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Abstract: In the North Central USA, intersowing cover crops into standing maize (Zea mays L.)
is required to establish plants large enough to afford the benefits of a cover since there is limited
favorable weather for cover crop growth after maize harvest. The objective of this study was to
quantify the impacts of the planting method and time of planting of three cover crop species when
grown with or without maize competition on their establishment. Experiments were conducted
in three environments during 2018 and 2019. Experiments consisted of a factorial combination of
timing of cover crop planting (V7 and R4 growth stage of maize), cover crop species (camelina
(Camelina sativa (L.) Crantz), rye (Secale cereale L.), or radish (Raphanus sativus L.), method of sowing
(drilled or broadcast), and maize removal. Initial cover crop populations were similar regardless of
maize removal or stage of maize when sown, but intersown cover crops produced only 3% of the
fall biomass, compared with treatments with maize-removed when sown at the V7 stage of maize
and 14% when sown at the R4 stage. Limited light intensity (less than 20%) under the maize canopy
was the main factor affecting interseeded cover crop development. Radish was more sensitive to
shading than the other cover crops. Camelina and rye sown at the R4 stage of corn produced similar
spring biomass as earlier-sown cover crops. Intersown cover crops had no negative effect on maize
grain yield.

Keywords: cover crops; camelina; rye; radish; intersowing; photosynthetically active radiation (PAR)

1. Introduction

Cover crops have the potential of protecting the soil from erosion, increasing soil
organic matter, improving soil aggregate stability and soil water retention, scavenging
and releasing nutrients, and stimulating microbial growth and diversity [1–6]. In the
upper Midwest of the USA, spring weather conditions prior to primary crop establishment
promotes the greatest risk of nitrogen (N) loss in annual cropping systems [7]. According
to Randall et al. [8], 69% of the annual N loss occurs as runoff in April through June in
maize (Zea mays L.)–soybean (Glycine max (L.) Merr.) rotations in the upper Midwest.
Winter annual cover crops can be incorporated into maize–soybean rotation to stabilize N
in plant biomass and reduce its loss [9–11]. Although a cover crop that winter kills will not
assimilate and retain as much N in the spring as a cover crop that overwinters, it becomes
a valuable option if early spring herbicide applications are undesirable [7]. However, to
have a reasonable impact on N uptake, cover crops need to be well established to have
adequate fall and spring growth prior to termination [12,13].

Plants in the family Brassicaceae, henceforth “brassicas” are used as cover crops due
to their deep taproot that can grow up to 2 m deep after four months of growth [14] and
rapid root growth of 2 mm day−1 ◦C−1 [15]. Brassica cover crops can take N up from
deep within the soil profile, bringing it closer to the soil surface and within the biomass [6].
Dean and Weil [16] found N uptake by radish to be greater than or equal to winter rye.
Radish N uptake ranged between 36 and 171 kg N ha−1, and rye uptake ranged between
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42 and 112 kg N ha−1 [16]. In addition, brassicas have a low carbon to nitrogen ratio
(C:N), whereas grasses have a high C:N ratio; thus, brassica plant material mineralize
faster [17]. Grass cover crops have rapid growth, can tolerate a range of soil conditions,
and have fibrous root systems [6]. Although grasses can be effective at remediating shallow
compaction layers, brassicas penetrate compacted layers better than grasses [18,19].

There may be negative effects associated with cover crops. Raimbault et al. [20]
reported that rye can reduce soil moisture, enough to reduce yield in the following cash
crop. A study conducted by Krueger et al. [21] found rye to reduce soil moisture by
13% when harvested in the spring for grain, compared with no-rye control treatments.
However, in the same study, rye that was killed three to four weeks prior to harvest did
not significantly reduce soil moisture. To avoid depleting soil moisture, Clark et al. [22]
and Liebl et al. [23] suggested terminating rye by early May in the Midwest of the USA.
Krueger et al. [21] also reported that rye can utilize available N and ground cover without
reducing available soil water for the following cash crop.

In the North Central region of the USA, it can be challenging to establish cover crops
into a maize–soybean rotation because of a narrow planting and establishment window,
short growing season, limited photosynthetically active radiation (PAR), and limited soil
water availability, and interferences with the following crop [24–27]. The benefits of
cover crops on maize and soybean production are highly dependent on environmental
conditions [28]. For environments with narrow planting windows and short growing
seasons after cash crop harvest, it may be beneficial to sow the cover crops into the standing
crop [6]. Intersowing will allow cover crops a longer growing season to establish prior to
winter. Planting date, planting method, and competition for solar radiation are all limiting
factors to establish interseeded cover crops in maize successfully [29].

Critical planting windows need to be determined in order to know when cover crops
can be interseeded most successfully. When cover crops are planted within the critical
weed-free period, they can potentially act as weeds and reduce maize yield. The critical
weed-free period in maize needed to prevent yield losses greater than 5% is generally from
V1 to V6 stages [30]. According to Curran et al. [31], reduction in maize yield associated
with cover crop competition was minimized and cover crop production was maximized
when intersown between the V4 and V6 maize growth stages. According to Gallo et al. [32],
the percentage of incoming PAR absorbed by the maize canopy increases rapidly from
approximately 20 to 90% between the V5 and V12 maize growth stages. The maize canopy
absorbs more than 80% of incoming PAR from the V12 maize growth stage to the dough
stage of grain fill (R4) [32]. Since the incoming PAR absorbed by the maize canopy increases
rapidly after V5, the time of planting is critical for the successful establishment of intersown
cover crops [32]. It is important that cover crops are planted early enough to establish roots
while PAR is reaching the soil surface, but late enough to avoid competing with the primary
crop for water, nutrients, and solar radiation [33]. The planting date for cover crops is also
important because it influences the amount of biomass they can produce, and biomass is
related to the number of nutrients captured [12,15] and the amount of cover provided.

Cover crops can be intersown by broadcasting the seed into the maize crop using
aerial equipment or by specifically designed ground equipment. Machinery has been
adapted (high-clearance implements) to broadcast or place cover crop seed directly in
the inter-row to increase seed-to-soil contact when intersowing cover crops [34]. The
improved establishment has been positively associated with methods to increase seed-
to-soil contact [31,35,36]. The planting method can be restricted by planting time. Aerial
applications can be conducted anytime throughout the growing season but are typically
made in August and September in North Central USA, whereas broadcasting or drilling
cover crops with high-clearance implements occur early in the growing season, typically
prior to maize emergence until the V7 maize growth stage. The V7 maize growth stage
is the latest stage cover crops could be planted with high-clearance implements because
any later may result in damage to the maize crop. The success of cover crop establishment
when aerially broadcasted into standing maize in August and September was positively
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associated with the occurrence and amount of rainfall within one week of planting [36]. If
moisture was not received in a timely manner after broadcasting cover crops, the failure of
stand establishment increased [37].

Currently, there is limited information on intersowing cover crops into standing cash
crops, and thus, further research is warranted. The objectives of the research conducted
were (1) to understand the effects of cover crop planting date and planting method in the
North Central USA on the establishment of rye, camelina, and radish when intersown
into standing maize and (2) to compare the cover crop growth when grown without the
competition of maize.

2. Materials and Methods
2.1. Experimental Sites

Experiments were conducted at Casselton and Hickson, North Dakota (ND), in 2018,
and at Prosper and Hickson, ND, in 2019. The soil types for these three locations are
listed in Table 1. For three of the environments, maize followed a previous soybean crop,
while at Prosper, maize followed a spring wheat (Triticum aestivum L.) crop. All the sites
were managed with conventional tillage prior to maize planting. Daily precipitation and
temperature data throughout the two growing seasons were obtained from the North
Dakota Agricultural Weather Network (NDAWN) [38] stations at Prosper, ND, and Sabin,
MN, which were the stations closest to Casselton and Hickson, ND, respectively.

Table 1. Soil series description of experimental locations at Casselton, Hickson, and Prosper, ND,
USA, in 2018 and 2019 [39].

Location Series Texture Taxonomy Slope %

Casselton Kindred–Bearden Silty clay loam Fine-silty, mixed, superactive,
frigid Typic Endoaquolls 0–2

Hickson Fargo Silty clay Fine, smectitic, frigid Typic
Epiaquerts 0–2

Prosper Kindred–Bearden Silty clay loam Fine-silty, mixed, superactive,
frigid Typic Endoaquolls 0–2

2.2. Experimental Design and Management

The experimental design was a randomized complete block with three replicates.
Treatments consisted of four factors in a factorial combination. Cover crops (three levels),
cover crop planting methods (two levels), planting date relative to maize growth stage
(two levels), and the removal of maize (two levels) were the factors. The three cover crops
used were rye, cultivar (cv.) “ND-Dylan”; winter camelina, cv. “Joelle”; and “Daikon”
radish. Rye was sown at 45 kg pure live seed (PLS) ha−1, and both camelina and radish
were sown at 8 kg PLS ha−1. The two cover crop planting dates were relative to the
V7 and R4 maize growth stages, which were determined visually. When planting cover
crops, drilling or broadcast methods were used. The final factor was maize removal, i.e.,
maize was removed or retained at each cover crop planting date. This was carried out to
determine the potential growth and development of the cover crops when grown without
the competition of the maize crop while allowing for soil moisture and nutrient depletion
by the maize crop up until just before planting.

In 2018, maize was planted in 7 m long plots consisting of four rows, with 76 cm
between rows. Since it was difficult to apply herbicide treatments with these smaller alleys,
the maize plot dimensions were changed to 6.1 m long, with a 1.5 m alley in 2019. The
maize hybrids were 89-day relative maturities, “DKC 39–27” and “DKC 39–28” in 2018 and
2019, respectively. For both years, the maize sowing rate was 79,000 live seeds ha−1, with
rows planted north and south in all environments.

Nitrogen (N) fertilizer was broadcast and incorporated in the spring prior to or at
maize planting. Nitrogen fertilizer rates varied based on residue nitrate levels in each
environment. In 2018, the N rate was 188 and 135 kg ha−1 at Casselton and Hickson,
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respectively. In 2019, the N rate was 112 and 204 kg ha−1 for Hickson and Prosper,
respectively. Weeds were controlled with glyphosate [N-(phosphonomethyl) glycine] at
the labeled rate prior to cover crop sowing at the V7 stage. The maize hybrids used were
glyphosate resistant. After planting cover crops, plots were hand weeded as needed for
the remainder of the season.

Cover crops were sown between the maize rows by using a v-hoe with two blades to
make furrows and by surface broadcasting by hand. These methods were used to simulate
planting with a high-clearance drill and an aerial application, respectively. The furrows
were made parallel to the maize rows, 15 cm apart, at various depths in relation to the
seed size of the cover crop. Although planting depth could not be precisely fixed with this
planting method, efforts were made to sow shallower for the small-seeded cover crops,
and deeper for the larger-seeded cover crops. Radish and rye were planted roughly at
13 mm deep, and camelina was planted roughly 6 mm deep. There were two rows of cover
crops sown in between three maize interrows, making six cover crop rows per plot. These
planting methods were used at both the V7 and R4 growth stages and for the treatments
in which the maize was removed. In 2018, in the maize-removed plots, the above-ground
maize material was removed by hand at both the V7 and R4 growth stages of maize. Maize
that was removed at the V7 maize growth stage in 2018 continued to grow back throughout
the season, and therefore, in 2019, the herbicide clethodim [(E)-2-[1-[[(3-chloro-2-propenyl)
oxy]imino] propyl]- 5-[2-(ethylthio) propyl]-3-hydroxy-2-cyclohexen1-one] was used at
136 g ha−1 active ingredient to remove the maize at the V7 maize growth stage.

2.3. Evaluations

Cover crop growth and development were evaluated throughout the growing season
by measuring green canopy cover, plant density, above-ground biomass, and biomass N
content from within the second and third maize rows of the plot. Green canopy cover was
measured using Canopeo, a smartphone application developed by the Dept. of Plant and
Soil Sciences, Oklahoma State University, USA (www.canopeoapp.com, accessed on 5 April
2021)). It is able to measure the fractional green canopy cover via an image, through the
Canopeo application and estimate the green canopy coverage percentage [40]. Pictures of
the cover crops were taken 60 cm above the ground and were used by the application to
calculate the percent canopy cover of the soil. The ground cover was measured weekly,
beginning two weeks after cover crop establishment until maize harvest, and again in the
spring toward the end of April until cover crop termination.

After the cover crops were planted, measurements of photosynthetically active ra-
diation (PAR) were taken every two weeks, between 1000 and 1400 h Central Daylight
Time (CDT) until maize harvest. Measurements were taken by placing the AccuPAR LP-80
Ceptometer (Decagon Devices, Pullman, WA, USA) parallel to the maize rows, under the
maize canopy about 15 cm above the soil while the attached incident light sensor was above
the maize canopy, in uninterrupted sunlight; both sensors collected three measurements
per plot. This method of measurement makes it possible to determine the percentage of
available light that was accessible to the intersown cover crops.

Cover crop stand counts were taken at various times throughout the growing season.
At both the V7 and R4 planting dates, there was a count conducted one week after the first
plants had emerged. There was a complete stand count conducted on all the plots just prior
to maize harvest, then again in the spring of 2019 prior to termination of the 2018 cover
crops. The counts were conducted in one of the center inter-rows of the plot and consisted
of 1 m length by the entire distance between the two maize rows.

Cover crop biomass was collected in the fall prior to maize harvest, and again before
termination in the following spring (excluding radish since it did not survive the winter).
Biomass samples were collected by cutting the plants at the soil surface from 1 m in length
between two maize rows. All samples were placed into paper bags and dried until the
weight remained constant. After determining biomass dry weights, a Cyclone Sample
Mill (UDY Corporation, Fort Collins, CO, USA) was used to finely grind the biomass to

www.canopeoapp.com
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pass through a 1.0 mm mesh. These ground samples were subsequently analyzed for N
content using a near-infrared analyzer (NIR-XDS analyzer, Foss, Inc., Hilleroed, Denmark)
following the methods described by Abrams et al. [41].

In the spring, prior to cover crop termination, samples were also taken to determine
how much moisture the cover crops had removed. The samples were collected by taking a
7.5 cm deep soil core regularly during the growing season and a 15 cm deep core in the
spring, placing it in a tin can, weighing the wet soil, drying it for 48 h, and then weighing
the dry soil. Gravimetric water content as percent water by soil mass was calculated by
subtracting the dry soil weight from the wet soil weight and then dividing by dry soil
weight and multiplying by 100.

2.4. Statistical Analysis

All data were analyzed using estimation and statistical inference for generalized linear
mixed models (Proc GLM) in SAS 9.3 [42]. Replicate and environment (defined as the
combination of location–year) were considered random effects, while cover crops, sowing
method, sowing timing, and maize removal were considered fixed effects. Homogeneity
of variance tests was performed to determine if environments could be combined. If
homogeneous, a combined analysis across environments was conducted. Factors and their
interactions were considered significant at the α = 0.05 level. If there were significant
interactions, the least significant difference (LSD) method was used to separate means.

3. Results and Discussion

Soil moisture levels varied between environments, and although there were dry
periods and periods of excess moisture, rainfall, in general, was adequate and timely
enough to permit germination and establishment of the cover crops (Figure 1). Rainfall
just prior to or shortly after inter-seeding cover crops is important because the maize crop
at the inter-seeding dates used in this experiment was well established and could quickly
deplete stored soil moisture in the surface layers. Inadequate soil moisture was found to
delay germination significantly, reduce the emergence of inter-seeded cover crops, and
increase their mortality after establishment when rainfall did not meet the demands of the
growing maize crop [43].

3.1. Cover Crop Plant Density

Rye and radish established at higher densities when drilled compared with broad-
casting at the V7 maize growth stage (Table 2). Camelina, however, established similar
populations regardless of planting method. Cover crop establishment was as good or better
when sown at the R4 stage compared with the V7 stage. At the R4 maize growth stage, the
method of planting did not impact cover crop stand establishment regardless of crop. The
role of environmental conditions on initial plant densities can be seen in the differences in
the two planting dates in this experiment. The reduced plant density for the early planting
could be attributed to a dry period during cover crop emergence in Hickson in 2018 and
excessive rainfall in 2019, for both locations (Figure 1). The initial plant density varied
by cover crop species and was partly related to the number of seeds sowed (camelina,
rye, and radish were sown at 1.2 million, 450,000, and 250,000 seeds ha−1, respectively).
Camelina had higher plant densities when compared with the other species in line with its
relative seeding rate. However, rye, when drilled at the early planting date, had a similar
initial plant density to that of camelina. Mohammed et al. [37] reported similar or higher
populations of rye in all locations to those found in this experiment when inter-seeded
at the R4 stage of maize or later, but lower populations of camelina. In their study, the
cover crops seeds were lightly incorporated to improve soil–seed contact, and much higher
seeding rates were used [37]. Given the differences in seed size between the species, the en-
vironment and planting method can logically play an important role in their establishment
because seed size affects the amount of moisture needed for germination, and soil–seed
contact affects the amount of moisture available to the seed from the soil, particularly in
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the absence of rainfall. For a crop with a seed size such as rye (or larger), rainfall shortly
after sowing can be especially important to its establishment when broadcast [44]. The
fact that rye established relatively well when broadcast in this experiment, even when not
covered by soil (drilled), supports that good stands may be achieved when following a
currently published recommendation that rye and other cover crops with similar seed size
can be established by broadcasting them from an airplane in maturing maize [45].

Agronomy 2021, 11, x FOR PEER REVIEW 6 of 14 
 

 

 
Figure 1. Average daily temperature (dashed line) and daily rainfall (solid bars) at (a) Prosper, 
ND, and (b) Sabin, MN, weather stations from 1 May to 31 October 2018 and 1 May to 31 October 
2019. 

3.1. Cover Crop Plant Density 
Rye and radish established at higher densities when drilled compared with broad-

casting at the V7 maize growth stage (Table 2). Camelina, however, established similar 
populations regardless of planting method. Cover crop establishment was as good or bet-
ter when sown at the R4 stage compared with the V7 stage. At the R4 maize growth stage, 
the method of planting did not impact cover crop stand establishment regardless of crop. 
The role of environmental conditions on initial plant densities can be seen in the differ-
ences in the two planting dates in this experiment. The reduced plant density for the early 
planting could be attributed to a dry period during cover crop emergence in Hickson in 
2018 and excessive rainfall in 2019, for both locations (Figure 1). The initial plant density 
varied by cover crop species and was partly related to the number of seeds sowed (came-
lina, rye, and radish were sown at 1.2 million, 450,000, and 250,000 seeds ha−1, respec-
tively). Camelina had higher plant densities when compared with the other species in line 

Figure 1. Average daily temperature (dashed line) and daily rainfall (solid bars) at (a) Prosper, ND, and (b) Sabin, MN,
weather stations from 1 May to 31 October 2018 and 1 May to 31 October 2019.

Rye and camelina plant density in the fall (just prior to maize harvest) differed between
planting dates and planting methods (Table 2). However, radish had similar plant densities
for both planting dates within each planting method. Cover crop plant densities declined
markedly between the initial count and that taken at the time of biomass harvest in the
fall. This might be partly explained by the excess moisture toward the end of the season in
2019. However, the largest reduction in plant population by the time of counting in the fall
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occurred with the cover crops that were planted at the V7 maize growth stage. This was
particularly the case for radish and camelina. Mohammed et al. [37] found higher rates
of plant establishment of rye and camelina as planting was delayed. They did not see the
large decline in populations we observed as the season progressed probably because their
earliest planting date was at the R4 stage. The lack of light intensity when the maize crop’s
canopy is fully developed exerts significant stress that, when combined with other stresses
such as excess or limited moisture, has a pronounced effect on plant mortality. Camelina
had greater mortality than the other species, with rye the least. There was much less
mortality of the established cover crops when planted at the R4 maize growth stage. At this
stage, the maize canopy starts to open up and permit more light to reach the developing
cover crops; hence, the later planted seedlings experienced less shade stress.

Table 2. Cover crop plant establishment when sown at two different maize growth stages (V7 and
R4) and two different planting methods, averaged across two maize-removal treatments and four
environments in 2018 and 2019.

Cover Crop Plant Density

Broadcast Drilled

Time of Assessment Cover Crop V7 R4 V7 R4

- - - - - - - - - - - - plants m−2 - - - - - - - - - - - -
Initial Rye 43 125 114 137

Camelina 199 264 198 291
Radish 24 57 63 78

LSD1 = 37; LSD2 = 106; LSD3 = 70
Fall Rye 26 95 51 90

Camelina 43 198 38 219
Radish 8 39 18 55
LSD1 = 22; LSD2 = 65; LSD3 = 57

Least significant differences (LSD1) to compare between means of different planting methods for same cover crop
species and planting date at p ≤ 0.05. LSD2 to compare between means of different cover crop species for the
same planting method and planting date at p ≤ 0.05. LSD3 to compare means of different planting dates for same
cover crop species and planting method at p ≤ 0.05.

Plant densities at biomass harvest in the fall were impacted by both planting method
and planting date. The early planted rye had lower plant densities at maize harvest when
broadcasted, compared with drilling, largely due to its better initial establishment when
drilled, compared with being broadcast.

Camelina densities were lowest when planted early for both planting methods. Rye
had similar plant densities for both planting dates when drilled, whereas the early planted
treatments had lower plant densities when broadcasted.

The interaction between cover crops species and maize removal on plant density was
significantly different at p ≤ 0.05. Camelina had different initial densities when comparing
intersown and maize-removed treatments, with higher density when intersown (Table 3).
Camelina that was both intersown and grown without maize had higher plant densities,
compared with rye and radish. Again, this can be attributed to camelina having a higher
number of seeds planted when compared with rye and radish.

3.2. Fall Cover Crop Biomass Yield

There was a significant interaction between the removal of maize plants at planting
and planting date, planting method and planting date, and the removal of maize plants at
planting and planting method for fall biomass at p ≤ 0.05 (ANOVA table not shown).
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Table 3. Mean initial cover crop density for two maize-removal treatments, averaged across four
environments at Casselton, Hickson, and Prosper, ND, USA, in 2018 and 2019.

Initial Plant Density

Cover Crop Intersown Maize-Removed at Time of Planting

- - - - - - - - - - - - - - - - - - -plants m−2- - - - - - - - - - - - - - - - - -
Rye 109 100

Camelina 259 217
Radish 61 50

LSD1 (0.05) 92; LSD2 18
Least significant differences (LSD1) to compare between means of different cover crop species for the same
intersown or maize-removed treatments. LSD2 to compare between means of interseeded and maize- removed
treatments for same cover crop species.

Cover crops that were planted at the V7 maize growth stage without maize produced
nearly 40 times more biomass in the fall, compared with those that were intersown (Table 4).
Without maize competition, at the V7 stage, early planted cover crops produced about
five times the biomass, compared with when they were planted later at the R4 stage.
Additionally, the planting date did not impact intersown fall cover crop biomass. This was
largely due to the limited growth of the cover crops when grown under a maize canopy.
A substantial amount of the measured biomass accumulated after the maturity of maize
as the canopy opened and greater light reach the cover crops. Fall cover crop biomass
was less than 100 kg ha−1 when intersown. There are many proposed benefits associated
with living covers, but the amount of growth and biomass needed to bring about these
benefits have not been clearly established. For weed suppression and N retention services,
however, optimum biomass levels occur at around 3000 kg ha−1 or above, with little benefit
occurring with biomass levels below 1000 kg ha−1 [42].

Table 4. Effect of sowing date and maize removal at the time of sowing on cover crop biomass and
total nitrogen content in this biomass averaged over locations and cover crop species.

Maize Removal Treatment

Inter-Seeded Maize Removed

Sowing date - - - - - - - - - - - - - - - - -kg ha−1- - - - - - - - - - - - - - -

Biomass
Maize at V7 stage 76 3005
Maize at R4 stage 85 603

LSD1 (0.05) 1302 LSD2 (0.05) 900

N content
Maize at V7 stage 2.5 67.3
Maize at R4 stage 3.3 13.5

LSD3 (0.05) 28.9 LSD4 (0.05) 24.0
Least significant difference (LSD1 and LSD3) to compare between means of intersown and maize-removed
treatments for the same sowing date. LSD2 and LSD4 to compare means of the same intersown or maize-removed
treatments between different sowing dates.

The amount of cover crop N uptake measured in the fall was significantly different
at p ≤ 0.05 when comparing planting methods and the interaction between planting date
and removal of maize plants at the time of planting. Cover crops when planted early in
the season without competition from maize took up higher amounts of N when compared
with later sown cover crops (Table 4). Intersown cover crops, however, did not show a
difference for different planting dates and took up limited amounts N (~3 kg per ha−1) by
the end of the growing season. The low N update is associated with the minimal biomass
produced, which was far below the optimal biomass level needed for N services [13].

The planting method and planting date significantly impacted fall cover crop biomass
at p ≤ 0.05. When considering both planting methods, cover crops planted at the V7 maize
growth stage produced greater biomass, compared with that of the R4 stage (Table 5).
Furthermore, drilled cover crops produced a higher amount of fall biomass at the V7
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planting date, compared with biomass resulting from broadcasted cover crops. The large
difference in biomass between the planting dates can be attributed to the accumulations
when the maize crop was removed. Cover crops when planted early that were drilled
produced more biomass than when broadcast, particularly when maize was removed.
Although the data are not shown, plant N uptake was similarly impacted by planting
method and timing because N update was closely related to biomass accumulation.

Table 5. Mean fall cover crop biomass yield for two sowing methods, sown at two different maize
growth stages averaged across three cover crops, maize removal treatments, and four environments
in 2018 and 2019.

Sowing Date Broadcast Drilled

- - - - - - - - - - - - - - - - - - - - -kg ha−1- - - - - - - - - - - - - - - - - - - - - - - -
Maize at V7 stage 1349 1732
Maize at R4 stage 322 366
LSD1 (0.05) 224 LSD2 (0.05) 582

Least significant difference (LSD1) to compare between means of different sowing methods for the same sowing
date. LSD2 to compare between means of different sowing dates for the same sowing method.

3.3. Light Intensity and Cover Crop Ground Coverage

There was a large decline in the amount of photosynthetic active radiation (PAR)
reaching the cover crops by the third week after cover crop planting (Figure 2). When
planted at the V7 stage, maximum shading by the maize plants occurred approximately
five weeks after cover crops were planted.

Maize reached the R4 growth stage about eight weeks after the first planting date of
the cover crops. Available PAR at the soil surface and for cover crops planted at the R4
maize stage began to increase as the lower maize leaves started to senesce. However, there
was still less than 20% of the potential PAR available.

Green cover (GC) from cover crops planted at the V7 stage declined as PAR levels
declined through to the full canopy of the maize, illustrating the significant stress im-
posed on the development of plants by the low light intensity within the maize canopy
(Figure 2). There was an exception to this trend in Prosper 2019, where GC by the cover
crops continually increased after planting. This could be attributed to the delay in full
canopy development by the maize crop due to leaf damage by hail. With the extra light
during the early development of the cover crops, they were able to continuously grow.
Although not specifically shown, much of the observed green cover was associated with
the radish treatment. Under a full canopy, radish did very poorly with many plants dying,
but with the extra light, radish developed much more rapidly relative to the other cover
crops. Gradual increases in GC occurred as the maize canopy opened as it reached maturity,
but even then the cover crops only produced roughly 5% ground cover. The exception to
this was in Prosper, where it reached roughly 25% (Figure 2), with most of that cover being
from radish (data not shown).

3.4. Maize Grain Yield

Maize yield was lower in Hickson 2018 and Prosper 2019 (Table 6). Both Hickson 2018
and Prosper 2019 locations began the maize growing season with environmental stress. In
2018, the Hickson location began the season dry and the maize did not receive rain in a
timely manner after planting. Hickson only received a total of 29 mm within a month’s
span after maize planting (Figure 1). Alternatively, in 2019, Prosper received hail and wind
damage at the V7 maize growth stage, around 8 July. The hail damage reduced the amount
of photosynthetic radiation uptake, thus negatively impacting yield. Although Hickson
2018 and Prosper 2019 had different environmental stresses, both environments had similar
yields (Table 6).
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Figure 2. Percent green cover (GC) for cover crops planted at the V7 maize growth stage in relation to photosynthetically
active radiation (PAR) reaching the cover crop canopy within the established maize at (a) Casselton and Hickson, ND, in
2018 and (b) Hickson and Prosper, ND, in 2019.

When combined across all environments, there was no effect of cover crop species,
cover crop planting date, or planting method on maize yield. Overall, differences in maize
yield across environments can be attributed to various environmental weather conditions.
The experiments did not include a treatment in which no cover crop was intercropped. This
was due to the factorial design used and the fact that previous research with some similar
intercropping treatments found that they did not influence maize yield [43]. Berti et al. [30]
and Noland et al. [7] report that the V1–V6 maize growth stages are the critical “weed-free”
period when maize is sensitive to competition. Cover crops were planted at the V7 stage or
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later were outside this critical period. Moreover, the minimal biomass produced by the
early seeded cover crops shows that there was little potential for them to exert significant
competition with the maize (Table 4).

Table 6. Mean maize grain yield for three cover crops at four environments averaged across two
sowing dates at Casselton, Hickson, and Prosper, ND, USA, in 2018 and 2019.

Environment
2018 2019

Cover Crop Casselton Hickson Hickson Prosper

- - - - - - - - - - - - - - - Mg ha−1 - - - - - - - - - - - - - - -
Rye 14.5 12.9 14.3 12.0

Camelina 14.6 12.0 13.3 12.9
Radish 14.2 12.2 14.3 12.8

LSD (0.05) 2.1
Least significant difference (LSD) to compare means of different cover crops and environments.

3.5. Spring Cover Crop Growth

Rye and camelina plant densities were not recorded, and spring biomass prior to
soybean planting was used to estimate cover crop survival and regrowth. Radish is not
a winter annual; thus, plants did not survive the winter. It was observed that most rye
and camelina plants survived the winter, with the exception of those that were estab-
lished at the V7 stage, in which maize had been removed, and especially for camelina.
Berti et al. [30] found earlier that planted camelina loses its winter hardiness if it is exposed
to summer heat.

Spring cover crop biomass was impacted by planting date and whether the cover
crops were interseeded or grown without maize. There was an interaction between species
when compared within planting times and interseeded or maize-removed treatments. Rye
produced greater spring biomass, compared with camelina, when planted at the V7 maize
growth stage in maize-removed treatments (Table 7). Camelina when planted at the V7
stage had much greater winter mortality than did rye. Early planted camelina that grew
beyond the rosette stage prior to winter dormancy did not survive and struggled with the
summer heat, which reduced its winter hardiness. Rye tolerated early planting somewhat
better than camelina, when intersown (Table 7), but even some of the large rye plants that
had been planted at the V7 stage without a maize cover were observed to die during the
winter. The amount of spring biomass of cover crops when intersown was just approaching
the level at which their leaves were covering the soil surface, reducing soil moisture, with
the potential to suppress weeds and take up available nitrogen. Rye performed far better
than camelina. At the time of termination, however, the biomass was far less than required
to provide optimum ecosystem services desired from cover crops [42] due to the short
spring growing season associated with cool spring weather and the recommendation to
plant soybeans by 20 May in North Dakota in order to optimize yield.

Table 7. Mean spring cover crop biomass prior to soybean planting for two cover crops sown at
two maize growth stages (V7 and R4), and two maize removal treatments averaged across four
environments at Casselton, Hickson, and Prosper, ND, USA, in 2019 and 2020.

Cover Crop Intersown Maize-Removed

V7 R4 V7 R4

- - - - - - - - - - - - - - - - - - - - - - - - -kg ha−1 - - - - - - - - - - - - - - - - - - - - - - -
Rye 137 238 1199 1173

Camelina 27 73 6 396
LSD1 (0.05) 229 LSD2 (0.05) 689

Least significant difference (LSD1) to compare between means of cover crop species for the same sowing date
and maize-removal method. LSD2 to compare between means of sowing dates for the same cover crop and
maize-removal method.
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4. Conclusions

Establishing cover crops that will consistently provide effective ecosystem benefits
in a maize-based cropping system is challenging due to the intense shading of the maize
canopy when it is actively growing and the limited favorable weather for cover crop
growth after maize maturity. When planted at the V7 stage, the latest stage considered
practical for mechanical incorporation of the cover crops at the time of planting, cover crop
mortality rates were high due to low light intensity. Radish was generally more sensitive
than rye or camelina to low light intensity. Camelina planted at the V7 growth stage of
maize did not overwinter well and should only be recommended as a winter annual cover
crop when planted later in the summer. Cover crops tended to establish better when
mechanically incorporated than when broadcast, and the small-seeded camelina tended
to establish better than radish or rye when broadcast. Nevertheless, the establishment of
rye when broadcast was considered to be good enough to be recommended for seasons
and locations where soil moisture will be sufficient to enable germination. Sowing winter
annual cover crops as maize approaches maturity (R4 growth stage) generally produced
as much biomass in the fall as when planted earlier and tended to overwinter better. The
amount of biomass and ecosystem services provided by winter annual cover crops that do
establish and overwinter will depend on when they are terminated in the spring. Winter
annual cover crops may only marginally provide N cycling and weed suppression benefits
if soybeans are the following crop and are planted around the middle of May. Maize yield
did not differ regardless of cover crop treatments because their growth was minimal due to
the shading of the maize crop after they were planted.
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