agriculture
Article

Mitigating Global Warming Potential and
Greenhouse Gas Intensities by Applying Composted
Manure in Cornfield: A 3-Year Field Study in an
Andosol Soil
Ikabongo Mukumbuta *, Mariko Shimizu and Ryusuke Hatano
Soil Science Laboratory, Hokkaido University, Kita 9 Nishi 9, Kita-ku, Sapporo, Hokkaido 060-8589, Japan;
shimizum23@gmail.com (M.S.); hatano@chem.agr.hokudai.ac.jp (R.H.)
* Correspondence: ikabongo1@gmail.com; Tel.: +81-011-706-2503
Academic Editor: Les Copeland
Received: 28 November 2016; Accepted: 7 February 2017; Published: 13 February 2017

Abstract: A 3-year study was conducted in cornfield to evaluate how composted cattle manure
application affects net global warming potential (GWP; the sum of nitrous oxide (N2 O) and methane
(CH4 ) minus net ecosystem carbon balance (NECB)) and greenhouse gas intensity (GHGI; net GWP
per unit of plant biomass yield). In the first experiment, conducted from 2010 to 2012, five fertilization
strategies that included an unfertilized control plot, inorganic fertilizer-only plot, two plots with
inorganic fertilizer plus composted cattle manure, and composted cattle manure-only plot were
established. In the second experiment composted cattle manure was applied in autumn 2012 and the
field was subdivided into three plots in spring 2013, with one plot receiving additional composted
cattle manure, the second plot received additional inorganic fertilizer and the third plot did not receive
any additional fertilization. Fluxes of N2 O, CH4 and CO2 were measured using the static closed
chamber method. NECB was calculated as carbon (C) inputs minus C output (where a negative value
indicates net C loss). In experiment 1, manure application significantly increased NECB and reduced
net GWP by more than 30% in each of the three years of the study. GHGI in the manure-amended
plots was lower than in other plots, except in 2012 when the manure-only plot had higher GHGI than
fertilizer-only plot. Application of inorganic fertilizer alone increased GWP by 5% and 20% in 2010
and 2011, but showed a 30% reduction in 2012 relative to the unfertilized control plot. However, due to
higher net primary production (NPP), fertilizer-only plot had lower GHGI compared to the control.
Application of inorganic fertilizer together with manure showed the greatest potential to reduce
GWP and GHGI, while increasing NPP and NECB. In experiment 2, additional manure or inorganic
fertilizer application in spring increased NPP by a similar amount, but additional manure application
also increased NECB, and decreased GWP and GHGI. Manure application, as a partial substitute or
supplemental fertilizer, shows potential to mitigate GWP and GHGI.
Keywords: global warming potential; greenhouse gas intensity; soil carbon; manure; cornfield

1. Introduction
Warming of the global climate is undoubtedly caused by the increase in greenhouse gas (GHG)
concentrations in the atmosphere [1]. Carbon dioxide (CO2 ), methane (CH4 ) and nitrous oxide (N2 O)
are released from soils into the atmosphere due to microbial processes that break down organic and
inorganic materials added to and existent in soils [2–4]. Globally CO2 has the greatest radiative forcing
among the three GHGs [1]. The agriculture sector has low net CO2 emissions relative to other sectors
but has one of the largest potentials for mitigation through soil carbon (C) sequestration [3]. Soil CH4
flux in aerobic upland soils is a result of the balance between methanogenesis and CH4 consumption [5].
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Changes in abiotic factors and land management practices can significantly alter the balance between
CH4 production and consumption in the soil [6,7]. Soil N2 O is predominantly produced by nitrification
and denitrification processes [8], and is influenced by the availability of soil nitrogen (N), soil C,
temperature, pH and soil moisture content in the soil [9–14]. Intensification of agricultural production
and the use of inorganic and organic fertilizers (such as animal manure) are the major cause of the
increased GHG emissions from agriculture [1,3,15]. With the need to meet the growing demand of
food due to growing global population, increase in the use of fertilizers (both organic and inorganic)
is inevitable, especially in developing countries [16]. On the other hand, reducing GHG emissions is of
great concern globally [1]. Management practices that mitigate GHG emissions while enhancing crop
productivity are therefore essential [17–19].
A number of studies have been done to evaluate how management practices, such as tillage,
manure and fertilizer application, affect GHG emissions [20–26]. Adequate fertilization and manure
application have been reported to increase soil organic carbon (SOC) through increased biomass
production and through direct C input from manure and residue retention in soils [27–32]. On the other
hand, both manure and fertilizer application can increase N2 O and CH4 emissions [33–35] and partly
offset the benefits of increased SOC sequestration. Therefore, the overall change in GHG emissions
and SOC sequestration should be evaluated when assessing the benefits of any management practice.
To easily compare the effects N2 O, CH4 and CO2 emitted in the atmosphere, CO2 -equivalents
(the radiative forcing relative to CO2 over a 100-year period) are widely used. Net global warming
potential (GWP), the sum of CO2 -equivalents of N2 O, CH4 and CO2 , is a good measure of the
overall exchange of GHGs in a system [36]. Agricultural ecosystems do not only emit CO2 but
also uptake (remove) CO2 from the atmosphere through plant photosynthesis. Some of the CO2
removed through photosynthesis may end up in the soil as SOC. Some researchers have therefore used
change in SOC; rather direct CO2 , when calculating net GWP from agricultural ecosystems. However,
direct measurement of SOC content in most cases only detects changes in SOC over 5–10 years
time scales (or even longer) and is not sensitive enough to account for small seasonal and annual
changes [37]. Net ecosystem C balance (NECB) has been proposed to more accurately account for
changes in C accumulation in an ecosystem [37,38]. Despite having some limitations such as being
influenced by annual climatic variations [38], by measuring the C input, C output and net CO2 flux
from an ecosystem to the atmosphere, NECB is one of the best methods for measuring C changes in
cropland over shorter periods such as annually [39]. Therefore, NECB, in addition to N2 O and CH4 ,
is used to calculate net GWP in this study.
Since the ultimate goal should be to reduce GHG emissions while being able to increase crop
productivity, net GWP must be compared to the crop yield. Greenhouse gas intensity (GHGI), which is
calculated by dividing GWP by the crop yield [40], can give a good idea of whether a given management
practice can increase productivity without increasing GHG emissions. While many studies have
reported the effect of inorganic fertilizer and manure application on CO2 , CH4 and N2 O emissions,
very few have evaluated their effect on GWP and GHGI.
The amount as well as the timing of manure and fertilizer application influences both crop
productivity and GHG emissions. The readily availability of inorganic fertilizer N makes it easy to
be taken up by plants but also to be easily transformed by microbial processes into N2 O and other
gaseous forms. On the other hand, when composted, animal manure is a slow-release fertilizer and
it is widely considered to be a good substitute for inorganic fertilizer [39]. However, low nutrient
content of composted manures, compared to inorganic fertilizers, could lead to reduced crop yields.
It is therefore important to evaluate the ability of manures to maintain yields if they are to be a real
alternative to inorganic fertilizers.
We hypothesized that (1) manure application can increase C sequestration and offset increase in
non-CO2 GHGs; (2) applying manure twice (in autumn and spring) can achieve the same amount of
crop productivity compared to conventional inorganic fertilizer (in spring) without increasing N2 O
emissions. To test our hypotheses, we initiated a field experiment in 2010 to gain insights into the
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effects of manure and inorganic fertilizer on GHG emissions, GWP and GHGI in a cornfield. We also
explore the major factors driving GHG fluxes in the soil.
2. Materials and Methods
2.1. Site Description
Field monitoring was done at an experimental farm of the Field Science Centre for Northern
Biosphere of Hokkaido University in Shin-Hidaka city, Southern Hokkaido, Japan (42◦ 260 N, 142◦ 290 E).
The site experiences cold winters and relatively cool summers with average annual air temperature
and precipitation of 8.1 ◦ C and 1252 mm, respectively. In winter, the soil is covered with snow and
frozen from December to March. The soil is derived from volcanic ash and classified as a Mollic
Andosol (IUSS Working Group WRB 2006).
Before initiation of this study, the field (2-ha) had been managed as a grassland for more than
30 years with reed canary grass (Phalaris arundinacea L.) as the dominant species. From 2005 half of the
field had been applied with inorganic fertilizer and the other half with composted cattle manure with
supplemental inorganic fertilizer. Herbicide was applied in September 2009 to kill the grass and the
field was ploughed in December the same year.
2.2. Experimental Set Up
Three of the experimental plots used in this study were established in 2005 as inorganic fertilizer
plus composted cattle manure (MF1), inorganic fertilizer-only (F) and unfertilized control plot (CT).
In 2010 half of previous inorganic fertilizer plot was applied with composted manure, establishing
a new inorganic fertilizer plot plus composted cattle manure (MF2). Part of the MF1 plot did not
receive supplemental inorganic fertilizer from 2011 onwards, and hence called the composted cattle
manure-only plot (M). These five plots were replicated 4 times in a complete randomized design
with each plot measuring 5 m × 5 m in size and used in experiment 1. In experiment 2, small plots
(described below) were set up in the fertilizer-only part of the field.
2.2.1. Experiment 1: Effect of Manure and Inorganic Fertilizer
Field measurements were conducted from October 2009 to October 2012 in CT, F, MF1, MF2 and
M plots. Composted cattle manure was applied at the end of October in 2009, 2010 and 2011 and the
field ploughed (30 cm depth) within two to three weeks after manure application. The average amount
of manure applied in each year was 40 Mg fresh matter representing 390 kg total N and 6.8 Mg total
C per hectare (Table S1). The manure was composted beef cattle manure with bedding litter (bark).
In early May 2010, 2011 and 2012, the field was disc harrowed, after which maize was seeded and
inorganic fertilizer (104 kg N as NH4 PO3 , 139 kg phosphorous (P) as P2 O5 and 77 kg potassium (K) as
K2 O per hectare) applied on 18 May in 2010 and 2011 and on 21 May in 2012 in the respective plots.
Lime was applied in all the treatment plots at the rate of 300 kg CaCO3 ha−1 .
2.2.2. Experiment 2: Effect of Additional Spring Manure Application
A second experiment was conducted for one year from October 2012 to September 2013. In this
experiment, three plots were set up to assess the effect of additional manure application in spring season
on plant growth and net GHG emissions. The treatments were autumn composted cattle manure
application (M1), autumn composted cattle manure application and additional spring inorganic
fertilizer application (MF) and autumn composted cattle manure plus additional spring manure
application (MM). Autumn manure application was done in November 2012 (40 Mg fresh matter:
450 kg N and 7.3 Mg C per hectare). In May 2013 (spring), additional 29 Mg fresh manure was applied
in the MM plot (300 kg N and 5 Mg C per hectare), and inorganic fertilizer (104 kg N, 139 kg P and
77 kg K per hectare) was applied in the MF plot (Table S2). Lime at the rate of 300 kg CaCO3 was
applied in all the plots.
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2.3. Measurement of Soil and Climatic Variables
Soil samples from the top 5 cm depth were collected and sieved (2 mm mesh) on each sampling
day (every 1–2 weeks) except in winter when we did not collect any soil samples due to freezing
conditions. The soils were then extracted with deionized water for nitrate (NO3 − ), pH and water
extractable organic C (WEOC) measurements and with 2 M KCl solution for ammonium (NH4 + )
measurements. The extracts were filtered through 0.2 µm membrane filters and stored at 4 ◦ C until
analysis. Soil NO3 − concentrations were analyzed by ion chromatography (Dionex QIC Analyzer;
Dionex Japan, Osaka, Japan) and soil pH by using a combined electrode pH meter (F-8 pH meter;
Horiba, Kyoto, Japan). Ammonium concentration was determined using the indophenol-blue method
(UV mini 1240; Shimadzu, Kyoto, Japan). Total organic C (TOC) analyzer (TOC 5000A; Shimadzu,
Japan) was used to measure WEOC.
We collected core samples at each soil sampling time for soil bulk density determination and soil
moisture content was measured gravimetrically. Soil water-filled pore space was calculated from the
measured gravimetric moisture content, bulk density and total porosity [41,42].
Daily precipitation data was obtained from the Sasayama Automated Meteorological Data
Acquisition System (AMEDAS) station of the Japan Meteorological Agency, which is located within
1 km from the study site. Soil temperature (5 cm depth) was measured at 30-min intervals by using
permanently installed thermocouple thermometers (TR-52, T & D, Nagano, Japan).
Total Soil N and Soil C Analysis
In 2010 and 2012, we collected soils in the F, MF1 and MF2 plots at 0–5, 5–15 and 15–30 cm soil
depth to measure total soil N and SOC stored each soil layer. These samples were collected at the end of
the growing season. The samples were collected every 10 m in a grid covering the entire field resulting
in at least 12 points for each plot. Total N and C were analysed using a C/N analyzer (SUMIGRAPH
NC-1000; Sumika Chemical Analysis Service, Ltd., Osaka, Japan). In 2004, prior to the initiation of
the treatments, total soil N and SOC was measured [43] and this value was used as the reference for
measuring the change in SOC. The amount of SOC stored in the soil layer was calculated based on the
equation below [19,44]:
Total C storage (Mg C ha−1 ) = SOC × BD × H

(1)

where SOC is the organic C content (%), BD is soil bulk density (Mg·m−3 ) and H is the thickness of the
soil layer (m).
The rate of SOC accumulation (Mg C ha−1 ·year−1 ) in the soil was calculated as the difference
between the total C storage per hectare in 2010 or 2012 and the reference year (2004) as mentioned
above and divided by the number of years.
2.4. Greenhouse Gas Flux Measurement
The GHGs flux measurements were conducted using the static closed chamber method at
1–2 weeks intervals from late March to late November and 3–4 weeks intervals during the winter
season (December to March). Gas sampling was conducted between 8:00 a.m. and 12:00 p.m. on each
measuring day to minimize the effect of diurnal temperature variation on gas fluxes.
Chambers used were made of stainless steel and were 20 cm in diameter and 25 cm in height.
The cover of the chamber was made of acryl and was equipped with a sample collector and
pressure-regulating bag as described by Toma and Hatano [45]. The chambers were placed onto
chamber-bases, which were permanently installed into the soil to a depth of about 3 cm. For N2 O and
CH4 measurements chamber bases were placed in the inter-row space and the other two in intra-row
spaces of the corn plants. Chambers for CO2 flux measurements were installed in root excluded plots
as described by Shimizu et al. [46], therefore the reported CO2 fluxes represent soil heterotrophic
respiration. Gas samples were collected manually using a 50-mL syringe at 0 and 6 min for CO2 and
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0 and 20 min for N2 O and CH4 after chamber closure [34]. 200-mL sample was then injected into
pre-vacuumed Tedlar bags for CO2 measurement and 20-mL gas sample was injected into an evacuated
vial bottle for N2 O and CH4 analysis.
The CO2 gas concentrations were determined in the laboratory within 6 h after sampling using
a CO2 infrared gas analyzer (ZFP9GC11, Fuji Electric, Tokyo, Japan). N2 O gas concentrations were
determined in the laboratory using a gas chromatograph (GC-14B; Shimadzu, Kyoto, Japan) equipped
with an electron capture detector (ECD). CH4 gas concentrations were determined using a flame
ionization detector equipped gas chromatograph (GC–8A; Shimadzu, Kyoto, Japan).
The following linear regression equation was used to calculate the gas flux from the soil [47]:
F (mg·m−2 ·h−1 ) = ρ × V/A × ∆c/∆t × [273/(273 + T)] × α

(2)

where F is the gas flux; ρ is the density of each measured gas at standard conditions
(CO2 = 1.96 × 106 mg·m−3 , CH4 = 7.16 × 105 mg·m−3 , N2 O = 1.97 × 106 mg·m−3 ,
and NO = 1.34 × 106 mg·m−3 ); V is the volume of the chamber (m3 ), A is the surface area of
the chamber (m2 ); ∆c/∆t (10−6 m3 ·m−3 ·h−1 ) is the ratio of change in gas concentration in the chamber
during the sampling time; T is the air temperature inside the chamber (◦ C); and α is ratio of molar mass
of C or N of the molecular weight of each respective gas (CO2 = 12/44, CH4 = 12/16, N2 O = 28/44).
Based on this equation a positive flux value indicates that gas emission from soil surface into the
atmosphere occurred, while negative flux indicates gas sink from the atmosphere into the soil.
Cumulative annual emissions were calculated by linear interpolation between sampling events
and numerical integration of underlying area using the trapezoid rule [48].
From the cumulative annual N2 O emissions, we calculated inorganic fertilizer N N2 O emission
factors (EF) using the equation below:
EF = N2 O-N (F plot) − N2 O-N (CT plot)/N application rate in F plot

(3)

The relationship between CO2 flux and soil temperature was calculated using an exponential
function (Equation (4)). We then calculated the Q10 values of soil CO2 flux using Equation (5).
CO2 flux = β0 × exp (β1 × T)

(4)

Q10 = exp (10 × β1 )

(5)

where T is the soil temperature at 5 cm depth, β0 and β1 are coefficients of the CO2 flux and
temperature function.
2.5. Estimation of NECB, GWP and GHGI
Net ecosystem C balance was calculated using the following equation [37,39,49]:
NECB = C input − C output

(6)

C input = manure C + NPP

(7)

C output = Harvested C + RH

(8)

where manure C is the total C in the applied manure, NPP is net primary production (measured as total
C in aboveground and belowground dry plant biomass), harvested C is the total C removed through
the harvested plant material and RH is heterotrophic soil respiration (measured as the soil CO2 -C from
the plant excluded plots). The aboveground biomass was manually harvested by cutting the plant
biomass at 8 replications (1.5 m × 1 m area). The belowground biomass was measured at 8 replications
(1.5 m × 1 m area) by digging out the corn roots and manually separating the roots from the soil by
sieving using a 0.5 mm sieve and then by washing to completely remove the soil particles and other
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debris. The plant samples were oven-dried at 70 ◦ C for more than 72 h and weighed. Each dried
sample was analysed for total C and N contents with a C/N analyzer (SUMIGRAPH NC–1000, Sumika
Chemical Analysis Service, Ltd., Osaka, Japan).
Global warming potential (GWP) was estimated based on the following equation adopted from
Zhang et al. [17]:
GWP = [ECH4−C × 16/12 × 25 + EN2O−N × 44/28 × 298] × 12/44 − NECB

(9)

where GWP is global warming potential (kg CO2 -C equivalents ha−1 ·year−1 ), ECH4-C and EN2O-N are
the annual emission rates of CH4 -C and N2 O-N (kg·ha−1 ·year−1 ). The fractions 16/12 and 44/28 are
used to convert the mass of CH4 -C to CH4 and the mass of N2 O-N to N2 O. The constants 25 and 298
are the radiative forcing constants (CO2 equivalents) of CH4 and N2 O, respectively, relative to CO2
over a 100-year time horizon [1]. The fraction 12/44 was used to convert CO2 equivalents to CO2 -C
equivalents for easy comparison of NECB contribution to GWP.
By using the above equation, we measured the direct CO2 equivalents from crop production and
we did not consider indirect emissions such as those from fertilizer production and farm operations.
The corn from our study site was used for silage and therefore the GHGI was calculated as GWP
divided by biomass yield:
GHGI = GWP/Yield
(10)
2.6. Data Analysis
Statistical analysis was done using STATA-13 (Stata Corporation, College Station, TX, USA).
Two-way analysis of variance (ANOVA) was used to evaluate the treatment and annual differences
in GHG fluxes, GWP and GHGI. Pearson’s correlation test was used to test the relationship between
weather and soil variables with GHG fluxes and cumulative annual emissions.
3. Results
3.1. Soil and Environmental Variables
Monthly average air temperatures ranged from −10.7 ◦ C to 30.5 ◦ C with the lowest temperatures
observed in February, while the maximum temperatures were recorded between July and September.
Average air temperatures were less than 0 ◦ C from December to March. Soil temperature followed the
same trend with air temperature. The soil temperature ranged from −4.0 ◦ C to 27 ◦ C (Figure 1a).
Average monthly precipitation ranged from 5 to 224 mm. The driest months with lowest
precipitation were from January to March and the wettest months were from July to September.
Annual precipitation was 1120, 1006 and 1066 mm in 2010, 2011 and 2012 respectively.
Soil NO3 − concentrations increased in May after fertilizer application and were higher in MF2,
MF1 and F plots compared to CT and M plots (Figure 1b). Short-lived peaks in NO3 − concentration
were sometimes observed after manure application. Nitrate concentrations were higher in 2010 in all
plots and lowest in 2012. In the unfertilized control plot, average NO3 − concentration was 60 mg·kg−1
in 2010 but decreased to 12 mg·kg−1 in 2012. The high NO3 − concentrations 2010 could have resulted
from N mineralization, as this was the first year after the conversion from grassland to cornfield.
Annual and seasonal variations in soil NH4 + concentrations showed a different trend from that
of soil NO3 − concentrations (Figure 1c). Ammonium concentrations were highest in 2012 and very
low concentrations were observed in 2010. Overall very high variations in NH4 + concentration were
observed with values ranging from 0 to 900 mg·N·kg−1 . Highest NH4 + concentrations were observed
in spring just after soil melting and after fertilization and the peaks were more pronounced in MF2 and
MF1 plots. The manure amended plots also showed the highest variations in NH4 + concentrations.
Water extractable organic C was significantly lower in 2010 and increased annually with
highest concentrations found in 2012 (Figure 1d). Water extractable organic C was higher in the
manure-amended plots (MF1, MF2 and M) than the plots without manure application (p < 0.01).
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Soil pH varied among the different treatments and increased from 2010 to 2012 due to liming.
Soil pH was generally lower in MF2 and F plots compared to CT, MF1 and M plots. The average annual
soil pH ranged from 4.8–5.6, 4.7–5.5 in F and MF2 plots, and 5.2–5.7, 5.0–5.7 and 5.7–5.8 in CT, MF1 and
M plots2017,
respectively.
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Table 1. Total soil carbon stock (Mg C ha−1) in the F, MF1 and MF2 plots in 2010 and 2012 (experiment 1).

Year
2010
2012

F
84.3 ± 10.3 a
107.3 ± 16.6 a

MF1
110.9 ± 15.9 a,b
127.6 ± 16.7 c

MF2
96.6 ± 15.9 a
119.8 ± 15.7 b,c
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Table 1. Total soil carbon stock (Mg C ha−1 ) in the F, MF1 and MF2 plots in 2010 and 2012 (experiment 1).
Year
2010
2012

F

MF1
a

84.3 ± 10.3
107.3 ± 16.6 a

MF2
a,b

110.9 ± 15.9
127.6 ± 16.7 c

96.6 ± 15.9 a
119.8 ± 15.7 b,c

F is inorganic fertilizer-only plot; MF1 is inorganic fertilizer plus composted cattle manure applied since 2005 plot;
MF2 is inorganic fertilizer plus composted cattle manure applied since 2010 plot. Different letters indicate significant
differences at p < 0.05.
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Figure 2. Seasonal variation in N2O flux (a), CO2 flux (b) and CH4 flux (c) from 2010 to 2012 in

Figure 2. Seasonal variation in N2 O flux (a), CO2 flux (b) and CH4 flux (c) from 2010 to 2012 in
experiment 1. CT is unfertilized control plot; F is inorganic fertilizer‐only plot; MF1 is inorganic
experiment 1. CT is unfertilized control plot; F is inorganic fertilizer-only plot; MF1 is inorganic fertilizer
fertilizer plus composted cattle manure applied since 2005 plot; MF2 is inorganic fertilizer plus
plus composted cattle manure applied since 2005 plot; MF2 is inorganic fertilizer plus composted cattle
composted cattle manure applied since 2010 plot; M is composted cattle manure‐only plot. Full arrows
manure
applied since 2010 plot; M is composted cattle manure-only plot. Full arrows with closed head
with closed head indicate dates of manure application, dashed arrows indicate dates of ploughing;
indicate
dates of
manure
dashed dates
arrows
of ploughing;
full arrows with open
full arrows
with
open Vapplication,
shaped tip indicate
of indicate
inorganicdates
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V shaped tip indicate dates of inorganic fertilizer application.

As expected, N2O emissions were stimulated by fertilization and fluxes were higher in the
growing season compared to the non‐growing season. However, the highest N2O fluxes were
observed several weeks after fertilization and occurred following rainfall events. The highest fluxes
in 2010 were found on June 18 in CT plot (352 μg N m−2 h−1) and on July 5 in F (2461 μg N m−2 h−1),
MF1 (2223 μg N m−2 h−1) and MF2 (4913 μg N m−2 h−1). High rainfall was recorded on June 16 (>30 mm)
and more than 60 mm from 1 to 4 July. In 2011, rainfall of more than 50 mm was recorded between

Agriculture 2017, 7, 13

9 of 20

As expected, N2 O emissions were stimulated by fertilization and fluxes were higher in the
growing season compared to the non-growing season. However, the highest N2 O fluxes were observed
several weeks after fertilization and occurred following rainfall events. The highest fluxes in 2010
were found on June 18 in CT plot (352 µg N m−2 ·h−1 ) and on July 5 in F (2461 µg N m−2 ·h−1 ), MF1
(2223 µg N m−2 ·h−1 ) and MF2 (4913 µg N m−2 ·h−1 ). High rainfall was recorded on June 16 (>30 mm)
and more than 60 mm from 1 to 4 July. In 2011, rainfall of more than 50 mm was recorded between
23 and 24 June, and rainfall more than 100 mm was recorded between 14 and 16 July. The highest
N2 O fluxes in 2011 were found on 27 June in F (1757 µg N m−2 ·h−1 ), CT (638 µg N m−2 ·h−1 ) and MF1
(553 µg N m−2 ·h−1 ) plots, and on 19 July in MF2 plot (2450 µg N m−2 ·h−1 ). The highest fluxes in all
the five treatments in 2012 were found in either June or July and were all preceded by rainfall of more
than 50 mm.
Nitrous oxide fluxes were highest in 2010, followed by 2011 and 2012, respectively and the fluxes
were higher in plots with inorganic fertilizer application (F, MF1 and MF2) compared to CT and M plots.
Total annual N2 O emissions averaged 4.4 ± 1.2, 12.7 ± 5.2, 14.9 ± 7.6, 22.4 ± 12.5 and
8.6 ± 4.3 kg N ha−1 ·year−1 for CT and F, MF1, MF2 and M plots, respectively (Table 2). There were
significant differences in N2 O emission among plots (p < 0.001) and across years (Table 2). Annual N2 O
emissions were highest in MF2 plot, followed by MF1 and F plots, and lowest in M and CT plots,
respectively. N2 O emissions in M and CT plots were not significantly different. Based on the annual
emissions in Table 2, the average EFs for inorganic fertilizer were 12.9% ± 15.3%, 7.5% ± 6.8% and
3.5% ± 2.9% in 2010, 2011 and 2012 respectively.
Table 2. Annual manure C input, net primary production (NPP), CO2 emission, net ecosystem
carbon balance (NECB) in Mg C ha−1 ·year−1 , CH4 emission (kg C ha−1 ·year−1 ), N2 O emission
(kg N ha−1 ·year−1 ) and net global warming potential (GWP) (Mg CO2 -C equivalents ha−1 ·year−1 ) in
experiment 1.
Manure

CO2

NECB

2.9 ± 1.1 c
6.5 ± 2.2 a,d
7.0 ± 3.7 a,b,d
6.1 ± 2.3 a,d,e

6.8 ± 0.8 a,b,c
6.9 ± 1.1 a,b,c
10.2 ± 0.7 c
8.9 ± 0.5 b,c

0
0
6.7 ± 0.5
6.7 ± 0.5
6.7 ± 0.5

3.5 ± 1.3 c,e
7.6 ± 1.3 a,b
9.9 ± 1.2 b
9.9 ± 1.4 b
4.3 ± 1.6 c,d,e

0
0
6.7 ± 0.4
6.7 ± 0.4
6.7 ± 0.4

2.7 ± 0.4 c
6.3 ± 0.8 a,d,e
8.4 ± 1.3 a,b
8.7 ± 1.1 a,b
2.9 ± 0.9 c

Year

Plot

2010

CT
F
MF1
MF2

0
0
8.9 ± 0.4
8.9 ± 0.4

2011

CT
F
MF1
MF2
M

2012

CT
F
MF1
MF2
M

NPP

CH4 kg C

N2 O kg N

GWP Mg
CO2 -C eq

−6.5 ± 0.8 c
−6.2 ± 1.1 b,c
−1.7 ± 0.7 a,d
−0.5 ± 0.5 a

1.5 ± 1.7 a,b
5.1 ± 4.6 b
0.5 ± 1.4 a,b
3.7 ± 3.9 a,b

3.9 ± 1.2 a
17.4 ± 16.1 a,b,c,d
22.9 ± 11.3 b,c,d
33.5 ± 2.3 d

7.1 ± 1.0 c,d
8.5 ± 2.2 d
4.7 ± 1.7 a,b,c,d
4.9 ± 0.4 a,b,c,d

6.5 ± 0.9 a,b,c
6.1 ± 1.1 a,d
7.8 ± 1.1 a,b,c
8.3 ± 1.6 a,b,c
7.8 ± 1.1 a,b,c

−5.7 ± 0.9 b,c
−5.1 ± 1.1 b,c,e
0.3 ± 1.1 a
0.2 ± 1.6 a
−0.5 ± 1.1 a

0.3 ± 1.0 a,b
−0.2 ± 0.6 a
0.4 ± 0.2 a,b
−0.6 ± 0.7 a
1.3 ± 2.1 a,b

5.8 ± 2.3 a,b
13.6 ± 8.7 a,b,c
14.3 ± 2.2 a,b,c
25.2 ± 11.9 c,d
11.7 ± 2.3 a,b,c

6.4 ± 0.9 b,c,d
6.8 ± 1.1 b,c,d
1.5 ± 1.3 a
3.0 ± 2.8 a,b
2.0 ± 1.4 a

6.8 ± 1.2 a,b,d
4.9 ± 0.3 d
8.8 ± 0.6 a,b,c
9.8 ± 2.2 c
10.3 ± 0.5 c

−6.2 ± 1.2 b,c
−3.7 ± 0.3 b,d,e
−1.3 ± 0.6 a,d
−2.4 ± 2.1 a,d,e
−3.7 ± 0.5 b,d,e

−0.2 ± 0.1 a
1.9 ± 2.8 a,b
−0.7 ± 0.2 a
0.0 ± 0.6 a,b
−0.6 ± 0.3 a

3.6 ± 0.7 a
7.1 ± 3.3 a,b
7.7 ± 1.2 a,b
8.8 ± 4.0 a,b,c
5.6 ± 1.7 a,b

6.6 ± 1.2 b,c,d
4.6 ± 0.5 a,b,c,d
2.2 ± 0.7 a
3.5 ± 2.5 a,b,c
4.4 ± 0.8 a,b,c

Mg C

Different letters within the same column indicate significant differences among the treatments at p < 0.05. CT is
unfertilized control plot; F is inorganic fertilizer-only plot; MF1 is inorganic fertilizer plus composted cattle manure
applied since 2005 plot; MF2 is inorganic fertilizer plus composted cattle manure applied since 2010 plot; M is
composted cattle manure-only plot.

3.2.2. Carbon Dioxide Emissions
The pattern of CO2 fluxes was similar to those of soil temperature with the highest fluxes found in
summer and lowest fluxes in winter during soil freezing period (Figure 2b). The fluxes had a significant
positive exponential relationship with soil temperature measured at 5 cm (Figure S1). The highest
recorded CO2 fluxes in each plot occurred when soil moisture content (WFPS) was lower than 65%.
CO2 fluxes tended to be higher in manure plots (MF1, MF2 and M) ranging from 1.2
to 458 mg C m−2 ·h−1 compare to non-manure plots (F and CT) which ranged from 3.1 to
299 mg C m−2 ·h−1 . The average cumulative annual CO2 emissions from 2010 to 2012 were 6.7 ± 0.2,
5.9 ± 1.0, 8.9 ± 1.2, 9.0 ± 0.7 and 9.0 ± 1.7 Mg C ha−1 ·year−1 (mean ± SD) in CT, F, MF1, MF2 and M
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plots, respectively (Table 2). The annual CO2 emissions in manure-amended plots (MF1, MF2 and M)
were significantly higher than in F and CT plots (p < 0.001). There was no significant difference among
MF1, MF2 and M plots in annual CO2 emission. Significant differences in annual CO2 emission among
plots (p < 0.001) and across years (p < 0.01) were observed and the interaction between plots and years
was significant (p < 0.05).
3.2.3. Methane Emissions
Methane fluxes were mostly negative indicating CH4 consumption in all plots in this study
(Figure 2c). However, there was a very wide range of fluxes ranging from −53.6 ± 140.7, −36.2 to
515.5, −51.8 to 313.1, −74.0 to 503.0 and −50.2 ± 50.3 µg C m−2 ·h−1 in CT, F, MF1, MF2 and M
plots, respectively. This very wide range was due to very high fluxes (>50 µg C m−2 ·h−1 ) observed
following rainfall of more than 40 mm within 4 days preceding the gas sampling or when WFPS was
more than 75% in all the plots. These high CH4 fluxes accounted for less 10% of the observed data,
but significantly raised the average annual fluxes. The extremely high CH4 fluxes (>50 µg C m−2 ·h−1 )
increased the average annual flux (µg C m−2 ·h−1 ) from −1.8 to 7.4 in CT plot, −2.8 to 20.8 in F
plot, −7.5 to 1.0 in MF1, −3.2 to 5.1 in MF2 and −6.4 to 6.2 in M plot. Methane fluxes were not
significantly different among the plots, but tended to be higher in CT and F plots compared to the
manure-amended plots.
Annual CH4 emissions were not different among all plots but there was a significant difference
across the years, and ranged from −0.7 to 5.1 kg C ha−1 ·year−1 (Table 2). Methane emissions were
significantly higher in 2010 than in 2011 and 2012 (p < 0.01). The average total annual CH4 emissions
were 0.5 ± 0.8, 2.2 ± 2.6, 0.0 ± 0.6, 1.0 ± 0.8 and 0.3 ± 1.3 kg C ha−1 ·year−1 in CT, F, MF1, MF2 and
M plots, respectively, over the three-year period from 2010 to 2012. Without the extreme CH4 fluxes
(>50 µg C m−2 ·h−1 observed after high rainfall) all plots were net CH4 sinks.
3.3. Effect of Additional Spring Manure Application on Greenhouse Gas Emissions-Experiment 2
The second experiment aimed at comparing the effect of additional manure and inorganic fertilizer
application in spring on GHG emissions and crop growth. From Table 3, it was clear that applying
manure twice, in autumn and spring, increased the plant productivity (NPP) to the same level as the
plot that received inorganic fertilizer, without a net increase in CO2 , CH4 or N2 O fluxes. This result
means farmers in this region could potentially increase productivity by applying manure twice in
autumn and spring even without using inorganic fertilizer. Most importantly, the second application
of manure in spring led to significant increase in NECB and significant reduction in GWP compared to
additional inorganic manure application (Table 3).
Table 3. Average annual manure C input, net primary production (NPP), CO2 emission, net ecosystem
carbon balance (NECB) in Mg C ha−1 ·year−1 , CH4 emission (kg C ha−1 ·year−1 ), N2 O emission
(kg N ha−1 ·year−1 ) and global warming potential (GWP) (Mg CO2 -C equivalents ha−1 ·year−1 ) in
experiment 2.

Plot
M1
MF
MM

Manure

NPP

CO2

NECB

8.28 ± 1.70
8.71 ± 1.64
8.30 ± 1.72

0.59 ± 1.7 b
0.20 ± 1.6 b
5.22 ± 1.7 a

Mg C
7.3 ± 0.3 a
7.3 ± 0.3 a
12.3 ± 0.4 b

3.94 ± 0.46 b
6.99 ± 2.52 a
7.12 ± 1.00 a

N2 O kg N

CH4 kg C

GWP Mg
CO2 -C eq

7.19 ± 1.77
10.00 ± 1.83
7.41 ± 1.39

−0.04 ± 0.37
−0.29 ± 0.24
0.18 ± 0.23

0.33 ± 1.75 a
1.08 ± 1.74 a
−4.27 ± 1.81 b

Different letters within the same column indicate significant differences among the treatments at p < 0.05.
M1 is autumn composted cattle manure application only plot; MF is autumn composted cattle manure plus
spring inorganic fertilizer plot; MM is autumn composted cattle manure plus additional spring composted cattle
manure plot.
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3.4. Factors Controlling GHG Emissions
Nitrous oxide fluxes had statistically significant (p < 0.01) positive linear regression relationships
with soil temperature and soil NO3 − concentration and a significant negative relationship with soil pH
(Table 4). Cumulative annual N2 O emissions showed significant positive linear relationships with N
input (r = 0.62, p < 0.05) and precipitation in growing season (r = 0.56, p < 0.05), and a negative linear
relationship with soil pH (r = −0.72, p < 0.01). Average annual N2 O emission in MF1 plot was lower
than in MF2 plot despite both plots receiving the same amount of manure and inorganic fertilizer
possibly due to the lower pH in MF2. This seems to suggest that long-term manure application in MF1
buffered against lowering of pH by inorganic fertilizer application.
Table 4. Linear regressions (Pearson’s correlation coefficients) for the relationship between greenhouse
gas fluxes and environmental variables (experiments 1 and 2 combined).
Variable

N2 O Flux (µg N m−2 ·h−1 )

CH4 Flux (µg C m−2 ·h−1 )

CO2 Flux (mg C m−2 ·h−1 )

Soil temperature
WFPS
Soil pH
NO3 −
NH4 +
WEOC

0.174 **
0.084
–0.281 **
0.242 **
–0.049
0.031

0.163 **
0.205 **
–0.060
0.031
–0.067
–0.113

0.776 **
–0.341 **
0.162 *
–0.265 **
0.069
0.105

WFPS is water filled pore space, WEOC is water extractable organic carbon. ** Significant correlation at p < 0.01,
* significant correlation at p < 0.05.

Methane fluxes were significantly correlated with soil temperature and moisture. Soil moisture
seemed to be the most important factor driving CH4 fluxes and all the disproportionately high
fluxes (>50 µg CH4 -C m−2 ·h−1 ) were observed when soil WFPS was more than 70%. Soil chemical
properties did not show any significant correlations with the instantaneous CH4 fluxes (Table 4).
However, cumulative annual CH4 emissions had significant linear relationships with soil NO3 −
(r = 0.66, p < 0.01) and soil pH (r = −0.61, p < 0.05).
Soil CO2 fluxes had positive and significant linear relationships with soil pH and soil temperature
and significant negative correlation with soil NO3 − concentration and soil WFPS (Table 4). The CO2
flux increased exponentially with increasing soil temperature (Figure S1) and the resulting Q10
values were 3.2, 2.8, 2.3, 2.5 and 2.3 in the CT, F, MF1, MF2 and M plots, respectively. The annual
CO2 emissions significantly increased with manure application (p < 0.01) and this could be
largely due to the C input from manure. Multivariate regression analysis showed that soil
temperature, WFPS and WEOC concentration explained 55% of the seasonal variation in CO2
fluxes (CO2 flux (mg C m−2 ·h−1 ) = −98.89 + 11.86 soil temperature − 2.57 WFPS (%) + 0.32 WEOC
(mg C kg−1 ); R2 = 0.55; p < 0.001).
3.5. Effect of Fertilizer and Manure on NPP, NECB, GWP and GHGI
Inorganic fertilizer significantly increased the net primary production (NPP) in each of the three
years in experiment one and also in 2013 in experiment two (Tables 2 and 3). However due to
C export from the field through the harvested material, inorganic fertilizer did not increase NECB.
Manure application, on the other hand, had a positive but non-significant effect on NPP in experiment 1.
However the second application of manure in spring in experiment 2 significantly increased NPP
(Table 3), and there was no significant difference between MF and MM plots. Manure input in both
experiments 1 and 2 significantly increased NECB.
Global warming potentials, in experiment 1, were lowest in MF1 and MF2 plots and highest in F
and CT plots (Table 2). Global warming potential ranged from 6.4 to 7.1 Mg CO2 -C eq·ha−1 ·year−1
in the unfertilized control. Both inorganic and manure fertilization showed potential to reduce the
GWPs mainly due to C addition from the manure and also from the increased plant biomass residue
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left after harvest. In experiment 2, high manure input in MM plot significantly raised the NECB and as
a result the GWP was negative. Net ecosystem C balance had the largest contribution to GWP and
consequently, manure application seemed to significantly reduce GWP.
Greenhouse gas intensities, presented in Figure 3, were different among the plots. The control
plot always had the highest GHGI followed by F plot. Combined manure and inorganic fertilizer plots
(MF1 and MF2) always had the lowest GHGIs due to high C input through manure and also high crop
residue addition as both had higher NPP and yield. Greenhouse gas intensity in M plot was lower
than
that in
F plot
Agriculture
2017,
7, 13 in 2011, but the opposite in 2012.
12 of 19
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production. Nitrous oxide emissions and plant productivity in MM and MF plots were similar which
suggests that application of manure twice instead of once can enable organic farmers achieve similar
productivity levels with conventional farmers using inorganic fertilizers.
More than 5 years of manure application (MF1 and M plots in experiment 1) had an added
positive influence of maintaining higher pH values than the inorganic fertilized plot and this could
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Nitrous oxide emissions and plant productivity in MM and MF plots were similar which suggests that
application of manure twice instead of once can enable organic farmers achieve similar productivity
levels with conventional farmers using inorganic fertilizers.
More than 5 years of manure application (MF1 and M plots in experiment 1) had an added
positive influence of maintaining higher pH values than the inorganic fertilized plot and this could
have further benefits in reducing the N2 O emissions given the strong negative relationship between
soil pH and N2 O emissions (Figure S2). Manure application increased and maintained soil pH by
increasing the buffering capacity of soils due to the presence of carboxyl and phenolic hydroxyl groups
in the manure [62] or due the high pH of the manure itself (manure pH was around 7). Presence of
cations (like calcium, magnesium, etc.) and organic N forms in manure could have also increased the
soil pH in manure-amended treatments [62].
High CH4 emission in inorganic fertilizer amended soils due to fertilizer N inhibition of CH4
oxidation has been reported in many studies [51,63]. We did not find the evidence of higher CH4
emissions in plots amended with inorganic fertilizer in this study and there was no significant difference
in annual CH4 emissions among the plots. However, the highest CH4 fluxes were always found in the
fertilized plots (Figure 2c) and there was a significant positive correlation between average annual
CH4 flux and average annual soil mineral N concentration (R2 = 0.65, p < 0.05). This might suggest
inhibition of CH4 oxidation when soil mineral N is high [5,7,64].
Carbon dioxide fluxes and cumulative annual emissions significantly increased due to manure
application but not due to inorganic fertilization. Increased availability of C substrates from the
manure was likely the major reason for the observed result [4,29,65–67].
4.2. Soil and Environmental Factors Controlling GHG Emissions
Key soil and climatic variables controlling all the three GHG emissions in this study were soil
temperature, soil moisture and rainfall. Soil NO3 − concentrations and soil pH were important factors
for N2 O and CO2 (Table 4).
While soil N2 O fluxes were heavily influenced by N fertilization (both inorganic and manure), the
highest fluxes were all found just after rainfall of more than 30 mm within the week preceding the flux
measurement date. Ryals and Silver [68] also reported elevated N2 O up to four days from the wetting
of soils. Annual N2 O emissions were also very high in 2010, which was the wettest year. Other studies
have reported high N2 O emission when rainfall and moisture are high [4,69–71]. The high N2 O
fluxes observed after high rainfall were likely due to denitrification [4,34,71] as a result of increased
soil moisture.
Soil pH was a major factor controlling annual N2 O emissions and this agrees with previous
reports [72,73]. The N2 O reductase enzyme is reported to be more active at low soil pH relative to
activities of NO3 − and NO2 − reductase enzymes [73], which could have resulted in the reduced N2 O
reduction to N2 during denitrification and consequently higher fluxes at low soil pH.
The most important factors controlling CH4 emission in this study were soil moisture and
temperature. Very high CH4 fluxes were observed when WFPS was 75% or higher. Less than 10%
of the total CH4 flux measurements (all recorded when WFPS > 75%) accounted for 50%–150% of
the cumulative average annual CH4 emissions. These high CH4 fluxes significantly reduced CH4
sink in soil and were solely responsible for the observed positive cumulative annual CH4 emissions.
This indicates that while this upland cornfield was generally a sink for CH4 under usual moisture
levels, increased occurrence of high rainfall and soil moisture above 75% WFPS could lead to significant
CH4 emissions. Several studies have reported WFPS value of 70%–75% as the optimum for high CH4
production [10,74–76] and this could be due to both low production of CH4 and low air permeability
at high WFPS levels [5].
Carbon dioxide flux is influenced by soil temperature, moisture content and availability of C
substrates [74–80]. The relationship between soil temperature and CO2 flux (Figure S1) in this study
was best described by an exponential curve and this agrees with several published studies [81–84].
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From the exponential curves, we estimated average Q10 values and these were 3.2, 2.8, 2.3, 2.5 and 2.3
in the CT, F, MF1, MF2 and M plots, respectively. These Q10 values are in agreement with reported
values from other studies [74,78,80,85]. From these values, it seems manure application led to slightly
lower Q10 values despite the manure plots having higher WEOC, although we can not make definite
conclusions from this study. If this was true, it would be contrary to Liu et al. [85] who reported higher
Q10 values when WEOC was high. The seemingly lower Q10 values in manure-amended plots might
be due to the larger influence of manure C on CO2 emissions.
Soil CO2 flux negatively correlated to soil WFPS (Table 4) with highest fluxes found when WFPS
was between 40% and 60%. This WFPS range also showed the lowest CH4 fluxes. A conclusion can
therefore be made that there was high C oxidation when WFPS was low and the opposite was true
when WFPS was above 70% [54,86].
4.3. Effect of Fertilizer and Manure on NECB and GWP
Carbon sequestration calculations should include all C inputs and losses in an
agro-ecosystem [17,38,87,88]. The calculated NECB values in this study show that manure
application is important for increased C sequestration as a direct C input and it significantly mitigates
the C losses from harvested C and CO2 emission (Table 2). While all plots showed negative NECB
values in 2010 and 2012, the NECB in manure plots was significantly higher. Results from experiment 2
show that applying manure twice in autumn and spring significantly increased NECB through
direct C input but also by increasing the net primary production and hence the C input through
residue left in the field. The effect of fertilization on soil C pools is related to the amount of C applied
and C produced/retained to the soil [89]. High NECB in MM plot in experiment 2 was achieved
without increased emissions of CO2 , CH4 or N2 O compared to the plot with combined manure
and fertilizer application (Table 3). Higher NECB values, indicating increased C sequestration [17],
in manure amended plots have been reported previously [32,87]. Total soil C content and total C stock,
measured in 2010 and 2012, were higher in manure-amended plots (Table 1 and S3) indicating higher
C sequestration due to manure application. Compared to the non-manure plot, manure application
increased soil C stock in the top 15 cm by 20.7 ± 11.7 Mg C ha−1 which is similar to 19 Mg C ha−1
reported by Owen et al. [64]. Pathak et al. [19] also reported higher C accumulation when farmyard
manure was applied along with inorganic fertilizer.
Adequate manure application done twice in spring and autumn show a potential to increase
not only the plant productivity to the same level of inorganic fertilized plot but also with the added
benefit of storing more C in the soil as evidenced from results of experiment 2. Net GWP values
(Table 2) and GHGIs (Figure 3) show that combined manure and inorganic fertilization had the highest
potential for mitigating net GHG emissions, which we attribute to both increased NPP and also to
increased direct C input into the soil. Composted manure application has been shown in other studies
to reduce net GHG emissions [17,64]. Without consideration of the C input from manure, GWP
values (from N2 O and CH4 ) were significantly lower in the unfertilized control plot and highest in
the inorganic fertilized treatments but there were no significant differences in the net GWPs of the
manure plus inorganic fertilizer (MF) and inorganic fertilizer-only (F) plots (Table S4). However, when
these GWP values were yield-scaled (GHGI) no significant differences were observed among the
plots (Table S4). This clearly shows that when evaluating effects of manure and fertilizer management
on net GHG emissions, the benefits obtained from increased productivity should be considered.
Further research to determine the optimum application rates and ratios of the inorganic fertilizer and
composted manure is recommended. N2 O emissions were more stimulated by inorganic fertilizer than
by composted manure and therefore reduced application of inorganic fertilizer and partial substitution
with composted manure could help reduce net GHG emissions, a result which has been found in other
studies [56,75,90].
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5. Conclusions
In this three-year field study, we evaluated the effect of inorganic fertilizer and composted cattle
manure application on GHGs, GWPs and GHGI in a cornfield. Nitrous oxide emissions increased
following both inorganic and manure application although we did not find significant influence of
manure and inorganic fertilizer in 2012. Methane fluxes were not influenced by the soil amendments
while CO2 fluxes increased with manure application. By applying manure twice, in autumn and spring
in experiment 2, high plant productivity was achieved without increased GHG emissions compared to
one-time manure application. Our study found that application of manure led to significant reductions
in net GWP and GHGI and this was largely due to direct C input to the soil and also through increased
plant productivity.
Measured N2 O fluxes were significantly elevated by rainfall of more than 30 mm within 7 days
just before flux measurement. Cumulative N2 O emissions were controlled by soil pH, growing
season rainfall and soil mineral N concentration. Less than 10% of CH4 measurements accounted for
50%–100% of the total annual emissions and these were all observed when WFPS was more than 70%.
Soil temperature influenced the seasonal change in CO2 emissions, and manure application seemed to
reduce the Q10 values of heterotrophic soil respiration.
Supplementary Materials: The following are available online at www.mdpi.com/2077-0472/7/2/0013/S1 as
supplementary data; Figure S1: Relationship between soil temperature (5 cm) and CO2 flux in experiment 1,
Figure S2: Relationship between annual N2 O emission and annual average soil pH (data from experiment 1),
Table S1: Rates of inorganic fertilizer nitrogen and gross manure carbon and manure nitrogen input from 2010 to
2012 (Experiment 1), Table S2: Rates of inorganic fertilizer nitrogen and gross manure carbon and manure nitrogen
input in experiment 2, Table S3: Soil carbon and nitrogen content (% per kilogram of soil) in the F, MF1 and MF2
plots (in experiment 1) in each soil depth in 2010 and 2012 and Table S4: Average annual CH4 and N2 O emissions
(in carbon dioxide equivalents; CO2 -eq), net global warming potential (GWP) and net greenhouse gas intensity
(GHGI) from CH4 and N2 O in experiment 1.
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