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Abstract

Size-asymmetric competition, in which larger plants obtain a disproportionally larger share of contested resources, can be
applied in agriculture to suppress weeds by increasing crop density and spatial uniformity, as these practices enhance the initial
size-asymmetric competitive advantages of crop seedlings over weed seedlings early in the growing season. We do not yet
know how agronomic factors influence weed suppression at high crop density. We performed a field experiment to ask how
crop density, spatial pattern and irrigation interact to influence weed suppression and grain yield in semi-arid croplands. The
experimental was a factorial design with 4 factors: wheat cultivar (Ningchun4, Xihan2), irrigation level (control, irrigated),
sowing density (low, 196 seeds m�2; moderate, 400 seeds m-2; high, 625 seeds m�2), and spatial sowing pattern (rows, uni-
form). Weed growth was effectively suppressed by increased crop density and spatial uniformity. Effects of crop density on
weed suppression and grain yield were more pronounced in the uniform pattern than in crop rows. Weed biomass was 55.7%
lower and grain yield increased 29.7% higher in the high density uniform pattern compared to the low density and row pattern.
Crop density interacted with cultivar in determining both weed biomass and grain yield, potentially reflecting different traits
regulating crop competitive ability. Irrigation and crop density had additive effects on weed biomass but interacted to influence
grain yield. Our findings support the idea that increased crop density and spatial uniformity can make a valuable and environ-
mentally friendly contribution to weed control in wheat, reducing the need for chemical or mechanical weed control. We need
a better understanding of the interactions among climate, agricultural management and crop genotype to improve our ability to
effectively suppress weeds with high crop density and spatial uniformity.
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Introduction

Weeds influence grain yield and quality by competing
with cereal crops for resources, so the application of herbi-
cides or other forms of weed control are ubiquitous (Gal-
landt & Weiner, 2015; Kraehmer et al., 2014; van der
schaft für Ökologie. This is an open access article under the CC BY-NC-ND
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Meulen & Chauhan, 2017). Weeds are the largest source of
crop yield loss globally (Clark et al., 1998; Liebman et al.,
2001; Oerke, 2006). Recent studies have suggested that
developing high-density cropping systems is one effective
approach to reduce weed invasions in croplands and enhance
grain yields (Andrew et al., 2015; Weiner et al., 2001,
2010), and that this approach can avoid adverse environ-
mental impacts associated with the use of chemical herbi-
cides, such as water pollution, biodiversity loss in
agricultural lands, and health risks for humans
(Martinez et al., 2018; Quintaneiro et al., 2018). Increased
crop density and spatial uniformity are the key to achieve
this goal, as these practices enhance the initial size-asym-
metric competitive advantages of crop seedlings over weed
seedlings (Weiner et al., 2001). Cereal crops almost always
have larger seeds than their weeds, giving the crop an initial
size advantage, which results in weed suppression due to
size-asymmetric competition early in the growing season if
the crop density is high enough (Weiner et al., 2001).

Plant competition for resources (e.g., light, soil nutrients
and water) can be positioned along a continuum from
completely symmetric (all plants share the resources equally
irrespective of their sizes), to size-symmetric (plants obtain
resources in proportion to their size), to completely size-
asymmetric competition (the largest plants obtain all resour-
ces; Schwinning & Weiner, 1998). In most cases, plant com-
petition in natural or semi-natural plant communities is
partially size-asymmetric (larger plants obtain disproportion-
ately more resources than their smaller neighbors), and the
degree of size asymmetry is primarily determined by the
nature of limiting resources for which plants are competing
(Fig. 1A). For example, plant competition for soil resources,
which are distributed in three dimensions, is usually size-
symmetric (Schwinning & Weiner, 1998). In contrast, light
is directionally supplied to plants, so larger, taller plants
reduce the light available to smaller, shorter neighbors,
thereby resulting in a size-asymmetric competitive advan-
tages (Craine & Dybzinski, 2013; Schwinning & Wei-
ner, 1998). Therefore, the degree of size-asymmetric
competition increases where soil nutrients and water are
abundant, and light becomes the most limiting resource for
plants.

This ecological theory of competition has been applied in
agricultural practices to increase weed suppression through
enhancing the initial size-asymmetric advantage of crops
derived from their larger seeds (Weiner et al., 2001, 2010).
In standard agricultural practices, the crop are sown in rows,
which are long, narrow clumps, in which the density is very
high within the row but very low between the rows (Chau-
han & Johnson, 2010). The high crop density within the
rows intensifies intraspecific crop competition, but the inten-
sity of crop-weed competition is relatively low between the
rows, so some weeds catch up in size with crops before they
experience competition from the crop plants (Weiner et al.,
2001). In a spatially uniform pattern, crops can compete
with weeds earlier in the growing season while crop plants
still have the size-asymmetric competitive advantage due to
early vigor Bertholdsson (2005). Increased crop spatial uni-
formity also weakens and postpones intraspecific competi-
tion among crop plants and increases resource uptake by the
crop (Weiner et al., 2001). There is limited evidence for an
interaction between crop density and spatial pattern on weed
growth; some studies have found the effects to be additive
(Kristensen et al., 2008; Marín & Weiner, 2014; Olsen et al.,
2005; Olsen et al., 2012; Weiner et al., 2001).

Environmental and management factors also influence the
degree of size asymmetry and therefore weed suppression
by crops. Most studies have been performed in fertile and
moist croplands where soil nutrients and water are not limit-
ing factors for plants (Kristensen et al., 2008; Marín & Wei-
ner, 2014; Mouillon et al., 2020; Olsen et al., 2005;
Olsen et al., 2012; Weiner et al., 2001). In semi-arid crop-
lands, however, the degree of size-asymmetric competition
between crops and weeds may be reduced since soil water
and/or nutrients can be more limiting than light. In this case,
size-symmetric competition for soil water may dominate
plant interactions, and crops may not have the disproportion-
ate size advantage needed to effectively suppress weed
growth (Connolly & Wayne, 1996; Zhang et al., 1999). In
addition, some common agricultural practices in semi-arid
regions, such as irrigation, and breeding of cultivars for the
local environment, may alter the effects of crop density and
spatial pattern on weed suppression and grain yield (Lieb-
man, 1989; Weiner et al., 2010). It is important to under-
stand interactions among agricultural management (e.g.,
crop density and spatial pattern, irrigation) and crop geno-
type if we are to generalize the findings of increased weed
suppression by high crop density and spatial uniformity, and
further increase weed suppression. Few experimental studies
have investigated these interactions (but see Bryan et al.,
2014; Lobell, 2003).

Here, we report on a field experiment to investigate how
crop density, spatial pattern, and irrigation practices influ-
ence weed suppression and grain yield of two spring wheat
cultivars (Triticum aestivum L.). These two cultivars were
bred and are often grown in semi-arid areas of Northwest
China. The key hypotheses we tested are (1) Increased crop
density and spatial uniformity increase weed suppression
and grain yield. (2) The effects of crop density on weed bio-
mass and grain yield differ between the two cultivars. (3)
The effects of crop density and spatial pattern on weed bio-
mass and grain yield are affected by irrigation.
Materials and methods

Experimental design

The field experiment was conducted at the Experimental
Station of Lanzhou University in Yuzhong County, Gansu
Province, China (104°90 E, 35°560 N, ca. 1749 m a.s.l.).
This site has a typical semi-arid climate in northwestern



Fig. 1. (A) The theory of size-asymmetric competition can be applied in agriculture to increase weed suppression by crops. “+” marks indi-
cate positive effects. (B) Sowing density and spatial pattern treatments in the present study (after Lu et al., 2020)
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China, with a mean annual rainfall of 330 mm and a mean
temperature of 14.5 °C. The soil type is a Heima sandy loam
soil (Calcic Kastanozems, FAO Taxonomy). The experi-
mental site was plowed and irrigated before sowing, and
128 kg ha�1 of N, 120 kg ha�1 of P, and 150 kg ha�1 of K
were applied using a combination of NH4HCO3 and
KH2PO4. We used two spring wheat cultivars, Ningchun4
and Xihan2, which have been widely grown in semi-arid
regions of Northwest China in recent decades. Ningchun4 is
approximately 25% shorter and has 20% more tillers than
Xihan2. Brassica napus L. and Linum usitatissimum L.
were used as surrogate weed species, because they have the
same growth season as spring wheat in Gansu province and
they have weedy characters such as relatively small seed
size and rapid growth. Brassica napus has become weedy in
some areas within the region. Seeds of B. napus and L. usita-
tissimum were bought from the local seed supplier.

The experiment was a factorial design: wheat cultivar
(Ningchun4, Xihan2), irrigation treatment (control, irri-
gated), sowing density (low, 196 seeds m�2; moderate,
400 seeds m�2; high, 625 seeds m�2), and spatial sowing
patterns (uniform, rows). To avoid possible effects of
irrigation on neighboring non-irrigated plots, the field
was split into two subareas at a distance of 2 m for the
two irrigation treatments. Within each subarea, there was
a randomized block design with 2 cultivars £ 2
patterns £ 3 densities = 12 plots in each of three repli-
cated blocks. In total, we established 72 plots with each
one of 2 £ 2 m. Narrow paths were established between
blocks for management access.

Wheat seeds were sown by hand on 29 � 31 March 2016.
For the uniform pattern, we used a metal frame with a grid
of nylon wires at different densities to ensure a uniform dis-
tribution (the distances between plants are given in Fig. 1B).
For the row pattern, we dug ditches and then put wheat seeds
into the ditch equidistantly by hand, and the distance
between ditches was 12.5 cm according to local field prac-
tice (the distances between plants are given in Fig. 1B).
Wheat seeds were sown about 4 cm in depth. Weed seeds
were mixed with sand, dropped on the soil surface, and then
harrowed immediately after wheat sowing at a total density
of 1000 seeds m-2 (500 seeds m�2 each of Brassica napus
and Linum usitatissimum). After wheat germination, a slight
spray irrigation was applied to the whole field to accelerate
weed germination. Two weeks after the wheat germinated,
we selected half of the plots randomly, and counted the
emergence of wheat seedlings in a subplot of 50 £ 50 cm in
each plot. At the wheat jointing stage, flood irrigation corre-
sponding to 50 mm rainfall was applied in the irrigated treat-
ment, while no artificial irrigation was applied during the
growing period in the control treatment.

On 4 � 5 July 2016, when the weeds had reached their
maximum biomass, we selected two 50 £ 50 cm subplots in
each plot and harvested the aboveground parts of weeds.
Wheat was harvested on 28 July to 1 August 2016, in two
other subplots. We also selected five wheat individuals
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randomly in each subplot and then measured their height and
counted their tiller number. Samples were oven-dried at 70 °
C for 48 h to determine seed biomass (grain yield) and weed
biomass.
Statistical analyses

Data were analyzed using mixed-effects linear models in
“nlme” package in R (Pinheiro et al., 2021), with wheat cul-
tivars, irrigation, sowing density and sowing spatial pattern
s as the random factors and block as the random factor. Dif-
ferences between treatments were determined using Tukey’s
honest significant difference post hoc tests. The relationships
between weed biomass and grain yield were tested using
regression analyses for each cultivar £ spatial
pattern £ irrigation treatment combination. All analyses
were performed in R (R Development Core Team, 2021).
Results

Irrigation increased weed biomass and grain yield by
31.1% and 35.8% compared to the control (Table 1, Fig. 2).
There were no overall effects of sowing pattern on weed bio-
mass or grain yield (Table 1). Weed biomass decreased and
grain yield increased as crop density increased (Table 1,
Fig. 3). The effects of crop density on weed biomass and
grain yield were significantly different for the two sowing
patterns (pattern £ density interaction; Table 1). Increased
weed suppression by increased crop density was more pro-
nounced in the uniform (weed biomass = - 0.29 £ crop den-
sity + 178.3, R2 = 0.54, P < 0.001) than in the row pattern
Table 1. Results from general linear models testing how wheat cultivar
enced weed biomass, grain yield, wheat height and effective tiller numb
(P < 0.05).

Weed biomass Grain y

Effect df F value P value F value

Pattern (P) 1, 52 0.12 0.7358 0.01
Density (D) 1, 52 74.85 <0.0001 50.66
Irrigation (I) 1, 4 16.56 0.0152 9.51
Cultivar (C) 1, 52 0.04 0.8395 2.45
P £ D 1, 52 4.27 0.0438 7.26
P £ I 1, 52 0.25 0.6163 0.04
D £ I 1, 52 0.51 0.4770 7.32
P £ C 1, 52 3.31 0.0746 1.98
D £ C 1, 52 9.01 0.0041 11.25
I £ C 1, 52 0.02 0.8874 1.04
P £ D £ I 1, 52 2.47 0.1224 0.34
P £ D £ C 1, 52 0.06 0.8016 1.82
P £ I £ C 1, 52 6.42 0.0144 0.62
D £ I £ C 1, 52 0.36 0.5501 5.63
P £ D £ I £ C 1, 52 0.10 0.7585 1.39
(weed biomass = - 0.18 £ crop density + 145.5, R2 = 0.32,
P < 0.001; Fig. 3A). Grain yield was correlated with crop
density in the row pattern, but the correlation was not signif-
icant (P = 0.065), while there was a highly significant posi-
tive relationship in the uniform pattern (grain
yield = 0.24 £ crop density + 121.3, R2 = 0.38, P < 0.001;
Fig. 3B).

The effects of crop density on weed biomass and grain
yield differed between the two wheat cultivars (significant
density £ cultivar interaction; Table 1). Declines in weed
biomass resulting from increased crop density were greater
in Ningchun4 (weed biomass = - 0.39£ crop density + 192.7,
R2 = 0.48, P < 0.001) than in Xihan2 (weed biomass = -
0.18 £ crop density + 144.5, R2 = 0.37, P < 0.001;
Fig. 3C). Grain yield increased significantly with crop den-
sity in Ningchun4 (grain yield = 0.31£ crop density + 107.9,
R2 = 0.27, P = 0.001), and close to significantly in Xihan2
(P = 0.051; Fig. 3D).

The increase in weed suppression due to increased crop
density did not differ between the irrigation treatments (for
control plots: weed biomass = - 0.22£ crop density + 141.7,
R2 = 0.52, P < 0.001; for irrigated plots: weed biomass = -
0.26 £ crop density + 182.1, R2 = 0.45, P < 0.001;
Fig. 3E). However, irrigation altered the effects of crop den-
sity on grain yield (significant density £ irrigation interac-
tion; Table 1). Positive effects of crop density on grain yield
were greater in irrigated (grain yield = 0.24 £ crop den-
sity + 146.7, R2 = 0.44, P < 0.001) than in control plots
(grain yield = 0.11 £ crop density + 132.4, R2 = 0.16,
P = 0.016; Fig. 3F).

The two wheat cultivars had contrasting morphological
attributes. Ningchung4 was 25.8% shorter and produced
20.4% more tillers per individual than Xihan2 (Table 1,
s, sowing densities, spatial patterns and irrigation treatments influ-
er. F and P values are given. Bold types show significant effects

ield Height Tiller number

P value F value P value F value P value

0.9177 0.13 0.7206 1.04 0.3118
<0.0001 41.23 <0.0001 45.92 <0.0001
0.0368 21.01 0.0102 9.63 0.0361
0.1233 439.79 <0.0001 6.92 0.0112
0.0095 1.23 0.2720 5.15 0.0274
0.8444 2.20 0.1437 0.38 0.5427
0.0092 7.54 0.0083 8.40 0.0055
0.1654 0.32 0.5767 0.06 0.8012
0.0015 0.70 0.4052 13.56 0.0006
0.3131 4.65 0.0357 0.49 0.4866
0.5652 1.54 0.2199 2.15 0.1489
0.1835 3.09 0.0848 12.18 0.0010
0.4354 0.50 0.4807 0.28 0.5992
0.0214 0.08 0.7773 0.45 0.5048
0.2431 0.09 0.7599 4.60 0.0366



Fig. 2. Effects of sowing spatial pattern, irrigation treatments and wheat cultivars on (A) weed biomass, (B) grain yield, (C) height and (D) til-
ler number. N4 = Ningchun4, X2 = Xihan2. Means and standard errors are shown.
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Fig. 2C and D). There were no overall effects of sowing spa-
tial patterns on crop height or tiller number (Table 1). Crop
height increased with density in irrigated plots, while in control
plots there was no correlation between crop height and density
(significant density £ irrigation interaction; Table 1; Fig. 4).
There was a significant pattern£ density£ irrigation£ cultivar
interaction on tiller number (Table 1), and the decline in tiller
number driven by crop density was the most pronounced for
Ningchun4 with irrigation and uniform sowing (tiller number = -
0.0046£ crop density + 2.46, R2 = 0.83, P< 0.001, Fig. 5). We
did not find pattern£ density£ irrigation£ cultivar interactions
on weed biomass, grain yield or crop height (Table 1).
Discussion

We need to develop sustainable cropping systems that can
suppress weeds and reduce the negative environmental
effects of agricultural practices such as application of herbi-
cides and mechanical weed control Weiner (2017). It has
been shown that high crop sowing density in a uniform spa-
tial pattern can effectively suppress weeds in moist crop-
lands (Kristensen et al., 2008; Marín & Weiner, 2014;
Mouillon et al., 2020; Olsen et al., 2005; Olsen et al., 2012;
Weiner et al., 2001). While there is evidence that this
approach is effective at both low and high levels of fertiliza-
tion (Kristensen et al., 2008), ours is the first study to ask
whether this approach will also be effective in semi-arid
croplands, both with and without irrigation.
Interaction between crop density and spatial
pattern

Our results support hypothesis 1, that both crop density
and spatial pattern influence weed suppression and grain
yield. Weed biomass was reduced by crop density, and this
density-dependent weed suppression was more pronounced
in the uniform pattern (Fig. 3A). In the uniform pattern,
grain yield increased with crop density, but this positive cor-
relation was not significant in the row pattern (Fig. 3B).
These findings are consistent with previous findings that
increased crop density enhanced weed suppression and
increased grain yield under high weed pressure (Marín &
Weiner, 2014; Mouillon et al., 2020; Weiner et al., 2001).
Our study provides evidence that a uniform pattern increases
the effects of crop density on weed suppression. In other
words, crop density and spatial pattern exhibited interactive,
rather than the additive effects on weed suppression
observed in some previous studies (Kristensen et al., 2008;
Olsen et al., 2005; Olsen et al., 2012; Weiner et al., 2010).

The crop density £ spatial pattern interaction here is con-
sistent with the hypothesis that size-asymmetric competition
can be the mechanism for increasing weed suppression by



Fig. 3. Effects of crop density (individual count m�2) on weed biomass and grain yield for (A, B) different sowing spatial patterns, (C, D) dif-
ferent wheat cultivars and (E, F) different irrigation treatments. Solid and dashed lines indicate significant and non-significant linear regres-
sions at the level of P < 0.05, respectively.
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the crop (Weiner et al., 2001). Crop density and spatial uni-
formity increase the size advantage of crop seedlings over
weed seedlings (Olsen et al., 2012; Weiner et al., 2010).
Quick germination, early vigor, and high leaf area of crop
seedlings determine the rate at which crop cover develops
(Bertholdsson, 2005; Olesen et al., 2004). Crop cover occurs
sooner in a uniform than in a traditional row pattern (Olsen
& Weiner, 2007), because intraspecific competition and
self-shading within crop population are reduced and delayed
as long as possible, while interspecific competition with
weeds occurs as early as possible (Olsen et al., 2012;
Weiner et al., 2010). There are other advantages of a



Fig. 4. The relationships between crop density (individuals counted m�2) and height under different irrigation treatments. Solid and dashed
lines indicate significant and insignificant linear regressions at the level of P < 0.05.
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uniform pattern, such as increased use of soil nutrients and
space, which enhance plot-level grain yield (Lu et al., 2020;
Olsen et al., 2005).

Seeds were uniformly spaced in the row pattern in our
study, to reflect local farming practices. In most machine-
sown row patterns, seeds are randomly distributed within
the rows, resulting in an even more clumped pattern than the
row pattern here. A recent review of the effects of crop sow-
ing pattern (Lu et al., 2020) found that uniform sowing
within rows had, by itself, a larger effect on yield than pre-
dicted. Therefore, it is likely that a uniform spatial pattern
will often have an even larger effect in than in our study.
Crop density effects differed between the wheat
cultivars

Our second hypothesis, that the effects of crop density on
weed biomass and grain yield differ between the two cultivars,
was also supported by our results. There were significant inter-
actions between crop density and wheat cultivar for weed
biomass and grain yield (Fig. 3C and D), implying that the
competitive ability of different cultivars can change with den-
sity, as observed in previous experimental studies on maize
(Marín & Weiner, 2014) and wheat (Olsen et al., 2005;
Weiner et al., 2001; Wu et al., 2021). In the present study, the
cultivars Xihan2 (taller and fewer tillers) and Ningchun4
(shorter and more tillers) were better competitors at low and
high density, respectively. This is because taller cultivars can
vertically intercept light and suppress neighbors at low density,
while cultivars with more tillers are more likely to reduce
neighbor growth at very early growth stage through horizonal
tiller growth when the weeds are still very small. To optimize
crop-weed competition for weed suppression, we need to
understand which traits improve crop competitiveness at high
density, as weeds can only be effectively suppressed at high
crop density. Effective weed suppression occurs at the popula-
tion level. A single crop plant cannot suppress a single weed
neighbor, but a canopy of leaves of many individuals can cre-
ate a shaded subcanopy, which is an unfavorable environment
for weed seedlings.

Numerous studies suggest that the competitive ability of a
crop can be related to different traits at the individual level,



Fig. 5. Relationships between crop density (individual count m�2) and tiller number in different treatment combinations of sowing spatial
pattern, irrigation treatments and wheat cultivars. Solid and dashed fitted lines indicate significant and insignificant linear regressions at the
level of P < 0.05.
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such as height, tiller number, leaf size, and canopy architec-
ture (Murphy et al., 2008; Wicks et al., 2004). However, pre-
vious findings are inconsistent with regard to the relative
importance of these traits in regulating crop competitive
ability (Andrew et al., 2015). It is likely that crop competi-
tive ability is determined by multiple traits, and those that
best predict it may differ under different conditions (Chris-
tensen, 1995; Mennan & Zandstra, 2005). We propose that
it is the collective competitive ability of a crop population,
rather than individual competitive ability, that is important
for weed suppression, as effective weed suppression only
occurs at the plot/population level.

Weiner et al. (2010) hypothesized that reduced pheno-
typic plasticity in response to shading, the shade avoidance
response, can increase weed suppression and grain yield.
They argued that the shade avoidance response increases
individual fitness but it is at the expense of yield and
increased risk of lodging (Sawers et al., 2005), thereby
decreasing population yield and weed suppression
(Boccalandro et al., 2003). An offensive, cooperative shad-
ing strategy may be much more effective in competition
with weeds at the population level than a defensive, individ-
ual, shade-avoidance strategy Weiner et al. (2010).
Irrigation, crop density and spatial patterns and
weeds in semi-arid croplands

In semi-arid croplands, size-asymmetric competition for
light may be weak and size-symmetric competition for soil
resources more prevalent. Our results did not support
hypothesis 3, that the effects of crop density and spatial pat-
tern on weed biomass and grain yield are altered by
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irrigation. We did observe significant interactions between
crop density and irrigation treatments for grain yield, how-
ever. The two cultivars in this study are well adapted to the
local semi-arid conditions, and they can effectively take up
soil water and/or water use it efficiently, thereby avoiding
drought stress over the growing season. Although irrigation
treatments did not significantly alter the degree of crop-
weed competition (Fig. 3E), positive effects of irrigation on
grain yield were greater at high density (Fig. 3F). This find-
ing suggests that high-density cropping systems may be a
feasible approach to sustainable agricultures in semi-arid
regions Weiner (2017), if effective and low-loss irrigation is
available. These agricultural practices can increase crop
cover, which plays a vital role in developing sustainable
cropping systems (Garland et al., 2021).
Conclusions

Our study provides new information about how crop den-
sity, spatial patterns, and soil water interacted to influence
weed suppression and grain yield in semi-arid croplands.
We found that weed growth was effectively suppressed by
increased crop density and spatial uniformity. The effects of
crop density on weed suppression and grain yield were
stronger in the uniform pattern than in crop rows. Crop den-
sity interacted with cultivar to determine weed biomass and
grain yield, potentially reflecting different traits determining
crop competitive ability under different agronomic condi-
tions. Irrigation and crop density had additive effects on
weed biomass but interacted to influence grain yield. Our
findings support the idea that increased crop density and spa-
tial uniformity can make a valuable and environmentally
friendly contribution to weed control in semi-arid wheat pro-
duction, reducing the need for chemical or mechanical weed
control. Further research is needed to test how interactions
among agriculture management (e.g., sowing density, spatial
pattern, and irrigation), environmental conditions (e.g., arid-
ity), and crop genotype influence weed suppression and
grain yield, so we can develop high-yielding, environmen-
tally friendly, weed-suppressing cropping systems.
Declaration of Competing Interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to in fluence the work reported in this paper.
Acknowledgement

We thank Prof. Wanjin Liao for his help with the experi-
mental design, the Arid Agroecology Experiment Station of
Lanzhou University for logistic support, the Seed Adminis-
trative Station of Huining and Wheat Breeding Farm of
Yuzhong for providing wheat seeds, and Subject Editor
Alexandra Klein, Managing Editor Klaus H€ovemeyer and
especially several anonymous reviewers for valuable com-
ments on an earlier version of this paper. This research was
funded by the National Natural Science Foundation of China
(grant number: 31421063) and the “111” Program of Intro-
ducing Talents of Discipline to Universities (grant number:
B13008).
References

Andrew, I. K. S., Storkey, J., & Sparkes, D. L. (2015). A review of
the potential for competitive cereal cultivars as a tool in inte-
grated weed management. Weed Research, 55(3), 239–248.
doi:10.1111/wre.12137.

Bertholdsson, N.-O. (2005). Early vigour and allelopathy � two
useful traits for enhanced barley and wheat competitiveness
against weeds. Weed Research, 45(2), 94–102. doi:10.1111/
j.1365-3180.2004.00442.x.

Boccalandro, H. E., Ploschuk, E. L., Yanovsky, M. J.,
S�anchez, R. A., Gatz, C., & Casal, J. J. (2003). Increased phyto-
chrome B alleviates density effects on tuber yield of field potato
crops. Plant Physiology, 133(4), 1539–1546. doi:10.1104/
pp.103.029579.

Bryan, B. A., King, D., & Zhao, G. (2014). Influence of manage-
ment and environment on Australian wheat: Information for
sustainable intensification and closing yield gaps. Environmen-
tal Research Letters, 9,(4) 044005. doi:10.1088/1748-9326/9/4/
044005.

Chauhan, B. S., & Johnson, D. E. (2010). Implications of narrow
crop row spacing and delayed Echinochloa colona and Echino-
chloa crus-galli emergence for weed growth and crop yield loss
in aerobic rice. Field Crops Research, 117(2), 177–182.
doi:10.1016/j.fcr.2010.02.014.

Christensen, S. (1995). Weed suppression ability of spring barley
varieties. Weed Research, 35(4), 241–247. doi:10.1111/j.1365-
3180.1995.tb01786.x.

Clark, M. S., Ferris, H., Klonsky, K., Lanini, W. T.,
van Bruggen, A. H. C., & Zalom, F. G. (1998). Agronomic,
economic, and environmental comparison of pest management
in conventional and alternative tomato and corn systems in
northern California. Ecosystems & Environment, 68(1), 51–71.
doi:10.1016/S0167-8809(97)00130-8 -2https://doi.org/.

Connolly, J., & Wayne, P. (1996). Asymmetric competition
between plant species. Oecologia, 108(2), 311–320.
doi:10.1007/BF00334656.

Craine, J. M., & Dybzinski, R. (2013). Mechanisms of plant com-
petition for nutrients, water and light. Functional Ecology, 27
(4), 833–840. doi:10.1111/1365-2435.12081.

Gallandt, E. R., & Weiner, J. (2015). Crop-weed competition. Ltd,
In John Wiley, & Sons (Eds.), ELS Ltd. (pp. 1�9). John Wiley
& Sons, Ltd. doi:10.1002/9780470015902.a0020477.pub2.

Garland, G., Edlinger, A., Banerjee, S., Degrune, F.,
García-Palacios, P., Pescador, D. S., Herzog, C., Romdhane, S.,
Saghai, A., Spor, A., Wagg, C., Hallin, S., Maestre, F. T.,
Philippot, L., Rillig, M. C., &
van der Heijden, M. G. A. (2021). Crop cover is more important
than rotational diversity for soil multifunctionality and cereal

http://dx.doi.org/10.1111/wre.12137
http://dx.doi.org/10.1111/j.1365-3180.2004.00442.x
http://dx.doi.org/10.1111/j.1365-3180.2004.00442.x
http://dx.doi.org/10.1104/pp.103.029579
http://dx.doi.org/10.1104/pp.103.029579
http://dx.doi.org/10.1088/1748-9326/9/4/044005
http://dx.doi.org/10.1088/1748-9326/9/4/044005
http://dx.doi.org/10.1016/j.fcr.2010.02.014
http://dx.doi.org/10.1111/j.1365-3180.1995.tb01786.x
http://dx.doi.org/10.1111/j.1365-3180.1995.tb01786.x
http://dx.doi.org/10.1016/S0167-8809(97)00130-8
http://dx.doi.org/10.1007/BF00334656
http://dx.doi.org/10.1111/1365-2435.12081
http://dx.doi.org/10.1002/9780470015902.a0020477.pub2


N. Xi et al. / Basic and Applied Ecology 61 (2022) 20�29 29
yields in European cropping systems. Nature Food, 2(1), 28–
37. doi:10.1038/s43016-020-00210-8.

Kraehmer, H., Laber, B., Rosinger, C., & Schulz, A. (2014). Herbi-
cides as weed control agents: state of the art: I. weed control
research and safener technology: The path to modern agricul-
ture. Plant Physiology, 166(3), 1119–1131. doi:10.1104/
pp.114.241901.

Kristensen, L., Olsen, J., & Weiner, J. (2008). Crop density, sow-
ing pattern, and nitrogen fertilization effects on weed suppres-
sion and yield in spring wheat. Weed Science, 56(1), 97–102.
doi:10.1614/WS-07-065.1.

Liebman, M. (1989). Effects of nitrogen fertilizer, irrigation, and
crop genotype on canopy relations and yields of an intercrop/
weed mixture. Field Crops Research, 22(2), 83–100.
doi:10.1016/0378-4290(89)90060-9.

Liebman, M., Mohler, C. L., & Staver, C. P. (2001). Ecological
management of agricultural weeds (1st ed.). Cambridge Uni-
versity Press. doi:10.1017/CBO9780511541810.

Lobell, D. B. (2003). Climate and management contributions to
recent trends in U.S. agricultural yields. Science, 299(5609),
1032–1033. doi:10.1126/science.1077838.

Lu, P., Jiang, B., & Weiner, J. (2020). Crop spatial uniformity,
yield and weed suppression. Advances in Agronomy, 161, 117–
178. doi:10.1016/bs.agron.2019.12.003.

Marín, C., & Weiner, J. (2014). Effects of density and sowing pat-
tern on weed suppression and grain yield in three varieties of
maize under high weed pressure. Weed Research, 54(5), 467–
474. doi:10.1111/wre.12101.

Martinez, D. A., Loening, U. E., & Graham, M. C. (2018). Impacts
of glyphosate-based herbicides on disease resistance and health
of crops: a review. Environmental Sciences Europe, 30(1), 2.
doi:10.1186/s12302-018-0131-7.

Mennan, H., & Zandstra, B. H. (2005). Effect of wheat (Triticum
aestivum) cultivars and seeding rate on yield loss from Galium
aparine (cleavers). Crop Protection, 24(12), 1061–1067.
doi:10.1016/j.cropro.2005.02.012.

Mouillon, P., Caldwell, B. A., Cordeau, S., Pelzer, C. J.,
Wayman, S., & Ryan, M. R. (2020). Crop density affects weed
suppression in organically managed Sunflower. Agronomy
Journal, 112(1), 450–457. doi:10.1002/agj2.20059.

Murphy, K. M., Dawson, J. C., & Jones, S. S. (2008). Relationship
among phenotypic growth traits, yield and weed suppression in
spring wheat landraces and modern cultivars. Field Crops
Research, 105(1), 107–115. doi:10.1016/j.fcr.2007.08.004
-2https://doi.org/.

Oerke, E.-C. (2006). Crop losses to pests. The Journal of Agricul-
tural Science, 144(1), 31–43. doi:10.1017/
S0021859605005708.

Olesen, J. E., Hansen, P. K., Berntsen, J., & Christensen, S. (2004).
Simulation of above-ground suppression of competing species
and competition tolerance in winter wheat varieties. Field
Crops Research, 89(2), 263–280. doi:10.1016/j.
fcr.2004.02.005.

Olsen, J., Kristensen, L., Weiner, J., & Griepentrog, H. (2005).
Increased density and spatial uniformity increase weed
suppression by spring wheat. Weed Research, 45(4), 316–321.
doi:10.1111/j.1365-3180.2005.00456.x.

Olsen, J. M., Griepentrog, H.-W., Nielsen, J., & Weiner, J. (2012).
How important are crop spatial pattern and density for weed
suppression by spring wheat? Weed Science, 60(3), 501–509.
doi:10.1614/WS-D-11-00172.1.

Olsen, J., & Weiner, J. (2007). The influence of Triticum aestivum
density, sowing pattern and nitrogen fertilization on leaf area
index and its spatial variation. Basic and Applied Ecology, 8(3),
252–257. doi:10.1016/j.baae.2006.03.013.

Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D., Heisterkamp, S.,
Van Willigen, B., & Ranke, J. (2021). nlme: Linear and Nonlin-
ear Mixed Effects Models (Version 3.1-152). https://CRAN.R-
project.org/package=nlme

Quintaneiro, C., Soares, A. M. V. M., & Monteiro, M. S. (2018).
Effects of the herbicides linuron and S-metolachlor on Perez’s
frog embryos. Chemosphere, 194, 595–601. doi:10.1016/j.che-
mosphere.2017.11.171.

R development core team. (2021). R: a language and environment
for statistical computing. R Foundation for Statistical Comput-
ing, Vienna, Austria.https://www.r-project.org/

Sawers, R. J. H., Sheehan, M. J., & Brutnell, T. P. (2005). Cereal
phytochromes: targets of selection, targets for manipulation?
Trends in Plant Science, 10(3), 138–143. doi:10.1016/j.
tplants.2005.01.004.

Schwinning, S., & Weiner, J. (1998). Mechanisms determining the
degree of size asymmetry in competition among plants. Oecolo-
gia, 113(4), 447–455. doi:10.1007/s004420050397.

van der Meulen, A., & Chauhan, B. S. (2017). A review of weed
management in wheat using crop competition. Crop Protection,
95, 38–44. doi:10.1016/j.cropro.2016.08.004.

Weiner, J. (2017). Applying plant ecological knowledge to increase
agricultural sustainability. Journal of Ecology, 105(4), 865–
870. doi:10.1111/1365-2745.12792.

Weiner, J., Andersen, S. B., Wille, W. K.-M., Griepentrog, H. W.,
& Olsen, J. M. (2010). Evolutionary agroecology: The potential
for cooperative, high density, weed-suppressing cereals. Evolu-
tionary Applications, 3(5), 473–479. doi:10.1111/j.1752-
4571.2010.00144.x.

Weiner, J., Griepentrog, H.-W., & Kristensen, L. (2001). Suppres-
sion of weeds by spring wheat Triticum aestivum increases with
crop density and spatial uniformity. Journal of Applied Ecol-
ogy, 38, 784–790.

Wicks, G. A., Nordquist, P. T., Baenziger, P. S., Klein, R. N.,
Hammons, R. H., & Watkins, J. E. (2004). Winter wheat culti-
var characteristics affect annual weed suppression. Weed Tech-
nology, 18(4), 988–998. doi:10.1614/WT-03-158R1.

Wu, Y., Xi, N., Weiner, J., & Zhang, D.-Y. (2021). Differences in
weed suppression between two modern and two old wheat culti-
vars at different sowing densities. Agronomy, 11, 253.

Zhang, D.-Y., Sun, G.-J., & Jiang, X.-H. (1999). Donald’s ideotype
and growth redundancy: A game theoretical analysis. Field
Crops Research, 61(2), 179–187. doi:10.1016/S0378-4290(98)
00156-7.
Available online at www.sciencedirect.com

ScienceDirect

http://dx.doi.org/10.1038/s43016-020-00210-8
http://dx.doi.org/10.1104/pp.114.241901
http://dx.doi.org/10.1104/pp.114.241901
http://dx.doi.org/10.1614/WS-07-065.1
http://dx.doi.org/10.1016/0378-4290(89)90060-9
http://dx.doi.org/10.1017/CBO9780511541810
http://dx.doi.org/10.1126/science.1077838
http://dx.doi.org/10.1016/bs.agron.2019.12.003
http://dx.doi.org/10.1111/wre.12101
http://dx.doi.org/10.1186/s12302-018-0131-7
http://dx.doi.org/10.1016/j.cropro.2005.02.012
http://dx.doi.org/10.1002/agj2.20059
http://dx.doi.org/10.1016/j.fcr.2007.08.004
http://dx.doi.org/10.1016/j.fcr.2007.08.004
http://dx.doi.org/10.1017/S0021859605005708
http://dx.doi.org/10.1017/S0021859605005708
http://dx.doi.org/10.1016/j.fcr.2004.02.005
http://dx.doi.org/10.1016/j.fcr.2004.02.005
http://dx.doi.org/10.1111/j.1365-3180.2005.00456.x
http://dx.doi.org/10.1614/WS-D-11-00172.1
http://dx.doi.org/10.1016/j.baae.2006.03.013
https://CRAN.R-project.org/package=nlme
https://CRAN.R-project.org/package=nlme
http://dx.doi.org/10.1016/j.chemosphere.2017.11.171
http://dx.doi.org/10.1016/j.chemosphere.2017.11.171
https://www.r-project.org/
http://dx.doi.org/10.1016/j.tplants.2005.01.004
http://dx.doi.org/10.1016/j.tplants.2005.01.004
http://dx.doi.org/10.1007/s004420050397
http://dx.doi.org/10.1016/j.cropro.2016.08.004
http://dx.doi.org/10.1111/1365-2745.12792
http://dx.doi.org/10.1111/j.1752-4571.2010.00144.x
http://dx.doi.org/10.1111/j.1752-4571.2010.00144.x
http://refhub.elsevier.com/S1439-1791(22)00023-8/sbref0036
http://refhub.elsevier.com/S1439-1791(22)00023-8/sbref0036
http://refhub.elsevier.com/S1439-1791(22)00023-8/sbref0036
http://refhub.elsevier.com/S1439-1791(22)00023-8/sbref0036
http://dx.doi.org/10.1614/WT-03-158R1
http://refhub.elsevier.com/S1439-1791(22)00023-8/sbref0038
http://refhub.elsevier.com/S1439-1791(22)00023-8/sbref0038
http://refhub.elsevier.com/S1439-1791(22)00023-8/sbref0038
http://dx.doi.org/10.1016/S0378-4290(98)00156-7
http://dx.doi.org/10.1016/S0378-4290(98)00156-7

	Does weed suppression by high crop density depend on crop spatial pattern and soil water availability?
	Introduction
	Materials and methods
	Experimental design
	Statistical analyses

	Results
	Discussion
	Interaction between crop density and spatial pattern
	Crop density effects differed between the wheat cultivars
	Irrigation, crop density and spatial patterns and weeds in semi-arid croplands

	Conclusions
	Declaration of Competing Interest
	Acknowledgement
	References


