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Experimental Methods for Crop–Weed Competition Studies
Clarence J. Swanton, Roger Nkoa, and Robert E. Blackshaw*
Importance of Crop–Weed
Competition Studies

The annual global economic loss caused by weeds
has been estimated at more than $100 billion U.S.
dollars (Appleby et al. 2000). Additionally, worldwide annual herbicide sales are in the range of U.S.
$25 billion (Agrow 2003). In light of these large
dollar figures, it becomes clear that a greater
understanding of crop–weed interactions is essential
in order to develop cost-effective and sustainable
weed management practices.
Crop–weed competition studies can provide
valuable information to farmers and land managers
on whether weed control is warranted, and if so,
what is the optimal timing to implement weed
control practices. For example, the development of
economic weed thresholds aids farmers in making
decisions about the necessity of weed control and
the cost effectiveness of various weed control
options. Knowledge of critical periods for weed
control assists growers in determining when, or
when not, to pursue further weed control measures
to protect crop yield.
Crop–weed competition studies can provide
information on the merits of various components
of a cropping system. Crop rotation, intercropping,
seeding rates, row spacing, and fertilizer placement
are components of a cropping system that will
invariably influence the competitiveness of the crop
or the weed, or both. Competitive cropping systems
that enhance crop establishment, rate of leaf
appearance, and canopy cover will reduce weed
competition and costs associated with weed control.
Competition studies can also contribute to our
understanding of how species fitness is influenced
by selection pressures imposed by the agronomic
practices of the cropping system. For example,
the fitness of herbicide-resistant weed biotypes
compared with susceptible weed populations can
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provide important biological information on the
physiological costs associated with the herbicideresistant trait. This knowledge can be very useful in
predicting the invasive potential of resistant weed
biotypes over time and may provide insight for
effective control strategies.
Factors Affecting Crop–Weed Competition

The effect of weed competition on crop yield is
driven by three major variables. The most important variable to record in any competition study is
the time of weed emergence relative to the crop
(Dew 1972; Kropff and Spitters 1991; O’Donovan
et al. 1985). Without knowledge of this information, it is difficult to make sense of yield losses
presented in many published plant competition
papers. Weeds that emerge with or before the crop
are by far the most competitive and result in the
greatest yield loss. For example, threshold levels of
redroot pigweed (Amaranthus retroflexus L.), barnyardgrass (Echinochloa crus-galli L.), common
ragweed (Ambrosia artemisiifolia L.), and velvetleaf
(Abutilon theophrasti Medic.) in corn (Zea mays L.),
soybean [Glycine max (L.) Merr.], and dry bean
(Phaseolus vulgaris L.) may be 2 to 10 times higher
for weeds emerging 3 to 4 wk after the crop
compared with those that emerge with the crop
(Cardina et al. 1995; Dieleman et al. 1996;
Knezevic et al. 1994). Weeds that emerge later
than the crop are much less competitive in terms of
crop yield loss but still may be considered
problematic if they influence crop harvestability or
reduce crop quality.
Weed seedling density is the second most
important variable, as clearly there is a relationship
between weed density and duration of interference.
The length of a critical period for weed control
varies with density just as density thresholds vary
with time of weed emergence relative to the crop
(Dunan et al. 1995).
Thirdly, weed species may differ in competitive
ability based on such traits as rapid leaf area
development, high-density root systems, plant
height, etc. Life cycles, reproductive strategies, and
morphological features are important traits in
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determining the competitive ability of individual
weed species.
Resource-Dependent Processes. Competition can
be viewed as a series of interrelated physiological
and morphological changes that occur as a result of
both resource-dependent and resource-independent
processes (Harper 1977). The vast majority of
published plant competition articles have focussed
on resource-dependent processes such as competition for limiting resources such as water, nutrients,
and light. The competitive ability of crops and
weeds is determined by physiological and morphological attributes that allow them to explore,
capture, and exploit available resources. For example, in a mixed canopy of crop and weeds, light
capture efficiency is a function of light interception,
which is determined by leaf area index, height, and
light absorption efficiency of the leaves (i.e., leaf
angular orientation, thickness, vertical leaf area
distribution).
Nitrogen, phosphorus, and potassium are considered the most limiting nutrients in most
terrestrial ecosystems (Vitousek and Howarth
1991; Walker and Syers 1976). The competitive
ability of crops and weeds for nutrient uptake in
agricultural ecosystems will be determined primarily
by their intrinsic nutrient requirements and uptake
efficiencies. The latter are a function of root length
densities and efficiency of nutrient transmembrane
transporters. Thus, species with a relatively low
nutrient requirement, extensive root system, and
effective membrane transporters will have a competitive advantage in a nutrient-limited environment.
Crops and weeds also compete for water in rainfed agricultural systems. Water is one of the most
important resources required for plant growth, and
water stress results in reduced plant photosynthesis,
wilting, and nutrient deficiencies. The importance
of water competition is determined by the length,
magnitude, and timing of the drought period as
well as soil attributes (water holding capacity,
texture, structure, hydraulic conductivity) and plant
traits (root structure and density, drought tolerance,
water-use efficiency).
Resource-Independent Processes. Resource-independent effects such as hormonal and light quality
signals can also play an important role in
determining the outcome of crop–weed competition. The plant’s ability to detect signals can be
viewed within the context of competition as a
communication pathway that may allow a plant

to prepare, physiologically or morphologically, a
preemptive response to impending competition
(Ballaré 1999; Ballaré et al. 1990; Smith and
Whitelam 1997). Photosensory systems allow plants
to monitor changes in light wavelength, intensity,
and direction (Quail 2002; Smith 2000). This
ability provides crop plants with environmental cues
that regulate their biological clock with respect to
phenological development. Detection of the quantity and quality of incoming radiation provides key
information that can affect seed germination,
seedling establishment, flowering timing, tuberization, bud dormancy, and partitioning of resources
to root, stem, and reproductive organs.
The triggering of a preemptive response to
impending weed competition suggests that physiological and subsequent morphological changes can
occur in the crop plant well in advance of the onset
of direct competition for light, water, and nutrients.
Morphological changes include an increase in stem
elongation and a reduction in stem diameter, rate of
leaf appearance, and shoot and root biomass
(Kasperbauer and Karlen 1986; Page et al. 2010;
Rajcan and Swanton 2001). It has been shown that
shade-avoidance responses by some crops in the
absence of actual light competition affected components of yield such as kernel number in corn
(Page et al. 2010) and tiller number in barley
(Hordeum vulgare L.) (Skinner and Simmons 1993)
and grasses (Casal et al. 1987; Kasperbauer and
Karlen 1986).
Experimental Designs to Study Crop–
Weed Competition

The method that an experimenter chooses to
study weed competition is dependent on the
hypothesis being tested. Clearly, both field and
greenhouse studies can be designed to test for either
resource-dependent or resource-independent processes. For this methodology article we will focus on
experimental designs that have traditionally been
used to provide insight into competitive crop and
weed interactions under field conditions.
Crop and weed competition studies conducted
under field conditions are invariably influenced by
the environment, soil type, plant density, spatial
arrangement, and proportion of each species in the
mixture. Thus, several experimental methods
have been developed that attach different levels
of importance to these variables (Harper 1977;
Maxwell and O’Donovan 2007; Radosevich 1987;
Rejmánek et al. 1989). Although most experimental
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methods can estimate the response to competition
between crops and weeds, density, proportion, and
spatial arrangement will most likely influence the
ability of the design to distinguish between intraand interspecific competition and to determine
threshold levels of competition. Consequently,
researchers should consider and control these factors
in competition studies to avoid issues such as
experimental error, inaccuracy, and misinterpretation of the results. In this manuscript we will
explore some of the most common experimental
designs used in crop–weed competition studies and
discuss their respective advantages and disadvantages. Each experimental design deals with plant
density, spatial arrangement, and proportion of
competing plants in different ways. Finally, remember that a clear hypothesis is essential to choosing
the most suitable experimental design; a novel
hypothesis based on the published literature and
observations should always be the first step in
conducting any crop–weed competition study.
Additive Design. Also known as partial additive
(Rejmánek et al. 1989), this is the most commonly
used experimental design to study the outcome of
crop–weed competition. Crop density is held
constant while weed density is changed (Figures 1a
and 1b). It is relevant to most agricultural situations
where the crop occurs at one reasonably uniform
density and weed density varies across landscapes,
over years, or with various weed control and crop
production practices.
In this experimental design, the percentage crop
yield loss with increasing weed density is calculated
by dividing the yield at each weed density by the
weed-free yield. Data are most commonly fitted to a
nonlinear regression model (rectangular hyberbola):
YL~id =ð1zid=aÞ,
½1

Figure 1. An example of layout (a) and relative densities (b) of
an additive experiment with the use of two plant species. Note
proportion of species A is held constant in (b).

N Appropriate design for determination of economic
weed thresholds (Oliver 1988; Swanton et al.
1999; Weaver and Ivany 1998)

where YL is percent yield loss, d is weed density, i is
the percentage yield loss per unit weed density as d
approaches zero, and a is the maximum or asymptotic
yield loss as d approaches infinity (Cousens 1985).

N The simultaneous change in proportion and total

Advantages
N Easy to establish under field conditions
N Most suitable to determine potential crop yield
losses from weeds (Blackshaw et al. 1981; Cousens
1985)
N Useful to study the effect of relative times of
emergence of weeds and crops on competitive
outcomes (Blackshaw 1993; O’Donovan et al.
1985)

Replacement Series. The replacement-series design
(substitutive experiment) was developed to over-

4

N

Disadvantages
plant density makes it difficult to determine
specific plant interactions and gain insight on
competition processes
N Results are dependent on local edaphic and environmental conditions and thus care must be taken in
extrapolating results to broad geographic areas
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Figure 3. Hypothetical example of a replacement series
diagram showing species yields as functions of their relative
planting proportions (Rejmánek et al. 1989).

crowding coefficients and aggressiveness coefficients
provide insight on competitive interactions between
species (Wang et al. 2006).
There are four possible outcomes for the
interaction of a crop species and a weed when
grown in a replacement series:

Figure 2. An example of layout (a) and proportions (b) in a
replacement series experiment with the use of two plant species.

come some of the criticisms of the additive design
(Gibson et al. 1999; Harper 1977; Jolliffe 2000)
and is often used to determine which of two species
is the most competitive as well as to gain insight
into plant-to-plant interactions (Radosevich 1987).
Overall plant density is held constant while species
proportion is varied. A common approach is to
grow plant species in a uniform spatial arrangement
at various mixture ratios, such as 75:25, 50:50, and
25:75, along with monocultures of each species
(Figures 2a and 2b). Results are often presented
graphically as replacement series diagrams in which
absolute or relative yield of each of the two species is
plotted against its proportion in mixture (Figure 3).
The replacement series is most valuable for
providing information about the interactions
among species. These interactions can be categorized as negative, positive, or neutral. Relative

1. The two observed yield responses are straight
lines: The ability of each species to interfere with
the other is equivalent or the two species are
located so far apart that no interaction occurs
between them.
2. One response curve is concave and the other is
convex: One species is more aggressive than the
other (concave response).
3. Both response curves are convex and the total
yield of the two species in a mixed stand is less
than that of their respective yields in a pure stand:
It is a case of mutual antagonism.
4. Both response curves are concave and the total
yield of the two species in a mixed stand is greater
than that of their respective yields in a pure stand:
It is a case of symbiosis.
Advantages

N Well-suited design to rank the competitive ability
of a species under a given set of conditions
N Appropriate design to examine both competition
mechanisms and outcomes between crops and
weeds (Akey et al. 1991; Wang et al. 2006) and
between two weed species (Blackshaw and Schaalje
1993) or weed biotypes (Higgins and Mack 1987;
O’Donovan et al. 1999)
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Figure 4. Illustration of a range of relative densities (proportions) and total densities in an addition series experiment. In this
case, the experiment is a combination of three replacement series
experiments at three different total densities (100, 75, and 50%
of a reference total density).

N Useful in predicting shifts in species composition
over time (Conard and Radosevich 1979; Radosevich and Holt 1984)
N Yield ratios can be calculated to describe patterns
of resource use and relative aggressiveness among
the species (Harper 1977)
Disadvantages

N Not representative of most field situations where
crops occur at a constant density
N Experimental outcomes may depend upon the
total plant density selected and specific resource
supply conditions used
Addition Series. The addition-series design varies
both the density and proportion of each species over
a wide range of possible combinations of the two
species (Maxwell and O’Donovan 2007; Roush
et al. 1989). Addition series can be viewed as a
combination of several replacement series at a range
of total densities (Figure 4). Another version, called
the full factorial or complete addition design
(Figure 5), contains all possible combinations of
several densities of each species and can be viewed as
a series of addition designs at various densities
(Cousens 1991). Addition series studies are usually
conducted with two species but can accommodate
more than two species, although the experiment can
become very large.
Separation between intra- and interspecific
competition and the estimation of yield loss are
based on the reciprocal yield law (Kira et al. 1953):
6

N

Figure 5. Illustration of a range of relative densities (proportions) and total densities in a complete addition series
experiment.

1=w~azbd,

½2

where w is the mean yield/plant; d the density; a the
intersect that can be interpreted as the reciprocal
mean yield of an individual plant; and b the slope
that measures the effect of intraspecific competition.
Equation 1 can be extended to multiple species
mixtures (Spitters 1983):
1=w1 ~A1 zB11 N1 zB12 N2 z    zB1i Ni , ½3
where w1 is the weight of individual plants of
species 1; N1, N2, and Ni are the densities of species
1 through i; and A1 is the intercept representing the
reciprocal of maximum plant weight for species 1.
The regression coefficients: B11 quantifies the effect
of intraspecific competition; B1i measure the effect
of species i on species 1. These regression coefficients
indicate that the yield of any of the species in mixture
is influenced by the relative densities of the species
that make up a mixed stand. This highlights the
significance of proportion or relative density, which
are sometimes overlooked in crop–weed competition
studies.
Two-Species Mixture Example: Let’s assume
competition between a crop (species 1) and a weed
(species 2). From Equation 1, it can be derived:
½4
1=w1 ~A1 zB1,1 D1 zB1,2 D2 ,
1=w2 ~A 2 zB2,2 D2 zB2,1 D1 ,

½5

where w1 and w2 are the mean plant biomass of the
crop and the weed, respectively. The coefficients
B1,1 and B2,2 measure the effects of intraspecific
competition.
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The coefficients B1,2 and B2,1 measure the effects
of the weed on the crop, and the crop on the weed,
respectively. In this way, intra- and interspecific
competition is formally separated. Crop yield
(biomass/area) Y1 can then be expressed as:
Y1 ~w1 D1 ~D1 =A1 zB1,1 D1 zB1,2 D2 :

½6

By definition, percent crop loss (CL):
CLð%Þ~100{100ðyield in mixtureÞ=
ðyield in monocultureÞ:

½7

N A relatively small land area is required to examine
the effect of many plant densities

N Useful design to study the processes of competiDisadvantages

N Somewhat difficult and time consuming to

CLð%Þ~100{100ðY1 Þ=½D1 =ðA1 zB1,1 D1 Þ
or
ðA1 zB1,1 D1 zB1,2 D2 Þ:

Advantages

tion among individual plants

By substituting Equations 1 and 5 for yield in
monoculture and yield in mixture, Equation 6
becomes

CLð%Þ~100½1{ðA1 zB1,1 D1 Þ=

are more frequently used in forestry research than in
agricultural studies.

½8

Equation 6 shows that the estimate of crop loss
depends not only on the weed density but also on
crop density.
Advantages

N Allows separation between intra- and interspecific
competition

N Can be used to study competition among more
than two plant species
Disadvantages

N Very large experiments that are laborious and
consume many resources (especially under field
conditions)
Nelder Design. The Nelder design varies plant
density and spatial arrangement in a systematic
manner (Harper 1977; Nelder 1962). It consists of
a grid of plants grown in an arc or circle
arrangement. The amount of space available to
each plant changes in a consistent manner over the
different regions of the grid. This design is most
commonly used to study competition among
individuals of a single species, but competition
between species can be studied by alternating the
placement of species along the arc or spoke such
that differing species proportions result. Alternatively, the entire one-species Nelder experiment can
be overseeded with a second species allowing
examination of interspecific effects. Nelder designs

establish under field conditions
Neighborhood or Area-of-Influence Design.
Neighborhood or area-of-influence designs may be
utilized when the response of an individual plant as
affected by its proximity to other plants is of
primary interest (Harper 1977; Stoll and Weiner
2000; Weiner 1982). The growth or productivity of
a target plant is repeatedly measured throughout
the growing season as a function of the number,
biomass, cover, aggregation, or distance from its
neighbors. The target can be a weed or crop plant.
The neighborhood design has been used to
study crop–weed competition (Bussler et al. 1995)
or weed–weed competition (Pacala and Silander
1990). It may be most appropriate in the context of
crop–weed competition to study the effects of crop
density and planting pattern on resulting weed
competition. Lindquist et al. (1994) identified
optimal spatial patterns to maximize crop yield in
a competitive environment.
Advantages

N Most useful to study mechanisms of competition
N Could be used to determine optimum crop spatial
arrangement to enhance crop competitiveness
with weeds
Disadvantages

N Establishing the various plant proximity treatments is laborious
Critical Period for Weed Control Design. The
critical periods of competition design is another
widely utilized approach to study crop–weed
competition (Hall et al. 1992; Nieto et al. 1968;
Weaver and Tan 1987). This period is defined as
the time (growth stages) in the life cycle of a crop
plant when weeds must be controlled in order to
prevent unacceptable yield loss. Two sets of
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Figure 7. The influence of time of weed emergence or weed
removal on percent maximum crop yield and magnitude of the
critical period.
Figure 6. Graphic presentation of treatments in critical period
of competition experiments (Dawson 1970).

experimental treatments are commonly used in
these critical-period studies.
In the first treatment set, the crop is kept weedfree for increasing lengths of time to determine the
period that the crop must be kept free of weeds to
avoid yield loss (Figure 6A). Beyond this point,
mechanical, cultural, or herbicidal weed control
measures are no longer needed to achieve maximum
crop production. At this time, the crop would have
attained sufficient size, stage of development, and
competitiveness to minimize the deleterious effects
of weeds.
In the second treatment set, weeds are allowed to
grow with the crop for increasing lengths of time to
determine the maximum period that a crop can
tolerate weed infestations before yield losses occur
(Figure 6B). In both sets of treatments, the weed
intervals may be implemented as a specified number
of weeks of growth (3 wk, 6 wk, 9 wk, etc.) or at
specified crop growth stages (two leaf, four leaf, six
leaf, etc.). Weed removal at these specified intervals
can be accomplished by hand weeding or by
herbicides.
The critical period of weed control is the
combination of these two periods; it is the period
during the growing season in which weed competition influences crop yield. Weed presence before
and after these times would not be expected to
reduce crop yield (Figure 7). For crops with long
critical periods, early and effective weed manage8

N

ment is a must for approximately 6 to 10 wk to
prevent weeds from negatively impacting crop
yields. Although critical periods and weed thresholds provide valuable information to producers, it
should be noted the scientific community is
currently placing more emphasis on controlling all
weed seed production as a means of preventing and/
or managing weed resistance. That may mean
implementing weed control practices outside the
critical period required to protect crop yield.
Advantages

N Easily established under field conditions where the
crop is present at constant density
Disadvantages

N Usually conducted with only one weed species;
thus it is difficult to extend results to farm
situations where multiple weed species occur
Experimental Procedures in
Competition Studies

In crop–weed competition studies, once a
hypothesis has been framed, the next step is to
design a procedure for its evaluation. This process,
known as the experimental methodology, consists of
four steps: (1) selecting the appropriate materials to
test (weed and crop species), (2) specifying the
variables to measure (yield, yield loss, biomass, leaf
area, growth rate, etc.), (3) selecting the methodology to measure those variables, and (4) specifying
the procedure to test the hypothesis.
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In general, the first two steps are fairly easy for a
weed scientist to specify. On the other hand, the
procedures regarding how the measurements are to
be made and how these measurements can be used to
accept or reject the hypothesis can be troublesome
because of the extreme complexity of factors
regulating interactions between crops and weeds.
Steps 3 and 4 constitute much of what is generally
termed the experimental design, which has the three
essential components: (1) estimate of error, (2)
control of error, and (3) proper interpretation of
results.
Estimate of Error. Consider a weed scientist who
wishes to measure the effect of a weed species on
yield of a given crop. The researcher lays out two
plots of equal size, side by side, and sows one to the
crop in a pure stand and the other to the crop–weed
mixture. Crop-yield reduction in the mixed stand is
then measured relative to the monoculture plot. The
methodology, despite its simplicity and commonsense appeal, is flawed, for it presumes that the
difference between the two stands is caused by the
presence of the weed species and nothing else, which
is not true. Even if the mixed stand were planted on
both plots, the yield would differ, because other
factors, such as soil texture, fertility, and moisture,
also affect crop yield. The difference among
experimental plots treated alike is called experimental error. Experimental error can be measured only
if there are at least two plots planted for a given
treatment. Thus, to obtain a measure of experimental error, replication is required. A minimum of
four replications is a standard in weed-competition
studies. Similarly, results could be biased if the
experimental field has a unidirectional fertility or
solar gradient. To avoid such bias, replicates must
be blocked along the gradient and treatments must
be assigned to experimental plots randomly.
Control of Error. The three commonly used
techniques for controlling experimental error in
weed research are (1) blocking, (2) proper plot
technique, and (3) data analysis.
Blocking. Substantial variation can be expected
within an experimental field involving weeds as
the result of weed genotypic and phenotypic
diversity. This variation is compounded by soil
and environmental factors that contribute to
experimental error. By blocking replicates along
soil gradients and by assigning all treatments into

each block randomly, variation within block is
minimized while variation among is measured and
removed from the experimental error.
Proper Plot Technique. It is critical that all other
factors besides those considered as treatments be
maintained uniformly for all experimental units.
For example, in weed critical period experiments
where the treatments consist solely of the dates of
emergence of weeds, it is required that all other
factors such as plant density, soil nutrients, soil
water, and all other environmental factors are
maintained uniformly for all plots in the experiment. Although this requirement is hard to satisfy,
researchers should strive to keep all external factors
as homogeneous as possible so that variability
among experimental plots within a given block is
minimized.
Data Analysis. Proper choice of data analysis can be
of great help in situations where blocking alone may
not adequately control the experimental error.
Covariance analysis can be used for this purpose
by reducing the variability among experimental
units through adjustment of their values to a
common value of the covariates. The covariate is
the character whose functional relationship to the
primary character is known. For example, in a
multispecies competition experiment, the date of
emergence of each weed species usually differs.
Using this date as the covariate, final weight of
individual plants can be adjusted to the value that
would have been attained had all species emerged
the same day.
Proper Interpretation of Results. An essential
feature of controlled experiments is their ability to
maintain constant all factors that are not the
treatments being assessed. The weed scientist has
to bear in mind that this uniformity is both an
advantage and a weakness in the sense that it allows
the measurement and reduction of experimental
error, while at the same time limiting the
applicability and generalization of the experimental
results. This limitation must always be considered in
the interpretation of the results.
Consider the crop–weed competition experiment
aimed at determining crop-yield loss due to the
competitive effect of a single weed species. Clearly
the results of such an experiment are, strictly
speaking, applicable only to agroecosystems in
which the studied weed species is the only species
or is at least the dominant species. However, the
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reality is that most croplands are colonized by
several weed species. In addition, the environment
surrounding a single experiment can hardly represent the variation over space and time that is so
typical of agricultural ecosystems. Consequently,
crop–weed competition studies should be conducted for several crop seasons at different locations, on
research stations and farm fields, to ensure the
applicability of the results over a wide range of
environments.
Summary

Crop–weed competition studies are important
because they provide critical information on whether
weed control measures are required, and if so, what is
the optimal timing to implement control practices to
protect crop yield and quality. Additionally, they
provide information on the merits of various crop
production practices (e.g., crop rotation, higher seeding
rates, narrower row spacing) that may improve overall
crop competitiveness.
Several experimental designs have been devised to
study crop–weed competition. Each design deals
with plant density, plant spatial arrangement, and
proportion of competing plants in different ways.
The choice of experimental design is largely dictated
by the hypothesis being tested and the practicality
of conducting the experiment in terms of land
requirements and labor. Once the experimental
design has been selected, then it is critical to outline
the procedures to be used carefully, to allow accurate
hypothesis testing. This includes determination of
what variables to measure, the methodology used to
measure those variables, and the selection of
appropriate statistical analyses. Proper selection of
the experimental design and procedures will ensure a
successful crop–weed competition study.
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