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A B S T R A C T

Vertical profiles of greenhouse gas (GHG) production and consumption within soils have not been carefully
quantified. The objective of this study was to quantify the depth-dependent contributions of CO2, CH4 and N2O
fluxes in the soil profile to soil surface gas exchange. We simultaneously measured the soil surface GHG emis-
sions and the subsurface fluxes (0–115 cm) in situ by using a static chamber-based method (CM) and a con-
centration gradient-based method (GM) respectively, over two-year period in a maize-based upland cropping
system in northern China.

We found that unfertilized maize-based farmland acted as CO2 sources and CH4 and N2O sinks. Soil surface
respiration was mostly contributed by the 0–15 cm horizon; while CH4 and N2O consumption originated from
the 0–40 and 0–15 cm soil horizons, respectively. Specifically, we revealed that the soil surface respiration was
contributed by the 0–5 and 5–15 cm horizons, accounting for 70.9 and 27.3% of the surface exchange, re-
spectively. The CH4 consumption at 0–5, 5–15 and 15–40 cm depths accounted for 54.1, 32.3 and 12.1% of the
surface exchange, respectively. And the N2O consumption at 0–5 and 5–15 cm depths accounted for 80.4 and
6.6% of the surface exchange, respectively. The subsoil below 15 cm acted largely as a CO2 buffer; the pro-
duction/consumption potentials of CH4 and N2O were very weak below 40 and 15 cm depths, respectively. In
conclusion, our results highlight that the topsoil (0–40 cm) plays a critical role in CO2 production and CH4 and
N2O consumption in an unfertilized maize-based farmland in Taihang mountain areas of northern China.
However, the mechanisms responsible for changes in stored greenhouse gas within soil pore space are not clear,
and further observational and experimental research is required to understand those processes.

1. Introduction

The production and consumption of greenhouse gases (GHGs) such
as CO2, CH4 and N2O in soils is directly related to soil processes and
climatic changes (Fest et al., 2009). The last 2 decades have seen an
upward trend in the number of publications referencing the closed
surface chamber technique for estimation of CO2, CH4 and N2O soil to
air fluxes (Livingston and Hutchinson, 1995; Mosier et al., 1998;
Valentini et al., 2000; Hütsch, 2001; Flessa et al., 2002; Guo and Zhou,
2007; Fest et al., 2009; Petersen et al., 2011; Banger et al., 2012; Fang
et al., 2014; Sanz-Cobena et al., 2012, 2014; Burgos et al., 2015). A fair
understanding of the GHG exchange between soil and atmosphere is
achieved from these studies, but information regarding the depth

distribution of GHG production/consumption patterns in soil profiles is
still lacking. It is mostly assumed that soil surface effluxes of CO2, CH4

and N2O are instantaneous soil emissions, thereby neglecting possible
changes in the volatile subsurface carbon (C) and nitrogen (N) pools.
However, the quantity of GHGs in soil air and in soil solution can
amount to several times those of the daily soil-surface emissions (Maier
et al., 2010; Wang et al., 2014). Thus, gaining a better understanding of
GHG production/consumption processes in soil profiles is an essential
step to accurately predict ecosystem C and N dynamics in response to
climate change. Consequently, detailed knowledge of the contributing
processes of subsurface GHG fluxes to surface exchange is crucial.

The production and consumption of GHGs in soils is related to en-
vironmental factors, microbiological processes and crop management
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practices (e.g., tillage, irrigation, fertilization) (Sanz-Cobena et al.,
2014). However, due to the complex interactions between GHG pro-
duction, consumption and transport in soil profiles, the relationships
between GHG fluxes and climatic factors are often confused by huge
spatial and temporal variations in emissions (Wang et al., 2013).
Therefore, it is essential to determine the role of each of these climate
factors in driving subsurface gas exchange processes. Furthermore,
subsurface processes exert a significant control on C and N dynamics
and hence on CO2, CH4 and N2O emissions from soil (Valentini et al.,
2000), but only a few investigations have determined CO2 (Tang et al.,
2003; Fierer et al., 2005), CH4 (Gebert et al., 2011) and N2O (Reth
et al., 2008; Nan et al., 2016) concentration gradients in soil profiles,
and few studies have reported simultaneous measurements of all 3
gases (Wang et al., 2013, 2014). Yet, very few studies have presented
results with an aim to quantify the intrinsic contributions of GHG fluxes
within soil to soil-surface gas exchange by using both a static chamber-
based method (CM) and a concentration gradient-based method (GM)
in situ, simultaneously. The CM that is used to measure soil-surface gas
emissions is based on the gas concentration measurement (collected
over a certain interval of time); and flux is calculated as a result of
concentration gradient over time (Livingston and Hutchinson, 1995).
Whereas, the GM that is used to measure GHG production/consumption
within soils is based on the measurement of transport-driving gas
concentration gradient; and flux can be calculated from the gradient of
gas concentration and the effective gas diffusivity of the porous medium
(Maier and Schack-Kirchner, 2014). Given this, we assume that under
the same management practices, climatic and soil conditions, the soil
surface GHG fluxes measured by the CM would be equal to those fluxes
in the soil profile simultaneously measured in situ by the GM. Since the
surface gas exchange measured by the CM can provide an integrative
estimate of net gas production/consumption in soil, we then hypothe-
size that the simultaneous in situ measurement of gas concentrations in
the soil profile and the calculation of those fluxes by using the GM may
decipher the intrinsic contributions of profile fluxes to surface gas ex-
change. However, there is still a lack of experimental evidence to
support this assumption. Moreover, the large-scale overexploitation for
farming is currently taking place in Taihang mountain areas of northern
China. Yet because of the climatic and geographical restrictions, the
rain-fed and low N farmland accounts for over 85% of the total arable
area in this region (Zhao et al., 2014). Furthermore, numerous studies
have emphasized that aerated and low-fertility soils act as net CH4 sink
(Steudler et al., 1989; Castro et al., 1994; Nakano et al., 2004; Hou
et al., 2012; Fang et al., 2014). Meanwhile, based on the laboratory
experiments of low-fertility soils, N2O consumption by low N and rain-
fed agro system has rarely been reported in the Taihang mountain re-
gion (Wu et al., 2013). However, direct evidence to show that these
uptakes are happening or not is still a major challenge.

In order to test the hypotheses, we simultaneously measured the
effluxes of soil surface CO2, CH4 and N2O by using the CM, and the
subsurface fluxes (0–115 cm) by using the GM in situ, from March 2012

to October 2013 in an unfertilized upland cropping system in Taihang
mountain area in North China. The objectives of this study were (1) to
characterize the spatial distributions of CO2, CH4 and N2O concentra-
tions in the soil profile, (2) to quantify the depth-dependent contribu-
tions of CO2, CH4 and N2O fluxes in the soil profile to soil surface gas
exchange, and (3) to evaluate the influence of environmental factors on
GHG fluxes in the soil profile.

2. Materials and methods

2.1. Site description

The study was conducted at the Taihang Mountain Ecosystem
Experimental Station (37°53′N, 114°16′E) of the Chinese Academy of
Sciences at an elevation range of 247 to 1040 m, with slopes in the
catchment ranging from 20 to 45°. The station is in the low mountain
hilly area of the middle Taihang mountains, on the North China Plain.
The climate is generally dry from October to May and rainy from June
to September. The mean annual temperature is 13.0 °C and the mean
annual precipitation is 560 mm of which about 77% typically occurs
from June to September. The soil is a sandy loam and classified as an
entisol (Soil Survey Staff, 2006). Soil characteristics of the experimental
field are listed in Table 1.

2.2. Experimental set up

Field measurements were conducted during the growing season,
from March to October in 2012 and 2013, in an unfertilized and rainfed
farmland planted with maize (Zea mays L.). The farmland has been in a
rotation with summer-maize and fallow and has not been fertilized
since 1986. Details on crop husbandry are presented in Table 2.

2.3. Gas flux measurements

Fluxes of soil surface CO2, CH4 and N2O were determined twice a
month by using a closed static chamber-based method (CM), with 4
replicates. Each chamber (30 cm× 20 cm × 30 cm) was placed on a
fixed framework between the maize rows, which was inserted ap-
proximately 5 cm into the soil with the above ground rim at about 5 cm
height. Chambers were placed on frameworks using a water seal to
prevent leakage during measurement. Gas samples were taken in the
field using 60 ml syringes (Dalian Delin Gas Packing Co., Ltd., China)
between 9:00 A.M. and 11:00 A.M. at 0, 10, 20 and 30 min after in-
itiating the measurement.

Fluxes of CO2, CH4 and N2O in the soil profile were simultaneously
determined in situ by using a concentration gradient-based method
(GM), with 4 replicates, following the procedure described by Wang
et al. (2013). Subsurface soil gas tubes were installed at depths of 5, 15,
40, 65, 90 and 115 cm, respectively (Fig. S1). These samplers were
constructed from polyvinylchloride tubes with a 2.5 cm inner diameter.
The lower part of each sampler was perforated and covered by a water
impermeable membrane, which only allowed soil air to diffuse into the
sampler from the surrounding soil. The samplers were connected to the
surface by microbore polytetrafluoroethylene (PTFE) tubing (inner
diameter 0.25 cm; outer diameter 0.30 cm) fitted with three-way
stopcocks (Fig. S1). The samplers were carefully inserted in the pre-
drilled holes, made by a 3.0 cm diameter hand auger. The spaces
around the tubes were backfilled with the soil in the same order as it
was dug out. Gas sampling started after 7 months of the installation of
these samplers. Gas samples were taken using the same plastic syringes,
with the attached three-way stopcocks connected to the tubes via PTFE
tubing at the soil surface (Fig. S1). Four samples of ambient air (0 cm)
were collected as well.

The gas samples were analyzed within 24 h of collection by a gas
chromatograph (Agilent GC-6820, Agilent Technologies Inc., Santa
Clara, CA, USA) with separate flame ionization and electron capture

Table 2
Crop management activities during the observation period.

Timing Crop management activities

Summer-maize growing
season

Fallow season

October 1, 2011 to June 1, 2012 – Fallow
June 1, 2012 Seeding –
August 20, 2012 Herbicide application –
October 10, 2012 Harvest –
October 10, 2012 to June 19,

2013
– Fallow

June 20, 2013 Seeding –
August 22, 2013 Herbicide application –
October 11, 2013 Harvest –
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detectors (FID at 200 °C and ECD at 330 °C) for CO2 (or CH4) and N2O,
respectively.

2.4. Environmental factor measurements

Alongside the measurements of soil surface GHG fluxes, soil tem-
perature was measured using geothermometers (liquid-in-glass), which
were installed at 3 cm soil depth. Soil water content (0–3 cm) was de-
termined by weighting samples before and after drying at
105 ± 0.5 °C. In the soil profile, soil temperature was measured by
using 6 CS107b soil temperature probes (Cambell Scientific Inc., Logan,
UT), which were installed at depths of 5, 15, 40, 65, 90 and 115 cm,
respectively. A neutron access tube (120 cm length) was installed in
each plot, and the soil water content of the profile was measured using
a neutron moisture meter. Daily rainfall, air temperature and baro-
metric pressure were recorded at a weather station at the experimental
site.

2.5. Soil analyses

Soil core samples were collected from different soil depths (0–5,
5–15, 15–40, 40–65, 65–90, 90–115 cm) in the farmland in October
2011 (prior to the study) and October 2013 (after the summer maize
harvest). Three different sub-samples, taken from a cross-section
around the soil auger, were mixed to make a specific representative soil
sample for each depth from each point. The samples were sealed in dark
plastic bags immediately after sampling and stored at 4 °C until NO3-N
and NH4-N determinations. The rest of the soil samples were air-dried
and ground to pass a 5-mm sieve, and visible roots were removed before
analysis. For measurement of soil chemical characters, the soil was
further ground to pass a 0.5-mm sieve.

Soil pH was measured in a suspension of 5 g soil with 25 ml distilled
water, 1 h following shaking. Soil particle size analysis was performed
using the Bouyoucos Hydrometer method (Bouyoucos, 1936). Soil bulk
density was determined by using the cutting ring method (Brasher
et al., 1966). And all analyses of soil chemical properties were based on
the standard methods for soil analyses described by Sparks (1996).
Results were expressed in terms of 105 °C oven-dried weight.

2.6. Calculation of GHG fluxes

2.6.1. Soil surface GHG fluxes
Soil surface fluxes of CO2, CH4 and N2O were calculated using the

following equation by Hutchinson and Livingston (1993):

⎜ ⎟= × ⎛
⎝ +

⎞
⎠

−F T
T T

P
P

ρH dC
dt

60 10 5 0

0 0 (1)

Here, F is the flux rate of GHG (mg m−2 h−1); ρ is the gas density at
T0 (273.15 K) and P0 (101.3 kPa), T is the air temperature inside the
chamber (°C), P is the air pressure of the experimental site (kPa), H is
the headspace height of the chamber (cm), t is the time for sampling
(min), C is the gas mixing ratio by volume (10−9), dC/dt is the increase
rate of gas concentration in the closed chamber (10−9 min−1).

Cumulative CO2, CH4 and N2O fluxes at the soil surface were esti-
mated from linear interpolation: we multiplied the mean values of CO2,
CH4 and N2O fluxes of 2 consecutive sampling dates by the interval
between sampling days and then calculated the sums over a time period
(Dobbie et al., 1999; Chatskikh and Olesen, 2007).

2.6.2. Subsoil GHG fluxes
Subsoil fluxes of CO2, CH4 and N2O can be estimated on the basis of

soil gas concentration gradients using Fick's 1st law:

= −q D δC
δzp (2)

Here q is the gas flux density (g gas m−2 soil s−1), Dp is the soil-gas
diffusivity (m3 soil air m−1 soil s−1), C is the gas concentration in the
air-filled pore space (μmol m−3), z is the distance between two soil
layers (m), δC/δz is the vertical soil gas gradient
(g gas m−3 soil air m−1 soil).

Dp can be estimated as

=D ξDp a (3)

where ξ is the gas tortuosity factor, and Da is the gas diffusion coeffi-
cient in the free air (m2 air s−1).

The variation of Da with temperature and pressure is given by

⎜ ⎟= ⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

D D T
T

P
Pa a

α

0
0

0

(4)

where T is the air temperature (K), P is the air pressure (kPa). Da0 a
reference value of Da at T0 (273.15 K) and P0 (101.3 kPa), and is given
as 0.139 cm2 s−1, 0.188 cm2 s−1, and 0.143 cm2 s−1 for CO2, CH4 and
N2O, respectively (Lerman, 1979; Pritchard and Currie, 1982). The
exponent α is 1.79 for CO2 and N2O, and 1.82 for CH4 (Pritchard and
Currie, 1982; Mast et al., 1998).

There are several empirical models used to determine ξ (Sallam
et al., 1984). We used the Millington-Quirk model (Millington and
Quirk, 1961):

= = − = −ξ ε E E
ρ
ρ

ε E θ/ 1 b

s

10/3 2

(5)

where ε is the soil air filled porosity (m3 air m−3 soil), and E is the soil
porosity (m3 voids m−3 soil), ρb is the dry bulk density (g m−3)
(Table 1), ρs is the average bulk density of surface soil (2.65 g m−3); θ is
the volumetric soil water content (VWC, %), which was measured by
using a neutron moisture meter.

Note that the rate of gas production/consumption in the soil profile
obtained in this study had the same unit of soil surface flux. Cumulative
gas fluxes in the soil horizons were calculated following the same
method described above.

2.7. Statistical analyses

Statistical analyses were performed using the SPSS software package
for Windows (Version 13.0, SPSS Inc., Chicago, USA). The significance
of differences in GHG concentrations and fluxes at the soil surface and
in the soil horizons was tested by one-way ANOVA followed by Fisher's
tests, and the standard error (SE) and least significant difference (LSD)
were calculated for comparison of means. The association between gas
concentration and soil gradient was evaluated by exponential regres-
sion on data averaged among replicates in the dry and wet seasons,
respectively. Simple linear regression was used to evaluate the re-
lationships between environmental variables and GHG concentrations
and fluxes separately. The differences were only considered significant
when p < .05. The Origin 8.0 software package (Origin Lab Ltd.,
Guangzhou, China) was used for the graphical outputs.

3. Results

3.1. Environmental conditions

Strong seasonal patterns in daily mean air temperature were clearly
evident, with monthly means ranging from −9.6 (December 2012) to
30.5 °C (August 2013) and annual means of 12.3 and 12.7 °C in 2012
and 2013, respectively (Fig. 1a). Strong seasonal patterns in soil tem-
perature were apparent at all gradients and mostly followed the air
temperature changes. At the soil surface, the soil temperature at 3 cm
depth ranged from 7.8 to 35.6 °C; in the soil profile, the soil tempera-
tures across all 6 layers ranged from 5.5 to 33.7 °C (Fig. 1b). The total
annual precipitation over the 2 years ranged from 418.7 to 616.5 mm,
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Fig. 1. Daily mean air temperature and daily sum of pre-
cipitation during the entire 2012 and 2013 period (a); soil
temperature (b) and soil volumetric water content (c) at
soil surface (0–3 cm) and various soil gradients (5–115 cm)
during the observational period; maize grain and straw
yields and their nitrogen concentrations (d). The legend is
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Table 3
Average concentrations and flux rates of CO2, CH4 and N2O within the soil profile.

Soil gradient (cm) Concentration Soil horizon (cm) Flux rate

CO2 (ppmv) CH4 (ppmv) N2O (ppbv) CO2 (mg CO2 m−2 h−1) CH4 (μg CH4 m−2 h−1) N2O (μg N2O m−2 h−1)

0 483 (10.1)g 2.09 (0.008)a 566 (5.69)d Soil surface 421 (7.72)a −106 (9.27)e −57.3 (1.27)e
5 1536 (25.6)f 1.71 (0.060)b 471 (2.24)e 0–5 315 (1.43)b −52.4 (3.34)d −42.0 (0.958)d
15 2813 (74.4)e 1.18 (0.108)c 465 (0.95)e 5–15 143 (2.24)c −35.9 (3.34)c −3.22 (0.221)c
40 6116 (52.5)d 0.436 (0.012)d 606 (13.9)c 15–40 120 (2.81)d −16.7 (2.51)b 5.47 (0.533)a
65 8016 (98.9)c 0.437 (0.021)d 654 (6.87)b 40–65 45.1 (1.04)e −0.112 (0.062)a 0.888 (0.164)b
90 9167 (59.9)b 0.379 (0.012)d 709 (18.3)a 65–90 43.8 (0.635)e −1.01 (0.148)a 1.58 (0.364)b
115 9559 (91.9)a 0.404 (0.015)d 702 (7.63)a 90–115 23.7 (1.39)f −0.100 (0.044)a 0.911 (0.101)b

Values (mean with coefficient of variance in the brackets, %) within the same column followed by the same letter are not significantly different as determined by ANOVA and Fisher
protected LSD (p < .05).

Y. Wang et al. Geoderma 319 (2018) 100–112

104



76–84% of which fell between June and September (Fig. 1a). Soil water
content (volumetric water content, VWC, %) varied with rainfall events.
At the soil surface, the soil water content above 3 cm depth ranged from
1.2 to 22.6%; in the soil profile, the soil water contents across all 6
layers ranged from 6.5 to 30.1% (Fig. 1c). The grain and straw yields of
maize ranged from 5573 to 5577 and 3042 to 3093 kg ha−1, respec-
tively from 2012 to 2013, and the nitrogen concentrations in grain and
straw ranged from 8.2 to 9.7 and 5.9 to 7.0 g N kg−1, respectively from
2012 to 2013(Fig. 1d). The soil mineral nitrogen contents (NH4

+ and
NO3

−) were 1.18, 1.66, 3.72, 1.63, 1.45 and 0.93 kg N ha−1 at 0–5,
5–15, 15–40, 40–65, 65–90 and 90–115 cm layers, respectively
(Table 1b).

3.2. CO2, CH4 and N2O concentration profiles

Throughout the observation period, soil air CO2 concentration in-
creased with profile depth, and the CO2 concentrations across all 7

layers showed statistically significant differences (p < .05; Table 3 and
Fig. 2a). The seasonal trend in soil air CO2 concentration was very
distinct. The profile CO2 concentrations were much higher in the wet
and warm season (June to September) than in the dry and cold season
(March to May) (Fig. 2a).

Throughout the observation period, soil air CH4 concentration de-
creased with profile depth, and the CH4 concentrations across the 0, 5,
15 and 40–115 cm layers showed statistically significant differences
(p < .05; Table 3 and Fig. 2b). The seasonal trend in soil air CH4

concentration was very weak (Fig. 2b).
Interestingly, soil air N2O concentration decreased significantly in 0

to 15 cm soil depth, while N2O concentration in 40 to 115 cm soil depth
increased significantly (Table 3). And the N2O concentrations across the
0, 5–15, 40, 65 and 90–115 cm layers showed statistically significant
differences (p < .05; Table 3 and Fig. 2c). The soil air N2O con-
centration peak corresponded with the low soil water content, e.g., the
N2O concentrations increased obviously with the decreases in soil water
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all graphs for each year. Error bars represent standard error
(n = 4).
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contents at depths > 90 cm on 10 October 2012 and 16 July 2013
(Figs. 1c and 2c). N2O concentrations in the air and soil profile showed
weak seasonal variations (Fig. 2c).

3.3. CO2, CH4 and N2O fluxes

The maize-based farmland acted as a net source of CO2 to the at-
mosphere based on the CM measurement of soil surface fluxes; mean-
while, the upward fluxes of CO2 from all 6 soil horizons were found
based on the GM measurement (Fig. 3a and Table 3). The CO2 efflux
rate significantly decreased with increasing soil depth (p < .05;
Table 3). The efflux rates showed strong seasonal cycles from June to
August above 15 cm depth, and remained fairly stable and low below
15 cm (Fig. 3a).

The maize-based farmland acted as a net sink for CH4 based on the
CM measurement of surface fluxes (Fig. 3b). Meanwhile, the net

influxes of atmospheric CH4 into the top 0–5, 5–15 and 15–40 cm soil
horizons were observed based on the GM measurement (Fig. 3b and
Table 3), indicating that the consumption occurred in the top 0–40 cm
of the soil. No obvious effects of rainfall events and growing season on
CH4 consumption rate were found at the soil surface nor in the profile,
indicating that the increase in the CH4 sink by soil moisture or plant
growth was negligible. The mean CH4 consumption rate at the soil
surface was significantly higher than those at depths of 0–5, 5–15 and
15–40 cm (p < .05; Table 3). The CH4 fluxes below 40 cm depth were
negligible throughout the entire observational period (Fig. 3b and
Table 3).

The maize-based farmland acted as a net sink for N2O based on the
CM measurement of surface fluxes (Fig. 3c). Meanwhile, the net in-
fluxes of atmospheric N2O into the top 0–5 and 5–15 cm soil horizons
were observed based on the GM measurement (Fig. 3c and Table 3),
indicating the consumption occurred in the top 0–15 cm of the soil. An
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increase in N2O sink strength coincided with fairly low soil water
content, e.g., the surface N2O consumption rate increased markedly
from 31 March to 7 June in 2012 during the dry spring with little
rainfall (65.5 mm) and low soil moisture (1 to 2%, VWC) (Figs. 1c and
3c). The mean N2O consumption rate at the soil surface was sig-
nificantly higher than those at depths of 0–5 and 5–15 cm (p < .05),
and the N2O fluxes were negligible below 15 cm (Fig. 3c and Table 3).

3.4. CO2, CH4 and N2O concentrations and fluxes in response to soil depth
and environmental factors

The relationship between soil gas concentration and soil depth can
be described by an exponential function (0.59 < r2 < 0.92, p < .05;
Table 4a). Soil air CO2 concentration increased exponentially with
profile depth, and CH4 decreased exponentially with depth in both the
dry and wet seasons (p < .05; Table 4a). We did not find an effect of
soil depth on N2O concentration in the dry season (p > .05); but N2O
concentration exponentially increased with depth in the wet season
(p < .05; Table 4a).

CO2 flux rate was significantly positively correlated with soil tem-
perature at a depth of 0–5 cm; and the flux rates were significantly
negatively correlated with soil water contents below 15 cm depth
(p < .05; Table 4b). CH4 and N2O flux rates were significantly posi-
tively correlated with soil water contents at soil depths of 5–40
(p < .01) and 5–15 cm (p < .05), respectively. The soil surface N2O
flux rate was significantly positively correlated with soil water content
(p < .05; Table 4b).

3.5. Cumulative fluxes of CO2, CH4 and N2O

The cumulative fluxes of CO2, CH4 and N2O throughout the ob-
servation period are shown in Fig. 4. The maize-based farmland acted
as a net source of CO2 to the atmosphere. The cumulative CO2 effluxes
measured by the CM at the soil surface were very close to those si-
multaneously measured by the GM in the top 0–15 cm soil horizon
(Fig. 4a). These results suggested that the top 0–15 cm soil horizon
contributed 97.9–98.8% of the cumulative CO2 efflux at the soil surface.
Thus, the soil surface respiration was contributed by the 0–5 and
5–15 cm soil horizons for 64.2–77.7 and 20.2–34.5%, respectively. In-
terestingly, the cumulative upward fluxes were large in the horizons
below 15 cm, with values ranging from 53 to 158 and 19 to
123 g C m−2 in 2012 and 2013, respectively (Fig. 4a).

The maize-based farmland also acted as a net CH4 sink. The cu-
mulative amounts of CH4 consumption measured by the CM at the soil
surface were very close to those in the top 0–40 cm soil horizon si-
multaneously measured by the GM (Fig. 4b). These results suggested
that the CH4 consumption mostly occurred in the 0–40 cm horizon.
Thus, the CH4 consumption at depths of 0–5, 5–15 and 15–40 cm ac-
counted for 51.7–56.5, 31.1–33.5 and 10.7–13.5% of the surface fluxes,
respectively (Fig. 4b). The cumulative fluxes of CH4 below 40 cm were
negligible during the entire observational period.

Additionally, the maize-based farmland acted as a net N2O sink. The
cumulative amounts of N2O consumption measured by the CM at the
soil surface were −179 and −107 mg N m−2 in 2012 and 2013, re-
spectively; and those in the top 0–15 cm soil horizon simultaneously
measured by the GM were −161 and −90 mg N·m−2 in 2012 and
2013, respectively (Fig. 4c). Interestingly, the amounts of soil surface
N2O consumption measured by the CM were 10.0–16.0% higher than
those in the 0–15 cm horizon measured by the GM (Fig. 4c). The cu-
mulative N2O fluxes below 15 cm depth were negligible during the
entire observational period.
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4. Discussion

4.1. Soil CO2 distribution and efflux

Soil air CO2 concentration increased exponentially with profile
depth over the 2-year field experimental period (Fig. 2a and Table 4a),
which is consistent with previous findings (Fierer et al., 2005; Wang
et al., 2013). CO2 levels are often higher at the bottom of the soil profile
as aeration rates are poorer at the bottom of the soil profile or root zone
than in the surface soil. Higher CO2 concentrations at greater soil
depths may also be attributed to molecular weight differences among
gases; those with higher molecular weights often remain at the bottom
of the soil profile. The seasonal pattern of changes in CO2 concentration
in the soil profile correlated with the soil temperature envelope
(Figs. 1b and 2a), and has been attributed to CO2 respiration following
the rapid growth of plant root biomass during the wet and growing
season (Fierer et al., 2005; Wang et al., 2013).

Results from the 2-year field experiment showed the consistent

efflux of CO2 by soil with a mean of 421 mg CO2 m−2 h−1 (Fig. 3a and
Table 3). The results were well within the range of published data of
non-N-fertilized loam soils (from 264.3 to 446.1 mg CO2 m−2 h−1)
compiled by Mu et al. (2009) for chamber measurements on agri-
cultural fields. The in situ CO2 flux rates measured in our study were at
the upper end of the ranges summarized from previous studies. There
was very good agreement between the cumulative CO2 efflux measured
by the CM at the soil surface and those in the 0–15 cm soil horizon
simultaneously measured by the GM in situ (Fig. 4a). This may suggest
that the soil surface CO2 efflux was dominated by the upward diffusion
from the top 0–15 cm of the soil in the cropping system. Therefore, we
conservatively estimated that the soil surface respiration was con-
tributed by the 0–5 and 5–15 cm horizons and accounted for 70.9 and
27.3% of the exchange, respectively. Interestingly, the cumulative
fluxes of CO2 from 15 to 115 cm were fairly large, e.g., 358 and
238 g C m−2 in 2012 and 2013, respectively (Fig. 4a). Maier et al.
(2010) argue that most studies implicitly consider soil surface efflux of
CO2 as instantaneous soil respiration, thereby neglecting possible
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concentration gradient-based method during the observa-
tional period. The legend is the same for all graphs for each
year. Error bars represent standard error (n = 4).
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changes in the volatile subsurface carbon pool. They found the rate of
change of the stored CO2 in the soil pore space of the vadose zone
(0–100 cm) attained a significant percentage of the soil CO2 efflux,
which was> 50% in certain situations in a slow-growing 46-year-old
Scots pine stand in southwest Germany (Maier et al., 2010). Maier et al.
(2010) believe the quantity of CO2 in soil air and in soil solution can
amount to several times that of the daily soil respiration. Our results are
in agreement with them that the soil surface respiration (CM) ac-
counted for 65.9–76.4% of the stored CO2 flux amounts (GM) in the soil
pore space of the vadose zone (0–115 cm; Fig. 4a). We believe that the
subsoil below 15 cm is neither a source nor a sink of CO2, but more
likely acts largely as a buffer.

CO2 production in soil is strongly influenced by biological processes,
such as root respiration and decomposition (Wang et al., 2014). These
processes, in turn, are affected by soil temperature, water content and
substrate availability. In our study, soil water content governed CO2

flux below 15 cm in soil profile (p < .05; Table 4b). Our findings agree
in general with most prior works (e.g., Flessa et al., 2002; Kim et al.,
2007; Wang et al., 2013; Sanz-Cobena et al., 2014). However, the
temperature dependences of CO2 fluxes were not consistently strong in
those horizons (p > .05; Table 4b). This might imply that in deeper
soil profiles, soil characteristics and root growth could directly or in-
directly complicate the response mechanism of CO2 fluxes to environ-
mental factors (Reichstein and Beer, 2008; Bond-Lamberty and
Thomson, 2010). In the present study, soil chemical characteristics may
play major roles in CO2 fluxes particular in the top 0–40 cm of soil. The
cumulative CO2 fluxes in the top 0–40 cm of soil were much higher than
those below 40 cm (Fig. 4a); suggesting the dependency of soil nutrient
availability for CO2 fluxes were fairly strong (Table 1). Additionally,
there was a fallow period during October to June in our study (Table 2).
Liebig et al. (2010) argue that carbon dioxide emission has been found
to be lower in cropping systems with the inclusion of fallow due to
lower carbon inputs and minimum soil disturbance. Thus, we specu-
lated that the CO2 flux might be lower during the fallow period than the
maize growing period. But because of the lack of gas flux in fallow
period in this study (October 2011 to March 2012, and October 2012 to
April 2013), the contribution of fallow in feedback responses of soil
respiration cannot be exported.

4.2. Soil CH4 distribution and flux

We found a typical exponential decrease in CH4 concentration with
profile depth in the 2-year field experiment (Fig. 2b and Table 4a),
which is highly consistent with previous findings (Wang et al., 2013,
2014). CH4 concentration decreased sharply with depth in the top
0–40 cm of the soil, whereas those below 40 cm remained fairly stable
(Fig. 2b), suggesting the oxidation of CH4 by methanotrophic micro-
organisms mainly occurred in the 0–40 cm horizon. This corresponded
fully with the results shown in Figs. 3b and 4b, that the consistent
consumption of CH4 mostly occurred above 40 cm depth. Soil CH4

production derives from two simultaneously occurring processes, pro-
duction by methanogens and consumption by methanotrophs, and the
dominance of one process over another can change rapidly following
small changes in soil oxygen availability (Sanz-Cobena et al., 2014). In
our study, the clay content and soil bulk density below 40 cm were
much higher than those in the top 0–40 cm of soil (Table 1). Conse-
quently, it may thus be concluded that the soil O2 concentration might
be fairly higher above 40 cm than those below 40 cm (data not shown).
As a consequence, CH4 oxidation may occur mainly in the top 0–40 cm
of soil. Additionally, there was a fallow period during October to June
in our study (Table 2). Mosier et al. (1991) believe that fallow may
enhance the capacity of the soil to act as a sink for CH4. Thus, we
speculated that the CH4 sink might become stronger during the fallow
period (dry and cold) than the maize growing period (wet and hot) due
to the lower soil moistures (data not shown). However, together with
the facts that O2 concentration and fallow flux (October 2011 to March

2012, and October 2012 to April 2013) were not measured in this
study, there might be small variances between these explanations and
the observed data.

CH4 consumption has been observed in nearly all types of aerated
soils, such as in forests (Steudler et al., 1989; Castro et al., 1994;
Nakano et al., 2004), grasslands (Mosier et al., 1991; Fang et al., 2014),
tundra (Whalen and Reeburgh, 1990) and deserts (McLain and Martens,
2006; Hou et al., 2012). However, very few published studies have
examined CH4 dynamics of soils in unfertilized upland cropping sys-
tems. Our findings illustrated the consistent consumption of CH4 by soil
with a mean of −105.6 μg m−2 h−1 in the upland cropping system
throughout the entire observation period (Fig. 3b and Table 3). Among
upland soils, CH4 is probably more efficiently oxidized in forest soils
than in agricultural soils. Reported average CH4 consumption rates by
aerobic temperate-forest soils range from −373.3 to
−160.0 μg CH4 m−2 h−1 (Steudler et al., 1989; Castro et al., 1994;
Nakano et al., 2004). Ojima et al. (1993) reported that subjecting a soil
to culture (either cultivating or planting with trees) reduced its CH4

oxidation activity by about 60%. Similarly, we found that the CH4

consumption rates in the unfertilized cropland soils only accounted for
28–66% of the aerobic temperate-forest soils. Furthermore, there was
very good agreement between the cumulative amounts of surface CH4

consumption measured by the CM and those in the 0–40 cm soil horizon
simultaneously measured by the GM in situ (Fig. 4b). This may suggest
that the CH4 consumption occurred in the top 0–40 cm of the soil, and
also offered an opportunity to quantify the relative contributions of CH4

consumption from different soil horizons. Our findings revealed that the
CH4 consumption in the 0–5, 5–15 and 15–40 cm soil horizons ac-
counted for 54.1, 32.3 and 12.1% of the surface fluxes, respectively
(Fig. 4b). Moreover, CH4 consumption layers in different soils are site-
specific. For example, Hou et al. (2012) reported that CH4 consumption
was weak below the depth of 50 cm in a fenced sand soil, whereas our
results demonstrated that the consumption was very weak below 40 cm
in the sandy loam soil. This can be possibly attributed to the limitations
in both atmospheric CH4 diffusion and soil oxygen level in soils. Ad-
ditionally, net CH4 sinks were found in some plantation conditions.
Lang et al. (2017) reported that the soil CH4 uptake was stronger in
rainforest than in rubber plantations and converting rainforest to
rubber plantations weakened CH4 uptake especially during the very wet
period in Xishuangbanna, Southwest China. And Ruan and Robertson
(2013) observed no significant difference in CH4 uptake between a
Conservation Reservation Program pasture (Bromus inermis) and a
converted soybean (Glycine max) cropland in the Great Plains of
Northern America. The present study indicated the unfertilized maize-
based farmland acted as a net CH4 sink in the hilly area of northern
China. We speculated the differences of CH4 uptakes in the different
types of plantations may be attributed to differences in soil character-
istics and soil water content.

The temperature dependence of CH4 flux was not consistently
strong (p > .05), and CH4 flux and soil water content showed good
agreement and consistency only in the 5–40 cm of soil (p < .05;
Table 4b). Le Mer and Roger (2001) argue that soil temperature in less
extreme environments is not always the major controlling factor in that
CH4 oxidation rates vary little over a wide range of temperatures
(1–30 °C). We supposed that the general lack of sensitivity to tem-
perature (or moisture) may partly be related to the wide diversity of
methanotrophs that are typically found in soils, and partly to other
interacting effects such as gas diffusion limitations.

4.3. Consumption of atmospheric N2O by soil

We found the consistent consumption of N2O at fairly low mean soil
moisture of 9% (VWC) and high mean soil temperature of 26 °C (Figs. 1
and 3c). The mean N2O consumption rate was −57.3 μg m−2 h−1

(Table 3), which was close to the range of −62.9 to
−59.7 μg N2O m−2 h−1 reported by Ye and Horwath (2016) in
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rewetted peatlands converted to rice paddies during the growing
season. But it was much higher than the reported −26.4 μg m−2 h−1

in the soils across 3 high arctic polar deserts (mean soil temperature,
7 °C) by Stewart et al. (2012). Chapuis-Lardy et al. (2007) argue that
N2O consumption will be significantly enhanced in soil temperatures
above 5 °C. Therefore, the difference can be possibly attributed to the
fact that the soil temperatures in our study were much higher (26 °C)
than those (7 °C) reported by Stewart et al. (2012). Furthermore, our
results challenge the view that N2O consumption usually takes place in
ecosystems with N-limitation and high soil water content, such as fens
and boreal mires (Roobroeck et al., 2010; Lohila et al., 2010), sug-
gesting it can also occur under dry conditions in a non-N-fertilized
upland cropping system. There are relatively few studies that have
found N2O sinks under dry conditions (Flechard et al., 2005; Goldberg
and Gebauer, 2009; Wu et al., 2013) and the underlying mechanisms
have not yet been determined (Stewart et al., 2012). One possible ex-
planation for N2O consumption under drier soil conditions may be due
to enhanced diffusion of N2O from the atmosphere to the site of deni-
trification, and in the absence of NO3

−, N2O may be used as the elec-
tron acceptor in denitrification, leading to N2O consumption and N2

formation (Chapuis-Lardy et al., 2007; Lohila et al., 2010). For ex-
ample, isolated denitrifiers can grow using solely N2O as an electron
acceptor (Bazylinski et al., 1986). Furthermore, considerable evidence
has been found to support the idea of an additional pathway via which
many bacteria are able to respire nitrate in the presence of oxygen
(Lloyd, 1993; Patureau et al., 2000). Thus, N2O consumption by dry soil
may not be controlled by anaerobic denitrification, but rather by
aerobic denitrification (Wu et al., 2013). Zausig et al. (1993) reported
that anaerobic centers disappeared when the aggregate pore water
pressures were less than −6 kPa. That means all aggregate pore centers
are oxic when soil moisture content is very low; e.g., in our study the
surface soil water contents ranged from 1 to 2% (VWC) from the end of
March to May in 2012 (Fig. 1c). Therefore, we may argue that the
volume of anaerobic microsites in our soils might be very small, and
that the N2O consumption by dry soil in the aerobic and partly anae-
robic conditions was likely not controlled by anaerobic denitrification
but by aerobic denitrification. Moreover, N2O consumption was regu-
lated by complex interactions between O2 concentration and soil
moisture content (Wu et al., 2013). In our study, the soil bulk density
and clay content were much lower in the top 0–15 cm than those below
15 cm (Table 1). Such soil characteristics are capable of regulating
oxygen availability and thus favoring aerobic denitrification rates. In
consequence, the soil O2 concentration might be fairly higher in the top
0–15 cm than those below 15 cm (data not shown). Meanwhile, the soil
water content in the top 0–15 cm of soil was fairly lower than those
below 15 cm (Fig. 1b). Chapuis-Lardy et al. (2007) and Wu et al. (2013)
believe that N2O consumption increased significantly in dry soil with
relatively high O2 concentrations. It is therefore not surprising that we
observed the N2O consumption mainly occurred in the top 0–15 cm. In
addition, low mineral N has been shown to favor N2O consumption. The
cropland in our study is a typical non N input and low-yield upland
ecosystem (Table 2 and Fig. 1d), and the mineral N contents in the soil
profile were fairly low (Table 1b). Such soil nitrogen nutrient condi-
tions are favored for N2O consumption.

Interestingly, the amounts of soil surface N2O consumption mea-
sured by the CM were higher than those in the top 15 cm of the soil
simultaneously measured by the GM in situ in both years; i.e., the
disparity between the results of the 2 methods ranged from 10.0–16.0%
(Fig. 4c). Such a response may imply that production, consumption and
transport processes of N2O in soils might be more complex than those of
CO2 and CH4. For example, Flechard et al. (2005) and Lohila et al.
(2010) found that soils may be producing N2O at the surface, but a few
centimeters below, consumption of N2O may exceed production. Fur-
thermore, the strength of a N2O sink is not only dependent on the po-
tential for N2O reduction to N2, but also factors such as the dissolution
of N2O into soil water within soil profile (Chapuis-Lardy et al., 2007).

Few studies have highlighted that the concentration of N2O dissolved in
soil water influences the net positive or negative fluxes measured at soil
surface (Bowden and Bormann, 1986; Pihlatie et al., 2005). Meanwhile,
the particle profile in the root zone contains 74% water and air pore
space, which in turn can hold water and oxygen in a nearly perfect
balance (Flechard et al., 2005; Lohila et al., 2010). Hence, N2O flux may
be highly influenced by soil water content in the root zone, especially in
upland areas. In our study, the soil water contents in the profile were
much higher than those in the top 3 cm of the soil (Fig. 1c). Conse-
quently, we suspected that part of the N2O, which was consumed at the
active sites in the soil, might dissolve in the soil water. In an upland
cropping system, water-dissolved N2O can be removed from the soil
profile in 2 ways. Firstly, emissions of water-dissolved N2O via soil
evaporation may occur. Fortunately, this part of the missing N2O sink
can be captured at the soil surface by using the CM. It means the soil
evaporation might be a minimal potential factor responsible for the
disparity of N2O consumption measured by the 2 methods. Secondly,
N2O emissions via plant transpiration may occur when water-dissolved
N2O is taken up by roots and then released to the atmosphere via
transpiration through plants (Chang et al., 1998; Pihlatie et al., 2005).
However, unlike the GM measuring concentrations within the soil
profile, the CM cannot capture this part of the missing N2O sink because
the chambers were placed between maize rows. This may suggest that
plant transpiration might be the major potential factor responsible for
the disparity. Our study further implied that N2O emissions via eva-
potranspiration may occur when N2O dissolves in soil water.

In our study, the relationships between environmental factors and
N2O fluxes were fairly weak (Table 4b). Several studies have demon-
strated that soil N2O fluxes are highly spatially and temporally variable,
which makes it extremely difficult to determine the impact of in-
dividual driving factors (Hutchinson and Livingston, 1993; Livingston
and Hutchinson, 1995; Mosier et al., 1998). We speculated that the
weak correlations between N2O fluxes and environmental factors might
be attributed to relationships being hidden within this high spatial and/
or temporal variation. Furthermore, net N2O sinks were found in some
plantation conditions (Ye and Horwath, 2016), but plant-mediated N2O
uptake or emission has yet to be consistently identified. Our data im-
plied the emissions of soil water-dissolved N2O via plant transpiration
may account for 13.0% of the surface exchange. However, the mea-
surement is limited because the plant-mediated N2O flux was extra-
polated from 2 different measurement methods. Thus, to be able to
consider N2O sinks in the global N2O budget, more research is required
to better understand the mechanism underlying plant-mediated N2O
flux. Moreover, there was a fallow period during October to June in our
study (Table 2). The effects of fallow on N2O emission are fairly com-
plicated. Greater N2O flux has been observed under fallow relative to
cropped phases when no N is applied (Mosier et al., 1991). Whereas,
Dusenbury et al. (2008) found N2O emission during fallow was lower
than during cropped phases when N is applied. Thus, we speculated
that the N2O sink might become weaker during the fallow period than
the maize growing period in the typical non N input upland system
(data not shown). But because of the lack of gas flux in fallow period
(October 2011 to March 2012, and October 2012 to April 2013), there
might be variances between our speculation and the observed data.

4.4. General considerations regarding employed methods

Although there was good consistency between the cumulative
amounts of soil surface CH4 consumption measured by the CM and
those in the top 0–40 cm of the soil measured by the GM, there was still
a disparity of 1.5% between them (Fig. 4). We suspect that a potential
source of the bias is the sampling method of the CM. Chamber methods
depend exclusively on headspace gas concentration measurements and
provide an indirect measure of gas flux across the soil surface only
under steady-state conditions. Thus, the challenge of using CM is to
minimize perturbations by the chamber of not only the underlying rates
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of root and microbial respiration, but also the transport and emission
phenomena that determine what fraction of total gas production
reaches the headspace of the chamber during its period of deployment
(Rochette and Hutchinson, 2004). Since the chamber was placed at the
soil surface at least 2 min before the measurement without the presence
of collar, it could be possible that the higher gas uptake or flux in the
static chamber than in the soil profile resulted from increased soil
disturbance, e.g., soil/air temperature and moisture, pressure fluctua-
tions, site disturbance, gas concentration gradient, and air mixing re-
gime. Furthermore, although the experiment field is located in a pris-
tine area, there is a coal mining area of Shanxi province about 150 km
northwest of the station. It might affect the fluctuations of atmospheric
CO2, CH4 and N2O concentrations.

Ultimately, it is always difficult to extrapolate results from 2 dif-
ferent measurement methods, especially at the field scale. Generally,
the applicability of the results depends on the measurement site, mea-
surement setup and accuracy of the flux measurement. Based on the
good consistency of CH4 or CO2 fluxes between the 2 methods (Fig. 4a
and b), we believe that the DATA are sufficiently reliable for the pur-
poses of our work.

5. Conclusions

Our findings indicated that soils can take up CH4 and N2O from the
atmosphere under dry and oxic conditions in low N input upland
cropping systems. The 0–15 cm horizon contributed 98.2% of the cu-
mulative surface CO2 efflux, and the CH4 and N2O consumption oc-
curred in the 0–40 and 0–15 cm soil horizons, respectively. The subsoil
below 15 cm acted largely as a CO2 buffer; the production/consumption
potentials of CH4 and N2O were very weak below 40 and 15 cm, re-
spectively. Our study further implied that the emissions of soil water-
dissolved N2O via plant transpiration may account for 13.0% of the
surface exchange. Our findings also revealed that the GM is a suitable
method to assess fluxes of CO2 and the consumption of CH4 in well
aerated and horizontally homogeneous soils, while the CM is necessary
to reduce the uncertainty arising from possible N2O and CH4 production
in the top layer. Our findings improve the understanding of gas pro-
duction or consumption processes in the soil-atmosphere continuum.
Meanwhile, the GM coupled with chamber measurements can improve
surface gas flux estimates for field and laboratory studies. Further stu-
dies are needed to explore the mechanisms responsible for changes in
stored greenhouse gas within soil pore space and environmental factors
driving these processes. This is of particular interest because these be-
lowground gas pools may become increasingly important positive
feedbacks as global climate disruption becomes more pronounced.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.geoderma.2018.01.001.
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