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ARTICLE INFO ABSTRACT
Editor: Wei Shi In acid sulfate (AS) soils, organic rich topsoil and subsoil horizons with highly variable acidity and moisture conditions
and interconnected reactions of sulfur and nitrogen make them potential sources of greenhouse gases (GHGs). Subsoil

Keywords: liming can reduce the acidification of sulfidic subsoils in the field. However, the mitigation of GHG production in AS
Sf’ﬂ pH subsoils by liming, and the mechanisms involved, are still poorly known. We limed samples from different horizons of
Il;;nnft:ir:iz::ilzgt AS and non-AS soils to study the effects of liming on the N>O and CO, production during a 56-day oxic and subsequent

Greenhouse gas production 72-h anoxic incubation. Liming to pH = 7 decreased oxic N,O production by 97-98 % in the Ap1 horizon, 38-50 % in

N,O/(N2O + Ny) the Bg1 horizon, and 34-36 % in the BC horizon, but increased it by 136-208 % in the C horizon, respectively. Liming
decreased anoxic N,O production by 86-94 % and 78-91 % in Ap1 and Bgl horizons, but increased it by 100-500 %
and 50-162 % in BC and C horizons, respectively. Liming decreased N,O/(N,O + N5) in anoxic denitrification in most
horizons of both AS and non-AS soils. Liming significantly increased the cumulative oxic and anoxic CO, production in
AS soil, but less so in non-AS soil due to the initial high soil pH. Higher carbon and nitrogen contents in AS soil com-
pared to non-AS soil agreed with the respectively higher cumulative oxic N,O production in all horizons, and the
higher CO, production in the subsoil horizons of all lime treatments. Overall, liming reduced the proportion of N5O
in the GHGs produced in most soil horizons under oxic and anoxic conditions but reduced the total GHG production
(as CO,, equivalents) only in the Ap1 horizon of both soils. The results suggest that liming of subsoils may not always
effectively mitigate GHG emissions due to concurrently increased CO, production and denitrification.

1. Introduction

* Corresponding author. Acid sulfate soils (AS soils) are soils or sediments that contain oxidizable
E-mail address: asko.simojoki@helsinki.fi (A. Simojoki). or partly oxidized sulfide minerals (Pons, 1973). They have been estimated
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to occupy an area of over 17 Mha worldwide, including in South and South-
east Asia, West and Southern Africa, Australia, Latin America, North
America and boreal Europe, especially Finland (Andriesse and Mensvoort,
2006; Ljung et al., 2009). Sulfide-containing soil horizons that remain
under anaerobic or waterlogged conditions usually have a near neutral
pH and do not cause environmental problems. However, aerobic conditions
promote the oxidation of sulfides and the production of sulfuric acid
(Backlund et al., 2005; Boman et al., 2008). Aerobic conditions in AS soils
can be caused by natural processes such as coastal regression, isostatic up-
lift, increased droughts caused by climate change (Boman et al., 2010;
Mosley et al., 2017), or by anthropogenic interventions such as drainage
for agriculture, construction or mining (Astrom and Spiro, 2000). High
soil acidity can lead to the mobilization of aluminium and heavy metals,
low crop production and poor plant growth (Burton et al., 2008). Another
potential problem caused by the drainage of AS soils is enhanced microbial
decomposition of soil organic matter which can cause rapid production and
high emissions of N»O due to the inherently high organic matter content
and large stocks of mineral N in hypoxic AS subsoils (Paasonen-Kivekas
and Yli-Halla, 2005) as well as large emissions of CO, (Gatland et al., 2014).

N,O is produced in soils by two main biological processes: nitrification
and denitrification (Davidson et al., 2000; Saggar et al., 2013). During nitri-
fication, N0 is produced as a by-product during the oxidation of NH; -N to
NO3 -N by ammonia oxidizing bacteria under mostly aerobic but slightly
0, deficient (hypoxic) conditions (Inubushi et al., 1996; Kowalchuk and
Stephen, 2001). In denitrification, NO3 -N and NO, -N are reduced to nitric
oxide (NO), nitrous oxide (N,O) and molecular dinitrogen (N5) gases when
O, levels are very low (Cavigelli and Robertson, 2001), i.e. under more
severe hypoxia or anoxia.

Soil CO, production is a combination of microbial decomposition of soil
organic matter (heterotrophic) and plant root (autotrophic) respiration
(Amundson and Davidson, 1990). In uncropped soil, it is an indicator of
microbial activity and decomposition (mineralization) of soil organic
matter. Any input of decomposable organic matter into soils increases soil
respiration to produce more CO, (Bruce et al., 1997). CO, emissions from
oxic (aerobic) soils are much larger than those from anoxic (anaerobic)
soil because oxic respiration by microbes and roots is more efficient
compared with anoxic respiration (Poungparn et al., 2009; Xu et al.,
2021). The maximum respiration rate occurs at intermediate moisture con-
tents, often at around 40-60 % water filled pore space (WFPS) (Davidson
et al., 1998; Schaufler et al., 2010; Scott-Denton et al., 2003).

Soil pH is a key factor that regulates microbiological processes and
affects the end products of denitrification (Parkin et al., 1985; Samad
etal., 2016). In a review including 50 years of research on soil pH influence
on denitrification, Simek and Cooper (2002) demonstrated a variable
relationship between soil pH and denitrification but a consistent negative
correlation between soil pH and N>O/N, ratio. Low soil pH prevents the
reduction of N,O mainly by inhibiting the assembly of functional reductase
(Liu et al., 2014). In acidic soils, N>O dominates as a denitrification product
over N5 (Qu et al., 2014; Thomsen et al., 1994). Moreover, in AS soils,
the interconnected reactions of nitrogen, iron and sulfur favoured by
acidic conditions can contribute to denitrification and N,O production
(Macdonald et al., 2010).

Lime treatments have been widely applied to solve the acidity problems
of AS soils, typically utilizing calcium carbonate (CaCOs), calcium hydrox-
ide (Ca(OH),) and dolomite (CaMg(COs),) to neutralise the acidity, includ-
ing new methods for liming subsoil horizons (Dalhem et al., 2019). Liming
concurrently promotes the reduction of N,O to N, by enhancing the activity
of N,O reductase (Liu et al., 2010; Samad et al., 2016; Shaaban et al., 2018).
Hénault et al. (2019) observed that N,O reduction was inhibited below pH
6.8 but it was more efficient at pH above 6.8-7 after liming. Goulding
(2016) reported that raising soil pH from 5.3 to 6.8 by liming can mitigate
N,O emissions in cropped land in the UK. Zurovec et al. (2021) found that
liming of grassland soils resulted in a linear decrease in cumulative NyO
emissions in the pH range between 5.1 and 6.9.

Liming may also affect CO, emissions from soil by boosting microbial
activity that is generally enhanced by increasing pH (Oertel et al., 2016).
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In addition, the acid neutralizing reaction of carbonate in itself can also
produce CO, (West and McBride, 2005).

Besides pH, many other soil and environmental factors also influence
N,O emissions and control the N,O/(N,O + N,) ratio, including soil
type, organic carbon, soil NO3 -N availability, gaseous diffusivity and soil
water content. Soil NO3 -N content is an important factor affecting N,O
emissions through denitrification. Soil water content is a key factor affect-
ing soil aeration and N,O emissions. Nitrification was usually the dominant
source of NO and N,O production under relatively well aerated conditions
at WFPS below 50-60 % (Bateman and Baggs, 2005; Davidson et al., 2000).
Conversely, the largest N,O emissions were produced mainly by denitrifica-
tion under more hypoxic conditions, with a maximum often occurring near
70 % WFPS (Denmead et al., 2011). The N,O/N, ratio has often been found
to decrease at moisture conditions close to saturation, especially above
80 % WEFPS (Colbourn and Dowdell, 1984; Rudaz et al., 1999). For exam-
ple, Guo et al. (2014) observed that the N,O/(N,O + N,) ratios were
much higher in a clay loam soil rewetted to 75 % WEFPS than to 90 % WEFPS.

However, scientific knowledge on the magnitude and factors contribut-
ing to the production of N,O and other GHGs in AS soils is currently still
limited. In particular, studies on the effects of liming on N,O production,
GHG production (as CO, equivalents), total denitrification (N;O + N)
and the product ratio of denitrification N;O/(N,O + N,) in the different
horizons of AS soils and non-AS soils are limited.

The aim of this study is to determine and compare (1) the effects of lime
(CaCO3) treatments on the N,O and CO, production between different
horizons of boreal AS and non-AS soils under oxic and anoxic conditions,
and (2) the effects of lime on the total denitrification (N,O + N5) and the
product ratio of denitrification N,O/(N,O + N,) between different hori-
zons in AS and non-AS soils under anoxic conditions.

2. Materials and methods
2.1. Field site and soil characterization

The soil materials of AS and non-AS soils for the incubation experiment
of this study were collected from two sites at the Viikki research farm of the
University of Helsinki, located on the coast of the Gulf of Finland, which is
part of the Baltic Sea. The sites have been previously studied by Mokma
et al. (2000) and Simek et al. (2011, 2014). The mean annual air tempera-
ture in this area is 5.9 °C and annual precipitation is 655 mm (a 30-year
average in 1981-2010, Finnish Meteorological Institute). At 50 cm soil
depth, the mean annual soil temperature is about 6 °C and the mean soil
temperature in summer is about 14 °C (Mokma et al., 2000; Simek et al.,
2011). The AS soil (Patoniitty: 60°13’N, 25°0’E, elevation at sea level),
formed on fine-textured (clayey) sediments, is representative of AS soils
along the coast of Finland. The non-AS soil (Alaniitty: 60°13’N, 25°1’E
with elevation about 1.5 m above average sea level), formed on fine-
grained sediment, is poorly drained (Mokma et al., 2000). According to
Soil Taxonomy (Soil Survey Staff, 2014), the AS soil of Patoniitty is a Sulfic
Cryaquept and the non-AS soil of Alaniitty is an Aquic Haplocryoll.

Soils were sampled on 27th September 2019 from excavated large pits.
After characterization of soil horizons at both sites, representative samples
were taken from four selected horizons of the AS and non-AS soils. In the AS
soil, the Apl, Bgl, BC and C horizons were at depths of 0-22, 31-47,
66-115 and 115-135 cm, respectively. The groundwater table was at
1.1 m depth. In the non-AS soil, the Ap1, Bgl, BC and C horizons were at
depths of 0-20, 31-68, 78-115 and 133-153 cm. The groundwater table
was at 1.3 m depth. Soils were sampled with spades from the unsaturated
soil horizons into 40-L plastic boxes. The samples from the saturated C
horizons below the groundwater level were sampled similarly but stored
submerged under water in plastic bags before further processing.

A representative sample of the field moist soil taken from a given hori-
zon was mixed and subsequently divided into several sets of subsamples.
The subsamples for initial mineral nitrogen analysis were immediately
frozen at —20 °C, whereas the subsamples for the chemical analyses were
air-dried in a ventilated oven at 35 °C and sieved through 2-mm mesh,
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and a third set of subsamples was used for the determination of initial soil
water content.

The main properties of AS soil and the non-AS are shown in Table 1. In
the AS soil, the depth profile of pH was typical of AS soils, with a slightly
acidic pH in the Ap1 (topsoil) and close to neutral pH in the C (massive,
reduced subsoil) horizons but with a pH below pH 4 in the BC horizon. In
contrast, the pH of the non-AS soil was close to 6 in the topsoil and at, or
above 7 in all subsoil horizons.

The AS soil was an organic rich soil, where the SOC content was high in
the Ap1 (4.6 %) and C (2.7 %) horizons, and only slightly below 2 % in the
organic poor Bgl horizon. In the non-AS soil, the SOC content was high in
the Apl horizon (2.7 %) but very low (0.23-0.52 %) in all subsoil horizons
(Table 1). The distribution of total nitrogen content (TN) followed a similar
pattern with soil depth as that of SOC. Both AS and non-AS soils showed
broadly similar patterns of decreasing NO3 -N and NH -N with depth,
except for the large accumulation of NH; -N in the BC and C horizons in
the AS soil, and modest accumulation of NH; -N in the BC horizon of the
non-AS soil. The SOC, TN and mineral N (sum of NO3 -N and NH, -N)
contents in all horizons of the AS soil were higher than those in the non-
AS soil (Table 1).

2.2. Setup and design of the incubation experiment

Sequential oxic (day 0-56) and anoxic (day 56-59) incubations with
soil samples taken from each horizon of AS and non-AS soils were carried
out at three lime levels at room temperature (20 °C) and at the targeted
70 % WEPS with a time sequence as shown in Fig. 1. Soil samples were pre-
pared as follows: 10 g of soil (dry mass basis) was packed into 120-mL glass
bottles (diameter 3.5 cm, height 12.5 cm). In the incubation bottle, the
average dry bulk densities were 0.82, 0.80, 0.57 and 0.53 g cm ™3, and
0.83, 0.80, 0.77 and 0.59 g cm 3, in the soil taken from the Ap1, Bgl, BC
and C horizons of the AS and non-AS soil, respectively.

The WFPS of the soil packed into the bottle was calculated according to
Egs. (1) and (2) (See Supplementary materials, Tables S3 and S4):

WEFPS = (6/n) (1)

where 6 (m® m™2) is the volumetric soil water content and n (m® m~3) is
the soil porosity.

n=1-(py/ps) (2)

The dry bulk density of soil, p,, was calculated as the ratio of dry mass
and volume of soil in each bottle. Total porosity was calculated by assuming
an average soil particle density of p; = 2.65 g cm ™2,

The samples were maintained a constant WFPS by weighing the incuba-
tion bottles twice per week and adding MQ water as needed during the oxic

incubation (Phase Oxic I, Fig. 1).
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The soil samples were subjected to three experimental treatments to
adjust the pH. At the beginning of Phase Oxic I, pure calcite (CaCOs,
EMSURE® Reag. Ph Eur) was applied to the soil at the rates of 12.5 and
25 mg g~ ' (dry mass basis) by pipetting either 10 mL of 0.125 M CaCO5
or 10 mL of 0.25 M CaCOs as a solution into the soil in the low lime and
high lime treatments, respectively. The control treatment was established
with no added lime by pipetting a volume of 10 mL. MQ water into the
soil. The calcite additions were based on the pre-tests of lime requirement
in all studied horizons of AS soil (see Supplementary materials). The target
soil pH in the high lime treatment was pH 7.

A total of 96 soil samples (set 1) were used for the weekly measurements
of oxic N,O and CO, production during Phase OxicI at days 0, 7, 14, 21, 28,
35, 42, 49 and 56 followed by the measurement of anoxic N,O and CO, pro-
duction during the 72-h Phase Anoxic II (Fig. 1). Another 96 soil samples
(set 2) were similarly incubated but without gas production measurement
during Phase Oxic I in order to be able to determine the total denitrification
by the acetylene (C;H) inhibition method during Phase Anoxic II (see
section 2.3). In addition, during Phase Oxic I, a separate set of 96 soils
samples (set 3) (Fig. 1) was incubated separately to monitor soil pH with
time at 7-day intervals.

2.3. N0 and CO, production determination

To determine the oxic gas production rates, the headspace of bottle was
first flushed with compressed air, then the bottle was capped gastight with
a butyl rubber septum until the gas samples were collected from the head-
space after 24 h. A 9-mL gas sample was drawn within 10 s from the
headspace of the incubation bottle using a gas-tight syringe and transferred
into a He-flushed and pre-evacuated 3-mL Exetainer® vial capped with a
double-wadded (PTFE/silicon-butyl) septum (VC329, Labco, UK). The
gaseous composition of samples was determined by a gas chromatograph
(Agilent Technologies 7890B GC custom, Santa Clara, CA, United States) con-
nected to an autosampler and equipped with gas sampling valves and TCD,
FID and ECD detectors. The air pressure in the headspace was monitored
with a pressure meter (Tensimeter, Soil Measurement Systems, CA, United
States) at each sampling to calculate the true gas concentration in the head-
space, ¢ = Cs X Pns/Po, Where py is the pressure in the headspace, py is the
normal atmospheric pressure, and c; is the gas concentration of sample at p,.

The gas production rates Fyyo and Fcos were calculated from the
change of gas concentration in the headspace with time by using
Egs. (3) and (4). The N,O and CO, production rates were corrected for air
temperature during the measurement and presented as [ug kg~ ' h™']

Ac/At x (V + Vyap) x M

3
md XMvcorr ( )

Fnoo or cor =

where Ac/At is the temporal rate of concentration change in the headspace
[LL™*h™11; V is the volume of the headspace [L]; V,, is the volume of water

Table 1

Selected physical and chemical properties® of AS soil at Patoniitty and the non-AS soil at Alaniitty in Helsinki.
Horizon  Depth Bulk density pH pH sSoC TN C/N NOs3 -N NH; -N

(cm) (gem ™) (Fresh)” (Incubated)® (Soil organic carbon) (%)  (Total nitrogen) (%) (Nmgkg™) (Nmgkg™h)

AS soil
Apl 0-22 0.85 + 0.01 5.64 = 0.005 5.57 *+ 0.05 4.60 + 0.01 0.38 + 0.002 12.25 £ 0.11  27.76 = 1.73 2.18 + 0.57
Bgl 31-47 1.00 = 0.01 4.15 £ 0.03 3.98 £ 0.005 1.89 * 0.06 0.17 £ 0.007 10.87 £ 0.81 7.7 £0.21 3.82 = 1.56
BC 66-115 0.64 + 0.005 3.38 = 0.04 3.08 = 0.03 2.13 £ 0.01 0.21 + 0.002 10.12 + 0.03 0.11 £ 0.11 10.77 = 2.08
C 115-135  0.54 = 0.01 6.51 + 0.10 4.28 + 0.06 2.67 + 0.01 0.29 + 0.004 9.24 + 0.09 0.005 *= 0.0001 13.28 = 1.97
Non-AS soil
Apl 0-20 1.03 = 0.02 6.30 = 0.03 6.46 = 0.05 2.69 = 0.04 0.23 + 0.003 11.83 + 0.04 20.79 = 1.39 1.79 = 0.58
Bgl 31-68 0.97 + 0.01 7.46 + 0.02 7.45 + 0.02 0.33 + 0.001 0.02 + 0.002 15.85 £+ 1.26  5.67 + 0.34 0.42 + 0.20
BC 78-115 1.01 = 0.02 7.68 + 0.05 7.76 = 0.03 0.23 + 0.001 0.014 = 0.0002 16.43 £ 0.28  2.08 + 0.26 3.64 = 1.72
C 133-153 0.81 + 0.005 7.22 = 0.02 7.30 = 0.02 0.52 + 0.004 0.03 = 0.0001 16.61 + 0.30 0.1 = 0.07 0.22 = 0.10

# Means + standard errors (n = 4).
b Fresh pH refers to the pH of soils without aerobic incubation.
¢ Incubated pH refers to the pH of soils after Phase Oxic I (56 days).
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Set 1: 96 soil samples for the weekly measurements of
production of N,0 and CO, in oxic conditions

Set 2: 96 soil samples for future anoxic incubation with C,H,.
Incubated as Set 1. No oxic measurements

Mineral N
Set 3: 96 soil samples for weekly pH measurements <
Carbonates
Weekly monitoring of pH, N,0 and CO, production

Phase Oxic |

Set 1: 96 soil samples for the production of N,0 and CO, in
anoxic conditions
— Set 2: 96 soil samples for total denitrification by acetylene
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< Mineral N

SOC, TN

Mineral N
< SOC, TN

inhibition method under anoxic conditions

N,O, CO, productions were measured at 2, 24, 48, 72 hr

Phase Anoxic Il

e

| l

0 56

Days after the beginning of oxic incubation

02h 24h

I |

56 57 58 59

Hours after the beginning of anoxic incubation

Fig. 1. Time sequence of the oxic incubation (day 0-56) and anoxic incubation (day 56-59). A total of 288 soil samples were adjusted to 70 % WEFPS at the beginning of
incubation (2 sites X 4 horizons X 3 lime treatments x 4 replicates X 3 sets). The three lime treatments (CaCO3) including unlimed control, low lime (12.5 mg g’l) and

high lime (25.0 mg g~ ') were applied at the beginning of Phase Oxic I.

in the soil sample [L]; ap is the Bunsen's gas solubility coefficient (ap =
0.629 for N,O and ap = 0.942 for CO, at 20 °C); mq is the dry mass of
soil (g); M is the molar mass of gas (12 g mol ! for CO,-C and 28 g
mol ! N;O—N). MV, is the temperature-corrected molar volume of
ideal gas [m> mol ']

(4)

. [2BBA5+T
MV ey = 0.02241 m® mol ™" x <7+>

273.15

where T is air temperature during the measurement [°C] and 0.02241 m®
mol ! is the molar volume of an ideal gas at the standard conditions of
1 atm (1013.25 hPa) and 273.15 K.

Cumulative N,O (ug N,O-N kg~ 1) and CO, (mg CO,-C kg~ 1) produc-
tion were calculated with the trapezoidal rule for the production rates
(ng kg~ * h™ 1) of all individual sampling data during the incubation period
(56 days). The cumulative GHG production rate as CO»-equivalents (CO,-
eq) was calculated as the sum of CO, and N,O with a global warming poten-
tial of 298 used for converting N,O to CO,-eq. CH4 production was also
measured but the results were always zero or very low (data not shown).
For this reason, the sum of N,O and CO, refers essentially to the sum of
all GHGs in our study.

In Phase Anoxic II (after Phase Oxic I), the soil samples from the sets 1
and 2 were incubated for a further 72 h under anoxic conditions at 70 %
WEFPS to support denitrification (Fig. 1). The C,H, inhibition method was
used to block the reduction of N,O to N, for the determination of the
total denitrification (N,O + N,) (Nadeem et al., 2013; Yoshinari et al.,
1977). The soil sample sets of 1 and 2 were capped with a butyl rubber
septum and evacuated, and the air in the headspace was replaced with N»
(set 1) or N, + 10 kPa C,H, (set 2) to achieve strictly anoxic conditions.
Soil sample sets of 1 and 2 were incubated simultaneously. Anoxic gas pro-
duction was measured by sampling the headspace at 2, 24, 48 and 72 h
after closing the bottle, applying the Egs. (3) and (4) for each time interval
(0-2, 2-24, 24-48 and 48-72 h) separately and summing up the contribu-
tions of time intervals.

2.4. Soil chemical and physical analyses
Soil analyses were performed with four replicates. The initial soil pH

and electrical conductivity (EC) were measured in a 1:2 soil:water suspen-
sion (w/v) (Rayment and Lyons, 2011) using a combination electrode and

a pH meter (SCHOTT GLAS Mainz CG-843) and an EC meter (Radiometer
Copenhagen, Meterlab CDM210, France).

Soil organic carbon (SOC) and total nitrogen (TN) contents were
analysed using the initial soil samples, and soil sample sets 1 and 2 after
Phase Anoxic II incubation. The analyses were done with oven-dried
(105 °C) samples by Dumas combustion with a TCN-analyzer (Leco,
CN828). Soil carbonate contents were determined by removing SOC by a
muffle furnace and determining the remaining C by Dumas combustion to
allow the calculation of the fractional conversion of carbonates (as detailed
in Supplementary materials).

Mineral N (NO3 -N and NH/ -N) contents were determined using the
initial soil samples, Phase Oxic I soil samples (set 3) and Phase Anoxic II
soils samples (set 1, 2 and 3) (Fig. 1). Samples used for mineral N determi-
nation were frozen immediately after sampling and stored at —20 °C before
analysis. Mineral N extraction was carried out by shaking a soil sample
(10 g dry mass of soil) and 40 mL of 2 M KCl solution in a 100-mL bottle
with an orbital shaker (180 rpm) for 2 h (Esala, 1995). NO5 -N and NH -
N were analysed colorimetrically with a Gallery Plus discrete analyzer
(Thermo Scientific).

2.5. Statistical analysis

The mean gas production rates in each horizon under different lime
treatments in the AS and non-AS soils were based on four replicates. The
cumulative N,O production (pg N,O-N kg~ 1) and the cumulative CO,
production (mg CO,-C kg™ ') during Phase Oxic I were calculated by
“area under the curve” analysis (trapezoidal method) with GraphPad
Prism 8.0. One-way analysis of variance (ANOVA) and a post-hoc Tukey's
test were conducted to detect significant differences (p < 0.05) in the
fractional conversion of carbonates, the cumulative gas production rates
(N0 and CO,) and the GHG production rates (as CO»-eq). All the analyses
were performed using GraphPad Prism 8.0.

3. Results
3.1. Soil pH, oxic N0 production and mineral N contents during Phase Oxic I
In the AS soil, the target pH of 7 was achieved within 2-3 weeks by all

low lime and high lime treatments, except for the low lime treatment in the
BC horizon in which pH peaked at 6.5 after 1 week and steadily decreased
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thereafter (Fig. 2a, c, e, g). In all horizons of the non-AS soil, the pH
exceeded 7 immediately after application of the lime treatments (Fig. 2b,
d, f, h).

The initial oxic N,O production rates in the unlimed AS soil decreased
with soil depth from 104 pg N,O-N kg~ ! h™?! in the Ap1 horizon to
0.13 pg N,O-N kg~ ' h ™! in the C horizon (Fig. 3 a, c, e, g). At the beginning
of the incubation, the N,O production rates in the low lime and high lime
treatments of the Ap1, Bgl and BC horizons were only 0.3 % and 0.15 %
(Apl, Fig. 3a), 77 % and 57 % (Bgl, Fig. 3c), and 19 % and 22 %

(a) (b)
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(BC, Fig. 3e), respectively, of those in the control treatment. In the C hori-
zon, however, the oxic N,O production rates in the low lime and high
lime treatments were both about 90 % higher than those in the control
(Fig. 3g). In the non-AS soil, the oxic N,O production rates in the Ap1,
Bgl and BC horizons were much lower than those in the AS soil in all treat-
ments (Fig. 3b, d, f). A decreasing temporal pattern of N,O production rates
and decreasing effects of lime additions were observed in Ap and C horizons
(Fig. 3b, h), whereas the patterns and effects were variable in the Bgl and
BC horizons (Fig. 3d, ).
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Fig. 2. Temporal variation of pH in the Apl (a, b), Bgl (c, d), BC (e, f), and C (g, h) horizons and lime treatments of the AS and non-AS soils during Phase Oxic I (56 days).

Values are the means and their standard errors (n = 4).
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Fig. 3. Oxic N,O production rate (ug N,O-N kg~ Th Y in the Apl (a, b), Bgl (c, d), BC (e, f) and C (g, h) horizons of the AS and non-AS soils during Phase Oxic I (56 days).

Values are the means and their standard errors (n = 4).

Similarly, the cumulative oxic N,O production in the Ap1, Bgl and BC
horizons of the AS soil during Phase Oxic I was higher in the control than
in the lime treatments (p < 0.05) (Table 2). The amounts of cumulative
N,O production in the low lime and high lime treatments of Apl, Bgl
and BC horizons were only 2.7 % and 1.8 % (Ap1), 62 % and 50 % (Bg1),
and 64 % and 66 % (BC), respectively, of those in the control treatment
(Table 2). In the C horizon, however, the cumulative oxic N>O production
in the low lime and high lime treatments was 136 % and 208 % higher

compared with the control, respectively (Table 2). Significant differences
in the cumulative N,O production were observed between all horizons.
The cumulative N,O production in the Ap1 horizon was always higher com-
pared to all other horizons (p < 0.05), followed by that in the C horizon in
the limed treatments. The N,O production in the BC horizon was generally
higher than that in the Bgl horizon (Table 2).

In the non-AS soil, the lime treatments decreased the cumulative oxic
N,O production in the Apl, Bgl and C horizons compared to the control
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Table 2
Cumulative N,O production and CO, production in different lime treatments and
horizons of AS and non-AS soils during Phase Oxic I (56 days).

Soil GHG Horizon  Control Low lime  High lime
Apl 9452.4%A 256.4°* 171.74
. Bgl 80.9%¢ 50.0°° 40.8°
AS soil BC 117.1% 74.4% 76.9C
N,O production C 46.7°P 111.8"8 142.2%°
(ugN,O-Nkg™')  Apl 1320.6™ 140.6%* 167.2
) Bgl 35.6%C 17.5°¢ 16.2°¢
Non-AS soil BC 11.1%° 12.5% 13.3%
¢ 431.9°® 35.4"8 26.7°¢
Apl 636.0°* 977.6* 675.8"*
AS soil Bgl 116.6% 314.3"¢ 2551
sot BC 717°¢  160.0°  142.4
CO, Production C 144.9°® 482.5"® 419.6™®
(mg CO,-Ckg™")  Apl 693.1%* 639.4"* 678.4%
. Bgl 21.8 41.32¢ 30.6"¢
Non-AS soil BC 5.1°P 16.5% 16.8°0
¢ 57.75%  83.3%® 74.4%8

Different small letters within each row indicate significant differences between the
lime treatments. Different capital letters within each column of N,O production and
CO,, production in the AS soil and non-AS soil, respectively, represent significant
differences between different soil horizons (one-way ANOVA, Tukey test,
p<0.05n = 4).

(p < 0.05) (Table 2). The low and high lime treatments decreased the cumu-
lative N,O production by 89 % and 87 % in the Ap1 horizon, by 51 % and
55 % in the Bgl horizon, and by 92 % and 94 % in the C horizon, respec-
tively, while in the BC horizon, they increased it by 13 % and 20 % com-
pared to the control (Table 2). Significant differences in the cumulative
N,O production were observed between all horizons, with the rates
decreasing in the order of Apl > C > Bgl > BC horizon in all treatments.
Nevertheless, in a given horizon and treatment, the cumulative N,O
production in the AS soil was always larger, and in most cases even several
times larger, than that in the non-AS soil (Table 2).

In both AS and non-AS soil, the NO5 -N content decreased with time
in the Ap1 and Bg1l horizons, and increased with time in the BC and C
horizons, in all treatments during the oxic incubation (Table S5). In the
AS soil, NH -N increased with time in all horizons and treatments, whereas
in the non-AS soil, NH; -N increased in the Ap1, Bgl and C horizons but
decreased in the BC horizon (Table S5).

3.2. Oxic CO, production during Phase Oxic I

In all horizons of the AS soil, the oxic CO, production rate during Phase
Oxic I was much higher in limed soils than in unlimed soils (Fig. 4a, c, e, g).
The CO, production rate in the lime treated soils decreased significantly
during the first 14 days and then decreased more slowly or stabilised in
the Apl, Bg and BC horizons (Fig. 4a, c, e), whereas in the C horizon,
following an initial decrease, the CO, production rate increased slightly
after day 14 (Fig. 4g). In the Bgl, BC and C horizons of the non-AS soil,
the CO, production rate in the low and high lime treatments were higher
than that in the control treatment, especially during the first week of incu-
bation (Fig. 4d, f, h), whereas the CO, production in the Apl horizon was
similar in all treatments. The CO, production rate in the AS soil was
much higher than that in the non-AS soil (Fig. 4).

In the AS soil, lime treatments in most cases increased cumulative oxic
CO, production compared to the control (p < 0.05) (Table 2). As compared
to the control treatment, the cumulative CO, production in the low and
high lime treatments were 50 % and 6 % higher in the Ap1 horizon, and
170 % and 120 % higher in the Bgl horizon, 120 % and 100 % higher in
the BC horizon, and 230 % and 190 % higher in the C horizon, respectively
(Table 2). Significant differences in the amount of cumulative oxic CO,
production were observed between all horizons before and after lime treat-
ment, with the highest cumulative oxic production in the Ap1 horizon, and
the lowest in the BC horizon (Table 2).
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In the Bgl, BC and C horizons of the non-AS soil, higher cumulative oxic
CO, production was observed in the limed treatments compared with the
control (p < 0.05), whereas liming did not increase CO, production in the
Ap1 horizon (Table 2). Compared to the control treatment, the amounts
of cumulative CO, production were 90 % and 40 % higher in the Bg1 hori-
zon, 220 % and 230 % higher in the BC horizon, and 40 % and 30 % higher
in the C horizon, respectively (Table 2). The cumulative CO, production
was significantly different between all horizons in a given lime treatment,
with the amounts decreasing in the order of Apl > C > Bgl > BC
(Table 2). There was much higher cumulative oxic CO, production in the
Bgl, BC and C horizons of AS soil compared to the respective horizons of
the non-AS soil in a given lime treatment (Table 2).

3.3. Anoxic N0 production, total denitrification and mineral N contents during
Phase Anoxic II

In the AS soil, significant differences in the cumulative anoxic N,O pro-
duction were observed between all horizons (Table 3). The low lime and
high lime treatments decreased the cumulative anoxic N,O production by
86 % and 94 % in the Ap1 horizon, by 91 % and 78 % in the Bg1 horizon,
but increased it in the BC and C horizons by a factor of 3 and 2, respectively
(Table 3). In the non-AS soil, the lime treatments significantly decreased the
cumulative anoxic N,O production in all horizons (Table 3). The cumula-
tive anoxic N,O production in the low and high lime treatments of Ap1,
Bgl, BC and C horizons were only 34 % and 14 % (Ap1), 31 % and 33 %
(Bgl), 37 % and 24 % (BC), and 43 % and 81 % (C), respectively, of
those in the control treatment (Table 3).

The lime treatments significantly increased the total anoxic denitrifica-
tion (N,O + N, production) in all horizons of the AS soil (Table 3). The
total denitrification (NoO + N) in the low lime and high lime treatments
of the Ap1, Bgl, BC and C horizons were 0.9 and 1.7 times higher (Ap1),
6 and 9 times higher (Bgl), 1.4 and 4.7 times higher (BC), and 28 and
64 times higher (C), respectively, than those in the control treatment
(Table 3). Significant differences in the total denitrification (NoO + N)
were observed between the control and lime treatments of the non-AS
soil as well (Table 3). In the non-AS soil, the total denitrification (N,O +
Ny) in the low and high lime treatments of Apl and C horizons were
140 % and 150 % higher (Apl), and 30 % and 80 % higher (C), than
those in the control. In the Bgl and BC horizons, however, the lime treat-
ments decreased total denitrification or had no effect (Table 3). The cumu-
lative anoxic N,O production and total denitrification (NoO + N,) were
higher in the Ap1 horizon compared with all other horizons in all treat-
ments (p < 0.05) (Table 3). The total denitrification (NyO + N,) in the
Apl horizon was higher than that in all other horizons in all treatments of
both AS and non-AS soils (p < 0.05) (Table 3). Lime treatments significantly
decreased the product ratio of denitrification (N,O /N,O + N,) in all
horizons of both the AS soil and non-AS soil (Table 3).

During Phase Anoxic II, NO3 -N content decreased in all treatments and
horizons of AS and non-AS soils regardless of C,H, addition (Table S6). In
the AS soil, NH -N content mostly increased in all treatments and horizons
both with and without C,H, (Table S6). In the non-AS soil, NH -N content
generally decreased in the Apl and Bgl horizons, and increased in the BC
and C horizons, in all treatments regardless of C,H, addition (Table S6).

3.4. Anoxic CO; production during Phase Anoxic II

In the AS soil, the low and high lime treatments increased the cumula-
tive anoxic CO,, production in all horizons (p < 0.05) (Table S9). The cumu-
lative CO, production in the low lime and high lime treatments of Ap1, Bg1,
BC and C horizon were 9 % and 12 % higher (Ap1), 140 % and 160 %
higher (Bg1), 28 % and 33 % higher (BC), and 90 % and 80 % higher (C),
respectively, than that in the control treatment (Table S9).

In the non-AS soil, the lime treatments increased the cumulative anoxic
CO,, production in the Bgl and C horizons (p < 0.05), but no significant
increases were observed in the Apl and BC horizons (Table S9). The cumu-
lative anoxic CO, production in the low and high lime treatments in the Bgl
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horizon were 26 % and 23 % higher, and those in the Bg1 horizon 70 % and 3.5. Oxic and anoxic GHG production based on CO5-eq

50 % higher, respectively, than those in the control treatment (Table S9).

The cumulative CO, production in the Ap1 horizon was significantly higher During Phase Oxic I, the total oxic GHG production (N5O + CO, as CO»-
than that in all other horizons in both the AS and non-AS soils (Table S9). eq) in the lime treatments was lower than that in the unlimed control
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Table 3

Cumulative N,O production, total denitrification and the product ratio of denitrifi-
cation in the different lime treatments and horizons of AS and non-AS soils during
Phase Anoxic II (72 h).

AS soil Horizon Control Low lime High lime
Cumulative Apl 183.9% 25.4°4 11.8®
ve Bgl 74.1°® 6.7 16.3**
N,O production cC bB aA
1 BC 3.1 5.3 18.8
(hg N20-Nkg™ ) C 0.8°° 1.2 2.1¢
cA bA aA
Total denitrification ][3\:11 ;Z;?B ;zf‘bs 2322&
(N20 + No) BC 117 283%P 6670
(kg N20-Nkg ™) c 15 435" 975%
) Apl 0.08°* 0.005" 0.002<¢
Product Ratio Bgl 0.20°® 0.003%C 0.004®
of Denitrification BC OIOB“C OIOZbA 0.03aA
(N20/N20 + Np) omac "00obC 0095C
C 0.05 0.002 0.002!
Non-AS soil
Cumulative Apl 156.1%4 53.1° 22.3%
ve Bgl 24.9%C 7.7%¢ 8.3
N20 production BC 35.8%8 13.3%8 8.78
(pg NoO-N kg™ ) C 5.620 9.4bD 4.5C
CcA bA aA
Total denitrification g;ll ;23; ;Z;}‘)‘B 223?}3
(N,O + Ny) ac bC aC
(4 N2ON kg~1) BC 77 34 82
Hg Na C 20°P 27D 362°
) Apl 0.14°¢ 0.02°¢ 0.008¢
Product Ratio ngl 0.073° 0.03°C 0.02C
‘(’;Dc‘;‘;\;rg‘fti\?“) BC 0.47% 0.40% 0.11%
S > C 0.28%% 0.09°® 0.13"

Different small letters within each row represent significant differences between the
lime treatments. Different capital letters within each column represent significant
differences between different soil horizons (one-way ANOVA, Tukey test,
p<0.05n = 4).

treatment, but only in the Ap1 horizon of AS soil (p < 0.05) (Fig. 5a). In the
non-AS soil, the amount of total GHG production was not different between
the lime treatments in most horizons (p > 0.05) (Fig. 5c), but liming
decreased the proportion of N,O in the GHG production in most horizons
at both sites (p < 0.05) (Fig. 5e, g).

During Phase Anoxic II, the total anoxic GHG production (as CO»-eq) in
the lime treatments was significantly lower than that in the unlimed control
in the Ap1 horizon of the AS soil (Fig. 5b), and in the Ap1 and BC horizons
of the non-AS soil (Fig. 5d). Liming also significantly decreased the propor-
tion of N,O in the total GHG production in the Ap1, Bg1 horizons of AS soil
(Fig. 5f), and in all horizons of the non-AS soil (Fig. 5h).

4. Discussion
4.1. Effects of liming on the oxic production of N,O

Liming of soil to pH 7 or above clearly decreased the cumulative oxic
production of N,O in the Apl, Bgl and BC horizons in the AS soils. The
acidic conditions represented a constraint on the reduction of N,O to N,
(Qu et al., 2014; Simek et al., 2002; Thomsen et al., 1994) in the Apl,
Bgl and BC horizons of the AS soil where the initial soil pH was in the
range of 3.4 and 5.6. For this reason, the decrease of oxic N,O production
by liming can be mainly attributed to higher soil pH which increases the
activity of N,O reductase and thus causes a more rapid conversion of N,O
to N5 (Guo et al., 2014). The results also agree with those by Shaaban
etal. (2019) and Zurovec et al. (2021) who reported that liming can greatly
decrease N,O production and emissions through increased soil pH.

Contrary to the other AS soil horizons, liming was inefficient in decreas-
ing the oxic N,O production in the C horizon, where liming instead
increased N,O production. This can be explained by enhanced microbial
activity, as indicated by the increased CO, production by liming, which
likely also increased N,O production by both nitrification and denitrifica-
tion. In addition, soil structure and texture are also known to influence
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N,O emissions (Chapuis-Lardy et al., 2007). Due to the massive structure
of C horizon, it is possible that the added lime suspension was distributed
less evenly into contact with the soil in the C horizon than in the other
horizons which had more developed, aggregated soil structure. Moreover,
at the time of the highest N>O emissions at the beginning of oxic incubation,
the soil pH of 6.5 in the C horizon of the unlimed treatment was similar to
the soil pH in the limed treatments of Ap1 horizon, and only decreased to
low pH levels later during the oxic incubation. These factors may have
decreased the efficiency of liming to mitigate the oxic production of N,O
in the C horizon of the AS soil.

In the Ap1 and Bgl horizons of the AS soil, the initial large amounts of
NOj -N (27.8 mg kg~ ! in the Ap1 and 7.7 mg kg~ in the Bg1) may have
originated from the mineralization of soil organic matter and nitrification
(Yli-Halla et al., 2020). The decreasing N,O production rate in all horizons
and treatments of the AS soil over time during Phase Oxic I was probably
due to the gradual depletion of NO3 -N. We attributed this decrease in
NO; -N content in the Apl and Bgl horizons to denitrification within
anaerobic microsites of soil aggregates, which have been demonstrated to
occur frequently, even in apparently oxic soils (Stevens et al., 1997), and
to the immobilization of N (Case et al., 2015) into the microbial biomass,
as there was no leaching from the incubation vessels. Nitrification and
denitrification are known to occur concurrently in aerobic and anaerobic
microsites in well structured soils (Ball, 2013). N,O can be produced by
nitrification, when the supply of O, is limited by diffusional constraints
and the nitrifying bacteria reduce NO5 -N to N,O (Bollmann and Conrad,
1998), as well as by denitrification in anoxic microsites at high soil mois-
ture contents (> 70 % WPFS) (Dobbie and Smith, 2001).

In addition, microbial immobilization of N can decrease the amount of
NO3 -N and NH -N in soil and convert them into organic forms of cellular
components, such as proteins and amino sugars (Brady and Weil, 2016).
As liming increased microbial activity (CO, production) in the limed AS
soil horizons at the beginning of Phase Oxic I, the enhanced microbial
growth could have caused some immobilization and contributed to the
decrease of NO3 -N as well. However, immobilization of N into microbial
biomass did not cause net depletion of NH -N in soil as the net ammonifi-
cation and net N mineralization during Phase Oxic I were positive, most
likely due to high decomposition of organic matter in oxic conditions.

In the BC and C horizons of AS soil, the pool of NO3 -N increased with
time. The initial amounts of NH{ -N in the BC and C horizons were very
high, and the large increases in NH4 -N in all horizons during Phase Oxic
I indicated mineralization of organic N to NH . Oxic conditions promoted
oxidation of NHJ -N to NO3 -N by nitrification that likely also produced
some N,O as a by-product. Nevertheless, the fact that liming significantly
decreased N,O production suggested that the pH-sensitive N>O reductase
enzyme played an important role, and that N,O was likely produced
in anoxic microsites by coupled nitrification and denitrification
(Ball, 2013; Simek et al., 2011; Smith et al., 2003). As aerobic and anaero-
bic zones can develop even within the same aggregate in soil, coupled
nitrification/denitrification can become the main contributor to N,O
production at high soil moisture contents (Kremen et al., 2005; Stevens
et al., 1997).

The AS soil had a much higher cumulative oxic N,O production com-
pared with the non-AS soil in nearly all soil horizons and lime treatments,
which can be attributed to its higher contents of mineral N (NO3 -N +
NH; -N). It was only in the unlimed C horizon of the non-AS soil where
the cumulative oxic N,O production was larger than that in the AS soil.
Slightly higher bulk density, pH and NO3 -N content in the non-AS soil com-
pared with AS soil may have contributed to this exception, even if the
underlying reasons remain uncertain and a possible topic of future research.
Nevertheless, our results are generally in agreement with recent studies
that have indicated larger N,O emissions from AS soil than from non-AS
mineral soils in Finland (Simek et al., 2011; Simek et al., 2014; Yli-Halla
et al., 2020) and Australia (Galbally et al., 2010; Macdonald et al., 2008).
Our results support the view that NO3 -N and NH4 -N were important
factors affecting oxic N,O production and emissions from AS soils through
nitrification and denitrification.



C. Xuetal

Oxic (56 days)

GHG production (mg CO,-eq. kg™') |
in AS soil
4000

0 2000

6000

8000

a
Ap1

Bg1

BC

GHG production (mg CO,-eq. kg')
in non-AS soil
1000 2000

(c) (d)

3000 8000

(e) N,O in AS soil (% of GHGs,CO,-eq.) (f)

0 20 40 60 80
a
Ap1 ll; Ap1
c b 2
Bg1 Bg1
Q b
=
a
£ BC b BC
a
C aa C
(g) N,O in non-AS soil (% of GHGs,CO,-eq.)
0 1 2 3 4 5

Ap1

Bg1

Horizon

BC

|
b)

Science of the Total Environment 857 (2023) 159505

0

Anoxic (72 h)
GHG production (mg CO,-eq. kg™) |
in AS soil
50 100 150 200 250
Il Control
Low lime
Il High lime

GHG production (mg CO,-eq. kg™)
in non-AS soil

50 100 150 200 250

N,O in AS soil (% of GHGs, CO,-eq.)

10 15 20 40 80

. a

I 2

(h) N,0 in non-AS soil (% of GHGs, CO,-eq.)

20 40 60 80
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4.2. Effects of liming on the anoxic production of N0 production and denitrification
Lime treatments decreased the anoxic production of N,O in the Apl and
Bg1 horizons of the AS soil, and in all horizons of the non-AS soil. However,

exceptions were the BC and C horizons of AS soil. In these subsoil horizons,

10

liming proved inefficient in decreasing anoxic N,O production but instead
increased it. In the low lime treatment of the BC horizon, the results
could be partly explained by the fact that the lime addition was too low
to efficiently counteract the acidification of soil during Phase Oxic I. By
the beginning of Phase Anoxic II, soil pH had decreased to 5. Low soil pH
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may thus have limited the reduction from N,O to N5, which may partly
explain why liming was not efficient to reduce anoxic N,O production by
liming in the low lime treatment in the BC horizon. Similarly, the massive
structure of C horizon may have constrained the even contact of added
lime with soil and thus reduced the lime efficiency. This was not the case
for the high lime treatment of the BC horizon, where soil structure was
not massive and the soil pH remained above 7 in Phase Anoxic II. However,
this does not explain why liming increased the anoxic N,O production in
the BC and C horizons, which is discussed in more detail below.

The net N»,O production by denitrification is determined by the rate of
total denitrification and the share of N,O in the end products (the product
ratio of denitrification). Even if total denitrification activity increases, the
amount of N,O produced relative to N, usually decreases with increasing
soil pH (Simek and Cooper, 2002). Thus, any liming-induced increase in
the N,O production, such as that in the BC and C horizons of the AS soil
during Phase Anoxic II, indicates that liming induced a larger increase in
the total denitrification than in the NO reduction. In contrast, any
liming-induced decrease in the N,O production indicates that the increase
in the N»O reduction was larger than that of total denitrification.

In the AS soil, both lime treatments decreased the anoxic product ratio
of denitrification N,O/(N>O + N») in all horizons of AS soils, except for the
high lime treatment in the BC horizon. This supports the view that higher
soil pH stimulated the activity of N,O-reductase (Cuhel and Simek, 2011)
and agrees with the currently established view that the decrease of product
ratio N;O/(N,O + Nj) with increasing pH can be explained mainly by the
pH-sensitivity of N,O reductase enzyme. This enzyme is known to be
inhibited by low pH (Liu et al., 2010; Qu et al., 2014; Simek et al., 2002;
Thomsen et al., 1994). Similarly, Liu et al. (2010) showed a strong negative
correlation between soil pH and N,O/(N,O + N,) within a pH range of
4-7 in long-term lime experiments in peat and clay loam soils.

Soil pH not only affected the product ratio of denitrification but also the
rate of total denitrifying activity by controlling the composition and activity
of the denitrifying microbial community. Low soil pH limits the availability
of organic C and mineral N to denitrifying bacteria (Bakken et al., 2012;
McMillan et al., 2016), thus reducing their growth and activity.

In all horizons of the AS soil, liming increased total anoxic denitrifica-
tion (N;O + N,) compared to the respective horizon of the unlimed control
soil. In the non-AS soil, however, this only occurred in the Ap1 horizon with
the lowest soil pH (6.3). The initially high soil pH (above 7.2) probably
decreased the lime effects on N»O + N, in the Bgl, BC and C horizons of
the non-AS soil. Liming had raised the soil pH to the range of 7.0-8.0, the
range at which total denitrification (N,O + Ny) is generally considered to
be the highest (Van Cleemput et al., 1975).

Total cumulative anoxic denitrification (N;O + N,) in the AS soil was
always higher than that in the respective horizon of the non-AS soil irre-
spective of the lime treatments. This can be attributed to the higher total
N and initial mineral N (NO3 -N and NH, -N) contents in the AS soil hori-
zons compared with the non-AS soil. Large amounts of bioavailable N are
known to favour denitrification and enhance the production of N,O and
N, under anaerobic conditions. Earlier studies on N,O in AS soils have indi-
cated that the presence of large amounts of NO3 -N and NH,/ -N in AS soils
can cause large emissions of N,O under anaerobic conditions (Cuhel and
Simek, 2011; Denmead et al., 2010; Denmead et al., 2011).

4.3. Effects of liming on the oxic and anoxic production of CO,

Liming significantly increased the cumulative CO, production com-
pared to the unlimed control in the AS soil in both oxic and anoxic condi-
tions. Part of the CO, may have originated directly from the conversion of
carbonates in lime (CaCO3) to CO,, with neutralization. Page et al. (2009)
and Grover et al. (2017) also reported that raising the soil pH with the
dissolution of lime can concurrently contribute to the release of CO, from
soils. In our study, however, nearly all added lime had reacted in the soil
by the end of the oxic and anoxic incubations, as the fractional conversion
of carbonates always exceeded 90 % (Table S2), but even the largest differ-
ences in the total cumulative CO5 production between the limed and
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control treatment (about 340 mg CO,-C kg~ ") were only a small fraction
of the amount of added carbonate C (1500 or 3000 mg CO,-C kg_l).
Thus, during the incubation, much of the dissolved carbonate must have
remained in the soil. In the limed treatments, most of the added carbonates
probably remained in porewater as dissolved bicarbonate, which is the
dominant carbonate species in the circumneutral pH range.

Liming may have also increased the availability of organic carbon and
nitrogen to the microbes which were initially limited by low soil pH in
the AS soil (Zelles et al., 1990). Lime additions increased the biological
activity in soil and therefore the CO, production by soil respiration in the
same manner as in other studies (Badalucco et al., 1992; Biasi et al.,
2008). In the non-AS soil, however, the effects of liming on the cumulative
CO,, production were less pronounced as the initial pH of non-AS soil was
already above 6.3 in all horizons.

There was a significant difference in the cumulative oxic production of
CO,, between all horizons irrespective of lime treatment in the AS soil
(Table 2). The oxic CO, production was highest in the Ap1l horizon,
decreased rapidly with soil depth in the BC horizon, but then increased
again in the C horizon. This confirmed the pattern observed in an earlier
study with the AS soil from the same site (Simek et al., 2011). Abundant
carbon stocks in the top horizon (Ap1) and deep horizon (C) provided easily
available substrates for enhanced microbial growth and respiration under
oxic conditions. This agreed with many earlier studies where high amounts
of organic carbon increased production of COs in soil (Bruce et al., 1997;
Gallardo and Schlesinger, 1994). The lowest oxic production of CO»
occurred in the BC horizon due to the low soil pH (3.4) that limited micro-
bial activity and CO, production. The cumulative oxic CO» production in
the subsoil horizons was higher in the AS soil than in the non-AS soil,
which can be attributed to the higher carbon stocks in the AS soil.

4.4. Effects of liming on the total GHG production based on CO2-eq

Proper evaluation of the atmospheric impacts of pH mitigation on the
total GHG production from soil in this study required taking into account
the different global warming potentials of GHGs and summing up the pro-
duction of all individual GHGs (as CO»-eq). Increasing soil pH by liming
caused opposite but varied effects on the oxic and anoxic GHG production
in the different soils and horizons of our study. Liming enhanced reduction
of N,O to Ny, decreased the anoxic product ratio of denitrification N,O/
(N2O+ Ny), which tended to decrease the net production of N5O, but this
was counteracted to varying extents by concurrently increased microbial
activity and denitrification, which tended to increase the total CO, and
N,O production. Contrasting responses of GHG production to liming were
found in different horizons of both AS and non-AS soils.

In terms of CO5-eq, liming caused a net reduction in the oxic and anoxic
production of GHGs only in the Ap1 horizons of both soils, and in the anoxic
production of GHGs in the BC horizon of the non-AS soil, even if liming
nearly always decreased the proportion of N,O in GHG production, exclud-
ing the C horizon and anoxic BC horizon in AS soil.

Conversely, liming of acid subsoil horizons often increased the GHG
production. In the BC horizon of the AS soil, liming concomitantly
increased both anoxic GHG and N,O production as well as the proportion
of N,O in the GHGs produced, whereas the product ratio of denitrification
was almost unchanged. This result differed from all other horizons and may
suggest a contribution of a different mechanisms of GHG production
compared with the other horizons. It should be noted that in an earlier
study, the highest anoxic N,O production of all AS subsoil horizons was
found in the BC horizon (Simek et al., 2014). The mechanisms involved
require further research.

The results suggest that liming can successfully reduce GHG production
in AS soils by pH mitigation, provided that the topsoil dominates GHG
production of the soil profile. Nevertheless, even if liming of acid AS subsoil
horizons could reduce the proportion of N,O in GHG production, it seems
less efficient in reducing the total GHG production and involves the risk
of increasing the GHG production by enhanced microbial respiration and
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denitrification (Goulding, 2016; Wu et al., 2020). In the non-AS subsoils,
high initial pH probably reduced the effects of liming.

In our incubations, we used mechanically disturbed soil samples at a
constant soil moisture status (70 % WFPS) and at a higher temperature
than typical in the field. The conditions were selected so as to have optimal
conditions for oxic N,O production and for its mitigation by liming. In the
field, however, soil moisture content varies with time and soil depth. The
degree of saturation may often exceed WFPS 70 % in the BC horizon and ap-
proach saturation in the C horizon of AS soil. This may increase the contri-
bution of subsoil horizons to total GHG production in the soil profile.

On the other hand, the field temperatures in the subsoil horizons are
much lower than the room temperature in this study, so that microbial
activity and GHG production should be correspondingly slower in the
field. Time-series of soil temperature data at our study sites were unavail-
able, but the subsoil temperatures were available in a nearby clay loam
soil (Field Observatory, 2022), where the mean temperature at 100 cm
was 6.7 °C (min —0.1 °C, max 14.9 °C; 1 Jun 2021-31 May 2022). Accord-
ing to Yli-Halla and Mokma (1998), Finnish soils mainly belong to the cryic
temperature regime in Soil Taxonomy with the mean annual soil tempera-
tures at the depth of 50 cm ranging from 6.4 °C at the warmest sites to 1.9 °C
at the coldest sites. The mean annual soil temperatures are 2 °C to 5 °C
higher than mean annual air temperature and related to snow cover (Yli-
Halla and Mokma, 1998). Ground frost occurs typically from November/
December to April/May, with the average maximum depth of ground
frost of about 20 cm in southern Finland (Finnish Environment
Institution, 2022).

Moreover, if lime suspension is added into a structured subsoil through
subsurface drains in the field (Wu et al., 2015), such lime will only contact
the surfaces of the largest macropores and cracks in the subsoil. The
efficiency of such liming on CO, and N,O production in different soil
horizons and the contributions of different soil horizons to GHG emissions
in-situ remain areas for future research.

5. Conclusions

In this study, liming nearly always decreased oxic and anoxic cumulative
N,O production in all horizons in the AS soil, except for the BC horizon in
anoxic conditions and the C horizon in oxic and anoxic conditions. Liming
decreased N,O/(N,O + N,) in all horizons of both AS and non-AS soils
under anoxic conditions and supported the view that high soil pH stimulated
the activity of N,O-reductase. The higher cumulative oxic and anoxic produc-
tion of N,O and CO, in the horizons of AS soil as compared to those in the
non-AS soil agreed with their higher total carbon and nitrogen contents. Sig-
nificant lime-induced decreases in the total GHG production (as CO,-eq) were
observed only in the Ap1 horizon of AS (oxic and anoxic) and the Apl and BC
horizons of non-AS (anoxic) soils. The results suggest that liming can reduce
GHG production efficiently in topsoil by decreasing the product ratio of deni-
trification N,O/(N,O + N,) and, but not in subsoil. Liming of subsoil hori-
zons would not effectively decrease GHG production as it may increase CO5
production and total denitrification more than the reduction of N,O, and
can thus even lead to increases in the total GHG production. In the future,
long-term field studies are needed to evaluate the potential of liming of differ-
ent soil horizons as a pH-mitigating tool for N,O production and facilitating
the reduction of product ratio N,O/(N,O + N,) in-situ. At the same time,
the viability of lime to mitigate GHG emissions should also account for the
increased CO, emissions with lime application on agricultural land.
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