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Abstract. Cover crops and compost application may influence soil quality and pro-
ductivity of fresh-market tomatoes. The effects of hairy vetch (HV) (Vicia villosa Roth)
and livestock compost on soil C and N stocks, N availability, and tomato yield were
evaluated for 2 years in a plastic high tunnel. Averaged across years, soil C and N stocks
increased in plots incorporating hairy vetch and compost more than in plots with no
hairy vetch and compost.When compared with baseline stocks (initial soil C and N stocks
before the initiation of the examination), soil C stock increased by 3%, 2.8%, 2.6% in the
HV treatment, the compost treatment, and the HV and compost treatment, respectively.
In contrast, a 1.85% loss of soil C stock was observed in a no HV and no compost (bare)
treatment. Soil N stocks increased in all treatments, with the greatest increase in the
compost treatment (26%) and the lowest in the bare treatment (9.3%). Averaged across
sampling dates, the HV treatment exhibited the greatest soil N availability and nitrate
levels in leaf petiole in both years, whereas the bare treatment exhibited the lowest soil N
availability and nitrate levels in leaf petiole. HV + compost and compost treatments
showed a similar influence on soil N availability, but HV + compost exhibited greater
nitrate levels in leaf petiole than the compost treatment. The marketable and total yields
were 10% to 15% greater in the HV and the compost treatments than in the bare
treatment. N uptake was 17% to 38% greater in the HV treatment than in the other
treatments. Because of unstable cover crop production in the northern region, a
combined application of cover crops and compost may be one of the best practices to
compensate for low cover crop biomass production by increasing organic matter input to
the soil, thereby improving soil quality and tomato yield.

Improving soil quality and crop produc-
tivity is central to sustainable agriculture
(Kuo et al., 2001). Management practices
such as cover cropping and compost applica-
tion can influence tomato yield and soil
quality. Cover crops can maintain or increase
organic C and N concentrations in the soil by
increasing input of organic matter to the soil
(Hargrove, 1986; Kuo et al., 1997a; Sainju
et al., 2000). Legume cover crops such as HV
can supply N to succeeding crops and in-
crease crop yields compared with nonle-
gumes or bare fallow (Abdul-Baki et al.,

1996; Araki et al., 2009; Kuo et al., 1997b).
By providing additional N to succeeding
crops, HV may contribute to the reduction
of synthetic N fertilizer application in crop
production. For similar reasons, compost
application is seen as a promising practice
in tomato production systems. Previous stud-
ies have shown increased soil C concentra-
tions when manures or composts were applied
in the soil compared with bare fallow
(Albaladejo et al., 2008; Brown and Cotton,
2011; Kong et al., 2005). Moreover, the use of
livestock compost in crop production is a cost-
effective means of sequestering C (Brown and
Cotton, 2011) and recycling of animal waste
that otherwise could pose risks to the environ-
ment. A combined application of cover crops
and compost residues may be an effective
practice to increase the quantity of organic
matter added to the soil, which affects soil C
and N dynamics (Paustian et al., 1992), as well
as reduce the cover crop seeding cost because a
reduced seeding rate is used in the mixture.

Despite the potential of cover crops and
compost to improve soil organic C and N, and
crop productivity, research on their use in
plastic high-tunnel systems is still limited.
However, the production area of vegetables

grown in plastic high tunnels, such as tomatoes,
is expanding in the northern hemisphere, es-
pecially in China, Japan, and South Korea
(Costa and Heuvelink, 2018; Wittwer, 1993).
Plastic high-tunnel systems differ from open-
field systems in crop management level and
environmental conditions. The temperature is
relatively stable and higher in a plastic high
tunnel than in the open field; therefore, cover
crops may grow better in a plastic high tunnel
than in the open field. Because soil C or N
sequestration is correlated with the amount of
residues returned to the soil (Campbell et al.,
2001; Kuo et al., 1997b), changes in soil C and
N may be more pronounced in a plastic high
tunnel than in the open field.

Quantifying soil C and N as stocks is
essential to understand changes in the whole
soil C and N pools as affected by manage-
ment practices such as cover cropping and
compost application. The quality of organic
residues applied to the soil (N content or C:N
ratio) is a key factor affecting soil N avail-
ability, N uptake, and crop productivity
(Hargrove, 1986; Paustian et al., 1992;
Ranells and Wagger, 1996). Thus, given the
differences in C and N concentrations, and
decomposition speed between livestock com-
post and HV, they may influence differently
the soil C and N pools, N uptake, and tomato
yield. Our research hypotheses were as fol-
lows: 1) because of the greater C and N
inputs, HV and compost treatments may
increase soil C and N stocks compared with
a bare treatment; and 2) because of a lower
decomposition speed, compost may be more
effective in increasing soil C and N stocks
than HV. In turn, HV vetch with a greater N
concentration and decomposition speed may
be more effective in increasing soil N avail-
ability, N uptake, and tomato yield than com-
post. Combining both HV and compost would
lead to increased C and N stocks, as well as
increased soil N availability, N uptake, and
tomato yield. The objectives of the study were
to evaluate the effects of HV and livestock
compost on tomato yield and N uptake, soil N
availability, and soil C and N stocks.

Material and Methods

Site and experimental design. The exper-
iments were conducted for two consecutive
years (2015–16 and 2017) at the Experimen-
tal Farm of the Field Science Center for
Northern Biosphere, Hokkaido University,
Sapporo (snow cover region), Japan, on an
Andisol with a clay loam texture. The exper-
iments were conducted in a plastic high
tunnel (17.5 · 6.5 · 3.5 m), and the chemical
properties of the soil were as follows:
26.5 mg NO3

–-N, 18.5 mg NH4
+-N, 0.87 g

K, 3.69 g Ca, 0.59 gMg, and 0.27 g P (Truog-
L method)/kg dry soil taken at a depth of 0 to
10 cm before the initiation of the experiment.
Soil total C and N percentages were 3.09%
and 0.21%, respectively, and pH (1:2.5 w/v)
and electrical conductivity (1:5 w/v) were
6.53 and 14.9 mS·m–1, respectively. The soil
and air temperatures (inside and outside the
plastic high tunnel) measured during the
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period of tomato cultivation in 2016 and 2017
are presented in Fig. 1. The soil and air
temperatures in the plastic high tunnel were
measured at a 10-cm depth and a 1.5-m
height, respectively, by means of a data
logger (midi Logger GL820; Graphtec Co.,
Yokohama, Japan); the outside soil and air
temperatures were obtained from the weather
station set at the Experimental Farm, Field
Science Center for Northern Biosphere, Hok-
kaido University, Sapporo, Japan. The field
plots were assigned the same treatments in
the two growing seasons. The treatments
consisted of HV planted at the full seeding
rate of 20 kg·ha–1, livestock compost, a
mixture of HV planted at half the seeding
rate (10 kg·ha–1) and livestock compost (HV +
compost), and a no-HV/no-compost treat-
ment (bare). Total organic N applied as HV,
HV + compost, and compost was similar and
depended on HV biomass obtained in the HV
plots each year. The livestock compost was
made from a mixture of cattle slurry with
grass residues. All plots received a supple-

mental N fertilizer at a rate of 100 kg N/ha as
LPS100 (41N; JCAM AGRI. Co., Ltd.,
Tokyo, Japan) (30-d delayed N release in
soil at 25 �C, and then 70-d release of 80% of
its total N following a sigmoidal pattern).
This N fertilizer amount is equivalent to 33%
to 50% of the recommended N fertilizer
amount for fresh-market tomato production
across different regions in Japan. The treat-
ments were arranged in a randomized com-
plete block design with three replicates. The
plot area was 2.4 m2 (3 · 0.8 m) for both
years. Each plot contained 12 plants in
double lines spaced 0.5 m between plants
and 0.5 m between lines. Only eight plants in
the core site were tested; the other four plants
were considered borders. The distance from
the center to the center between beds was
1.5 m for both years, resulting in a planting
density of 26,667 plants/ha.

Tomato seedlings production. Rootstock
cultivar Friendship was sown in a plastic high
tunnel in 128-cell flats (cell size, 3 · 3 · 4 cm)
on 11 Mar., whereas fresh-market cultivar

Reika was sown in flat plastic boxes (43 · 33 ·
7 cm) on 15 Mar., and grafted on 18 Apr.
2016 using a tube grafting method. Three
weeks after grafting, seedlings were trans-
ferred into plastic pots with a diameter of 12
cm, where they grew until the emergence of
the first flower cluster. In 2017, ‘Reika’
seedlings were planted in flat plastic boxes
on 20 Apr. and were transferred to plastic
pots 3 weeks later. Nongrafted seedlings
were used for transplanting.

Field preparation. Before tillage, soil
samples were taken in 2015 for analysis of
the initial soil chemical composition. The soil
was tilled by rotary cultivator in fall, and beds
0.15 m high and 0.8 m wide were raised.
HV ‘Kantaro’ (winter-hardy cultivar; Snow
Brand Seed Co., Ltd., Hokkaido, Japan) was
planted on 2 Oct. 2015 and 4 Oct. 2016,
although the HV planted in 2016 did not
survive under a long period of snow cover
and a second planting was necessary. Thus,
the soil was left to dry after the snow melted
and was tilled in late May. Beds were raised
soon thereafter. HV ‘Mamesuke’ (nonwinter-
hardy cultivar; Snow Brand Seed Co., Ltd.)
was planted on 25 Mar. 2017 at the same
seeding rates used for ‘Kantaro’. No fertilizer
or agrochemicals were applied to cover crops
to supply additional nutrients or to control
weeds and pests. Water was applied by an
irrigation tube as needed after snowmelt in
2016 and just after planting HV in 2017.
Cover crops were ended at the flowering
stage by cutting the plants by hand 2 to 5
cm above the ground on 28 May 2016 and 13
June 2017. HV residues were chopped in
small pieces (�10 cm) and incorporated into
the soil with or without compost (soil depth,
15–20 cm) 2 to 3 d before tomato trans-
planting. All fertilizers were incorporated in
conjunction with HV or compost residues. P
and K fertilizers were applied as fused Mg,
Ca, and phosphate (9P–36Ca–9Mg); and as
potassium sulfate (42K–17S) at a rate of 200
kg·ha–1 each, respectively.

Tomato cultivation. Two and half-month-
old tomato seedlings were transplanted in
plots by hand on 1 June 2016 and on 15 June
2017. After transplanting, an irrigation sys-
tem was installed to water tomatoes two to
three times a week until the last harvest each
year. For trellising tomato plants, a hanging-
string system was established just after trans-
planting. Lateral shoots were removed as
they appeared to allow only the main shoot
to grow. Fruit was collected from the first to
the eighth cluster, and only four fruit were
allowed to set in each cluster. Pesticides were
applied three times to control or prevent
thrips, fruit worms, and leaf diseases. Weeds
were removed by hand.

HV and tomato biomass, and C and N
contents. Aboveground fresh-weight (FW)
biomass yield of HV was determined using
all the residues obtained in a plot (2.4 m2).
Samples were taken and dried in an oven at
60 �C until constant weight to determine dry
weight (DW), and then C and N contents. In
Oct. 2017, after the last harvest, tomato
plants in each plot were cut 2 to 3 cm above

Fig. 1. Mean soil and air temperatures (inside and outside the plastic high tunnel) measured during the
period of tomato cultivation in (A) 2016 and (B) 2017. The air and soil temperatures in the plastic high
tunnel were measured from 22 June to 30 Sept. 2016 and from 1 June to 11 Oct. 2017. The outside soil
and air temperatures were measured from 1 June to 30 Oct. in both years. The soil and air temperatures
(inside and outside the plastic high tunnel) were measured at a soil depth of 10 cm and a height of 1.5m,
respectively. Arrows indicate the tomato transplanting date.
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the ground and were taken for measurement
of FW. Three samples were taken in each
treatment and were oven-dried to determine
DW. For analysis of C and N contents,
tomato plants were divided into two parts:
stems and leaves. In each treatment, 18 red-
ripe tomato fruit were collected three times
during the harvest events, oven-dried, and
mixed thoroughly, and then a subsample was
taken for analysis. Tomato stems, leaves, and
fruit subsamples were ground with a vibrat-
ing sample mill (TI-100; CMT Co., Ltd,
Tokyo, Japan) before analysis. Total C and
N contents of HV, tomato shoots, and fruit
were determined by combustion at 950 �C
using an elemental analyzer (Vario EL III;
Elementar, Hanau, Germany).

Soil C and N contents, and bulk density.
Soil samples for inorganic N (NO3

–-N +
NH4

+-N) were collected every 2 weeks from
2 to 16 weeks after transplanting (WAT) in
2016 and 2017. Soil samples were taken from
five sites in each plot at a 0 to 10-cm depth
and were mixed thoroughly to make a com-
posite sample for each treatment. Soil sam-
ples were dried at room temperature and
sieved with 2-mmmesh, then stored in a cool
chamber at 4 �C until undergoing analysis of
NO3

–-N and NH4
+-N by means of a soil

analyzer (ZA-II; Fujihira Co., Ltd., Tokyo,
Japan). NO3

–-N was determined following
the alkali reduction–diazotization method
and NH4

+-N was determined by a modified
indophenol method. Soil samples for total C
and N analysis were collected after the last
tomato harvest in each year and treated as
described earlier for inorganic N. Soil total C
and N were determined by combustion at
950 �C by means of an elemental analyzer
(Vario EL III; Elementar). Briefly, 20 mg of
milled dry soil was weighed in Sn foil
capsules and then analyzed.

To determine bulk density, intact soil
cores were collected before soil cultivation
in 2015 and after the last tomato harvest in
2016 and 2017 by a hand-pressing sampler
that contained a steel volumetric ring (100
cm3) at depth of 0 to 10 cm. Three core
samples were taken from each plot. Soil
samples from each ring were transferred to
a paper bag and dried in an oven at 105 �C
until constant weight, and their DW was then
recorded. Bulk density was determined as the
ratio of DW soil contained in a ring per its
volume. Soil C and N stocks were calculated
using the following equation: Soil C/N stocks
(t·ha–1) = Y/100 ·BD · d · 104 m2·ha–1, where
Y is the soil C or N content, BD is bulk density
(measured in megagrams per cubic meter),
and d is soil thickness (measured in meters).
The baseline soil C and N stocks determined
in 2015 were 33.7 t·ha–1 and 2.25 t·ha–1,
respectively.

Nitrate concentration in leaf petiole sap.
To monitor the plant response to soil N
availability during the tomato growing pe-
riod, the nitrate concentration in the leaf
petiole just below the first cluster was de-
termined by means of a reflection photometer
(RQ flex; Merk Co., Ltd., Darmstadt, Ger-
many) (Sakaguchi et al., 2004). One gram of

petioles was macerated with 49mL deionized
water in 2016 or with 19 mL deionized water
in 2017. The leaf petiole samples were
collected and rinsed with deionized water
and analyzed immediately at 2, 4, 6, and 10
WAT in 2016; and at 4, 6, 8, and 10 WAT in
2017.

Nitrogen uptake. N uptake was calculated
as follows: Nup (kg·ha–1) = aY + bZ, where a
is the N content of the shoot (average N
content of stem and leaves), Y is the total DW
biomass of the shoot in each treatment, b is
the N content of tomato fruit, and Z is the total
DW of fruit (marketable and unmarketable)
for each treatment. N recovery from HV and
compost residues was calculated as follows: N
recovery (%) = {[Nup(HV, Compost, HV+compost) –
Nup(Bare)]/N input} · 100.

Tomato yield.Red-ripe fruit was collected
from eight test plants in each plot from 22
July to 28 Sept. 2016, and from 9 Aug. to 9
Oct. 2017. Harvested fruit was classified in
two categories: marketable (FW $ 100 g
with no physiologic disorders) and unmarket-
able (FW < 100 g and/or with physiologic
disorders such as misshapen fruit, blossom
end rot, black spots, and huge scars). Tomato
yield (measured in tons per hectare) was
calculated by multiplying the total fruit
weight of one plant by plant density (26,667
plants/ha).

Statistical analyses. The significance of
mean differences among treatments was
tested using analysis of variance and Tukey’s
honestly significant difference test with R
software (R Core Team, 2014). The t test was
used to evaluate the significance of mean
differences between the 2 years when the
year and/or the treatment · year interaction
were significant. Statistical significance was
evaluated at P # 0.05, unless otherwise
stated.

Results

HV biomass yield, compost application,
and C and N inputs. In 2016, the DW HV
biomass produced in the HV and HV +
compost plots was similar, but only 2460
kg·ha–1 was incorporated in the HV + com-
post plots (Table 1). However, in 2017, the
HV biomass produced in the HV plots was
greater than that produced in the HV +
compost plots, so all HV residues obtained
in the HV + compost treatment were in-
corporated into the soil. The N content of
HV ‘Kantaro’ and ‘Mamesuke’ was similar
and greater than that of livestock compost.
The quantity of compost applied in the
compost plots was equivalent to the total
organic N applied in the HV plots, whereas
the HV + compost plots received about half
the amount of that applied in the compost
plots. The total organic N applied in the HV,
HV + compost, and compost plots was
similar, but the quantity of organic C applied
to the soil differed slightly, with a significant
variation among the treatments in 2016 than
in 2017. The HV C:N ratios were 10.3 in
2016 and 10.9 in 2017, whereas the compost
C:N ratio was 11.

Soil inorganic N, and nitrate concentration
in leaf petiole sap. The effect of hairy vetch
and compost on soil inorganic N (SIN) was
significant for all sampling dates for both
years (Fig. 2). In 2016, HV displayed the
greatest SIN levels (89.6 mgN/kg) at 2WAT,
followed by HV + compost (40.1 mg N/kg),
whereas the compost and bare treatments
showed similar and lower SIN levels (26.4
and 23.8 mg N/kg, respectively). A decreas-
ing trend was observed after 2 WAT for the
HV and the HV + compost treatments;
however, the HV treatment generally showed
greater SIN levels throughout the measure-
ment period than the other treatments. The
SIN levels in compost plots increased from 2
to 8 WAT, reaching its greatest level (54 mg
N/kg), but tended to decrease thereafter. The
bare treatment showed the up-and-down pat-
tern, but in general its SIN levels were less
than those of the other treatments, except at
10 and 14 WAT. In 2017, all treatments
displayed the greatest SIN levels at 2 WAT
and then tended to decrease. As in 2016, the
HV treatment showed greater SIN levels
compared with other treatments during the
examination period except at 10 WAT, when
its SIN levels were the least. In contrast, the
bare treatment showed lower SIN levels
compared with other treatments, except at
10 WAT, when its SIN levels were even
greater than those of the HV treatment.

The incorporation of HV and compost
residues influenced significantly the nitrate
levels in the leaf petioles in both years
(Table 2). The HV treatment displayed the
greatest nitrate levels, especially at 2 to 6
WAT in 2016 and 4 to 8 WAT in 2017. The
HV + compost treatment showed greater
nitrate levels than the bare and compost
treatments at 2 to 4 WAT in 2016 and 4 to
6 WAT in 2017, but after those periods its
nitrate levels were similar or less than those
of the bare and compost treatments. The
nitrate levels in the compost and bare treat-
ments were generally less than the HV
treatment during the entire measurement
period. In 2017, the nitrate levels in the leaf
petiole in the bare treatment at 4 WAT were
even less than 100 mg·L–1 (the detection
limit). Averaged across sampling dates, the
HV treatment displayed the greatest nitrate
levels in both years, followed by the HV +
compost treatment; the compost and bare
treatments displayed the lowest levels, espe-
cially the bare treatment.

Soil C and N stocks. Soil C stock was
influenced significantly by the addition of
HV and compost residues to the soil in 2016
and 2017 (Table 3). The treatment · year
interaction and the year effect were signifi-
cant (Table 4). In 2016, soil C stock was
greater in the HV, compost, and HV +
compost treatments than in the bare treat-
ment. In 2017, the HV, compost, and bare
treatments showed greater soil C stock than
the HV + compost treatment. However,
averaged across years, all HV and compost
treatments displayed greater soil C stock than
the bare treatment. The soil C stock in the HV+
compost plots decreased from 2016 to
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2017. Averaged across treatments, soil C stock
was greater in 2016 than 2017. The effect of
HV and compost on soil N stock was only
significant in 2016 (Table 3). The treatment ·
year interaction and year effect were signifi-
cant (Table 4). The compost and HV +
compost treatments displayed greater soil N
stocks than the HV and bare treatments in
2016. However, averaged across years, soil N
stock was greater in the compost and HV
treatments than in the HV + compost and bare
treatments. Soil N stock in the HV, HV +
compost, and bare treatments increased from
2016 to 2017. Averaged across treatments, soil
N stock was greater in 2017 than 2016.

Tomato yield and average fruit FW. The
effects of HV and compost onmarketable and

total yields were significant in 2016 and 2017
(Table 5). Likewise, the treatment · year
interaction was significant for both yields, but
the year effect was significant for marketable
yield only (Table 4). In 2016, the marketable
and total yields were greater in the HV and
HV + compost treatments, followed by the
compost treatment, and was the lowest in the
bare treatment. In 2017, the compost treat-
ment exhibited the greatest marketable yield,
followed by the HV and HV + compost
treatments. All HV and compost treatments
exhibited similar and greater total yield than
the bare treatment. Marketable and total
yields increased from 2016 to 2017 in the
compost treatment, whereas the total yield
decreased from 2016 to 2017 in the HV

treatment. Averaged across treatments, mar-
ketable yield increased from 2016 to 2017.
The treatment effect on unmarketable yield
was significant in 2016 only (Table 5). The
treatment · year interaction and year effect
were significant (Table 4). The unmarketable
yield was greater in the compost and HV
treatments than in the bare and HV + compost
treatments. All treatments showed a greater
unmarketable yield in 2016 than in 2017.
Averaged across treatments, unmarketable
yield decreased from 2016 to 2017. With
regard to the average marketable fruit weight,
the HV, HV + compost, and compost treat-
ments increased the fruit weight significantly
compared with the bare treatment in 2016.

Tomato shoot biomass, N uptake, and N
recovery. Tomato shoot biomass andN uptake
differed greatly among treatments (Table 6).
Shoot biomass (DW) was greater in the HV
treatment, followed by the HV + compost and
compost treatments, and was least in the bare
treatment. Likewise, the HV, compost, and
HV + compost treatments displayed greater
shoot and fruit N uptake. As a result, the total
N uptake was greater in the HV, HV +
compost, and compost treatments than in the
bare treatment. The HV treatment showed the
greatest total N uptake. The N recovered by
tomatoes in the HV treatment was greater than
that in the compost and HV + compost
treatments, which was similar.

Discussion

HV biomass yield, compost application,
and C and N contents. The HV ‘Kantaro’
(a winter-hardy type) grew and accumu-
lated large biomass for a period of about
7 months, whereas the HV vetch ‘Mamesuke’
(a nonwinter-hardy type) grew for only about
2.5 months. However, despite the difference
in the extent of the growing periods, the
biomass yield of the two HV types and their
respective C and N contents were similar
(Table 1). ‘Mamesuke’ has the ability to
accumulate large biomass in a short growing
period, as shown in our previous study
(Muchanga et al., 2017); however, the bio-
mass of ‘Kantaro’ was less than expected as a
result of decreased planting density because
some plants died under a long period of snow
cover. HV plants were covered completely
with snow from late Nov. 2015 to early Mar.
2016. The snowpack thickness ranged from
about 0.3 m in Nov. 2015 to about 1 m in Jan.
2016. The C:N ratios of HV and livestock

Table 1. Hairy vetch and compost biomass, carbon and nitrogen applied to the soil in 2016 and 2017.

Yr Treatmentsz

Hairy vetch Compost

Total N applied
(kg·ha–1)

Total C applied
(kg·ha–1)

Seeding rate
(kg·ha–1)

Dry wt
(kg·ha–1)

N content
(%)

N applied
(kg·ha–1)

Dry wt
(kg·ha–1)

N content
(%)

N applied
(kg·ha–1)

2016 HV 20 4,919 4.02 198 — — — 198 2,032
HV + compost 10 2,460y 4.02 98.9 3,146 3.15 99.1 198 2,110
Compost — — — — 6,280 3.15 198 198 2,184

2017 HV 20 4,683 3.99 187 — — — 187 2,042
HV + compost 10 2,898 3.99 116 2,254 3.15 71.0 187 2,048
Compost — — — — 5,937 3.15 187 187 2,065

zHairy vetch (HV) ‘Kantaro’, a winter-hardy cultivar, was used in 2016; HV ‘Mamesuke’, a nonwinter-hardy cultivar, was used in 2017.
yRepresents about half of the dry weight biomass obtained in HV plots, whereas the total dry weight biomass yield obtained in HV + compost was 4154 kg·ha–1.

Fig. 2. Soil inorganic N levels during the period of tomato cultivation in (A) 2016 and (B) 2017. Vertical
bars represent SE (n = 3). Means followed by the same letters in each week are not significantly different
at 5% by Tukey’s honestly significant difference test. HV = hairy vetch.
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compost were less than 20, suggesting a rapid
decomposition of the residues after incorpo-
ration into the soil (Brady and Weil, 2007),
although their decomposition speed may
have differed because the composition of C
and N in manure or compost is much more

important than the general C:N ratio (Eghball
et al., 2002).

SIN and nitrate concentration in leaf
petiole. Incorporation of large amounts of
HV residues in the soil influenced soil N
availability (Kuo et al., 2001). HV plots

showed greater SIN levels for a longer period
of tomato cultivation than other treatments,
especially at 2 WAT in both years. The rapid
decrease in SIN levels after 2 WAT was
probably a result of an increase in N uptake
by the growing tomatoes. Increased SIN

Table 2. Nitrate concentration in the leaf petiole sap just below the first cluster during the period of tomato cultivation in 2016 and 2017.

Treatmentsz

2016 2017

Weeks after transplanting (mg·L–1)

Mean

Weeks after transplanting (mg·L–1)

Mean2 4 6 10 4 6 8 10

Bare 250 dy 467 b 367 b 707 b 448 d LOx 460 c 527 b 473 b 365 c
Compost 1,000 c 425 b 370 b 693 b 622 c 253 c 167 c 713 b 620 a 438 c
HV 3,900 a 3,750 a 2,227 a 967 a 2,711 a 2,627 a 2,667 a 2,640 a 767 a 2,175 a
HV + compost 2,833 b 3,700 a 333 b 580 c 1,874 b 1,853 b 1,593 b 827 b 487 b 1,190 b
zBare, plots with no HV and compost; Compost, plots with livestock compost; HV, plots incorporating HV planted at a seeding rate of 20 kg·ha–1; HV + compost,
plots incorporating HV planted at a seeding rate of 10 kg·ha–1 and livestock compost. All plots received 100 kg N/ha as controlled-release N fertilizer, LPS100.
yMeans followed by the same letters in each column are not significantly different at 5% by Tukey’s honestly significant difference test.
xNitrate concentration below the detection limit.
HV = hairy vetch.

Table 3. Soil C and N stocks after tomato cultivation at a 0- to 10-cm soil depth in 2016 and 2017.

Treatments

C (t·ha–1) N (t·ha–1)

2016 2017 Mean 2016 2017 Mean

Bare 32.5 bz 33.8 a 33.2 b 2.22 bB 2.71 A 2.47 b
Compost 35.7 a 33.7 a 34.7 a 2.81 a 2.86 2.84 a
HV 34.8 a 34.8 a 34.8 a 2.41 bB 2.88 A 2.65 ab
HV + compost 36.8 aA 32.5 bB 34.7 a 2.48 abB 2.72 A 2.60 b
Mean 35.0 A 33.7 B 2.48 B 2.79 A
Significance † NS

zMeans followed by the same letters are not significantly different at 5% or 10% by Tukey’s honestly significant difference test for treatments (columns, lowercase
letters) and the t test for years, within and across treatments (rows, uppercase letters).
NS, †Nonsignificant or significant at P # 0.1, respectively.
HV = hairy vetch.

Table 4. Significance of the year and treatment · year interaction for soil C and N stocks, tomato yield, and average fruit weight.

Source Soil C stock Soil N stock

Tomato yield

Avg fruit wtMarketable Unmarketable Total

Year 0.00120** 0.000002*** 0.000009*** <0.000001*** 0.8392 NS 0.113646 NS

Treatment · year 0.00007*** 0.007166** 0.003320** 0.000676*** 0.0109* 0.344457 NS

NS, *, **, ***Nonsignificant or significant at P # 0.05, 0.01, or 0.001, respectively.

Table 5. Effects of hairy vetch (HV) and livestock compost on tomato yield and average fruit weight in 2016 and 2017.

Treatments

2016 2017

Yield (t·ha–1) Avg fruit
wt (g)z

Yield (t·ha–1) Avg fruit
wt (g)Marketable Unmarketable Total Marketable Unmarketable Total

Bare 85.9 cy 14.3 bB 100 b 193 c 98.8 c 6.42 A 105 b 190
Compost 91.7 bcB 20.5 aB 112 abB 222 bc 112 aA 6.02 A 118 aA 226
HV 105 a 17.8 abB 123 aA 253 a 108 ab 5.79 A 114 aB 232
HV + compost 102 ab 14.7 bB 117 a 243 ab 106 b 7.22 A 113 a 220
Mean 96.2 B 16.8 A 113 228 106 A 6.36 B 112 217
Significance NS NS

zAverage fruit weight of marketable fruits.
yMeans followed by the same letters are not significantly different at 5% by Tukey’s honestly significant difference test for treatments (columns, lowercase letters)
and the t test for years, within and across treatments in each yield category (rows, uppercase letters).
NSNonsignificant.

Table 6. Effects of hairy vetch (HV) and livestock compost on tomato shoot biomass, N uptake, and N recovery in 2017.

Treatment Shoot biomass (kg·ha–1)

N uptake (kg·ha–1)

N recovery (%)Shoot Fruit Total
Bare 4,586 cz 73.7 c 85.5 c 159 c —
Compost 5,572 b 89.3 b 98.9 b 188 b 15.5
HV 6,812 a 109 a 111 a 220 a 32.6
HV + compost 6,072 b 92.1 b 95.2 b 187 b 15.0
zMeans followed by the same letters in each column are not significantly different at 5% by Tukey’s honestly significant difference test.
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levels during the early period in HV plots
were a result of rapid decomposition of its
residues after incorporation because of a high
N concentration and a low C:N ratio. Similar
results have been reported in previous stud-
ies. Sainju et al. (2000) reported increased
SIN levels in May 1996 and 1997, 15 to 30 d
after the incorporation of HV residues in the
soil. Likewise, Sugihara et al. (2013) reported
that most of the N derived from HV residues
was absorbed by tomato plants by 4 WAT.
However, we observed an increasing trend
during the late period, especially in 2016,
possibly because of decomposition of the HV
residues that were initially resistant to micro-
bial degradation (e.g., roots) and/or decom-
position of residues that were not initially
well incorporated. These observations point
out that hairy vetch contribution to soil N
pools may last for a long time. Application of
manure or composted manure can result in
increased concentrations of nutrients and
organic matter in the soil (Eghball et al.,
2004; Kong et al., 2005). Compost is consid-
ered a slow-release organic fertilizer, so its
influence on SIN was not as great as that of
HV. Averaged across sampling dates, in
2016, SIN levels increased by 65.4%,
14.4%, and 12.2% in the HV, HV + compost,
and compost treatments, respectively;
whereas in 2017, the HV, HV + compost,
and compost treatments increased SIN levels
by 41.7%, 21.2%, and 19.3%, respectively,
compared with the bare treatment. Despite
the reduced N input in 2017 compared with
2016, the influence of the compost and HV +
compost treatments on SIN increased from
2016 to 2017, possibly as a result of the
residual effect of compost residues. The re-
sidual effects of manure or compost applica-
tion on crop production and soil properties
can last for several years because only a
fraction of N and other nutrients in manure
or compost become plant available during the
first year after application (Eghball et al.,
2004; Wallingford et al., 1975). Therefore,
significant amounts of N applied to the soil as
compost in 2016 may have remained in the
soil and counted toward the following year.
The greater SIN levels in the bare treatment
at 2 WAT compared with other sampling
dates in 2017 were probably a result of soil N
contribution because the controlled-release N
fertilizer applied to it has a lag period of
nearly 30 d. After the lag period, N is released
slowly for about 100 d.

Nitrate concentration in leaf petiole re-
flects the N status of the whole plant and
probable yield of almost all crops (Tanaka,
2003), and it is used to determine the top-
dressing time and N fertilizer amount
(Sakaguchi et al., 2004). Because of in-
creased soil N availability, the HV treatments
showed greater nitrate levels in leaf petiole
compared with the compost and bare treat-
ments. Averaged across sampling dates, in
2016, nitrate levels in leaf petiole increased
by 505%, 316%, and 39% in the HV, HV +
compost, and compost treatments, respec-
tively; whereas in 2017, the HV, HV +
compost, and compost treatments increased

the nitrate levels in leaf petiole by 496%,
226%, and 20%, respectively, compared with
the bare treatment. It is noteworthy that
despite the decreasing trend, the nitrate levels
in the HV treatment continued to increase
until 10 WAT compared with the other
treatments, suggesting that HV application
may reduce the basal and topdressing N
fertilizer application, thereby leading to a sus-
tainable tomato production system. Horimoto
et al. (2002) reported similar findings; great-
er nitrate values were observed in plots
incorporating HV residues than bare plots
at 42 to 56 d after transplanting regardless of
the additional N fertilizer rate. In our study,
among the organic fertilizer treatments, com-
post showed the least influence on nitrate
levels in leaf petiole, possibly the result of a
lower decomposition speed of compost resi-
dues compared with HV residues. This as-
sumption may be sustained by its lower SIN
levels in both years compared with the HV
treatment (Fig. 2). The HV + compost treat-
ment showed an intermediate effect between
the HV and compost treatments.

Soil C and N stocks. Winter cover
cropping compared with bare fallow can
maintain or increase organic C and N con-
centrations in soil by providing additional
crop residue that increases C and N inputs to
the soil (Kuo et al., 1997a, 1997b; Sainju
et al., 2000). Averaged across years, appli-
cation of HV and compost resulted in greater
soil C stock mostly because of increased soil
total C compared with the bare treatment.
Soil C stock was 4.9%, 4.6%, and 4.5%
greater in the HV, compost, and HV +
compost treatments than in the bare treat-
ment, respectively. The greater soil C stock
in 2016 than in 2017 may be a result of a
greater C input in 2016 (2109 kg C/ha) than
2017 (2052 kg C/ha) (Table 1). As with soil
C stock, averaged across years, soil N stock
increased by 15%, 7.3%, 5.5% in the com-
post, HV, and HV + compost treatments,
respectively, than in the bare treatment. It is
noteworthy that there was a significant in-
crease in soil N stock from 2016 to 2017 in
the HV, HV + compost, and bare treatments
as a result of an increase in soil total N.
Increased soil total N in the bare treatment in
2017 was not expected; it may have resulted
from N fertilizer input and/or from the de-
composition of tomato roots left in the soil
in 2016. Chemical N fertilizer may build up
soil organic N, because 10% to 50% of N
applied to the soil is immobilized by mi-
crobes within the first year after fertilization

(Mulvaney et al., 2009; Shen et al., 1989).
Increased soil N stock in the HV and HV +
compost treatments would be expected be-
cause HV and compost residue effects on the
soil N pool may last for a long time (Eghball
et al., 2004; Sugihara et al., 2016; Wall-
ingford et al., 1975). However, under open-
field conditions, the effectiveness of HV in
increasing the soil N pool may depend on the
amount of residue added to the soil (Kuo
et al., 1997b), soil temperature, and soil
moisture. Because of low cover crop pro-
duction [HV growth in the open field is
constrained by lower temperatures com-
pared with a plastic high tunnel (Fig. 1)]
and abundant rainfall in Hokkaido, espe-
cially from July to September (annual aver-
age rainfall was 1442 mm in 2016, and
1032 mm in 2017), the effects of HV on the
soil N pool may be short-lived.

To determine whether soil organic C and
N sequestration have occurred, it is critical
to establish the baseline stock before any
treatment application, including cover
crops (Olson et al., 2014). Thus, to assess
gains or losses in soil C and N stocks after 2
years of cover cropping and compost appli-
cation, we established the baseline stocks
before the initiation of the experiment in
2015. In comparison with baseline stocks,
both soil C and N stocks increased as a
result of the incorporation of HV and
compost residues. The gains in soil C stock
were 3.0%, 2.8%, and 2.6% in the HV,
compost, and HV + compost treatments
(Table 7), respectively. However, the bare
treatment showed a loss of soil C stock over
a 2-year period. The loss of soil C stock
(–1.85%) was a result of a decrease in soil
total C (–1.81%) (Table 7), possibly be-
cause of accelerated decomposition of or-
ganic matter originally contained in the soil
with N fertilization, water input, and in-
creased aeration (Campbell and Souster,
1982; Mulvaney et al., 2009). Olson et al.
(2014) also reported losses of soil C stock
(–4.7%) in no-cover crop fields under min-
imum tillage at a depth of 0 to 15 cm after
12 years of examination. As to soil N stock
in our study, the gains were greater than
those observed for soil C stock. Soil N stock
increased by 26%, 17.3%, 15.4%, and
9.26% in the compost, HV, HV + compost,
and bare treatments, respectively. As op-
posed to soil total C and C stock, soil total N
and N stock increased in the bare treatment
after 2 years of cultivation compared with the
baseline. The baseline approach enabled us to

Table 7. Changes in soil C and N as influenced by hairy vetch (HV) and compost application using baseline
2015.

Treatment

Change by treatment using baselinez (%)

C stocks N stocks Total C Total N

Bare –1.85 9.26 –1.81 9.26
Compost 2.80 26.0 6.18 30.0
HV 3.00 17.3 7.75 22.6
HV + compost 2.55 15.4 8.06 21.7
zChanges in soil C and N stocks or soil total C and Nwere calculated with the following equation: Change (%) =
A –B/B, whereA is the average soil C andN stocks or average soil total C andNmeasured after tomato cultivation
in 2016 and 2017, and B is the baseline soil C and N stocks or soil total C and N measured in 2015.
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clarify that the greater soil C and N stocks in
HV and compost treatments compared with the
bare treatment were a result of soil C and N
sequestration. Our results suggest that compost
and HV treatments are more effective for
improving soil N stock than soil C stock in
topsoil over a 2-year period. The slow changes
in soil total C or C stock observed in our study
are consistent with other studies that soil
organic C responds relatively slowly to man-
agement practices because of its large pool size
(Franzluebbers et al., 1995; Haynes, 2000).

The benefits of cover crops and compost
application on soil C and N have been recog-
nized in previous studies. Brown and Cotton
(2011) reported increased soil C and N in
compost-amended soils than control soils (no
compost application) at a soil depth of 0 to 15
cm. Soil total N increased by 0.21% whereas
soil organic C was 3-fold greater in compost-
amended soils than control soils.McVay et al.
(1989) found greater soil organic C and N at
the 5- to 10-cm depth in HV plots than in bare
plots. Similarly, Sainju et al. (2003) reported
increased C and N pools in cover crops (HV,
crimson clover, rye) plots at a soil depth of 0 to
20 cm than in bare plots over 3 years of tomato
cultivation.

Tomato yield, N uptake, and N recovery.
Increased tomato fruit yield, shoot biomass,
and N uptake in the HV treatment than in
the bare treatment may have resulted from a
greater N-rich biomass input in the soil
(Sainju et al., 1999). HV-N promoted vig-
orous plant growth, resulting in greater
biomass accumulation and fruit production.
Sainju et al. (2000) reported greater tomato
fruit yield, biomass, and N uptake with HV
and crimson clover than with no cover
crops. The positive effect of HV on tomato
yield has also been reported by other re-
searchers (Abdul-Baki et al., 1996; Araki
et al., 2009; Horimoto et al., 2002; Sainju
et al., 2003). Likewise, in our study, in-
corporation of compost resulted in in-
creased tomato fruit yield, shoot biomass,
and N uptake compared with the bare
treatment. Because of increased soil N
availability in 2017 compared with 2016,
compost showed greater marketable and
total yields. The HV + compost treatment
showed intermediate effects between the
HV and compost treatments for marketable
yield, shoot biomass, and N uptake. In-
creased marketable yield in 2017 compared
with 2016 was a result of a decrease in
unmarketable yield from 2016 to 2017
(Table 5). Unmarketable fruits consisted
mostly of catfacing disorder caused by the
low temperatures at blooming time. Be-
cause of the need to have a longer harvest
period, tomatoes were transplanted in June
in both years, which is a cool month (Fig. 1).
However, tomatoes grown in 2017 were
transplanted 2 weeks later than tomatoes
grown in 2016, so tomatoes grown in 2017
were exposed to lower temperatures for a
shorter period than tomatoes grown in 2016.
The greater N uptake in the HV treatment
compared with the compost and HV + com-
post treatments was a result of increased N

recovery that was 2-fold greater than that in
compost and HV + compost treatments. How-
ever, the N recovered by tomatoes in the HV
treatment in this study was lower than 52%
reported by Sainju et al. (1999).

Conclusions

Application of HV and livestock com-
post residues over a 2-year period influ-
enced positively soil C and N stocks, soil N
availability, N uptake, and tomato yield.
Our hypotheses were supported partially by
the data. The HV and compost treatments
improved soil quality, N uptake, and tomato
yield compared with bare fallow. Because
of a greater N concentration and decompo-
sition speed, the HV treatment was the most
effective in increasing SIN, N uptake, and
tomato fruit yield. The compost treatment,
with a lower decomposition speed, was the
most effective in increasing soil N stock and
tomato fruit yield, especially during the
second year. The combined application of
HV and livestock compost showed interme-
diate effects between HV and compost. A
comparison with baseline soil C and N
stocks indicates that incorporation of HV
and livestock compost residues in the soil
increased C stock slightly, and increased N
stock more significantly at the surface soil
layer, whereas bare fallow showed soil C
stock depletion. Based on our results, we
recommend the use of HV incorporation and
livestock compost in tomatoes grown in
plastic high tunnels; however, the benefits
of compost may be more pronounced from
the second year onward. Because of unstable
cover crop production in the northern re-
gion, a combined application of cover crops
and compost may be one of the best prac-
tices to compensate for low-cover crop bio-
mass production through increasing organic
matter input to the soil, thereby improving
soil quality and tomato yield.
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