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Abstract 

Weed management is a major issue in organic farming systems. Although interseeding cover 

crops is one alternative to herbicides, cover crops often suppress not only weeds but also main crops. 

Therefore, using cover crops for weed control without adverse effects on main crop growth is important. To 

verify the effect of cover crops on competition between main crops, cover crops and weeds in snowy-cold 

region, main crops soybean (Glycine max Merr.) in 2005 and maize (Zea mays L.) in 2006 were grown with 

cover crops winter rye (Secale cereale L.) and hairy vetch (Vicia villosa Roth), respectively. The cover 

crops were sown on three sowing dates: before main crop planting (Pre-MC), on the same date of main 

crop planting (Syn-MC) and after main crop planting (Post-MC). A plot without cover crops (Sole-MC) 

was used as a control. The dry weight (DW), vegetation cover ratio (VCR), vertical community structure 

and chlorophyll content were measured to estimate the competition between main crops, cover crops and 

weeds. Weed DW was suppressed significantly by sowing cover crops in both soybean and maize. This 

weed suppression was associated with the increase of VCR of main crops plus cover crops at the early 
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growth stage of main crops. Soil seed banks of dominant weed also became lower by sowing cover crops, 

implying the importance of proper weed management for suppressing weeds successively. In addition, the 

sowing dates of cover crops had large effects on main crops DW especially in maize, i.e., it was 

significantly lower in Pre-MC and Syn-MC than in Post-MC. Although the cover crop height was markedly 

shorter than the main crop height, the chlorophyll content of the main crops was significantly lower when 

cover crops were sown earlier. These results suggest that the growth inhibition of main crops by cover 

crops was partly caused by competition for nutrients between main crops and cover crops, and this growth 

inhibition was alleviated when cover crops were sown after the establishment of main crops. Consequently, 

soybean yield was the highest in Post-MC and decreased by 29%, 18% and 7% in Sole-MC, Pre-MC and 

Syn-MC, respectively, and maize yield was also the highest in Post-MC and decreased by 68%, 100% and 

24% in Sole-MC, Pre-MC and Syn-MC, respectively. It was concluded that weeds could be controlled 

effectively by sowing cover crops after planting main crops in organic farming systems in snowy-cold 

region. 
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Abbreviations 

 Sole-MC, only main crop without cover crop; 

Pre-MC, cover crop preceding the main crop by 14 days (-14 DAS);  

 Syn-MC, cover crop synchronous with the main crop (0 DAS); 

 Post-MC, cover crop succeeding the main crop by 21 days (+21 DAS); 

 DAS, days after sowing the main crop; 

 VCR, vegetation cover ratio; 
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1. Introduction 

In organic farming systems, weeds are often recognized as the most serious threat to crop 

production. An alternative to herbicides is the use of cover crops, which can suppress the growth of weeds 

by competition for light (Teasdale and Mohler, 2000), soil moisture and nutrients (Barberi, 2002), and by 

producing allelopathic compounds (White et al., 1989; Reberg-Horton et al., 2005). Some reports, however, 

indicated that the growth of main crops was also sometimes suppressed because of competition for light 

(Hooks and Johnson, 2001), nutrients (Feil et al., 1997; Garibay et al., 1997) or water (Box et al., 1980) 

between cover crops and main crops.  

To reduce the inhibition of main crops growth by cover crops, interseeding of cover crops 

(seeding into an established vegetation of main crops) is focused as a technique to avoid or decrease the 

competition between cover crops and main crops (Scott et al., 1987; Abdin et al., 1998, 2000). Some 

studies conducted the inclusion of interseeded cover crops into crop production systems in snowy-cold 

region (Hartl, 1989; Brainard et al., 2004), where most cover crops sown in the previous fall can not 

survive winter because of snow falling or can not produce enough biomass to suppress weeds. However, 

interseeded cover crops also sometimes reduce growth of main crops mainly because of direct competition 

between cover crops and main crops (Scott et al., 1987; DeHaan et al., 1994; Ateh and Doll, 1996). For 

instance, den Hollander et al. (2007) indicated that yield reduction of leek (Allium porrum L.) is mainly 

caused by competition for light between leek and interseeded clovers. We, therefore, need more information 

on cover crop characteristics (species, growth pattern) and cover crop management (sowing density, sowing 

date) for successful inclusion of cover crops in a weed management strategy (Barberi, 2002). 

To quantify the effects of weeds on crop yields, the competitive-ability index (weedy yield / 

weed-free yield) was developed (Mohammadi, 2007). Other indexes were also used for measuring weed 

suppressive ability of crops (Hansen et al., 2008; Linares et al., 2008). These studies, however, focused 
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mainly on the relationships between two plant species (i.e. between main crops and weeds or between 

cover crops and weeds). Since complex plant community is established in an interseeding crop system by 

main crops, cover crops and weeds, it is necessary to analyze the correlations of growth characteristics 

between them. 

The purpose of this study is to clarify the competitive relationships between main crops, 

interseeded cover crops and weeds in organic farming system in snowy-cold region. The effect of sowing 

date of cover crops on the growth of main crops was investigated, focusing on competition for light and 

nutrients between main crops, cover crops and weeds. Main crops of soybean and maize were grown with 

cover crops of winter rye and hairy vetch, respectively. These two cover crops were chosen based on the 

result in a preliminary experiment, i.e., winter rye has a high WAS with a low plant height, and hairy vetch 

has the highest WAS among leguminous species (Uchino et al., 2005). The combinations of main crop and 

cover crop were based on a combination of legume and non-legume. 

 

2. Materials and Methods 

 This study was done at the Field Science Center for the Northern Biosphere, Hokkaido University 

(Sapporo, Japan, 43˚04’ N, 141˚20’ E) in 2005 and 2006. The experimental site was upland field converted 

from paddy field and was fallowed with green manure of oat in 2004. The soil was Typic Udifluvent with a 

pH 6.5 and had 4.0 % organic matter. Water table in the field was high (about 60 cm depth from the soil 

surface), because a water storage reservoir for the irrigation of paddy rice at the neighboring field is located 

near the present field. 

In 2005 the main crop was soybean ‘Toyomusume’ and the cover crop was winter rye 

‘Fuyu-midori’. In 2006 the main crop was dent flint maize for silage ‘39H32’ and the cover crop was hairy 

vetch ‘Mameya’. The study was arranged as a randomized complete block design with four replications and 

each plot size was 3 m by 4 m. Each plot consisted of five soybean rows 60 cm apart with 20 cm between 
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plants in each row planted on 31st May 2005, and four maize rows planted 75 cm apart with 18 cm between 

plants in each row planted on 18th May 2006. Both cover crops were seeded at a planting density 400 

grains m-2. We made four treatments of three sowing dates of cover crops (‘Pre-Main Crop (MC)’, 

‘Syn-MC’ and ‘Posh-MC’) and without cover crops (‘Sole-MC’): (a) ‘Pre-MC’ treatment – cover crops 

were uniformly sown after rotary tilling 14 days before planting main crops. The main crops were seeded in 

a seeding furrow, dug with a hoe in the established cover crop community; (b) ‘Syn-MC’ treatment – cover 

crops and main crops were sown on the same day after rotary tilling; (c) ‘Post-MC’ treatment – cover crops 

were sown 21 days after sowing main crops (DAS). Weeds were all removed by intertillage and hand 

weeding just before sowing cover crops; (d) ‘Sole-MC’ treatment – cover crops were not sown and weeds 

grew freely during the growing season of main crops, which were planted after tillage at 0 DAS. Plots used 

for soybean in 2005 were used in exactly the same way for maize in 2006. The experiments were done 

without agricultural chemicals and synthetic fertilizers. 

 Soybean was irrigated at 9 and 22 DAS (total: 40 mm) and maize was irrigated at 1 DAS (total: 

16 mm). A fully-ripened compost (total N content 0.73 % w/w fresh weight) was incorporated into the soil 

at 50 t ha-1 for soybean and 40 t ha-1 for maize about 3 weeks before planting. Fermented organic fertilizer 

(N; 5 %, P2O5; 6 %, K2O; 4 %) at 0.5 t ha-1 for soybean and at 1.0 t ha-1 for maize was applied along the 

seeding furrow and about 5 cm below the main crop seeds at 0 DAS. Amount of organic fertilizers input is 

high in terms of nitrogen concentration. This is because not all organic matter is decomposed by soil 

microorganisms in the field condition for one year, and mineralization rate of organic matter depends 

strongly on temperature (Leiros et al., 1999), i.e., mineralization rate is accelerated by higher temperature. 

Since the present experimental site is located in the snow climate (Dfb) according to Koppen-Geiger 

climate classification (Kottek et al., 2006) and temperature during growing stage is low especially in early 

growth stage (Table 1), it is expected that nitrogen release ratio from organic matter is low for plant growth. 

We estimated that the efficiency index of the compost during growing period was less than 20 % according 
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to a model equation reported by Watanobe (2005). This index of the compost was used as a converted value 

of a compost input into a chemical fertilizer input equivalent in terms of nitrogen release. 

 Main crops, cover crops and weeds were sampled at the five growth stages of the main crops, 

including maturity (133 and 126 DAS for soybean and maize, respectively), and their dry weight (DW) 

were measured after drying for longer than 72 hours at 80 ˚C. Cover crops and weeds were sampled from 

0.60 m by 0.40 m (soybean) and 0.75 m by 0.36 m (maize) quadrates that were established parallel to the 

main crop rows. The number of weeds was also counted at each sampling time. At the maximum plant 

height stage of the main crops (76 DAS for soybean and 77 DAS for maize), the vertical community 

structure was determined by using the stratified clip method (Monsi and Saeki, 1953). The leaf areas of 

main crops, cover crops and weeds were measured at layer 0-20, 20-40, 40-60, 60-80, 80-100 and 100-120 

cm for soybean, and 0-50, 50-100, 100-150, 150-200 and 200-250 cm for maize by using an automatic area 

meter (AAM-9, Hayashi Denko, Tokyo, Japan). Canopy photosynthetically active radiation (PAR) 

transmittance was measured at 0, 20, 40, 60, 80 and 100 cm above ground for soybean and at 0, 50, 100, 

150 and 200 cm above ground for maize by using a PAR line sensor (LI-191, LI-COR, Lincoln, NE, USA). 

The chlorophyll content of the uppermost fully expanded leaves of 4 plants was estimated at almost weekly 

intervals by using a chlorophyll content meter (SPAD-502, Minolta, Tokyo, Japan). SPAD value was 

considered to be one indicator for estimating the competition for nitrogen (Shafagh-Kolvanagh et al., 2008). 

The vegetation cover ratio (VCR) of main crops, cover crops and weeds was recorded at weekly intervals 

until canopy closure (45 DAS in soybean and 56 DAS in maize). Near-infrared images were taken from 

1-3.5 m above ground by using a cover ratio camera (Kimura Oyokogei, Saitama, Japan). Cover crops or 

weeds were cut off from the images by using an image processing program (Adobe Photoshop Elements 

version 1.0J, Adobe Systems, CA, USA), and each VCR of main crops, cover crops and weeds was 

estimated separately by using software (Kimura Oyokogei, Saitama, Japan) after image binarization. The 

measurement range of the VCR was 80 x 120 cm for soybean and 90 x 75 cm for maize. 
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 Soil seed banks (surviving seed number per unit area) were collected in April 2006 before the 

application of the compost. At each plot, three soil cores (diameter 5 cm, depth 5.1 cm) were taken 

randomly and were pooled. The seed banks were assessed by using a modified seedling emergence method 

(Ter Heerdt et al., 1996). The seeds were concentrated by washing the soil through a fine sieve (mesh width 

0.35 mm), were spread out in a pot (diameter 9 cm, depth 7.5 cm) filled with steam-sterile potting soil 

topped with a thin layer of sterilized white perlite and filter paper (diameter 11 cm), and were placed in a 

glasshouse for 16 weeks. The daily average temperature of glasshouse during the incubation was from 9.6 

to 31.2 ºC. Seedlings were counted and removed as soon as they could be identified. 

 Meteorological data of daily mean air temperature at 150 cm high, solar radiation and 

precipitation were obtained from the Sapporo District Meteorological Observatory (43˚04’ N, 141˚20’ E). 

The accumulated effective temperature for dominant weed was calculated as a sum of ‘dairy average 

temperature minus lower threshold temperature of the dominant weed for germination (Wiese and Binning, 

1987)’. Starting dates of calculating the accumulated effective temperature varied among treatments 

because of different timings of weed control management (rotary tilling and weeding), i.e., the effective 

temperature was began to accumulate from 14 days before planting main crops in Pre-MC, from 0 DAS in 

Syn-MC and Sole-MC and from 21 DAS in Post-MC. 

 Statistical analysis was done by using the SPSS software (version 14.0J, SPSS Japan, Tokyo, 

Japan). The least significant difference (LSD) test was used to separate differences between treatment 

means if a one-way analysis of variance for each year indicated significance at 5 % levels of probability. 

 

 

3. Results 

3.1. Experiment in 2005 (Main crop: soybean, Cover crop: winter rye) 

 The mean value of the daily average temperature during growing season was slightly higher (0.7 
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ºC) than mean value from 1971 to 2006 (Table 1). The temperature during first two weeks from sowing 

cover crop increased as sowing date was later (Pre-MC, 13.1 ºC; Syn-MC, 16.7ºC; Post-MC, 19.7 ºC). 

Solar radiation and precipitation did not differ considerably compared to mean values of 36 years. 

 Weed number did not differed significantly between treatments during growing season (Fig. 1a). 

Weed DW was significantly and markedly higher in Sole-MC than in the other treatments during growing 

season (Fig. 1 b), indicating the significant suppression of weed growth by sowing cover crops. In addition, 

weed DW was also significantly higher in Syn-MC than in Post-MC at 55 DAS. 

 The DW of soybean was significantly higher in Post-MC than in Pre-MC throughout the growing 

season (Fig. 2 a). Although the DW of soybean increased from 76 to 133 DAS in Pre-MC and Syn-MC, it 

did not increase in Sole-MC, resulting in the lowest DW in Sole-MC at maturity. Consequently, grain yield 

of soybean was the highest in Post-MC and decreased by 29%, 18% and 7% in Sole-MC, Pre-MC and 

Syn-MC, respectively (Table 2). It was mainly caused by lower pod number per plant. 

The DW of winter rye was higher as the sowing date of winter rye was earlier (Fig. 2 b). 

Regardless of the sowing date, the DW of winter rye reached a peak at the middle growth stage of soybean 

(55 DAS) and thereafter, decreased to 0 g m-2 at the maturity stage of soybean. Almost all plants of winter 

rye were dead completely and decayed partially at 133 DAS. 

Total DW, which was calculated by a sum of DW of soybean and weeds at harvest stage of 

soybean, was significantly higher in Sole-MC than in the other treatments because of a substantial weed 

DW in Sole-MC (Fig. 3a). The percentage of soybean DW to total DW was considerably higher in Pre-MC, 

Syn-MC and Post-MC than in Sole-MC, indicating that soybean could accumulate larger biomass 

compared to weeds by sowing winter rye. 

To estimate the aboveground competition between soybean, winter rye and weeds, their VCR 

were shown in Fig. 4a-d. The VCR of soybean plus winter rye differed considerably among all treatments. 

In Pre-MC, in which the soil surface began to be covered with pre-sown winter rye before seeding soybean, 
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the VCR of winter rye was the highest at 0 DAS and the VCR of weeds was relatively low until canopy 

closure of 45 DAS. In Post-MC, the VCR of soybean plus winter rye increased sharply after removing 

weeds and sowing winter rye (21DAS), and resulted in the lowest VCR of weeds. When comparing the 

VCR of soybean alone, it was lower when winter rye was sown earlier, i.e., the VCR was markedly low in 

Pre-MC and relatively low in Syn-MC compared with Post-MC. The VCR of soybean and the total VCR 

(sum of VCR of soybean, winter rye and weeds) were almost the same between Syn-MC and Sole-MC, but 

the VCR of weeds differed greatly between these two treatments: it was much higher in Sole-MC than in 

Syn-MC. This result indicates that the winter rye competed with weeds from early growth stage, i.e., the 

gap area (open space surrounding vegetation), which could not be covered with soybean alone, was covered 

competitively by winter rye and weeds in Syn-MC but was exclusively by weeds alone in Sole-MC. 

In the present study, the timings of weed control managements were varied between treatments. 

Therefore, the VCR of soybean plus winter rye was re-analyzed on the basis of the accumulated effective 

temperature for a dominant weed, redroot pigweed (Fig. 5a). Lower threshold temperature of redroot 

pigweed for germination was defined at 10 ºC according to the study by Wiese and Binning (1987). The 

VCR of soybean plus winter rye was the highest in Post-MC even at low accumulated sufficient 

temperature. This is because weeds were removed by hand at 21 DAS and soybean already covered soil 

surface partially at that time, and winter rye also covered the soil additionally thereafter. 

Additionally we investigated the vertical community structure at the maximum plant height stage 

of soybean to estimate the aboveground competition between soybean, winter rye and weeds (Fig. 6a-d). 

Weeds grew taller and the LAI of weeds was markedly higher in Sole-MC than in the other treatments: the 

plant height of weeds exceeded that of the main crop in Sole-MC. Contrary to the weeds, the plant height of 

winter rye was much lower than that of soybean. Since winter rye has a high degree of winter habit, it could 

not elongate stem without vernalization. In addition, the LAI of soybean in Pre-MC and Syn-MC were 

significantly lower than Post-MC, and were also slightly lower than Sole-MC. These results imply that 
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winter rye suppressed the growth of soybean because of the factors other than light competition. 

For estimating the nutrients competition of soybean with winter rye and weeds, SPAD value of 

soybean, which reflected the nitrogen concentration in leaves, is shown in Fig. 7a. The SPAD value in 

Pre-MC was significantly lower than in Post-MC until 72 DAS, and was also lower than in Syn-MC until 

51 DAS. This result indicates that winter rye competed more severely with soybean for nitrogen when 

winter rye was sown earlier. 

 

3.2. Experiment in 2006 (Main crop: maize, Cover crop: hairy vetch) 

 Since the daily average temperature in June and the temperature increase from May to June were 

lower compared to 2005 and 36-years mean value (Table 1), the temperature during first two weeks from 

sowing cover crop did not differed markedly among three sowing dates (Pre-MC, 13.2 ºC; Syn-MC, 

13.8ºC; Post-MC, 13.9 ºC). The total precipitation during growing season decreased by more than 100 mm 

compared to 2005 and 36-years mean value. In particular, the precipitation in August and September were 

considerably lower, but no inhibition of crop growth by drought was observed. High soil water retention 

capacity in the present field, which was converted from paddy field, is one reason of this drought 

avoidance. 

Weed number was significantly higher in Sole-MC than in the other treatments throughout 

growing season (Fig. 1c). Weed DW was significantly the highest in Sole-MC throughout growing season, 

and was higher in Syn-MC than in Pre-MC and Post-MC at 54 and 77 DAS (Fig. 1d).  

When comparing weed growth in Sole-MC and Syn-MC between experiments in 2005 (soybean) 

and in 2006 (maize), weed number was markedly higher in 2006 than in 2005 throughout the growing 

season, and weed DW was also higher in 2006 than in 2005 at the early growth stage of main crops. In 

particular, weed number at first sampling was 15 times higher in 2006 than in 2005 in Sole-MC, and four 

times in Syn-MC. 
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Table 3 shows the seedling number of annual weeds germinated from soil seed banks sampled 

before the experiment in 2006. Annual broadleaf species, such as redroot pigweed (Amaranthus retroflexus 

L.), common purslane (Portulaca oleracea L.) and tufted knotweed (Polygonum longisetum De Bruyn), 

and several annual grass species, such as barnyardgrass (Echinochloa crus-galli Beauv.), southern 

crabgrass (Digitaria adscendens Henr.) and annual bluegrass (Poa annua L.), were in the soil seed banks. 

Among them, redroot pigweed grew continuously until the late growth stage of the main crops, and mostly 

dominated in the field of the present study. Although common purslane showed the highest seedling 

number (data not shown) in the seed banks, it ended its life early in the field. 

The seedling number of all annual weeds from soil seed banks was significantly higher in 

Sole-MC than in Pre-MC and Post-MC, and the seedling number of redroot pigweed was significantly 

higher in Sole-MC than in the other treatments. Although the seedling number of all annual weeds and 

redroot pigweed did not differ significantly among three sowing dates of cover crops, they tended to be 

lower in Post-MC than in Pre-MC and Syn-MC. The seedling number of redroot pigweed showed a 

significant correlation with weed DW at the maturity stage for soybean in 2005 (r=0.965*, n=4). In addition, 

the seedling number of all annual weeds correlated significantly with the weed number at 40 DAS for 

maize in 2006 (r=0.988**, n=4). These correlations indicate that higher weed number and weed DW in 

Sole-MC and Syn-MC for maize in 2006 than for soybean in 2005 were caused by the vigorous growth and 

large amount of seed production of weeds in these treatments for soybean in 2005. 

The DW of maize was significantly the highest in Post-MC, and then Syn-MC and Sole-MC (Fig. 

2c). In Pre-MC, all maize plants died and the DW of maize became zero at 77 DAS. The DW of maize in 

Sole-MC and Syn-MC were almost the same until 77 DAS, but thereafter it increased considerably in 

Syn-MC but not as much in Sole-MC. Consequently, the grain yield of maize was the highest in Post-MC, 

in which the 1000-grain weight was significantly highest (Table 2). Compared with Post-MC, 68 %, 100 % 

and 24 % yield reduction were noted in Sole-MC, Pre-MC and Syn-MC respectively. 
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The DW of hairy vetch reached a peak at 54 DAS and then decreased to 0 g m-2 at the maturity 

stage of maize in all treatments (Fig. 2d). The growth of hairy vetch was the most vigorous in Pre-MC, and 

then in Syn-MC and Post-MC. 

Total DW, which was calculated by a sum of DW of maize and weeds at harvest stage of maize, 

was significantly the highest in Post-MC (Fig. 3b). In Pre-MC, total DW was the lowest. Early senescence 

of maize is one reason causing this low total DW. In addition, hairy vetch was also dead and decayed until 

the end of experiment (Fig. 2d). We did not sample the dead plants in the present study, causing the lowest 

total DW in Pre-MC. As in the experiment for soybean in 2005, the percentage of maize DW to total DW 

was the highest in Post-MC. 

Until canopy closure of 56 DAS, the VCR of maize plus hairy vetch was much higher than the 

VCR of weeds in Pre-MC and Post-MC (Fig. 4e-h). However, the VCR of maize in Pre-MC increased little 

just after seeding, and finally all maize plants died due to a vigorous growth of hairy vetch. The VCR of 

maize and the total VCR (sum of VCR of maize, hairy vetch and weeds) were almost the same between 

Sole-MC and Syn-MC, but the VCR of weeds was much higher in Sole-MC than in Syn-MC. This result 

indicates that the hairy vetch competed with weeds from early growth stage of maize, and open area, which 

could not be covered with maize alone, was covered competitively by hairy vetch and weeds in Syn-MC 

but was by weeds alone in Sole-MC. 

The VCR of maize plus hairy vetch on the accumulated effective temperature basis was slightly 

higher in Pre-MC and Post-MC than in Syn-MC at higher than 150 ºC·day of accumulated effective 

temperature (Fig. 5b). 

In vertical community structure at the maximum plant height stage of maize, the plant height and 

LAI of weeds were considerably higher in Sole-MC than in the other treatments (Fig. 6e-h). In Pre-MC, the 

LAI of weeds was the lowest, because the vigorous growth of hairy vetch suppressed not only maize but 

also weeds. Although hairy vetch generally produced long vines that entwine around other plants, the vines 
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rarely entwined around maize except for Pre-MC, and the plant height and the LAI of hairy vetch were 

much lower than those of maize in Syn-MC and Post-MC. In addition, the LAI of maize was significantly 

higher in Post-MC than in Syn-MC and Sole-MC. These results imply that hairy vetch and weeds 

suppressed the growth of maize because of the factors other than light competition. 

The SPAD value of maize was significantly the highest in Post-MC throughout the growing 

season (Fig. 7b). On the other hand, the SPAD value in Pre-MC was markedly the lowest at 54 DAS and 

then could not be measured after 64 DAS because the maize plants died. In addition, although the SPAD 

value in Sole-MC and Syn-MC were significantly lower than that in Post-MC at 54 DAS, the SPAD value 

increased only in Syn-MC and there were no significant differences between Syn-MC and Post-MC after 

79 DAS. These results indicate that the maize competed with hairy vetch and weeds for nitrogen, and that 

this competition was minimized when the hairy vetch was sown later. 

 

4. Discussion 

 

4.1. Effects of previous weed management on soil seed banks and subsequent weed growth 

 The difference between treatments in weed number was much larger for maize in 2006 than for 

soybean in 2005. It is considered to be due to the differences in soil seed banks between two years. Rahman 

et al. (2006) reported that there was a strong linear correlation between the soil seed banks and the emerged 

seedling number in the field for most weed species. Buhler (1999) also reported that weed management 

practices greatly affect soil seed banks. 

 

4.2. Competitions for light and nutrients between main crops, cover crops and weeds 

When two or more plants overlapped in the same area, they generally competed with each other 

for environmental resources (Zimdahl, 2004). In the present study, main crops, cover crops and weeds 
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competed each other for environmental resources at various degrees. These competitions resulted in the 

difference of dry matter production of main crops between treatments (Fig. 2). We evaluated the 

competition for light by VCR (Figs. 4, 5) and vertical community structure (Fig. 6), and the competition for 

nutrients by leaf chlorophyll contents (Fig. 7). 

 

4.2.1 Competition for light 

In the present study, although we used different cover crops winter rye in 2005 and hairy vetch in 

2006, cover crop DW decreased and main crop DW increased after the middle growth stage of the main 

crops in the treatments with sowing cover crops in both years (Fig. 2). It is due to the reason that the plant 

height of cover crops was much lower than that of main crops (Fig. 6), and thus, these cover crops could 

not obtain enough light to grow because most of solar radiation was absorbed by main crops, which had 

higher plant height and larger leaf area.  

In contrast with cover crops, weeds reached over 100 cm high and expanded more leaves at upper 

layer in Sole-MC in both years (Fig. 6). Weeds with high plant height absorbed light largely at the upper 

layer and decreased solar radiation for main crops, causing the vigorous growth of weeds even after the 

maximum plant height stage of the main crops and the inhibition of successive dry matter production of 

main crops in Sole-MC (Fig. 2). 

The competition for light was also occurred between cover crops and weeds, particularly at the 

early growth stage (Fig. 4). Since small plants are more sensitive to environmental stresses (Harbur and 

Owen, 2004), it is considered that the competition with cover crops inflicted more crucial damage to weed 

growth at seedling stage compared to later growth stage. The suppression of weeds at the early growth 

stage was important for successful weed control by cover crops (Uchino et al., 2005). 

Bilalis et al. (2003) indicated that there was a significant and negative correlation between 

percentage of soil cover by crop residue and weed DW. Peachy et al. (1999) and Teasdale and Mohler 
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(2000) also reported that the degree of weed suppression depended on soil coverage of vegetation. In the 

present study, as shown in Fig. 8, there was a significant and inverse correlation between the VCR and 

weed DW for both main crops, i.e., weed DW decreased as the VCR of main crops plus cover crops 

increased. Kropff and Spitters (1991) developed a simple and precise model to predict crop yield loss due 

to weed competition by using the relative leaf area of weeds at the early growth stage. Storkey et al. (2003) 

also developed an empirical model of crop and weed competition by using a parameter of relative weed 

green area (weed green area/weed + crop green area). The present study also implies that there is the 

potential to predict weed growth and yield loss of main crops according to VCR at the early growth stage 

(Fig. 8). Since the VCR was measured easily, quickly and non-destructively by just taking pictures with a 

cover ratio camera, the measurement of VCR over years and/or locations are suitable to develop a precise 

prediction model in a complex plant community of main crops, cover crops and weeds in organic farming 

systems. 

 

4.2.2 Competition for nutrients 

It is reported that nitrogen availability is the most limiting factor of crop yield in organic farming, 

because of insufficient decay of added organic matter or immobilization of nitrogen by soil microorganisms 

(Clark et al., 1999). In the present study, the comparison of SPAD value between treatments (Fig. 7) 

indicated that the severe competition for nitrogen was occurred between maize and weeds, and this 

competition was alleviated by sowing cover crops at the same time or after the establishment of maize. On 

the contrary, the SPAD value of soybean showed lesser differences between the treatments than those of 

maize, indicating the limited competition for nitrogen between soybean and weeds, and also between 

soybean and cover crops. A possible reason of the difference between maize and soybean in competition for 

nitrogen is that the main crops in the present study were a legume (soybean) or a non-legume (maize). 

Generally, legume plants, such as soybean, fix atmospheric nitrogen, and therefore they can grow under 
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lower nitrogen conditions compared with non-legume plants, such as maize. In the present study, although 

the weed DW in Sole-MC showed similar increase in soybean and maize (Fig. 1), the SPAD value for 

Sole-MC were suppressed longer and more severely for maize than for soybean (Fig. 7), implying that 

maize is more sensitive to competition for nitrogen than soybean, which can recover from nitrogen 

deficiency by its nitrogen fixation. 

In addition, the date of the increase in SPAD value for maize in Syn-MC (Fig. 7) roughly 

coincided with the date of decrease in cover crop DW (Fig. 2), suggesting that the competition for nitrogen 

between main crops and cover crops was alleviated when growth vigor of cover crops weakened. Therefore, 

early senescence of cover crops will be important to alleviate competition for nitrogen with maize at the 

late growth stage. 

 

4.2.3 Other factors affecting the competition 

The daily average temperature in June was lower in 2006 compared to 2005 and 36-years average 

(Table 1). Since hairy vetch is inherently winter annual legume (Sustainable Agriculture Network, 2007), 

low temperature during early growth stage in 2006 may cause positive effects on hairy vetch growth. On 

the other hand, since maize is summer annual crop, low temperature in 2006 may cause negative effects on 

maize growth. In fact, maize growth at the early growth stage was severely suppressed by the vigorous 

growth of hairy vetch in Pre-MC and Syn-MC (Figs. 2, 4). Brainard and Bellinder (2004) indicated that 

lower initial temperature favored the growth and competitive ability of winter annual cover crop. The 

present result indicates that the combination of main crop species and cover crop species in relation to the 

adaptability for low temperature will be important in snowy-cold region. 

 

5. Conclusions 

The growth of weeds could be suppressed by sowing cover crops, and the yield reduction of the 
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main crops was alleviated. However, sowing date of cover crops was important for achieving high yield of 

main crops, especially in maize. DW and yield of main crops were the highest when cover crops were sown 

after the establishment of main crops. Soil seed banks also became lower by sowing cover crops, implying 

the importance of proper weed management for long-term weed suppression in organic farming system. 

Since the treatment with a complete weed control was not included in the present study, further experiments 

should be done for evaluating the benefits of late-sown cover crops in our region more accurately. 
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Table 1 
Mean of daily average air temperature, total solar radiation and precipitation of each 
month during growing season in 2005 and 2006. 

Month
2005 2006 1971-2006 2005 2006 1971-2006 2005 2006 1971-2006

May 10.7 12.9 12.2 549 601 550 62 45 53
June 18.3 15.7 16.4 606 516 557 51 77 53
July 20.1 20.6 20.4 527 608 528 119 106 72

August 23.5 24.3 22.0 536 577 478 114 36 131
September 18.8 18.5 17.7 393 444 385 126 58 135
October 13.2 11.7 11.4 329 322 293 72 91 120

Mean or Total 17.4 17.3 16.7 2940 3068 2791 544 412 565

Precipitation
(mm)

Air temperature
(ºC)

Solar radiation 
(MJ m-2)
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Grain 1000-grain Grain 1000-grain
yield weight yield weight

(kg / ha) (g) (kg / ha) (g)
Sole-MC 3118 31.8 1.72 341 3106 1.0 14.4 36.7 218
Pre-MC 3606 35.2 1.86 330     0 - - - -
Syn-MC 4113 38.9 1.84 346 7393 1.0 15.4 40.4 215
Post-MC 4403 45.0 1.75 335 9674 1.0 13.9 39.5 274

LSD(0.05) 840 7.0 0.06 NS 1660 NS 1.1 2.4 40

Treatment

Soybean Maize

Pod no.
per plant

Grain no.
per pod

Grain no.
per row

Row no.
per ear

Ear no.
per plant

Table 2 
Grain yield and yield components of soybean in 2005 and maize in 2006. 

a 

a All plants died before maturity of maize. 
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All annual Redroot
species pigweed

Sole-MC 60083 4583
Pre-MC  6208 1583
Syn-MC 22292 1417
Post-MC  4291  417

LSD (0.05) 49264 2715

Treatment

Table 3 
Seedling number (plant m-2) of all 
annual weeds and redroot pigweed 
germinated from the soil seed banks 
before maize experiment in 2006. 

a b 

a All annual species include broadleaf 
species, such as redroot pigweed 
(Amaranthus retroflexus L.), common 
purslane (Portulaca oleracea L.) and 
tufted knotweed (Polygonum longisetum 
De Bruyn), and several grass species, 
such as barnyardgrass (Echinochloa 
crus-galli Beauv.), southern crabgrass 
(Digitaria adscendens Henr.) and annual 
bluegrass (Poa annua L.). 
b Dominant weed in the present field. 
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Figure captions 

 

Fig. 1 Weed number (a, c) and weed dry weight (b, d) in the experiment for soybean in 2005 (a, b) and for 

maize in 2006 (c, d). 

◇ Sole-MC; ○ Pre-MC; △ Syn-MC; □ Post-MC. Vertical bars indicate LSD values (P = 0.05) for 

the comparison between treatments. 

 

Fig. 2 Dry weight (DW) of soybean (a) and winter rye (b) in 2005, and maize (c) and hairy vetch (d) in 

2006.  

◇ Sole-MC; ○ Pre-MC; △ Syn-MC; □ Post-MC. Vertical bars indicate LSD values (P = 0.05) for 

the comparison between treatments. 

 

Fig. 3 Total dry weight (DW) of main crops and weeds at the harvest stage of soybean in 2005 (a) and 

maize in 2006 (b). 

White bar, main crops; Black bar, weeds. Cover crops were dead completely at the harvesting stage of main 

crops. Numbers within white bars indicate the percentage of main crop DW to total DW. Vertical bars 

indicate standard error of total DW (n=4). 

 

Fig. 4 Vegetation cover ratio (VCR) in the experiment for soybean in 2005 (a-d) and for maize in 2006 

(e-h). (a, e) Sole-MC; (b, f) Pre-MC; (c, g) Syn-MC; (d, h) Post-MC. White area, main crops; Gray area, 

cover crops; Black area, weeds. Arrows indicate the sowing date of cover crops. 

 

Fig. 5 Vegetation cover ratio (VCR) of main crops plus cover crops for soybean in 2005 (a) and maize in 

2006 (b) on the basis of the accumulated effective temperature for dominant weed, redroot pigweed. The 
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accumulated effective temperature for redroot pigweed was calculated as sum of dairy average temperature 

minus lower threshold temperature (10.0 ˚C) of redroot pigweed for germination (Wiese and Binning, 

1987). ◇ Sole-MC; ○ Pre-MC; △ Syn-MC; □ Post-MC. Vertical bars indicate standard error (n=4). 

 

Fig. 6 Leaf area index (LAI) and photosynthetically active radiation (PAR) transmittance at each height ath 

the maximum plant height stage of the main crops for soybean (76 DAS) in 2005 (a-d) and maize (77 DAS) 

in 2006 (e-h). (a, e) Sole-MC; (b, f) Pre-MC; (c, g) Syn-MC; (d, h) Post-MC. White bar, main crops; Gray 

bar, cover crops; Black bar, weeds. Open circle and solid line, PAR transmittance. LAI of cover crops at the 

bottom layer in (b) and (c) exceed the x-axis range and their values are 6.81 and 2.72, respectively. 

 

Fig. 7 SPAD value of soybean in 2005 (a) and maize in 2006 (b). ◇ Sole-MC; ○ Pre-MC; △ Syn-MC; 

□ Post-MC. Vertical bars indicate LSD values (P = 0.05) for the comparison between treatments. The 

SPAD value in Pre-MC could not be measured after 64 days after planting main crops because the maize 

plants died. 

 

Fig. 8 The relationship of the vegetation cover ratio (VCR) of main crops plus cover crops at 150 ºC·day of 

accumulated sufficient temperature for redroot pigweed with weed dry weight (DW) at the harvest stage of 

main crops. Black symbol, soybean in 2005; White symbol, maize in 2006; ◇ Sole-MC; ○ Pre-MC; △ 

Syn-MC; □ Post-MC. *** Significant at 0.1 % levels of probability. 
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Fig. 1 Weed number (a, c) and weed dry weight (b, d) in the experiment for soybean in 2005 (a, 

b) and for maize in 2006 (c, d). 

◇ Sole-MC; ○ Pre-MC; △ Syn-MC; □ Post-MC. Vertical bars indicate LSD values (P = 

0.05) for the comparison between treatments. 
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Fig. 2 Dry weight (DW) of soybean (a) and winter rye (b) in 2005, and maize (c) and hairy vetch 

(d) in 2006.  

◇ Sole-MC; ○ Pre-MC; △ Syn-MC; □ Post-MC. Vertical bars indicate LSD values (P = 

0.05) for the comparison between treatments. 



 

 

Fig. 3 Total dry weight (DW) of main crops and weeds at the harvest stage of soybean in 2005 (a) and maize in 

2006 (b). 

White bar, main crops; Black bar, weeds. Cover crops were dead completely at the harvesting stage of main crops. 

Numbers within white bars indicate the percentage of main crop DW to total DW. Vertical bars indicate standard 

error of total DW (n=4). 
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Fig. 4 Vegetation cover ratio (VCR) in the experiment for soybean in 2005 (a-d) and for maize in 

2006 (e-h). (a, e) Sole-MC; (b, f) Pre-MC; (c, g) Syn-MC; (d, h) Post-MC. White area, main 

crops; Gray area, cover crops; Black area, weeds. Arrows indicate the sowing date of cover crops. 
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Fig. 5 Vegetation cover ratio (VCR) of main crops plus cover crops for soybean in 2005 (a) and 

maize in 2006 (b) on the basis of the accumulated effective temperature for dominant weed, redroot 

pigweed. The accumulated effective temperature for redroot pigweed was calculated as sum of dairy 

average temperature minus lower threshold temperature (10.0 ˚C) of redroot pigweed for 

germination (Wiese and Binning, 1987). ◇ Sole-MC; ○ Pre-MC; △ Syn-MC; □ Post-MC. 

Vertical bars indicate standard error (n=4). 



 

Fig. 6 Leaf area index (LAI) and photosynthetically active radiation (PAR) transmittance at each height ath the maximum plant 

height stage of the main crops for soybean (76 DAS) in 2005 (a-d) and maize (77 DAS) in 2006 (e-h). (a, e) Sole-MC; (b, f) 

Pre-MC; (c, g) Syn-MC; (d, h) Post-MC. White bar, main crops; Gray bar, cover crops; Black bar, weeds. Open circle and solid 

line, PAR transmittance. LAI of cover crops at the bottom layer in (b) and (c) exceed the x-axis range and their values are 6.81 and 

2.72, respectively. 
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Fig. 7 SPAD value of soybean in 2005 (a) and maize in 2006 (b). ◇ Sole-MC; ○ Pre-MC; △ 

Syn-MC; □ Post-MC. Vertical bars indicate LSD values (P = 0.05) for the comparison between 

treatments. The SPAD value in Pre-MC could not be measured after 64 days after planting main 

crops because the maize plants died. 



 

Fig. 8 The relationship of the vegetation cover ratio (VCR) of main crops plus cover crops at 150 

ºC·day of accumulated sufficient temperature for redroot pigweed with weed dry weight (DW) at 

the harvest stage of main crops. Black symbol, soybean in 2005; White symbol, maize in 2006; 

◇ Sole-MC; ○ Pre-MC; △ Syn-MC; □ Post-MC. *** Significant at 0.1 % levels of 

probability. 
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