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ABSTRACT

The Holland Marsh is the largest cultivable area of high organic matter content (muck) soil 

in Ontario, Canada. Soil loss by wind erosion, particularly during fall and winter months, is a major 

soil management concern for this region. Incorporating cover crops into the production system is 

a proposed strategy to reduce wind erosion. However, cool fall temperatures and a short growing 

window, especially after carrot harvest, is a challenge, as is the preference for a cover crop that 

dies over the winter and does not interfere with following year’s main crop. Field trials assessed 

various cover crop species and methods for their establishment after onion and carrot harvests. 

Barley (Hordeum vulgare L.) (55%) and barley/daikon radish (Raphanus sativus L. var. 

longipinnatus) mixtures (60%) produced higher canopy coverage when seeded after onions, 

supporting the current farmer practice of using mainly barley as a cover crop in this area. Barley 

seeded at a high seeding rate (420 seeds m-2) before carrot harvest achieved greater canopy 

coverage compared to barley or fall rye (Secale cereale L.) seeded after harvest. Transplanting 

barley after carrot harvest provided the highest canopy coverage (25-31%), but the associated cost 

is a concern. Seed priming did not enhance cover crop establishment in field. Direct seeding of 

cover crop before or after carrot harvest produced canopy coverage below 30%, the critical level 

of residue cover for reducing soil loss by erosion. Future research on cover crop agronomy in the 

Holland Marsh including additional species and methods for establishment is recommended.

KEY WORDS:

 Muck soil, wind erosion, cover crops, canopy coverage

Page 2 of 32

© The Author(s) or their Institution(s)

Canadian Journal of Plant Science



For Review Only

INTRODUCTION

Organic soil is developed under wetland (anaerobic) condition and has more than 17% 

soil organic carbon (SOC) (Kroetsch et al. 2011), while mineral soil generally contains less than 

3.4% SOC (Shonk et al. 1991). The Holland Marsh, located in the watershed of the Holland 

River in King Township and Simcoe County (45°05’N, 79°34’W) (Nicholls and MacCrimmon 

1974), is the largest continuous area of organic soil reclaimed for agriculture in Ontario, Canada 

and covers an area of about 3000 ha, supporting ~125 farmers (Bartram et al. 2007). The SOC 

content in these soils ranges from 17–48%. The area was diked and drained starting in the late 

1920s and 1930s for agricultural purposes (Jackson 1998). Carrot (Daucus carota L.) and onion 

(Allium cepa L.) are the major crops grown in rotation in the Holland Marsh (70 % of total 

production), while some farmers also grow Chinese leafy greens, celery, beet, and greenhouse 

vegetables and flowers (Holland Marsh Growers’ Association 2019). About 50% of Ontario’s 

fresh market carrot and 60% of Ontario’s dry onion are produced here (OMAFA 2022). These 

highly productive organic soils are of significant agricultural importance. However, the 

continuous loss of the organic layer (subsidence) due to the natural decomposition of SOC 

coupled with soil loss from factors such as wind erosion present a substantial concern.

Subsidence is a gradual reduction in thickness of the SOC layer after a wetland is drained 

(Stephens 1956). Subsidence rates of 1 to 3.3 cm per year have been recorded in the Holland 

Marsh (Smith 1962; Mirza and Irwin 1964). The subsidence rate can vary greatly because of 

secondary influences, which include frost action, water table fluctuations (Mirza and Irwin 1964) 

and soil loss by wind erosion (Zandstra and Warncke 1993). Strong wind continuing for one to 

two hours can erode 2 to 5 cm of bare and dry organic soil (Zandstra and Warncke 1993). An 
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average annual loss of 2 cm of organic soil has been reported for the organic soils reclaimed for 

agriculture in Montreal, Quebec due to wind erosion (Aygün et al. 2021)

Ontario cropland is prone to wind erosion during the fall and winter when the primary 

crop is absent, and wind speed is higher (OMAFA 2022c). Flatter regions, where there is nothing 

to obstruct the wind, such as the Holland Marsh, are more prone to soil loss due to wind erosion, 

particularly when soil is loose, dry, and uncovered (Zobeck 1991). Further, organic soil has low 

bulk density (0.1 to 0.35 g cm-3) (Lucas 1982), which makes it lighter and susceptible to wind 

erosion (Campbell et al. 2001). Organic soil in the Holland Marsh is also dark in colour 

(Zandstra and Warncke 1993) and is typically tile drained. These conditions can accelerate the 

drying of surface soil, hindering surface sealing and crust formation, making it more prone to 

wind erosion (Zobeck 1991). 

Cover crops including crop residues can be used to provide ground cover to limit wind 

speed and potential erosion (Fryrear 1985; Stevens and Quinton; Baets et al. 2011; Blanco-

Canqui et al. 2015;). However, standing vegetation, such as a living cover crop, in the field is 

more effective than flat crop residues, as it can play a role in reducing wind speed, while also 

providing cover (Bilbro and Fryrear 1994). Grass species of cover crops such as barley 

(Hordeum vulgare L.), fall rye (Secale cereale L.), forage sorghum (Sorghum bicolor L.), and  

triticale (× Triticosecale Wittmack), that can produce greater biomass and height and have 

fibrous roots that can hold soil firmly, are more beneficial than other cover crops in areas prone 

to wind erosion  (Blanco-Canqui et al. 2015). Cover crops also can reduce the rate at which the 

soil surface dries, as compared to soils without a cover crop, making the soil more resilient to 

wind erosion (Campbell et al. 2001).
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Cover crops are currently grown in about 25% of area in the Holland Marsh and are 

generally grown after onions or other early maturing vegetables such as celery. The major cover 

crops grown in the Holland Marsh included spring barley, oat (Avena sativa L.), daikon radish 

(Raphanus sativus L. var. longipinnatus), and a cover crop mixture that includes cereal, legumes, 

and radish (Kevin Vander Kooi, personal communication, October 2023). Among these, barley is 

the most common fall cover crop observed after onions in the Holland Marsh. However, growing 

cover crops after carrots, which are generally harvested in late October or later, is not common. 

Farmers want to harvest carrot when the temperature is low, so there will be low field heat, 

which is important for longer storage life of carrot in cold storage (Bachmann and Earles 2000; 

McDonald and Telfer 2019). Besides this consideration, onion, which is generally grown the 

year after carrot in the Holland Marsh, is photoperiod sensitive and starts to bulb when day 

length starts to decrease after the summer solstice (Mondal et al. 1986). Thus, farmers need to 

seed onion as early as possible in the spring to provide time for vegetative growth and high 

yields (Mondal et al. 1986). This limits the use of winter species as a cover crop after carrot since 

these survive the winter and need to be sprayed with herbicide or disked under in the spring, both 

of which could delay onion seeding. This makes the choice of cover crop after carrots very 

difficult.

For a production system with a relatively short growing window, there are strategies that 

can be adopted for early cover crop establishment such as: intercropping (Bourgeois et al. 2022), 

using a cold tolerant and winter or winter resistant species as a cover crop, or full season cover 

cropping where the soil is taken out of commercial crop production for an entire year (Stivers et 

al. 1999). Another approach could be seed priming, as this could reduce the number of days 

required for seed germination or emergence (Heydecker et al. 1977). Transplanting plug 
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seedlings of a cover crop could also be an option mainly in high value cropping systems where 

the cost of the plants and labour may be less of a concern. Transplanting cover crops could 

become more economical in the future as growers use more agricultural robots. Robots could do 

the transplanting in the Fall when they are not in use for other agricultural tasks. 

Seed priming is a technique where seeds are partially hydrated to activate pre-

germination metabolic activities and then dried again to nearly the original stage of moisture 

content to prevent final germination (Paparella et al. 2015). Priming can expedite seed 

emergence, assist in uniform plant establishment, and protect seedlings from exposure to 

unfavorable growing environments and diseases (Osburn and Schroth 1988). Seed priming 

(hydro-primed with deionized water or osmo-primed with KNO3 at 5 mg L for 24 h) of barley, 

oat, and triticale, assessed in growth rooms trials, resulted in faster germination and emergence 

especially at lower temperatures (5C and 10C) (Pandey 2024). 

The objectives of this study were to assess the performance of various cover crop species 

and mixtures for canopy coverage and biomass production in the Holland Marsh and to evaluate 

the efficacy of other methods to establish cover crops: pre-harvest seeding of barley into the 

carrot canopy before harvest, seed priming of barley, oat, and triticale for rapid cover crop 

establishment after carrots, and barley and alyssum (Lobularia maritima L.) transplants after 

carrots in the Holland Marsh. Flowering plants such as alyssum have multiple ecological benefits 

and can provide a nutritional and habitat resource for pollinators such as wasps (Cotesia vestalis 

L.), which can act as a parasitoid to the diamond black moth (Plutella xylostella L.), a globally 

significant pest affecting brassica plants (Chen et al. 2020). While alyssum is cold tolerant, it 

cannot survive through winter (Gilman and Howe 1999). Furthermore, it belongs to the 

Brassicaceae family, distinct from that of onions and carrots, and has few or none of the same 
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insect pests and diseases of the main crops, which is important for pest management (Gilman and 

Howe 1999). 

MATERIALS AND METHODS

Three field trials were conducted, each over two of three years 2021- 2023: 1) cover crops 

after onion (2021 and 2022); 2) cover crops after carrot (2022 and 2023); and 3) cover crop 

species and techniques for rapid cover crop establishment after carrot (2022 and 2023). Trials 

were conducted at a rented site on Jane St. (44°02'41.5"N 79°35'04.9"W), one of the commercial 

farms in the Holland Marsh. The field had organic soil (Terric Humisol with SOC ~ 28% and a 

soil pH of 6.4). Onion and carrot have been grown in rotation on the site for many years. The 

field is tile drained (1.2 m deep and 10 m apart). Total precipitation and average temperature data 

for the years when field trials were run is shown in Fig. 1. All field trials were arranged in a 

randomized complete block  with four replications per treatment. 

Cover crops after onion

Onion, cv. Traverse was seeded on 8 May 2021 and cv. Milestone was transplanted on 18 

May 2022. Onion was mechanically harvested on 20 September in 2021 and 9 September in 

2022. The plot size for each experimental unit was 17 m x 14 m. The treatments were: daikon 

radish (Quality Seeds Ltd., Woodbridge, ON) at 90 seeds m-2, NITRO Plus (General Seed 

Company Ltd., Alberton, ON) at 190 seeds m-2, barley (bought from grower) and daikon radish 

mix at 160 and 60 seeds m-2, respectively and barley alone at 210 seeds m-2. The seeding rates 

were chosen to be consistent with the rates used by vegetable growers in the Holland Marsh. 

Grower practice of spreading cover crops varies.  Barley is often broadcast- seeded, as is a cover 

crop mixture such as NITRO Plus. Daikon radish is often seeded with a seed drill (K. Vander 

Kooi personal communication). The NITRO Plus is a mixture of legumes, cereal grains, and 
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radish which includes six different species: 5% faba bean (Vicia faba L.), 10% nitro radish 

(Raphanus sativus L. var. longipinnatus), 15% crimson clover (Trifolium incarnatum L.), 10% 

Austrian winter peas (Pisum sativum L.), 10% forage peas (Pisum sativum ssp. arvense L. Poir.), 

and 50% oat. In 2021, cover crops were broadcast seeded using 50 lb (22.7 kg) light duty 

broadcast spreader on 21 September into lightly disked soil. An additional 10% (by weight) of 

extra seed was used to compensate for any probable low crop establishment during broadcasting. 

In 2022, cover crops were seeded with row spacing of 15 cm using a CASE 5100 seed drill at a 

depth of 3-5 cm into lightly disked soil on 22 September. 

Cover crops after carrot

Carrot, cv. Navedo was seeded on 26 May in 2022 and 17 May in 2023. Timings for pre- 

and post-harvest seeding, carrot harvest, and sampling are shown in Table 1. Carrot was 

mechanically harvested both years. The treatments were: bare ground (control), over-seeding of 

barley into the carrot canopy before carrot harvest at 420 seeds m-2 (pre-harvest barley), barley 

seeded after carrot harvest at 210 seeds m-2 (barley) and fall rye seeded after harvest at 210 seeds 

m-2 (fall rye). Seeding rates were determined based on common farmer practice using barley as a 

cover crop, and suggested seeding rates from seed dealers for fall rye. The high seeding rate of 

barley seeded prior to carrot harvest was selected knowing that there would be significant loss of 

plants during mechanical carrot harvest. Barley and fall rye seeds were obtained from a local 

farmer. Pre-harvest seeding was done using a broadcaster since using a seed drill was 

mechanically not feasible into the field with growing carrots. Post-harvest seeding of barley and 

fall rye was done using a CASE 5100 seed drill to a depth of 3-5 cm into lightly disked soil at 15 

cm row spacing. 

Cover crop species and techniques for rapid cover crop  
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Field trials were conducted to assess methods for rapid establishment of cover crops after 

carrot harvest. The size for each experimental unit was 1.5 m x 4 m. The 11 treatments were: 

non-primed and hydro-primed oat (cv. CDC Haymaker), barley, and spring triticale, osmo-

primed triticale, fall rye, daikon radish (var. longipinnatus), and barley and alyssum grown in 

plugs that were transplanted at the start of tillering and when the top growth filled the plugs cell, 

respectively, at the same time as other crops were seeded. Barley and fall rye seeds were bought 

from a grower. Oat and triticale were purchased from Speare Seeds Ltd. (Harriston, ON), daikon 

radish from Quality Seeds Ltd. and alyssum from PanAmerican Seed North America and 

International (Chicago, USA). Plugs of barley and alyssum were grown in the greenhouse at the 

Ontario Crops Research Centre-Bradford. The greenhouse had natural light and heating to 

maintain night temperature at or above 15oC. Two barley seeds were hand-seeded to a depth of ~ 

3.5 cm into each cell of 128-cell plug trays filled with soilless mix (ASB Greenworld Seed and 

Plug Mix) on 19 and 25 September in 2022 and 2023, respectively. One multi-seed pellet of 

alyssum was seeded on the surface in each cell of 128-cell plug trays on 12 September 2022 and 

22 August 2023. Alyssum plugs were transplanted into 48-cell plug trays, on 25 September in 

2023. An earlier seeding (by 20 days) was done in 2023, as the alyssum plugs did not grow 

enough for transplanting in 2022. 

De-ionized water was used for hydro-priming and potassium nitrate (KNO3) solution at 

5 g L-1(Junhaeng et al. 2015) was used for osmo-priming. Priming was done by soaking seeds for 

24 h at room temperature (~ 22°C). After 24 h, seeds were taken out of the priming solutions, 

thoroughly rinsed with de-ionized water, and left to air dry overnight at room temperature. Both 

primed and non-primed seeds of barley, oat, and triticale, and non-primed fall rye seeds were 

direct seeded at 210 seeds m-2 using an Earthway push cone seeder on 14 October in both 2022 
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and 2023. Daikon radish was seeded at 90 seeds m-2 on the same day using the same method. 

Barley and alyssum plugs were transplanted by hand using trowels at 8 and 15 cm plug-to-plug 

distance, respectively same day. The between row distance was 15 cm for all treatments.

Sampling and measurements

Cover crop biomass sampling was done before the weather became cold enough for frost 

to kill the cover crop. Cover crops after onion were assessed on 2 and 9 November in 2021 and 

2022, respectively, while cover crops after carrot were assessed on 11 and 13 November in 2022 

and 2023, respectively. Percent canopy coverage, plant above-ground biomass (dry weight), and 

plant counts were evaluated for all trials. A 0.25 m2 quadrat was used for sampling the 

aboveground biomass in all trials. Quadrats were randomly placed in each replicate plot at one 

quadrat for trials to assess cover crop species and techniques for rapid cover crop establishment, 

two quadrats for cover crops after onions, and three quadrats for cover crop after carrots. Plants 

were cut at ground level and both fresh and dry weight of samples were assessed. Sampling was 

done avoiding the area 1.5 m from the plot edge to prevent the edge effect in trials with a larger 

plot size (cover crops after onion and carrot). For small plot trials (cover crop species and 

techniques for rapid cover crop establishment), sampling was done avoiding the row closest to 

the edge of the plot. Sub-samples from each quadrat within a plot were pooled for biomass 

evaluation. For dry weight, samples were dried at 60℃ for three days. The samples included 

dead and living plant material. Plants within each quadrant were counted to assess plant counts. 

Canopeo, a mobile cell phone application developed at Oklahoma State University, was 

used to assess percent canopy coverage (Patrignani and Ochsner 2015). It is a non-destructive 

method of assessment that uses image analysis to provides the average percent canopy coverage 

of the image as an output (Patrignani and Ochsner 2015). The percent canopy cover was 
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measured in two areas in each replicate plot. Canopy readings were taken using a smartphone 

camera (Apple iPhone 11), held 80-100 cm above the cover crop canopy and parallel to the 

ground as explained on the official website https://canopeoapp.com/.

Statistical analysis

Data were subjected to mixed model analysis of variance (ANOVA) using the 

lmer function from the lme4 test package (Bates et al. 2015) in R Software version 4.1.0. 

Cover crop treatments for all fields trials were the fixed effect and blocks the random 

effect. A two-way ANOVA was used to determine if the data from two years could be 

pooled. Data from the two years were pooled whenever no significant interactions 

between year and treatment were found. Before conducting ANOVA, all assumptions for 

the model were assessed and met which included that experimental errors were random, 

normally distributed, independent of treatments and design effect, had common 

covariance (homogenous) and had a mean of 0. The F-statistic (p < 0.05) was used to test 

the significance of different treatments in ANOVA. Mean separation was carried out 

using Tukey’s Honestly Significant Difference test at a 5% level of significance. 

Relationships between the average percent canopy coverage and aboveground biomass 

were estimated using Pearson’s correlation coefficient at α = 0.05 using the cor function 

in R. 

RESULTS

Temperature and rainfall

The weekly average temperature and rainfall for the period when cover crops were grown 

in the field, from 21 September to 15 November, were recorded (Fig. 1). The site had total 

precipitation of 209 mm, 64 mm, and 39 mm and average temperatures of 10.7C, 9.4C, and 
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9.8C during the cover crop growing period in  2021, 2022, and 2023, respectively. The first two 

weeks of November were warmer in 2022 as compared to 2021, 2023, and 10-years average 

temperature, while the first two weeks of October were warmer in 2021 than in 2022-, 2023-, 

and 10-years average. There was a notably heavy rain during the first week after cover crop 

seeding in 2021 (Fig. 1).

Cover crops after onion

Daikon radish was not included in the combined analysis for the two-year data as it was 

accidently killed in the 2021 trial because of an application of oxyflorfen (GOAL 2XL, 240 g ai 

L-1) herbicide at 140 mL ha-1. The two-way ANOVA on cover crop treatments and year showed 

no significant interactions for percent canopy coverage and plant counts, while there was a 

significant interaction of cover crop treatments and year for dry weight (Table S1). Therefore, 

the data on percent canopy coverage and plant counts from the two years were pooled for 

analysis. Even though seeding method changed from broadcasting to seed drill between years, 

plant counts were not significantly different between the years. The barley (55 ± 4.99%) and 

barley/daikon radish mix (60 ± 4.99%) had greater percent canopy coverage than NITRO Plus 

(40 ± 4.99%) (Fig. 2). Both the barley (890 ± 71 kg ha-1) and barley/daikon radish mix (970 ± 71 

kg ha-1) had significantly higher dry weight as compared to NITRO Plus (490 ± 71 kg ha-1) in 

2022 (Fig. 3). The biomass of barley and the barley daikon radish mix was higher in 2022 than in 

2021 (Fig. 3). A separate analysis on the 2022 data including the daikon radish treatment showed 

higher canopy coverage and dry weight of barley/daikon radish mix and barley compared to 

NITRO Plus and daikon radish (Table S2). Pictures of all the treatments in 2022 taken before the 

sampling are shown in Fig. S1.

Cover crops after carrot
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There were significant interactions of cover crop treatments with year for percent canopy 

coverage and dry weight, but no interaction of cover crop  and year on plant counts. Plant count 

was significantly affected by cover crop treatment and year (Table S1). Percent canopy coverage 

ranged from 4% for fall rye in 2023 to 20% for pre-harvest barley in 2022 (Fig. 4A). Similarly, 

barley produced the lowest dry weight (32 ± 11.5 kg ha-1) in 2022, and pre-harvest barley had the 

highest dry weight (176 ± 11.5 kg ha-1) in 2023 among all treatments and years (Fig. 4B). 

Percent canopy coverage and dry weight were significantly higher for pre-harvest barley for both 

years when compared to other treatments in the same year (Fig. 4A and B). Dry weight was 

significantly higher in 2022 when compared to 2023 for all treatments. The pre-harvest barley 

treatment had a significantly higher plant count compared to barley and fall rye after harvest. 

Plant count was significantly higher in 2023 compared to 2022 (Fig. S2). Pictures of all the 

treatments in 2023 taken before the sampling are shown in Fig. S3.

Cover crop species and techniques for rapid cover crop establishment

Alyssum plugs did not establish in 2022, so this treatment was not included in the 

combined analysis of the two years of data. There were significant interactions of cover crop 

treatment and year for percent canopy coverage, plant counts, and dry weight (Table S1). Percent 

canopy coverage was significantly higher for the barley plugs than other treatments across both 

years (Table 2). Similarly, dry weight of barley plugs was higher compared to other treatments 

except alyssum plugs (Table 2 and S3). Alyssum plugs produced comparatively higher dry 

weight (Table S3) as they were seeded in a greenhouse about two months earlier than the direct 

seeded treatments. Among the direct seeded treatments, the non-primed barley had the highest 

dry weight and percent canopy coverage (Table 2). Overall, for both years, percent canopy 

coverage ranged from 1.5 ± 1.2% for alyssum plugs and daikon radish in 2023 to 31 ± 1.2% for 
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barley plugs in 2022. Dry weight was highest for barley plugs (200 ± 7.8 kg ha-1) in 2022 

followed by alyssum plugs (171 ± 7.8 kg ha-1) and non-primed barley (111 ± 7.8 kg ha-1) in 2023 

among all treatments and years (Table 2 and S3). Additionally, oat, primed triticale, and daikon 

radish had lower stand counts than rye and non-primed barley in 2022 (Table 2). Pictures of all 

the treatments in 2023 taken before the sampling are shown in Fig. 5.

Canopy coverage and above ground biomass

There were significant positive correlations between percent canopy coverage and dry 

weight of cover crops for all trials. However, in the case of alyssum plugs, data points within a 

circle in Fig. 6 C and D, had comparatively higher biomass but lower canopy coverage. These 

plugs were seeded about two months before transplanting into the field.  Results were similar 

when data were combined from all field trials and years (Fig. 6).

DISCUSSION

Reducing or preventing wind erosion is crucial for preserving the muck soil in the 

Holland Marsh, Ontario, particularly when the soil surface is bare and dry. Soil erosion can be 

reduced by protecting soils from direct exposure to wind, reducing wind speed, and binding soils 

more firmly by using cover crops (Fryrear 1985; Stevens and Quinton; Blanco-Canqui et al. 

2015). While some farmers in the Holland Marsh grow cover crops after onions or leafy 

vegetables, growing cover crops after carrot harvest is uncommon because there are few or no 

crops that will establish and grow when seeded in October or November. 

In field trials exploring cover crops following onion harvest, barley alone or a 

barley/daikon radish mix outperformed daikon radish and the NITRO Plus cover crop mixture 

for percent canopy coverage and aboveground biomass in one of the two years (Table S2). 
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Barley is a grass species with a fibrous root system that can effectively bind soil particles, 

helping to reduce soil erosion. Furthermore, its higher carbon-to-nitrogen (C:N) ratio slows 

decomposition rate, maintaining residue on the soil surface longer than legumes (Blanco-Canqui 

et al. 2015). This prolonged ground cover is important to minimize soil loss from wind erosion. 

Daikon radish produces deep taproots and dies over winter, leaving large channels in the soil that 

enhance water infiltration and create favorable conditions for early spring seeding or planting 

(OMAFA 2023a). Therefore, using a barley/daikon radish mix as a cover crop after onions seems 

more beneficial than barley alone. Similarly, non-primed barley in field trials for cover crops 

after carrots outperformed all other direct seeded treatments. Field observations and discussions 

with farmers also showed that barley is the most used cover crop species grown after onions or 

carrots in the Holland Marsh. The minimum and optimum cardinal temperature for spring barley, 

spring oat, and fall rye are 0.02C and 20C (Cao and Moss 1989), 4C and 22C (Mantai et al. 

2017), and - 4.5C and 25C (Pessotto et al. 2023), respectively. Spring barley is also considered 

very effective in reducing soil erosion because it is fast-growing. Barley is comparatively more 

frost tolerant than other warm season cover crops such as sorghum and pearl millet and continues 

producing biomass until December before it is winter-killed (Bilbro 1989). The current research 

confirmed what growers have discovered on their own. Barley is a strong choice for a cover crop 

in the Holland Marsh because of its reliable establishment and growth, providing valuable 

protection against soil loss by wind erosion.

The findings that the NITRO Plus mixture did not perform well compared to barley or the 

barley daikon radish mix in the Holland Marsh) is in line with the findings of Elhakeem et al. 

(2021) based on experiments done on sandy and sandy clay soils in the Netherlands and 

Germany. They found no difference in aboveground biomass produced by cover crops seeded as 
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pure stands or in mixtures and suggested that, if the best performing species of cover crop is 

known for a specific region, then this species planted alone can produce equivalent or better 

results than a cover crop mixture in that area. 

Pre-harvest seeding of barley into the carrot crop provided higher stand counts, canopy 

coverage, and dry weight compared to fall rye or barley seeded post-harvest). Seeding the pre-

harvest barley 9 and 21 days earlier than post-harvest treatments provided an additional 49 and 

168 GDD in 2022 and 2023 respectively. Studies show a positive correlation between cover crop 

biomass and GDD, as expected (Brennan and Boyd 2012; Baraibar et al. 2018). Moreover, the 

higher seeding rate for pre-harvest barley (420 seeds m-2) as compared to 210 seeds m-2 for 

barley and fall rye post-harvest, could have contributed to better performance for this treatment. 

Other than the broadcast seeding, there were no additional field passes required for this 

treatment. The field was leveled and compacted using a roller after carrots were harvested, which 

is the usual practice. So, if adopted, pre-harvest broadcast seeding will be the only extra work 

added to establish cover crops after carrots. Barley was seeded 8- and 17-days before carrot 

harvest in 2022 and 2023 respectively, indicating that the seeding date can take place about one 

to two weeks before mechanical carrot harvest, but future research might optimize the seeding 

date. The cost associated with a higher seeding rate may not be a concern for farmers producing 

high value crops such as onions and carrots.  

There was no difference between spring barley and fall rye in canopy coverage, plant 

counts, and dry weight after carrots. This is crucial for Holland Marsh farmers as using winter 

species such as fall rye as a cover crop could delay onion seeding and cause production loss the 

following year (Mondal et al. 1986). Use of fall rye as a fall cover crop can also affect carrot 

productivity. Total and marketable carrot yield decreased in the plots where fall rye was grown 
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the previous year compared to other cover crops such as mustard and pearl millet that do not 

over winter (Pandey 2024). Research shows, if a vegetable crop is seeded less than two weeks 

after fall rye is terminated, decomposing fall rye may exhibit an allelopathic effect on vegetable 

crops, leading to seedling decay and seed maggot damage (Stivers et al. 1999). Thus, cover crops 

such as barley, which does not overwinter, fits better into the production system as it will not 

interfere with onion seeding the following spring. However, if different crop rotations are 

considered in the future that do not require early spring seeding after a cover crop, fall rye may 

be considered as an effective cover crop option for the Holland Marsh. 

In field trials on seed priming and barley and alyssum transplants, barley transplants 

outperformed other treatments for canopy coverage and dry weight, as expected (Table 2). This 

approach could be optimal for cover crop establishment after carrots, however, the cost, time, 

and labor involved in growing and transplanting barley are concerns. This treatment was 

included as a proof-of-concept and not as a treatment expected to be immediately adopted by 

growers in the Holland Marsh. Growers in the area are starting to look at agricultural robots for 

seeding, spraying and cultivating, and autonomous robots for transplanting vegetables are being 

developed and tested. If these robots become commonly available in the future, they could be 

used to transplant cover crops in the Fall when they are not needed for other tasks. Conversely, 

alyssum plugs did not establish well and produced lower canopy coverage compared to barley 

plugs (Table S3). Additionally, alyssum seeds are significantly more expensive than barley seeds 

making it a more costly option. Alyssum also needs many more weeks of growth in the 

greenhouse before it is ready for transplanting, which would increase costs. It is frost tolerant but 

did not grow quickly in cool temperatures. 
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Seed priming did not improve emergence or canopy coverage in the 2022 field trial for 

all three species, and only for primed oat in 2023, although the effects were seen in growth room 

trials. In a growth room trial, seed priming for 24 h resulted in early germination or emergence of 

barley, oat, and triticale at lower temperatures (5℃) (Pandey 2024). The varying temperatures in 

the field conditions compared to the consistent temperatures in the controlled environment may 

have contributed to the differences in results between field and growth room. Lower plant counts 

were also confirmed for all three species in the 2022 trial and for barley in 2023 in the primed 

seed treatment compared to the non-primed seed treatment (Table 2). Future research to assess 

the potential of seed priming including different methods and priming times would be useful.

The current study confirmed that early planting, in late August or early September, of 

cover crops after onions in the Holland Marsh allows for good establishment because of the 

greater GDD for cover crop growth and biomass production. Establishing cover crops in October 

after carrot harvest is very challenging due to low temperatures. Previous studies showed that 

covering 30% of soil with flat residues lying on the surface can reduce erosion by 70% (Fryrear 

et al. 2000). In trials on cover crops after onions, the percent canopy coverage ranged from 34 to 

76%, and was notably higher than 30% for all treatments during both years. However, in both 

trials on cover crops after carrots, only barley plugs produced canopy coverage above 30% 

(31%) in 2022. However, there are studies that show percent canopy coverage of 10-15% is also 

helpful in reducing wind erosion, if the canopy is provided by living cover crops instead of flat 

residues (Lancaster and Baas 1998; Munson et al. 2011). In both years of the current trial, pre-

harvest broadcast seeding of barley produced canopy coverage of greater than 10% (20% in 2022 

and 12% in 2023) indicating this could be a useful method of establishing cover crops in the 

Holland Marsh in carrot production. 
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The significant positive correlations observed between percent canopy coverage and dry 

weight of cover crops across all trials showed that canopy coverage is a reliable indicator of 

biomass (Rosen et al. 2024; Prabhakara et al. 2015). Measuring canopy coverage using the 

Canopeo App is simple, efficient and inexpensive compared to biomass measurement (Patrignani 

and Ochsner 2015). Future research includes evaluating more species of cover crops for use after 

onions; these may include species such as buckwheat, hairy vetch, sorghum, clover (red and 

white), peas (forage and field), sunflower, turnips, faba bean, and phacelia, which are  commonly 

grown cover crops in Ontario, (Morrison and Lawley 2020). Future research could also explore 

different broadcasting dates and seeding rates, to find the growth stage of barley that would be 

least affected during mechanical carrot harvest. Additionally, other potential species of cover 

crops such as oat, triticale, and red clover can also be tested for this approach. 

CONCLUSION

The best cover crops for seeding after onion in the Holland Marsh in early September 

were barley and a barley/daikon radish mix. Barley is the most commonly used as a fall cover 

crop in the Marsh, so these results confirmed the experience of the growers. Some growers are 

using oat, purple top turnips, or daikon radish and these establish well, but are probably seeded 

earlier than in the current trials. For carrots, pre-harvest broadcasting of barley at a high rate, one 

to two weeks before carrot harvest, could be used for late fall establishment of the cover crop. 

The use of spring barley that dies over the winter is consistent with the expectations of farmers. 

They do not want a cover crop that will have to be controlled in the spring and potentially cause 

a delay in onion seeding. Barley transplants were effective as a cover crop after carrots but are 
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not recommended at this time because of the associated labor and cost. Seed priming did not 

improve emergence or cover crop growth over the two years of the field experiment.

In conclusion, barley or a barley/daikon radish mix is recommended as cover crops for 

seeding in early to mid-September, consistent with grower practice. Growers are encouraged to 

try pre-harvest seeding of barley into carrots one to two weeks before harvest, to establish a 

cover crop after carrots. Priming the seed of cereal crops did not improve emergence or growth 

under field conditions. Transplanting barley plugs is effective but is not practical currently. It 

may have a place in the future if there is wider use of agricultural robots that could do the 

transplanting.

COMPETING INTERESTS

 The authors have no competing interests that might bias these results.

ACKNOWLEDGEMENTS

Funding for this project was provided by the Ontario Agri-Food Innovation Alliance, the Holland 

Marsh Growers Association, and the Fresh Vegetable Growers of Ontario. We would like to thank 

research technicians from Ontario Crop Research Centre-Bradford: Kevin D Vander Kooi, and 

Geoff Farintosh for their assistance in conducting this research and Dennis Van Dyk from OMAFA 

for his support and guidance in conceptualizing the research trials.

DATA AVAILABILITY

Data generated or analyzed during this study are available from the corresponding author upon 

reasonable request.

Page 20 of 32

© The Author(s) or their Institution(s)

Canadian Journal of Plant Science



For Review Only

LITERATURE CITED

Aygün, O., Kinnard, C. and Campeau, S., 2021. Responses of soil erosion to warming and 
wetting in a cold Canadian agricultural catchment. Cat. 201: 105184.

Bachmann, J., and Earles, R. 2000. Postharvest Handling of Fruits and Vegetables. Vol. 19. 
Ozark Mountains, University of Arkansas, Fayetteville, NC, USA: ATTRA.

Baets, D. S., Poesen, J., Meersmans, J., and Serlet, L. 2011. Cover crops and their erosion-
reducing effects during concentrated flow erosion. Catena 85: 237–244. 
doi:10.1016/J.CATENA.2011.01.009.

Baraibar, B., Mortensen, D. A., Hunter, M. C., Barbercheck, M. E., Kaye, J. P., Finney, D. M., 
Curran, W. S., Bunchek, J., and White, C. M. 2018. Growing degree days and cover crop 
type explain weed biomass in winter cover crops. Agron. Sustain. Dev. 38: 1–9. 
doi:10.1007/S13593-018-0543-1.

Bartram, J., Swail, S. L., and Mausberg, B. 2007. The Holland Marsh: challenges and 
opportunities in the greenbelt. [Online] Available: www.ourgreenbelt.ca [2022 Aug. 10].

Kuznetsova, A., Brockhoff, P.B. and Christensen, R.H., 2017. lmerTest package: tests in linear 
mixed effects models. J. Stat. Softw., 67(1): 1-26.

Bennett, A. J., and Whipps, J. M. 2008. Dual application of beneficial microorganisms to seed 
during drum priming. Appl. Soil Ecol. 38: 83–89. doi:10.1016/J.APSOIL.2007.08.001.

Bilbro, J.D., 1989. Evaluation of sixteen fall-seeded cultivars for controlling wind erosion. J. Soil 
Water Conserv. 44(3): 228-231.

Bilbro, J. D., and Fryrear, D. W. 1994. Wind erosion losses as related to plant silhouette and soil 
cover. Agron. J. 86: 550–553. doi:10.2134/AGRONJ1994.00021962008600030017X.

Blanco-Canqui, H., Shaver, T. M., Lindquist, J. L., Shapiro, C. A., Elmore, R. W., Francis, C. 
A., and Hergert, G. W. 2015. Cover crops and ecosystem services: insights from studies in 
temperate soils. Agron. J. 107: 2449–2474. doi:10.2134/AGRONJ15.0086.

Bourgeois, B., Charles, A., Van Eerd, L. L., Tremblay, N., Lynch, D., Bourgeois, G., Bastien, 
M., Bélanger, V., Landry, C., and Vanasse, A. 2022. Interactive effects between cover crop 
management and the environment modulate benefits to cash crop yields: a meta-analysis. 
Can. J. Plant Sci. 102: 656–678. doi:10.1139/CJPS-2021-0177/ASSET/IMAGES/CJPS-
2021-0177TAB9.GIF.

Brennan, E. B., and Boyd, N. S. 2012. Winter cover crop seeding rate and variety affects during 
eight years of organic vegetables: I. cover crop biomass production. Agron. J. 104: 684–
698. doi:10.2134/AGRONJ2011.0330.

Campbell, D. R., Lavoie, C., and Rochefort, L. 2001. Wind erosion and surface stability in 
abandoned milled peatlands. Can. J. Soil Sci. 82: 85-95

Page 21 of 32

© The Author(s) or their Institution(s)

Canadian Journal of Plant Science



For Review Only

Cao, W. and Moss, D.N.1989. Temperature effect on leaf emergence and phyllochron in wheat 
and barley. Crop Sci. 29(4): 1018-1021.

Chen, Y., Mao, J., Reynolds, L., Chen, W., He, W., You, M., and Gurr, G. M. 2020. Alyssum 
(Lobularia maritima) selectively attracts and enhances the performance of Cotesia vestalis, 
a parasitoid of Plutella xylostella. Sci. Rep. 10: 6447. doi:10.1038/s41598-020-62021-y.

Classens, M. 2018. The Matter of Matter: Making Property in the Holland Marsh. Soc. Nat. 

Delgado, J. A., Dillon, M. A., Sparks, R. T., and Essah, S. Y. C. 2007. A decade of advances in 
cover crops. [Online] Available: www.swcs.org [2022 Sep. 1].

Elhakeem, A., Bastiaans, L., Houben, S., Couwenberg, T., Makowski, D., and van der Werf, W. 
2021. Do cover crop mixtures give higher and more stable yields than pure stands? Field 
Crops Res. 270: 108217. doi:10.1016/J.FCR.2021.108217.

Fryrear, D. W. 1985. Soil cover and wind erosion. Trans. ASAE 28: 781–784. 
doi:10.13031/2013.32337.

Fryrear, D. W., Bilbro, J. D., Saleh, A., Schomberg, H., Stout, J. E., and Zobeck, T. M. 2000. 
RWEQ: improved wind erosion technology. J. Soil Water Conserv. 55: 183–183. 

Gilman, E. F., and Howe, T. 1999. Lobularia maritima 1. [Online] Available: 
https://hort.ifas.ufl.edu/database/documents/pdf/shrub_fact_sheets/lobmara.pdf. [2024 Apr. 
16].

Heydecker, W., Higgins, J., and Gulliver, R. L. 1977. Accelerated germination by osmotic seed 
treatment. Nature 246(5427): 42–44.

Höper, H., Augustin, J., Drösler, M., and Lundin, L. 2008. Restoration of peatlands and 
greenhouse gas balances. Pages 182 -210 in M. Strack, eds. Peatlands and Climate Change. 
International Peat Society. 

Irwin, R. W. 1977. Subsidence of Cultivated Organic Soil in Ontario. J. Irrig. Drain. Div. 103: 
197–205. doi:10.1061/JRCEA4.0001142.

Jackson, G. 1998. The big scheme: the draining of the Holland Marsh. Bradford, ON, George 
Jackson and Bradford Print Shoppe.

Jisha, K. C., Vijayakumari, K., and Puthur, J. T. 2012. Seed priming for abiotic stress tolerance: 
an overview. Acta Physiol. Plant. 35: 1381–1396. doi:10.1007/S11738-012-1186-5.

Junhaeng, P., Thobunluepop, P., Chanprasert, W., and Nakasathien, S. 2015. The Use of Seed 
Priming Treatments to Improve the Quality of Barley (Hordeum vulgare L.) for Malting. J. 
Dev. Sustain. Agric. 10(2): 115-120.

Page 22 of 32

© The Author(s) or their Institution(s)

Canadian Journal of Plant Science



For Review Only

Kroetsch, D. J., Geng, X., Chang, S. X., and Saurette, D. D. 2011. Organic soils of Canada: Part 
1. wetland organic soils. Can. J. Soil Sci. 91: 807–822. 
doi:10.4141/CJSS10043/ASSET/IMAGES/LARGE/CJSS10043F2.JPEG.

Lancaster, N., and Baas, A. 1998. Influence of vegetation cover on sand transport by wind: field 
studies at Owens Lake, California. J. Br. Geomorphol. Res. Group 23(1): 69–82.

Leifeld, J., Müller, M., and Fuhrer, J. 2011. Peatland subsidence and carbon loss from drained 

Li, L., Du, S., Wu, L., and Liu, G. 2009. An overview of soil loss tolerance. Catena 78: 93–99. 
doi:10.1016/J.CATENA.2009.03.007.

López-Angulo, J., de la Cruz, M., Chacón-Labella, J., Illuminati, A., Matesanz, S., Pescador, D. 
S., Pías, B., Sánchez, A. M., and Escudero, A. 2020. The role of root community attributes 
in predicting soil fungal and bacterial community patterns. New Phytol. 228: 1070–1082. 
doi:10.1111/NPH.16754.

Lucas, R. E. 1982. Organic soils (Histosols): formation, distribution, physical and chemical 
properties and management for crop production. Research Report 435, Farm Science, 
Michigan State University.

Mantai, R.D., Silva, J.A.D., Marolli, A., Mamann, Â.T.D., Sawicki, S. and Krüger, C.A. 2017. 
Simulation of oat development cycle by photoperiod and temperature. Revista Brasileira de 
Engenharia Agrícola e Ambiental, 21(1): 3-8.

McDonald, M. R., and Telfer, Z. 2019. Sustainable carrot production. Pages 437-458 in G. J. 
Hochmuth, eds. Achieving sustainable cultivation of vegetables. Burleigh Dodds Science 
Publishing, London.

Mirza, C., and Irwin, R. W. 1964. Determination of subsidence of an organic soil in southern 
Ontario. Can. J. Soil Sci. 44: 248–253. doi:10.4141/CJSS64-035.

Mondal, M. F., Brewster, J. L., Morris, G. E. L., and Butler, H. A. 1986. Bulb development in 
onion (Allium cepa L.) I. effects of plant density and sowing date in field conditions. Ann. 
Bot. 58: 187–195. doi:10.1093/OXFORDJOURNALS.AOB.A087197.

Morrison, C., and Lawley, Y. 2020. 2020 Ontario Cover Crop Feedback Report. [Online] 
Available: 
https://scholar.google.ca/scholar?hl=en&as_sdt=0%2C5&q=2020+Ontario+Cover+Crop+
Feedback+Report&btnG=, [2024 Jul. 3].

Muhammad, I., Kolla, M., Volker, R., and Günter, N. 2015. Impact of nutrient seed priming on 
germination, seedling development, nutritional status and grain yield of maize. J. Plant 
Nutr. 38: 1803–1821. doi:10.1080/01904167.2014.990094.

Munson, S. M., Belnap, J., and Okin, G. S. 2011. Responses of wind erosion to climate-induced 
vegetation changes on the Colorado Plateau. Proc. Natl. Acad. Sci. 108(10): 3854–3859. 
doi:10.1073/PNAS.1014947108.

Page 23 of 32

© The Author(s) or their Institution(s)

Canadian Journal of Plant Science

https://scholar.google.ca/scholar?hl=en&as_sdt=0%2C5&q=2020+Ontario+Cover+Crop+Feedback+Report&btnG=
https://scholar.google.ca/scholar?hl=en&as_sdt=0%2C5&q=2020+Ontario+Cover+Crop+Feedback+Report&btnG=


For Review Only

Nicholls, K. H., and MacCrimmon, H. R. 1974. Nutrients in subsurface and runoff waters of the 
Holland Marsh, Ontario. J. Environ. Qual. 3: 31–35. 
doi:10.2134/JEQ1974.00472425000300010010X.

OMAFA 2022a. Dry onions: Area, Production and Farm Value by County and District, Ontario, 
2021. [Online] Available: https://data.ontario.ca/dataset/d7f7dda1-f2b7-48dc-8140-
e11ab23feec9/resource/a9986ece-e3d0-474d-91cb-
840856889662/download/ctydryonion_en.xlsx, [2024 May 2]

OMAFA 2022b. Carrots: Area, Production and Farm Value by County and District, Ontario, 
2021. [Online] Available: https://data.ontario.ca/dataset/d7f7dda1-f2b7-48dc-8140-
e11ab23feec9/resource/69edd9f1-329a-422c-a019-
f6765c6fd75c/download/ctycarrot_en.xlsx, [2024 May 2]

OMAFA 2022c. Soil erosion: causes and effects. [Online] Available: 
https://www.ontario.ca/page/soil-erosion-causes-and-effects#section-1 [2023 May 15].

Osburn, R.M. and Schroth, M.N., 1988. Effect of osmopriming sugar beet seed on exudation and 
subsequent damping-off caused by Pythium ultimum. Phytopathology, 78(9): 1246-1250.

Pandey, N.L., 2024. Soil Health Assessment and Cover Crops for the Holland Marsh (Master 
dissertation, University of Guelph).

Paparella, S., Araújo, S. S., Rossi, G., Wijayasinghe, M., Carbonera, D., and Balestrazzi, A. 
2015. Seed priming: state of the art and new perspectives. Plant Cell Rep. 34: 1281-1293. 
doi:10.1007/s00299-015-1784-y.

Pessotto, M.V., Roberts, T.L., Bertucci, M., Santos, C.D., Ross, J. and Savin, M. 2023. 
Determining cardinal temperatures for eight cover crop species. Agrosyst. Geosci.  
Environ., 6(3): e20393.

Planscape 2009. Holland Marsh agricultural impact study. [Online] Available: 
https://d3n8a8pro7vhmx.cloudfront.net/greenbelt/pages/14662/attachments/original/16158
38726/holland_marsh_agricultural_impact_study.pdf?1615838726 [2022 Aug. 10].

Prabhakara, K., Hively, W.D. and McCarty, G.W., 2015. Evaluating the relationship between 
biomass, percent groundcover and remote sensing indices across six winter cover crop 
fields in Maryland, United States. Int. J. Appl. Earth Obs. Geoinf., 39: 88-102.

Richardson, J., and Vepraskas, M. 2001. Wetland soils: genesis, hydrology, landscapes, and 
classification. [Online] Available: https://agris.fao.org/agris-
search/search.do?recordID=XF2015028972 [2022 Aug. 2].

Rosen, L., Ewing, P.M. and Runck, B.C., 2024. RGB‐based indices for estimating cover crop 
biomass, nitrogen content, and carbon: nitrogen ratio. Agron. J., 116(6): 3070-3080.

Page 24 of 32

© The Author(s) or their Institution(s)

Canadian Journal of Plant Science

https://data.ontario.ca/dataset/d7f7dda1-f2b7-48dc-8140-e11ab23feec9/resource/a9986ece-e3d0-474d-91cb-840856889662/download/ctydryonion_en.xlsx
https://data.ontario.ca/dataset/d7f7dda1-f2b7-48dc-8140-e11ab23feec9/resource/a9986ece-e3d0-474d-91cb-840856889662/download/ctydryonion_en.xlsx
https://data.ontario.ca/dataset/d7f7dda1-f2b7-48dc-8140-e11ab23feec9/resource/a9986ece-e3d0-474d-91cb-840856889662/download/ctydryonion_en.xlsx
https://data.ontario.ca/dataset/d7f7dda1-f2b7-48dc-8140-e11ab23feec9/resource/69edd9f1-329a-422c-a019-f6765c6fd75c/download/ctycarrot_en.xlsx
https://data.ontario.ca/dataset/d7f7dda1-f2b7-48dc-8140-e11ab23feec9/resource/69edd9f1-329a-422c-a019-f6765c6fd75c/download/ctycarrot_en.xlsx
https://data.ontario.ca/dataset/d7f7dda1-f2b7-48dc-8140-e11ab23feec9/resource/69edd9f1-329a-422c-a019-f6765c6fd75c/download/ctycarrot_en.xlsx


For Review Only

Schipper, L. A., and McLeod, M. 2002. Subsidence rates and carbon loss in peat soils following 
conversion to pasture in the Waikato Region, New Zealand. Soil Use Manag. 18: 91–93. 
doi:10.1111/J.1475-2743.2002.TB00225.X.

Shonk, J. L., Gaultney, L. D., Schulze, D. G., and Van Scoyoc, G. E. 1991. Spectroscopic 
sensing of soil organic matter content. Trans. ASAE 34(5): 1978–1984. American Society 
of Agricultural and Biological Engineers. doi:10.13031/2013.31826.

Singh, A., Dahiru, R., Musa, M., and Sani Haliru, B. 2014. Effect of osmopriming duration on 
germination, emergence, and early growth of cowpea (Vigna unguiculata (L.) Walp.) in the 
sudan savanna of nigeria. Int. J. Agron. 2014. doi:10.1155/2014/841238.

Smith, H. A. 1962. The Holland Marsh. M.S.A. Thesis. University of Toronto. Unpublished.

Snapp, S. S., Swinton, S. M., Labarta, R., Mutch, D., Black, J. R., Leep, R., Nyiraneza, J., and 
O’Neil, K. 2005a. Evaluating cover crops for benefits, costs and performance within 
cropping system niches. Agron. J. 97: 322–332. doi:10.2134/AGRONJ2005.0322A.

Statistics Canada 2021. Area, production and farm gate value of marketed vegetables. [Online] 
Available: https://www150.statcan.gc.ca/t1/tbl1/en/tv.action?pid=3210036501 [2022 Aug. 
10].

Stevens, C.J. and Quinton, J.N., 2009. Diffuse pollution swapping in arable agricultural 
systems. Crit. Rev. Sci. Technol. 39(6): 478-520.

Stivers, L. J., Brainard, D. C., Abawi, G. S., and Wolfe, D. W. 1999. Cover crops for vegetable 
production in the Northeast. Cornell Cooperative Extension. [Online] Available: 
https://ecommons.cornell.edu/handle/1813/3303 [2022 Dec. 14].

Tarnocai, C., Kettles, I., and Lacelle, B. 2005. Peatlands of Canada. [Online] Available: 
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Peatlands+of+Cana-
da.+Agriculture+and+Agri-Food+Canada%2C+&btnG= [2022 Aug. 6].

Wösten, J. H. M., Ismail, A. B., and Van Wijk, A. L. M. 1997. Peat subsidence and its practical 
implications: a case study in Malaysia. Geoderma 78: 25–36. doi:10.1016/S0016-
7061(97)00013-X.

Zachar D. 1982. Soil Erosion. Elsevier. North-Holland, Inc. New York.

Zandstra, B. H., and Warncke, D. D. 1993. Interplanted barley and rye in carrots and onions. 

Zobeck, T. M. 1991. Abrasion of crusted soils: influence of abrader flux and soil properties. Soil 
Sci. Soc. Am. J. 55: 1091–1097. doi:10.2136/SSSAJ1991.03615995005500040033X.

Page 25 of 32

© The Author(s) or their Institution(s)

Canadian Journal of Plant Science



For Review Only

Table 1. Seeding date of different treatments before and after carrot harvest, carrot harvest date, 
and sampling dates for cover crops.

Year Pre-harvest 
seeding

Carrot harvest Post-harvest 
seeding

Sampling

2022 28 September 5/6 October 7 October 11 November
2023 26 September 12/13 October 17 October 13 November

Table 2. Percent canopy coverage, plant counts, and above ground biomass (dry weight) of 
cover crops seeded after carrots in the Holland Marsh in 2022 and 2023. 
Treatments Canopy coverage (%) Plant counts m-2 Dry weight (kg ha-1)

2022 
Hydro-Oat 2.6 abca 71 a 22.5 a
Oat 2.6 abc 98 ab 25.8 a
Osmo-Triticale 3.5 bcd 96 ab 32.2 ab
Hydro-Triticale 4.2 cde 77 a 33.8 ab
Triticale 5.9 d-g 191 cd 55.8 bc
Daikon radish 6.9 e-h 86 a 61.6 c
Fall rye 9.5 f-i 233 def 78.5 cd
Hydro-Barley 10.5 ghi 182 bcd 82.9 cd
Barley 11.5 hi 233 def 87.0 cd
Barley plugs 31.2 k 137 abc 268.8 e

2023 
Daikon radish 1.5 a 80 a 28.6 a
Oat 2.1 ab 142 abc 25.0 a
Triticale 3.3 bcd 186 bcd 31.8 ab
Hydro-Oat 5.1 def 196 cde 51.9 bc
Hydro-Triticale 5.1 def 198 cde 55.7 bc
Osmo-Triticale 6.2 d-h 219 c-f 62.2 c
Fall rye 9.5 f-i 308 f 90.6 cd
Hydro-Barley 10.7 ghi 192 cd 87.9 cd
Barley 13.7 ij 286 ef 111.3 d
Barley plugs 24.9 jk 132 abc 200.9 e
SEb 1.2 18.8 7.8

a Numbers in a column followed by same letter are not significantly different at P = 0.05, Tukey 
HSD test. b Standard error of the means.

Page 26 of 32

© The Author(s) or their Institution(s)

Canadian Journal of Plant Science



For Review Only

FIGURE LEGENDS
Fig. 1. Weekly average temperature, and rainfall from 21 September to 15 November, during 
cover crop growth for the year 2021, 2022, and 2023 the Ontario Crop Research Centre-
Bradford.

Fig. 2. Mean (+/- SE) percent canopy coverage of cover crops seeded after onion at Ontario 
Crops Research Centre- Bradford, data from 2021 and 2022 pooled. Within a comparison, bars 
topped with different letters are significantly different based on a Tukey–Kramer test (p< 0.05).

Fig. 3. Mean (+/- SE) above ground biomass (dry weight in kg ha-1) of cover crops planted after 
onion harvest at the Ontario Crops Research Center-Bradford for the years 2021 and 2022. Bars 
topped with different letters are significantly different based on a Tukey–Kramer test (p< 0.05).

Fig. 4. Mean (+/- SE) percent canopy coverage (A) and above ground biomass (dry weight) (B) 
of cover crops seeded after carrots at Ontario Crop Research Centre- Bradford for 2022 and 
2023. Bars topped with different letters are significantly different based on a Tukey–Kramer 
family-wise error rate of p < 0.05.

Fig. 5. Barley transplants (A), non-primed barley (B), hydro-primed barley (C), fall rye (D), 
osmo-primed triticale (E), hydro-primed triticale (F), hydro-primed oat (G), triticale (H), oat (I), 
daikon radish (J), and alyssum plugs (K) planted in the Holland Marsh in 2023. Planting date: 14 
Oct 2023, picture date: 13 Nov 2023.

Fig. 6. Pearson correlation scatter plot with fitted regression line and 95% confidence interval, 
showing correlation between above-ground dry biomass (dry weight) and percent canopy 
coverage by cover crop treatments for field trials comparing cover crops planted after onions (A) 
and carrots (B), seed priming and barley transplant trial (C), and overall, for all trials (D) at the 
Ontario Crops Research Center-Bradford. Data points within the circle in Figure C and D are for 
Alyssum plugs.
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Fig. 1. Weekly average temperature, and rainfall from 21 September to 15 November, during 
cover crop growth for the year 2021, 2022, 2023, and ten years (2014 to 2013) average in the 
Ontario Crop Research Centre- Bradford 

Page 28 of 32

© The Author(s) or their Institution(s)

Canadian Journal of Plant Science



For Review Only

Fig. 2. Mean (+/- SE) percent canopy coverage of cover crops seeded after onion at Ontario 
Crops Research Centre- Bradford, data from 2021 and 2022 pooled. Within a comparison, bars 
topped with different letters are significantly different based on a Tukey–Kramer test (p< 0.05)

Fig. 3. Mean (+/- SE) above ground biomass (dry weight in kg ha-1) of cover crops planted after 
onion harvest at the Ontario Crops Research Center-Bradford for the years 2021 and 2022. Bars 
topped with different letters are significantly different based on a Tukey–Kramer test (p< 0.05). 
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Fig. 4. Mean (+/- SE) percent canopy coverage (A) and above ground biomass (dry weight) (B) 
of cover crops seeded after carrots at Ontario Crop Research Centre- Bradford for 2022 and 
2023. Bars topped with different letters are significantly different based on a Tukey–Kramer 
family-wise error rate of p < 0.05. PH barley – Broadcast seeded barley before carrot harvest.
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Fig. 5. Barley transplants (A), non-primed barley (B), hydro-primed barley (C), fall rye (D), 
osmo-primed triticale (E), hydro-primed triticale (F), hydro-primed oat (G), triticale (H), oat (I), 
daikon radish (J), and alyssum plugs (K) planted in the Holland Marsh in 2023.
Planting date: 14 Oct 2023, picture date: 13 Nov 2023.
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Fig. 6. Pearson correlation scatter plot with fitted regression line and 95% confidence interval, 
showing correlation between aboveground dry biomass (dry weight in kg ha-1) and percent 
canopy coverage by cover crop treatments for field trials comparing cover crops planted after 
onions (A) and carrots (B), seed priming and barley transplant trial (C), and overall, for all trials 
(D) at the Ontario Crops Research Center-Bradford. Data points within the circle in Figure C and 
D are for Alyssum plugs.  
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