off-season survival 
and the primary inoculum production that initiates subse-
quent epidemics. Furthermore, the large pathogen popula-
tions persisting on residues serve as reservoirs of patho-
gen genetic diversity, supporting pathogen evolution and 
adaptation. Despite the evolutionary and epidemiological 
significance of off-season RBP survival, the evolution of 
pathogen populations on crop residues has received rela-
tively limited attention. Research on RBPs and their man-
agement has historically prioritized reactive in-crop control 
measures, underpinned by substantial investment in fungi-
cide development and breeding of resistant cultivars. These 
strategies are increasingly compromised by changes in the 
agrochemical regulatory environment and pathogen adapta-
tion to overcome chemical controls and genetic resistance. 
As such, RBDs now represent a significant and escalat-
ing threat to the long-term sustainability of intensive crop 
production.

The “residue revolution” is thus defined by the conver-
gence of agroecological opportunity and disease risk due to 
increased crop residue retention. The central challenge is 
how residues can be managed to mitigate the impact of plant 
disease without compromising agricultural productivity and 
environmental goals. Failure to adequately resolve this ten-
sion threatens the long-term viability and sustainability of 
intensive cropping systems and necessitates a fundamen-
tal shift from reliance on a narrow set of control strategies 
to genuinely multi-disciplinary solutions that account for 
whole-system complexity. In this review, we focus on the 
management of fungal RBDs in broadacre agricultural sys-
tems during the residue phase, the primary “brown bridge” 
sustaining off-season pathogen survival. We outline the 
benefits and risks associated with crop residue retention, 
explore key aspects of RBP biology, examine major changes 
in global agricultural systems with implications for RBP 
management, and critically examine current management 
approaches. We highlight emerging technologies and inno-
vative strategies that target off-season pathogen survival, 
inoculum production, and management. Finally, we propose 
an integrated disease management framework that consid-
ers pathogen epidemiology, farming system complexity, and 
social and economic factors. By framing residues as both a 
valuable resource and a critical intervention point for dis-
ease control, this review provides a foundation to encourage 
further research and investment in strategies that balance 
residue benefits with pathogen risk.
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1.1 � Crop residues as an agroecological resource

Prior to the widespread adoption of synthetic fertilizers and 
mechanization, crop residues played an integral role in agri-
cultural production systems, providing feed and bedding 
for farm animals, thereby contributing to nutrient cycling 
through manure (Suttie 2000). Residues declined in per-
ceived value with the advent of mechanized agriculture and 
were frequently removed or burnt. Once regarded largely as 
a waste product, crop residues are increasingly recognized as 
a valuable resource providing agroecological, economic, and 
system-level benefits (Li et al. 2020). In particular, surface-
retained residues play a key role in conserving soil moisture 
(Bussière and Cellier 1994; Gill and Jalota 1996). Residues 
slow the movement of water on the soil surface, reducing 
run-off and allowing water to infiltrate the soil (Freebairn 
and Boughton 1981), as well as acting as a mulch to reduce 
soil moisture evaporation (Felton et al. 1987; Whitbread et al. 
2000; Foley and Silburn 2002). Under prolonged dry condi-
tions, crop residues are less effective at preventing soil mois-
ture loss from evaporation (Felton et al. 1987; Verburg et al. 
2012) with wheat residue loads > 5 t/ha required to achieve 
significant soil-water savings over extended dry periods in 
Australia (Bond and Willis 1970). The benefits of residue 
retention for conserving soil moisture depend on a combi-
nation of factors including evaporative demand, soil-water 

storage capacity, and rainfall amount and frequency (Gregory 
et al. 2000; Wolgast Broberg 2002; Monzon et al. 2006).

Crop residues also contribute nitrogen and other nutri-
ents to the soil for plant growth. The impact of residue 
retention on nitrogen cycling is complex, influenced by 
multiple mechanisms whose relative effects are in turn 
influenced by crop residue quality and environmental 
conditions. For an in-depth and mechanistic overview of 
the literature on soil nitrogen cycling in response to crop 
residue retention, see Chen et al. (2014) and Cao et al. 
(2024). In general, the supply of organic carbon and nitro-
gen in crop residues stimulates microbial activity, leading 
to increased microbial nitrogen immobilization (Moritsuka 
et al. 2004; Gruber and Galloway 2008). The nitrogen 
immobilized in microbial biomass can later be released 
and become available for crop uptake during periods of 
high nitrogen demand (Kuzyakov and Xu 2013). In winter-
dominant farming systems, the mineralization of organic 
nitrogen is often linked to summer rainfall events during 
the fallow, a major source of nitrogen for subsequent win-
ter crops (Angus et al. 1998; Hunt et al. 2013). Overall, 
the impact of crop residue retention has been shown to 
be beneficial both for increasing crop nitrogen uptake (Li 
et al. 2023; Dan et al. 2023; Wu et al. 2023) and reducing 
overall nitrogen losses from the soil-plant system (Wang 
et al. 2015; Murphy et al. 2016; Xu et al. 2021).

Fig. 1   a Widespread adoption of conservation agriculture practices 
is driving increases in the quantity and persistence of crop residues 
(plot on left) compared to conventional tillage which hastens residue 
decomposition (plot on right). b Crop residue functions as a “brown 
bridge” between growing seasons for residue-borne pathogens, 
including blackleg disease of canola caused by Leptosphaeria macu-

lans with ascospores released from pseudothecia (seen as black fruit-
ing bodies on stubble) resulting from sexual recombination. c Inter-
row sowing of a chickpea crop between rows of standing residue from 
the previous season’s wheat crop, highlighting how the practice of 
inter-row sowing increases the quantity of residues persisting in the 
paddock. Photo credit: Katia Taylor, Susie Sprague, and Tony Swan.
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Residues also constitute the primary source material 
for soil organic matter (SOM), a key determinant of soil 
health and plant productivity in agroecosystems (Wood 
and Edwards 1992; Weil and Magdoff 2004; Wood et al. 
2018). Inextricably linked to SOM is soil organic carbon 
(SOC), which also increases with crop residue retention 
(Ranaivoson et al. 2017). It is estimated that retaining crop 
residues in the order of 4 to 5 t ha−1 can contribute 0.38 t 
ha−1 year−1 of SOC to the 0–20-cm topsoil layer (Ranaivo-
son et al. 2017). Crop residue cover also plays an important 
role in protecting soil physical properties against natural 
and anthropogenic perturbations (Blanco-Canqui et  al. 
2006; Blanco-Canqui and Lal 2009; Klopp and Blanco-
Canqui 2022). Residues help prevent excessive compac-
tion, sealing, and crusting of the soil surface (Kladivko 
and Unger 1994), all of which reduce water infiltration, 
and restrict seedling emergence (Baumhardt et al. 2004). 
Residue retention significantly improves soil aggregate 
formation, primarily through the provision of organic mat-
ter, as SOM concentration is positively correlated with soil 
aggregate stability (Rhoton et al. 2002; Bossuyt et al. 2005; 
Blanco-Canqui et al. 2006). Additionally, residues protect 
soil aggregates from raindrops and other erosive forces 
(Kladivko and Unger 1994; Blanco-Canqui and Lal 2009), 
release chemical substances and compounds that help glue 
aggregates together, and promote soil biological activity by 
macro- and micro-organisms that help form and stabilize 
aggregates (Blanco-Canqui and Lal 2009). Like many of the 
ecological services provided by crop residues, their impact 
on soil aggregate stability is influenced significantly by the 
amount of crop residues being retained, as well as soil type 
and climatic conditions. For an in-depth analysis, refer to 
Klopp and Blanco-Canqui (2022) or Blanco-Canqui and 
Lal (2009).

Other more intangible and underappreciated agro-
ecological functions supported by residue conservation 
include weed suppression, microclimate buffering, and 
physical scaffolding of subsequent crops (Palm et  al. 
2014). Residue cover suppresses weed emergence and 
growth by restricting light and exerting allelopathic effects 
(Chauhan et al. 2012). Crop residue volumes of 1 t ha−1 
or more can reduce weed emergence and biomass by 50% 
compared to a no-till bare soil (Ranaivoson et al. 2017). 
Furthermore, crop residue cover also buffers abrupt fluc-
tuations in soil temperature, moderating freeze-thawing 
and wetting-drying cycles of surface soil (Kladivko and 
Unger 1994).

Together, these benefits illustrate why residue retention 
has become an integral practice in broadacre farming sys-
tems, but they also set the stage for a significant trade‑off 
with disease risk.

1.2 � Crop residues as an epidemiological risk

Between cropping seasons, crop residues can serve as inoc-
ulum reservoirs of major crop pathogens and increase the 
risk of epidemics (Bailey 1996; Bockus and Shroyer 1998; 
Bailey and Lazarovits 2003). For instance, the incidence of 
wheat pathogens such as Pyrenophora tritici-repentis (Adee 
and Pfender 1989), Oculimacula yallundae (Vera and Mur-
ray 2016), and Zymoseptoria tritici (Suffert and Sache 2011) 
is greater in subsequent wheat crops when residues remain 
in the field after harvest. Likewise, reduced tillage and pro-
longed residue retention are responsible for the increased 
global incidence of Fusarium head blight (Fusarium 
graminearum) (Miller et al. 1998; Dill-Macky and Jones 
2000), with stubble retention practices resulting in up to 81% 
higher incidence of Fusarium crown rot (Fusarium pseu-
dograminearum) in the first year after adoption (Summerell 
et al. 1989). Similarly, proximity to infected canola residue 
significantly influences blackleg disease severity (Lepto-
sphaeria maculans syn. Plenodomus lingam) (Marcroft et al. 
2004a; Bousset et al. 2015). As these RBPs cause significant 
economic losses and are a threat to global food production, 
effective management is a priority in broadacre agriculture 
(Table 1). For example, take-all disease (Gaeumannomy-
ces graminis) of wheat and barley causes yield losses of 
up to 50% (Gutteridge et al. 1993; Kwak and Weller 2013) 
and rice blast (Pyricularia oryzae syn. Magnaporthe ory-
zae) causes yield losses of up to 30% annually (Nalley et al. 
2016). A summary of estimated yield and economic losses 
from major RBDs can be found in Table 1.

A major challenge associated with RBPs is the persis-
tence of infection structures (mycelium, spores, etc.) on crop 
residues. Depending on environmental conditions, these 
structures can remain viable for months or years, serving as 
sources of inoculum for infection of subsequent host crops. 
For example, L. maculans can survive on infected canola 
residues for 1–5 years (Hall 1992), and Bipolaris sorokini-
ana, the cause of common root rot in cereals, survives on 
wheat residues at the soil surface for at least 2 years (Duczek 
et al. 1999). The mycelia of F. pseudograminearum survive 
for up to 3 years in infected cereal residues (Summerell and 
Burgess 1988) but can survive on residues buried 20 to 25 
cm deep for more than 4 years (Champeil et al. 2004).

In addition to the disease risks posed by off-season inoc-
ulum build-up on crop residues, there are also substantial 
risks related to the evolutionary dynamics of pathogen popu-
lations. The persistence of large effective pathogen popula-
tion sizes on crop residues increases the evolutionary poten-
tial and likelihood of adaptation (McDonald and Linde 2002; 
Bousset and Chèvre 2013; Zhan 2016). Crop residues pro-
vide a matrix for sexual reproduction of some RBPs, thereby 
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increasing opportunities for genetic recombination that can 
enhance virulence and adaptation of pathogen populations to 
genetic resistance, fungicides, and changing climatic condi-
tions (Kerdraon et al. 2019c). Unlike the measurable benefits 
of managing off-season pathogen growth for disease sup-
pression, putting a value on evolutionary outcomes is more 
difficult, even though resistance provides numerous direct 
and indirect benefits to farmers and society more broadly 
(Geffersa et al. 2023).

1.3 � Off‑season ecology of residue‑borne diseases

Residue-borne diseases (RBDs) caused by fungi are distinct 
from, yet overlap with, soil-borne diseases, whose etiologi-
cal agents can persist in soil without the specific substrate 
provided by plant residues, e.g., Rhizoctonia solani and 
Sclerotinia spp. (Figure 2). RBDs are frequently grouped 
together with soil-borne diseases, in part because it is dif-
ficult to draw a clear distinction since some pathogens can 
survive in the soil in the absence of plant debris but will 
enter a saprotrophic phase of their lifecycle on plant debris 
if it is available, e.g., F. pseudograminearum and B. soro-
kiniana. These pathogens can be defined as either soil-borne 
or residue-borne. In this review, we define RBDs as those in 
which host infection is initiated by primary inoculum pro-
duced on crop residues.

Fungal RBPs have diverse lifecycles and infection strate-
gies, with life stage transitions shaped by biotic and abiotic 
factors. Many RBPs have a necrotrophic stage where they 
cause host cell death during colonization of living tissue, 
followed by a saprotrophic phase where nutrition is obtained 
from dead or decaying tissue, e.g., B. sorokiniana. Some 
RBPs also have a hemi-biotrophic phase, colonizing living 
host tissues without killing them, before later switching to 
necrotrophy followed by saprotrophy, e.g., L. maculans, Z. 
tritici, Parastagonospora nodorum, and P. tritici-repentis. 
Other RBPs are obligate biotrophs that do not saprotrophi-
cally colonize residue, but over-winter in residues via long-
lived, specialized resting structures such as teliospores, as 
is the case for many rusts like Melampsora lini and Puc-
cinia graminis, although these are not the main focus of this 
review. The individual lifecycle characteristics, pathogen 
morphology, biotrophic and necrotrophic phases of fungal 
RBPs, and related in-season disease symptoms, are covered 
widely in numerous reviews. Here, we specifically focus on 
elements of RBP ecology that pertain to off-season growth 
and reproduction on crop residues.

RBP inoculum derived from plant residues can be in 
the form of differentiated structures resulting from (i) 
sexual reproduction (perithecia and apothecia that release 
ascospores when mature), (ii) asexual reproduction (conidia, 
sporangia, chlamydospores, teliospores, etc.), or (iii) undif-
ferentiated structures such as mycelium. Each of these dif-
ferent primary inoculum sources has their own specific char-
acteristics with respect to dispersal modes and scales, and 
persistence. Ascospores are typically airborne and can be 
dispersed across large distances between fields (Mahaffee 
et al. 2023). For example, L. maculans ascospores can travel 
up to 8 km from their source (Bokor et al. 1975; McGee 
1977; Howlett 2004), whereas asexual pycnidiospores typi-
cally spread within fields to adjacent plants via rain splash 
or physical contact (Bokor et al. 1975; Howlett 2004; Suffert 
et al. 2011; Khaliq et al. 2020). Likewise, mycelia require 
physical contact with susceptible host tissues as they spread 
locally through direct hyphal growth (Doehlemann et al. 
2017).

A significant challenge with RBPs lies not only in quan-
tifying primary inoculum load over time, but also in inter-
preting the significance of inoculum loads for disease risk. 
Primary inoculum decay rate, i.e., how long it takes for a 
specific proportion (e.g., 50%) to break down, is influenced 
by factors such as agroclimatic conditions, management 
practices, and microbial community composition. How these 
factors influence inoculum persistence is largely unknown 
for the majority of RBPs. Furthermore, inoculum load is 
often not a robust predictor of disease outcomes, partly 
because infection and epidemic development are mediated 
by interactions between host susceptibility, environmen-
tal conditions, critical infection windows, and pathogen 

Fig. 2   Here, we define a residue- or stubble-borne disease (for con-
sistency in this review we will use the term residue-borne disease 
(RBD) as any crop disease where the etiological agent infects its host 
via primary inoculum derived from crop residues. Soil-borne diseases 
(in brown) can persist in the soil in the absence of any crop residues, 
whereas residue-borne diseases (in green/yellow) require the presence 
of residues. The distinction between residue-borne and soil-borne 
diseases is blurry, as some pathogens, e.g., Bipolaris sorokiniana, 
can persist in the absence of plant debris, but when plant debris is 
present, they will enter a saprophytic phase of their lifecycle. Resi-
due-borne diseases can be further categorized as either foliar, e.g., 
Zymoseptoria tritici, or crown/root, e.g., Fusarium pseudogramine-
arum.
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virulence, and partly because the proximity of the suscepti-
ble crop to the inoculum source may have a greater impact 
on disease risk than the quantity of inoculum. Consequently, 
single point estimates of inoculum abundance may provide 
limited insight into epidemic risk in the absence of a broader 
context.

Another differentiating feature between RBPs with sig-
nificant management implications is the number of infection 
cycles a pathogen completes per season (Figure 3). Monocy-
clic plant diseases, those with only one infection cycle per 
season, are better suited for management of primary inocu-
lum from residues since the relationship between inoculum 
load and disease outcomes is more closely correlated. In 
contrast, polycyclic diseases with multiple infection cycles 
per season such as Septoria tritici blotch continually reinfect 
the plant throughout the growth period; hence, a reduction in 
primary inoculum does not always influence disease severity 
(Morais et al. 2016b). For polycyclic diseases in particular, 
even low levels of inoculum are sufficient to trigger epidem-
ics in susceptible hosts under ideal conditions. For example, 

the presence of infected residues can locally affect the early 
dynamics of an epidemic of Z. tritici blotch, but the quantity 
of inoculum is not truly limiting for initiation (Morais et al. 
2016b). Similarly, Ascochyta rabiei inoculum levels can 
persist at low levels for several years, eventually initiating 
epidemics in chickpea when conditions are favorable (Kaiser 
1973; Singh et al. 2022; Foresto et al. 2023). Whether poly-
cyclic pathogens actually complete multiple infection cycles 
will depend on a range of factors, including climatic condi-
tions during the growing season and host resistance, and 
thus, whether a pathogen is monocyclic or polycyclic can 
ultimately differ from one situation to another. For exam-
ple, L. maculans and Z. tritici have both sexual and asexual 
spores; residue-borne ascospores (sexual) act as primary 
inoculum responsible for epidemic initiation, followed by 
pycnidiospore (asexual) production from leaf lesions if con-
ditions are conducive, which is not universally the case (Li 
et al. 2007). While reductions in primary inoculum of poly-
cyclic diseases may not consistently reduce disease sever-
ity, management of off-season inoculum loads and carryover 

Fig. 3   Crop residues are both a resource and risk. Residues are pre-
sent for an extended period, often for several years, whereas the living 
crop is only present for a few months. Crop residues serve as reser-
voirs for residue-borne pathogens (RBPs), which can persist for years 
on crop residues before infecting subsequent host crops. The quantity 
of residues persisting in fields is increasing globally, as the agroeco-

logical benefits of residue retention are becoming widely appreciated, 
driving increased RBD risk. Fungal RBPs survive on crop residues 
and disperse to susceptible hosts via diverse and specialized struc-
tures. RBPs have diverse lifecycle traits with implications for RBD 
management, including the distinction between monocyclic and poly-
cyclic infection cycles
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may still provide beneficial epidemiological outcomes. For 
example, the trajectory of epidemic development may shift 
such that the host crop is outside a susceptible window or 
disease progression is delayed, thereby enabling more timely 
management interventions.

An additional distinction between RBPs is the timing at 
which off-season survival structures are formed. For exam-
ple, sexual reproduction of Z. tritici can start on senesc-
ing basal leaves of wheat that form a developing litter layer 
while the crop is still standing. As a result, ascospores may 
be produced and theoretically cause reinfection within the 
same growing season, particularly under wet conditions, or 
be carried over to subsequent seasons (Brown et al. 1978; 
Hunter et al. 1999; Bathgate and Loughman 2001; Eriksen 
et al. 2001; Suffert et al. 2011). In contrast, primary inocu-
lum of other pathogens, such as L. maculans, is initiated 
on senescent material post-harvest (Khangura et al. 2007; 
Bondad et al. 2025a, b). These differences have important 
consequences for epidemic dynamics, particularly in relation 
to how and when pathogens transition between seasons and 
fields, and whether these transitions overlap or are discrete.

Given the diverse modes of survival, infection cycles, 
and reproductive strategies of RBPs, no single management 
approach will be universally effective as a control strategy. 
Understanding the biological, ecological, and evolutionary 
dynamics of fungal RBPs and how these processes fit into 
a farming systems context is essential for devising effective 
and sustainable disease management strategies.

2 � Global trends shaping the residue 
retention dilemma

In recent decades, there have been considerable changes in 
the area, location, and management of agricultural land for 
production of annual crops with implications for the emer-
gence, prevalence, management, and economic impact of 
RBD’s. Drivers include a combination of technological 
innovation, economic incentive, input intensification, policy 
change, production shifts, and changing climate.

2.1 � Recent shifts in global agricultural land use 
and crop diversity impacting the production 
and persistence of crop residues

Worldwide, the area of land used for annual crop produc-
tion increased by 12% between 2000 and 2021 to a total of 
1.1 Bha, primarily due to expansion in Africa and South 
America with the replacement of fallow and natural vegeta-
tion, such as pastures and tree cover (Potapov et al. 2021; 
FAO 2025). This global trend is consistent with changes 
in land use for crop production in Australia and regions of 
South America. In Australia, the area dedicated to cropping 

increased from 22 to 35.9 Mha between 1995 and 2020, with 
declining wool prices largely responsible for driving a shift 
from perennial pastures for sheep grazing to annual crop-
ping systems (ABARES, 2024). There has been a similar 
transformation of perennial pasture-based systems to annual 
cropping in regions of South America (de Faccio Carvalho 
et al. 2021), with total cropping area more than doubling 
in Argentina from 17.8 to 37.9 Mha across a similar time-
frame (Secretaria de Agricultura, Ganaderia y Pesca, 2025). 
In contrast, the area of cropped land in the USA and Europe 
has remained relatively stable over recent decades, with 
approximately 140 Mha in the USA (Ye et al. 2024) and 59 
Mha in Europe (FAO 2025). While total cropping area has 
not expanded in these regions, other factors have impacted 
the availability and suitability of land for agricultural pro-
duction, including increasing urbanization of landscapes 
and changes in climate suitability for crop production (Ye 
et al. 2024). Since 2000, crop production has increased 56% 
due to increased demand from human population growth 
and increased utilization of crops for energy production and 
livestock feed (FAO 2023). As land use has not expanded at 
the same rate as production, the aforementioned increases 
have been achieved via advances in genetic, technological, 
and agronomic factors as well as intensification of cropping 
systems with a concomitant increase in the volume of crop 
residues, a trend which will continue as agricultural systems 
innovate to achieve the productivity gains required to meet 
increasing demand.

The expansion and intensification of annual crop produc-
tion have been accompanied by shifts in spatiotemporal crop 
diversity, which is foundational for the successful manage-
ment of RBDs via separation of susceptible host crops from 
infected residues. Crop diversity, reflected in both the num-
ber of species cultivated (richness) and their relative abun-
dance across production systems (evenness) has declined in 
recent decades. At subcontinental scales, crop species rich-
ness increased markedly during the  1980 s and  1990 s but 
stabilized from the early  2000 s onward, with regional vari-
ation that was largely independent of agricultural expansion 
(Mariani et al. 2021). In parallel with the increase in species 
richness, national-level data indicate that production in the  
1970 s and  1980 s became increasingly homogenous, domi-
nated by a limited number of species (Martin et al. 2019). 
Indeed in 2021, 80% of global cropped area was sown to the 
cereals corn, rice, and wheat (FAO 2023). In addition, land-
scape heterogeneity has declined with a general increase in 
the size of fields (White and Roy 2015; Clough et al. 2020).

There is growing interest in reversing the spatiotemporal 
decline in crop diversity to address critical sustainability 
challenges in agrifood systems (Gaudin et al. 2015; Stor-
key et al. 2019; Mortensen and Smith 2020; Messéan et al. 
2021; Smith et al. 2023). However, adoption remains con-
strained by increased management complexity and costs, 
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risks of unintended pest or disease outcomes, and limited 
market opportunities for alternative non-commodity crops 
(Mortensen and Smith 2020).

2.2 � Conservation agriculture and residue retention

Over the past several decades, there has been widespread 
global adoption of conservation agriculture (CA) practices, 
driven in large part by the importance of conserving soil 
moisture and soil carbon and preventing soil erosion (Soane 
et al. 2012). CA promotes a set of three management prin-
ciples: minimum mechanical soil disturbance (i.e., no- or 
minimal-tillage), permanent soil organic cover with living 
or dead crops or pastures, and species diversification through 
varied crop sequences (FAO 2025; http://www.fao.org./ag/
ca/). While no-till agriculture emerged from the dustbowls 
of the  1930 s in mid-west USA to combat soil erosion 
(Derpsch 1998), global expansion of CA practices has pre-
dominantly occurred since the mid to late  1990 s, facilitated 
by the availability of herbicides and technological advances 
in farm machinery (Derpsch et al. 2010). The adoption of 
farm machinery such as stripper headers and disc seeders has 
also resulted in greater volumes of crop residues remaining 
after harvest (Klinner et al. 1987; Derpsch et al. 2014; Swan 
et al. 2023; USDA 2023). Current estimates of the amount 
of global agricultural land managed under CA systems are 
between 180 Mha (Kassam et al. 2019) and 215 Mha, up to 
15% of global arable land (Prestele et al. 2018). This con-
trasts sharply with the early  1970 s, when only ~2.7 Mha 
was managed under CA (Derpsch 1998), and with 1999 esti-
mates placing no-till area at ~45 Mha (Kassam et al. 2009; 
Derpsch et al. 2010).

The regional adoption rates of CA vary widely but are 
highest in South America (63.2%), Australia and New Zea-
land (45.5%), and North America (28.1%) (Prestele et al. 
2018; Kassam et al. 2019). In contrast, CA adoption rates 
are <10% of arable land in Africa, Europe, Asia, Russia, and 
Ukraine (Prestele et al. 2018; Kassam et al. 2019). The fac-
tors determining CA adoption in a specific region are diverse 
and include competing uses for crop residues (such as for 
livestock feed and fuel), access to appropriate machinery 
(such as inter-row seeders), and varying degrees of institu-
tional and cultural attachment to tillage. Temperature and 
rainfall conditions are also a key determinant of adoption 
since residue decomposition is slow in cold, wet climates 
and can inhibit early-season soil warming, whereas in warm, 
dry climates the ecosystem services provided by CA, such as 
prevention of soil erosion and moisture loss, provide greater 
systems benefits. Most agricultural land managed under 
CA is rain-fed annual cropping systems in the mid-latitudes 
between 30 and 50° (Friedrich et al. 2012; Kassam et al. 
2019). In these farming systems, the proportion of cropping 
area managed under CA is much higher. For example, in 

Australia most broadacre cropping farms retain stubble (85% 
of farms) and minimize tillage (68% of farms) (Coelli and 
ABARES 2021).

In addition to the many soil and ecosystem benefits 
accrued through CA adoption, there are economic benefits 
associated with adoption of no-till combined with other con-
servation agriculture principles, largely due to reduced pro-
duction costs from decreased energy and labor consumption 
compared with conventional systems (Erenstein et al. 2012). 
Fuel savings from CA are reported in the order of about 60% 
(Kassam et al. 2019) and represents a significant reduction in 
on-farm emissions. Such reductions enable growers to meet 
the sustainability targets of some markets, such as canola 
exported into the European Union (CSIRO 2019; Australian 
Oilseeds Federation 2022). In countries such as the USA, 
Canada, Australia, Brazil, Argentina, India, and China, CA 
is promoted by national agricultural development programs 
or backed by institutional support (Kassam et al. 2019). 
Furthermore, CA is actively promoted as a management 
practice to help mitigate anthropogenic climate change. An 
example is the “4 per mille Soils for Food Security and Cli-
mate” initiative, which aims to increase global SOC stocks 
by 0.4% per year (Minasny et al. 2017), promoted through 
the UN Framework Convention on Climate Change (Ogle 
et al. 2019). Farmers can earn carbon credits for switching to 
CA practices in voluntary carbon farming schemes such as 
Verra, or in some countries government-regulated programs 
such as the Australian Carbon Credit Unit (ACCU) scheme 
issued by the Clean Energy Regulator (Holzleitner and Gaw-
lik 2022; Cariappa et al. 2024). These schemes are further 
incentivizing uptake of CA practices, in addition to the soil 
health and economic benefits outlined above.

2.3 � Reduced fungicide options

The increased risk of RBDs associated with the adoption 
of CA practices has largely been mitigated by widespread 
reliance on chemical control and genetic resistance. How-
ever, the tightening of fungicide regulations, particularly 
in the European Union (EU), is significantly narrowing 
the options available for managing RBDs in broadacre 
cropping systems. The EU has already banned several key 
fungicides, including chlorothalonil (2019), ipconazole 
(2024), and dimethomorph and mepanipyrim (2025), due 
to concerns over toxicity, environmental persistence, and 
endocrine disruption. These regulatory changes are part 
of a broader international movement toward phasing out 
highly hazardous pesticides (HHPs) by 2035, champi-
oned by the UN Environment Assembly (UNEA) and the 
Global Framework on Chemicals (GFC). The implications 
of fungicide bans extend beyond domestic use to trade 
barriers, with many countries enforcing strict maximum 
residue limits (MRLs) on imported agricultural products. 
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For example, the MRL for a banned pesticide in the EU 
is often set to the limit of quantification (0.01 mg/kg), 
effectively banning any detectable residue. This regulatory 
landscape is forcing producers to reconsider their reliance 
on fungicides, not only for domestic compliance but also 
to maintain access to international markets. The potential 
for future bans or restrictions underscores the salience of 
proactive adaptation.

In addition to regulatory constraints, growers face 
reduced access to fungicides due to the evolution of resist-
ance in pathogen populations, accelerated by repeated fun-
gicide exposure. Resistance is particularly problematic in 
pathogens such as L. maculans, F. pseudograminearum, and 
Z. tritici. For example, triazole fungicides like tebuconazole 
and prothioconazole, once the backbone of Z. tritici blotch 
control, are now facing widespread resistance in northern 
hemisphere Z. tritici populations (Sykes et al. 2018; Jør-
gensen et al. 2020). Similarly, quinone outside inhibitor 
(QoI) fungicides such as azoxystrobin and pyraclostrobin are 
increasingly ineffective against Z. tritici in Europe and North 
America due to resistance (Estep et al. 2015; Lavrukaitė 
et al. 2024). Furthermore, several new-generation carboxam-
ide fungicides with broad-spectrum activity have been intro-
duced for the control of RBDs in broadacre crops. These 
fungicides act by inhibiting succinate dehydrogenase (SDH) 
in complex II of the mitochondrial respiratory chain, thereby 
disrupting fungal respiration. However, due to their single-
site mode of action, these fungicides are prone to resistance 
development (Fraaije et al. 2012). For instance, resistance to 
SDHI fungicides was recently detected for the first time in L. 
maculans of canola in Australia (GRDC 2024).

The evolving regulatory environment surrounding fun-
gicide use is reshaping disease management in broadacre 
cropping systems. With key fungicides under threat from 

bans, resistance, and trade restrictions, the current reliance 
on chemical control is becoming increasingly untenable 
(Corkley et al. 2022). With diminishing fungicide options 
for managing in-season disease loads, managing disease 
during the off-season becomes critical. This necessitates a 
shift toward sustainable, integrated approaches that prior-
itize off-season pathogen management and reduce fungicide 
dependency.

3 � Management strategies

Considering the challenges and global changes described 
above and informed by the biology and epidemiology of 
RBPs, we now provide an overview of current management 
strategies that target off-season inoculum production and 
carryover to susceptible crops. These control strategies are 
presented within the framework of a modified integrated dis-
ease management pyramid, with interventions categorized 
as Physical, Biological, or Chemical, and ranging from pre-
ventative to increasingly interventionist (Figure 4).

3.1 � Physical

3.1.1 � Temporal and spatial separation of host 
from inoculum (crop rotation and intercropping)

Crop rotation, or crop sequencing, is a practical way to limit 
epidemics caused by RBPs as it disrupts pathogen lifecy-
cles by temporally separating susceptible host crops. This 
allows both crop residues and the inoculum on crop residues, 
to decay before the next susceptible host crop is planted, 
thereby eliminating the “brown bridge” effect (Thomp-
son et al. 2015). To ensure effective temporal separation 

Fig. 4   An overview of the 
residue-borne disease manage-
ment strategies covered in this 
review, presented within an 
integrated disease management 
pyramid. Strategies at the base 
of the pyramid are more focused 
on prevention but become more 
focused on intervention moving 
up the pyramid. Current strate-
gies are in black text, while still 
emerging strategies are in white, 
highlighting opportunities for 
future research investment
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of inoculum and susceptible host, the design of crop rota-
tions must account for pathogen-specific inoculum survival 
dynamics, which are well characterized for many RBPs 
(see Section 2.3). For example, even when 90% of canola 
residues had disappeared 2 years post-harvest, significant 
quantities of L. maculans ascospores were still discharged 
from recalcitrant crown and taproot residues for a further 
3–5 years (Petrie 1995). Thus, L. maculans ascospore pro-
duction can far exceed the mean 3-year rotation period typi-
cally followed by canola producers in the semi-arid regions 
of Saskatchewan (Canada) or the common 2-year canola-
cereal-canola rotation in Australia (Norton et al. 1999; Smith 
et al. 2013). Z. tritici pycnidiospores are better preserved on 
surface residues than on buried debris (Brokenshire 1975), 
yet the persistence of Z. tritici ascospores is poorly under-
stood despite their capacity for long-distance dispersal (Suf-
fert et al. 2011). F. graminearum can survive for more than 
4 years on residues buried at 20–25 cm and for 2 years on 
damaged wheat grain left both on the soil surface or at 5–10 
cm depth; however, ascospores are produced only on resi-
dues at the soil surface (Inch and Gilbert 2003; Champeil 
et al. 2004; Leplat et al. 2013). Together, these examples 
highlight the need for disease-specific rotation recommenda-
tions. A minimum 2-year break between wheat crops is rec-
ommended to prevent glume blotch (P. nodorum), whereas 1 
year may suffice for controlling tan spot (P. tritici-repentis) 
(Duczek et al. 1999), and barley should not be grown within 
2 years of a previous barley crop to control net blotch (Pyr-
enophora teres). In addition, due to the climate-dependent 
nature of residue decomposition and inoculum production, 
the ideal rotation length will likely vary depending on local 
environmental conditions, as shorter rotations may suffice 
in wetter climates more conducive to residue break down.

The effectiveness of crop rotation as a management strat-
egy is influenced by spatial and epidemiological factors, 
including the dispersal capacity of different inoculum types 
and the distribution of host species across the landscape. For 
RBPs whose inoculum forms require direct host contact or 
disperse over short distances, crop rotations can be effective 
at preventing carryover to subsequent host crops and can 
be managed by individual farmers at the farm or paddock 
scale. In contrast, for RBPs with long-distance inoculum 
dispersal, consideration of both local residue management 
and landscape-scale host distribution and connectivity is 
required (Alabouvette et al. 2006; Suffert and Sache 2011). 
As even small amounts of inoculum dispersed across long 
distances can initiate epidemics, paddock-scale crop rota-
tions reduce but rarely eliminate early-season risk (Marcroft 
et al. 2003; Khangura et al. 2007; Keller et al. 2010, 2011; 
Morais et al. 2016a, b). At the landscape scale, optimiza-
tion of crop rotations can help disrupt spatial connectivity 
between inoculum reservoirs and fields of susceptible crops, 
by considering the agroecosystem as a field mosaic to which 

coevolutionary theory between host and pathogen metapopu-
lations can be applied (Bousset and Chèvre 2013). In such a 
representation, landscape-level inoculum pressure is deter-
mined by the abundance, distribution, and connectivity of 
infected residues across the surrounding fields relative to the 
focal field. Conducting empirical experiments to optimize 
landscape-scale management approaches is complicated by 
a range of factors, including in the sampling and identifica-
tion of diverse fungal spores (Van der Heyden et al. 2021). 
Modelling approaches, integrating crop rotations, landscape 
mosaics, and crop mixtures, offer a more feasible alternative 
for landscape-scale management of inoculum sources. Previ-
ously, such landscape-level models have mainly focused on 
the evolutionary dynamics of pathogen virulence to optimize 
resistance gene deployment (Rimbaud et al. 2018, 2021) but 
could be applied to the regional management of residues act-
ing as inoculum sources. Although it is theoretically possible 
to regionally co-ordinate crop rotations to reduce inter-field 
inoculum dispersal, local crop rotation remains the most 
practical compromise due to agronomic and social con-
straints (Krupinsky et al. 2002; Fu et al. 2021). Implement-
ing effective landscape-scale management would require 
a coordinated effort by multiple growers with potentially 
competing interests and represents a significant challenge 
for integrated disease management of RBDs (Sherman et al. 
2019; Geffersa et al. 2023).

In addition to the temporal and spatial dynamics of inocu-
lum carryover and dispersal, crop rotations need to consider 
host-pathogen compatibility. In practice, growers cultivate 
multiple host crops of the same pathogen (e.g., maize and 
wheat which both host F. graminearum; Guo et al. 2010) 
or even the same crop (e.g., continuous wheat) over several 
consecutive years in the same field, which generally exacer-
bates disease problems. Where pathogens have broad host 
ranges (e.g., F. pseudograminearum can infect wheat, barley, 
and oats), choice of the rotation crop should be informed 
by the host specificity of the pathogen. Rotation efficacy 
can also be influenced by the choice of non-host crop and 
impacts on residue decomposition. Crops with dense cano-
pies, such as canola, can promote moist microclimates that 
enhance residue decomposition while those with more open 
canopies such as pulses (e.g., lentil or chickpea) are drier 
with slower residue decomposition (Kirkegaard et al. 2004).

Intercropping, the practice of growing more than one spe-
cies in close association simultaneously, plays an underap-
preciated role in preventing carryover of RBDs via barrier 
effects of non-host plants to dispersal of primary inoculum 
from crop residues. Total splash dispersal of Mycosphaerella 
pinodes conidia, the causative agent of aschochyta blight of 
field pea, was reduced by 39–78% in pea intercropped with 
cereal (as measured indirectly by lesion number), compared 
with monocropped pea at full density (Schoeny et al. 2010). 
Non-host plants provided the greatest contribution to disease 
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suppression early in the cropping season, by providing a 
physical barrier to conidial movement within the intercrop 
canopy. While in this study conidia were not residue-borne, 
but rather a central conidial suspension surrounded by pot-
ted plants to simulate pea and pea-wheat canopies (Schoeny 
et al. 2010), the barrier effects can reasonably be extended to 
splash dispersal from crop residues. Intercropping in separate 
rows is less effective than in mixed rows in controlling com-
mon bacterial blight in bean (Fininsa and Yuen 2002) and 
aschochyta in chickpea (Zhou et al. 2023), possibly because 
spore dispersal interference is greatest in mixed rows. Fur-
thermore, orienting the inter-cropped rows perpendicular to 
the main wind direction could further enhance the barrier 
effect provided by non-host plants, as was shown for Phy-
tophthora infestans of potato intercropped with either spring 
wheat or grass clover (Bouws and Finckh 2008). Provision 
of barrier against primary inoculum from residues may vary 
significantly depending on the canopy characteristics of the 
crops used in the intercropping mixture, and further research 
is needed to identify optimal species mixtures with the most 
effective obstruction of primary inoculum dispersal from 
infected residues for each RBD crop-pathogen complex.

3.1.2 � Sowing and harvest practices

In addition to landscape-scale management of RBDs (Sec-
tion 4.1.1), interrupting the “brown bridge” by segregating 
hosts from inoculum with inter-row sowing can reduce car-
ryover of several RBPs that infect via direct contact. Inter-row 
sowing supported by satellite-guidance allows precise seeding 
of new crops between standing rows of residue from the previ-
ous year, where the seed bed is generally more supportive of 
crop establishment. Increased adoption of conservation agri-
culture and no-till practices have prompted increased uptake 
of inter-row sowing as significant amounts of residue remain 
standing or intact post-harvest. For example, 25–48% of canola 
stubble remained standing (vertical) in fields after 1 year in 
Australia (McCredden et al. 2018). These practices also result 
in slower degradation of crop residues as they remain stand-
ing rather than knocked down in contact with the soil, further 
increasing the persistence of residues (Simpfendorfer et al. 
2020). Although inter-row sowing is associated with greater 
residue persistence, it has also been proposed as a strategy 
to spatially separate inoculum from a susceptible host when 
grown consecutively (i.e., wheat-wheat), and for RBPs where 
the primary inoculum requires direct contact for infection, i.e., 
mycelium/hyphae. In this context, the majority of inoculum 
remains concentrated in the rows of the previous crop, assum-
ing the rows are not disrupted or redistributed during tillage 
or harvest events. Inter-row sowing between previous cereal 
rows reduced both the incidence of F. pseudograminearum 
detected at the crown by 6% and the incidence of whitehe-
ads—a symptom of crown rot associated with small or no 

grain development—by 14.4/m2, with an overall increase in 
grain yield of 6% (0.14 t/ha) (Verrell et al. 2017). Similar to 
F. pseudograminearum, one of the primary inoculum sources 
for G. graminis var. tritici (take-all disease) is mycelia from 
infected intact cereal crowns in the stubble row from the pre-
vious year (Moore and Cook 1984). Take-all disease severity 
declined with increasing distance between seed and mycelia 
from infected cereal crowns in the stubble row from the previ-
ous year (Moore and Cook 1984; Kabbage and Bockus 2002).

Management of RBPs with inter-row sowing depends 
on the pathogen and type of inoculum. For pathogens like 
L. maculans where airborne ascospores are the primary 
inoculum, inter-row sowing in combination with no-till 
practices in CA systems is actually associated with greater 
total inoculum loads over a 2-year period (Sprague et al. 
2025). In these systems, spore loads can be higher in the 
second-year post-harvest once standing stubble is knocked 
down and comes into contact with the soil surface, as soil 
moisture promotes spore production (Sprague et al. 2025). 
This change in stubble position, from horizontal to vertical, 
results in a significant delay in L. maculans spore release and 
an overall decrease in total spore release from vertical stub-
ble of 66% relative to horizontal stubble (McCredden et al. 
2018; Bondad et al. 2025 a, b). This delay in L. maculans 
spore release shifts the window of blackleg carryover closer 
to the next canola crop in W-C-W-C rotation (Sprague et al. 
2025), suggesting in CA systems, a double break crop may 
be necessary to prevent L. maculans carryover. Taking into 
account differences in pathogen reproductive structures, the 
farming system context, and the temporal dynamics of resi-
due decomposition, physical separation of inoculum from 
host via inter-row sowing can be an effective strategy to 
reduce inoculum carryover.

Choice of seeding and harvest machinery also influ-
ences both crop residue persistence and intra-field dis-
persal of infected residues. Compared to the lower dis-
turbance disc opener, there was a 34% reduction in F. 
pseudograminearum DNA detected in seed slots post-sow-
ing with tine seeders, attributed to the excavating effect of 
the tine removing inoculum from the seed slot as opposed 
to the minimal disturbance produced when sowing with a 
disc seeder (Verrell et al. 2017). The use of row cleaners 
to “sweep” away residue in front of the ground engag-
ing gear reduced the incidence of FCR and whiteheads 
(Verrell et al. 2017). At crop maturity, harvest machinery 
determines the physical structure of crop residues by influ-
encing the proportion of stubble that is threshed, chopped, 
and redistributed across the soil surface as trash versus 
the proportion that remains intact and standing. Stripper 
front harvesting systems improve harvest efficiency by 
removing only the grain heads, leaving the remainder of 
the senesced plant intact as standing residue (Tado et al. 
1998). In wheat crops, stripper fronts leave tall standing 
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residue (50–60 cm) with minimal surface trash, whereas 
draper fronts or conventional combine harvesters typically 
leave shorter standing residues (<30 cm) and distribute a 
large proportion of the biomass as surface trash across the 
field. Taller wheat residue from stripper headers allowed 
F. pseudograminearum to colonize ~90% more of the resi-
due within 6 months post-harvest and persist at higher 
levels compared to the shorter residue from a draper front 
harvester (Petronaitis et al. 2025). Thus, shorter harvest 
heights can limit vertical saprotrophic colonization and 
reduce overall inoculum loads of F. pseudogramine-
arum. However, multi-year crop sequence experiments 
are required to fully understand how harvest height influ-
ences primary inoculum build-up and persistence on crop 
residues, and how these effects interact with residue-borne 
pathogens and management strategies across the entire 
cropping sequence. For example, lower harvest height of 
cereals may be beneficial when preceding a short-stature 
crop such as chickpea, since inoculum on tall cereal resi-
due will likely spread across a paddock during harvest of 
the short-stature rotation crop, undermining the efficacy 
of inoculum avoidance strategies such as inter-row sowing 
(Petronaitis et al. 2025).

Altering harvest height may also be a potential strategy 
for manipulation of residue layers with greater ecological 
significance for RBP reproduction and inoculum develop-
ment. The different layers of host crops, from the soil to 
the head, can contribute differently to pathogen reproduc-
tion. For example, vertical stratification of inoculum has 
been observed in wheat pathogens such as Z. tritici, for 
which ascospore production is highest in tissues 25–35 
cm above the ground, corresponding to the part of the 
stubble typically retained at harvest (Suffert et al. 2018a), 
and F. pseudograminearum, which is most frequently 
recovered from mid-stem rather than crown tissues (Sum-
merell and Burgess 1988). Likewise in canola, L. macu-
lans pseudothecia predominantly form and discharge 
ascospores from basal stem and crown tissue while the 
closely related Leptosphaeria biglobosa colonizes and pro-
duces ascospores from higher parts of the stem (West et al. 
2002). Field-based vertical transects quantifying pathogen 
and inoculum distribution along standing stubble would 
be required to assess the relevance to other RBPs. Should 
upper stem or leaf tissues be primary sites of pathogen 
reproduction, mechanical solutions could be identified or 
engineered to remove these tissues and deposit them in 
contact with the soil to accelerate decomposition.

3.1.3 � Residue removal and enhanced decomposition 
(burning, burial, flooding)

Residue removal is among the most direct approaches to 
manage RBDs in broadacre farming systems, with several 

methods employed to reduce sources of pathogen inocu-
lum. In conventional tillage systems, burial of residues can 
eliminate the inoculum itself, or in the case of partial burial, 
inoculum can be reduced by enhancing decomposition of 
residues that serve as the primary substrate for inoculum pro-
duction. Numerous studies have demonstrated that decom-
position of crop residues is enhanced by full incorporation 
into soil (Douglas et al. 1980; Holland and Coleman 1987; 
Hubbard and Jordan 1996; Nicolardot et al. 2007). Burial 
of residues not only enhances their decomposition but can 
directly reduce the survival of RBPs (Bockus and Shroyer 
1998; Lupwayi et al. 2004). For example, pseudothecia of 
P. tritici-repentis showed strong survival in standing stubble 
and upper mulch layers, but not in straw or mulch in direct 
contact with the soil (Pfender and Wootke 1988). For burial 
to effectively reduce a significant amount of inoculum, full 
incorporation of residues is often required. Summerell and 
Burgess (1988) demonstrated that F. pseudograminearum 
was recovered at significantly lower levels only when resi-
dues were fully buried, while partial incorporation or shal-
low tillage had negligible effects. Likewise, Fusarium head 
blight incidence and severity were found to be lower in con-
ventionally tilled plots (moldboard plow) than in minimum-
tillage plots (chisel plow) (Miller et al. 1998; Dill-Macky 
and Jones 2000). These findings underscore that residue 
decomposition with an associated reduction in inoculum 
is generally greatest with close contact between infested 
residues and soil microbes, maintained under conditions 
of adequate soil moisture and warm temperatures (Burgess 
and Griffin 1968). Seasonal factors such as rainfall and soil 
moisture thus play a critical role in determining decomposi-
tion rates and inoculum development and decay (Klein et al. 
1988). Management practices that promote residue burial 
therefore help suppress diseases in successive crops (Swan 
et al. 2000), with deeper tillage potentially necessary in 
high-risk years or environments, although at a significant 
trade-off with soil disturbance and fuel and labor costs (Keck 
and Hung 2018; Srivastava 2025).

Theoretically, burial of crop residues promotes decom-
position by bringing residues into proximity with soil 
microbes, thereby reducing pathogen survival structures 
during the fallow period (Klein et al. 1988). The mechanism 
by which inoculum loads are reduced during residue decom-
position is uncertain and is likely context-specific. RBPs 
may be out-competed or antagonized by other soil- and 
residue- associated microbes or eliminated due to the rapid 
decomposition of the physical substrate required for their 
survival, or affected by both processes. (Summerell et al. 
1989; Hershman and Perkins 1995; Gosende et al. 2003; 
Marcroft et al. 2003; Pereyra et al. 2004; Pereyra and Dill-
Macky 2008; Leplat et al. 2013; Kerdraon et al. 2019b). In 
contrast, F. pseudograminearum colonies and macroconidia 
on wheat residues decreased with increasing incorporation 



	 K. Taylor et al.   73   Page 14 of 36

depth but residue decomposition was fastest at shallower soil 
depths (Yi et al. 2002). These varied responses highlight the 
significant gaps in our understanding of RBP epidemiology 
during the off-season, in particular how pathogen ecology 
is influenced by interactions with the soil microbiome more 
broadly.

Crop residue burning, including narrow windrow burn-
ing to control weed seeds, is still practiced by some farmers 
to manage crop residues (McCool et al. 2008; Kutcher and 
Malhi 2010). In Australia, rates of burning have declined 
primarily due to environmental concerns but burning is still 
employed prior to sowing to reduce high stubble loads to 
ensure good crop establishment (Smith et al. 2007; Scott 
et al. 2010). In Europe, the burning of agricultural residues 
is prohibited under the Common Agricultural Policy. In 
many parts of Asia, however, residue burning remains wide-
spread, particularly in China, India, Thailand, and Indonesia 
(Lin and Begho 2022; Yin et al. 2024; Khanna et al. 2025), 
where it is often the fastest and most economical method 
for clearing fields with high residue loads. Similarly in the 
USA, residue burning remains an important residue‑disposal 
option for many growers (McCarty 2011). A combination 
of anecdotal information, farmers’ perceptions, and limited 
studies suggest that burning can substantially reduce resi-
due biomass and suppress disease incidence (Hardison 1974; 
Marcroft et al. 2003; Chen et al. 2005). For instance, residue 
burning has proven effective in reducing Fusarium crown rot 
in wheat, where the primary inoculum consists of hyphae 
embedded in the stubble matrix (Burgess et al. 1996). By 
removing this substrate, burning restricts saprotrophic fun-
gal growth and inoculum persistence. Burning-induced 
reductions in crop residues have been shown to lower L. 
maculans ascospore discharge per hectare in canola; how-
ever, the level of residue reduction required to achieve eco-
nomic benefits through reduced disease and increased yield 
is uncertain (Marcroft et al. 2003). For RBPs with aerially 
dispersed spores, burning residue in a single field is unlikely 
to reduce inoculum loads in the landscape where unburned 
infected residues are located nearby. Furthermore, burning 
does not guarantee complete pathogen eradication with effi-
cacy dependent on factors such as fire intensity and pathogen 
location. For instance, burning did not significantly reduce 
net blotch disease severity in barley (P. teres) (Kutcher and 
Malhi 2010), likely because the portion of infected residues 
closest to the ground remained unburned, preventing the 
complete elimination of pathogen survival structures pro-
tected within the residues.

Flooding represents another method to enhance stubble 
degradation and suppress pathogen survival. For exam-
ple, flooding for 14 days substantially reduced recovery 
of Leptosphaeria spp. from canola stubble, with complete 
elimination after 6 weeks, regardless of temperature (Pelu-
ola et al. 2013). In flooded rice systems, continuous flooding 

accelerates residue breakdown and creates anaerobic condi-
tions that are hostile to many aerobic pathogens (Devêvre 
and Horwáth 2000; Ueki et al. 2018). Removal of residues 
via grazing, baling, and biomass utilization for biofuel pro-
duction offer additional avenues for managing RBDs on 
aboveground plant tissue while providing economic benefits. 
Grazing and baling physically remove pathogen-harboring 
residues from fields, reducing inoculum load and carryover. 
Likewise, the conversion of crop residues to biofuels through 
various processing methods eliminates potential inoculum 
sources and contributes to renewable energy generation, 
although harvest height can influence the volume of bio-
mass available for collection. Of course, residue removal for 
grazing, baling, and biofuel production is only effective at 
controlling RBPs with inoculum concentrated in the parts of 
the residue that are harvested or grazed, whereas RBPs that 
persist in crowns or roots remain unaffected.

3.2 � Biological

3.2.1 � Enhancing residue decomposition by amelioration 
of microbial nutrient deficits

Crop residues are converted into soil organic matter (SOM) 
by soil- and residue- associated microbial communities. 
During decomposition, carbon (C) from residues is either 
respired as CO2 or stabilized into microbial biomass, eventu-
ally contributing to microbial necromass formation (Meng 
et al. 2024). SOM and the microbial communities from 
which it is derived, are more nutrient (nitrogen, phospho-
rus, sulfur) rich than crop residues (Kirkby et al. 2011). This 
nutrient deficit limits the humification efficiency (net con-
version of residue carbon to SOM carbon) of residues, and 
it is well established that residues with a lower C:N ratio 
decompose faster and have a higher humification efficiency. 
For example, compared to maize residues with a higher C:N 
ratio, wheat residues were slower to decompose in a green-
house experiment (Yi et al. 2002). However, after 8 months 
of weathering in the paddock, when C:N ratio of wheat resi-
dues was comparable with maize, the difference in decom-
posability between the two residue types disappeared (Yi 
et al. 2002). Leguminous cover crops, grown over the fallow 
period for a purpose other than their harvested products, 
could play an underappreciated role here, by creating con-
ditions favorable for microbial activity and decomposition 
of residues infected with RBDs. Rye residues decomposed 
more rapidly when sown with a red clover cover crop (27%) 
compared with just rye residues (17%), possibly due to addi-
tional nitrogen fixed by the red clover stimulating microbial 
decomposition of the rye residues (Bottenberg et al. 1997).

In support of the concept that a microbial nutrient defi-
ciency hampers both breakdown of residues and conversion 
to SOM, amendment of residues with sufficient nutrients 
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increased the net humification efficiency in a range of soils 
in both controlled and field experiments (Kirkby et al. 2013, 
2014, 2016). More importantly in the context of RBDs, add-
ing inorganic nutrients with residues results not only in an 
increase in the microbial biomass but also an increase in the 
mass of residues decomposed during the incubation period 
(Kirkby et al. 2014). Whether the observed enhancement in 
residue decomposition is sufficient to influence persistence 
of RBPs requires further investigation but given the physical 
persistence of residues underpins the carryover of RBPs, it is 
possible that enhancing residue breakdown via nutrient addi-
tion may be an effective, and as yet under-utilized, strategy 
to hasten reductions in RBD inoculum loads. Additionally, 
the observed increase in microbial biomass in response to 
nutrient amendments highlights that nutrient addition sig-
nificantly alters the residue microbiome, highlighting the 
potential to manipulate microbial antagonists or competitors 
of RBPs.

The challenge with fertilizer application to residues is 
ensuring the accurate co-location of fertilizer with residues, 
rather than fertilizer potentially settling in bulk soil, where 
there is minimal residue present. For optimal microbial 
degradation of residues, access to the substrate through co-
location with the NPS fertilizer and the crop residues may 
be critical. This has potential implications for the method 
of fertilizer application to residues, i.e., fertilizer in liquid 
form may distribute more homogeneously compared with 
fertilizer in pellet form and contribute toward more effi-
cient degradation of residues, although this requires further 
investigation.

3.2.2 � Role of host genetics in inoculum dynamics 
and off‑season pathogen survival

Host genetics not only shapes the in-season pathobiome and 
disease expression, but also off-season inoculum production 
and interactions between pathogenic and beneficial micro-
organisms. Despite this, most efforts to breed for genetic 
control of RBPs focus exclusively on selection for control 
of in-season interactions between living host plants and their 
pathogen. Host genetics may offer unexplored avenues for 
acting on RBPs during the “residue” phase of the plant life 
cycle, with key targets discussed below, including, (i) indi-
rect control of inoculum production, (ii) direct control of 
inoculum production, and (iii) microbial interactions.

(i) Indirect influence on off‑season inoculum production  For 
many RBPs, it is generally recognized that there is a rela-
tionship between in-season disease severity and subse-
quent off-season inoculum loads. For example, in blackleg 
of canola, an influence of disease severity on subsequent 
inoculum production on residues is well established (McGee 
1977). Stems with severe basal stem canker produce more 

L. maculans pseudothecia and ascospores, than stems with 
less severe stem canker (Petrie 1995; Marcroft et al. 2004b; 
Lô-Pelzer et al. 2009). Furthermore, the intensity of sexual 
reproduction was shown to depend on disease severity at 
harvest, with higher disease severities leading to the pro-
duction of more pseudothecia (Bousset et al. 2021; Fortune 
et al. 2021). A similar relationship has been described in Z. 
tritici, with more severe epidemics associated with higher 
levels of ascospore production during the early epidemic 
stage of the following year (Cowger et al. 2002; Suffert 
et al. 2018b). As with L. maculans, this positive relation-
ship between disease severity and ascospore production is 
underpinned by increased intensity of sexual reproduction 
following more severe disease outbreaks, due to higher 
probability of opposite mating types meeting (Suffert et al. 
2018a). Given this well-established relationship between 
disease severity and inoculum production, it follows that 
any host genetic resistance that decreases in-season disease 
severity indirectly influences off-season inoculum produc-
tion as well. (Marcroft et al. 2004b; Lô-Pelzer et al. 2009; 
Bousset et al. 2021).

(ii) Direct influence on off‑season inoculum production  In 
addition to reducing primary inoculum by limiting in-sea-
son pathogen growth, for some pathosystems host genotype 
has been shown to directly impact inoculum production 
on residues. A study in canola looking at the effect of host 
resistance on the carryover of inoculum between consecu-
tive years found that host genotype has a direct effect on 
inoculum production, independent of disease severity, and 
accounts for up to 17% of variance in the formation of L. 
maculans fruiting bodies (Bousset et al. 2021). On the other 
hand, many RBPs can colonize, reproduce, and sporulate 
on residues with varying levels of genetic resistance (Sum-
merell and Burgess 1988), on residues of non-host crops 
(Duczek et al. 1999, 2011), and in the absence of visible 
in-season infection (Orellana-Torrejon et al. 2022a; Suffert 
et al. 2025). Sexual reproduction involving avirulent strains 
of Z. tritici can occur on residues from resistant plant geno-
types and produce substantial numbers of ascospores (Orel-
lana-Torrejon et al. 2022a), highlighting that host resistance 
does not prevent transmission of avirulent strains. Further-
more, saprotrophic colonization of cereal residues by F. 
pseudograminearum (crown rot), P. tritici-repentis (yellow 
leaf spot), and B. sorokiniana (common root rot) did not 
directly correlate with in-season disease resistance ratings 
(Petronaitis et al. 2022b). All three pathogens colonized 
oat and barley stubble more extensively than bread wheat 
residues, even though in general oat exhibits lower disease 
incidence and severity for all three diseases (Rees and Platz 
1979; Hosford Jr et al. 1987; Wildermuth and McNamara 
1987; Knight and Sutherland 2017). Moreover, barley is 
not a recognized host for P. tritici-repentis (Petronaitis et al. 
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2022b). The authors suggested that the larger, hollow till-
ers of barley and oat provide a more favorable micro-envi-
ronment for saprophytic pathogen growth compared with 
the denser stems of bread wheat. Indeed, the biochemical 
composition and physical architecture of residues strongly 
influences saprotrophic colonization. Residue traits such as 
lignin content, carbon-to-nitrogen ratio, and overall chemical 
composition have a demonstrated impact on decomposition 
rates and pathogen colonization potential (Lukas et al. 2014; 
Reddy et al. 2026). These traits are closely linked to the 
genetic characteristics of the host cultivar (Cardinal et al. 
2003; Krakowsky et al. 2005; Frei 2013), even though the 
host plant has senesced. Thus, while current in-season dis-
ease resistance ratings may not be indicative of saprotrophic 
growth, host genetics have the potential to directly affect 
off-season saprotrophic survival of pathogens via residue-
mediated effects. Future research could more explicitly 
explore this relationship between crop residue characteristics 
and the growth and reproductive dynamics of RBPs on crop 
residues, e.g., whether altering the morphology or chemi-
cal composition of the host generates differential pathogen 
colonization and survival responses.

(iii) Indirect influence on microbial interactions  Crop resi-
dues act as an ecological interface between plant and soil, 
supporting diverse microbial communities that include both 
beneficial microbes and plant pathogens (Kerdraon et al. 
2019c). Host genetics can influence interactions between 
these microorganisms, thus affecting pathogen survival, 
population structure and disease progression in subsequent 
cropping cycles (Kerdraon et al. 2019a). Canola cultivars 
with effective resistance against L. maculans can impact the 
relative composition of the residue-associated microbiome. 
For example, several microbial genera, including Hydro-
pisphaera and Pantoea, were more abundant on residues 
of canola lines carrying the Rlm11 resistance gene com-
pared with near isogenic lines without the resistance gene 
(Kerdraon et al. 2020). Furthermore, host genetics can influ-
ence dynamics between local Leptosphaeria spp. popula-
tions, namely the closely related species L. maculans and L. 
biglobosa, which both cause blackleg of canola, although 
L. maculans is more aggressive than L. biglobosa. Pseudo-
thecia formed on stubble from the Quartz cultivar, carrying 
the Rlm7 resistance gene against blackleg disease, are often 
dominated by L. biglobosa, because Rlm7 effectively con-
trols blackleg caused by L. maculans but not L. biglobosa 
(Huang et al. 2018; Mitrousia et al. 2018). Supporting this, 
previous work showed that L. biglobosa discharged more 
ascospores than L. maculans from mature pseudothecia on 
stems of cvs Roxet and Excel carrying Rlm7 across multi-
ple cropping seasons (Sidique 2016). These findings indi-
cate that host genetics should be viewed as a lever that can 
influence the persistence of both beneficial and pathogenic 

microorganisms, informing breeding initiatives or cultivar 
selection.

Competition between different pathogen genotypes is also 
shaped by the genetic structure of host populations. Intro-
ducing host varietal diversity in wheat fields through deploy-
ment of cultivar mixtures (different cultivars of the same 
crop grown in the same field) slowed the rate of virulence 
evolution in Phaeosphaeria nodorum pathogen populations 
(Sommerhalder et  al. 2011). These heterogeneous host 
environments create bottlenecks that limit the dominance 
of aggressive pathotypes, thereby reducing the accumulation 
of homogeneous inoculum and promoting the maintenance 
of intra-species pathogen diversity. In practice, this means 
farming practices that increase within-field genetic diversity 
of hosts, such as cultivar mixtures, not only reduce in-season 
disease severity but also influence the saprotrophic phase 
by slowing pathogen specialization and adaptation (Burdon 
et al. 2016). Such dynamics are further influenced by the 
reproductive biology of the pathogen. In field experiments, 
the frequency of avirulent Z. tritici strains was higher after 
sexual reproduction on the residues of resistant wheat culti-
vars grown in a mixture than after sexual reproduction on the 
residues of a pure stand (Orellana-Torrejon et al. 2022b, a). 
Thus, cultivar mixtures can increase transmission of aviru-
lence and reduce the transmission of virulence to the next 
epidemic season, limiting the breakdown of resistance genes 
(McDonald et al. 2022). In certain situations, the epidemio-
logical processes occurring on residues, if well characterized 
and managed at appropriate spatiotemporal scales, could 
present an opportunity to improve durability of resistance 
gene efficacy (Orellana-Torrejon et al. 2022b, a). Further 
work is required to understand this interplay between host 
diversity, pathogen competition, and reproductive con-
straints and how it shapes both off-season survival and the 
composition of inoculum available at the start of the next 
growing season.

3.2.3 � Biocontrol strategies

Environmental concerns surrounding synthetic pesticides, 
including fungicides, are leading to increased regulatory 
pressure around their ongoing use and novel registration. 
This has intensified interest in sustainable alternatives for 
disease management, such as biocontrol strategies, which 
offer an ecologically compatible solution by harnessing 
antagonistic or competitive microorganisms (or their bioac-
tive constituents) to suppress pathogens. While commercial 
biocontrol products exist for soil-borne and root pathogens, 
crop residues have been relatively underexplored as targets 
for bioregulation in RBD management, reflecting the limited 
attention that has been paid to epidemiological processes 
occurring during the inter-epidemic period. Yet, depending 
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on the biology of the pathogens involved, the application of 
biocontrol agents targeting crop residues could complement 
the activity of agents applied to the phyllosphere during the 
epidemic phase to help reduce primary inoculum pressure.

A number of approaches have been explored, including 
inoculation with beneficial taxa that can inhibit pathogens 
through mycoparasitism, antibiosis, and/or competition for 
nutrients and space. Several studies have demonstrated the 
feasibility of targeting pathogen propagules on crop residues 
using these organisms. For instance, Trichoderma harzianum 
combined with urea and nitrate amendments displaced F. 
pseudograminearum from infected barley straw (Lakhe-
sar et al. 2010), while T. koningii completely eliminated F. 
pseudograminearum from wheat straw after 6 months incu-
bated in moist soil at 25 °C (Wong et al. 2002). Similarly, 
Aureobasidium pullulans limited A. rabiei (syn. Didymella 
rabiei) growth on chickpea through competition, and Clo-
nostachys rosea suppressed both sexual and asexual repro-
duction of A. rabiei via mycoparasitism (Dugan et al. 2005). 
A biofungicide formulation derived from a Streptomyces 
strain also showed promise against A. rabiei, by reducing 
in planta disease development and conidial spore produc-
tion (Bullock et al. 2026). Moreover, springtails (class Col-
lembola), among the most widespread soil arthropods, have 
been investigated as potential biocontrol agents against 
RBPs (Friberg et al. 2005; Innocenti and Sabatini 2018; 
Bourgeois et al. 2023), including Fusarium spp. (Goncharov 
et al. 2020) and Z. tritici (Salmon et al. 2021; Bourgeois 
et al. 2024). Under controlled conditions, the springtail Het-
eromurus nitidus showed promising results regarding graz-
ing of Z. tritici fruiting bodies on wheat residues, reducing 
pycnidiospore numbers by ten-fold (Bourgeois et al. 2024).

Recent advances in biocontrol development have also 
sought to bolster the predatory capacity and host specific-
ity of biocontrol candidates using experimental evolution. 
For example, after demonstrating that the myxobacteria 
Myxococcus xanthus, a broad-spectrum predator of fungi, 
can suppress Zymoseptoria tritici populations on wheat 
straw, an experimental framework was developed to itera-
tively enhance this antagonistic activity (Eisner et al. 2023). 
Over 40 growth cycles, a subset of myxobacterial popula-
tions developed enhanced killing efficiency relative to their 
ancestors (Eisner 2025). However, across the taxa tested, 
these improvements in killing efficiency were in the minor-
ity, suggesting that experimental evolution may be more use-
ful as a complementary tool for identifying adaptive traits 
and mechanisms relevant to biological control, rather than 
as a standalone platform for generating superior antagonists.

By regulating the mineralization and humification of crop 
residues, microbes directly influence fungal saprotrophic 
processes in addition to acting as pathogen antagonists. Crop 
residues are predominantly composed of cellulose (40–50 
wt%), hemicellulose (15–25 wt%), and lignin (20–30 wt%), 

protein, and soluble sugars (glucose, fructose, etc.) (Fu et al. 
2021). Since few organisms degrade lignin, the decay rate 
and community composition of plant detritus are largely 
governed by lignin content (Osono 2007; McGuire et al. 
2010; Talbot et al. 2011; Cline and Zak 2015). Therefore, 
the introduction of microbes with enhanced ligninolytic and 
cellulolytic capacity can positively influence the decomposi-
tion of residues (see Rowińska et al. 2024 for a review of 
biopreparations for the decomposition of crop residues). For 
example, Trichoderma atroviride provided the dual benefit 
of faster residue decomposition via xylanase activity (target-
ing hemicellulose) and direct antagonism of F. graminearum 
through antibiotic secondary metabolite production (Cabrera 
et al. 2020). Advances in culture-omics and experimental 
evolution could accelerate the discovery of microbes with 
superior residue-degrading capabilities and tolerance to 
the often-hostile high temperatures and drought conditions 
associated with summer fallow periods, which could serve 
as the next generation of crop residue bioproducts. Numer-
ous non-microbial products marketed to accelerate stubble 
decomposition are also available, such as Tillzyme™, which 
contains purified laccase enzymes targeting lignin and plant 
derived humic and fulvic acids, and PhycoTerra™, which 
comprises algal-based solids.

Building on these classical methods, next-generation 
biocontrol research is shifting toward community-level and 
systems-based approaches. Synthetic microbial communities 
(SynComs) and prebiotic amendments designed to stimulate 
native beneficial microbial populations have shown prom-
ise in accelerating residue decomposition and reducing off-
season inoculum loads (Alahmad et al. 2023). For example, 
a consortium of four fungal strains, a consortium of four 
bacterial strains, and a consortium combining all eight fun-
gal and bacterial strains were tested for their rice residue-
degrading capacity (Fatima et al. 2025). The consortium 
containing both bacterial and fungal isolates, in combination 
with a urea supplement, had the highest net stubble deg-
radation and enzymatic activities, likely due to synergistic 
cross-feeding between bacterial and fungal decomposers 
e.g., complementary cellulose and lignin depolymerization. 
These approaches aim to mimic or amplify naturally dis-
ease-suppressive microbiomes and may represent a pathway 
toward more resilient, context-specific biological control 
(Tsolakidou et al. 2019). Despite crop residues being criti-
cal reservoirs of both pathogens and potential antagonists, 
few studies have taxonomically and functionally character-
ized their complex microbial communities (Cobo-Díaz et al. 
2019; Kerdraon et al. 2019a, b). Co-occurrence network 
analyses from residue microbiome analyses could help to 
identify keystone taxa with putative antagonistic roles to 
pathogens, informing the rational design of SynComs or 
prebiotic treatments to maintain or enhance the activity of 
resident beneficial organisms.
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Regardless of whether biological control is achieved 
through single-strain inoculants, experimentally evolved 
antagonists, or SynComs-based approaches, their efficacy 
will ultimately be influenced by the farm management sys-
tem into which these interventions are deployed. For exam-
ple, crop rotations will alter the quality (e.g., C:N ratio and 
lignin content) of residues, in addition to the baseline com-
position and functional capacity of the resident microbial 
community with which a biocontrol product must integrate. 
Similarly, nutrient amendment of crop residues can differ-
entially stimulate specific components of the microbiome, 
which could impede the activity of a biocontrol product 
or create novel niches that enhance its establishment and 
activity. Consequently, the success of residue-optimized 
biocontrol strategies will depend not only on the efficacy of 
the biological agent itself, but also on how effectively it is 
integrated with existing residue management practices. In 
the short term, biocontrol agents targeting RBPs on residues 
are unlikely to replace fungicides outright but could be a 
valuable addition to the “chemical-free” toolkit and support 
reduced fungicide dependence.

3.3 � Chemical

3.3.1 � Mineral fertilizers for pathogen inhibition

In addition to the indirect role of nutrient amendments to 
address limits in microbial decomposition of crop residues, 
fertilizer and other soil amendments can directly inhibit 
fungal pathogens. For instance, lime (calcium carbonate) 
application can reduce or control soilborne pathogens, 
including clubroot caused by Plasmodiophora brassicae in 
canola (Bochow 1960; Niwa et al. 2008; Fox et al. 2022), 
Fusarium wilt caused by Fusarium vasinfectum in cotton 
(Albert 1946), and root rots caused by Fusarium spp. in field 
pea (Chittem et al. 2016). The disease-suppressive effect of 
lime applications is generally attributed to increased soil pH, 
although it appears that calcium also independently plays 
a role (Jones and Woltz 1969; Dixon 2009). It remains to 
be seen whether RBPs are susceptible at all to the neutral-
izing effects of lime application, given the physical protec-
tion provided by residues may buffer against changes in soil 
chemistry.

Similar to lime application, much of the existing research 
on fertilizer amendments to inhibit fungal pathogens largely 
focuses on soilborne diseases. For instance, amendment with 
bloodmeal and fishmeal eliminated soilborne verticillium 
wilt of tomato (Verticillium albo-atrum) in pot trials (Wil-
helm 1951) and incorporation of various N-rich organic 
amendments (soymeal, meat and bone meal, and poultry 
manure) in the field significantly reduced the incidence of 
the soilborne pathogens causing verticillium wilt and com-
mon scab of potato (Conn and Lazarovits 1999; Lazarovits 

et al. 1999). There is compelling evidence that ammonia lib-
eration from N-rich amendments is the mechanism by which 
plant pathogens are suppressed or even eliminated (Wilhelm 
1951; Gilpatrick 1969; Huber and Watson 1970; Mian and 
Rodriguez-Kabana 1982; Shiau et al. 1999). Incorporation 
of N-rich hairy vetch (Vicia villosa) as green manure for 
a summer cotton crop suppressed Thielaviopsis basicola 
(Rothrock et al. 1995), with high levels of ammonia liberated 
during decomposition responsible for the suppressive effect 
(Candole and Rothrock 1997). Ammonia is toxic to many 
fungi (Ko et al. 1974; Tsao and Oster 1981; Schippers et al. 
1982; Chun and Lockwood 1985), attributed to its ability 
to penetrate and disrupt cell membranes (Macmillan 1956; 
Rush and Lyda 1982).

Evidence of off-season suppression of RBPs by ameliora-
tion with N-rich amendments is more limited. Excess nitro-
gen produced divergent responses among species of cereal 
foot‑rot fungi, positively influencing growth of Ophiobo-
lus graminis and Fusarium roseum f. sp. cerealis, having 
no effect on Cercosporella herpotrichoides or Curvularia 
ramosa, and curtailing saprotrophic growth of Cochliobo-
lus sativus and Phialophora radicicola (Garrett 1972). This 
result highlights that the suppressive effect of N will likely 
be pathogen-specific and may also be influenced by the pres-
ence or activity of other microbes. The form of fertilizer also 
influences the persistence of individual microorganisms on 
residues. For example, the treatment of wheat and maize 
residues infected with F. graminearum treated with nitrolime 
(calcium cyanamide) significantly reduced the number of 
colonies and macroconidia that formed on buried residues, 
unlike a treatment with calcium ammonium nitrate (Yi et al. 
2002). It is unlikely that Fusarium is the only RBP that 
exhibits differential responses to fertilizer type, and future 
research should explore the individual preferences or sensi-
tivities of RBPs to specific nutrient sources to inform ferti-
lizer choice, particularly in the context of fertilizer applied 
to enhance residue decomposition and suppress pathogen 
growth on residues.

3.3.2 � Fungicides

Fungicides are commonly applied for RBD control during 
the growing season in broad-acre systems. They are not 
designed, tested, or registered for control of pathogens resid-
ing on crop residues, which are often less accessible and 
present in more resistant survival forms. However, experi-
ments conducted on canola stubble contaminated with L. 
maculans showed that treatment with flutriafol or glufosi-
nate–ammonium reduced the number of ejected ascospores 
(5 × 105 vs 25 × 105 ascospores per stem) and resulted in 
significantly lower early infection levels at the seedling stage 
in field conditions (Wherrett et al. 2003). These results are 
consistent with earlier studies from the  1980 s using several 
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fungicides (ethyl mercury phosphate, triarimol, fenarimol, 
carbendazim, tridemorph, and benomyl), which achieved 
up to 90% efficacy and suggested, somewhat simplistically, 
that it may be possible to break the lifecycle of L. macu-
lans and thereby obviate the need for subsequent control 
measures (Humpherson-Jones and Burchill 1982). Similar 
findings were reported in field conditions by Fortune et al. 
(2021). Particularly for pathogens with long-distance dis-
persal mechanisms, the viability of such a strategy becomes 
more questionable when the broader cropping system is con-
sidered, as is now common in agroecological approaches 
and within the current European context of pesticide-use 
reduction. The treatment would need to be extremely effec-
tive, even 90% reduction may be insufficient, not only on the 
treated field but also across all nearby fields that could act 
as inoculum sources due to the potential for aerial dispersal 
of inoculum (see Section 4.2). Even a small proportion of 
untreated residues would substantially diminish the overall 
efficacy of a fungicide-based strategy at the landscape scale, 
making the impact over a growing season negligible. Indeed, 
for some RBDs such as Septoria tritici blotch, primary inoc-
ulum is rarely a limiting factor (see Section 5), and partial 
reductions usually only delay the early development of the 
epidemic (Suffert and Sache 2011; Morais et al. 2016b). 
Moreover, it is important to recognize that post-harvest treat-
ments would benefit the subsequent susceptible crop only 
if a similar crop is grown nearby, but not necessarily on 
the treated field itself when crop rotation is practiced. This 
makes the treatment economically difficult to justify at the 
field scale. Finally, because residues are distributed across 
the landscape, the larger the area covered by the target crop, 
the less relevant a localized residue treatment becomes.

Several studies have examined the impact of fungicides 
on the phyllosphere (Karlsson et al. 2014; Knorr et al. 2019) 
and soil communities (Bending et al. 2007; Wang et al. 
2020; Lupwayi et al. 2024), but few studies have directly 
investigated the impact of in-season fungicides application 
on pathogen survival on residues (Beare et al. 1993). Fun-
gicide application may have varying effects on the overall 
pathobiome, depending not only on the active ingredient 
but also on the broader fungal community, which is largely 
inherited from the plant (Kerdraon et al. 2019c). Application 
of the fungicide hymexazol to soil microcosms changed the 
microbial community, but these were due to indirect effects 
(i.e., through interactions among microorganisms) rather 
than direct toxicity (Meyer et al. 2024). When fungicide-
sensitive species are suppressed, microbial interaction net-
works within residues or in the soil/rhizosphere may be 
altered. Negative effects, such as reductions in fungal abun-
dance, are often observed over a period of weeks to months 
but diminish over time as the community stabilizes or other 

species occupy the vacant niches (Meyer et al. 2021; Riedo 
et al. 2023). Agricultural practices such as residue retention, 
mulching, or tillage strongly influence how microbial com-
munities respond to fungicides (Meyer et al. 2021). These 
findings suggest that fungicide use may have detrimental 
effects on microbial biodiversity and could interfere with 
the effectiveness of potential biocontrol strategies currently 
being explored. From a plant health perspective, this can be 
counterproductive, as it may destabilize existing ecological 
balances. Even when pathogenic fungi are present, they can 
often be maintained below damaging thresholds by benefi-
cial organisms (Schlatter et al. 2017).

Residue decomposition can be temporarily slowed and 
the persistence of RBD inoculum indirectly promoted fol-
lowing foliar fungicide application (Yi et al. 2002; Meyer 
et al. 2021; Lupwayi et al. 2024). This effect depends on 
the residual fungicide concentration on crop residues, which 
in turn is influenced by the rate and frequency of applica-
tion, as well as environmental conditions. Moreover, joint 
analyses of fungicide residues and mycotoxin production 
reveal variable and complex effects on mycotoxins in cereal 
residues and grain (e.g., deoxynivalenol [DON] produced 
by Fusarium spp.). Depending on the fungicide, the tim-
ing of application, and weather conditions, some treat-
ments reduced DON in grain but contamination in residues 
remained stable or even increased (da Luz et al. 2017; Bis-
sonnette et al. 2018; Ju et al. 2023). However, a few studies 
indicate that both traditional chemical control and biocontrol 
strategies can be combined. For example, applied to corn 
residues in the field, the widely used fungicide difenocona-
zole combined with a Trichoderma sp. bioagent successfully 
controlled northern corn leaf blight (NCLB) and Fusarium 
stalk rot, both of which are exacerbated when maize residue 
is retained under conservation tillage (Wang et al. 2025b). 
The combined treatment outperformed both single fungicide 
and single biocontrol applications. These results highlight 
the synergistic potential of integrating chemical and bio-
logical control agents to manage RBPs, offering a practical 
and sustainable strategy for disease management in residue-
intensive conservation agriculture systems.

Overall, post-harvest fungicide application to suppress 
inoculum on residues does not currently appear to be a 
viable or sustainable strategy to control primary inoculum 
of RBPs. Such applications are highly constrained by eco-
logical, epidemiological, and economic factors, and what’s 
more can disrupt naturally occurring beneficial microbial 
balances. This is particularly relevant in Europe where agri-
cultural policies and practices increasingly favor agroeco-
logical approaches and discourage solutions that rely solely 
on chemical control, instead promoting biocontrol strategies 
that harness existing microbial community equilibria.
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4 � Toward integrated disease management

4.1 � Decision support

Effective management of RBPs during the off-season requires 
balancing the agronomic benefits of residue retention with the 
need to suppress pathogen inoculum in the “brown bridge” 
between crops. This balance is complicated by diverse 
RBPs affecting multiple crops within rotations, the substan-
tial spatial variability in residue loads and disease pressure 
across regions, farms, and within paddocks, and significant 
knowledge gaps in pathogen biology. Given this complexity, 
the central role of infected residues as sources of primary 
inoculum and reservoirs of genetic diversity for RBPs pro-
vides management leverage points that operate outside the 
growing crop. In contrast, most current frameworks focus on 
in-season control to minimize or avoid crop losses within a 
given pathosystem (e.g., sowing time, fungicide applications, 
or cultivar selection) and consideration of primary inoculum 
sources is typically limited to spatial and/or temporal proxim-
ity to susceptible hosts or diagnosis via molecular assays that 
quantify pathogen DNA (e.g., PredictaB in Australia). These 
approaches inadequately capture the biological and spatial 
complexity at play during the residue phase, limiting their 
capacity to guide residue management strategies.

Accurate diagnosis of RBPs and determining when and 
where they impose an economic constraint to productivity 
underpins management decisions by growers. While field 
surveys commonly document the presence and frequency 
of pathogens in residues and soils, data on realized crop 
losses or profitability are surprisingly limited (Savary et al. 
2019). In this context, digital tools such as yield monitors on 
harvesters, satellite platforms, and UAV-based sensors can 
provide more complete and informative datasets that com-
plement traditional approaches constrained by spatiotempo-
ral sampling density (Soussi et al. 2024; Xing et al. 2026). 
Moreover, these technologies enable integration of multiple 
data layers to generate a more holistic understanding of dis-
ease impacts. For example, soil moisture, plant stress indi-
cators, crop biomass measurements, and yield maps can be 
combined with conventional disease diagnostics to identify 
under-performing fields or zones with higher precision and 
guide targeted scouting and diagnosis to address the funda-
mental question: which RBPs are limiting productivity on 
my farm and at what cost?

Even when RBPs are confirmed as productivity con-
straints, quantifying inoculum load and translating it into 
meaningful disease risk estimates remains a major challenge. 
Molecular diagnostic assays applied to stubble and soil typi-
cally quantify pathogen DNA, but these measurements do 
not directly reflect the abundance of infective propagules nor 
provide a reliable, quantitative link to disease risk (Poole 

et al. 2015). Similarly, in-crop measures of disease sever-
ity seldom correspond directly to inoculum load. Relatively 
basic and time-consuming microbiological methods are 
still sometimes used, such as quantifying the number of 
Z. tritici ascospores ejected from wheat residues on Petri 
dishes (Suffert et al. 2018a). Classic spore traps, also used 
to quantify Z. tritici ascospores in situ (Morais et al. 2016b), 
might be complemented or replaced by modern spore sam-
plers (e.g., BioScout Pty Ltd) providing the most accurate 
direct measurements of airborne disease inoculum, utilizing 
machine-learning to generate near real-time data. These data 
can inform in-season management decisions and be inte-
grated with spatial, environmental, and management data-
sets to elucidate underlying mechanisms driving inoculum 
production, release, and dispersal. Accordingly, systematic 
data sharing of diagnostic results, field observations, and 
measured disease and yield outcomes would facilitate data 
integration, support broader learning across regions, and 
strengthen the evidence base. More broadly, substantial 
knowledge gaps remain regarding pathogen biology and the 
influence of different crop, residue, and soil management 
practices on inoculum load and decay rates—critical factors 
for determining the feasibility and value of interventions.

The relationship between inoculum load and subsequent 
disease risk is highly context-dependent and is strongly 
influenced by environmental conditions, residue quantity, 
spatial proximity, and crop susceptibility. To represent these 
interactions at scale, modelling and remote sensing tech-
nologies offer a pathway to enabling a system-level man-
agement framework. Rainfall patterns, temperature, residue 
nutrition, and management practices are key determinants 
of inoculum carryover. The Agricultural Production Sys-
tems Simulator (APSIM) is a process-based farming systems 
modelling framework that integrates crop growth, soil-water 
and nutrient dynamics, and management practices to simu-
late agricultural systems over time (Keating et al. 2003; Hol-
zworth et al. 2014; Verburg et al. 2025). APSIM includes 
modules describing surface organic matter decomposition 
and residue dynamics according to weather conditions, 
soil factors, and residue composition (C:N ratio) (Probert 
et al. 1998; Thorburn et al. 2001). These modules simulate 
the decline of surface cover and consequent effects on soil 
moisture, evaporation, and run-off, which provides useful 
mechanistic representation of residue management impacts 
on key ecosystem services. While pest modules are avail-
able in APSIM, they are not part of the core framework; 
however, recent advances have leveraged APSIM modules 
to model management and environmental factors driving 
RBP inoculum production and disease risk (Bondad et al. 
2025a, b). Together, such frameworks provide a strong foun-
dation for assessing trade-offs in disease suppression and 
agronomic benefits of residue management interventions. 
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Further research could explore the relationships between res-
idue quantity and inoculum load and between inoculum load 
and disease risk for specific RBPs and incorporate this with 
existing APSIM modules simulating residue decomposition, 
to produce disease risk predictions accurately informed by 
off-season risk factors.

Remote sensing technologies can further support this 
system-level management approach. Remotely sensed data 
can be used to reconstruct cropping history (Xue et al. 2024; 
Donmez et al. 2025), map residue cover and persistence 
(Pepe et al. 2023), identify fields or zones most likely to 
harbor infected residues (Sørensen et al. 2025), and iden-
tify areas where crop losses may be exacerbated by abiotic 
factors, such as soil constraints (Yang et al. 2015), thereby 
targeting residue management, or crop avoidance where it is 
most warranted (Pasut et al. 2026). Integrated with existing 
inoculum assays and local agronomic knowledge, sensing-
based landscape characterization can improve prioritization 
of interventions and support rotation and field selection 
strategies that reduce exposure to residue-borne inoculum 
before epidemic initiation (Amarathunga et al., in review). 
Furthermore, integration of these data streams into land-
scape-scale risk models can inform proactive field selection 
and rotation strategies that reduce exposure to residue-borne 
inoculum before planting (Newlands 2018). In this way, 
sensing tools contribute most strongly to RBD management 
not by reacting to disease expression within crops, but by 
enabling proactive strategies to disrupt epidemic initiation 
at its source and to identify where to target interventions.

4.2 � System complexity

Farm management decisions related to RBD control are 
embedded within complex and dynamic agricultural sys-
tems characterized by multiple, interacting components. 
Agricultural landscapes typically comprise annual and 
perennial crops, livestock, cover crops, pasture, weeds, 
and semi-natural vegetation as well as machinery, infra-
structure, and human environments, all of which interact 
across spatial and temporal scales. Consequently, farmers 
are often balancing competing objectives across these dif-
ferent elements of a farm enterprise. Research studies on 
biotic constraints to agricultural productivity, particularly 
pests and disease, typically simplify management tactics 
in relation to farming systems variables and rarely include 
social, economic or broader system variables. In a review 
of pest management, 83% of studies (n = 3407) consid-
ered no more than two out of 15 farming system variables 
(Wyckhuys et al. 2023). On-farm adoption of new technol-
ogies or approaches is hindered by the lack of integration 

into complex systems, as well as poor understanding of 
the social and behavioral factors that underlie management 
decisions (Lewis et al. 1997; Giller et al. 2011; Geffersa 
et al. 2023).

Here, we present an example of the complex nature of such 
trade-offs in relation to the management of RBDs and tech-
nology adoption. Draper front harvesters cut crops lower to 
the ground, while stripper front harvesters remove and thresh 
grain from only the heads of wheat crops, with the remainder 
of the crop left intact in the field post-harvest. Significant 
cost savings can be achieved with stripper fronts with fuel 
reductions of up to 50%, lower maintenance costs due to 
less mechanical wear, and improved harvest efficiency with 
consequent reductions in labor costs of up to 15% (Chegini 
and Mirnezami 2016; Birchip Cropping Group 2017; Con-
don et al. 2023). In dryland production systems, the taller 
residue can alter microclimatic conditions such as windspeed, 
soil temperature, and solar radiation, which enhance mois-
ture retention and provide more favorable conditions for crop 
establishment, growth, and water and nitrogen use efficiency, 
thus producing higher yields (Cutforth et al. 2006, 2011; Bro-
ster et al. 2020; Schlegel et al. 2023). Shading from the taller 
residues also suppresses weed growth, thereby increasing fal-
low water storage by 25–30% (Chauhan et al. 2012; Hunt et al. 
2013; Condon et al. 2023). Furthermore, the taller stubble 
provides a scaffold supporting semi-erect pulse crops improv-
ing their harvestability and grain yield (Cutforth et al. 2002; 
Yang et al. 2021). Despite the significant efficiencies and sys-
tems benefits provided by harvesting with a stripper front, the 
implications for RBDs are less clear-cut. F. pseudogramine-
arum saprotrophically colonizes stubble post-harvest, with 
almost complete colonization of standing stubble by 6 months 
post-harvest independent of harvest height (Petronaitis et al. 
2025). Yet yield loss due to Fusarium crown rot is exacerbated 
by moisture stress during anthesis, which is more likely to 
occur if soil is unprotected by stubble (Beddis and Burgess 
1992; Wildermuth et al. 1997; Smiley and Machado 2019; Xu 
et al. 2023). In addition to hosting inoculum of RBDs, stand-
ing stubble can act as a physical barrier to limit the spread 
of disease propagules. Chickpea sown in inter-rows between 
standing cereal stubble had increased grain yield (24–132%) 
and lower Ascochyta blight severity compared to chickpea 
sown into mulched stubble (Mawalagedera et al. 2022). More-
over, retained stubble can increase the severity and duration of 
frost events, a major constraint to production in many regions 
globally, either through physical effects on soil-heat transfer 
or by harboring ice-nucleating bacteria (Biddulph et al. 2019, 
2022). This example highlights the multi-faceted interactions 
and need for holistic approaches to RBD management that 
consider the differing objectives in an agricultural system.
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4.3 � Social and economic factors

4.3.1 � Delayed benefits but immediate costs

Many residue-borne pathogens accumulate inoculum over 
multiple seasons, leading to epidemics referred to as poly-
etic, with disease risk at any point in the landscape shaped 
by historical cropping sequences, residue loads, and host sus-
ceptibility. Consequently, the benefits of residue management 
interventions (e.g., key ideas in this paper) will be delayed, 
uncertain, and potentially difficult to attribute to specific 
actions, while the costs are borne immediately. In actuality, the 
full benefits of residue management interventions may never 
become clearly apparent. This temporal disconnect (short-term 
pain, long-term gain) has potential to bias decision-making 
toward short-term optimization even where the epidemiologi-
cal rationale for longer-term inoculum management is well 
established (Carroll et al. 2018). As a result, RBDs may remain 
problematic even if substantial advances are made in managing 
pathogen survival, dispersal, and infection.

4.3.2 � Farming system constraints

In practice, disease and residue management decisions are 
made within the context of the broader farming system. Dis-
ease risk is only one factor that needs to be considered. Crop 
residues play important roles in soil conservation, moisture 
retention, nutrient cycling, and, in mixed farming systems, 
livestock feed supply (Blanco-Canqui and Lal 2009). These 
competing objectives may constrain the feasibility of disease-
focused residue interventions, particularly when they increase 
operational complexity or when future disease control ben-
efits trade-off with more immediate alternative benefits (Scott 
et al. 2010). Disease-focused management recommendations 
that assume residue manipulation is a discrete, independent 
lever may therefore overestimate adoption and impact. Even 
highly effective strategies may have minimal uptake if they 
conflict with other priorities or impose additional labor, 
machinery, or logistical demands during critical periods of 
the production cycle. These constraints help explain why 
current residue-borne disease management strategies often 
rely heavily on downstream interventions, such as cultivar 
resistance or in-crop chemical control, rather than integrated 
approaches to achieve sustained reductions in inoculum.

4.3.3 � Individual pain for shared gain

A further challenge arises from retained inoculum and the 
collective nature of epidemiological risk. Cooperation and 
coordination in plant disease management have previously 
been addressed (Sherman et al. 2019), but rarely in the con-
text of managing inoculum sources in broadacre agricultural 
systems, a topic of critical importance, as highlighted in this 

review. Inoculum produced within individual fields often 
contributes to disease pressure at spatial scales larger than 
the individual farm, particularly for pathogens capable of 
medium–long-distance dispersal. Under these conditions, the 
benefits of residue management are likely partially shared, 
while the costs are borne by individual growers (Filho et al. 
2016). This can lead to systematic under-investment in prac-
tices that reduce collective inoculum loads. Local/individual 
adoption of residue management strategies may therefore 
fail to deliver effective disease suppression unless adopted 
at community/larger scales. This misalignment between the 
scales of epidemic processes and the scales of farm decision-
making represents a major challenge for the management of 
residue-borne diseases and underscores the need for disease 
management frameworks that explicitly account for socio-
economic and operational realities alongside pathogen 
biology.

4.4 � Future directions and research opportunities

Several outstanding questions and potential research avenues 
have already been highlighted in this review, including:

Pathogen biology

•	 Investigating how the persistence of fruiting bod-
ies (e.g., pseudothecia) and their ability to release 
airborne spores is influenced by different biotic and 
abiotic factors

•	 Refining the relationships between crop residue 
quantity, inoculum load, and disease risk under vari-
ous environmental and management conditions, to 
inform simulations of disease risk

Physical

•	 Assess the impact of different tillage and residue 
management practices on inter-field airborne inocu-
lum dispersal to optimize landscape-scale manage-
ment of inoculum sources

•	 Investigate which intercropping combinations pro-
vide optimal barrier effects against inoculum car-
ryover

•	 Using vertical transects along residue stems, measure 
inoculum and pathogen levels, to potentially inform 
selection of harvest height

•	 Incorporate local weather and remotely sensed vege-
tation data (e.g., Lidar) to improve estimates of inoc-
ulum dispersal patterns and the shape of the dispersal 
gradient tail, which determines the distance beyond 
which the impact of a given inoculum source on a 
focal field can reasonably be considered negligible 
compared to closer sources
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Biological

•	 Examine the relationship between residue nutrient 
profiles and the growth and reproductive dynamics 
of RBPs to inform breeding initiatives and manage-
ment strategies

•	 Investigate whether genetic traits offer potential for 
controlling RBDs through in-season mechanisms 
(e.g., reduced sporulation rates, increased pathogen 
latent periods to reduce infection cycles) and off-
season mechanisms (e.g., restricting saprophytic 
colonization of residues)

•	 Perform co-occurrence network analyses from resi-
due microbiomes to identify keystone taxa with puta-
tive antagonistic roles to pathogens, informing the 
rational design of SynComs or prebiotic treatments 
to promote the activity of resident beneficial organ-
isms

Chemical

•	 Assess the impact of late in-crop fungicide applica-
tion on off-season pathogen growth and microbiome 
dynamics

•	 Explore the individual preferences or sensitivities of 
RBPs to specific nutrient sources to inform fertilizer 
choice

In addition, there are several other promising and neces-
sary areas of future research.

4.4.1 � Emerging chemical‑free technologies: microwave 
radiation and cold plasma

While still in its infancy, microwave radiation is emerging as 
a potential chemical‑free approach for reducing fungal inoc-
ulum within crop residues. Experiments on major residue-
borne cereal pathogens demonstrated that microwave radia-
tion eliminates conidia of B. sorokiniana, macroconidia of 
F. pseudograminearum, and F. cerealis from spore solutions 
(Petronaitis et al. 2022a) and reduces F. pseudograminearum 
mycelia from infected cereal stubble (Petronaitis et al. 2018). 
The effectiveness of microwave treatment is positively cor-
related with stubble moisture content, suggesting applica-
tion of microwave technology might be maximally effec-
tive following rainfall events (Petronaitis et al. 2022a). The 
energy required to heat the crown portions of both wheat and 
barley stubble was greater than the energy required to heat 
the stem portions, highlighting that the treatment specifics 
will depend on where the target pathogen resides (e.g., F. 
pseudograminearum and B. sorokiniana both reside in the 
crown, whereas P. teres resides in the stem) (Petronaitis et al. 
2022a). Unlike conventional control strategies that provide 
incomplete efficacy and target-limited pathogen spectra, 

microwave radiation technology delivers broad-spectrum 
pathogen control (Petronaitis et al. 2026). This lack of spec-
ificity could come with unintended impacts on microbial 
communities essential for crop residue decomposition and 
eventual conversion to SOM, a potential limitation of this 
technology that requires further investigation. Although the 
technology is not yet scalable or market-ready for broada-
cre systems, these preliminary studies indicate that targeted 
microwave treatment may have future utility managing 
off-season inoculum build up across a range of economi-
cally important RBPs (Petronaitis et al. 2026). Alternative 
physical treatments such as cold plasma that act primarily on 
surface-bound pathogens and infrared radiation which pen-
etrates deeper than microwaves are also being investigated as 
complementary control options (Kaur et al. 2020). However, 
microwave, cold plasma, and infrared treatments alike still 
require significant research, development, and validation, 
particularly when it comes to translating laboratory findings 
to field conditions (Kaur et al. 2022, 2024) and demonstrat-
ing their economic and environmental costs do not offset 
pathogen-control benefits.

4.4.2 � Landscape‑scale modelling for optimized crop 
residue management

Landscape-scale models have been discussed in the con-
text of managing regional inoculum sources (Section 4.1.1) 
but could also be employed to assess the effects of residue 
management practices on landscape-scale inoculum pressure 
to inform optimized approaches. Such models could inte-
grate the effect of tillage practices and crop varieties, which 
shape pathogen sub-population dynamics, thus influencing 
inoculum pressure. This would enable assessment of strate-
gies such as mandatory tillage of new resistant varieties to 
limit the emergence and persistence of virulent strains and 
thus delay resistance breakdown, analogous to the rationale 
behind fungicide protection of resistant varieties (Taylor and 
Cunniffe 2023). Symmetrically, varieties carrying resist-
ance genes that have already been largely overcome could 
be preferentially deployed in CA systems that do not lead 
to a significant increase in RBD risk and may even reduce 
it. This could be achieved, for example, through carefully 
designed variety mixtures with complementary resistance 
genes, which can slightly dilute avirulent strains, as sug-
gested by the results of Orellana-Torrejon et al. (2022b). 
This kind of optimization would be particularly relevant 
in regions with small fields and high crop diversity, like 
Europe, but less applicable in areas with large, more homo-
geneous fields and rotations, such as Australia or the USA. 
Effective parameterization of this type of model requires 
a detailed characterization of pathogen biology, especially 
reproductive mode and survival on crop residues, as well as 
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the field-level epidemiological impact of the hypothesized 
selection and counter-selection processes.

4.4.3 � Shifts in climate drivers of RBPs

Climate change has the potential to significantly alter the 
pathogen and residue dynamics on which current and emerg-
ing control strategies are predicated. In many parts of the 
world, seasonal rainfall patterns are shifting (Pook et al. 
2009; Cai et al. 2012; Lawes et al. 2025) and rainfall events 
are becoming heavier but less frequent (O’Gorman 2015; 
Seneviratne et al. 2021). This is particularly significant for 
residue decomposition, as rainfall is a key determinant of 
residue breakdown. Depending on soil type and porosity, 
water penetration may be higher with heavier rainfall events 
(He et al. 2012; Yinglan et al. 2018) leading to enhanced 
residue decomposition via increased soil moisture. Con-
versely, if in-season rainfall declines significantly, there 
may be reduced crop biomass with consequent reductions 
in the volume of crop residues, influencing inoculum loads. 
Indeed, general declines in growing season rainfall and 
increases in temperature extremes have led to production 
projections decreasing (Wang et al. 2017). This highlights 
the complexity of predicting how climate change-driven 
changes to rainfall and temperature patterns will influence 
farming systems, and more specifically RBD management.

Similarly, understanding how climate change impacts 
pathogen lifecycles is also critical for informing future risk 
assessments and decision-making on RBD management. 
A growing body of evidence indicates that climate change 
is shifting the environmental drivers (temperature, humid-
ity, wind, rainfall) that determine fungal growth, survival, 
sporulation, dispersal, and host infection windows, thereby 
altering the lifecycles of RBPs and the risk they pose to 
crop production (Nnadi and Carter 2021; Zhou et al. 2024). 
Controlled experiments with cereal residues have demon-
strated that higher relative humidity increases colonization 
of cereal residues by RBPs, including P. tritici-repentis and 
B. sorokiniana (Petronaitis et al. 2022b). As relative humid-
ity is generally expected to decrease due to a warmer climate 
(Lutsko 2021; Rogers et al. 2021), post‑harvest saprotrophic 
colonization of crop residues and inoculum build‑up may 
be reduced under warmer conditions. Likewise, changing 
precipitation patterns could support RBD management, 
increased fallow rainfall could shift peaks in spore produc-
tion earlier to fall prior to sowing, or high temperatures dur-
ing the fallow months may restrict saprotrophic colonization 
of residues. On the other hand, projected increases in wind 
speed for some regions (Kara and Sahin 2023; Wang et al. 
2025a) could increase the dispersal of fungal spores across 
fields and regions, and heavier rainfall events may intensify 

dispersal of inoculum via rain splash. Climate change is 
likely already driving shifts in RBP lifecycles, and research 
is needed to understand these changes and how management 
approaches need to be adapted accordingly.

4.4.4 � Economics of conservation agriculture

The economic analysis of CA benefits relative to losses 
incurred by residue-borne diseases is critical to inform deci-
sion-making around trade-offs with residue management. 
Accurately quantifying the economic benefits of CA adop-
tion is complex, in part due to the numerous indirect con-
tributions of CA to agricultural profitability. For example, 
the economic benefits of early sowing are well established 
(Hunt et al. 2019) and are supported by the retention of sum-
mer soil moisture due to stubble retention (one of the CA 
principles) (see Section 2.1). Furthermore, although there 
has been some work to quantify the economic impact of 
individual RBDs (see Table 1), this is complicated by poor 
and inaccurate diagnosis and reporting, including potential 
confusion between RBD symptoms and abiotic factors such 
as frost damage, poor nutrition, or incorrect sowing depths 
(Paul et al. 2005). A more comprehensive economic analy-
sis of CA benefits and economic losses caused by RBDs is 
required to support on-farm decision-making in this space.

5 � Conclusions

Crop residues perform important functions that underpin 
conservation agriculture systems by enhancing soil health, 
water retention, and nutrient cycling. However, their increas-
ing volume and persistence in modern broadacre systems 
have amplified the prevalence and severity of residue-borne 
diseases. This review highlights that current management 
practices alone are insufficient to adequately suppress the 
off‑season proliferation and evolution of residue-borne path-
ogens. Given residues serve as both an ecological resource 
and a persistent disease risk, management strategies that 
explicitly target the residue phase of pathogen life cycles 
are crucial for the long-term viability and sustainability of 
conservation agriculture systems.

This inter-disciplinary review of the existing literature 
identifies several avenues with the potential to target inoc-
ulum buildup and carryover. Physical interventions such 
as crop rotation, residue burial, harvest height manipula-
tion, and enhanced residue decomposition can effectively 
disrupt the persistence of infected residues. Emerging bio-
logical strategies, including antagonistic microbes, resi-
due‑degrading consortia, and interventions that accelerate 
residue decomposition, merit further evaluation under field 
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conditions. Chemical options, although sometimes effec-
tive, are increasingly constrained by pesticide regulation, 
resistance development, and their potential to disrupt ben-
eficial microbial communities. Collectively, these findings 
highlight that no single intervention is sufficient; instead, 
integrated management of physical, biological, and chemi-
cal management strategies is required.

Effective residue-borne disease management must also 
account for social and economic factors. Decisions about 
residue management intersect with agronomic objec-
tives such as erosion control, soil moisture conservation, 
machinery and labor efficiencies, and livestock feed sup-
ply. These system‑level constraints shape growers’ capac-
ity to adopt residue‑focused disease interventions, under-
scoring the need for strategies that align disease control 
with broader production goals. Where disease manage-
ment strategies are at odds with other agronomic goals, 
trade-offs must be informed by accurate estimates of losses 
to support decision-making. Additionally, because many 
residue-borne pathogens disperse across paddocks and 
farms, landscape‑scale coordination may be necessary to 
achieve meaningful reductions in inoculum load.

Overall, the evidence presented here underscores the 
need for a shift from in‑season, crop‑focused disease man-
agement toward a system-spanning, whole‑season perspec-
tive that recognizes crop residues as a critical intervention 
point. Progress will depend on improved understanding of 
pathogen survival dynamics, advances in crop breeding 
and microbiome science, technological advances, and the 
development of decision‑support tools that link residue 
loads to inoculum loads and disease risk. By integrating 
biological, agronomic, and socio‑economic considera-
tions, future management frameworks can more effectively 
break the “brown bridge” and support productive and resil-
ient farming in systems shaped by the residue revolution.
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