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Abstract

According to the Resource Pool Diversity Hypothesis (RPDH), increasing cropping

system diversity (e.g., crop rotation, fertility sources, and weed management) should

increase soil resource pool diversity, and mitigate weed-crop competition intensity.

Despite the growing interest in cover crop mixtures to provide weed control, our

study is the first to test the effect of cover crop species and functional diversity on

weed-crop competition intensity. We hypothesised that according to the RPDH,

increasing cover crop species and functional diversity will mitigate weed-crop compe-

tition intensity. Using soils collected from a long-term field experiment comparing

diverse cover crop mixtures to their mono-species counterparts, we investigated in a

greenhouse whether the legacy of cover crops in the soil would alter the intensity of

competition that two competitive weeds can exert on maize. No relationship

between the relative weed-maize competition intensity and cover crop diversity was

found, which failed to support our hypothesis. Nevertheless, the cover crop treat-

ments varied in their effects on weed-crop competition intensity, with the cover crop

mixture consisting of triticale, Austrian winter pea and crimson clover resulting in the

lowest weed-crop competition intensity and highest maize biomass, regardless of the

weed species competitor. Therefore, while cover crop legacies in the soil may affect

weed-crop competition, increasing diversity alone is not sufficient to reduce competi-

tion intensity. Future research should investigate potential mechanisms driving cover

crop legacy effects on weed-crop competition, especially in a field, where diversity in

soil resources is likely to be greater compared to pots in a greenhouse.

K E YWORD S

competition intensity, diversity, greenhouse, long-term experiment, nitrogen

1 | INTRODUCTION

Weeds are a significant agricultural pest because they compete with

the crop for vital resources (i.e., light, water, and nutrients), thereby

decreasing crop yields (Oerke, 2006). Herbicides are the primary

method used to control or reduce weed abundance. However, the

over-reliance on herbicides has led to negative environmental impacts,

including biodiversity loss (Wilson et al., 1999), as well as increases in

weed biotypes evolving resistance to herbicides (Heap, 2023). A

better understanding of how farm management practices affect
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weed-crop competition is needed to reduce crop yield losses to

weeds and the negative impacts of herbicides.

Weed-crop competition is driven by the availability of resources

(forms and quantity), and the ability of plants to uptake and use these

resources (e.g., resource acquisition strategy, growth rate)

(Zimdahl, 2004). Competition intensity between crops and weeds is

greater when they are competing for limited soil resources at the

same time and in the same space (Violle et al., 2009), however,

the outcome of competition is also greatly influenced by both the

crop and weed relative emergence timing and their relative competi-

tive ability for light (Little et al., 2021). Competition intensity between

crops and weeds may be reduced when they can utilise different

forms of nutrients when timing of resource uptake varies between

species, or when species spatially differ in the volume of soil their

roots occupy (Smith et al., 2010; Violle et al., 2009). The quantity and

various forms of resources in the soil (e.g., pools of nitrogen include

organic nitrogen, nitrate, nitrite, ammonium, etc.), hereafter referred

to as ‘soil resource pools’, are dynamic in both space and time, and

diversity within soil resource pools are driven by farm management

practices such as crop rotation, fertilisation type and quantity, and

weed management tactics, which mediate nutrient cycling in the soil.

According to the Resource Pool Diversity Hypothesis (RPDH),

increasing cropping system diversity (e.g., crop rotation, source of fer-

tility, weed management) will decrease weed-crop competition for soil

resources due to an increase in soil resource pool diversity (Smith

et al., 2010). Despite no direct test of the RPDH, Smith et al. (2010)

found some support for the hypothesis in the agricultural literature by

comparing weed-crop competition intensity along a gradient of crop-

ping system diversity with the higher diversified cropping systems

being organic cropping systems, characterised by high cash and cover

crop diversity and use of green and animal manures, and lower diver-

sified cropping systems being conventional cropping systems, charac-

terised by low crop diversity and synthetic inputs. The authors

suggested that increasing cropping system diversity decreased weed-

crop competition intensity presumably through an increased soil

resource pool diversity. Similarly, Ryan et al. (2010) reported similar

maize (Zea mays L.) yields in organic and conventional cropping sys-

tems despite four- to seven-fold greater weed biomass in organic

cropping systems. The authors attributed this finding to a higher soil

resource availability and crop growth rate in the organic cropping sys-

tems. More recently, two greenhouse experiments attempted to find

support for the RPDH. First, Poffenbarger et al. (2015) suggested that

according to the RPDH, crops, and weeds would exhibit greater

resource partitioning within soils collected from organically managed

fields compared to conventionally managed fields. Second, Menalled

et al. (2020) tested whether soils collected from plots with a history of

both intra- and interspecific diversity influenced crop and weed com-

petition. Both studies failed to support the RPDH. However, Poffen-

barger et al. (2015) found some evidence of resource partitioning

between maize and pigweed, and Menalled et al. (2020) found some

evidence that soil nutrient availability and soil microbial diversity

drove weed-crop competition. Looking forward, studies are needed to

test the relative effects of biodiversity-based weed management prac-

tices in mitigating weed-crop competition intensity (Petit et al., 2018).

Cover crops, when cultivated during the fallow period between

two main cash crops, can provide multiple ecosystem services in agri-

cultural systems, such as increasing soil fertility, reducing nitrate

leaching, and suppressing weeds (Blanco-Canqui et al., 2015;

Daryanto et al., 2018; Shackelford et al., 2019). However, while many

studies showed that cover crops suppress weeds during the cover

cropping period (Baraibar et al., 2018; Rouge et al., 2022; Teasdale

et al., 2007), their effects on weeds in the subsequent crop are more

variable (Rouge et al., 2023). Previous studies have demonstrated that

cover crops limit weed emergence in the subsequent crop in no-till

systems when cover crops are terminated and left on the soil surface

as mulch (Fisk et al., 2001; Mirsky et al., 2013; Moore et al., 1994).

Less is known about cover crop soil-mediated effects on weed-crop

competition in tillage-based cropping systems.

Cover crop species contain variable quantities of nutrients and

release these nutrients at varying rates (Amsili & Kaye, 2021; Kuo &

Sainju, 1998). For example, Poaceae (e.g., rye, oat) cover crop species

usually show high C:N ratios and low nitrogen concentration in their

tissues, resulting in a slower rate of net nitrogen mineralisation (Wells

et al., 2013). In contrast, Fabaceae cover crop species (e.g., pea, clover),

which can symbiotically fix atmospheric nitrogen, usually show low C:N

ratios and high nitrogen concentration in their tissues, increasing nitro-

gen mineralisation into the soil (Marcillo & Miguez, 2017). Recently,

Zhang et al. (2022) found that mixing non-legume and legume cover

crop species increased soil organic carbon pool diversity compared to

their mono-species counterparts. Thus, mixing functionally diverse

cover crop species could mitigate weed competitiveness in the subse-

quent crop through an increase in soil resource pool diversity according

to the RPDH (Smith et al., 2010). However, it often takes years for

cover cropping to result in any measurable changes in the soil, such as

increased soil organic carbon (Poeplau & Don, 2015), soil total nitrogen

(Sainju et al., 2003), or the improvement of soil water dynamics

(Basche et al., 2016). Therefore, it may require several years of imple-

menting cover crop mixtures to measurably affect soil resource pools.

Despite the growing interest in cover crop mixtures, few studies

have examined whether the soil legacy from cultivating diverse cover

crop mixtures over the long term can reduce the intensity of subse-

quent weed-crop competition, presumably through greater resource

pool diversity in the soil. Using soils collected from a long-term annual

cropping system experiment comparing diverse cover crop mixtures

to their mono-species cover crop counterparts, we investigated

whether the soil legacy of cover crops would mediate the intensity of

competition that two competitive weeds, can exert on maize in a

greenhouse experiment. We hypothesised that increasing cover crop

species and functional diversity will mitigate competition exerted by

weeds on the subsequent crop according to the RPDH (Figure 1).

2 | MATERIALS AND METHODS

2.1 | Long-term cover crop field experiment

To examine cover crop soil-mediated effects on weed-crop competi-

tion, we utilised a long-term (10 years) organic field experiment
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testing different cover crop treatments, varying in cover crop species

richness and functional diversity (six mono-species cover crops and

five cover crop mixtures described in Supp. Table 1). Cover crops are

sown after winter wheat (Triticum aestivum L.) and incorporated into

soil before maize in a 3-year wheat–maize–soybean (Glycine max (L.)

Merr.) rotation (Figure 2). This rotation experiment was established in

2012 at the Pennsylvania State University Russell E. Larson Agricul-

tural Research Center, Rock Springs, Pennsylvania (40�430N,

F IGURE 1 Resource pool diversity hypothesis developed by Smith et al. (2010) adapted to cover crop diversity: A higher cover crop diversity
during the fallow period is expected to decrease weed-crop competition intensity in the subsequent crop through soil-mediated effects (i.e. an
increase of soil resource pool diversity).

F IGURE 2 Greenhouse experimental set-up. Soil samples (n = 27) were randomly collected in each cover crop treatment (n = 9) and block
(n = 3) of the long-term field experiment. Each soil sample was kept at 4�C and then used to fill six pots after soil sieving. Each pot was either
planted with an individual maize alone, maize + Setaria faberi, or maize + Amaranthus hybridus. These latter treatments were repeated two times
(A and B) per soil sample for a total of 162 pots in the greenhouse.
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77�550W). Soils at the experimental location are a Murrill channery silt

loam (fine-loamy, mixed, semiactive, mesic Typic Hapludult) with a

0%–3% slope. The average annual precipitation is 975 mm and mean

monthly temperatures range from �3�C in January to 22�C in July.

Cover crop treatments were established in a randomised, full-

entry complete block design (four blocks) (Supp. Figure 1). Cover

crops were implemented four times in the rotation from 2012 (start

of the experiment) and our experiment (2021–2022). Cover crop

diversity is the only manipulated factor affecting soil resource pool

diversity because the crops and cover crops are managed the same

in every other factor throughout the crop rotation (Supp. Table 2).

To manage for soil macronutrients, 9 and 4.5 tonnes ha�1 of poul-

try litter are added in the maize and wheat rotation phase, respec-

tively. Soil pH is tested every 3 years, and thus far, was always

found to be around 6.5 so no lime has been added. Other details

about management of the experiment can be found in (Amsili &

Kaye, 2021; Kaye et al., 2019). Daily precipitation and average

daily temperature during the 2021–2022 cover cropping period,

that is, before the beginning of the greenhouse experiment, can be

found in Supp. Figure 2.

2.2 | Greenhouse experiment

Six days after cover crop ploughing in 2022, soil samples (0–15 cm

depth) were randomly collected within each of the nine cover crop

treatments chosen for our greenhouse experiment, in three of the

four blocks of the field experiment (Figure 2). The fourth block of the

field experiment was excluded because of substantial cover crop win-

ter injury. Thenine cover crop treatments were selected to explore

species richness and functional diversity gradients (Table 1). Both spe-

cies richness and functional diversity increased in mono-species cover

crops, three-species cover crop mixtures, and six-species cover crop

mixtures (Table 1). Soil samples were kept at 4�C in the dark approxi-

mately 1 month until the greenhouse experiment was initiated.

Soils collected from individual plots were passed through a 4 mm

sieve, combined with perlite (3:1 v/v ratio of soil: perlite), and then

used to fill six pots (3.785 L) per field plot (Figure 2). Pots were dis-

tanced between 25 and 28cm apart on greenhouse benches. We used

maize (cv. Master Choice 3890) and two common and problematic

annual weed species in maize to evaluate cover crop legacy effects on

weed-crop competition: a monocot, Setaria faberi Herrm. (giant foxtail)

TABLE 1 Main characteristics of the cover crop species chosen for the experiment.

Cover crop

treatment
(scientific name) Botanical family

Species
richness

Number of

functional
group Biological and functional characteristics

Oat

(Avena sativa L.)
Poaceae 1 1

Fibrous, dense and deep root system/allelopathic plant/high C:N

ratio/slow residue decomposition/highly productive/erect stem/50–
150 cm high/fine leaves/winter kill

Triticale

(Triticosecale L.)

Poaceae 1 1 Fibrous, dense and deep root system/high C:N ratio/slow residue

decomposition/highly productive/erect stem/tillering capacity/

winter-hardy

Canola

(Brassica napus

L.)

Brassicaceae 1 1 Taproot/erect stem/1 m high/high C:N ratio/slow residue

decomposition/winter-hardy

Forage radish

(Raphanus sativus

L.)

Brassicaceae 1 1 Taproot/erect stem/50–80 cm high/large leaves/high C:N ratio/slow

residue decomposition/winter kill

Crimson clover

(Trifolium

incarnatum L.)

Fabaceae 1 1 Taproot/erect stem/20–50 cm high/large leaves/symbiotic N

fixation/low C:N ratio/fast residue decomposition/winter-hardy

Austrian winter

pea

(Pisum sativum L.)

Fabaceae 1 1 Shallow taproot/climbing/symbiotic N fixation/low C:N ratio/fast

residue decomposition/winter kill

3SppN Poaceae and

Fabaceae

3 2 Mix of crimson clover, Austrian winter pea and Triticale

characteristics

3SppM Poaceae,

Brassicaceae,

and Fabaceae

3 3 Mix of oat, Austrian winter pea and forage radish characteristics

6Spp Poaceae,

Brassicaceae and

Fabaceae

6 3 Mix of all species characteristics

Note: Cover crop treatments were ranked according to diversity gradients. Biological and functional characteristics of cover crops were found in papers

characterising cover crop species (Amsili & Kaye, 2021; Hudek et al., 2022; Tribouillois et al., 2015).
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and a dicot, Amaranthus hybridus L. (smooth pigweed). Seeds for both

weed species were collected in the fall of 2021 in fields adjacent to

the long-term cover crop field experiment described in Section 2.1.

Seeds were then separated from chaff, and stratified at 4�C in moist

and dark conditions to break dormancy. Each pot in the greenhouse

experiment was composed of either one maize plant, one maize plant

+ three S. faberi plants, or one maize plant + three A. hybridus plants

(Figure 2). Each combination of cover crop soil legacy and maize-weed

community was replicated six times (we sampled from cover crop field

plots from three blocks in the field X 2 greenhouse pot subsamples

per maize-weed combination grown in soil collected from each field

plot) for a total of 162 pots. To ensure we had at least one maize plant

per pot, we planted two maize seeds per pot in the centre and thinned

to one plant immediately upon maize emergence. Weed seeds were

planted in three locations in a triangle pattern around the central

maize plant, with 10 seeds per location and weed seedlings were

thinned so that pots had three weed plants each. We selected one

maize plant and three weed plants because our goal was to maximise

interspecific competition and minimise intraspecific competition

within each pot. While we could not definitively know whether each

plant came from our sown weed seeds compared to the background

seed bank in the soil, because of the high density sown in very specific

spots in the pot there was a high probability that each weed individual

came from the seeds we planted. Seedlings were thinned approxi-

mately 10 days after sowing, and all individuals were selected to be at

a similar size, with the first true leaf just emerging.

Pots were irrigated daily throughout the experiment with auto-

matic irrigation, which was programmed to minimise hydric stress and

leaching from the pots, which contained drainage holes. The green-

house was lightened with LED lights, providing 6 mols of photosyn-

thetically active radiation per day during 16 h, to minimise

competition for light.

2.3 | Plants and soil assessments

Maize and weed aboveground dry biomass were used as indicators of

relative competition intensity (RCI) (Trinder et al., 2021). We termi-

nated the greenhouse experiment and measured maize and weed

aboveground biomass 55 days after its initiation to avoid the maize

and weeds from becoming overly root-bound within the pots. Maize

plants ranged from the V6 to V8 growth stage at termination

(Hanway, 1999). Plant samples were oven-dried at 60�C for 7 days

and we recorded dry biomass weight.

Crop and weed competition intensity was assessed by calculating

a competition index (Weigelt & Jolliffe, 2003) based on the measured

aboveground dry biomass of maize grown alone and with each weed

species. RCI (Grace, 1995) was calculated at the pot level as follows:

RCI¼ Pmono�Pmixð Þ
Pmono

,

where Pmono is the aboveground biomass (g) of maize grown alone

and Pmix the biomass (g) of maize grown with S. faberi or A. hybridus.

RCI = 0 means that maize biomass was the same whether grown

alone or with weeds. RCI >0 and <0 indicate higher and lower maize

biomass when maize was grown alone rather than with weeds,

respectively. The higher RCI, the higher the competitive effect of

weeds on maize.

To identify whether weeds competed with maize for soil nitrogen

in each cover crop treatment, total carbon and nitrogen concentra-

tions in the soil used to fill the pots, and nitrogen quantity in plants

were assessed. Soil, maize, and weed total carbon and nitrogen con-

centrations were measured using the elemental organic combustion

UNICUBE Analyser (Elementar, Germany), after grinding the samples

to 1 mm particle size. Plant nitrogen quantity was then calculated by

multiplying plant aboveground biomass by plant nitrogen

concentration.

Finally, to explain potential soil-mediated effects of cover crops

on weed-crop competition intensity, cover crop (per species) and

weed (all species) fall (11 November 2021) and spring (11 May 2022)

aboveground biomass were measured in the field, with three 0.25 m2

quadrats per plot. Cover crop (per species) and weed (all species) bio-

mass were oven-dried at 60�C for 7 days, and the dry matter biomass

was weighed and averaged at the cover crop treatment level in both

the fall and spring periods.

2.4 | Statistical analysis

Statistical analyses were performed with the R software version 4.2.1

(R Core Team, 2020), and in each of the analyses below we used gen-

eralised linear mixed effect models, available in the R ‘glmmTMB’
package (Brooks et al., 2017) with the interaction of cover crop treat-

ment and block as a random effect to account for greenhouse pot

subsamples.

To test our hypothesis that increasing cover crop species and

functional diversity will mitigate competition exerted by weeds on

the subsequent crop according to the RPDH, we tested the fixed

effects of cover crop diversity (1, 3, or 6 cover crop species), weed

species competitor (S. faberi and A. hybridus), and their interaction

on the RCI between maize and each weed species competitor. In

addition, we evaluated the effects of cover crop treatment, weed

species competitor, and their interaction on RCI, weed biomass, or

weed nitrogen quantity. Maize biomass and nitrogen quantity were

independently modelled with cover crop treatment, weed species

competitor, and their interaction as fixed effects to determine

whether the effect of weed species competitor on maize growth

varied.

Finally, to identify whether weed-crop competition was affected

by cover crop treatments through varying soil resource availability, we

included RCI as a response variable with weed species competitor, soil

nitrogen concentration, or C:N ratio, and their interaction as fixed

effects. To determine whether cover crop treatment affected soil

resource availability, we included cover crop treatment as a fixed

effect. Total nitrogen concentration and C:N ratio of soils samples

used for the greenhouse experiment were included as response vari-

ables in separate models.

ROUGE ET AL. 5 of 12
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Maize biomass, weed biomass, and nitrogen quantity were mod-

elled with a tweedie family and a log link function, which is currently

used to meet model assumptions with skewed or bimodal data distri-

butions (Dunn, 2022), and maize nitrogen quantity and RCI were mod-

elled with a Gaussian family without identity link according to the

data distributions. Significance of fixed effects was determined

through Type III Wald Chi-Square tests using the function Anova of

the R ‘car’ package (Fox et al., 2020). Contrasts were adjusted using

the R ‘emmeans’ package (Lenth, 2021).

3 | RESULTS

3.1 | Cover crop legacy effects on weed-maize
competition intensity

The RCI between maize and weeds was not affected by cover crop

diversity (χ2 = 0.01; p-value = 0.93), nor the interaction between

cover crop diversity and weed species competitor (χ2 = 0.01; p-

value = 0.94). Thus, no relationship between cover crop diversity and

RCI was found, neither when maize was grown with S. faberi nor with

A. hybridus (Figure 3). RCI between maize and S. faberi was driven

more by variation in maize biomass (R2 = 0.3) versus S. faberi biomass

(R2 = 0.07). In contrast, neither variation in maize nor A. hybridus bio-

mass were strong predictors of their RCI, likely because the

A. hybridus did so poorly in the greenhouse experiment that competi-

tion was minimal.

RCI between maize and weeds were affected by cover crop treat-

ment (χ2 = 21; p-value = 0.008) and weed species competitor

(χ2 = 82; p-value <0.0001), but not their interaction (Figure 4; Supp.

Table 3). On average across cover crop treatments, RCI was higher

(indicating greater competition) when maize was grown with S. faberi

(27%) than with A. hybridus (8%). Trends indicate that when maize

was grown with S. faberi, RCI was the highest in triticale and canola

cover crop treatments (36% and 34%, respectively), and the lowest in

3SppN, oat, and crimson clover cover crop treatments (18%, 19%, and

20%, respectively) (Figure 4). Despite very low RCI when maize was

grown with A. hybridus, RCI was the highest in triticale (17%) and the

lowest in forage radish and oat (1% and 0.1%, respectively) (Figure 4).

3.2 | Cover crop legacy and weed species effects
on maize growth

The effect of cover crop treatment on maize biomass depended on

weed species competitors (Table 2, Supp. Table 3), while maize nitro-

gen quantity varied by cover crop treatment and weed species com-

petitor as main effects (Table 3, Supp. Table 3). S. faberi reduced

maize biomass and nitrogen quantity in all the cover crop treatments,

on average from �28% to �31% (Tables 2 and 3). A. hybridus signifi-

cantly reduced maize biomass only in triticale (�17%), canola (�13%)

and Austrian winter pea (�15%) cover crop treatments (Table 2), and

did not affect maize nitrogen quantity (Table 3). Grown alone, maize

biomass was significantly lower in grass cover crop treatments (oat

and triticale) than in 3SppN (Table 2). Grown with S. faberi, maize bio-

mass was significantly lower in all the cover crop treatments, except

legume mono-species cover crops (crimson clover and Austrian winter

pea), than in 3SppN (Table 2). Grown with A. hybridus, maize biomass

was significantly lower in grass and canola cover crop treatments than

in 3SppN (Table 2). Similar to maize biomass, maize nitrogen quantity

F IGURE 3 Effect of cover crop diversity on the relative competition intensity (RCI, unitless) between maize and each weed species
competitor (i.e., Setaria faberi and Amaranthus hybridus). RCI was calculated at the pot level as follows: RCI¼ Pmono�Pmixð Þ

Pmono , where Pmono is the
aboveground biomass (g) of maize grown alone and Pmix the biomass (g) of maize grown with S. faberi or A. hybridus. Botanical families and cover
crop treatments are graphically distinguished with different shapes and colours, respectively. P-value <0.05 indicates a slope different from zero.
3SppM: Cover crop mixture of oat, Austrian winter pea and Forage radish; 3SppN: Cover crop mixture of Crimson clover, Austrian winter pea and

Triticale; 6Spp: Cover crop mixture of all species tested.
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showed the highest values in the 3SppN cover crop treatment, and

maize nitrogen quantity was significantly lower in the grass (triticale

and oat), brassica (forage radish and canola) and the 3SppM cover

crop treatments compared to 3SppN (Table 3). Using preplanned con-

trasts, we found that cover crop treatments that included a legume

increased both maize biomass (p-value <0.009) and nitrogen quantity

(p-value <0.002) compared to those that did not include a legume,

regardless of whether maize was grown alone or with a weed species

competitor.

Biomass and nitrogen quantity of S. faberi and A. hybridus, grown

with maize, differed between the two species, but it did not differ by

cover crop treatments (Table 4, Supp. Table 3). On average across

cover crop treatments, S. faberi biomass and nitrogen quantity (0.84 g

and 7.2 mg N, respectively) were higher compared to A. hybridus

(0.12 g and 1.1 mg N, respectively).

3.3 | Soil resource availability effects on weed-
crop competition

RCI between maize and weeds was not affected by soil nitrogen con-

centration (χ2 = 2; p-value = 0.16), soil C:N ratio (χ2 = 0.002; p-

value = 0.96), nor cover crop C:N ratio in fall (χ2 = 0.1; p-value

=0.76) or spring (χ2 = 3.1; p-value =0.08), nor was there any interac-

tion with weed species competitor.

Cover crop (plus weeds) biomass and C:N ratio in the field varied

among cover crop treatments and between fall and spring in each

cover crop treatment (Supp. Figure 3 and Supp. Table 4). Crimson clo-

ver and Austrian winter pea were the most productive cover crop spe-

cies in the fall (2.9 and 2.4 t ha�1, respectively, when grown alone)

and as expected, had the lowest C:N ratios. Oat, triticale, and canola

had the highest C:N ratios in fall. Oat, forage radish, Austrian winter

F IGURE 4 Variation of the relative
competition intensity (RCI, %) between
maize and each weed species competitor
(i.e., Setaria faberi and Amaranthus
hybridus) for every cover crop treatment.
Means RCI are indicated with bold dots,
confidence intervals with bars, and row
data with clear little dots. 3SppM: Cover
crop mixture of oat, Austrian winter pea

and Forage radish; 3SppN: Cover crop
mixture of Crimson clover, Austrian
winter pea and Triticale; 6Spp: Cover crop
mixture of all species tested.

TABLE 2 Average (and standard error) of maize biomass (g) measured at biomass sampling within the competition greenhouse experiment.

Maize biomass

Cover crop treatment Maize Maize + Setaria faberi Maize + Amaranthus hybridus

Oat 3.28 (0.48) A b 2.54 (0.28) B cd 3.16 (0.31) A bc

Triticale 3.35 (0.19) A b 2.19 (0.07) C d 2.78 (0.14) B c

Canola 3.57 (0.22) A ab 2.26 (0.11) C d 3.09 (0.21) B bc

Forage radish 3.81 (0.52) A ab 2.57 (0.30) B bcd 3.75 (0.51) A abc

Crimson clover 4.29 (0.21) A ab 3.42 (0.26) B ab 3.96 (0.30) A ab

Autrian winter pea 4.40 (0.50) A ab 3.19 (0.50) C abc 3.74 (0.25) B abc

3SppM 3.90 (0.41) A ab 2.56 (0.18) B bcd 3.62 (0.38) A abc

3SppN 4.77 (0.35) A a 3.9 (0.36) B a 4.34 (0.23) A a

6Spp 4.01 (0.34) A ab 2.87 (0.39) B bcd 3.64 (0.31) A abc

Note: Uppercase letters compare maize biomass by weed crop combination (i.e., maize alone, maize + Setaria faberi and maize + Amaranthus hybridus)

within each cover crop treatment. Lowercase letters compare maize biomass and nitrogen quantity by cover crop treatment in each weed crop

combination. Treatments sharing the same letter are not significantly different at p-value <0.05. 3SppM: Cover crop mixture of oat, Austrian winter pea

and Forage radish; 3SppN: Cover crop mixture of Crimson clover, Austrian winter pea and Triticale; 6Spp: Cover crop mixture of all species tested.
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pea, and crimson clover biomass were reduced between fall and

spring (�1.7, �1.6, �2.4, and � 1.6 t ha�1, respectively, when grown

alone). However, triticale and canola biomass increased between fall

and spring (+0.8 and + 0.7 t ha�1, respectively, when grown alone).

The 3SppN cover crop treatment resulted in the highest total biomass

in the spring (>4 t ha�1), with a high proportion of triticale

(� 2.5 t ha�1) and crimson clover (� 1.2 t ha�1). In spring, crimson clo-

ver had the lowest C:N, while canola and triticale had the highest C:N

ratio.

Total nitrogen concentration measured in soils before starting the

greenhouse experiment varied by cover crop treatment (χ2 = 24; p-

value = 0.002), but soil C:N ratio did not (χ2 = 8; p-value = 0.41;

Supp. Table 5). Soil total nitrogen concentration was the highest in

3SppN and Austrian winter pea cover crop treatments, and was signif-

icantly lower than these cover crop treatments only in triticale.

4 | DISCUSSION

No relationship between RCI and cover crop diversity was found in

our experiment, neither when maize was grown with S. faberi nor with

A. hybridus, which fails to support our hypothesis that increasing cover

crop species and functional diversity will mitigate competition exerted

by weeds on the subsequent crop according to the RPDH. Potential

explanations of the lack of support for our hypothesis could be that:

(1) increasing cover crop diversity did not increase soil resource pool

TABLE 3 Average (and standard error) of maize nitrogen quantity (mg N) measured at biomass sampling within the competition greenhouse
experiment.

Maize nitrogen quantity

Cover crop treatment Maize Maize + Setaria faberi Maize + Amaranthus hybridus Cover crop main effect

Oat 22.5 (1.54) 14.6 (3.13) 22.7 (1.64) 19.9 (1.51) cde

Triticale 21.5 (0.73) 13.8 (0.86) 19.6 (0.55) 18.3 (0.89) e

Canola 21.5 (1.15) 14.2 (0.64) 23.0 (1.60) 19.6 (1.13) de

Forage radish 25.4 (2.79) 14.8 (1.19) 24.5 (2.55) 21.5 (1.70) bcde

Crimson clover 26.8 (2.15) 20.2 (1.51) 24.4 (0.86) 23.8 (1.09) abc

Autrian winter pea 27.0 (1.19) 20 (2.03) 25.9 (0.73) 24.3 (1.08) ab

3SppM 25.4 (1.42) 17.3 (0.43) 26.0 (1.37) 22.9 (1.15) bcd

3SppN 30.7 (1.68) 23.5 (0.96) 29.0 (1.12) 27.7 (1.02) a

6Spp 26.9 (1.30) 18.4 (1.5) 24.9 (0.56) 23.4 (1.09) bcd

Weed species competitor main effect 25.3 (0.64) A 17.4 (0.65) B 24.4 (0.54) A

Note: Uppercases compare the main effect of weed crop combination (i.e., maize alone, maize + Setaria faberi and maize + Amaranthus hybridus) on maize

nitrogen quantity. Lowercases (in green) the main effect of cover crop treatment on maize nitrogen quantity. Treatments sharing the same letter are not

significantly different at p-value <0.05. 3SppM: Cover crop mixture of oat, Austrian winter pea and Forage radish; 3SppN: Cover crop mixture of Crimson

clover, Austrian winter pea and Triticale; 6Spp: Cover crop mixture of all species tested.

TABLE 4 Average (and standard error) of weed biomass (g) and nitrogen quantity (mg N) measured at biomass sampling when grown in
competition with maize within the greenhouse experiment.

Weed biomass Weed nitrogen quantity

Setaria faberi Amaranthus hybridus Setaria faberi Amaranthus hybridus

Oat 0.83 (0.20) 0.11 (0.02) 7.5 (1.00) 0.99 (0.15)

Triticale 0.70 (0.03) 0.09 (0.03) 6.09 (0.27) 0.88 (0.26)

Canola 0.80 (0.05) 0.14 (0.05) 7.25 (0.31) 1.23 (0.4)

Forage radish 1.02 (0.18) 0.13 (0.06) 7.69 (0.80) 1.05 (0.5)

Crimson clover 0.80 (0.07) 0.16 (0.05) 6.43 (0.44) 1.32 (0.39)

Autrian winter pea 1.03 (0.19) 0.08 (0.02) 8.49 (1.10) 0.8 (0.21)

3SppM 0.91 (0.26) 0.10 (0.02) 7.96 (1.64) 0.81 (0.12)

3SppN 0.93 (0.19) 0.12 (0.03) 7.42 (0.97) 1.2 (0.23)

6Spp 0.85 (0.16) 0.16 (0.03) 6.28 (1.44) 1.45 (0.33)

Note: Weed species included Setaria faberiand Amaranthus hybridus. Weed biomass and N quantity differed between the two species but did not differ by

cover crop treatments (Supp. Table 3). 3SppM: Cover crop mixture of oat, Austrian winter pea and Forage radish; 3SppN: Cover crop mixture of Crimson

clover, Austrian winter pea and Triticale; 6Spp: Cover crop mixture of all species tested.
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diversity, or the magnitude of variation in soil resource pool diversity

was not sufficient to affect weed-crop competition, (2) greenhouse

experiments may be insufficient to test the RPDH, (3) the magnitude

of weed-crop competition within our study was not sufficient to

detect an effect of resource pool diversity, and (4) resource pool

diversity may not be an important factor affecting weed-crop

competition.

4.1 | Does cover crop diversity increase soil
resource pool diversity?

While we measured soil total nitrogen and carbon concentrations in

our experiment, we did not test the diversity of these resources. Test-

ing cover crop effects on soil resource pool diversity could have

included examining soil microbial diversity, the chemical compounds

in soil (e.g. forms of nitrogen, such as variation in amino acid or other

compounds in the soil), or variation in soil physical structure such as

stable aggregate size. Conducting these analyses on the field soil we

used within our greenhouse pots was outside the scope of our experi-

ment. However, previous research from our long-term cover crop field

experiment showed that soils within our cover crop treatments can

differ in microbial communities as well as soil composition of physio-

chemical pools of soil organic carbon, which suggests that the soil

from the long-term cover crop diversity experiment do vary in

soil resource pools. In fact, Cloutier et al. (2020) showed in 2014,

4 years after the beginning of the experiment, that the 3SppN cover

crop treatment and to a lesser extent the 6Spp cover crop treatment,

contained greater microbial diversity than their mono-species coun-

terparts. Recently, Zhang et al. (2022) showed that functionally dis-

tinct cover crop species contributed to different pools of organic

carbon. While the proportion of plant-derived carbon in particulate

organic matter was higher in triticale and canola cover crops, the pro-

portion of microbial-derived carbon in mineral-associated organic

matter was higher with crimson clover. Interestingly, the mixture of

these species resulted in a higher concentration of plant-derived com-

pounds in particulate organic matter compared to the crimson clover,

and a greater accumulation of microbial-derived carbon in mineral-

associated organic matter compared to the canola and triticale; sug-

gesting that mixtures can increase both short- and long-term soil

organic carbon pools compared to mono-species cover crops. There-

fore, while we did not directly measure the diversity of soil resources

in our experiment, there is some evidence from previous studies that

suggests increasing cover crop diversity increases soil resource

diversity.

Previous studies reported that weed-crop competition can be

driven by soil resource availability and microbial communities

(Menalled et al., 2020; Ryan et al., 2010). While there is some evi-

dence suggesting that soil carbon pools (Zhang et al., 2022) and

soil microbial composition (Cloutier et al., 2020) were more diverse

in cover crop mixtures than in mono-species cover crops, mixtures

did not result in lower weed-crop competition intensity than

mono-species cover crops in our experiment. One explanation is

that the magnitude of difference in soil resource pool diversity

between mixtures and mono-species cover crops was not sufficient

to measurably affect weed-crop competition intensity. Within the

long-term cover crop experiment, the cover crop treatments only

occur once in every 3 years of the crop rotation, and therefore the

cover crop treatments were in place only four times over the

course of the study thus far, which could be lower than the time

needed to mediate processes that affect soil resource pools

(Basche et al., 2016; Poeplau & Don, 2015). Additionally, inversion

tillage is included every year within the experimental cropping sys-

tem, which may homogenise soil resource pools compared to

reduced- or no-tillage systems.

4.2 | Can the effects of soil resource pool diversity
on crop-weed competition be tested in the
greenhouse?

Greenhouse experiments are valuable in that they enable one to con-

trol for more external factors compared to field experiments. How-

ever, to our knowledge, ours is the third experiment that used field

soil collected from a crop diversity gradient in annual cropping sys-

tems to test the effect of soil resource pool diversity on weed-crop

competition in a greenhouse. Previous greenhouse studies also failed

to find support for the RPDH (Menalled et al., 2020; Poffenbarger

et al., 2015). Perhaps the nature of experimental conditions in the

greenhouse may inhibit the detection of effects from soil resource

pool diversity. For example, prior to setting up our greenhouse experi-

ment, the soil was sieved and combined with perlite, both of which

were necessary to improve infiltration, drainage, and overall quality of

the growing media within the greenhouse pots. However, soil proces-

sing may have lowered the cover crop legacy effects on diversity of

resource pools within the soil, for example, by altering soil structure

and/or microbial communities. This is consistent with Poffenbarger

et al. (2015), who noted that soil conditions in the greenhouse will not

be as heterogenous or complex as in the field. They also noted that

competition between crops and weeds occurs on a longer time scale

in the field compared to pots in the greenhouse, which greatly

restricts both the duration of growth and overall plant size compared

to the field, potentially reducing the potential for resource partition-

ing. Additionally, greenhouse pots restricted both horizontal and verti-

cal root growth. And according to the RPDH, for diverse resource

pools to alleviate competition, soil not only must contain a diversity of

soil resources, but the competing plant species must differ in resource

acquisition or foraging strategies (Smith et al., 2010). Therefore,

potential differences among plant species that enable them to occupy

diverse niches in how they forage for soil resources may have been

limited within pots.

4.3 | Was the magnitude of weed-crop
competition intensity sufficient to test the RPDH?

To find support for the RPDH, it is possible that one needs a higher

level of weed-crop competition intensity than occurred within our
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experiment. Maize competed with two weed species: a grass, S. faberi

which is likely to have similar resource acquisition strategies to maize,

and a dicot, A. hybridus, which most likely differs from maize in its

resource acquisition strategy. Thus, according to Smith et al. (2010),

the slope of the relationship between weed-crop competition inten-

sity and cover crop diversity was expected to be steeper when maize

was with S. faberi compared to A. hybridus. However, A. hybridus did

not grow well in the greenhouse experiment (i.e., lower biomass com-

pared to the S. faberi plants), resulting in lower competition intensity

with maize than expected. Potentially, A. hybridus may have been

more negatively affected by the reduced light conditions characteris-

tic of greenhouses, and the low fertility conditions within our experi-

ment. Most Amaranthus species are nitrophilic and their competitive

ability can be negatively affected by low nitrogen availability

(Blackshaw & Brandt, 2008). Additionally, we may have needed higher

densities of the small-seeded A. hybridus to overcome the large initial

size difference when competing with maize, which has a much larger

seed and therefore, a larger starting mass.

S. faberi did suppress maize regardless of the cover crop treat-

ment. But as S. faberi and maize are both grasses, they likely did

not differ as much in resource acquisition strategies, which could

have decreased the slope of the relationship between weed-crop

competition intensity and cover crop diversity (Smith et al., 2010).

Testing the RPDH with more competitive grass and broad-leaved

weed species that had more similar seed size to maize and at

higher seedling density should be explored to further test the

hypothesis.

4.4 | Potential alternative drivers of weed-crop
competition

Despite finding no relationship between cover crop diversity and

weed-crop competition in our study, weed-crop competition did

vary across the cover crop treatments. While we only measured soil

total nitrogen and carbon in our soil samples, and we did not find a

relationship between weed-crop competition intensity and soil total

nitrogen quantity nor C:N ratio, it is possible that weed-crop com-

petition was driven by cover crop nitrogen release, if cover crop

treatments varied in nitrogen mineralisation rates. For example,

maize biomass and N quantity were both greater when grown in

cover crop treatments containing legumes compared to those that

did not. However, we did not find similar increases in either

S. faberi or A. hybridus biomass when grown in cover crop treat-

ments with legumes. This suggests that either: (1) the competitive

ability of both weeds was either less responsive to increased N

availability; or (2) greater N availability increased maize competitive

ability and suppression of neighbouring weeds so that we failed to

detect any difference in weed biomass in treatments containing

legumes compared to those that did not.

In our study, the 3SppN cover crop treatment (composed of triti-

cale, Austrian winter pea, and crimson clover) resulted in the lowest

competition intensity between each weed and maize, and the highest

maize biomass whether maize grown alone or with S. faberi and

A. hybridus. This could be attributed to the greater cover crop biomass

in the spring or the higher total nitrogen concentration measured in

soils where 3SppN was incorporated. Previous work found that grass

and legume cover crop mixtures have slower rates of N mineralisation

(Kuo & Sainju, 1998), which may or may not more closely mirror N

uptake rates of the crop and increase crop competitive ability (Little

et al., 2021). However, other cover crop mixtures within our experi-

ment (3SppM and 6Spp) did not result in lower weed-crop competition

and higher maize biomass than legume mono-species cover crops. In

addition, oats reduced weed-maize competition as well as maize bio-

mass. This suggests that cover crop soil-mediated effects on weed-crop

competition may be complex and need further investigation.

While we did not find support for our hypothesis, that increasing

cover crop functional diversity can mitigate crop and weed competi-

tion, we suggest further experiments to test the RPDH in the field,

with diverse weed communities and under various farm management

practices such as tillage or no-till, or source of fertilisation. This could

provide insights into the drivers of weed-crop competition in agricul-

tural fields and help farmers design the best cover crop mixtures to

minimise the negative effect of weeds on crops.
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