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Abstract: To restore the productivity of a deteriorated sward due to weed invasion, renovation
(re-sowing) is necessary. However, the renovation method used can affect the sward’s greenhouse
gas (GHG) emissions and herbage yield. This study compared the effects of renovation using full
inversion tillage (F), shallow tillage (S), or a tine drill (T) on the GHG emissions and herbage yield
of a grassland in Nasu, Japan. Two adjacent grasslands were renovated in September 2015 (year 1)
and 2016 (year 2). In each year, F, S, and T plots (5 m X 20 m each) were arranged in a randomized
complete block design with four replications and then orchardgrass (Dactylis glomerata L.) was seeded.
All plots received 40 kg-N ha~! for renovation and 190 kg-N ha~! y~! the following year. Carbon
balance (i.e., the difference between C input through crop residue and C output through heterotrophic
respiration), methane (CH,) and nitrous oxide (N,O) emissions, and herbage yield were measured
over a period of 411 or 412 days. Cumulative N,O emissions were significantly smaller from F and S
plots than from T plots, however, there was no significant difference in the sum of GHG emissions
(i.e., C balance plus cumulative CH4 and N> O emissions) among F, S, and T plots. The cumulative
total herbage yields of the F, S, and T plots did not differ significantly from each other. Consequently,
the GHG intensity—i.e., the sum of GHG emissions per cumulative total herbage yield—was not
significantly different among the F, S, and T plots.

Keywords: carbon dioxide; greenhouse gas intensity; heterotrophic respiration; methane; nitrous
oxide; plowing; re-sowing; soil carbon; tillage; volcanic soil

1. Introduction

Grassland is usually used for forage production for several consecutive years without plowing.
Soil acidification due to annual application of synthetic fertilizers, soil compaction due to tractor traffic
and trampling, and infestation of weed species can decrease herbage productivity [1-4]. In addition,
extreme summer weather conditions such as heat waves, drought or waterlogging can cause further
deterioration of temperate grass swards in Japan [4,5]. To restore deteriorated swards and maintain
herbage quantity and quality, occasional renovation (re-sowing) is necessary. Herbicide application
before re-sowing is essential for successful establishment of new swards with less weed regrowth.

Renovation is generally recommended when the crown cover of weed species exceeds 30% of
the total [6]. The recommended renovation frequency in each region of Japan depends on the climate
(e.g., annually averaged ambient temperature) [4]. A recent national survey of cattle farmers in Japan
reported that the annual renovation rate during the period from 2006 to 2010 was 3.0% in Hokkaido
and 1.3% in the other prefectures on a per area basis [7].

In Japan, the most common method of renovation is full inversion tillage (F). However, other
methods, such as shallow tillage (S) or use of a tine drill (T), are also used to reduce cost and time.
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In fields that have steep slopes, only T can be implemented, owing to the risk of soil erosion [4].
The method of renovation affects how deeply the crop residue (i.e., roots and stubble of previous
vegetation killed by herbicide) is distributed in the soil profile. The depths of soil disturbance for F,
S, and T are approximately 30, 15, and 2-3 c¢m, respectively. In addition, the physical, chemical, and
biological properties of the soil can be altered by the method of renovation.

Grassland can store relatively high amounts of organic C in comparison with cropland due to
the organic matter supply from perennial vegetation cover and the interaction of soil biota and soil
structure [3,8]. Soil disturbance by tillage is thought to promote decomposition of soil organic matter,
so switching from conventional plowing to less intensive conservation tillage may permit substantial C
sequestration [9]. Previous studies showed that renovation temporarily increases ecosystem respiration
in grasslands [10], however, plowing imperfectly drained grasslands has been shown to reduce
ecosystem or soil respiration [11,12].

Renovation temporarily increases nitrous oxide (N2O) emission from grasslands because of
decomposition of crop residue and soil organic matter, in addition, fertilization following renovation
supplies mineral N to soil microorganisms that transform N [10,11,13,14]. A previous study showed
that N,O emission from grasslands renovated without plowing was greater than that from grasslands
renovated with plowing [15]. However, another study showed that plowing a poorly drained grassland
reduced the N»O emission compared with chemical fallow [16].

Grasslands can be sinks and sources of methane (CH,) depending on soil moisture condition [17].
Under aerobic conditions, both CH, that has been produced in the anerobic part of the soil and
atmospheric CH, can be oxidized by soil microbes. The physical property of topsoil is an important
factor controlling CH4 consumption in soil [18]. Therefore, plowing could temporarily promote CHy
consumption. In an imperfectly drained grassland, however, plowing had a variable effect on CHy
emission [11].

It is not well understood how different methods of renovation (F, S, and T) affect subsequent
greenhouse gas (GHG) emission from grasslands in Japan. We compared C balance (i.e., the difference
between C input through crop residue and C output through heterotrophic respiration), CH4 and
N,O emissions, sum of GHG emissions (i.e., C balance plus cumulative CH4 and N,O emissions),
herbage yield, and GHG intensity (GHGI, i.e., sum of GHG emissions per herbage yield) in grasslands
renovated using the F, S, and T methods, to determine which method has the lowest GHGI.

2. Materials and Methods

2.1. Site Description

A field study was carried out in two adjacent cut grasslands located at the Institute of Livestock
and Grassland Science, National Agriculture and Food Research Organization (NARO) in Nasu, Japan
(36°55" N, 139°55” E, 320 m a.s.l.). These grasslands were last renovated using F in 2005 and 2006 [13].
No fertilizer had been applied for more than a year prior to the initiation of this study. The soil is
derived from volcanic ash; Kurashima et al. [19] previously classified it as a loamy Entic Humudept,
mixed, mesic [20]. The annual averages for ambient air temperature and precipitation were 12.2 °C
and 1561 mm, respectively [21].

2.2. Renovation Treatments

One grassland was renovated in 2015 (year 1) and the other in 2016 (year 2) as follows. The F,
S, and T plots (5 m X 20 m each) were established in a randomized complete block design with four
replications (n = 2 per block). InF, S, and T plots, deteriorated sward was killed with an application
of glyphosate at a rate of 5 L ha™ on 21 August 2015 or 19 August 2016. On 15-16 September 2015
or 12-14 September 2016, the F plots were plowed to a depth of 30 cm using a moldboard plow.
Calcium-magnesium carbonate (CaCO3 + MgCOs) was applied to the F, S, and T plots at respective
rates of 970, 1900, and 320 kg ha™! to adjust the soil pH (H,O) to 6.5. Next, the F and S plots were
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rotovated to a depth of 15 cm using a rotary hoe (BUR-2008, Niplo, Nagano, Japan). Synthetic fertilizers
were surface applied to all the new sowing beds at 40 kg-N ha~!, 200 kg-P,O5 ha~!, and 80 kg-K,O
ha~!. Finally, orchardgrass (Dactylis glomerata 1.) was seeded at a rate of 30 kg ha™!: The F and S plots
were seeded by using a broadcaster and then the soil surface was compacted using a Cambridge roller;
the T plots were directly seeded by using a tine drill with a row spacing of 15 cm (GF2014C, Aitchison,
Palmerston North, NZ) without plowing or rotovating.

Crop residue (i.e., roots and stubble of previous vegetation killed by herbicide) within a quadrat
(25 cm x 25 cm) was collected from the 0-30 cm soil layer immediately after renovation. The crop
residue was washed clean with water, dried at 70 °C for 3 days, and milled before determination of C
and N contents by dry combustion using a CN analyzer (JM1000CN, J-Science, Kyoto, Japan).

2.3. Fertility Management and Harvesting Following Renovation

Following renovation, synthetic fertilizers were applied to the surface of all plots in March, May,
July, and August at 190 kg-N ha=! y=1, 95 kg-P,Os ha~! y=!, and 190 kg-K,O ha~! y~! (Table 1).
Herbage yield was determined on 16 May, 4 July, 23 August, and 25 October 2016 (year 1) or on 15 May,
5 July, 23 August, and 25 October 2017 (year 2) by cutting the herbage in a 1.3 m X 2.5 m area of each
plot at a height of 5 cm from the soil surface with a reciprocating mower (HTK8070, IHI Agri-Tech,
Chitose, Japan); yields were summed to determine the cumulative total herbage yield in each plot type.
The C and N contents of the harvested grass were determined as described in Section 2.2.

Table 1. Application rates of synthetic N, P, and K fertilizers.

Year 1 (12 September 2015 to 28 October 2016)

Renovation Maintenance
15-16 September 15 March 23 May 11 July 29 August
2015 2016 2016 2016 2016
N (kg-N ha™1) 40 60 50 50 30
P (kg-P,0s5 ha™1) 200 30 25 25 15
K (kg-K,0O ha™1) 80 60 50 50 30
Year 2 (12 September 2016 to 28 October 2017)
Renovation Maintenance
12-14 September 15 March 22 May 11 July 28 August
2016 2017 2017 2017 2017
N (kg-N ha™1) 40 60 50 50 30
P (kg-P,Os5 ha™!) 200 30 25 25 15
K (kg-K,0 ha™!) 80 60 50 50 30

2.4. Heterotrophic Respiration

We used the root exclusion approach to estimate heterotrophic respiration [22,23]. We established
a root-exclusion subplot (2.5 m X 2.5 m) in all plots for each of the four replications. Seedlings were
routinely removed from the subplot to keep the soil bare.

Carbon dioxide (CO;) flux from the bare subplots (i.e., heterotrophic respiration) was determined
from 12 September 2015 to 28 October 2016 (year 1, 412 days) or from 12 September 2016 to 28 October
2017 (year 2, 411 days). A cylindrical stainless steel chamber (20 cm in diameter, 25 cm in height)
was placed on a stainless steel U-shaped gutter fitted with a basal ring fixed to the soil surface,
then sealed by filling the gutter with water. Flux measurements were performed 2, 5, 8, and 13 days
after renovation, and once a week after the initial 13 days. The frequency was further reduced to
intervals of 2-3 weeks in winter months. The flux measurements were performed between the hours of
09:30 and 10:30 to minimize the effects of diurnal variations in fluxes on the cumulative emissions. CO,
concentrations were determined on site by using a nondispersive infrared sensor (GMP343, Vaisala,
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Helsinki, Finland). The CO, flux was calculated using a linear rate of increase based on measurements
of CO; concentrations taken between minutes 1 and 3 at 5 sec intervals after closing the chamber [23].
Cumulative CO, emissions were calculated by performing a trapezoidal integration of the fluxes over
time [23].

2.5. Methane and Nitrous Oxide Emissions

The fluxes of CH; and N,O from grassland plots were determined from 12 September 2015
to 28 October 2016 (year 1, 412 days) or from 12 September 2016 to 28 October 2017 (year 2, 411
days). A cylindrical stainless steel chamber (40 cm in diameter, 30 cm in height) was placed on the
soil surface, then its bottom edge was inserted into the soil to a depth of 3 cm. Flux measurements
were performed 1, 3, 7, 10, and 14 days after renovation and fertilizations, and once a week after
the initial 14 days. The frequency was further reduced to intervals of 2-5 weeks in winter months.
The flux measurements were performed between the hours of 09:30 and 10:30 to minimize the effects
of diurnal variations in fluxes on the cumulative emissions. Fluxes were calculated by fitting a linear
rate of change in concentrations based on measurements taken at 0 and 30 min after closing the
chamber [24]. Concentrations were determined by using a gas chromatograph equipped with a flame
ionization detector (GC-8A, Shimadzu, Kyoto, Japan) for CH4 and an electron capture detector (GC-14B,
Shimadzu, Kyoto, Japan) for N,O. Cumulative emissions were calculated by performing trapezoidal
integration of the fluxes over time [24].

2.6. Soil Chemical Measurements

Samples of the top 5 cm of the soil were collected on the same days as CHy and NyO flux
measurements were taken, stored at 4 °C, and sieved through 2 mm mesh. Subsamples (7.5 g) were
extracted with 50 mL of 2 mol L™! KClI for analysis of NH-N or 50 mL of distilled water for NO3-N,
followed by filtration (Whatman No. 6 filter paper, Advantec, Tokyo, Japan) and colorimetric analyses
of the filtered extracts (FIAstar 5000, Foss Tecator, Hogands, Sweden). Subsamples (7.5 g) were shaken
with 25 mL of distilled water, and the pH (H,O) was determined with a pH meter (F-22, Horiba, Kyoto,

Japan).
2.7. Soil Physical Measurements

Intact soil samples were collected from 0-5, 7-12, and 20-25 cm in 100 mL stainless steel core
samplers (DIK-1801, Daiki, Saitama, Japan). Bulk density was determined gravimetrically after the
samples were dried at 105 °C for 24 h. The volumetric soil moisture content at 0-5 cm was monitored
with a time domain reflectometry probe (Trime-IT, IMKO, Ettlingen, Germany). The soil temperature
at 5 cm below the surface was monitored with a digital thermometer (PC-2200, Sato, Tokyo, Japan).

2.8. Precipitation

Precipitation data were obtained from the Institute of Livestock and Grassland Science, NARO,
in Nasu, Japan.
2.9. C Balance, Sum of Greenhouse Gas Emissions, and Greenhouse Gas Intensity

The C balance and Sum of GHG emissions (Mg-CO,-eq ha™! in 412 or 411 days) were calculated
as follows:
C balance = RH - Residue 1)

Sum of GHG emissions = C balance X 44/12 + CH4-C x 16/12 X 0.025 + N>O-N X 44/28 x 0.298  (2)

where RH is the amount of heterotrophic respiration (Mg-C ha~! in 412 or 411 days), Residue is the
organic C content of the crop residue (Mg-C ha~!), CH,-C is the CH, emission quantity (kg-C ha™!
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in 412 or 411 days), and N,O-N is the N,O emission quantity (kg-N ha™! in 412 or 411 days). In the
calculation of C balance, CHy—C was excluded due to its negligible contribution.
To convert the mass of CO,-C or organic C to CO,, the mass of CH;—C to CHy4, and the mass
of NpO-N to N,O, these quantities were multiplied by 44/12, 16/12, and 44/28, respectively [25].
The radiative forcing constants of 0.025 and 0.298 were used to convert CHy (kg-CHy) and N,O
(kg-N,O), respectively, to the CO, equivalents (Mg—CO,-eq) over a 100 year time horizon [26].
GHGI (Mg-CO,-eq Mg™!) was calculated as:

GHGI = Sum of GHG emissions/Yield 3)

where Sum of GHG emissions (Mg—CO;-eq ha~!in 412 or 411 days) was calculated as described above.
Yield (Mg ha~! in 412 or 411 days) is the cumulative total herbage yield on a dry matter basis.

2.10. Statistical Analyses

Statistical analyses were performed in Statistica v. 13.2 software (TIBCO Software Inc., Palo
Alto, CA, USA). Two-way ANOVA was used to examine the effects of treatment (F, S, and T) and
year (1 and 2) on the C balance, cumulative CH4 and N,O emissions, cumulative total herbage yield,
cumulative N uptake, sum of GHG emissions, and GHGI. A p value less than 0.05 was considered
statistically significant.

3. Results

3.1. Crop Residue

The quantity of C in crop residue in the topsoil did not differ significantly among plots (p = 0.921
in year 1 and p = 0.530 in year 2). Therefore, we used the average across treatments in each year in
further calculations. The amount of C in crop residue in topsoil of renovated plots was 2.2 Mg-C ha™!
in year 1 and 2.4 Mg-C ha™! in year 2.

3.2. Heterotrophic Respiration, Cumulative CO, Emission, and C Balance

The CO; flux ranged from 0.2 to 4.6 mg-C m~2 h™! in year 1 (Figure 1a) and from 0.0 to 5.5 mg-C
m2h7lin year 2 (Figure 2a). The CO; flux increased as the soil temperature and soil moisture
increased (p < 0.001 and p < 0.001).



Agriculture 2020, 10, 31 60of 17

o

(m3m=3)
o o
S~ [e>)

Soil moisture

w &
S N

nN
o

o

Soil temperature

[y
o o

o
S

Precipitation
(mmd)

o
t=}

0,

Sep. Oct. Nov. Dec. Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct.

Figure 1. (a) CO;, (b) CHy, and (c) NO fluxes from grassland plots; (d) ammonium, (e) nitrate, (f) pH,
(g) moisture, and (h) temperature in the soil; and (i) precipitation during year 1 (12 September 2015 to
28 October 2016). F, full inversion tillage; S, shallow tillage; T, a tine drill. Arrows indicate the timing of
| renovation and | synthetic fertilizer application. Whiskers represent standard error (1 = 4 for gas
fluxes and soil physical properties; n = 2 for soil chemical properties).
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Figure 2. (a) CO,, (b) CHy, and (c) N,O fluxes from grassland plots; (d) ammonium, (e) nitrate, (f) pH,
(g) moisture, and (h) temperature in the soil; and (i) precipitation during year 2 (12 September 2016 to
28 October 2017). E, full inversion tillage; S, shallow tillage; T, a tine drill. Arrows indicate the timing of
| renovation and | synthetic fertilizer application. Whiskers represent standard error (1 = 4 for gas
fluxes and soil physical properties; nn = 2 for soil chemical properties).

Cumulative CO, emissions ranged from 7.4 to 8.6 Mg-C ha~! [412 d]~! in year 1 and from 8.4 to
11.0 Mg-C ha™! [411 d]~! in year 2 (Figure 3). The C balance of grassland ranged from 5.2 to 6.4 Mg-C
ha~! [412d] ™! in year 1 and from 6.0 to 8.6 Mg-C ha~! [411 d]~! in year 2, but there were no significant
differences among the F, S, and T plots (Table 2).
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Figure 3. C balance of grassland plots renovated using full inversion tillage (F), shallow tillage (S), or a
tine drill (T). RH is the amount of heterotrophic respiration. Whiskers represent standard error (n = 4).
Bars that are linked with the same letter are not significantly different.

Table 2. ANOVA results for C balance of grassland.

Factor SS df MS F p Value
Treatment 197.7 2 98.9 0.646 0.541
Year 172.7 1 172.7 1.129 0.309
Treatment X Year 24.1 2 12.1 0.079 0.925

SS, sum of squares; df, degrees of freedom; and MS, mean square.

3.3. Methane Flux and Cumulative Emission

The CHj4 flux ranged from —118 to +148 pg-C m2h1in year 1 (Figure 1b) and from —66 to
+49 pg-C m~2 h~! in year 2 (Figure 2b). Note that negative values represent CHy consumption in the
soil. There was no significant correlation between soil temperature or moisture and CHy flux (p = 0.330
and p = 0.161).

Cumulative CH, emissions ranged from —1.9 to —0.9 kg-C ha~! [412 d] ! in year 1 and from —2.0 to
-1.6 kg-C ha™! [411 d] ! in year 2 (Figure 4). The range of cumulative CH4 emissions was comparable
to that previously observed in Japanese grasslands [17]. There were no significant differences among
the F, S, and T plots (Table 3).

F F S S T T
Year 1 Year2  Yearl Year2  Yearl Year2
0 t t t t t i

R

[E— a

a

| I—
a

CH, emission (kg-C ha™! [411-412d]™)

34

Figure 4. Cumulative CH, emissions from grassland plots renovated using full inversion tillage (F),
shallow tillage (S), or a tine drill (T). Whiskers represent standard error (n = 4). Bars that are linked
with the same letter are not significantly different.



Agriculture 2020, 10, 31 90f17

Table 3. ANOVA results for cumulative CH, emissions from grasslands.

Factor SS df MS F p Value
Treatment 0.002 2 0.001 1.243 0.323
Year 0.001 1 0.001 2.007 0.182
Treatment X Year 0.001 2 0.000 0.587 0.571

SS, sum of squares; df, degrees of freedom; and MS, mean square.

3.4. Nitrous Oxide Flux and Cumulative Emission

The N,O flux ranged from —62 to +810 ug-N m~2 h7! in year 1 (Figure 1c) and from +1 to
+2148 pg-N m~2 h~! in year 2 (Figure 2c). Distinct N;O peaks were observed after renovation and
fertilizations. The variation in N, O flux increased when the soil temperature was higher than 15 °C
and the soil moisture was approximately 0.45 m® m=.

Cumulative N,O emissions ranged from 4.2 to 6.6 kg-N ha~! [412 d]~! in year 1 and from 5.0 to
6.4 kg-N ha~! [411 d]~! in year 2 (Figure 5). The range of cumulative N,O emissions was comparable
to that previously observed in Japanese grasslands [17]. Cumulative N,O emission from F and S plots

was smaller than that from T plots (Table 4).

}w
}
——
——

N,O emission (kg-Nha™ [411-412 d] ™)
N
1

t t t t t {
F F S S T T
Yearl Year2 Yearl Year2 Yearl Year2

(=]

Figure 5. Cumulative N,O emissions from grassland plots renovated using full inversion tillage (F),
shallow tillage (S), or a tine drill (T). Whiskers represent standard error (n = 4). Bars that were linked
with the same letter are not significantly different.

Table 4. ANOVA results for cumulative N, O emissions from grasslands.

Factor SS df MS F p Value
Treatment 4.229 2 2.114 3.571 0.061
Year 0.251 1 0.251 0.423 0.528
Treatment X Year 0.259 2 0.130 0.219 0.806

SS, sum of squares; df, degrees of freedom; and MS, mean square.

3.5. Herbage Yield and N Uptake by Harvest

The cumulative total herbage yield on a dry matter basis ranged from 8.7 to 9.7 Mg ha~! [412 d]~!
in year 1 and from 8.5 to 9.3 Mg ha™! [411 d]~! in year 2 (Figure 6). The cumulative N uptake by
harvest ranged from 158 to 177 kg-N ha~! [412 d]~! in year 1 and from 161 to 169 kg-N ha~! [411 d] !
in year 2 (Figure 7). The cumulative total herbage yield and N uptake by harvest of F, S, and T plots
did not differ significantly (Tables 5 and 6).
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Figure 6. Dry matter yields of grassland plots renovated using full inversion tillage (F), shallow tillage
(S), or a tine drill (T). Whiskers represent standard error (1 = 4). Bars that are linked with the same
letter are not significantly different.
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Figure 7. N uptake in grassland plots renovated using full inversion tillage (F), shallow tillage (S), or a
tine drill (T). Whiskers represent standard error (1 = 4). Bars that are linked with the same letter are not
significantly different.

Table 5. ANOVA results for dry matter yield.

Factor SS df MS F p Value
Treatment 0.239 2 0.120 0.132 0.878
Year 0.852 1 0.852 0.937 0.352
Treatment X Year 3.010 2 1.505 1.655 0.232

SS, sum of squares; df, degrees of freedom; and MS, mean square.

Table 6. ANOVA results for N uptake by harvested grass.

Factor SS df MS F p Value
Treatment 404 2 202 0.658 0.536
Year 2 1 2 0.006 0.939
Treatment X Year 642 2 321 1.046 0.381

SS, sum of squares; df, degrees of freedom; and MS, mean square.

3.6. Soil Chemical Properties

Soil NH4-N concentration ranged from 1 to 165 mg-N kg™! in year 1 (Figure 1d) and from 1
to 90 mg-N kg~! in year 2 (Figure 2d). After renovation and fertilizations, NH4~N concentration
temporarily increased. In both years, there were no significant differences among the F, S, and T plots.

Soil NO3-N concentration ranged from 13 to 353 mg-N kg~! in year 1 (Figure 1e) and from 4
to 245 mg-N kg~! in year 2 (Figure 2e). After renovation and fertilizations, NO3-N concentration
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temporarily increased. In year 1, NO3—N concentrations of F and S plots were lower than that of T
plots. In year 2, NO3—N concentration of F plots was lower than that of S and T plots.

Soil pH (H,O) ranged from 4.8 to 6.2 in year 1 (Figure 1f) and from 4.9 to 6.3 in year 2 (Figure 2f).
After renovation and fertilizations, pH (H,O) temporarily decreased. In year 1, there were no significant
differences in soil pH (H,O) among the E, S, and T plots. In year 2, however, soil pH (H,O) in Fand S
plots were lower than that in T plots.

3.7. Soil Physical Properties

The bulk density of soils collected from the 0-5 cm layer ranged from 0.83 to 0.85 Mg m~2 in year
1 and from 0.90 to 0.91 Mg m~ in year 2 (Figure 8a). That of soils collected from the 7-12 cm layer
ranged from 0.81 to 1.03 Mg m = in year 1 and from 0.96 to 1.04 Mg m~2 in year 2 (Figure 8b). That of
soils collected from the 20-25 cm layer ranged from 0.89 to 0.94 Mg m™ in year 1 and from 0.97 to
1.02 Mg m~2 in year 2 (Figure 8c). Bulk densities of soils from the 0-5 and 20-25 cm layers did not
differ significantly among the F, S, and T plots (Figure 8a,c). At 7-12 cm, however, bulk density was
significantly greater in T plots than in F and S plots (Figure 8b). In the T plots, it was significantly
greater at 20-25 cm than at 0-5 cm. Those of soils collected in year 1 were lower than those collected in
year 2 (Table 7).
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50 — — —
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2
g
05 +
=
m

0.0 } } } } } i

1.5 T (b) 7-12.cm
& b a
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m
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F F S S T T
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Figure 8. Depth profiles of bulk densities of soils collected from (a) 0-5, (b) 7-12 and (c) 20-25 cm in
grassland plots renovated using full inversion tillage (F), shallow tillage (S) or a tine drill (T). Whiskers
represent standard error (1 = 4). Bars that are linked with the same letter are not significantly different.
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Table 7. ANOVA results for soil bulk density.

Factor SS df MS F p Value
Treatment 0.041 2 0.020 3.700 0.034
Year 0.129 1 0.129 23.520 <0.001
Depth 0.097 2 0.048 8.830 0.001
Treatment X Year 0.004 2 0.002 0.410 0.668
Treatment X Depth 0.063 4 0.016 2.860 0.037
Year x Depth 0.008 2 0.004 0.730 0.489

SS, sum of squares; df, degrees of freedom; and MS, mean square.

Soil moisture content ranged from 0.32 to 0.64 m® m~3 in year 1 (Figure 1g) and from 0.35 to
0.65 m3 m~2 in year 2 (Figure 2g). In year 1, the soil moisture contents in the F and S plots were lower
than those in T plots. In year 2, however, there were no significant differences among the F, S, and
T plots.

In year 1, the lowest soil temperature (1.7 °C) was recorded on 20 January 2016 and the highest
soil temperature (26.8 °C) was recorded on 5 September 2016 (Figure 1h). In year 2, the lowest soil
temperature (0.0 °C) was recorded on 26 January 2017 and the highest soil temperature (28.1 °C) was
recorded on 15 September 2016, the day following renovation (Figure 2h). In both years, there were no
significant differences among the F, S, and T plots.

3.8. Precipitation

Cumulative precipitation was 1982 mm [412 d] ™! in year 1 (Figure 1i) and 1811 mm [411 d]~! in
year 2 (Figure 2i). In year 1, 42.5 mm d~! of rain fell on the day following renovation (17 September
2015) and 42 mm [2 d]™! of rain fell on the day of and the day following application of fertilizer for the
4th cut (29-30 August 2016). In year 2, 22.5 mm d~! of rain fell during renovation (13 September 2016),
16.5 mm d~! fell 3 days after renovation (17 September 2016), and 26 mm [2 d]~! fell 2-3 days after
application of fertilizer for the 4th cut (30-31 August 2017).

3.9. Sum of GHG Emissions and GHGI

The sum of GHG emissions ranged from 21.1 to 26.6 Mg-CO,-eq ha™! [412 d]™! in year 1 and
from 24.4 to 34.5 Mg-CO,-eq ha~! [411 d]~! in year 2 (Figure 9). It decreased in the order of T > S > F
plots, but F, S, and T plots did not differ significantly (Table 8).
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Figure 9. Sum of greenhouse gas (GHG) emissions of grassland plots renovated with full inversion
tillage (F), shallow tillage (S), or a tine drill (T). Whiskers represent standard error (n = 4). Bars that are
linked with the same letter are not significantly different.
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Table 8. ANOVA results for sum of greenhouse gas (GHG) emissions in grasslands.

Factor SS df MS F p Value
Treatment 246.8 2 1234 0.771 0.484
Year 185.1 1 185.1 1.157 0.303
Treatment X Year 20.3 2 10.2 0.063 0.939

SS, sum of squares; df, degrees of freedom; and MS, mean square.

The GHGI ranged from 2.4 to 2.7 Mg-CO,-eq Mg ™! in year 1 and from 2.5 to 4.0 Mg-CO,-eq
Mg~ in year 2 (Figure 10). The GHGI decreased in the order of T > S > F plots, but differences among
plots were not significant (Table 9).
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Figure 10. Greenhouse gas intensity (GHGI) of grassland plots renovated using full inversion tillage
(F), shallow tillage (S), or a tine drill (T). Whiskers represent standard error (n = 4). Bars that are linked
with the same letter are not significantly different.

Table 9. ANOVA results for greenhouse gas intensity (GHGI).

Factor SS df MS F p Value
Treatment 3.231 2 1.615 0.997 0.398
Year 3.305 1 3.305 2.039 0.179
Treatment X Year 1.444 2 0.722 0.445 0.651

SS, sum of squares; df, degrees of freedom; and MS, mean square.

4. Discussion

4.1. Heterotrophic Respiration and C Balance

C input from crop residue is a key driver of soil organic C stocks [27]. During renovation, roots
and stubble in previous grassland were killed and then supplied organic C to the soil in renovated
grasslands. In both years, RH in F, S, and T plots (7.4-11.0 Mg-C ha™! [411-412d]7!) was greater
than the C input from crop residue (2.2-2.4 Mg-C ha™!), suggesting that organic C was lost to the
atmosphere following renovation (Figure 3). This result agrees with our previous observation that in
intensively managed cut grassland in Japan receiving only synthetic fertilizers, there is a net loss of C
to the atmosphere [25].

Tillage disturbance results in disruption of soil aggregates, subsequently allows more contact
between soil organic matter and soil microorganisms, then promotes decomposition of soil organic
matter [28,29]. An initially higher O, availability after soil disturbance will enhance the decay of
the root C-pool, which before had a slower turnover [30]. Therefore, the conversion of grassland to
cropland usually depletes soil organic C [31]. This may continue for a relatively long time before
equilibrium conditions are reached [32].
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In the present study, however, the F, S, and T plots showed no significant differences in C balance
(Figure 3), suggesting that soil disturbance resulting from plowing and/or rotovating did not promote
decomposition of soil organic C in our grasslands. This is probably because parts of the topsoil with
substantial amounts of roots are buried into a deeper soil profile in the F and S plots and this might
lead to a certain decrease in microbial activity and lower aeration [3]. In actual grasslands, a fast
development of new sward after renovation can enhance photosynthesis and subsequent organic
C supply to the soil. In this study, however, living vegetation was removed for measurement of
heterotrophic respiration (see Section 2.4). From this viewpoint, the C balance in this study could be
overestimated (Figure 3).

Conservation tillage, which minimizes disruption of soil aggregate structure, especially zero tillage,
was reported to increase soil C sequestration [33], although the potential was revised downwards
recently [34]. Long-term field experiments demonstrated that soil organic C accumulates near the
surface under conservation tillage but accumulates deeper under conventional tillage, and that soil
disturbance by tillage therefore has no significant effect on soil organic C stocks [27,35]. It has been
pointed out that tillage itself may not reduce soil organic C stocks, but tillage without organic C
application may reduce soil organic C stocks [36,37]. Since no till shows accumulation of soil C only on
topsoil, occasional cultivation to bury the organic matter may enhance C sequestration at depth [38].

Soil moisture is another important driver of soil organic C stock. In Switzerland, ecosystem
respiration was increased after plowing of a grassland in a pre-alpine lowland [10]. In Scotland
and Canada, however, ecosystem or soil respiration was decreased after plowing of imperfectly
drained grasslands [11,12]. In this present study, we observed a remarkable difference in soil moisture
content among plots just after renovation, but not later (Figure 1g or Figure 2g). We infer that soil
moisture content remained relatively unchanged, except immediately following renovation (Figure 1g
or Figure 2g). Although the soil surface was compacted by both the Cambridge roller and tractor traffic
for grassland management in the year following renovation, the soil of our grassland is derived from
volcanic ash and is well drained [19].

4.2. CHy and N,O Emissions

The surface soil moisture content tended to be lower in F and S plots than in T plots shortly after
renovation, suggesting that plowing and/or rotovating increased aeration and evaporation in surface
soil and so increased CH, oxidation and decreased denitrification-derived N,O emission. Rainfall
during the renovation treatment in year 2 increased the soil bulk density (Table 7, Figure 8) because
high-moisture soil is easily compacted, leading to smaller differences in soil moisture content among
plots in year 2 than in year 1.

Cumulative CH,; emissions were negative in both years and all the plots, suggesting that
atmospheric CHy was oxidized in the soil. A previous study showed that soil water decreased diffusion
of CHy and O, in surface soil and inhibited CHy4 oxidation [18]. We observed that plowing and/or
rotovating temporarily increased aeration of surface soil, but there were no significant differences in
cumulative CHy4 emission among plots. This is probably because notable differences in soil moisture
content among plots were of limited duration, i.e., just after renovation (Figure 1g or Figure 2g).

The NO3;—-N content of the top 5 cm of soil tended to be lower in F and S plots than in T plots,
suggesting that plowing and/or rotovating reduced the amount available for denitrification in surface
soil. In T plots, decomposing crop residue remaining on the soil surface released inorganic N and labile
organic C, enriching denitrification sites in surface soil after rainfall and promoting N, O emission. In F
and S plots, however, the crop residue was incorporated into a deeper soil profile, promoting complete
reduction to Ny [16]. Suppression of NoO production in soil by mixing with glyphosate is another
possible explanation [39].

After fertilizations in September (for renovation), July, and August, N,O flux peaks were greater
than that in March and May (Figure 1c or Figure 2c). This is in line with a previous study suggesting
that N> O emissions increased drastically when the average air temperature during a 12 day period
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after the N application exceeded 15 °C [14]. Rainfall pattern is another important factor controlling
N;O emission. In both years, a substantial amount of rainfall just after fertilization in August promoted
denitrification in surface soil, leading to higher N,O flux peaks in each year (Figure 1i or Figure 2i).

Cumulative N,O emissions were smaller in F and S plots than in T plots (Figure 5) partly due to
the difference in N, O flux just after renovation (Figure 1c or Figure 2c). During the peak period of N,O
flux just after renovation, the difference in soil moisture content among plots was larger than at any
time point afterward (Figure 1g or Figure 2g). Crop residue remaining on the soil surface of T plots
also promoted denitrification-derived N,O emission as was mentioned above.

4.3. Herbage Yield and N Uptake

Cumulative total herbage yield on a dry matter basis was within the standard range for the region
(i.e., 8-10 Mg ha~! y~!). There were no significant difference in cumulative total herbage yield and N
uptake in F, S, and T plots, suggesting that all three methods of renovation worked well by ensuring a
fast establishment of good swards (Figures 6 and 7).

4.4. Sum of GHG Emissions and GHGI

Cumulative emissions contributed 8%—-12% of N,O, almost 0% of CH,4 and 88%-92% of CO, (i.e.,
C balance) to their sum (Figure 9), suggesting that C balance is the main driver. C input from crop
residue was insufficient to compensate for the loss, via heterotrophic respiration, of organic C in cut
grasslands (Figure 3). Cumulative N,O emissions were smaller from F and S plots than from T plots
(Figure 5), however, the method of renovation did not change the sum of GHG emissions or GHGI,
probably because C balance did not differ significantly among plots (Figure 3).

Our previous study demonstrated that annual application of farmyard manure is essential to
increase soil organic C in cut grasslands in Japan [25]. A recent survey reported that in Hokkaido and
in other prefectures in Japan, farmyard manure is applied as a basal fertilizer for renovation at rates of
136 and 105 Mg ha™! (fresh matter basis), respectively [7]. These amounts are more than 3 times the
recommended annual rate of application for a grassland during the maintenance (unrenovated) phase.
It has been pointed out that combination of organic matter application and occasional tillage could
increase the rate of organic C accumulation [37]. Therefore, application of farmyard manure during
renovation could be important to compensate for the loss of organic C and to reduce GHG emissions
from cut grasslands in Japan.

5. Conclusions

Cumulative total herbage yields of the F, S, and T plots did not differ significantly from each
other. Cumulative N;O emissions from F and S plots were significantly smaller than that from T
plots, however, there were no significant differences in the sum of GHG emissions (i.e., C balance plus
cumulative CH4 and N,O emissions) among F, S, and T plots. Consequently, GHGI—i.e., the sum
of GHG emissions per cumulative total herbage yield—did not differ significantly among F, S, and
T plots.
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