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Abstract To quantify the contribution of soil moisture to
seasonal and annual variations in soil CO2 efflux in a
cool-humid deciduous broadleaf forest, we measured
soil CO2 efflux during the snow-free seasons of
2005–2008 using an automated chamber technique. This
worked much better than manual chambers employing
the same steady-state through-flow method. Soil CO2

efflux (g C m�2 period�1) during the snow-free season
ranged from 979.8 ± 49.0 in 2005 to 1131.2 ± 56.6 in
2008 with a coefficient variation of 6.4 % among the
4 years. We established two-parameter (soil temperature
and moisture) empirical models, finding that while soil
temperature and moisture explained 69–86 % and
10–13 % of the temporal variability, respectively. Soil
moisture had the effect of modifying the temporal vari-

ability of soil CO2 efflux, particularly during summer
and early fall after episodic rainfall events; greater soil
moisture enhanced soil CO2 efflux in the surface soil
layers. High soil moisture conditions did not suppress
soil CO2 efflux, leading to a positive correlation between
normalized soil CO2 efflux (ratio of the measured to
predicted efflux using a temperature-dependent Q10

function) and soil moisture. Therefore, enhanced daily
soil CO2 efflux following heavy rainfall events could
significantly reduce net ecosystem exchange (i.e. daily
net ecosystem production) by 32 % on some days. Our
results highlight the importance of precisely estimating
the response of soil CO2 efflux to changes in soil mois-
ture following rainfall events when modeling seasonal
carbon dynamics in response to climate change, even in
humid monsoon regions.

Keywords Automated soil respiration chambers Æ
Empirical model Æ Open-flow IRGA
method Æ Rainfall Æ Soil respiration

Introduction

Forests in the middle and high latitudes of the northern
hemisphere create a significant sink for atmospheric
carbon (C; Fang et al. 2014). Natural broadleaf de-
ciduous forests in Japan contribute to this large global C
sink (Saigusa et al. 2002, 2005; Fang et al. 2014). A
forest C sink, measured as net ecosystem production
(NEP), balances two opposing biological processes,
photosynthetic assimilation (net primary production,
e.g. tree growth) and heterotrophic respiration (Ohtsuka
et al. 2009). That is, NEP represents the balance between
gross primary production and ecosystem respiration of
forests (Saigusa et al. 2002). Soil CO2 efflux (Rs) or soil
respiration, including autotrophic respiration from roots
and heterotrophic respiration from microbes and soil
fauna, is therefore an important process that regulates
the C balance in forest ecosystems. In fact, Rs typically
contributes 30–80 % of annual total ecosystem respira-
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tion in forests (Davidson et al. 2006b), and even >90 %
in some years (Mo et al. 2005a). Identifying the sources
and quantifying the magnitudes of variation in Rs are
critical to assessing the influence of forests ecosystems
on atmospheric CO2 concentrations in a world experi-
encing climate change.

Soil temperature and moisture are two important
abiotic parameters affecting Rs and related underlying
processes in terrestrial ecosystems (e.g. Davidson et al.
1998; Lee et al. 2002, 2008; Mo et al. 2005b; Hashimoto
et al. 2009; Kim et al. 2010; Wang et al. 2010), although
primary productivity and litter fall supply are also cri-
tical drivers (Davidson et al. 2002; Kuzyakov and
Gavrichkova 2010). For instance, at the global scale, Rs

increased linearly with mean annual temperature but
responded non-linearly to mean annual precipitation in
naturally-regenerated forests (Wang et al. 2010). On a
seasonal time scale, a strong exponential increase in Rs

with soil temperature has been found across a wide
range of terrestrial ecosystems (see a review in Davidson
and Janssens 2006). This led to widespread use of the
Q10 function in studies of the temporal variation in soil
CO2 efflux (Oishi et al. 2013). The Q10 function (see
Eq. 5 in ‘‘Materials and Methods’’) is comprised of two
parameters where Q10 is the sensitivity of Rs to tem-
perature and R10 is the basal rate of respiration at the
reference temperature of 10 �C. Measures of Q10 and
R10 derived from field data may integrate confounding
effects from the sensitivity of both variables to tem-
perature as well as their sensitivity to seasonal changes in
physiological activities induced by photosynthesis, root
phenology, microbial biomass, and other factors (Mo
et al. 2005b; Davidson et al. 2006a). This so-called
‘‘apparent Q10’’ should be interpreted cautiously and
quantified by specifying both spatial and temporal scales
(Davidson and Janssens 2006; Kirschbaum 2010). De-
spite this, the Q10 function can still provide a useful
empirical tool for estimating annual Rs and comparing
Rs among sites (Curiel Yuste et al. 2005; Mo et al.
2005b). The increasing use of automated chamber sys-
tems for measuring soil CO2 efflux makes Q10 function
particularly valuable (Lee et al. 2008; Kim et al. 2010;
Oishi et al. 2013).

Soil moisture is considered the second most impor-
tant environmental parameter affecting Rs; low soil
moisture directly limits microbial activity, while high soil
moisture reduces air-filled soil porosity and may limit
the diffusion of soil gases especially in agricultural soils
(Davidson et al. 1998; Lee et al. 2002; Yonemura et al.
2009). Soil rewetting following a rainfall event is a cri-
tical factor regulating soil CO2 efflux and other soil gas
fluxes (see Kim et al. 2012 for a recent review). Curiel
Yuste et al. (2005) estimated that �9 to 14 % of annual
Rs in an oak forest in Belgium was rainfall induced,
with soil temperature the main factor controlling annual
Rs. Globally precipitation patterns have been predicted
to change with increasing intra-annual variability and
more frequent extremes (IPCC 2013). Thus, knowledge
of the relative contribution of soil moisture to both

seasonal and annual Rs is particularly important in re-
gions where profound changes in precipitation are ex-
pected. Japan, one such region, has forests covering
complex terrain with a typical oceanic climate and
abundant precipitation that are strongly affected by
monsoons (Saigusa et al. 2005). Using a model,
Hashimoto et al. (2011) estimated that total Rs in Ja-
pan’s forests would be equivalent to �39 % of the total
C emissions from fossil-fuel combustion and other an-
thropogenic activities in Japan (350 Tg C year�1, in
2008). Lee et al. (2006) reviewed soil respiration of forest
ecosystems in Japan (N = 51) and demonstrated that,
although soil temperature was usually the dominant
control on Rs, changes in soil moisture following rainfall
events and typhoons cause abrupt changes in Rs.
Therefore, estimating and predicting the contribution of
soil moisture to Rs in Japan’s forests is important be-
cause it relates directly to Japan’s commitment to the
Kyoto Protocol and future C sequestration strategies.

This study quantified the contribution of soil mois-
ture to seasonal and annual variations in soil CO2 efflux
in a humid cool-temperate deciduous broadleaf forest in
central Japan. The Takayama flux site (hereafter, TKY),
the oldest forest site of the AsiaFlux network, has ex-
perience more than two decades of long-term monitor-
ing yielding many important findings related to C pools
and flows in this ecosystem (e.g. Lee et al. 2002, 2006;
Saigusa et al. 2002, 2005; Jia et al. 2003; Mo et al. 2005a,
b; Satomura et al. 2006; Ohtsuka et al. 2007, 2009).
Ohtsuka et al. (2007) and Ohtsuka et al. (2009) have
reported on detailed of C cycling of this forest. Previous
studies on Rs (1999–2002) found that soil temperature
was the primary factor affecting variations in Rs at this
site (Mo et al. 2005b), while rainfall-induced soil CO2

release accounted for 16–21 % of the annual Rs (Lee
et al. 2002). Furthermore, prolonged soil drying after the
rainy season in summer created low levels of daily soil
CO2 efflux (Mo et al. 2005b). However, these findings
were developed from low frequency measurements (bi-
weekly to monthly) using manual soil respiration
chambers, which limited the documentation of the short-
term effects on soil CO2 efflux immediately following
rainfall events. We wanted to improve on the quantity
and quality of data collected using an automated
chamber technique based on the previously used open-
flow infrared gas analyzer (IRGA) method (Lee et al.
2002; Mo et al. 2005a, b). We used this technique to
measure soil CO2 efflux during the snow-free seasons
from 2005 to 2008. Fortunately, Yonemura et al. (2013)
installed CO2 sensors to continuously measure the ver-
tical CO2 concentration in the soil profile at this study
site from June 2005 through May 2006, thereby estab-
lishing a diffusion model that can be used to estimate
vertical CO2 emission from each 1-cm layer at soil
depths of 0–50 cm. Our objectives were to examine the
performance of the automated chamber technique re-
lative to the diffusion model, and to quantify Rs in re-
sponse to changes in soil moisture using high-frequency
data collections. We wanted to explore the possible
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mechanisms controlling vertical soil CO2 emissions
(Yonemura et al. 2013) and the seasonal patterns of
NEP and root respiration (Lee et al. 2005). Additional
objectives were to estimate annual Rs with and without
considering soil moisture using an empirical model ap-
proach, and to discuss the contribution of soil moisture
to annual Rs at this forest site.

Materials and methods

Site description

TKY, located in central Japan (36�08¢N, 137�25¢E,
1420 m a.s.l), experiences a cool temperate climate un-
der the influence of the Asian monsoon. Mean annual
temperature and precipitation (1994–2009) were 6.5 �C,
measured at 25-m height using a flux tower, and
2056 mm at the Takayama Forest Research Station,
Institute for Basin Ecosystem Studies, Gifu University,
which is �0.5 km south of TKY site (http://www.green.
gifu-u.ac.jp/takayama/Data.html), respectively. This
secondary broad-leaved deciduous forest grew on a
brown forest soil (Dystric Cambisols), specifically, well-
drained acidic sandy loams mixed with volcanic ash
(Yonemura et al. 2013 provides detailed soil informa-
tion). A permanent 1 ha (100 · 100 m2) plot on a west-
facing slope had allowed the study biometric based es-
timates of NEP (Ohtsuka et al. 2007, 2009). Dominant
broad-leaved deciduous species included Quercus
crispula (27 % of basal area), Betula ermanii (25 %) and
Betula platyphylla var. japonica (15 %), with a few ev-
ergreen conifer species (3 %; Ohtsuka et al. 2009). Ja-
panese beech (Fagus crenata) dominated the primary
climax vegetation around the permanent plot. However,
the planting of coppice oak (Quercus crispula) forests for
the production of charcoal had largely replaced these
climax forests, although these charcoal-production for-
ests were abandoned when the demand for charcoal
declined rapidly after the 1960s. Thus, 15–20 m tall
coppice oak mixed with deciduous pioneer trees, all
approximately 50–60 years old, uniformly covered the
plot. A very dense Sasa senanensis community (a
perennial evergreen dwarf bamboo; 100 % coverage;
�40 stems m�2; 1–1.5 m tall) covered the forest floor.
Budding and leaf shedding occurred in May and Octo-
ber, respectively, and snow usually covered the ground
from December to April.

The first forest flux-tower site of AsiaFlux network,
established here in 1993 using a 27-m tall tower using an
aerodynamic method, provided continuous measure-
ments of the net CO2 flux [net ecosystem CO2 exchange
(NEE) � NEP] between the forest and atmosphere; the
eddy covariance method replaced this in 1998 (e.g. Sai-
gusa et al. 2002, 2005). Eddy covariance-based NEE was
estimated at 2.59 Mg C ha�1 year�1 (1999–2006), com-
parable to the biometric-based NEP estimate
(2.1 ± 1.15 Mg C ha�1 year�1), suggesting the forest is
a steady sink of atmospheric CO2 (Ohtsuka et al. 2007,

2009). Saigusa et al. (2005) provided detailed measure-
ment descriptions of NEE with eddy covariance. The
AsiaFlux database (http://www.asiaflux.net/) provided
the CO2 flux data (NEE) for TKY.

Measurement of the soil CO2 efflux using automated
vs. manual chambers

Diurnal changes in CO2 efflux from soil and snow
surfaces at TKY have been measured continuously for
24–48 h once or twice a month by the open-flow IRGA
method with manual open/close chambers from 1995 to
2002 (Mo et al. 2005a, b). The open-flow method, or
so-called steady-state through-flow method, is very re-
liable for determining soil CO2 efflux (Pumpanen et al.
2004). In 2005, we established the automatic opening
and closing chamber (AOCC) technique instead of us-
ing the manual chamber technique based on the same
open-flow IRGA method, to observe soil CO2 efflux
continuously throughout the year except for snow
seasons. We used four automated chambers (five
starting in 2007), each with a 20-cm internal diameter,
25 cm tall, and set 5 cm into the soil. Chambers were
deployed in the same area reported by Mo et al.
(2005a, b), around the flux tower where NEE was
observed using the eddy covariance method (e.g. Sai-
gusa et al. 2002; 2005).

Suh et al. (2006) and Lee et al. (2008) used a similar
concept for their AOCC system. The AOCC system
employed three main parts: an automated chamber unit
(SENSA Corporation, Inagi, Tokyo, Japan) that open-
ed/closed with air pressure driven by a compressor, a
pumping and relay control unit (Japan ANS Co. Ltd.,
Fuchu, Tokyo, Japan), and a computer that ran the
relay program and logged data (software by Japan ANS
Co. Ltd.). The pumping system employed a buffer tank
made from a commercial 30 L plastic box, three air
pumps (JN022ANE and N86KNE, KNF Neuberger
GmbH, Freiburg, Germany), three electric cooling units
(Japan ANS Co. Ltd.), and five mass-flow controllers
(SEC-B40, HORIBA STEC Co., Ltd., Kyoto, Japan).
When measuring soil CO2 efflux, air from the buffer tank
pumped into the IRGA CO2 analyzer and inlet of the
chamber at a flow rate of 1.35 L min�1, as well as
controlled the flow of air from the outlet at the same rate
using another pump. The CO2 concentration of the
chamber inlet and outlet air were measured with a dual-
channel CO2 analyzer (BINOS 100 2 M, Emerson Pro-
cess Management, Manufacturing GmbH & Co., OHG,
Hasselroth, Germany) with a flow rate of 0.2 L min�1

after removal of water vapor by an electric cooling unit,
while the remaining sample air was vented. Soil CO2

efflux rate was calculated as the difference in CO2 con-
centration between the inlet and outlet of the chamber
when operating in a steady state condition (e.g. Bekku
et al. 1997; Lee et al. 2002; Pumpanen et al. 2004; Mo
et al. 2005b; Suh et al. 2006; see Eq. 1 for the calcula-
tions). In our study, the CO2 concentration inside of the
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chamber reached a steady-state with a flow rate of
1.35 L min�1 at 25–35 min after chamber closure,
varying with seasons (data not shown). Therefore, the
CO2 concentration at 39–40 min after chamber closure
was used to calculate the efflux rate (see Eq. 1). Ac-
cordingly, 40, 160 and 200 min were required for one,
four, and five chamber measurements to complete one
measurement cycle, respectively. Mean hourly efflux was
calculated from each measuring cycle in �3-h intervals

(e.g. Fig. 1b, d). The CO2 analyzer was automatically
calibrated with standard CO2 gases at four concentra-
tions (pure N2 gas as a zero CO2 base and air-based CO2

standard gases of 350, 700, 995 ppm) after the fourth
cycle. The computer saved environmental data (e.g. at-
mospheric pressure, cell temperature of the CO2

analyzer, soil temperature inside the chambers) and CO2

concentration, allowing remote access to the data from
our research institute.
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F¢, T and T¢ indicate changes in the efflux with the timing of rainfall
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In 2005, soil CO2 efflux was also measured with four
manual chambers using the same open-flow system of
Mo et al. (2005a, b) to allow comparison with data
collected using the AOCC technique. Each manual
chamber was placed 0.8–1.0 m from an AOCC chamber.
Manual chambers were made of PVC material, with a
21 cm internal diameter, 15 cm tall, and set 5 cm into
the soil. A 2.5 cm high PVC lid was placed on top of
each chamber immediately before measurements were
started. A measurement cycle of 25 min for the four
chambers was repeated. Soil CO2 efflux was measured
continuously for 24 h to obtain daily efflux. Natural
surface litter was retained within either manual or au-
tomated chambers; however, live and/or standing dead
vegetation was carefully removed prior to the ex-
periment. Mo et al. (2005b) provides additional infor-
mation related to the measuring system used with
manual chambers.

Environmental variables

Environmental data related to air temperature, soil
temperature and moisture (as volumetric soil water
content) were collected from a location adjacent to
chambers, as described previously (Saigusa et al. 2002;
Mo et al. 2005b; Yonemura et al. 2013). Soil tem-
perature was monitored at a single location by thermo-
couples at depths of 1, 10, 20, and 50 cm, except that
three thermocouples were used at three points 1 cm
deep. Soil moisture was measured at a single location by
time domain reflectometry (TDR, Model CS612,
Campbell Scientific, Logan, UT, USA) at depths of 5, 10
and 20 cm, except that two points were used at 5 cm
deep. Snow depth was measured near the tower ultra-
sonically (SR50 acoustic sensor; Campbell Scientific).
Data for all parameters were averaged hourly and daily.

Data analyses

Using the open-flow method, the soil CO2 efflux rate (mg
CO2 m�2 h�1) was calculated as the difference in CO2

concentration between inlet and outlet of the chamber at
a steady state condition (Eq. 1):

Rs hourly mg CO2m
�2h�1

� �

¼ ðDCO2 � 10�6 � L� 10�3 � q� 106Þ � 60� A�1

ð1Þ

where DCO2 is the difference in the CO2 concentrations
between the inlet and outlet of the chamber at a steady
state condition (ppm), L is the flow rate (L min�1), and q
is the density of CO2 (kg m�3). A is the soil surface area
(m2) covered by the chamber. The constants in the
equation convert the units to mg CO2 m

�2 h�1 (Suh
et al. 2006).

For each chamber the daily total soil CO2 efflux
(daily Rs, g C m�2 day�1) was calculated as the mean of
the hourly efflux estimates (e.g. 3-h intervals for AOCC)
of the day, multiplying 24 h and converting the unit to
g C m�2 day�1. Thus, mean daily Rs was the mean of
daily Rs from four to five AOCC chambers or four
manual chambers (e.g. Figs. 2b, 3c, 4a). We reported
daily efflux instead of hourly efflux to prevent con-
founding results associated with diurnal fluctuations,
which usually peaked around 5 pm during the snow-free
season (Yonemura et al. 2013). Daily Rs was plotted
against daily mean soil temperature at 1 cm using an
exponential model (e.g. Figs. 2b, 4a) to determine the
relationship between soil temperature and soil CO2 ef-
flux:

Fc Tsð Þ ¼ a� ebTs ð2Þ
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The reference respiration rate at 10 �C (R10, same unit as
Fc(Ts)), was calculated as:

R10 ¼ a� e10b ð3Þ

By definition, the value of Q10 (sensitivity to tem-
perature) was calculated from the differences in the
respiration rate at a temperature interval of 10 �C. Us-
ing the exponential model (Eq. 2), Q10 was considered
conceptually constant with temperature:

Q10 ¼ FcðTsþ10Þ=FcðTsÞ ¼ e10b ð4Þ

Combining Eq. (3) and (4), Eq. (1) can be expressed as a
Q10 function:

Fc Tsð Þ ¼ R10 � Q Ts�10ð Þ=10ð Þ
10 ð5Þ

where soil CO2 efflux [Fc(Ts)] was the predicted CO2 ef-
flux (g C m�2 day�1) at soil temperature Ts (�C) at a
depth of 1 cm.

To examine soil CO2 efflux in response to the soil
water content (volumetric SWC, %), normalized efflux
[Fc¢(SWC)] was calculated as:

Month

D
ai

ly
so

il 
C

O
2

ef
flu

x
(g

C
m

−
2

d−
1 )

(a)

0

100

200

0

10

20

Tair Ts_1 cm Snow depth

0

15

30

45

60

0

30

60

90

120

150

0

4

0

4

8

12

Rs_measured Rs_fit(Ts, SWC)_each NEE

1 3 5 7 9 11 1 3 5 7 9 11 1 3 5 7 9 11 1 3 5 7 9 11

2005 2006 2007 2008

(b)

(c)

SWC_5 cm

Rainfall

R
ai

nf
al

l  
(m

m
 d

−
1 )

−10

−20

D
ai

ly
 m

ea
n 

te
m

p.
 (o

C
)

−100

−200

S
no

w
 d

ep
th

 (
cm

)
−12

V
ol

um
e 

so
il 

w
at

er
 c

on
te

nt
 (

%
)

−4

−8

D
ai

ly
N

E
E

(g
C

m
−

2
d−

1 )

Fig. 3 Seasonal variation in a daily mean air (at 27 m), soil
temperature at 1 cm and snow depth; b daily rainfall and volume
soil water content; and c mean daily soil CO2 efflux (Rs) and net
ecosystem CO2 exchange based on tower eddy covariance in
2005–2008. Error bars represent the standard deviation of four
(2005–2006) or five (2007–2008) AOCC chambers. Estimated Rs

(Rs_fit_each) was calculated using Fit (11) to Fit (15) for the snow-
free seasons in 2005 to 2008, respectively, and Fit (16) for
estimating the winter CO2 efflux from the date of initial snow-
cover and 15 days after snow melt; see Table 1 for the parameters
for Fit (11) to Fit (16)
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Fc0SWCð Þ ¼ Measured efflux atTs=

Predicted efflux by Eq: 5 ½Fc Tsð Þ� ð6Þ

and plotted against daily mean SWC using linear re-
gression (e.g. Fig. 4b):

Fc0SWCð Þ ¼ A� SWC þ B ð7Þ

where soil CO2 efflux [Fc¢(SWC)] was the predicted CO2

efflux (g C m�2 day�1) at SWC (%) at a depth of 5 cm
after normalizing the effect of soil temperature andA and
B were parameters fitted for 2005–2008 data (Fig. 4b;
Table 1).

By combining Eqs. (5) and (7), we established a
simple empirical model to estimate daily soil CO2 efflux
(g C m�2 day�1) using soil temperature and soil moisture
during snow-free seasons:

Fc Ts; SWCð Þ ¼ FcðTsÞ � Fc0SWCð Þ ð8Þ

Results

Comparison of manual and automated chamber
techniques (manual vs. AOCC)

Data for seasonal changes in soil CO2 efflux measured
with AOCC from early spring to middle summer
(Fig. 1b) and from middle summer to late autumn
(Fig. 1d) were in agreement with data from manual
chambers. The daily pattern of hourly Rs measured by
the two techniques also showed similar trends (Fig. S1).
Daily soil CO2 efflux from the mean of four AOCC
chambers was not significantly different from data of
manual chambers (Fig. 2a; N = 13, P > 0.05). The
AOCC technique had the advantage of providing con-
tinuously measured CO2 efflux throughout the seasons
(Fig. 1b, d). The relationship between daily soil CO2

efflux and soil temperature showed no significant dif-
ference, irrespective of chamber technique (Fig. 2b, see
Table 1 for fitted functions). However, the AOCC
technique improved to the capture of the effects of soil
temperature, rainfall, and soil moisture events on soil
CO2 efflux (Fig. 1). Hourly Rs (3-h intervals) increased
with soil temperature after snow melt, showing sensi-
tivity to soil temperature at 1 cm from day to day
(Fig. 1b, point T). A small increase in Rs with rainfall
was also observed (Fig. 1b, point F). Rs measured with
AOCC increased with soil temperature from 400 to
600 mg CO2 m�2 h�1 from late spring to late June.
AOCC captured a rapid response of Rs (600 to 1400 mg
CO2 m�2 h�1) to soil moisture, which increased dra-
matically (25–50 %) following heavy rainfall at the end
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of June (Fig. 1b, point A). During the warm season
from July to August when soil temperature remained at
15–22 �C, AOCC also captured pulses of Rs following
rainfall events (Fig. 1b, d, points B). At the end of July
and during August (point C in Fig. 1), Rs decreased
gradually as soil moisture decreased; that is, decreases in
RS reflected soil drying after the rainy season (Fig. 1b,
point C) and typhoons (Fig. 1d, point C), even though
the soil temperature remained high. Rs declined from
1000 to 400 mg CO2 m�2 h�1 from early September to
autumn when soil temperature and moisture declined
(Fig. 1d, point E). Rs was less responsive to an increase
in soil moisture after October when soil temperature was
<15 �C (Fig. 1d, point F¢). A sudden decrease in Rs

(from 470 to 340 mg CO2 m�2 h�1) occurred when soil
temperature dropped to <5 �C (Fig. 1d, point T¢).

The effects of soil temperature and moisture
on the seasonal variation in soil CO2 efflux

Mean annual air temperature at a height of 25-m was
6.0, 6.7, 6.7, and 6.6 �C from 2005 to 2008, respectively
(Fig. 3a; Table 2). A snowpack that formed in early
December every year kept soil temperatures above 0 �C
at 1 cm deep (Fig. 3a), as also reported by Mo et al.
(2005b). The length of the snow-free season in 2005 to
2008 was 224 days (Apr 20 to Nov 29), 215 days (May 1
to Dec 2), 216 days (Apr 10 to Nov 11), and 215 days
(Apr 18 to Nov 18), respectively (Fig. 3a).

Soil moisture was generally high during winter, but
usually peaked in spring when snow melted, and varied
with rainfall amounts during the snow-free season
(Figs. 1b, 3b). June and July is the rainy season at the
study site and typically experiences large amounts of
rainfall. The Japan Meteorological Agency (http://
www.data.jma.go.jp/fcd/yoho/baiu/kako_baiu08.html)
documented the length of the rainy season in the area
surrounding TKY as follows: 38 days (Jun 11 to Jul 18,
2005), 49 days (Jun 8 to Jul 26, 2006), 44 days (Jun 14 to
Jul 27, 2007), and 46 days (May 28 to Jun 12, 2008).
Total rainfall in those periods was 401, 600, 476, and
419 mm, respectively (Fig. 3b). Soil moisture was gen-
erally high in the rainy season and low after the rainy
season. Several typhoons in late August and September
resulted in increased soil moisture.

Over the course of the snow-free season, soil CO2

efflux generally fluctuated in parallel with seasonal
changes in soil temperature (Fig. 3a, c). That is, soil
temperature exerted principle control on the seasonal
variability of soil CO2 efflux (Fig. 4a; see Table 1 for
fitted functions). Accordingly, the Q10 function [Fit (1b)
to Fit 4 in Table 1] inferred that soil temperature ex-
plained 69 to 86 % of the variability in daily soil CO2

efflux during the snow-free season during the four study
years (86.4, 83.1, 83.5 and 68.7 % for 2005–2008 re-
spectively, according to the correlation coefficients of
Q10 functions with measured Rs, P < 0.001).

Variations in soil moisture caused the temporal
variability of soil CO2 efflux especially during summer
and early fall (Figs. 1b, d, 3c). A plot of daily soil CO2

efflux against soil moisture for 2005 and 2008 (Fig. 4b)
indicated a confounding effect with soil temperature, as
temperature and moisture were significantly correlated
(e.g. in snow-free season of 2005, r = � 0.554,
P < 0.001, N = 224). However, normalized soil CO2

efflux, the ratio of the measured efflux to the predicted
efflux using the temperature-dependent Q10 function
(Eq. 4), was significant and positively correlated with
soil moisture in the snow-free season (Fig. 4c; see Ta-
ble 1 for each fitted function). This demonstrated that
the increase of soil moisture following rainfall events
enhanced daily soil CO2 efflux. These high moisture
events sometimes switched daily NEE from being a C
sink (negative values) to C source (positive values) in the
rainy and typhoon seasons (Fig. 3c, Fig. S2). Therefore,
enhanced soil CO2 efflux following rainfall events may
contribute to these NEE pulses (Fig. 3c), although the
low gross primary production occurring with low solar
radiation caused by cloud cover may be the major
controlling factor (Saigusa et al. 2005). For instance, a
crude estimate (Fig. S2) showed that enhanced daily soil
CO2 efflux following heavy rainfall events during 27
June to 4 July, 2005 (D Rs, 12.8 g C m�2) may contribute
to reducing the NEE (D NEE, 40.3 g C m�2) by 32 % on
these days.

The two-parameter (Ts and SWC) models (i.e. Fit 11
to Fit 14 in Table 1) explained 80–96 % of the vari-
ability in daily soil CO2 efflux (96.4, 96.0, 93.9 and
79.5 % for 2005–2008 respectively, based on the corre-
lation coefficients of model estimates of measured Rs,
P < 0.001). Separately, soil temperature explained
69–86 % of the temporal variability in daily soil CO2

efflux, while soil moisture explained an additional
10–13 % (10, 13, 10 and 11 % for 2005–2008, respec-
tively).

Annual soil respiration (Rs) from 2005–2008

Table 2 summarizes several estimates of annual Rs using
the fitted functions in Table 1. Because measured soil
CO2 efflux with AOCC covered 78–88 % of the snow-
free season, the sum of measured efflux could provide a
standard for evaluating estimated Rs using different fit-
ted functions (empirical models). Annual Rs estimated
by Q10 function, the single parameter related to soil
temperature, derived from each target year (i.e. Fit 1b to
Fit 4) had <2 % deviation from the cumulative CO2

efflux (Rs_measured). The estimated annual Rs calculated
using the two parameters of soil temperature and
moisture had <1.2 % deviation from Rs_measured.
However, if empirical models derived from the average
of the 4 years were used (i.e. Fits 5 and 10), deviation
from Rs_measured increased to >10 % regardless of
whether soil moisture was considered or not. This sug-
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gested that the relationship of soil CO2 efflux to soil
temperature and/or soil moisture was specific to each
year. The value of Q10 ranged from 1.89 to 2.62 for each
year (i.e. Fit 1b to Fit 4), and was 2.08 when all 4 years
of data were combined (Fit 5). The Q10 value was lowest
(1.89) in 2006, while R10 was highest. Although the Q10

function derived from each target year could be used to
estimate annual Rs with a similar accuracy using the two
parameters of soil temperature and moisture (Table 2),
the Q10 functions overestimated soil CO2 efflux during
the post-rainy season in August during dry down of the
soil (Fig. 5b). The two-parameter empirical models (i.e.
Fit 11 to Fit 14) predicted daily soil CO2 efflux fairly well
with AOCC-measured efflux (Fig. 5b). However, the
empirical models all underestimated daily soil CO2 efflux
when the measured efflux was >8 g C m�2 day�1, irre-
spective of whether soil moisture was considered or not
(data not shown). Therefore, the empirical models un-
derestimated soil CO2 efflux in the rainy season (e.g. part
of June and July), although the two-parameter model
derived from each target year always provided the best
fit (Fig. 5b).

Soil CO2 efflux (g C m�2 period�1) during the snow-
free season ranged from 979.8 ± 49.0 in 2005 to
1131.2 ± 56.6 in 2008 with coefficient variation of
6.4 % among the 4 years (Table 2). The large efflux of
CO2, occurring in July 2008, contributed greatly to the
highest annual Rs (Fig. 5a; Table 2). We topo-
graphically corrected annual Rs of the 1-ha experimental
plot (Table 2) following Mo et al. (2005b) to allow
comparison with previous studies (Mo et al. 2005b;
Ohtsuka et al. 2007, 2009).

Discussion

Contribution of soil moisture to soil CO2 efflux coupled
with soil temperature and other factors

Soil temperature, the major environmental driver of soil
CO2 efflux at our site (Fig. 4a), explained 69–86 % of
the variability in Rs in the four investigated years. This
agrees with previous studies (Mo et al. 2005a, b) and
many other studies of soil CO2 efflux in temperate and
cool-temperate forests in the Asian monsoon area (Lee
et al. 2008; Hashimoto et al. 2009; Kim et al. 2010; Joo
et al. 2012). Generally in these forests, soil moisture also
modulates soil CO2 efflux following soil rewetting after
periods of dryness. In a previous study at our site (Lee
et al. 2002), daily soil CO2 efflux increased substantially
after rainfall in summer (rainy-day efflux was 1.6 times
that of a typical sunny day) when measuring efflux every
2 weeks with manual chambers. High-frequency mea-
surements with AOCC in this study confirmed a previ-
ous finding by Lee et al. (2002) that soil CO2 efflux
increased with increasing soil moisture in the rainy sea-
son and following rain events in the typhoon season
(Figs. 1, 3).T
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We also compared the daily CO2 efflux from the soil
surface using AOCC to the vertical CO2 emissions from
different soil layers estimated by the diffusion model of
Yonemura et al. (2013) (Fig. 6). The diffusion model
was based on soil-air CO2 concentrations adjacent to the
AOCC chambers from June to November in 2005, and
that experiment was therefore conducted under the same
conditions as with AOCC measurements. Decomposi-
tion of litter and soil organic matter in shallow soil
layers (0–20 cm, including the Oi, Oe and A horizons)
was the major contributor to soil CO2 efflux (Fig. 6b; see
Yonemura et al. 2013 for details). Accordingly in warm
seasons (late June to early September) the 0–10 cm layer
contributed 45–75 % of total Rs, while the contribution
of the 10–20 cm layer was moderate and constant

(22–26 %) and that of the AB layer (roughly 20–50 cm)
was low (about 6–20 %). The surface soil layer, espe-
cially the Oi and Oe horizons, could dry out rapidly
because the high porosity of the litter layer allowing
surface water to evaporate (Yonemura et al. 2013). The
process of drying would cause a gradually decline in soil
CO2 efflux (e.g. Fig. 1, points C), while soil rewetting
following rainfall could contribute to a burst of CO2

emission from the C-enriched surface layer (Fig. 1,
points B and D). Figure 7b gives examples of soil CO2

efflux following drying-rewetting cycles and the contri-
bution of each soil layer. Soil CO2 efflux decreased from
July 17 (7.73 ± 1.17 g C m�2 day�1) to July 25
(5.65 ± 0.53 g C m�2 day�1) when soil moisture at a
depth of 5 cm declined from 37 to 22 % (Fig. 6). This
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decline was consistent with a decline in CO2 emissions
from the 0–5 cm and 5–10 cm layers (Fig. 7b). In con-
trast, 2 mm of rainfall on July 26 and 5 mm on July 27
caused the soil CO2 efflux to increase to 6.05 ± 0.98 g C
m�2 day�1 (July 27) because of CO2 emissions from the
0–10 cm layer. The enhanced soil CO2 efflux with soil
rewetting could be explained by the enhancement of
microbial metabolism because of the availability of ac-
cumulated substrate during soil drying periods (Kim
et al. 2012). The magnitude of the effects of soil rewet-
ting on soil CO2 efflux may be controlled by size and
quality of soil organic matter, properties of soil biota,
soil moisture before rewetting, successive moist/wet cy-
cles, soil temperature and an increase in plant photo-
synthesis following rewetting (Kim et al. 2012).
Furthermore, normalized soil CO2 efflux was positively
correlated with soil moisture, suggesting that high-
moisture conditions did not cause a reduction in diffu-
sivity and inhibition of CO2 emissions. Residence time of
CO2 in the soil is �2 h and even shorter with high
moisture (Yonemura et al. 2013). In contrast, Lee et al.
(2008) reported a second-order polynomial relationship

between normalized soil CO2 efflux and soil moisture in
a Japanese cedar plantation in the same area, i.e. efflux
was suppressed during high-moisture conditions. These
differences may have been caused by differences in site
characteristics, because rice cultivation prior to 1968 at
the cedar plantation may have impacted soil porosity
and air content. These findings emphasize that gas dif-
fusivity in surface soil should be considered when esti-
mating and predicting the effects of soil moisture on Rs,
especially during warm seasons when soil moisture can
regulate Rs more than soil temperature (Fig. 1b, d).

The abrupt change in Rs with the dramatic increase in
soil moisture at the end of June (Figs. 1, 6; point A) may
have been associated with other regulating factors aside
from the direct effect of soil rewetting that enhanced
microbial metabolism. This peak in Rs coincided with
tree leaves expanding rapidly and maturing in late June,
coinciding with high photosynthetic capacity (Muraoka
and Koizumi 2005). Enhanced photosynthesis could
have been a factor that induced an increase in Rs, be-
cause photosynthate translocated to roots may have
stimulated autotrophic respiration; in addition, root
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exudates will feed microbes and stimulate microbial
respiration (Davidson et al. 2006a; Curiel Yuste et al.
2007). The contribution of root respiration to total Rs

was greater in May–June (40–63 %) than in July to
September (27–34 %) at our site (Lee et al. 2005). Curiel
Yuste et al. (2007) also reported seasonal variations in
plant activity (root respiration and exudates production)
that exerted a strong influence on seasonal variation of
soil metabolic activity in pine plantation and oak sa-
vanna ecosystems in California. Obviously, the simul-
taneously growth of both tree and dwarf bamboo roots
could be another explanation for the elevated Rs of point
‘‘A’’ at our site, as has been discussed in Mo et al.
(2005b). During autumn when soil temperature was low,
Rs was less responsive to changes in soil moisture
(Figs. 1d, 6; points E, F¢). This could be explained by
low soil microbial activity with low soil temperature and
a proportionally greater contribution of CO2 emissions
from deeper layers (Fig. 6b) because soil temperature
remained warmer in deeper layers (data not shown).

Despite the complexity of the processes that control
soil efflux CO2, empirical models derived from each year
had a remarkable predictive ability for Rs during the
snow-free season at our study site. The two-parameter
(Ts and SWC) models explained 80–96 % of the vari-
ability of the daily soil CO2 efflux, in which the contri-
bution of soil moisture was 10–13 % of temporal
variability. Although the two-parameter models were an
improvement over the Q10 function, daily soil CO2 efflux
may have still been under- or over-estimated on a sea-
sonal scale (Figs. 5b, 6b). Further development of
models will be required if the purpose is to estimate daily
soil CO2 efflux in response to changes in soil moisture.
However, regardless of whether soil moisture was in-
cluded or not, estimated annual Rs had <2 % deviation
from measured cumulative CO2 efflux, if empirical
models were derived from each target year. In contrast,
if using models derived from the four investigated years
(2005–2008), deviation increased to >10 %. Ohtsuka
et al. (2009) estimated annual Rs as 791 g C m�2 year�1

for 2006 using the Q10 function derived from 1999–2002
by Mo et al. (2005b), which was 33 % less than the
measured annual Rs in this study (Table 2,
1180.5 ± 59.0 g C m�2 year�1 for 2006). Our results
emphasize that empirical models derived from each year
could be used for gap-filling purposes, but should be
used with caution if applied to other years, since coef-
ficient parameters (e.g. Q10, R10, a, and b in Table 1)
may include confounding ecosystem-level responses that
are specific to a particular year (Mo et al. 2005a, b;
Davidson and Janssens 2006; Kirschbaum 2010; Ku-
zyakov and Gavrichkova 2010). That is, our results
imply that using empirical models derived from the past
observations to predict future Rs could cause a 10–30 %
over- or under-estimation of annual Rs at our study site.

New findings and challenges for future research

Automated chambers were an improvement over man-
ual chambers using the same open-flow IRGA method.
Comparison of the two techniques over the snow-free
season of 2005 resulted in no significant difference in
soil CO2 efflux. However, AOCC could provide high-
quality data related to soil CO2 efflux as a function of
various abiotic and biotic factors with a high temporal
resolution. In this study, we confirmed that the manual
chamber technique could provide an adequate estima-
tion of annual Rs if the Q10 model was derived from the
target year. This observation is helpful in assessing the
effects of long-term soil CO2 efflux on forest C dy-
namics at our site. Our manual chamber technique was
based on the open-flow IGRA method, and therefore is
limited for use in estimating spatial variation in Rs, in
contrast with static manual chambers that can be used
for assessing spatial variation (e.g. Jia et al. 2003). Soil
temperature and moisture directly affect respiration-
related enzymatic activity. They also indirectly affect
respiration via their effects on substrate supply (e.g.
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phenology of plant C inputs, diffusion of substrates
through soil air and water), and may vary with tem-
poral and spatial scales. Because Rs depends on these
multiple factors that are changing with global envi-
ronmental changes, this type of analysis requires
separating these processes in biogeochemical models to
gain accurate predictions of future forest C sequestra-
tion. We encourage the use of AOCC combined with
static manual chambers in support of efforts to obtain
high-quality data on soil CO2 efflux with high temporal
and spatial resolution, because this type of data will be
helpful for developing and validating process-based
models.

CO2 emissions from the 0–10 cm layer were sensitive
to increases in soil moisture and contributed sig-
nificantly to total soil CO2 efflux. Therefore, soil mois-
ture modulated the seasonal variation of soil CO2 efflux
at our site, a site that receives abundant precipitation
with episodic rainfall during the Asia Monsoon. One of
the most important findings in our study was that soil
CO2 efflux (g C m�2 period�1) measured with AOCC
during the snow-free season ranged from 979.8 ± 49.0
in 2005 to 1131.2 ± 56.6 in 2008, having coefficient of
variation among years of only 6.4 % even with differ-
ences in soil moisture. This finding confirmed the results
of a previous study by Mo et al. (2005b) which shows
that inter-annual variability in Rs is small because lit-
terfall input is fairly constant (Ohtsuka et al. 2009).
However, at finer temporal scales, like daily and sea-
sonal periods, soil CO2 efflux was show to play a critical
role in describing the variability of NEP, i.e. through
enhanced daily soil CO2 effluxes following episodic
rainfall events, which can contribute to 32 % of the re-
duction in daily NEP associated with C source pulses to
the atmosphere. Therefore, soil moisture is a secondary
factor that determines NEP in the monsoon season to-
gether with solar radiation (Saigusa et al. 2005). Our
results highlight the importance of precisely estimating
responses of soil CO2 efflux to changes in soil moisture
following rainfall events when modeling seasonal C dy-
namics under climate change scenarios, even in humid
monsoon regions.

Future studies are required to quantify the responses
of autotrophic respiration from roots and heterotrophic
respiration to soil moisture so that the related data can
be used for predicting C sequestration in monsoon re-
gions, and for designing strategies to mitigate the in-
creasing atmospheric concentration of CO2. These
studies should be conducted in tandem with comple-
mentary process studies using long-term monitoring and
coordinating with process models (Ito et al. 2014). Im-
proving estimates of winter soil CO2 efflux presents an-
other challenge; combining new techniques such as
vertical partitioning of CO2 production within soil
profile should prove useful (Yonemura et al. 2013),
especially in a forest such as our site with snow cover
from December to April. After many decades of re-
search on the abiotic controls that are involved in the
process of the decomposition of soil organic matter, we

still lack robust process-based models and experiments
that can be used to predict the consequences of
changes in climate on the rates of decomposition
within the global C budget (Moyano et al. 2013). One
important aspect of process-based models that can be
used to analyze the effects of soil moisture on Rs is the
simulation of substrate accessibility (and thus of dif-
fusion), which can be determined as a function of soil
moisture, temperature and other interacting soil prop-
erties. For example, new experiments could address the
question of how the plants may have a type of feed-
back on soil properties by changing soil quality
through litterfall, substrate availability, or moisture
content directly. Combining automated chamber tech-
niques with monitoring the vertical profile of soil CO2

production (Yonemura et al. 2013) could be a step
forward in this direction. Fortunately, our AOCC
system continues to measure soil CO2 efflux during
snow-free seasons, and we will report on the inter-an-
nual variability of annual Rs, Q10 and R10 when more
data become available.
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