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Abstract

Soil is a large terrestrial carbon pool so that the evaluation and prediction of
soil respiration is important for understanding and managing carbon cycling
between the pedosphere and the atmosphere. For better understanding about
characteristics and mechanisms of soil respiration, this study monitored sea-
sonal behaviors of soil gaseous CO, concentration profile with relevant soil
physical conditions in a meadow field, and numerically analyzed the moni-
tored data sets to inversely determine time-series of depth distributions of
CO, production rate in the field by assuming optimum ranges of depth and
moisture condition for aerobic respiration of soil fauna and flora. The results
of the inverse analyses showed that the depth range of intense CO, produc-
tion resided in top soil layers during summer and moved down into subsoil
layers in winter, implying that the depth range of main CO, sources can
change dynamically with seasons. The surface CO, emission rates derived
from the inverse analyses fell in the range typically found in the same kind of
land use. The evaluated mean residence time of gaseous CO, in the study field
was around half a day. These findings suggested that the modelling assump-
tions about soil respiration in this study are effective to probe spatial and
temporal behavior of respiratory activity in a soil layer, and it is still impor-
tant to integrate facts about in-situ CO, concentration profiles with soil phys-
ical parameters for quantitatively predicting possible behaviors of soil respi-
ration in response to hypothetical changes in atmospheric and soil climates.
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1. Introduction

Soil respiration is an ecosystem process through which carbon dioxide (CO,) is
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released, and oxygen (O,) is taken in, by plant roots, soil fauna, or soil microbes.
Studies on soil respiration have been prompted by growing attention to global
carbon budget with the estimations that soils emit 98 + 12 [PgCO, y'] in the
world (Bond-Lamberty & Thomson, 2010), which can be several times more
amount of carbon than fossil-fuel burning and cement manufacture of 6.3 [PgC
yr'] (Schimel et al., 2001). Therefore, CO, emissions from soil surfaces are
worth being evaluated intensively under various land uses and soil conditions.

Soil respiration can be both a strong cause and a clear effect of biological ac-
tivities in soils. For instance, Rao and Ito (1998) reported that root respiration
rates of legumes (pigeon pea, chickpea and groundnut) and cereals (sorghum,
pearl millet and maize) showed high correlations with nitrogen uptake activities.
Liu and Li (2005) gave soil-drying conditions to spring wheat in its early grow-
ing season, and suggested that the resultant reduction in root respiration im-
proved crop production through the restriction of utilizing photosynthates.
Shimoda et al. (2009) stated that the large soil biomass contributed to a higher
respired carbon loss, and the increase in biomass led to a linear increase in eco-
system respiration. Hao and Jiang (2014) also experimentally showed obvious
linear relationships between root biomass and soil respiration rate for each
month in half a year of a rape growing season. These studies imply the impor-
tance of quantifying soil respiration with soil climates in depth for probing, im-
proving, or maintaining geo-environmental conditions.

However, contrary to the knowledge about sizes and features of surface CO,
emission, studies about below-ground CO, production has not been examined
so much, though in-situ soil respiration rates occurring along depth can serve as
effective knowledge for grasping soil conditions or planning soil managements.
In addition, the studies dealing with depth profiles of CO, production rates often
assumed steady state conditions when analyzing gaseous CO, dynamics in soils
(Drewitt et al., 2005; Fierer et al., 2005; Kellman et al., 2015), presumably be-
cause it has been thought that temporal behavior of gaseous CO, in a soil is so
slow that an instantaneous value of respiration can be explained almost tho-
roughly by a set of above-ground and below-ground conditions at the moment
in question. This may result in some weakness in the knowledge about transi-
tional evaluation of respiration activities in in-situ soil profiles.

For excavating the understandings about characteristics and mechanisms of
soil respiration, this study aimed at numerically quantifying depth distributions
of soil respiration rate with soil climatic conditions. For this aim, depth profile
of gaseous CO, production rate was modelled as a function of depth and soil
moisture condition, with the assumption that there should be a depth at which
soil respiration takes place most actively while soil respiration should be re-
stricted under extremely dried- or wetted-conditions. And the parameters of the
model were inversely determined by making a transient gas diffusion-reaction
equation best reproduce CO, concentration profiles measured in a field so that
seasonal behaviors of both the depth range and the intensity of soil CO, produc-
tion can be quantitatively analyzed.
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2. Materials and Measurements
2.1. Study Site

The study field was a meadow (350 x 80 m; 36°2923"N, 139°59'14"E) located in
the Utsunomiya University Farm in Moka city, Tochigi, Japan. The monitoring
period in the field was from May 2018 to March 2019. In this period, Moka city
had mean temperature of 14.8[°C] with the total precipitation of 923.5 [mm] in-
cluding the highest daily precipitation of 60.5 [mm-d™'] on 27 August (Japan
Meteorological Agency, 2018).

The grasses and forbs that had been planted in this field were orchard grass
(Dactylis glomerata L. cv. Natsumidori), tall fescue (Festuca arundinacea Schreb.
cv. Southern-cross), hybrid ryegrass (Lolium hybridum Hausskn. cv. Tetrelite
1), white clover (Trifolium repens L. cv. California Ladino), and alfalfa (Medi-
cago sativa L. cv. Ceres). A row of larch trees (Larix kaempfteri (Lamb.) Carr.)
had been planted for more than 30 years in the middle of the meadow as wind-
breaks, stretching 320 [m] in north-south direction.

Two study sites were set at 2- and 8-meters away from the larch tree row,
called the sites A and B, respectively. This study symbolized the sites A and B as
the tree-stands area and the harvesting area in the meadow, respectively. The
depth range of analysis was from the soil surface to 100 [cm] in depth at each
site. Visual observations of the soil profiles in the two sites showed that rooting
depth of a larch tree covered almost all the 100-cm soil layer in the site A, while
plant roots found in the site B were of grasses and forbs developing mainly
within 25 [cm] from the soil surface. These observations induced the prediction
that soil respiration activities are more intense and spread more deeply in the
site A than in the site B.

The soil group of the both sites was Andosol, which is the second most abun-
dant soil in Japan, covering over 31% in land area (Kanda et al., 2018), and is
found in 44% and 18% of the grasslands and of all the agricultural lands in the
country, respectively (Takata et al., 2009). The soil layers of the sites consisted of
a topsoil layer of about 25 [cm] in thick with an underlying transitional layer of
about 30 [cm] in thick, followed by a subsoil layer. The soil textures of all the soil
layers were classified as clay loam soils based on the soil-texture classification
defined by the International Union of Soil Science (IUSS).

2.2. Soil Gas Sampling and Measurements of CO; Concentration in
Soil Gas Samples

Soil gas samples were taken once a week from gas sampling tubes (Tackett, 1968;
Osozawa & Hasegawa, 1995). Each sampling tube was composed of an inner
aluminum-tube through which soil gas was taken out and an outer polyvinyl
chloride (PVC) tube that protected the inner tube. The tubes were buried per-
manently at the two sites for the sampling depths of 10, 20, 40, 50, 90 and 100
[cm]. The size of a soil gas sample was 4 [mL]. A gas sample was enveloped into

a disposable plastic syringe (SS-05SZ; Terumo Corporation; Tokyo, Japan) with
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a three-way stopcock (TS-TR1K; Terumo Corporation; Tokyo, Japan), and was
analyzed to determine CO, concentration ¢ [Mg-m~] within one hour from the
time of sampling.

The measurement system developed by Iiyama & Iimura (2014) was used for
determining CO, concentration of a soil gas sample. The system was made of a
CO, probe (GMP343; Vaisala; Vantaa Oyj, Finland), an N, gas cylinder for
supplying a carrier gas, a digital manometer (PG-100-102VP; NIDEC COPAL
ELECTRONICS Corp.; Tokyo, Japan) for monitoring whether the carrier gas
flowed steadily, and a personal computer to store the time-series outputs from
the CO, probe. Since the raw outputs from the CO, probe were signals in RS232C
protocol, they were transmitted into the personal computer by using a commu-
nication software (Excel Logger; C2D2 Co. Ltd.; Nagoya, Japan). A calibration
curve for converting the raw data into the values of CO, concentration was ob-
tained by using CO, standards of 1480, 4980, and 50,200 ppm every time when a

set of soil gas samples was to be analyzed.

2.3. Soil Three Phases

Volumetric water content 6 [m*m™] was monitored by using a capacitance-type
soil moisture sensing system (Diviner 2000, Sentek Pty Ltd., Stepney, South
Australia). The raw data of this system were sampled two to three times a week
from the same depths as those for the soil gas samplings, and were converted
into the values of 8 by using the calibration curve which was obtained specifical-
ly for this study field. The details about the specification of this system and the
site-specific calibration were described in Iiyama (2016).

Air-filled porosity a2 [m*m™] was evaluated by using the following relation:
azl_e_pd/ps (1)

where p,[Mg-m™] and p, [Mg-m™] are soil bulk density and soil particle density,
respectively. Soil bulk density was measured by weighting the undisturbed soil
cores of 50 [cm®] before and after drying at 105[°C] for 24 [h]. Soil particle den-
sity was measured by using pycnometers of Gay-Lussac type and in accord with
the Japan industrial standards (JIS) A 1202. These two kinds of density were
measured for the depth ranges of 0 - 25, 25 - 55, and 55 - 100 [cm] with triplicate
samples, and assumed to have been constant during the study period.

2.4. Soil Gas Diffusion Coefficient

Soil gas diffusion coefficient D, [cm®s™'] was calculated as follows:
D, =ED, (2)

where £ [non-dim] is soil gas diffusivity and D, [cm®s™'] is the diffusion coeffi-
cient of gaseous CO, in the atmosphere. D, can be a function of pressure p [kPa]
and temperature 7, [°C] of a location in a soil layer as follows (Campbell &
Norman, 1998):

T, +273.15)"
D, (p.T)=0.139( =<0 Pe (3)
273.15 p
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where p, [kPa] is atmospheric pressure. As for the p [kPa], it was assumed that
pressure of soil air is commonly in equilibrium with the atmospheric pressure so
that p = p, anywhere in the soil layer. The measured value of soil temperature
was substituted into 7, for each time and place.

The procedure of determining the values of § followed the methods of Taylor
(1949), Currie (1960) and Osozawa (1987), in which an N,-air binary diffusion
process is applied to an undisturbed soil core sample set on a single chamber
apparatus. The tracer gas for probing N,-air binary diffusion process inside the
measurement system was O,, and the varying O, concentration in the diffusion
chamber was measured by using a Galvanic O, sensor (02-204G; Gastec Corp.;
Ayase-City, Japan). The values of § were evaluated for a series of air-filled poros-
ities, a, by controlling water content of an undisturbed soil core sample step by
step. The sampling depths of the undisturbed soil cores were 10 - 20, 40 - 50, and
90 - 100 [cm] of each site, which were represented the depth ranges of 0 - 25, 25
- 55, and 55 - 100 [cm], respectively, and duplicate samples were taken from
each sampling depths.

The measured §—a relations were described by a modified expression of the
Millington-Quirk model (Millington, 1959; Millington & Quirk, 1961). The

modified expression was as follows:

0 (a<ay)

g(a)= . (4)
A(a-a,) /(9S (axa,)

where a, [m*m™] is the air-filled porosity ineffective to gaseous diffusion so that

£ takes 0 for a < a,, and 0, [m’>m™] is the saturated volumetric water content.

The enhancement factor A [non-dim] and the exponents m [non-dim] and n

[non-dim] were fitting parameters for making this model reproduce a measured

&(a) curve.

2.5. Soil Temperature

Because the evaluations of both Kj; and D, require a value of temperature for
each depth and date of soil gas sampling, soil temperatures, 7 [*C], were moni-
tored during the study period with 30-minute intervals by using micro-loggers
(HOBO 8K pendant temperature/alarm (waterproof) data logger (UA-001-08);
Onset Computer Corp; Bourne, MA, USA) buried at depths of 5, 10, 20, 40, 70
and 100 [cm]. Then, the time-series of daily mean temperature values were de-
termined by averaging the measured data sets for every date.

3. Numerical Processes

3.1. Governing Equation to Determine Depth Profiles of CO:
Production Rate

Depth profiles of CO, production rates were determined by inversely solving the

one-dimensional gaseous diffusion-reaction equation such as:

0 0 oc
—((Ky0+a)c)=——| -D,— |+$ (5)
ot 0z oz
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where ¢ [s] is time variable and z [cm] is upward-positive vertical location. The
surface of the soil layer was set at z = 0, and the spatial domain of analysis was
defined as =100 < z< 0. ¢ [Mg-m™] is CO, concentration of soil gas as a func-
tion of z and ¢ K, [non-dim], 6 [m’m™], 2 [m’m™], D, [cm*s™'], and §
[Mg-m~.s7'] are Henry’s constant for gaseous CO,, volumetric water content,
air-filled porosity, soil gas diffusion coefficient, and CO, production rate, re-
spectively. The measurements and the formulations about these physical proper-
ties will be explained in the following sections.

A problem of solving this partial differential equation is often referred to as a
forward problem, since the initial and boundary conditions, the physical proper-
ties, and the dependent variable can be regarded as causes, factors, and an effect
of a phenomenon of interest, and the procedure to derive ¢ (z ?) goes forward
through a from-cause-to-effect process. A depth profile of CO, production rate
can be determined inversely by making use of the process of solving this forward
problem. The inverse analysis in this study was the determination of the term §
by optimizing the parameters in the expression of .

3.2. Henry’s Constant for Gaseous CO:

Henry’s constant for gaseous CO,, K}, takes the values of 1.71, 0.88, 0.53, and
0.36 for the temperature values of 0, 20, 40, and 60 ["C], respectively (National
Astronomical Observatory of Japan, 2020). Therefore, this study described it as a
third-order polynomial function of soil temperature 7, [°C] so that the poly-
nomial curve best represents the 7, - K, relations cited above. The resultant ex-
pression of K; was as follows:

K, =k, +KT, +k, T2 +Kk,T2 (6)

where &, = 1.71, &, = -5.85x 104, &, = 9.75 x 107, and &, = —-6.25 x 10°°.

3.3. Model of CO; Production Rate

The CO, production rate, S [Mg-m~s"'], represents the activity of aerobic respi-
ration in the soil layer. Since soil moisture condition is one of regulating factors
of respiration in a soil, S was formulated as a function of 6. Conceptually, respi-
ration in a soil can be weak with very high soil moisture levels, since aerobic res-
piration should be depressed with shortage of supply of free oxygen, while very
dry conditions should also make soil respiration less active where substrates or
enzymes for respiration cannot smoothly travel through soil or be stored suffi-
ciently. Some field studies of soil respiration showed that soil moisture limits
respiration only in the lowest and highest extremities of moisture range (Liu et
al., 2002; Xu et al., 2004; Jassal et al., 2008; Zhang et al., 2010). And these past
results were supported by other laboratory studies (Guntinas et al., 2013; Zhang
et al., 2015), suggesting that an intermediate and wide range of soil moisture
content gives an optimum level of soil respiration whereas the level of it de-
creases sharply toward both extremities in the soil moisture content range. Be-

cause many of the values of soil gas diffusion coefficient in the study sites took
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practically zero in the first 10% of air-filled porosity, while the most severely
dried conditions observed in the study sites occurred with the volumetric water
content of around 20%, this study assumed that the respiration activity in the
soil layer sharply lowers around the top and bottom 10% to 20% of the range of
0 and becomes inactive at both extremities of the 6 range, while it remains al-
most optimum in a broad intermediate range of 0. Based on this assumption, the
response of soil respiration to soil moisture condition was modeled with such a

function as follows:
S = ypd sopt (7)

where y [non-dim] expresses moisture dependency of S while s,,, [Mg-Mg™'s™']
is the CO, production rate per unit mass of dry soil under an optimum soil

moisture condition. y was modeled as follows:

-2
a 0 0
a+K, 0+K, | 6;+2K,

where K, [m*m™] is a shape factor of y. This formulation allows y to take 1 as its

maximum and to take 0 at both 6 = 8, and 6 = 0. This study assigned 0.1 to K, so
that y drops steeply in the first and the last 10% to 20% ranges of 0.

The s,
there is a depth at which aerobic microbes and plant roots produce CO, most ac-

was modelled as a depth-dependent value with the assumption that

tively. As a first approximation, this feature can be expressed by such a function

as follows:

0 (z,<z<0o0rz<z)
Z, -1

Sy ———— (Zp <2<72,)

SOPt = Zy — Zypay ©)

-1

S 7,<z<z2

maxZ _Z| ( | max)

where z, [cm] and z; [cm] are the upper and the lower limits of the depth range
of soil respiration, and s,,,, [Mg-Mg™':s™'] gives the peak of s, at z= z,,. In this
study, z, = 0 [cm] and z = —100 [cm] were assigned with the assumption that

some respiration activity may be found everywhere in the domain of analysis.

3.4. Inverse Analysis to Determine a Depth Profile of CO;
Production Rate

A depth profile of CO, production rate was evaluated by inversely solving the
governing Equation (5). When a problem of solving the governing equation is
referred to as a forward problem, and a measured data set of dependent va-
riables, CO, concentration ¢ (z, f), of the forward problem is given, such an in-
verse problem can be defined that some of the parameters in the forward prob-
lem would be identified so as to make the outputs of the forward problem best fit
the measured data set of ¢ (z ). As a depth profile of CO, production rate was
represented by the term §$in Equation (5), s,,, and z,,, were selected as surro-
gate parameters for the term S, and were adjusted.
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Firstly, a subroutine to solve the forward problem (SFP) was made so that it
outputs a time-series of depth profiles of c (2 ¢) for a given set of parameters, in-
itial condition, and boundary conditions. This SFP can be expressed such an in-

put-output system as follows:

Coaie (2,1) = SFP(cndtns, prmtrs) (10)

where ¢, (2 f) denotes a time-series of CO, concentration profile as a result of
calculation in the SFP for given conditions cndtns and parameter values prmtrs.
In this context, s, and z,,, were two of the components of the prmtrs.

The main body of the SFP involved a finite difference scheme for solving equ-
ation (5). The spatial domain of analysis from 100 [cm] in depth to the soil sur-
face (—100 < z [cm] < 0) was discretized with the increment Az =5 [cm]. The
temporal domain of analysis was set from #= 0 [s] to a certain upper boundary
of the temporal domain, 7= ¢, [s] with time increment Af = 1800 [s]. To for-
mulate =0 and ¢= ¢,,, let ¢, indicate a set of values of ¢ (z ) obtained from
actual measurements. Then, two sets of measured CO, concentrations obtained
in any two consecutive sampling dates ¢ = £, and ¢ = £ can be denoted as ¢, (2
t,) and ¢, (z t). Since soil gas samples were taken once a week, the difference
between # and ¢ is equivalent to 7 days. On these definitions about # and ¢, this

study assigned the value of ¢ - ¢ to £, while ¢

‘meas

(2, t,) was assigned to the ini-
tial condition of the SFP, ¢, (2 0). A value of ¢, (2, %) at any z'without mea-
surement was linearly interpolated by using ¢, (2, %) and ¢, (2, %) with
such two adjacent vertical locations of measurement z, and z, as z, < z'< z, A
(z, t,). These

value of ¢, (2, t;) was also evaluated in the same manner as

‘meas Cmeas

arrangements can be expressed as follows:
Ccalc(z’o)zcmeas(zlto) (11)
Ccalc(Z’tmax):Ccalc(z’tl_tO) (12)

The expression (11) gives an initial condition to an inverse analysis. In the

expression (12), ¢ (2 t,,,) may or may not resemble (z t,), which depends

Cmeas
on what combination of values to be assigned to both s, and z,,, in the process
(10).

The boundary conditions in the SFP were set as follows:

c(0,t)=c, (z=0[cm]) (13)
%:o (z=-100[cm]) (14)

where ¢, represents the CO, concentration of the atmosphere. This study as-
signed a value equivalent to 0.04% to ¢, as a practical reference. The lower
boundary condition meant a zero-flux boundary condition for imitating the ob-
served behaviors of 0¢/dz between z= —100 [cm] and z= —90 [cm] in the study
sites.

The optimization of s,,,, and z,,, can be formulated as the procedure to search

such a combination of s,,,, and z,, that the difference between ¢, (2 ¢,,) and
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Cpeas (% 1) 1s minimized. In this study, the difference between ¢, and c,,,,, was

‘meas

evaluated by applying the concept of the least square:

Err= \/ZG:(Ccalc (Zi U ) ~ Cineas (Zi ’ti))z (15)

i=1

where Erris an error criterion about the difference between a calculated and a
measured depth profiles of CO, concentration. 7 is an index for a vertical loca-
tion of measurement, by which the six depths of soil gas sampling are differen-
tiated. Then, the process to optimize s,,, and z,, can be recognized as the
process to find a certain pair of s, and z,,, that minimizes Errin Equation (15)
in the following steps:

Step 1. Set up the data sets of c,,,,, cndtns, and prmtrs except for s, and Z,

Cm €4, ‘max*

As components of cndtns, values of an air-filled porosity and a soil temperature
for a time and a location were evaluated by linearly interpolating the measured
values obtained through a set two consecutive measurements at two neighboring
measurement depths.

Step 2. Define domains of s, and z,,, for searching an optimum pair “s;_,
and z; . ” that minimizes Err.

Step 3. Select a tentative pair of s,,,, and z,,, from the domains defined in step

Step 4. Call SFP to generate ¢, by using the data sets given in steps 1 and 3.

Step 5. Evaluate Err.

Step 6. If the Errevaluated in Step 5 is smaller than the minimum of ever rec-
orded, then update a best-ever pair s; and z,  with the currently-tried s,
and z,,, and the minimum-ever Erris also updated with the Err just evaluated
in Step 5. If not, do nothing.

Step 7. If all the candidates of s, and z,,, in the domains defined in step 2
have been tried, exit the repetition of the process between step 3 and step 7. If
not, go back to step 3.

At the end of the process mentioned above, the optimum pair of s, and z,,,
has been obtained as s, and z, . By applying this searching scheme to
every time-interval of measurement of CO, concentration profile in the field, a
time-series of depth profile of S was determined.

After the series of inverse analyses were implemented, time-series of CO,
emission rates from the soil surfaces in the sites A and B were also evaluated by
calculating the series of ¢, (z #) with optimum pairs of s, and z,,, for all the
time-intervals of measurement of CO, concentration profile in the field. A sur-
face CO, emission rate g,, for each time-interval of measurement of CO, con-
centration profile was, then, evaluated by the following expression:

1 Ccalc(z:O[Cm]’tj)_ccalc(z:_S[Cm]’ti)

[ J —
qsur - J Zj:o Ds 0—(—5)[cm] (16)

where j denotes an index of time increment for the finite difference scheme for

solving Equation (5), / is the maximum of j such that ¢ - £ equals to a

DOI: 10.4236/gep.2023.116008

114 Journal of Geoscience and Environment Protection


https://doi.org/10.4236/gep.2023.116008

I. liyama

time-interval of measurement of CO, concentration profile, being 7 days in this
study. ¢ (0, £) and ¢, (=5, 2) are the CO, concentrations calculated for a time
t;and the vertical locations of z= 0 [cm] and z= -5 [cm], respectively. D, was

evaluated in the same manner as stated in the section 2.4.

4. Results

4.1. Time-Series of CO; Concentration Profiles

The time-series of CO, concentrations at each gas sampling depth are shown in
Figure 1. Through the entire study period, the values of CO, concentration in
both sites increased with depth particularly in the top soil layers, while the gra-
dients of CO, concentration were less steep in the subsoil layers and there was
almost no difference in CO, concentration between 90 and 100 [cm] in depth.
These observed facts suggested that gaseous CO, were produced mainly in the
top soil layers in the warm seasons while there was almost no CO, gas exchange
between the soil layers below and above 100 [cm] in depth.

The CO, concentrations in both sites had increased successively by the end of
July when the values at 100 [cm] in depth exceeded 3% in the site A and 2.5% in
the site B. The CO, concentrations decreased in August, and increased again to-
ward their annual maximum values that came out in September. From October
to February, the CO, concentrations in the two sites had monotonously de-
creased to 1% or less. In March, only in the site A, there was a sign of recovery in
CO, concentration at each depth, presumably because the end of dormancy of

the larch trees was earlier than the spring revival of the grasses and forbs.

4.2. Soil Three Phases

The time-series of soil water contents are plotted in Figure 1(iii-A) and Figure
1(iii-B) for the sites A and B, respectively. The measurement depths in the top
soil layers in both sites had experienced substantial wetting and drying cycles
particularly in the first half of the study period. In these measurement depths,
the soil water contents gradually decreased day by day, and steeply recovered
every time when there was a rainfall of 20 [mm-d™'] or more. In August, the wa-
ter contents in the top soil layers dropped to the lowest level of the year. Then,
the rainfall of 60.5 [mm-d™'] on 8/27 clearly recharged soil water storage in each
site, followed by gradual increase in soil water content with continual rainfalls.
In contrast to the top soil layers, the water contents in the subsoil layers were
relatively stable, and seldom reduced under 0.5. From autumn to the latter days
in winter, the depth distributions of soil water content were stable in both sites,
because of exceptionally small amount of precipitation with low evaporation
demands in those seasons.

The soil bulk densities and particle densities of the two sites are listed on
Table 1. By inputting these values and the measured soil water contents into
Equation (1), air-filled porosities were determined and used for calculating Equ-
ations (4), (5), and (8).
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Figure 1. The time-series data sets of (i) daily precipitation, (ii-A) and (ii-B) CO, con-
centration, (iii-A) and (iii-B) volumetric water content, and (iv-A) and (iv-B) soil tem-
perature. Either of “A” and “B” in a sub-index of a sub-graph label denotes that the chart
is for the data set from either of the sites A and B.

Table 1. The soil bulk densities and particle densities of the two sites. Each value is an average for triplicate samples with a stan-

dard deviation in the parentheses.

Depth range [cm]

Site A Site B

0-25 25-55 55-100 0-25 25-55 55-100

Bulk density p, [Mg-m™]
Particle density p, [Mg-m™]

0.533 (0.036) 0.612(0.011)  0.519 (0.006)  0.601 (0.062) 0.6 (0.023) 0.602 (0.023)

2.547(0.082)  2.838(0.018) 2.805(0.019) 2.463(0.287) 2.808 (0.038)  2.784 (0.023)

4.3. Soil Temperature

Figure 1(iv-A) and Figure 1(iv-B) show the time-series of daily soil tempera-
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tures in the sites A and B, respectively. The temperature regimes in the two sites
were like each other. The whole soil layers had almost continuously warmed up
until the top most soil layers reached more than 27[°C] in late July. Then, the
shallower layers started cooling down while the deeper layers continued warm-
ing, and in the late September, the former vertically ascending temperature pro-
file turned into the temperature profile with vertically descending order. After
the reversal of the temperature gradient, the subsoil layers were consistently
warmer than the top soil layers by the end of January and, then, the temperature
profiles gradually varied toward vertically uniform ones in February and March

to go to the next reversal of the temperature gradient after the study period.

4.4. Soil Gas Diffusion Coefficient

Figure 2 describes the soil gas diffusivities in relation to air-filled porosity for
the undisturbed soil cores sampled in the study field. The maximum of all the
measured gas diffusivities was merely 0.08, suggesting that both sites did not
contain so many easy pathways for soil gas species as expected from their high
total porosities mainly because most of the soils in this study usually had water
contents of more than 0.5. Under very wetted conditions, the soil gas diffusivi-
ties in both sites got close to zero in the first 10% of air-filled porosity, and, with
a few exceptions, were completely zero with air-filled porosity being less than
5%, suggesting that some portions of soil air-phase were hardly accessible to the
atmosphere. The measurement results also indicated that the gas diffusivities of

the top soil layers were higher than those of the subsoil layers for a given air-filled

0.1 9 qG) a,=0.050 7 (i) a,=0.050 7 (iii) a,=0.000
site A 1=10.064 site A 1=10.059 site A 1=10.060
0.08 1 0-25[ecm] m=1.296 1 25-55[cm] m=1.139 1 55-100 [em] m=1.002
n=_8.070 n=>5342
0.06 1 6,=0.791 1 1 6,=0.815
0.04 1 1
0.02 A 1 1
(iv) a,=0.050 7 W) a,=0.050 7 (vi)

site B 1=0.066
0.08 4 0-25[cm]

site B A=0.062 site B
1 25-55[cm] m=1.352 1 55-100 [cm]

Soil gas diffusivity & [-]
(=]

0.06 - 1 1
a,=0.025
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0.00 e m=1926
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g % 6,=0.784

0 01 02 03 0 01 02 03 0 01 02 03
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Figure 2. The soil gas diffusivities in relation to air-filled porosity for the undisturbed soil
cores sampled in the study field. Three sub-graphs (i), (ii), and (iii) in the upper row de-
scribe the data sets from the site A, while the lower three sub-graphs (iv), (v), and (vi) are
for the site B. Each sub-graph is labelled with a depth range in which a data set represents
the gas diffusivities. A set of values of the parameters in equation (4) written on each
sub-graph are obtained by the least-square fitting of equation (4) to the measured data set
on the sub-graph, and are used for drawing the solid line in the sub-graph.
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porosity, as the soils in the site A often got dry comparatively easily to those in
the site B, owing to larger amounts of macro-pores developed by tree standings
(Iiyama & Hirai, 2014).

The modelled curves of Equation (4) expressed each of the measured data
plots well, implying that the mathematical expression of Equation (4) was suita-
ble for reproducing such features of the soils in this study that high ordinary
water content prevented soil gas from easily travelling through the soil matrix
even though the soil had very high porosity. The parameter sets of the modelled
curves in Figure 2 served as inputs for the inverse analyses of this study.

4.5. Inversely-Determined CO; Production Rates

Figure 3(i-A) and Figure 3(i-B) show the time-series of the depth distributions
of CO, production rate in the sites A and B, respectively. The physical unit of the
values of CO, production rate in the chart is converted to grams of CO, pro-
duced per square meter of horizontal plane per 5-cm thickness of soil layer per
day, “gCO, m™ (5 cm)™".d™™.

Overall, the calculation results reflected phenological traits commonly found
on both arboreal and herbaceous plants in the study field. For example, from
May to July, the CO, production rates in the top soil layers in both sites had
clearly increased with soil temperature rising there during that period. And after
the end of September, the intensity of CO, production at each site became weak-

er as the soil temperature in the top soil layers were lowering.

5. Discussion
5.1. Seasonal Behaviors of CO; Production Rate Profiles

The depth range with the highest level of CO, production rate had been found in
the top 20 [cm] of the soil layers in both sites by the end of July, suggesting that
plant roots and soil microbes had acted the most lively in the 20 [cm] layer dur-
ing warming seasons. Then, a sudden reduction in CO, production rates oc-
curred coincidently in the two sites in August. This was likely because there was
no rain in the study field for more than half a month so that soil water content in
the top soil layer fell to the lowest of the year, having been insufficient to main-
tain an ordinary level of respiratory activity. After the tentative reduction of CO,
production, the most active CO, sources again emerged in the top 20 cm in
depth and stayed there until September. From October, the location with the
highest value of CO, production rate became deeper at each site as the tempera-
ture gradients along depth reversed before the beginning of October, and the
subsoil layers became warmer than the top soil layers in the latter half of the
whole study period.

Some site-specific features also appeared. The results of calculation about the
site A showed that the CO, production rates near the tree stands had dropped
down in the autumn and stayed in the lowest level in the winter. In the study

field, autumnal tints began on the larch trees from around 11/20, and almost all
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their leaves had fallen by 12/15, meaning that the period through which the eva-
luated soil respiration was weakening coincided with the progress of coloring the
larch tree leaves. This coincidence implied that the temporal change in CO,
production rate in the soil layer can explain the transition in stages of develop-

ment in plants.
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Figure 3. The time-series of (i) the depth distributions of CO, production rate, (ii) the
surface CO, emission rates, and (iii) the amount of gaseous CO, stored in the soil layers
of 100 [cm] in thick in the sites A and B. The data sets on the sub-graphs (i)-A and (i)-B
are for the sites A and B, respectively, and the physical unit of the numerals in the legend
of each sub-graph is grams of CO, produced per square meter of horizontal plane per
5-cm thickness of soil layer per day, “gCO, m™ (5 cm)™.d™"”.
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On the other hand, the results of calculation about the site B indicated that the
CO, production in the harvesting area had been weaker than those near the tree
stands, obviously reflecting the shallower and narrower elongation of roots of
the grasses and forbs than that of the tree stands. For example, in the site B, the
depth range with more than 1 [gCO, m™ (5 cm)'-d"'] did not go beyond 40 cm
in depth, while that with similar amounts of CO, production in the site A ex-
panded into 80 [cm] beneath the surface at maximum. In addition, this numeri-
cal result also allowed to infer that crop harvesting was done before the grasses
and forbs started becoming less active, since they were harvested on 5/24, 7/25,
and 9/24 in that year, while the evaluated CO, production rates in the harvesting
area started decreasing after the end of September.

5.2. Surface CO; Emission Rate and Gaseous CO; Storage

Figure 3(ii) shows the time-series of the surface CO, emission rates in the two
sites, which were derived by using Equation (16). The surface CO, emission rate
in the site A had been roughly twice as large as that in the site B at any time in
the study period, due mainly to larger size of respiratory activities by the tree
stands than the grasses and forbs. In the site A, the maximum of the values in
the study period was 35 [gCO, m*d™'], almost equivalent to 35 [MgC
ha™'.yr™'], found in the end of July, while that in the site B was 15 [gCO,
m>d™"]. And, even during the winter, the CO, production continued, resulting
in the 11-month averages of 17.1 and 6.5 [gCO, m>d '] in the sites A and B, re-
spectively. These values were comparable with annual surface CO, emissions
observed on similar land uses in past studies (Risk et al., 2002; Fierer et al., 2005;
Lee et al., 2007) and, thus, were likely to be realistic.

Figure 3(iii) shows the amount of gaseous CO, stored in the soil layers of 100
[cm] in thick in the two sites. In the site A, the gaseous CO, had increased in the
warming seasons up to 15 [gCO, m™] while the yearly maximum value found in
the site B was 7 [gCO, m™]. Averaging the time-series data sets, the amounts of
gaseous CO, contained in the soil layers were 7.6 [gCO, m™] and 4.0 [gCO,
m™]. Compared these values with the surface CO, emission rates evaluated
above, the mean residence time of gaseous CO, in the study field were estimated
as 0.44 [d] and 0.62 [d] in the sites A and B, respectively, suggesting that it is
important for managing this type of field to maintain smooth exchange between
soil air and the atmosphere for proper growth of plants and soil fauna.

In summation, the results of the inverse analyses of this study suggested that
even simple assumptions about soil respiration as adopted in Equations (7), (8),
and (9) make it possible to clarify environmental behaviors of seasonal respira-
tory activities in soils when adequate mass-balance and transport models are ap-
plied to time-series data sets of depth distribution of CO, concentration moni-
tored in a field. It was also implied that once a set of relevant parameters in a
governing equation is confirmed, it will be possible to predict quantitatively and
mechanistically spatial and temporal behaviors of soil respiration induced by

hypothetical changes in atmospheric and soil climates.
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6. Conclusion

This study aimed at quantifying and characterizing soil respiration in the form of
the depth distribution of CO, production rates. For this aim, the depth distribu-
tions of soil gaseous CO, concentration with relevant soil physical parameters were
monitored in a meadow, and were inversely analyzed by using a one-dimensional
soil gas transport-production equation. The soil gas diffusivity was modelled by a
modified Millington-Quirk model. The CO, production rate was modelled with
such two surrogate parameters as the depth at which respiration occurs most ac-
tively in a soil layer and the intensity of the most active soil respiration, and the
determination of these two parameters was made the solution of the inverse anal-
ysis. The findings from the measurements and the analyses were as follows:

o The CO, production model proposed in this study performed adequately as
a first-approximation of spatial and temporal distribution of aerobic respiratory
activities in a soil layer. Seasonal behaviors of the depth profiles of CO, produc-
tion rates were understood quantitatively by being aware of the changes in the
two surrogate parameters of the model. For instance, the depth range of intense
CO, production was found in the top soil layers during summer while it moved
down into the subsoil layers in winter, implying that main CO, sources can
change with seasons from respiratory activities in a top soil layer to those in
deeper parts of the soil layer.

« Surface CO, emission rates were derived from the inversely determined CO,
production rates. The resultant values were comparable with the surface CO,
emissions from the same types of land use reported in past studies, suggesting
that the inversely evaluated values were likely to be reasonable.

o The mean residence time of gaseous CO, in the study field was also esti-
mated by using the results of measurements and analyses of this study. The re-
sultant values were around half a day, and suggested that degradation in soil gas
transportability can easily inhibit aerobic respiration in a soil layer like this study
field and, therefore, it is important to evaluate the rate of CO, production in pa-
rallel with the size of CO, pool in a soil for properly managing soil gaseous en-

vironment.
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