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Intercropping with different crop species and different spatial patterns is suggested to

lead to increased competition with weeds and reduced weed abundance and biomass.

In this study, our objective was to explore the ability of multi-species annual forage

crop mixtures to control weeds while providing productive forage. We utilized field and

greenhouse trials to evaluate the impact of different crop mixtures and row spacing

on weed control in the semi-arid Brown soil region of southwestern Saskatchewan,

Canada. Seven different mixtures of up to eight annual forage crops were grown with

row spacing of 15 or 30 cm in a replicated field trial. Weed abundance and biomass

were significantly affected by crop species mixtures. Crop mixtures that contained radish

and barley generally had higher weed suppression. Row spacing did not significantly

impact weed abundance or biomass across the treatments. Results were similar over

both years in spite of drastically different precipitation conditions. Forage production was

significantly different between cropping mixtures in July in both years. The barley-radish

mixture had the highest crop biomass in July, and this early crop production was

linked to weed suppression because crop biomass had a significant effect on weed

abundance and biomass in July, but not August. A greenhouse experiment was used

to further evaluate the crops (i.e., barley and radish) that demonstrated the highest weed

suppressive activity in the field trial. Crop identity and row spacing were both significant

factors affecting weed and crop biomass production. Radish exhibited stronger control

of common lamb’s quarters (Chenopodium album) compared to barley, but the binary

mixture of the two species produced the highest crop biomass and equivalent weed

control compared to the radish monoculture. This research suggests that cropping with

multiple species (particularly forage radish) may be an effective way to control weeds in

semiarid environments.

Keywords: weed suppression, multi-species forage mixtures, polyculture, row spacing, intercropping

INTRODUCTION

The shift toward more sustainable agricultural practices due to concerns over biodiversity loss,
environmental pollution, and greenhouse gas emissions has promoted reduced reliance on
agrochemicals (Gomiero et al., 2011). This is particularly relevant for weed control in annual
cropping systems due to the extensive use of herbicides. Diversification of cropping patterns and
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crop species selection may provide one way to lower reliance on
chemical inputs. Multiple species cropping (polyculture) is the
spatial or temporal intermixing of growing multiple crop species
selected based on their contributions to the system (e.g., legumes
included for nitrogen fixation) or complementarity with other
species [e.g., varying plant architecture and resource use Anil
et al., 1998] on the same land base in the same year. Multiple
cropping systems can increase productivity through resource
partitioning and other ecosystem benefits may accompany these
diverse systems including increased soil health and water use
efficiency (Anil et al., 1998; Bedoussac and Justes, 2011). In
many cases, polycultures have also been associated with weed
suppression via increased competition or allelopathic potential
(Liebman and Dyck, 1993; Mohler, 2001; Szumigalski and Van
Acker, 2005).

Important factors that influence weed dynamics in multiple
cropping or intercropping systems are planting density, row
spacing, and selection of crop species. From an agronomic
perspective, it has long been suggested that increased crop density
can reduce the competitive ability of weeds, although this is not
always correlated with narrower row spacing (Mohler, 2001).
In general, narrower row spacing of crops should increase the
interception of light by crop plants, and row intercropping
with species of varying canopy structure can increase light
use efficiency and increase the competitive pressure on weeds
(Anil et al., 1998). Seeding functionally diverse crop mixtures in
different densities and arrangements can increase the competitive
ability and resource utilization of the crop, both of which
can reduce weed abundance (Lowry and Smith, 2018). In a
meta-analysis, Verret et al. (2017) found that intercropping
with a companion crop (i.e., a crop not harvested as a cash
crop) resulted in significantly lower weed biomass and often
higher crop yield. For example, several studies have shown
that intercropping mixtures had better weed suppression than
either crop planted alone (Izaurralde et al., 1993; Hauggaard-
Nelson et al., 2001; Nelson et al., 2012; Wang et al., 2012) or
had comparable weed suppression to the better of the crops
planted alone (Poggio, 2005; Deveikyte et al., 2009; Begna et al.,
2011). However, the opposite has also been found, for example,
intercropped mixtures of maize and climbing bean didn’t show
any improvement in weed control over the monoculture maize
and in some cases decreased crop yield (Nurk et al., 2017).
Most intercropping studies focus on binary mixtures, and little is
known about weed dynamics in annual intercropping with three
or more crops, particularly in temperate forage-based systems.

In this study, we explored the potential for weed control
through the combination of two aspects of intercropping—crop
diversity and variable row spacing—in annual forage crops in the
semiarid prairie region of southwestern Saskatchewan, Canada.
Annual forage crops are currently being evaluated for their
potential as a low-input addition to standard crop rotations in
Saskatchewan, and maximizing low-input weed control in these
crops will enhance the benefit of this system for producers. Our
hypotheses were: (1) higher crop species diversity will be better
at suppressing weeds, and (2) narrower crop row spacing will
reduce weed abundance and biomass. The hypotheses were tested
in two field trials followed by two greenhouse trials.

MATERIALS AND METHODS

Site
The field trials were located on a Brown Chernozem soil at
the Swift Current Research and Development Center, southeast
of Swift Current, Saskatchewan (50◦16

′

N lat., 107◦43
′

W long.,
824m elev.). The land for the 2015 study was seeded to oats in
2013 and chem fallowed in 2014, and the land for the 2016 study
was seeded to wheat in 2014 and chem fallowed in 2015. Both
sites were tilled and harrow packed prior to seeding.

Field Trials
Field trials were carried out in the summers of 2015 and 2016.
Eight annual forage crops were selected that are known to grow
well in the local environment, and that were also being tested
in long-term multi-species cropping trials. The species represent
four functional groups: cool season grasses—barley (Hordeum
vulgare “AC Metcalfe”), oats (Avena sativa “Common No. 1”),
triticale (Triticosecale “Bunker”); a warm season grass—corn (Zea
mays “Roundup Ready Corn 2”); legumes—forage pea (Pisum
sativum “CDC Leroy”), hairy vetch (Vicia villosa “Common No.
1”); and brassicas—radish (Raphanus sativus “Common No. 1”),
turnip (Brassica rapa subsp. rapa “Purple Top”). These crops
were used in seven different mixtures (see Table 1) seeded in two
different row spacings: species planted together in rows 30 cm
apart, or planted in alternating rows 15 cm apart. Total crop
densities were the same in all plots regardless of row spacing.

The experimental design was a full factorial randomized
complete block with the seven cropping treatments, two row
spacing treatments, and four blocks. Each block had 14 plots
measuring 6m long by 1.8m wide. These proportions matched
the dimensions of the self-propelled hydrostatic seeder used,
which seeded six rows with 30 cm between rows. The 15 cm
spaced treatments were seeded in a second pass (a second pass
without seeding was included on the 30 cm plots). Crop density
was 50 live seeds per linear meter at the 15 cm spacing and 100
live seeds per meter at 30 cm, resulting in the same amount of
live seeds per unit area. In the mixtures, the component crops
were seeded in equal proportions. A seeding depth of 2 cm was
selected as an intermediate depth suitable for all species. Plots
were seeded on June 4, 2015 and June 3, 2016. The later seeding
dates are a reflection of dates selected for the provision of late-
season grazing material as well as environmental conditions at
the time of seeding (e.g., extremely wet spring in 2016). Data

TABLE 1 | List of crop mixtures in the 2015 and 2016 field trials.

Mixture Crops

1 Barley

2 Oats, peas

3 Barley, radish

4 Triticale, corn, peas, radish

5 Barley, corn, peas, hairy vetch

6 Barley, oats, hairy vetch, turnip

7 Barley, triticale, oats, corn, peas, hairy vetch, radish, turnip
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collection from each plot included crop biomass (clipped at 5 cm
from a 0.25 m2 quadrat, and dried at 60◦C) and weed count and
identification (within a 0.25 m2 quadrat). Sampling dates were
July 22 and August 20 in 2015, and July 19 and August 22 in 2016.
In 2016 weed biomass was also assessed by clipping, drying and
weighing all weeds in the 0.25 m2 quadrat at the time of crop
biomass sampling.

Greenhouse Trials
Following the 2015 field trial, the cropmixture with the best weed
control (barley-radish mixture) was selected for further studies
in the greenhouse. As radish was not grown as a monoculture
in the field trial, we wanted to investigate the relative impact of
both crops on weed control. The greenhouse trial was conducted
twice, in 2016 and 2018. In the greenhouse, 24 plastic bins
(53 cm long × 39 cm wide × 18 cm high) were filled with a soil
mix of 1 part field soil, 1 part silica sand, and 1 part potting
mix (Sunshine Mix #4, Sun Gro Horticulture). The cropping
treatments were barley monoculture, radish monoculture, and
barley-radish mixture (grown in the same rows). In each bin, two
crop rows were seeded, with a spacing treatment of either 15 cm
apart or 30 cm apart. Crops were seeded at the same rate as the
field trials (100 live seeds per linear meter) resulting in two rows
of 50 plants per bin. In the very middle of the bin between the
cropping rows, Chenopodium album (common lamb’s quarters)
was seeded and thinned back to 20 plants after emergence. C.
album was selected because it is a common agricultural weed in
Western Canada that was frequently present in our field trials.
An additional control treatment of C. album seeded alone was
included. Three replicates of each treatment were seeded (barley
at 15 cm, barley at 30 cm, radish at 15 cm, radish at 30 cm, barley
and radish at 15 cm, barley and radish at 30 cm, and weeds alone)
resulting in a total of 28 bins. The greenhouse conditions were set

for a 14 h day length, with a day temperature of 20◦C and a night
temperature of 15◦C. Plants were watered consistently as needed
(based on measuring soil moisture levels), and fertilizer (20-20-
20) was applied twice in the middle of each trial, when plants
showed signs of nutrient stress. Pots were rotated on the bench
every 2 weeks to reduce spatial effects. Plants were harvested 8
weeks after seeding. Measurements included crop biomass, weed
height, weed shoot dry weight, and weed root dry weight.

Statistical Analysis
All statistical analyses (field and greenhouse) were carried out in
R v. 3.3.1 (R Core Team, 2016), using the packages Lme4 (Bates
et al., 2015) and lmerTest (Kuznetsova et al., 2014). A mixed
model fit via lmer was used with row spacing and crop mixture as
fixed effects and block as a random effect. Multiple comparisons
were made using the function difflsmeans. In both the field and
greenhouse trials, preliminary analyses indicated that there were
significant year by treatment effects, so in both studies the 2 years
were analyzed independently. Generalized linear models (GLM)
were used to determine if there was an effect of crop biomass
production on weed biomass and abundance.

RESULTS AND DISCUSSION

Field Trials
Weed abundance was significantly affected by crop mixtures
in both July and August in 2015 and in July 2016 (Tables 2,
3). Total weed abundance was much lower in 2016 than 2015
and the barley-radish mixture had the lowest weed abundance
overall. The four species mix (triticale-corn-peas-radish) also had
relatively low weed populations over both site-years, and the
eight species mix had low weed abundance in 2015. Treatments
that included radish generally had fewer weeds than the other

TABLE 2 | Mixed model results of weed abundance (2015, 2016), weed biomass (2106), and crop biomass (2015, 2016) with crop spacing and crop mixture from the

field trials.

Weed abundance Weed biomass Crop biomass

Factor df (num, den) F p F P F p

2015

July Spacing 1, 39 0.058 0.811 – – 4.283 0.045

Mixture 6, 39 5.807 <0.001 – – 5.519 <0.001

Spacing × mixture 6, 39 1.072 0.396 – – 1.835 0.117

August Spacing 1, 39 3.055 0.088 – – 1.049 0.312

Mixture 6, 39 4.321 0.002 – – 2.620 0.031

Spacing × mixture 6, 39 0.339 0.912 – – 0.280 0.943

2016

July Spacing 1, 39 1.074 0.307 0.184 0.670 4.132 0.049

Mixture 6, 39 2.693 0.028 4.458 0.002 4.728 0.001

Spacing × mixture 6, 39 1.572 0.181 0.487 0.814 1.326 0.269

August Spacing 1, 39 0.639 0.429 2.349 0.133 0.724 0.400

Mixture 6, 39 1.172 0.341 0.768 0.600 1.507 0.201

Spacing × mixture 6, 39 0.790 0.583 0.084 0.998 1.322 0.270

Bold values are significant at p < 0.05.
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TABLE 3 | Mean weed abundance by crop mixture treatment and row spacing (see Table 1 for list of cropping treatments) in July and August, from the 2015 and 2016

field trials.

MEAN WEED ABUNDANCE (per 0.25 m2)

Mixture 30cm spacing 15cm spacing Mean ± sem

2015

July 1 23.3 ± 9.6 16.8 ± 6.7 20.0 ± 5.6 BC

2 45.3 ± 12.6 39.5 ± 20.6 42.4 ± 11.2 A

3 8.5 ± 2.8 0.8 ± 0.8 4.6 ± 2.0 C

4 11.3 ± 5.1 8.5 ± 5.5 9.9 ± 3.5 C

5 41.8 ± 20.2 30.5 ± 10.3 36.1 ± 10.7 AB

6 8.3 ± 3.2 33.3 ± 15.2 20.8 ± 8.6 BC

7 9.0 ± 3.2 10.5 ± 7.3 9.8 ± 3.7 C

Mean 21.0 ± 4.4 20.0 ± 4.6

August 1 16.3 ± 7.3 6.8 ± 2.0 11.5 ± 3.9 C

2 31.5 ± 11.1 28.8 ± 20.2 30.1 ± 10.7 A

3 8.0 ± 6.4 1.5 ± 0.9 4.8 ± 3.2 C

4 6.3 ± 2.7 7.8 ± 5.8 7.0 ± 3.0 C

5 32.0 ± 19.5 18.8 ± 12.8 25.4 ± 11.1 AB

6 20.3 ± 14.6 8.0 ± 4.7 14.1 ± 7.5 BC

7 6.5 ± 2.1 4.8 ± 3.1 5.6 ± 1.8 C

Mean 17.3 ± 4.1 10.9 ± 3.6

2016

July 1 12.0 ± 0.8 11.3 ± 0.3 11.6 ± 0.4 A

2 13.0 ± 2.7 10.8 ± 1.5 11.9 ± 1.5 A

3 8.3 ± 1.7 4.3 ± 1.0 6.3 ± 1.2 B

4 6.8 ± 1.3 10.8 ± 1.8 8.8 ± 1.3 AB

5 12.3 ± 1.1 9.5 ± 1.0 10.9 ± 0.9 A

6 12.5 ± 4.2 9.0 ± 0.0 10.8 ± 2.0 A

7 7.5 ± 1.4 10.0 ± 2.0 8.8 ± 1.3 AB

Mean 10.3 ± 0.9 9.4 ± 0.6

August 1 4.8 ± 1.5 3.5 ± 1.5 4.1 ± 1.0

2 8.3 ± 2.1 8.8 ± 3.0 8.5 ± 1.7

3 7.3 ± 4.0 1.8 ± 0.3 4.5 ± 2.1

4 5.8 ± 3.5 2.8 ± 1.2 4.3 ± 1.8

5 7.3 ± 5.7 5.3 ± 1.8 6.3 ± 2.8

6 4.5 ± 1.0 4.3 ± 1.3 4.4 ± 0.8

7 5.8 ± 2.3 10.0 ± 3.9 7.9 ± 2.2

Mean 6.2 ± 1.1 5.2 ± 0.9

All values are means ± standard error. Row mean values that do not share the same capital letter (within a year and month) are significantly different from each other (p < 0.05). Column

mean values that do not share the same lower case letter (within a month) are significantly different from each other (p < 0.05).

cropping combinations (Table 3). The forage radish used in this
study has several factors that give it strong competitive ability:
it is quick to germinate, grows rapidly, and has large above-
ground biomass. Radish has the potential for allelopathy (e.g.,
Norsworthy, 2003), but it is likely the rapid canopy development
of radish that plays the biggest role in weed suppression (Lawley
et al., 2012). Barley has also been recognized as a good weed
suppressant, both in monoculture and in mixture. In a study by
Nelson et al. (2012), weed suppression was highest in treatments
containing barley seeded alone and in intercrops. In 2016 we
also measured weed biomass, which showed the same patterns
as weed abundance (Tables 2, 4).

The effect of row spacing on weed abundance was not
statistically significant (Tables 2, 3), although the lowest weed
abundance overall was attributed to the 15 cm row spacing in the
barley-radish intercrop. One factor that might lead to the high
variability in results is the spatial heterogeneity of weed growth.
Each field site had an uneven distribution of weed diversity
likely related to weed dispersal and the existing seed bank. This
resulted in certain site areas that had greater abundance of weeds,
or the presence of large aggressive weeds which contributed
considerably to the weed biomass measures in 2016, regardless
of crop mixture and spacing. Other factors that may contribute
to the lack of crop spacing effects include nutrient management,
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TABLE 4 | Mean weed biomass by crop mixture treatment and row spacing (see Table 1 for list of cropping treatments) in July and August, from the 2016 field trial.

MEAN WEED BIOMASS (kg ha−1)

Mixture 30cm spacing 15cm spacing Mean ± sem

2016

July 1 625.5 ± 172.5 436.1 ± 132.6 530.8 ± 106.9 BC

2 1397.2 ± 375.4 1413.8 ± 351.4 1405.5 ± 238.1 A

3 309.7 ± 95.9 353.7 ± 72.9 331.7 ± 56.4 C

4 855.2 ± 303.3 604.8 ± 301.9 730.0 ± 203.7 BC

5 1210.2 ± 324.8 811.8 ± 487.5 1011.0 ± 281.4 AB

6 504.5 ± 295.0 615.4 ± 178.6 560.0 ± 161.0 BC

7 561.1 ± 119.6 845.2 ± 330.3 703.2 ± 171.2 BC

Mean 780.5 ± 112.1 725.8 ± 117.1

August 1 899.3 ± 393.2 508.7 ± 274.6 704.0 ± 234.0

2 1216 ± 347.8 1156.6 ± 441.7 1186.3 ± 260.5

3 863.9 ± 467.7 132.0 ± 69.7 498.0 ± 258.9

4 888.4 ± 661.5 447.2 ± 220.4 667.8 ± 333.4

5 1466 ± 1059.0 1060.8 ± 907.4 1263.4 ± 650.1

6 885.6 ± 287.1 481.2 ± 208.5 683.4 ± 181.2

7 1222.1 ± 640.4 897.5 ± 461.9 1059.8 ± 370.6

Mean 1063.0 ± 205.5 669.1 ± 163.5

All values are means ± standard error. Row mean values that do not share the same capital letter (within a year and month) are significantly different from each other (p < 0.05). Column

mean values that do not share the same lower case letter (within a month) are significantly different from each other (p < 0.05).

the relative heights of the crops, and the timing of weed and
crop emergence (Mohler, 2001). Our seeding dates were later
than those recommended for our region, and thus the emergence
timing of the weeds and crops was similar. The close emergence
timing meant that many weeds were established by the time
the crop canopy was fully expanded. The different crop species
also are likely to have variable rates of seedling recruitment
(Szumigalski and Van Acker, 2005).

Crop biomass in 2015 significantly differed between species
combinations in both July and August, but was only affected by
row spacing in July (Tables 2, 5). At the July sampling date in
both 2015 and 2016, the barley-radish intercrop had the highest
biomass production at both crop row spacings. This early strong
biomass production is a good indicator of the success of this
mixture at controlling weeds. The GLMs supported this, showing
a significant effect (p < 0.05) of crop biomass production on
weed abundance and weed biomass in July. Crop spacing was
not significant in August of both years. The barley monoculture
and oats-peas mixture had the highest late season (August) crop
biomass in 2015, while no significant differences among the crop
mixtures were detected in 2016 (Table 5). The oats-peas mixture
had the highest weed abundance and biomass each year (only
significant at p < 0.05 in 2015), suggesting that late season crop
growth has little impact on overall weed suppression. This is also
supported by the GLMs, which found no significant effect (p >

0.05) of August crop biomass production on weed abundance
or biomass.

Increased crop diversity is suggested to lead to higher
productivity and yield (e.g., intercropping vs. monocultures;
Bedoussac et al., 2015). This trend was not observed in our study.
In 2015, the monoculture and two species mixtures had higher

biomass production than the four and eight species mixtures,
and in 2016 there were no significant differences in biomass
between any of the cropping treatments (Table 5). However, the
productivity of the two species mixtures (barley-radish, oats-
peas) were comparable to the barley monoculture. This shows
that the inclusion of certain crops (i.e., radish and barley) in
mixtures can improve weed control, but not at the expense
of reduced forage production. Further, more diverse mixtures
can provide improved forage quality (Mischkolz et al., 2013),
enhancing the advantages of multi-species crops.

During the growing season, monthly total
precipitation was considerably different in 2015 and 2016
(Supplemental Figure 1). The spring of 2015 was particularly
dry in southwestern Saskatchewan, experiencing one of the
lowest levels of precipitation on record from May to mid-July,
while the same period in 2016 was one of the wettest on record
(Supplemental Figure 1). We expected that these contrasting
conditions would have considerably altered the results of the
spacing component. In particular, the dry field conditions in 2015
may have impacted the establishment and growth of some crop
species (e.g., legumes) which would have reduced canopy closure
in the narrower row spacing. Additionally, water availability may
have been a more limiting factor for weed growth than light,
reducing the importance of row spacing in a dry year relative
to a wet year. However, even under the heavy precipitation of
spring 2016, the lack of relationship between weed abundance
and crop spacing was the same. We did see much lower weed
abundance in 2016 than 2015, but this could also be a result of
the different site locations. Olsen et al. (2012) found that drought
conditions decreased the effect of crop spacing pattern on weed
biomass production relative to non-drought conditions. When
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TABLE 5 | Mean crop biomass by crop mixture treatment and row spacing (see Table 1 for list of cropping treatments) in July and August, from the 2015 and 2016 field

trials.

MEAN CROP BIOMASS (kg ha−1)

Mixture 30cm spacing 15cm spacing Mean ± sem

2015

July 1 2675.4 ± 180.5 2145.7 ± 189.5 2410.6 ± 157.2 A

2 1579.3 ± 178.9 1765.3 ± 258.7 1672.3 ± 149.8 C

3 3046.2 ± 422.3 2212.3 ± 158.0 2629.3 ± 261.5 AB

4 2451.2 ± 100.5 2032.6 ± 168.0 2241.9 ± 120.3 AB

5 1405.2 ± 59.7 1660.7 ± 232.4 1533.0 ± 121.1 C

6 2232.8 ± 363.1 1541.2 ± 267.8 1887.0 ± 246.4 B

7 2105.6 ± 417.1 2280.4 ± 263.8 2193.0 ± 230.8 AB

Mean 2213.7 ± 140.3 a 1948.3 ± 90.9 b

August 1 7483.5 ± 165.8 7685.8 ± 270.3 7584.7 ± 151.7 AB

2 7906.2 ± 538.2 7519.3 ± 217.4 7712.8 ± 278.5 A

3 6743.0 ± 595.9 6437.8 ± 439.5 6590.4 ± 347.6 BC

4 6845.2 ± 1520.3 5988.2 ± 194.9 6416.7 ± 727.8 C

5 6599.9 ± 120.0 5918.0 ± 406.7 6259.0 ± 234.8 C

6 6424.4 ± 228.3 6527.9 ± 508.7 6476.2 ± 258.8 C

7 6484.7 ± 265.0 6399.7 ± 253.2 6442.2 ± 170.4 C

Mean 6926.7 ± 243.7 6639.5 ± 169.7

2016

July 1 5582.5 ± 587.7 4338.5 ± 713.8 4960.5 ± 488.3 B

2 3394.6 ± 914.5 2344.8 ± 116.1 2869.7 ± 470.6 C

3 8891 ± 2505.2 5558.5 ± 248.0 7224.8 ± 1324.7 A

4 4072.2 ± 500.8 4218.2 ± 550.6 4145.2 ± 345.6 BC

5 3607.8 ± 909.6 4299.3 ± 1172.4 3953.6 ± 699.2 BC

6 4455 ± 588.2 4619 ± 520.1 4537.0 ± 364.8 BC

7 5521.6 ± 744.4 3557.2 ± 328.1 4539.4 ± 528.8 BC

5075.0 ± 512.8 a 4133.6 ± 270.2 b

August 1 12132.6 ± 854.0 12053.4 ± 973.6 12093.0 ± 599.7

2 10155.7 ± 1066.8 9322.2 ± 786.3 9739.0 ± 633.4

3 10318.9 ± 941.0 10009.0 ± 1396.4 10164.0 ± 781.7

4 11115.2 ± 1154.7 10618.0 ± 688.1 10866.6 ± 629.3

5 9598.2 ± 1846.5 9857.6 ± 985.6 9727.9 ± 970.1

6 13090.1 ± 1703.5 9499.9 ± 806.0 11295.0 ± 1105.2

7 9391.2 ± 1030.0 11246.5 ± 816.3 10318.9 ± 702.2

Mean 10828.8 ± 491.0 10372.4 ± 361.8

All values are means ± standard error. Row mean values that do not share the same capital letter (within a year and month) are significantly different from each other (p < 0.05). Column

mean values that do not share the same lower case letter (within a month) are significantly different from each other (p < 0.05).

we assessed weed biomass in 2016, we did observe consistently
reduced weed biomass in the 15 cm row spacing treatments
at the August sampling date, which was supported by visual
observations of stunted and senescing weeds that did not have
nearly the seed set of weeds found in the 30 cm row spacing.
If annual weeds are present but out-competed to the point of
reduced fitness, then there is still a long-term benefit to these
seeding patterns.

Greenhouse Trials
To better understand what factors contributed to weed control in
the best cropping mixture of barley and radish, we grew these
crops in the greenhouse to isolate the effect of row spacing

and crop combination on weed control from environmental
variation. In the 2016 greenhouse trial, crop spacing and crop
mixture significantly affected C. album shoot and root biomass,
as well as height (Table 6). In 2018, there was a significant
effect of crop spacing and mixture on weed shoot biomass,
but not root biomass, and weed height was only affected by
mixture (and not spacing). In both years, all cropping and spacing
treatments significantly lowered the shoot weight, root weight,
and height of C. album compared to the control treatment
of weeds grown alone (Tables 6, 7). In both trials, the radish
monoculture and barley-radish mix reduced weed shoot biomass
and height significantly more than barley alone. In all cropping
treatments, the 15 cm row spacing reduced weed shoot biomass
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TABLE 6 | Greenhouse experiments (2016 and 2018) mixed model results of crop biomass, weed shoot biomass, weed root biomass, and weed height with crop mixture

and row spacing as fixed factors.

Df Crop Weed shoot Weed root Weed height

biomass biomass biomass

Factor (num, den) F p F p F p F P

2016

Spacing 1, 18 0.4 0.534 45.4 <0.001 12.7 0.003 15.7 0.001

Mixture 2, 18 9.2 0.002 58.2 <0.001 8.2 0.004 52.0 <0.001

Spacing × mixture 2, 18 2.8 0.091 0.4 0.685 0.8 0.472 2.6 0.110

Mixture (incl. control)* 3, 24 – – 73.3 <0.001 31.4 <0.001 167.6 <0.001

2018

Spacing 1, 18 0.4 0.541 21.9 <0.001 2.3 0.149 4.3 0.052

Mixture 2, 18 16.8 <0.001 141.4 <0.001 1.6 0.237 174.6 <0.001

Spacing × mixture 2, 18 0.9 0.417 6.0 0.012 0.3 0.713 1.6 0.234

Mixture (incl. control)* 3, 24 – – 392.5 <0.001 7.0 0.002 359.0 <0.001

*Control treatment did not have any crop seeded (only Chenopodium). A separate mixed model was used to test the fixed factor crop mixture.

Bold values are significant at p < 0.05.

TABLE 7 | Mean crop biomass, weed shoot biomass, weed root biomass, and weed height with crop mixture and row spacing for the 2016 and 2018 greenhouse

experiments.

Mixture Spacing Crop biomass (g) Weed shoot Weed root Weed height (cm)

biomass (g) biomass (g)

2016

Barley 15 cm 129.72 ± 3.45 BC 5.98 ± 1.41 B 0.39 ± 0.08 AB 27.24 ± 2.41 B

30 cm 128.32 ± 4.43 BC 11.15 ± 2.56 A 0.67 ± 0.22 A 36.10 ± 3.44 A

Radish 15 cm 124.32 ± 12.41 C 1.37 ± 0.37 D 0.12 ± 0.04 C 16.90 ± 1.32 C

30 cm 135.59 ± 7.83 BC 3.10 ± 0.57 C 0.26 ± 0.02 B 19.32 ± 1.52 C

Barley-Radish 15 cm 165.04 ± 2.23 A 1.63 ± 0.37 D 0.14 ± 0.04 C 16.60 ± 1.55 C

30 cm 144.58 ± 5.14 B 3.44 ± 0.60 C 0.33 ± 0.04 AB 20.11 ± 1.34 C

Control (no crop) – 113.93 ± 3.93* 5.33 ± 0.71* 75.39 ± 1.98*

2018

Barley 15 cm 126.57 ± 7.02 C 15.34 ± 2.17 B 3.79 ± 0.90 42.22 ± 2.98 A

30 cm 123.36 ± 6.16 C 23.99 ± 1.71 A 5.39 ± 1.45 46.73 ± 1.28 A

Radish 15 cm 134.38 ± 6.53 C 1.46 ± 0.37 D 1.33 ± 0.35 18.31 ± 1.00 B

30 cm 139.25 ± 3.22 BC 5.15 ± 0.40 C 4.94 ± 0.85 22.05 ± 0.88 B

Barley-Radish 15 cm 161.71 ± 5.48 A 2.27 ± 0.39 CD 5.60 ± 2.77 19.75 ± 0.86 B

30 cm 151.61 ± 7.09 AB 3.06 ± 0.39 CD 6.57 ± 2.29 19.25 ± 0.92 B

Control (no crop) – 141.39 ± 3.93* 12.23 ± 1.73* 76.42 ± 1.11*

*Control treatment (no crop) is significantly different (p < 0.05) from all other mixtures.

All values are means ± standard error. Column mean values that do not share the same capital letter within each year (excluding control treatment) are significantly different from each

other (p < 0.05).

and height more than at 30 cm spacing, although the effect was
not always significant. Finally, the barley-radish mixture had the
highest crop biomass in both trials.

The greenhouse trials were different from the field trials
in that row spacing had a significant effect on weed growth.
This could be due to the growth of plants in a more restricted
space, where competition for resources was accentuated by
the limited space in a bin. Even though seeding density
was the same in the greenhouse and the field, in the field
there was a greater surrounding area for roots to grow into

or draw resources from. In addition, the greenhouse trials
only observed one weed species, C. album, which could be
more susceptible to the increased competition for light at
the 15 cm spacing than some of other weed species which
we observed in the field. Other weed species in the field
may have been more aggressive in their growth rate and
form, which would have contributed more to weed biomass
(e.g., large weeds such as redroot pigweed, Amaranthus
retroflexus) or abundance (e.g., small prostrate weeds such as
Portulaca oleracea).
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The use of radish as a cover crop has previously been
highlighted as a mechanism for weed control (e.g., Haramoto and
Gallandt, 2004; Kruidhof et al., 2008; Lawley et al., 2011, 2012).
In our greenhouse study, while the narrower row spacing had
a significant effect on C. album shoot biomass, it is not clear
which mechanism was most responsible for this—aboveground
competition for light, or belowground competition for resources
and/or the presence of allelopathic root compounds. Kruidhof
et al. (2008) found that an autumn fodder radish cover crop
severely decreased the abundance of C. album in the field, citing
the main mechanism of control as light interception, although
interestingly, seeding density did not impact weed suppression.
Lawley et al. (2012) found that in-crop competition for light
had the greatest impact on weed control, while the alellopathic
potential of forage radish could not be documented in multiple
field and controlled environment studies.

CONCLUSIONS

Weed abundance in the field was associated with the selection of
different cropping mixtures, while cropping pattern with closer
row spacing was less important in the field but was significant
in the greenhouse trials. The selection of specific crops appears
to provide significant weed control, in particular forage radish
grown alone and in mixture with barley. The ability to maintain
strong weed control when the two crops are grown together
is important in a forage context, where having the two crops
together would provide forage with a more balanced nutritional
profile compared to radish alone. This study provides incentive
for improving species selection in forage intercropping trials
and testing spatial arrangements that might provide greater
weed suppression.
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