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Abstract: One-month-old lettuce seedlings were planted in the field with and without prior hairy
vetch (Vicia villosa L.) incorporation (HV and Fallow, respectively). The periods between hairy vetch
incorporation and lettuce planting were 1 day, 8 days and 15 days. The inorganic nitrogen concentra-
tion in the soil was higher after hairy vetch incorporation, as well as the nitrogen concentration in the
lettuce leaves from the HV plot compared to the Fallow plot, at any planting period. When lettuce
seedlings were planted 8 days after hairy vetch incorporation, the leaf dry weight in the HV plots was
11% lower than that in the Fallow plots 4 days after planting; however, leaf growth recovered and the
dry weight was 24% higher 12 days after planting, which could be due to enhanced leaf growth as the
result of additional accumulated nitrogen provided by the hairy vetch. In the incubation experiment,
it was suggested that the inhibitory effect of hairy vetch decomposition was not due to allelopathic
substances. Therefore, in the hairy-vetch-incorporated field, growth suppression in the lettuce plants
occurred early and continued for a short period after hairy vetch incorporation, but the damage due
to the growth suppression effect was minor. More importantly, nitrogen supplied from the hairy
vetch promoted lettuce growth after the inhibition period.

Keywords: hairy vetch; cover crop; incorporation; nitrogen; lettuce

1. Introduction

A cover crop is a plant that is used to conserve or improve soil fertility, rather than for
its harvested product. Cover crops can provide multiple benefits, including carbon seques-
tration in the soil, the prevention of soil erosion, weed suppression and nutrient supply [1].
Recently, the integration of cover crops has been recommended not only in row cropping
systems, but also vegetable cropping systems [2–4]. This is because winter cover crops
utilize residual nitrate nitrogen in the soil, thereby reducing environmental burdens [5] and
supplying available nutrients as green manure, thus improving soil fertility [6]. They are
also recommended as vegetables have a shorter growing season than row crops, making
it easier to introduce winter cover crops into vegetable cropping systems [7]. In addition,
for vegetables with a shallow root system, such as lettuce, it is important for nutrients to
be present in the surface layer of the soil and cover crops are an effective way to collect
nutrients from the soil and return them to the surface layer [8].

When it comes to the usage of cover crops as green manure, it is recommended to
start the cultivation of main crops more than 2 to 4 weeks after the incorporation of cover
crops, as the germination and growth of the main crops are inhibited during residue
decomposition [9–11]. There are several possible reasons for this phenomenon, including
promoting the growth of Pythium species during residue decomposition [12], nitrogen
starvation caused by the decomposition of high C/N residues, allelopathic chemicals [13,14]
and infection from cover-crop-derived pathogens [15]. However, waiting a long time for
the sufficient decomposition of residue leads to a delay in main crop production following
the use of cover crops, where late planting reduces the main crops’ growth period.
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Hairy vetch (Vicia villosa L.) is a leguminous cover crop [16], which is often used in
cold regions because of its high winter hardiness [17]. It generates an allelopathic substance,
cyanamide [14,18], in its body which, as it covers the ground, inhibits the growth of other
plants for a few weeks after it is incorporated. However, some previous studies have
observed high yields of lettuce and tomato in plots with hairy vetch residues without a
sufficiently long interval between the incorporation of hairy vetch and the planting of a
subsequent crop [6,19]. As hairy vetch is known to supply nitrogen quickly to the soil
and to subsequent crops during its decomposition, it is possible that the nitrogen from the
hairy vetch promotes growth in the lettuce after the growth inhibition effect subsides [19].
The confirmation of such information will allow for the cultivation of main crops to begin
without a long interval (e.g., a few weeks) after the incorporation of hairy vetch, thus
preventing delayed cultivation of main crops; however, it has not yet been investigated.

In this study, we hypothesize that hairy vetch residue releases cyanamide, inhibiting
the growth of subsequently planted lettuce, but also releases nitrogen, thus accelerating
growth in the plants when incorporated into the soil. To determine a suitable timeframe
for planting a main crop after hairy vetch incorporation, we investigated the growth
performance of lettuce seedlings and nitrogen uptake in lettuce at three different intervals,
from the incorporation of hairy vetch to planting the lettuce in a field experiment. We also
investigated the duration of the growth-inhibiting effect and the involvement of allelopathic
substances through incubation experiments.

2. Materials and Methods
2.1. The Field Experiment
2.1.1. Experimental Field Design

The field experiment was conducted at the Experimental Farm (43◦07′34.5′′ N, 141◦33′73.6′′ E,
12.8 m elevation) located at the Field Science Center for Northern Biosphere, Hokkaido
University, Japan, in 2021. The soil type was Greysol [6]. The chemical properties of
the soil at a depth of 0–10 cm were the following: pH = 5.80, EC = 42.1 mS m−1, total
C = 53.1 g kg−1 soil, total n = 3.42 g kg−1 soil, P = 60 mg kg−1 soil, K = 360 mg kg−1

soil, Ca = 1460 mg kg−1 soil and Mg = 370 mg kg−1 soil, according to Muchanga et al. [6].
Lettuce plants were grown with and without previously cultivated hairy vetch, a legumi-
nous cover crop. Precipitation and air temperature were monitored every hour during
the experimental period (June–August) by using an AMeDAS (Automated Meteorological
Data Acquisition System, Japan Meteorological Agency, Japan) [20], which was located in
Sapporo, Hokkaido, Japan.

A split-plot design was arranged for the experiment. The main factor was cover-crop
treatment, and the following two types of fields were prepared: (1) a plot where hairy vetch
was grown and its residue was incorporated (HV plot) and (2) a bare field where hairy
vetch was not grown (Fallow plot). The secondary factor was the period between hairy
vetch incorporation and lettuce planting, of which there were three levels: 1 day (1-DAI),
8 days (8-DAI) and 15 days (15-DAI). We prepared 6 plots with these combinations and
the experiments were replicated 4 times, for a total of 24 plots. The area of each plot was
8 m2 (4 × 2 m).

2.1.2. The Cultivation of Hairy Vetch and Determination of Nitrogen and Carbon Content

An overwintering variety of hairy vetch (Vicia villosa L. cv. Kantaro) (Snow Brand
Seed Co., Ltd., Sapporo, Japan) was sown on 1 October 2020, at a density of 10 g m−2

(209 seeds m−2). On 16 June 2021, the hairy vetch was cut using a straw chopper and
was incorporated using a rotary at a depth of about 15 cm the next day (17 June). Just
before cutting, the above-ground biomass of the hairy vetch was determined using a
0.25 m2 quadrate (0.5 × 0.5 m). The fresh weight was measured in each plot, and then the
samples were dried at 60 ◦C for at least one week to measure their dry weight. The dried
samples were ground and 10 mg of the samples were weighed in Sn foil capsules. The
total nitrogen and carbon content were determined via combustion at 950 ◦C by means of
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an elemental analyzer (Vario EL III, Elementar, Hanau, Germany) (1 sample per plot with
hairy vetch × 4 replications) [21].

2.1.3. The Decomposition of Hairy Vetch Residue Under Field Conditions

To examine the decomposition pattern of hairy vetch, a litter bag assay was conducted.
A 3 g portion of fresh hairy vetch residue (equivalent to 0.59 g of dry weight) cut into a
5 cm length was wrapped with a double layer of cotton gauze and placed in a 10 cm2

litter bag (2 mm mesh). Eight bags per plot were embedded at a depth of 10–15 cm at
the edge of three of the four hairy vetch replication plots on the same day as hairy vetch
residue incorporation (17 June). Two bags per plot were taken 5, 12, 19 and 26 days after
embedding and dried at 60 ◦C for at least 1 week to determine their dry weight. The dried
samples were ground and the total nitrogen content in the samples was determined using
an elemental analyzer (2 samples per plot × 3 replications) [21]. From the obtained nitrogen
content, the nitrogen release rate was calculated as follows:

Nitrogen release rate (%) =
(Nitrogen content of hairy vetch at beginning) − (Nitrogen content of hairy vetch sampled at 4 periods

after embedding)/(Nitrogen content of hairy vetch at beginning) × 100.

2.1.4. Lettuce Growth Performance

Red leaf lettuce (Lactuca sativa L. var. crispa cv. red fire) (Takii Seed Co., Tokyo, Japan)
was sown in 1526 cm2 plastic trays (54.5 × 28 cm) with 128 holes (3.0 cm in diameter and
4.5 cm in depth) on 19 May, 26 May and 2 June 2021, and grown in a greenhouse (Table 1).
Thirty days after sowing (18 and 25 June, and 2 July), 64 lettuce seedlings with 5–7 true
leaves were planted in each plot area (8 m2; 4 × 2 m) with 45 cm between the rows and
25 cm between the plants. The planting dates were 1, 8 and 15 days after incorporation,
respectively. When hairy vetch was incorporated, chemical fertilizers, 6 g of ammonium
sulfate as nitrogen, 12 g of calcium superphosphate as phosphate (P2O5) and 14 g of
potassium sulfate as potassium (K2O) per m2 were added to both the HV and Fallow plots.
For the first week after planting in each plot, hand watering was provided daily. Weeds
were pulled out by hand.

Table 1. Field operation in the present experiment.

Year Date
Period of Lettuce Planting After the Hairy Vetch Incorporation

1-DAI 8-DAI 15-DAI

2020 1 October Sowing of hairy vetch (10 g m−2)

2021 19 May Sowing of lettuce

26 May Sowing of lettuce

2 June Sowing of lettuce
16 June Sampling of hairy vetch and cutting with a straw chopper

17 June Incorporation of hairy vetch with a rotary

18 June Fertilization
Planting of lettuce

22 June Sampling of soil
1st sampling of lettuce

25 June Fertilization
Planting of lettuce

26 June 2nd sampling of lettuce

29 June Sampling of soil
1st sampling of lettuce
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Table 1. Cont.

Year Date
Period of Lettuce Planting After the Hairy Vetch Incorporation

1-DAI 8-DAI 15-DAI

30 June 3rd sampling of lettuce

2 July Fertilization
Planting of lettuce

3 July 2nd sampling of lettuce

6 July Sampling of soil
1st sampling of lettuce

7 July 3rd sampling of lettuce

10 July 2nd sampling of lettuce

14 July 3rd sampling of lettuce

To examine initial growth in the lettuce, leaf biomass was collected from each plot
4, 8 and 12 days after planting (6 plants per plot × 4 replications), dried at 60 ◦C for at least
1 week, and measured for its dry weight. A portion of the dried samples were ground
and the total nitrogen content of the samples was determined using an elemental analyzer
(2 plants per plot × 4 replications) [21].

2.1.5. The Collection and Analysis of the Soil Samples

Soil samples were collected from two points and mixed for analysis in each plot
4 days after planting (1 sample per plot × 4 replications) in order to evaluate the chemical
properties in the soil affecting lettuce growth. Soil samples were collected at a depth of
0–30 cm from the ground’s surface and coarse organic matter was removed with a 2 mm
sieve within 1 day of collection. The soil samples were used to measure pH, EC and
inorganic nitrogen concentration (ammonium nitrogen and nitrate nitrogen).

To determine pH and EC, 4.0 g of soil was put in a plastic tube, to which 10 mL of
milliQ water was added, then shaken for 1 h and measured with a pH meter. In addition,
10 mL of milliQ water was added to the sample again, shaken by hand and the EC measured
using an EC meter [6]. To determine the inorganic nitrogen concentration, 4.0 g of soil
was put in a plastic tube, to which 40 mL of 2 mol L−1 KCl solution was added and
shaken for 1 h. The solution was then filtered through a filter paper (No. 5C, Advantec) to
obtain a soil extract. The soil extracts were analyzed using a flow injection analyzer (FIA,
AQLA-700, Aqualab, Tokyo, Japan) to determine their ammonium nitrogen and nitrate
nitrogen content [19].

2.2. Incubation Experiment

We investigated the allelopathic effect derived from hairy vetch decomposition on
lettuce seedlings with varying levels of below-ground segregation (Figure 1), as reported by
Kong et al. [22]. We used a series of pots, each with a central cylinder, covered with either a
2000 µm polyethylene mesh (allowing for chemical and microbial interactions), a 0.45 µm
nitrocellulose membrane (Bio-Rad Laboratories, Inc., preventing common fungal hyphae
while allowing for chemical and bacterial interactions), or plastic (a complete separation).
The pots contained 50 g of soil inside the central cylinder and an additional 50 g in the
surrounding area. A total of 1.03 g of hairy vetch residue was incorporated with the soil
in the central cylinders, after which 10 lettuce seeds were sown in the surrounding area
with below-ground segregation at each of the following intervals: 1 day (1-DAI), 8 days
(8-DAI) and 15 days (15-DAI). Deionized water (40 mL) was added to the central cylinder
to make the soil moisture equal to the field water capacity. In the plastic segregation
treatment, 20 mL of deionized water was added to the central cylinder and another 20 mL
was added to the surrounding area. All pots were placed in an incubator under a 14 h/10 h
(15 ◦C/10 ◦C) day–night cycle. The ots were watered daily to keep the soil moisture at
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field water capacity. For each interval treatment, from the incorporation of hairy vetch to
the lettuce sowing and for each segregation treatment, three pots were selected for each
culture date (i.e., 4, 8 and 12 days after sowing) and the length of the shoots and roots
were destructively measured. Dead seedlings were removed and the median values of
the measured shoot and root lengths of the surviving lettuce seedlings were chosen as
representative values of each pot and analyzed statistically.
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experiment (A) and illustrations and pictures of central cylinder and whole system of a pot (B).

2.3. Statistical Analysis

Statistical analysis was performed using R, version 4.1.2 (R core team, Vienna, Austria) [23].
To compare the HV and Fallow plots from the field experiment, t-tests were used to analyze
the effect of hairy vetch residue incorporation on soil chemistry, lettuce dry weight and
nitrogen concentration at each sampling time. To compare between the segregation treat-
ments from the incubation experiment, a one-way ANOVA was used to detect significant
differences between the segregation treatments. In cases where the p-value was < 0.05, a
Tukey HSD test was used to analyze the effect of segregation at each sampling time.

3. Results
3.1. The Climatic Conditions During the Experimental Period

Precipitation and temperature during the lettuce cultivation periods are shown in Figure 2.
In 2021, the total precipitation from 16 June to 14 July was only 26.5 mm, which was
extremely low compared to the average precipitation (583 mm) over the past 30 years
during the same period. The temperature tended to be higher than the average during the
cultivation period.
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over the past 30 years.
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3.2. Hairy Vetch Growth and Decomposition

The characteristics of the incorporated hairy vetch residue are shown in Table 2. The
biomass, C, and N concentration in the above-ground part of the hairy vetch at the time of
incorporation were the following: a dry weight of 668.7 g m−2, a carbon concentration of
42.38%, a nitrogen concentration of 4.10% and a C/N ratio of 10.34.

Table 2. Characteristics of hairy vetch residue before incorporation.

Fresh Weight
(g m−2)

Dry Weight
(g m−2)

C
(%)

N
(%)

N Content
(g m−2) C/N

Mean 4597.8 668.7 42.38 4.10 27.43 10.34
SD 1268.8 184.6 0.10 0.03 7.57 0.07

Mean values and SD values are shown (n = 12).

The decomposition and nitrogen release rates of hairy vetch residue in the soil are
shown in Figure 3. The dry weight of the hairy vetch residue decreased rapidly over the
12 days after the litter bag was embedded in the soil, followed by a gradual decrease. As for
the nitrogen release rate, about 80% of the nitrogen was released 12 days after embedding,
followed by a gradual increase.
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3.3. Chemical Properties of the Soil

The chemical properties of the soil in each plot 4 days after planting are shown in
Table 3. The soil pH was lower in the HV plots than in the Fallow plots 8-DAI. The soil EC
was 54% higher 8-DAI and 30% higher 15-DAI in the HV plots than in the Fallow plots.
The ammonium nitrogen concentration 1-DAI and 8-DAI tended to be higher in the HV
plots (+95% and +43%, respectively), and the nitrate nitrogen concentration 1-DAI, 8-DAI,
and 15-DAI was significantly higher in the HV plots than in the Fallow plots (+34%, +110%
and +60%, respectively).

Table 3. Soil chemical properties 4 days after planting the lettuce.

Plot Cover Crop DAI pH
(H2O)

EC
(mS m−1)

Ammonium Nitrogen
(mg kg−1 Soil)

Nitrate Nitrogen
(mg kg−1 Soil)

1-DAI
Fallow

5
5.68 ± 0.05 23.1 ± 2.8 12.4 ± 4.2 14.0 ± 0.7

*HV 5.73 ± 0.06 25.9 ± 3.3 24.1 ± 4.0 18.7 ± 1.8

8-DAI
Fallow

12
6.15 ± 0.05

**
24.8 ± 3.5

**
16.3 ± 2.7 15.1 ± 1.7

**HV 5.94 ± 0.04 38.3 ± 2.3 23.3 ± 4.2 31.7 ± 1.5

15-DAI
Fallow

19
6.25 ± 0.02 20.2 ± 2.2

*
14.5 ± 3.3 15.5 ± 1.0

**HV 6.13 ± 0.06 26.3 ± 1.5 14.2 ± 1.0 24.8 ± 1.8

Mean values ± SE are shown (n = 4). A t-test was performed to detect significant differences between the Fallow
plots and the HV plots of 5% (*) and 1% (**). DAI indicates the number of days after the incorporation of hairy
vetch residue.
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3.4. The Dry Weight and Nitrogen Concentration in the Lettuce

The leaf dry weight and nitrogen concentration in the lettuce plants are shown in
Figure 4. There was no significant difference in leaf dry weight between the HV plots and
the Fallow plots in the 1-DAI group (Figure 4A). In the 8-DAI group, the dry weight was
11% less in the HV plots than in the Fallow plots 4 days after planting; however, the dry
weight was 24% greater in the HV plots than in the Fallow plots 12 days after planting
(Figure 3B). In the 15-DAI group, the dry weight was greater in the HV plots than in the
Fallow plots 8 and 12 days after incorporation (+28% and +22%, respectively) (Figure 4C).
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Figure 4. The changes in leaf dry weight and nitrogen concentration in lettuce planted on different
dates after the incorporation of hairy vetch (A–C). Bars and points represent mean values ± SE
(n = 24 and 8, respectively). A t-test was performed to detect significant differences between the
Fallow plots and the HV plots at 10% (†), 5% (*) and 1% (**). DAI indicates the number of days after
the incorporation of hairy vetch residue.

The nitrogen concentration in the leaves was generally higher in the HV plots than in
the Fallow plots in all 1-DAI, 8-DAI and 15-DAI groups. In particular, the concentration in
the HV plots 8 days after planting was 28% higher than in the Fallow plots in the 1-DAI
group and 55% higher 4 days after planting in the 8-DAI group (Figure 4A,B). In the 15-DAI
group, the concentration was 44% and 30% higher in the HV plots than in the Fallow plots
4 and 8 days after planting, respectively (Figure 4C).

3.5. The Shoot and Root Lengths of the Lettuce in the Incubation Test

Shoot and root lengths are shown in Figure 5. In the 1-DAI group, the shoot length
was 36% smaller and the root length was 79% smaller 12 days after sowing under the
2000 µm segregation treatment compared to the plastic segregation treatment. In the 8-DAI
group, shoot and root growth were suppressed under the 2000 µm segregation treatment
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4 days after sowing and their lengths were 39% and 65% smaller, respectively, 12 days after
sowing compared to the plastic segregation treatment. In the 15-DAI group, shoot length
and root length did not differ among the segregation treatments 12 days after sowing.
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Figure 5. The changes in shoot and root length from different below-ground segregation methods at
different periods after incorporation of hairy vetch (A–C). Points represent mean values ± SE (n = 3).
In the box in the upper right-hand corner are the results of the one-way ANOVA, performed to detect
significant differences in shoot and root length 12 days after sowing of 5% (*) and 1% (**). “n.s.”
denotes a p-value > 0.05. The effects of segregation treatment were clarified at each sampling time
according to Tukey HSD, in cases of a p-value < 0.05 (n = 3). The different letters indicate a significant
difference between the treatments. The days without an accompanied letter denote non-significant
effects. DAI indicates the number of days after the incorporation of hairy vetch residue.

4. Discussion
4.1. Growth Response in Lettuce at Different Periods After Hairy Vetch Residue Incorporation

The dry weight of the lettuce plants showed different responses depending on the
date on which they were planted (Figure 4). Although the nitrogen concentration in the
leaves was higher, there was no significant difference in the leaf dry weight between the
HV and Fallow plots in the 1-DAI group (Figure 4A) and was rather low in the HV plots
compared to the Fallow plots in the 8-DAI group 4 days after planting (Figure 4B). These
results suggest that the increase in dry weight was suppressed even with sufficient nitrogen
acquisition due to the growth inhibition effect occurring just after hairy vetch residue
incorporation. As nitrogen is mainly supplied to plants by mass flow [24], the higher
nitrogen accumulation in leaves from the HV plots was attributed to the higher inorganic
nitrogen concentration in the soil (Table 3). In other words, a higher nitrogen concentration
enhances photosynthesis in leaves [25] which leads to a greater dry weight in plants. In our
results, however, a greater dry weight of lettuce in the 1DAI group and 4 days after planting
in the 8-DAI group was not observed, indicating the occurrence of an inhibitory effect on
growth. This may have been caused by the allelopathic effects of cyanamides in hairy vetch
residue [14]. Furthermore, the rapid residue decomposition could have led to an increase in
microbes, including Pythium species [12], which may have inhibited growth in the lettuce
plants. On the other hand, the leaf dry weight of lettuce was greater in the HV plots than
in the Fallow plots 12 days after planting in the 8-DAI group (Figure 4B) and 8 days after
planting in the 15-DAI group (Figure 4C). Considering that the growth inhibitory effect of
hairy vetch residue did not continue for more than 2 weeks (Figure 5C) in the incubation
experiment, these results suggest that the additional nitrogen accumulation in the lettuce
from the HV plots accelerated their growth after the inhibition period associated with hairy
vetch decomposition. Consequently, the lettuce seedlings recovered and grew, and those in
the HV plots had a greater dry weight than those in the Fallow plots in the 8-DAI group.
From an agronomic point of view, planting lettuce seedlings immediately after hairy vetch
residue incorporation may be a practical cultivation technique, as the inhibitory effect on
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growth was not severe and the accumulated nitrogen supplied from the hairy vetch can be
expected to accelerate growth in the lettuce plants at a later stage.

4.2. The Identification of Causal Factors in Growth Inhibition and Timing After Incorporation

The results of the incubation test indicated that the allelopathic substance released
during hairy vetch residue decomposition did not directly inhibit the growth of the lettuce.
The growth of lettuce under the 0.45 µm mesh segregation treatment, through which
chemicals and bacteria could pass, was similar to that in the plastic segregation treatment at
any period between the incorporation of hairy vetch to sowing the lettuce (Figure 5). On the
other hand, the growth of lettuce in the 2000 µm mesh treatment was significantly inhibited
in the 1-DAI and 8-DAI groups. These results suggest that the inhibition of lettuce growth
occurred 5 days after the incorporation of hairy vetch residue, due, not to allelopathic
chemicals, but instead to pathogenic fungal species that cannot pass through 0.45 µm pores.
Acharya et al. [26] have reported that the immediate planting of corn after the incorporation
of rye residue causes root rot due to Pythium and Fusarium species suppressing germination
and early growth. As for cyanamide, Kamo et al. [14] have reported that cyanamide
suppresses lettuce growth. Soltys et al. [18] also observed growth inhibition in lettuce
treated with a cyanamide solution. However, Geddes et al. [27] indicate that allelopathic
substances derived from hairy vetch do not inhibit plant growth in soil, which may imply
that cyanamide degrades quickly and has a limited inhibitory effect in soil.

Growth inhibition in the incubation experiment occurred at a similar time period to
the increased nitrogen concentration in the lettuce in the field experiment. In the 1-DAI
group, growth inhibition in the incubation experiment was observed 8 days after sowing
while an increase in the nitrogen concentration was observed 8 days after planting in the
field experiments (Figures 4A and 5A). In the 8-DAI group, growth inhibition was observed
4 days after sowing in the incubation experiment while an increase in the nitrogen con-
centration was observed 4 days after planting in the field experiment (Figures 4B and 5B).
Considering the decomposition of hairy vetch residue, it is reasonable to conclude that
the effects of growth inhibition and nitrogen supply occurred simultaneously. Growth
in the lettuce was more severely inhibited in the incubation experiment than in the field
experiment, which could be due to the different growth stages of the lettuce seedlings used;
namely, a nursery plant in the field experiment and a seedling just after germination in the
incubation experiment. Kruidhof et al. [4] insist that plants at a more advanced growth
stage are less sensitive to growth inhibition after residue decomposition. Therefore, even
when a subsequent crop is planted immediately after hairy vetch residue incorporation, the
effect of growth inhibition by the hairy vetch residue can be alleviated by planting crops of
an advanced growth stage and the growth of the plants can be accelerated by absorbing
nitrogen supplied by the hairy vetch residue.

5. Conclusions

The lettuce planted after hairy vetch incorporation were affected by both growth
inhibition and nitrogen supply due to residue decomposition. The inhibition effect occurred
early, within a short period after planting the lettuce in the field, and its negative effect
was not severe. After the growth inhibition period, enhanced nitrogen accumulation in
the crops contributed to a subsequent increase in leaf dry weight. Therefore, planting
lettuce seedlings immediately after hairy vetch incorporation can be considered a practical
agronomical technique, enabling an early start to cultivation. In future research, it is
necessary to investigate the applicability of this regime of hairy vetch incorporation to other
vegetable crops. It is also necessary to investigate the potential of not only hairy vetch, but
also other leguminous cover crops.

Author Contributions: Conceptualization, H.U. and T.H.; validation, T.H.; formal analysis, H.U.;
investigation, H.U.; writing—original draft preparation, H.U.; writing—review and editing, T.S.
and T.H.; supervision, T.H. and T.S. All authors have read and agreed to the published version of
the manuscript.



Int. J. Plant Biol. 2024, 15 1185

Funding: This research was partially supported by JSPS KAKENHI Grant Number 18K05918.

Data Availability Statement: Data available in a publicly accessible repository.

Acknowledgments: We thank Hajime Araki for their precious advice. We are also grateful to Takahiro
Tsunoda for preparing the fields for this experiment.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Blanco-Canqui, H.; Shaver, T.; Lindquist, J.; Shapiro, C.; Elmore, R.; Francis, C.; Hergert, G. Cover crops and ecosystem services:

Insights from studies in temperate Soils. Agron. J. 2015, 107, 2449–2474. [CrossRef]
2. Van Eerd, L. Nitrogen dynamics and yields of fresh bean and sweet corn with different cover crops and planting dates. Nutr. Cycl.

Agroecosyst. 2018, 111, 33–46. [CrossRef]
3. Perrone, S.; Grossman, J.; Liebman, A.; Wells, S.; Sooksa-nguan, T.; Jordan, N. Legume Cover Crop Contributions to Ecological

Nutrient Management in Upper Midwest Vegetable Systems. Front. Sustain. Food Syst. 2022, 6, 712152. [CrossRef]
4. Moore, V.; Mitchell, P.; Silva, E.; Barham, B. Cover crop adoption and intensity on Wisconsin’s organic vegetable farms. Agroecol.

Sustain. Food Syst. 2016, 40, 693–713. [CrossRef]
5. Wortman, S. Weedy fallow as an alternative strategy for reducing nitrogen loss from annual cropping systems. Agron. Sustain.

Dev. 2016, 36, 61. [CrossRef]
6. Muchanga, R.; Hirata, T.; Uchida, Y.; Hatano, R.; Araki, H. Soil carbon and nitrogen and tomato yield response to cover crop

management. Agron. J. 2020, 112, 1636–1648. [CrossRef]
7. Dabney, S.; Delgado, J.; Reeves, D. Using winter cover crops to improve soil and water quality. Commun. Soil Sci. Plant Anal. 2001,

32, 1221–1250. [CrossRef]
8. Thorup-Kristensen, K. Root growth and nitrogen uptake of carrot, early cabbage, onion and lettuce following a range of green

manures. Soil Use Manag. 2006, 22, 29–38. [CrossRef]
9. Teasdale, J.R.; Rice, C.P.; Cai, G.M.; Mangum, R.W. Expression of allelopathy in the soil environment: Soil concentration and

activity of benzoxazinoid compounds released by rye cover crop residue. Plant Ecol. 2012, 213, 1893–1905. [CrossRef]
10. Álvarez-Iglesias, L.; Puig, C.; Revilla, P.; Reigosa, M.; Pedrol, N. Faba bean as green manure for field weed control in maize. Weed

Res. 2018, 58, 437–449. [CrossRef]
11. Kruidhof, H.M.; Gallandt, E.R.; Haramoto, E.R.; Bastiaans, L. Selective weed suppression by cover crop residues: Effects of seed

mass and timing of species’ sensitivity. Weed Res. 2011, 51, 177–186. [CrossRef]
12. Grünwald, N.J.; Hu, S.; van Bruggen, A.H.C. Short-term cover crop decomposition in organic and conventional soils: Characteri-

zation of soil C, N, microbial and plant pathogen dynamics. Eur. J. Plant Pathol. 2000, 106, 37–50. [CrossRef]
13. Lou, Y.; Davis, A.S.; Yannarell, A.C. Interactions between allelochemicals and the microbial community affect weed suppression

following cover crop residue incorporation into soil. Plant Soil 2016, 399, 357–371. [CrossRef]
14. Kamo, T.; Hiradate, S.; Fujii, Y. First isolation of natural cyanamide as a possible allelochemical from hairy vetch Vicia villosa.

J. Chem. Ecol. 2003, 29, 275–283. [CrossRef]
15. Schenck, L.A.; Bakker, M.G.; Moorman, T.B.; Kaspar, T.C. Effects of cover crop presence, cover crop species selection and fungicide

seed treatment on corn seedling growth. Renew. Agric. Food Syst. 2019, 34, 93–102. [CrossRef]
16. Mueller, T.; Thorup-Kristensen, K. N-fixation of selected green manure plants in an organic crop rotation. Biol. Agric. Hortic. 2001,

18, 345–363. [CrossRef]
17. Wiering, N.P.; Flavin, C.; Sheaffer, C.C.; Heineck, G.C.; Sadok, W.; Ehlke, N.J. Winter Hardiness and Freezing Tolerance in a Hairy

Vetch Collection. Crop Sci. 2018, 58, 1594–1604. [CrossRef]
18. Soltys, D.; Bogatek, R.; Gniazdowska, A. Phytotoxic effects of Cyanamide on seed germination ans seedling growth of weed crop

species. Acta Biol. Cracoviensia Ser. Bot. 2012, 54, 87–92.
19. Chinta, Y.D.; Uchida, Y.; Araki, H. Availability of nitrogen supply from cover crops during residual decomposition by soil

microorganisms and its utilization by lettuce (Lactuca sativa L.). Sci. Hortic. 2020, 270, 109415. [CrossRef]
20. Japan Meteorological Agency. Regional Weather Observation System (AMeDAS). Available online: http://www.jma.go.jp/jma/

kishou/know/amedas/kaisetsu.html (accessed on 28 October 2024). (In Japanese).
21. Muchanga, R.A.; Hirata, T.; Araki, H. Hairy Vetch and Livestock Compost Improve Soil Carbon and Nitrogen, and Fresh-market

Tomato Yield. HortScience 2019, 54, 1023–1030. [CrossRef]
22. Kong, C.-H.; Zhang, S.-Z.; Li, Y.-H.; Xia, Z.-C.; Yang, X.-F.; Meiners, S.J.; Wang, P. Plant neighbor detection and allelochemical

response are driven by root-secreted signaling chemicals. Nat. Commun. 2018, 9, 3867. [CrossRef] [PubMed]
23. R Core Team. R: Alanguage and Environment for Statistical Computing; Foundation for Statistical Computing: Vienna, Austria, 2022.
24. Yanai, J.; Kosaki, T.; Nakano, A.; Kyuma, K. Application Effects of Controlled-Availability Fertilizer on Dynamics of Soil Solution

Composition. Soil Sci. Soc. Am. J. 1997, 61, 1781–1786. [CrossRef]
25. Evans, J.R. Photosynthesis and nitrogen relationships in leaves of C3 plants. Oecologia 1989, 78, 9–19. [CrossRef] [PubMed]

https://doi.org/10.2134/agronj15.0086
https://doi.org/10.1007/s10705-018-9914-x
https://doi.org/10.3389/fsufs.2022.712152
https://doi.org/10.1080/21683565.2016.1181694
https://doi.org/10.1007/s13593-016-0397-3
https://doi.org/10.1002/agj2.20098
https://doi.org/10.1081/CSS-100104110
https://doi.org/10.1111/j.1475-2743.2005.00012.x
https://doi.org/10.1007/s11258-012-0057-x
https://doi.org/10.1111/wre.12335
https://doi.org/10.1111/j.1365-3180.2010.00825.x
https://doi.org/10.1023/A:1008720731062
https://doi.org/10.1007/s11104-015-2698-8
https://doi.org/10.1023/A:1022621709486
https://doi.org/10.1017/S1742170517000345
https://doi.org/10.1080/01448765.2001.9754897
https://doi.org/10.2135/cropsci2017.12.0748
https://doi.org/10.1016/j.scienta.2020.109415
http://www.jma.go.jp/jma/kishou/know/amedas/kaisetsu.html
http://www.jma.go.jp/jma/kishou/know/amedas/kaisetsu.html
https://doi.org/10.21273/HORTSCI13828-18
https://doi.org/10.1038/s41467-018-06429-1
https://www.ncbi.nlm.nih.gov/pubmed/30250243
https://doi.org/10.2136/sssaj1997.03615995006100060033x
https://doi.org/10.1007/BF00377192
https://www.ncbi.nlm.nih.gov/pubmed/28311896


Int. J. Plant Biol. 2024, 15 1186

26. Acharya, J.; Bakker, M.G.; Moorman, T.B.; Kaspar, T.C.; Lenssen, A.W.; Robertson, A.E. Time Interval Between Cover Crop
Termination and Planting Influences Corn Seedling Disease, Plant Growth, and Yield. Plant Dis. 2017, 101, 591–600. [CrossRef]

27. Geddes, C.M.; Cavalieri, A.; Daayf, F.; Gulden, R.H. The allelopathic potential of hairy vetch (Vicia villosa Roth.) mulch. Am. J.
Plant Sci. 2015, 6, 2651–2663. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1094/PDIS-07-16-0975-RE
https://doi.org/10.4236/ajps.2015.616267

	Introduction 
	Materials and Methods 
	The Field Experiment 
	Experimental Field Design 
	The Cultivation of Hairy Vetch and Determination of Nitrogen and Carbon Content 
	The Decomposition of Hairy Vetch Residue Under Field Conditions 
	Lettuce Growth Performance 
	The Collection and Analysis of the Soil Samples 

	Incubation Experiment 
	Statistical Analysis 

	Results 
	The Climatic Conditions During the Experimental Period 
	Hairy Vetch Growth and Decomposition 
	Chemical Properties of the Soil 
	The Dry Weight and Nitrogen Concentration in the Lettuce 
	The Shoot and Root Lengths of the Lettuce in the Incubation Test 

	Discussion 
	Growth Response in Lettuce at Different Periods After Hairy Vetch Residue Incorporation 
	The Identification of Causal Factors in Growth Inhibition and Timing After Incorporation 

	Conclusions 
	References

