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The growing recognition of the environmental and health issues associated to pesticide
use requires to investigate how to manage weeds with less or no herbicides in
arable farming while maintaining crop productivity. The questions of weed harmfulness,
herbicide efficacy, the effects of herbicide use on crop yields, and the effect of reducing
herbicides on crop production have been addressed over the years but results and
interpretations often appear contradictory. In this paper, we critically analyze studies that
have focused on the herbicide use, weeds and crop yield nexus. We identified many
inconsistencies in the published results and demonstrate that these often stem from
differences in the methodologies used and in the choice of the conceptual model that
links the three items. Our main findings are: (1) although our review confirms that herbicide
reduction increases weed infestation if not compensated by other cultural techniques,
there are many shortcomings in the different methods used to assess the impact of
weeds on crop production; (2) Reducing herbicide use rarely results in increased crop
yield loss due to weeds if farmers compensate low herbicide use by other efficient
cultural practices; (3) There is a need for comprehensive studies describing the effect
of cropping systems on crop production that explicitly include weeds and disentangle
the impact of herbicides from the effect of other practices on weeds and on crop
production. We propose a framework that presents all the links and feed-backs that must
be considered when analyzing the herbicide-weed-crop yield nexus. We then provide a
number of methodological recommendations for future studies. We conclude that, since
weeds are causing yield loss, reduced herbicide use and maintained crop productivity
necessarily requires a redesign of cropping systems. These new systems should include
both agronomic and biodiversity-based levers acting in concert to deliver sustainable
weed management.

Keywords: weed-crop interference, cropping system, yield gap, crop loss, weeding, herbicide, trophic resource
use, weed management
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INTRODUCTION

Since the onset of agriculture, a main objective of crop
management has been the control of arable weeds, both by
making the weed seed bank germinate at a time when the
resulting plants would not hinder the crop and by eliminating
weed plants at those times they would compete with the crop.
At the beginning of the twentieth century, weed science books
described losses per unit area of 20 to 50% without weed
control, depending on the crop (Long, 1910; Fron, 1917). The
increased availability of synthetic, highly effective herbicides
in the middle of the twentieth century led to a decrease
in weed species diversity and density (e.g., Andreasen et al,
1996; Andersson and Milberg, 1998; Robinson and Sutherland,
2002; Fried et al, 2009), and farmers largely lost interest
in other weed management techniques. During that period,
research studies focused on characterizing the harmfulness of
particularly aggressive species, with most experimental studies
conducted under controlled conditions and focusing on two-
species situations (i.e., one crop or variety vs. one weed species)
in order to determine harmfulness thresholds for triggering
spraying operations (Caussanel et al, 1988; Clewis et al,
2001). Environmental and health issues (Stoate et al., 2009;
Waggoner et al., 2013) have led to a recent legislation push for
a reduction in pesticide use (Neumeister et al., 2007). Together
with the expansion of herbicide resistance (Busi et al., 2013),
this has triggered a shift from weed control exclusively based
on systematic chemical herbicide applications to integrated weed
management, where combinations of alternative preventive and
curative techniques (which are only partially efficient) are used
(Liebman and Gallandt, 1997). This shift raised the question of
whether agricultural production will be impaired by weeds and
how to move toward a weed management that relies little or not
at all on herbicides.

Numerous studies thus investigated the effect of reducing
pesticides on crop production (de Ponti et al., 2012; Seufert et al.,
2012; Hossard et al., 2014; Lechenet et al., 2014, 2017a; Petit et al.,
2015), the efficacy of herbicides to control weeds and to preserve
crop production (Milberg and Hallgren, 2004; Fickett et al,
2013; Soltani et al., 2016), or the harmfulness of weeds for crop
production (Milberg and Hallgren, 2004; Song et al., 2017). Their
results and/or interpretations sometimes appear contradictory.

Consequently, this review paper critically analyses methods
and results used in published studies that investigated weed
harmfulness for crop production, herbicide impacts on weed
flora and crop production as well as cropping-system impact
on herbicide use. Our investigative framework discriminates the
different conceptual models that have been used in the literature
to explore the herbicide use-weed-crop yield nexus (Figure 1).
Rather than writing a comprehensive review on the findings
of the studies focusing on these relationships, we investigated
the advantages and limits of each methodology as well as
the implications of the methodological choices for interpreting
results. The ultimate goal was to provide a methodological guide
to answer two major questions, (1) when and how much do weeds
affect crop production and (2) is it possible reconcile reduced
herbicide use and yield preservation.

IMPACT OF WEEDS ON CROP
PRODUCTION

There is a large literature on the effects of weeds on crop
production (Figure 1A), revealing 1,532 articles published from
1956 to 2019 on the topic of “weed and yield loss” and
available in the web of science database (see section Bibliometric
Analysis of Literature and Weed-Borne Crop Yield Loss in
Supplementary Material online). Oerke et al. (1994) published
a book (later synthesized as a review paper (Oerke, 2006)) which
remains so far the most complete report of the effect of weeds on
crops around the world, revealing a high variability of yield loss
due to weeds (see examples in section Range of Variation of Crop
Yield Loss Due to Weeds Found in Literature online).

How and When Do Weeds Interfere With

Crop Production?

Weeds interact directly with the crop through competition
for water and mineral resources (Zimdahl, 2004), allelopathy
(Kadioglu et al., 2005), and parasitism (Parker, 2009). Weeds
can also host other organisms that can have either positive
(DiTommaso et al, 2016) or negative (Mantle et al., 1977;
Gutteridge et al., 2006) effects on the crop.

Most studies focused on competition between crops and non-
parasitic weeds, experimentally assessing how co-habiting crop
and weed plants take up resources like water (McGiffen et al.,
1992), nitrogen (Teyker et al., 1991), and light (Rajcan and
Swanton, 2001). Many studies aimed to identify the critical weed-
free periods needed to avoid yield loss (Martin et al., 2001;
Knezevic et al, 2002). Even if the impact of competition is
often only visible late in the crop cycle (e.g., flowering), the
weeds” harmfulness potential is determined very early (Kropft
and Spitters, 1991; Hall et al,, 1992; Fahad et al., 2015). For
instance, if an oilseed rape (Brassica napus L.) crop remains weed-
free until reaching 4-6 leaves, yield losses remain below 10%;
conversely, weed control after 4 leaf stage targeting late-emerging
weeds was not needed to limit yield loss (Martin et al., 2001).
Because weeds compete with crops for resources, some studies
advocate that increasing the resource pool diversity should
alleviate crop:weed competition (Smith et al.,, 2010; Menalled
et al., 2020). This is probably the case in conservation agriculture
where the combination of no-till and cover crops modifies the
resource pool diversity (Romdhane et al., 2019) in addition to
filtering different weed communities compared to conventional
farming (Chauhan et al., 2012; Trichard et al., 2013; Nichols et al.,
2015; Cordeau et al., 2020).

How Crop: Weed Interference Is Quantified
The investigation of weed impacts on yield loss is overwrought
with methodological difficulties (see the very detailed review of
Swanton et al., 2015). There are roughly three types of methods
(Table 1).

Herbicide trials (Table 1A) are annual standardized factorial
experiments designed to assess the efficacy of modalities of
herbicide use (single product, association or strategies) to
control weed infestation (https://ppl.eppo.int/standards/PP1-
152-4, https://ppl.eppo.int/standards/herbicides). Those trials
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FIGURE 1 | Methodological framework used in the present study to determine the typology of studies investigating the relationships between farming practices
including herbicides (gray octagons), weeds (green ovals), and crop vield (blue rectangles). (A) Weed harmfulness (section How Crop:Weed Interference Is Quantified),
(B) Effect of herbicides (section Effect of Herbicides on Crop Production), (C) Herbicide strategies depending on the other cropping system components (section How
Far Farmers Adapt Their Herbicide Strategies to the Other Farming Practices); (D) Cropping system effects on crop production, treating weeds as a black box (section
The Comprehensive Effects of Cropping Systems on Crop Production). (E) Cropping system effects on crop production, focusing on weed effects (section The

that last beyond post-spraying weed assessment until crop
harvest are sometimes used to assess yield loss by comparing
yields between treated plots (as a proxy for weed-free control)
and untreated plots (infested by weeds) (Florez et al., 1999;
Milberg and Hallgren, 2004; Fickett et al, 2013) Some
studies compared more complex situations, for example several
modalities with an increasing use of herbicides in order to create
a gradient of weed abundances (Dieleman et al., 1999; Bostrom
and Fogelfors, 2002).

Other harmfulness studies identified zones inside a field
or similar fields with a weed-density gradient but otherwise
identical (Table 1B). Yield loss is then estimated as the
difference of the yield in the different zones or fields relative
to the maximum observed yield, and then linked the yield-
loss estimation to a series of weed flora variables (e.g., plant
densities, biomass). But simple weed metrics are not sufficient
to explain yield loss as recent field studies reported that
yield loss decreases with increasing diversity and richness in
the weed community (Storkey and Neve, 2018; Adeux et al.,
2019b).

Studies in greenhouse or garden plots create weed-density
gradients, by transplanting weeds (usually a single species)
at different dates and densities to mimic contrasting weed
emergence flushes, and this at different crop stages (Table 1C).
The biomass or grain production losses due to the presence of
weeds are usually linked to weed variables and used to determine
thresholds for weed management (Oliver, 1988). Frequently used
variables were weed density (Cousens, 1985; McDonald and Riha,
1999) or, with better results, weed species specificity (Onofri and
Tei, 1994), weed leaf area (Kropff and Spitters, 1991; Lotz et al.,
1996; van Acker et al., 1997), or weed biomass (Milberg and
Hallgren, 2004). All these approaches suffer from methodological
drawbacks (Table 1), prominently among which the difficulty to
estimate the potential yield in the absence of weeds obtained in
the same pedoclimatic and cultural conditions.

Herbicide trials are primarily set up to assess the effect of crop
protection (i.e., the difference between yield obtained with and
without weeding) and not yield loss due to weeds. Treated plots
are not necessary totally and constantly weed-free. Moreover,
herbicides can be phytotoxic for the crop in certain weather
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TABLE 1 | Critical summary of methods studying the effects of weeds on crop yield loss based literature analysis.

Method

Advantage

Limits

Consequences

A. Herbicide trials in fields

Compare yield and weeds in sprayed and
unsprayed fields/zones

Many cropping systems
and pedoclimates
Realistic multispecies weed flora

Weed-free control is rarely
continuously and totally weed-free
Possible phytotoxicity on crops
Trials often set up in highly
weed-infested areas

Annual studies

Underestimated yield loss

Overestimated yield loss, locally valid
conclusions

Disregards weed harmfulness for

B. Other field trials

Compare yield of zones/fields with a
gradient of weed infestation to the highest
observed yield, correlate yield loss to
weed indicators

Several cropping systems
and pedoclimates
Realistic multispecies weed flora

C. Greenhouse, garden plots
Transplant weeds at different densities and - Weed-free control

dates, correlate yield loss to weed - Characterizing weed flora with indicators

indicators

Determines a critical weed-free period

future crops

The highest yield is lower than the
potential (weed-free) yield
Insufficient monitoring of processes,
resources and flora

Underestimated yield loss

Confusing effects of weeds with
those of environmental conditions
determining the weed-infestation
gradient

Annual studies Disregards weed harmfulness for

future crops

Often a single crop-weed couple Not applicable to multispecies weed

communities observed in fields
Insufficient monitoring of processes
and resources

Local validity of harmfulness
thresholds

Indicators are too far from actual
processes

Annual studies Disregards weed harmfulness for
future crops

conditions or at early crop stages (Cabanne et al., 1985; Carvalho
et al., 2009). Both events can lead to underestimating potential
yield. The best way to estimate yield losses at the annual scale
consists in comparing the yield in weedy zones to that in weed-
free controls without chemical or mechanical weeding (Adeux
et al., 2019b). Indeed, mechanical weeding is also likely to affect
crop growth, e.g., through modification in the nitrogen dynamics
(Gilbert et al., 2009) or by uprooting crop plants (Rasmussen
et al,, 2009). But even the best of these approaches neglect long-
term weed harmfulness even though this is the main reason why
farmers relentlessly target weeds (Macé et al., 2007).

Last, these methods produce only locally valid conclusions,
with a very high risk of confusing effects. Herbicide trials are
usually set up preferentially in fields with an abundant flora or
difficult-to-control species (e.g., Alopecurus myosuroides Huds.,
Lolium multiflorum Lam.). The results, therefore, mostly have
a local validity, and any national estimation based on these
data would probably overestimate weed-caused yield loss. Studies
monitoring weed-infestation gradients risk confusing the effect
of weed pressure with that of the local environmental conditions
driving weed gradients. While experiments in controlled
conditions (greenhouse, garden plots) do not suffer from this
deficiency, they are disadvantaged by a highly artificialized
weed flora.

Implications for Weed Management
Some field experiments attempted to provide indicators for
deciding when to weed, depending on the crop and/weed stages.

Trials such as those of Table 1B aimed to determine the critical
weed-free periods needed to avoid yield loss (Martin et al,
2001; Knezevic and Datta, 2015). Methods to determine these
critical periods have been largely criticized (Knezevic et al., 2002;
Knezevic and Datta, 2015). Nutrient content in crops or resource
availability in the field were rarely measured, even though the
resources for which crops and weeds compete vary according
to year, location and cropping system. Consequently, even for a
given crop (e.g., maize, Zea mays L.), the critical weed control
period varied considerably according to years, locations and
authors, both in terms of onset (2 to 14 leaf) and end date (12 leaf
to 1 week after flowering) (Hall et al., 1992; Hugo et al., 2014).
Other studies linked weeding decisions to a weed harmfulness
threshold, based on empirical relationships correlating yield loss
to weed indicators estimated in fields (Table 1B) or controlled
conditions (Table 1C). The concept of harmfulness threshold is
highly questionable (Oliver, 1988; O’Donovan, 1996; Swanton
et al., 1999). In short, even the best of these thresholds usually
disregard variability in water and nutrient resources, rarely
quantify yield losses due to weed assemblages (Swinton et al.,
1994), and only consider annual effects (McDonald and Riha,
1999; Munier-Jolain et al., 2002). In addition, the most pertinent
weed indicators (i.e., those closest to processes implicated in
crop-weed competition) such as relative leaf cover (Kropff and
Spitters, 1991) are impractical for taking weed control decisions.
Such practical limitations explain why weed densities are usually
used to establish damage thresholds, i.e., the lowest weed density
for which a decrease in crop vyield is detected (Coble and
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Mortensen, 1992). Last, the value of the threshold triggering
weeding does not actually change the treatment frequency, and
the sustainability of a cropping system relies on whether the
decrease in herbicide use intensity is compensated by non-
chemical cultural practices (Munier-Jolain et al., 2002).

EFFECT OF HERBICIDES ON CROP
PRODUCTION

This section reports on studies that investigated the impact
of herbicide use intensity on weed infestation or yield loss,
but without analyzing the direct impact of weeds on crop
yield (Figure 1B). To simplify we will disregard here the ever
increasing problem of herbicide resistance (Busi et al., 2013)
but discuss it in the conclusion section (section Synthesis
and Conclusions).

Herbicide Trials

Herbicide trials (see definition in section How Crop:Weed
Interference Is Quantified) have established that herbicides are
efficient in controlling weeds but that their efficacy depends
(unsurprisingly) on weed species (Jonathan et al, 1998),
herbicide rates (Streibig, 1980), application dates (Stougaard
et al,, 1997), and spraying conditions (Blumhorst et al., 1990)
(Table 2A). These effects have been summarized in handbooks
(e.g., Mamarot and Rodriguez, 2003) and various decision-
support systems (e.g., Kudsk, 2008). But when these trials attempt
to determine to what extent the use of crop protection prevents
yield losses, they encounter the same methodological setbacks to
determine yield loss as the studies of section How Crop:Weed
Interference Is Quantified (Cardina et al., 1997).

Most herbicide trials last for 1 year only, thus missing future
yield losses due to the descendants of the weed seed production
during the trial year. One rare exception (Bostrom and Fogelfors,
2002) assesses the effect of dosage and treatment frequency ina 10
year multi-site experiment. It showed no difference in crop yield
of fields sprayed at 25 and 100% of a full dose, even though total
weed densities increased by 43 to 67%. These and other results
(Salonen, 1992; Blackshaw et al., 2006) remind us that herbicides,
even though considered as the most efficient “hammer” against
weeds, are not a 100% efficient tool to control the whole weed
community and, more importantly, that there is no generic
relationship between herbicides, weeds, and yield.

Farm-Field Surveys

Farm-field surveys monitor cultural practices and real-life weed
floras in a large range of contrasting situations, at a regional (Petit
et al,, 2016; Yvoz et al,, 2020) or even national scale (Rydberg
and Milberg, 2000; Fried et al., 2008). They allow assessing the
environmental, agronomic and ecological drivers of the in-field
weed flora, and notably the relative contribution of agronomic
and environmental factors (Schumacher, 1987; Fried et al., 2008;
Seifert et al., 2015), landscape context and/or of farming systems
(Gabriel et al., 2005; Geiger et al., 2010; Petit et al., 2016) on
weed infestation levels and/or weed community composition.
This approach has proved successful to detect long-term weed
response to contrasted agricultural management strategies, for

example, the generic signal of higher weed cover and/or weed
seed bank abundance in organic vs. conventional systems (Hawes
etal., 2010).

However, the suitability of this approach to assess the impacts
of herbicide use on weed infestation in conventional fields
is highly questionable (Table 2B). Annual surveys, particularly
those disregarding past field history and initial weed pressure
(e.g., Gaba et al.,, 2016), are meaningless to link herbicide use
and post-weeding weed infestation or yield as farmers adapt
herbicide use intensity to the initial weed infestation and to other
cultural techniques (Figure 2). The absence of any correlation
between herbicide use intensity and weed abundance sometimes
reported in literature (Gabriel et al., 2005; Gaba et al., 2016; Petit
et al.,, 2016) cannot be attributed to a lack of efficacy of herbicide
use, as reported by some authors (Gaba et al., 2016) but either
results from farmers’ mental models (i.e., reduce herbicides to
the benefit of non-chemical operations, trigger spraying based
on observed weed communities; Kings, 2014) or from unsuitable
protocols (i.e., assessing the effect of herbicide on weeds based
on post-spraying weed surveys only, without any knowledge on
pre-spraying floras; Gaba et al., 2016). To properly address the
question of the impact of herbicide use on weed infestation, the
weed flora should at the very least be surveyed twice a year, i.e.,
before and after chemical weeding (Milberg and Hallgren, 2004).

HOW FAR FARMERS ADAPT THEIR
HERBICIDE STRATEGIES TO THE OTHER
FARMING PRACTICES

This section deals with interaction between herbicide use and
other farming practices (Figure 1C) Herbicide use intensity
depends not only on initial weed infestation and the farmer’s
weeding strategy (Figure 2) but also on other practices (Beltran
et al, 2013; Colbach and Cordeau, 2018), particularly in
Integrated Weed Management (Swanton and Weise, 1991). The
intensity decreases if fields are tilled, weeded mechanically and/or
grown with diversified rotations (Yvoz et al., 2020), depending
not only on the frequency but also the timing of non-chemical
disturbances (Table 3).

These interactions results largely from the farmer’s attitude
and perceptions. Low herbicide use requires a long-term strategic
management of weeds, aiming to prevent rather than to control
weeds (Macé et al, 2007). Many farmers though focus on
control rather than on prevention (Wilson et al., 2008), and
the type of approach depends, among others, on the production
situation. For instance, farmers with access to varieties tolerant to
non-selective herbicides such as glyphosate frequently simplify
rotations (Fausti et al., 2014) and tillage (Trigo and Cap, 2003;
Cerdeira and Duke, 2006). They accept to plant into a weedy
seedbed and rely on glyphosate applications on crop canopy to
control weeds (Johnson et al., 2007). So, often farmers include
integrated weed management options only when no other
choice is available, for instance when weeds become resistant to
herbicides (Llewellyn et al., 2004; Colas et al., 2020).

Risk aversion also influences weed management strategies,
with farmers focusing on minimizing the risk of failure even
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TABLE 2 | Critical summary of methods investigating the effects of herbicides on weeds and/or crop yield based literature analysis.

Method Advantages

Limits Consequences

A. Herbicide trials in fields
See Table 1A
B. Farm-field networks
Correlate weeds or yield to herbicide use
intensity
contexts
- Identification of environmental,
agronomical and ecological drivers

- Effect of herbicide strategies on weeds
- Many cropping systems and production

Herbicide use intensity depends on
weed flora and cropping system

Confusing effects of herbicide use
intensity with those of other practices
and/or initial weed infestation (or its
perception by farmers)

Often only a single weed survey, in a

single year

Bulk estimation of yield from harvest Bad estimation of herbicide

sale contribution to yield preservation

Herbicide-based strategy
with uniform treatment

In-crop weed
management
strategy

Herbicide-based strategy
adapting herbicide use
to initial infestation

FIGURE 2 | Impact of initial weed infestation and of the farmer’s herbicide strategy on herbicide use intensity and final weed flora.

Integrated strategy
compensating
reduce herbicide use
by alternative techniques

| [ Fietanz )

HERBICIDE

at the cost of lowering their average economic performance
(Wossink et al., 1997; Doohan et al., 2010; Ridier et al., 2013).
This explains why herbicide use intensity tends to be higher in
cropping systems taken from farm surveys and field monitoring
networks than those tested in research stations (—3% averaged
over rotation), proposed by advisors (—15%) or designed with
simulations (—26%) (Colbach and Cordeau, 2018). Economic
factors (e.g., herbicide prices, farm size) and labor requirements
are also important determinants in the selection of a weed control
technique by farmers (Wossink et al., 1997; Llewellyn et al,

2004; Hammond et al., 2006; Beltran et al., 2013; Jabbour et al.,
2014b).

The way farmers perceive weeds is a major obstacle to
reducing herbicide use (Rioux, 1994; Wossink et al., 1997),
particularly if they attribute weeds to factors outside their
control, such as weather events or uncontrolled weed growth
in neighboring fields (Wilson et al., 2008; Doohan et al., 2010).
Their preferences reflect a typical inverse relationship between
perceived risk and benefit (Doohan et al., 2010), underestimating
the risks resulting from overreliance on herbicides (Doohan et al.,
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TABLE 3 | Main variations in herbicide use intensity (expressed by the treatment frequency index, TFI) as a function of other farming practices, identified in 272 cropping

systems provided by farm surveys, agricultural statistics, and crop advisors.

Practice that allows reducing herbicide TFI

Mechanical weeding > 0.7 operations/year
Frequency of superficial tillage Oct-March > 1 year/3
Last tillage < 20 days prior to cash crop sowing
Rotation with summer crops

Rotation with 50% spring/summer crops (or grassland) and 50% winter crops

Instead of Variation in herbicide TFI
<0.7 operations /year —-1.2
<1 year/3 -0.8
>20 days -0.7
Without -0.6
Rotation dominated by either spring or winter crops —-0.6

Analysis based on classification and regression trees to identify splitting rules to discriminate farming practices and the resulting variation in TFI (according to Colbach and Cordeau,

20178).

2010) and overestimating the incidence of problematic weeds
(Borger et al., 2012). Knowledge about weed biology and the
effects of crop management practices is essential to overcome
this deadlock. Indeed, farmers that exhibit great knowledge on
these aspects and that critically discuss risks of weeds and benefits
of management practices tend to have fields with a lower weed
infestation (Jabbour et al., 2014a).

THE COMPREHENSIVE EFFECTS OF
CROPPING SYSTEMS ON CROP
PRODUCTION

This section reports on studies that investigated the effect of
cropping systems on crop production, either without assessing
weed floras or other pests (“black box” approach, Figure 1D),
or by unraveling all components and effects of the general
framework of Figure 1E, including weeds.

Cropping System Experiments

Cropping system experiments have been set up all over Europe
aiming at a detailed, multiannual and multicriteria evaluation
of novel cropping practices such as low-input or pesticide-
free systems (Lechenet et al., 2017b). Most cropping system
experiments were designed to test the feasibility of these systems
with a wide range of objectives (e.g., reducing pesticide use or
increasing crop diversity while maintain profitability, decreasing
impact on soil structure, etc.) without looking at weeds (Deytieux
et al.,, 2012; Giuliano et al., 2016), implemented in single sites
or multi-site networks (Deytieux et al., 2016). Few experiments
monitored weed floras (Chikowo et al., 2009; Debaeke et al,,
2009; Adeux et al.,, 2017, 2019a; Jernigan et al., 2017) and even
fewer assessed weed-driven yield loss, for instance by comparing
yield in weedy and weed-free (manually weeded) zones (Teasdale
and Cavigelli, 2010; Adeux et al., 2017). This lack of monitoring
results in a high risk of confusing effects (Table 4A).

The holistic approach of cropping-system experiments
compares coherent systems instead of factors, which can lead to
seemingly contradictory results. For instance, a recent analysis of
long-term experiments conducted in different regions concluded
that yield would decrease by 5 to 13% compared to the yield
obtained with current pesticide use if pesticide use was reduced
by 50% (Hossard et al.,, 2014). This study was though unable
to determine which pest was actually responsible for the yield

decrease and, most importantly, how much of this yield decrease
was due to a lower yield potential resulting from changes in
management practices. For instance, delayed wheat sowing was
reported to reduce emergence and survival of broad-leaved weed
species (by about 20-30%) but in the absence of weeds decreased
yield (by up to 30%), resulting from deteriorated weather or less
productive cultivars (Christensen et al., 1994). If experiments
specifically account for weeds, no correlation between herbicide
use intensity, weed plant density and crop production was found,
irrespective of the location (Eastern France, Chikowo et al.,
2009; central France, Colbach et al., 2016; South-Western France,
Adeux et al,, 2017).

Consequently, most cropping-system trials and studies
demonstrate local feasibility of reconciling reduced herbicide use
and reduced crop yield loss but cannot explain causes and thus
do not offer advice applicable elsewhere (Deytieux et al., 2016).
Moreover, results collected in experimental stations (Deytieux,
2017) can differ from those collected from farms (Lechenet et al.,
2017a) because experimenters do not farm as farmers do as they
tend to explore extreme alternative strategies without having the
economic survival of their farms depending on their success
(Deytieux et al., 2012).

Farm Field Networks
To increase the number of investigated production situations
and cropping systems, farm-field surveys (Seufert et al., 2012;
Lechenet et al.,, 2014; Petit et al., 2016) and demonstration-
farm networks like the French DEPHY network (Lechenet et al.,
2017a) were set up but many methodological problems remain
(Table 2B). Some of these could be alleviated by new statistical
and survey methods. For instance, by including the production
context in their analysis, Lechenet et al. (2017a) failed to detect
any conflict between low herbicide use on one hand, and, on
the other hand, high productivity at the cropping-system level
(in 71% of the farms) or high profitability (in 79% of the farms).
However, these authors did not monitor weeds or any other biotic
or abiotic components, which hampers the identification of the
causes of variability in farm-field networks (Table 4B).
Structural equation modeling (SEM) has been used to
overcome these limits (Lamb et al., 2011; McLeod et al., 2015;
Quinio et al., 2017). Among the few studies that include weed
surveys, Quinio et al. (2017) thus discriminated the three
pathways linking farming intensity (fallow management, sowing,
chemical pest control and fertilization), crop yield, and weed
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TABLE 4 | Critical synthesis of the methods investigating cropping system effects on weeds and crop yield based literature analysis.

Method Advantages

Limits Consequences

A. Cropping system experiments and experiment networks

- Actual fields

- Demonstrating the feasibility of
innovative systems

- Measure state variables characterizing
environment and crops

Multicriteria and multiannual evaluation of
innovative cropping systems

B. Farm-field networks
Also see Table 2B

Accounting for production context and
cropping system

Many production contexts and cropping
systems

PLS-PM and SEMS to disentangle
relationships

As above + Network with weed

monitoring + Less confusion of effects

Agronomic diagnosis - Measure state variables characterizing
environment, crops and weeds

- Yield components

C. Combine simulations with field measurements

Compare measured yield to that simulated
without weeds, from field history

- Many production contexts and/or
cropping systems

- Real-life farming practices

- Identification of yield-limiting factors

D. Simulate a virtual farm-field network
Simulate many cropping systems from
many regions with and without weeds, as
well as with and without herbicides

Idem previous + Discriminate weed
effects from other yield-limiting factors +
Discriminate effects of herbicides from
those of other practices

Weeds are rarely monitored
Yield loss estimated but rarely
measured

Confusing effects, e.g., confusing
yield loss due to weeds with decease
in potential yield due to changes in
practices to compensate for reduced
herbicide use

Reduced herbicide use compensated
by alternative practices

Few systems in few pedoclimates Results are difficult to extrapolate,

even from networks

No weed monitoring but using
pesticide use intensity as proxy of
pest incidence

Confusing yield loss due to weeds
with decease in potential yield due to
changes in practices to compensate
for reduced herbicide use

Confusion effects of weeds on
farmers’ decisions with those of
practices on weeds

Cropping system adapted to initial
weed incidence

Annual measurements Neglects long-term effects of
practices and weeds
Conclusions sometimes difficult to

extrapolate

Difficult to monitor many
contexts/systems

Usually annual measurements Neglects long-term effects of
practices and weeds
Weeds are rarely monitored Confusing effects of weeds with

those of other limiting factors

Compare observed actual yield to
simulated potential yield

Confusing effects of weeds with
model bias

Simulation Conclusions depend on model quality

(“garbage in, garbage out”)

SPLS-PM partial least squares path modeling and SEM structural equation modeling.

pressure (Table 4B). This analysis considerably reduced the risk
of confusing effects, showing that crop yield increased with
farming intensity and decreased with weed pressure (section
Pathway Analysis of Field Survey Data online). Overall, the
authors showed that farming intensity reduced weed pressure
sufficiently to cancel any negative effects that weeds had on yield.

Diagnostic studies of farmers’ fields go even further and
investigate a large range of limiting factors of yield (Valantin-
Morison and Meynard, 2008; Subedi and Ma, 2009). These
studies measure state variables describing weeds and other pests
(e.g., weed density and biomass at different stages), nutrition
status (e.g., nitrogen absorption by both the crop and the weeds),
resource availability in the soil, as well as crop yield components.
Yield components are linked to potential limiting factors, often
showing that weeds are the most important limiting factor
(oilseed rape in France, Valantin-Morison and Meynard, 2008;
maize in Eastern Canada, Subedi and Ma, 2009), identifying
the weed variables that are the most linked to yield component
variance (e.g., weed dry biomass and plant density accounting

for nearly 40% of variance of oilseed rape grain number per m?,

Valantin-Morison and Meynard, 2008) or the main drivers of the
weed floras (e.g., previous crop, tillage and oilseed rape sowing
density, Valantin-Morison and Meynard, 2008). However, the
cost of these measurements limits both the number of monitored
situations and the duration of monitoring, thus disregarding any
long-term effects of weeds and cultural practices.

Combining Simulation Models With Field
Data

Simulation-based studies can go further, by using process-based
crop models (with or without weeds) to estimate the potential
yield (i.e., yield in the absence of weeds) which is so difficult to
estimate in fields (Table 4C), the actual yield (in the presence
of weeds) in many situations and cropping systems (Table 4D).
Depending on which processes are included in the model, this
approach allows identifying different yield-limiting factors to
reduce the risk of confusing effects. The first approach compares
the simulated potential yield to actual yield measured in fields
(Affholder et al., 2003, 2013; van Ittersum et al., 2003; Silva
etal., 2017). In addition to previously mentioned methodological
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drawbacks (Table 4C), this approach risks to confuse effects of
agronomic and environmental conditions in the field with model
bias and error.

In order to limit this risk, to cover more situations and to
move beyond the annual scale, some teams went completely
virtual (Colbach and Cordeau, 2018), which would not have been
possible without the more recent development of mechanistic
multispecies multiannual crop-weed dynamics models (see short
description in section Weed Dynamics Models online). These
authors simulated several hundred cropping systems provided
by farm surveys, agricultural statistics or crop advisors over
30 years (to assess long-term effects) and with 10 weather
scenarios. This approach allowed disentangling the effect of
herbicide use intensity from that of other management practices
by comparing the simulated weed floras and yields of the
recorded cropping systems to those of these same systems
minus herbicides (and without any other changes in practices).
The relative effects of weeds and management practices on
crop production were differentiated by comparing the yields of
simulations run with and without weeds. As a result, this study
could confirm and/or demonstrate the key conclusions of the
present paper, and quantify them with values valid for a large
range of production contexts and cropping systems. For instance,
yield loss exceeds 50% when weed biomass exceeds crop biomass
(further details in section Simulation Results Linking Yield Loss
to Weed Biomass Online), or weed biomass during crop growth
and yield loss increased by +116% and +62% (averaged over
rotation), respectively, when herbicides were eliminated without
redesigning the cropping system.

SYNTHESIS AND CONCLUSIONS

Impact of Weeds on Crop Production

Weed harmfulness for crop production is usually studied
disregarding the complexity of the cultural practices, the
multispecies nature of the weed flora (Massinga et al., 2001)
and the processes underlying weed harmfulness, which limits the
validity and the genericity of the results. Yield loss due to weeds
tends to be underestimated because of the annual investigating
scale and a poorly estimated potential yield. Despite existing
methodological shortcomings, almost all studies conclude that
weeds reduce yield if they are not controlled (Zimdahl, 2004),
particularly if they emerge earlier or at crop emergence (Chikoye
et al., 1995). The most accurate method to estimate yield loss at
the annual scale consists in comparing the yield in weedy zones
to that in weed-free controls without chemical or mechanical
weeding. This approach allowed Adeux et al. (2019b) to conclude
that weed diversity mitigates winter wheat yield loss and that not
all weed communities are detrimental to crop productivity. Yield
loss is more correlated to weed metrics closer to processes driving
crop-weed competition than to weed density. Weed thresholds
based on weed density are useless to forecast yield loss.

Effect of Herbicides on Crop Production

Because studies are usually annual and often limited to a single
observation per field and per year, the contribution of herbicides
to controlling weeds and yield loss can be underestimated. The

lack of correlation between herbicide use intensity and weed
abundance sometimes reported in literature (Gaba et al., 2016)
cannot be attributed to a lack of efficacy of herbicide use, but
rather to unsuitable survey protocols (i.e., assessing the effect
of herbicide on weeds on post-spraying weed surveys only,
without accounting for pre-spraying weed infestation). The weed
flora must be assessed before and after weeding to evaluate its
efficiency. And though herbicides are not always totally effective
(even when weeds did not acquire resistance), they do reduce
weed infestation and yield loss due to weeds.

How far Farmers Adapt Their Herbicide
Strategies to the Other Farming Practices

The herbicide strategy used by a farmer in terms of commercial
products, rates and timings of application depends on the other
practices applied in the field as well as on the weed flora
perceived by the farmer, his risk strategy and his production
situation (Yvoz et al, 2020). Any attempt to assess the
impact of herbicide use intensity on weed flora and yield loss
must account for these interactions to avoid confusing effects
(Quinio et al., 2017).

A Conceptual Framework Embedding the
Herbicide-Weed-Yield Relationships

Based on the present review, we proposed a conceptual
framework to synthesize the key variables and effects driving
the relationships between herbicides, weeds and crop production
(Figure 3), inspired by structural equation modeling using expert
knowledge (Smith et al., 2014). This diagram not only illustrates
that the effects of herbicides or weeds on crop productivity
cannot be considered without accounting for the technical, and
biophysical and socio-economic context. It also shows frequent
feed-backs, e.g., herbicides indeed reduce weed densities but
farmers increase herbicide use if they observed many emerging
weeds. It is as yet difficult to quantify the individual links,
particularly as the correlations are not necessarily linear, though
some field and simulation studies cited above attempted to do
this (Lamb et al., 2011; McLeod et al., 2015; Quinio et al.,
2017).

Implications for Future Research and Weed

Management

Our review demonstrates that understanding the herbicide use-
weed-crop yield nexus requires to include all the components of
the studied system (Figure 1E) and to deconstruct them in detail
as illustrated in Figure 3. The apparent inconsistencies identified
in the literature appear to have resulted from differences in
methodological approaches and a few precautions are essential
to avoid confusing effects (Table5). The critical analysis of
a large range of studies contrasting in terms of objectives
and methodologies allowed us to answer the two questions
addressed in this review, namely how harmful weeds are and
whether herbicide use can be reduced without affecting yield.
In summary, weeds are harmful for crop production but this
harmfulness varies considerably and decreases when (1) weed
biomass decreases, (2) weeds emerge later than the crop, (3) the
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FIGURE 3 | Conceptual representation of cropping system effects on weeds and crop production in farmers’ fields inspired by structural equation modeling to
synthesize the relationships between herbicide use intensity, weed pressure, and yield loss based on the present literature analysis. Circles show latent variables (in
bold the targets investigated in the present study), and rectangles manifest variables. The gray zone delimits the cropping system. Note that the arrows point from the
latent variables to the manifest variables. Red arrows are effects of cropping system components (a. to create favorable conditions for crop growth, b. to create
unfavorable conditions for weeds and to destroy them; c. phytotoxicity, d. weed destruction); green arrows show environmental effects (1. cropping choices depend
on biophysical and socio-economical constraints; 2. crop growth and weed community depend on biophysical environment; 3: yield loss is the difference between
attainable and actual yield due to weeds); blue arrows show farmers’ decisions (i. farmers choose cropping techniques, including herbicides, based, among others, on
their risk aversion; ii: the choice of the herbicide strategy depends on other techniques and vice-versa; iii: the choice of cropping techniques, particularly herbicides,
depends on the past and present weed community). Positive (+) and negative (-) effects were shown for latent variables.

TABLE 5 | Major precautions needed to study the relationships between herbicides, weeds and yield to avoid methodological defects.

Precautions In order to avoid to... Suggestions

Take account of production contexts as well as Generalize/extrapolate to situations outside the rang e of - Survey farmers before (to identify their perceptions)

farmers’ objectives and perceptions validity of the conclusions or after the study to confront the results to their
expertise

- Collect variables describing the production
context (pedoclimate, production outlets, use
of irrigation...)
Consider all cropping system components in addition Confuse the effects of herbicides with those of practices  Document farming practices in detail, preferentially
to herbicides introduced by farmers in order to compensate for via interviews
reduced herbicide use

Measure state variables describing weeds and Confuse the effects of practices on weeds and the - Two surveys per year, before and after the studied
resources (light, nitrogen, water...) before and after the  environment with those of practices introduced by practices

studied practices farmers to adapt to weeds and environmental conditions - Measure resource availability

Measure variables close to the targeted processes Missing the targeted effects Measure weed and crop biomass and their ratio
Monitor over several years or measure indicators of Missing the effects of cropping systems and weeds on Sample/measure at the same locations over several
future effects (e.g., weed seed production future crops years

weed community consists of many diverse species, (4) available ~ processes driving crop-weed competition but the best indicator
resources increase (in highly fertilized/irrigated systems). Crop  variables (e.g., weed biomass at crop flowering) are useless for
yield loss is highly correlated to weed variables closely linked to ~ weed control decisions because they are measured too late.
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These results advocate for a strategic long-term reasoning
of weed management instead of tactical decisions based on
current weed communities. Indeed, despite the undeniable weed
harmfulness for crop production, well-reasoned integrated weed
management can preserve crop production in cropping systems
with reduced herbicide use even though herbicides remain to
date the most efficient weed control technique, except in the case
of herbicide-resistant weeds. However, in this particular case,
many field studies show that integrated weed management can
be highly efficient to control herbicide-resistant populations (e.g.,
Chauvel et al., 2001, 2009). These results have been synthesized
already in reviews on strategies for managing herbicide-resistant
populations (Beckie, 2006; Busi et al., 2013; Riar et al., 2013).

There is thus no unique single solution that is valid
everywhere. Flexible solutions are required, considering the
agronomical logic underlying cropping systems and the
production context but also other potential levers that could
be mobilized to enhance the biological regulation of weeds
(Petit et al,, 2018). These solutions might require to accept
a certain level of weed presence in the field, and should also
consider potential weed benefits for crop production, i.e.,
habitat provision for natural enemies (Dassou and Tixier, 2016;
DiTommaso et al., 2016).
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