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Abstract

Background: For understanding and evaluating a more realistic and accurate assessment of ecosystem carbon
balance related with environmental change or difference, it is necessary to analyze the various interrelationships
between soil respiration and environmental factors. However, the soil temperature is mainly used for gap filling and
estimation of soil respiration (Rs) under environmental change. Under the fact that changes in precipitation patterns
due to climate change are expected, the effects of soil moisture content (SMC) on soil respiration have not been well
studied relative to soil temperature. In this study, we attempt to analyze relationship between precipitation and soil
respiration in temperate deciduous broad-leaved forest for 2 years in Gwangneung.

Results: The average soil temperature (Ts) measured at a depth of 5 cm during the full study period was 12.0 °C. The
minimum value for monthly Ts was — 0.4 °C in February 2015 and 2.0 °C in January 2016. The maximum monthly Ts
was 23.6 °C in August in both years. In 2015, annual precipitation was 8234 mm and it was 1003.8 mm in 2016. The
amount of precipitation increased by 21.9% in 2016 compared to 2015, but in 2015, it rained for 8 days more than in
2016. In 2015, the pattern of low precipitation was continuously shown, and there was a long dry period as well as a
period of concentrated precipitation in 2016. 473.7 mm of precipitation, which accounted for about 51.8% of the
precipitation during study period, was concentrated during summer (June to August) in 2016. The maximum values of
daily Rs in both years were observed on the day when precipitation of 20 mm or more. From this, the maximum Rs
value in 2015 was 784.3 mg CO, m 2 h™" in July when 26.8 mm of daily precipitation was measured. The maximum
was 9136 mg CO, m™2 h™"in August in 2016, when 23.8 mm of daily precipitation was measured. Rs on a rainy day
was 1.5~1.6 times higher than it without precipitation. Consequently, the annual Rs in 2016 was about 12% higher
than it was in 2015. It was shown a result of a 14% increase in summer precipitation from 2015.

Conclusions: In this study, it was concluded that the precipitation pattern has a great effect on soil respiration. We
confirmed that short-term but intense precipitation suppressed soil respiration due to a rapid increase in soil moisture,
while sustained and adequate precipitation activated Rs. In especially, it is very important role on Rs in potential
activating period such as summer high temperature season. Therefore, the accuracy of the calculated values by
functional equation can be improved by considering the precipitation in addition to the soil temperature applied as
the main factor for long-term prediction of soil respiration. In addition to this, we believe that the accuracy can be
further improved by introducing an estimation equation based on seasonal temperature and soil moisture.
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Background

Soil contains about twice as much carbon as that stored
in the atmosphere; therefore, soil carbon flux can have a
significant impact on the global ecosystem carbon cycle
even if the changes are small (Oikawa 1991; Post et al.
1982; Lee et al. 2017). In addition, many predictions sug-
gest that soil respiration will increase with increasing
temperature due to global warming and loss of CO, in
the soil will cause positive feedback that further en-
hances global warming (Raich and Schlesinger 1992;
Rustad et al. 2000; Schimel 1995; Woodwell et al. 1998).
Therefore, quantifying soil respiration (Rs) has become
the first task towards predicting changes in atmospheric
CO, concentration in the future (Hirano et al. 2003).
Thus, many research groups have collected soil respir-
ation data in various environments and tried to analyze
the relationship between soil respiration and the envir-
onmental factors that affect soil respiration to predict
change in the global carbon cycle.

In general, soil respiration is the result of autotrophic
and heterotrophic respiration (Fang et al. 1998; Hanson
et al. 2000), which mainly depends on soil temperature
and soil moisture content (Aerts 1997; Meentemeyer
1984; Eom et al. 2018; Jeong et al. 2018). In many
studies, soil temperature is the best predictor of soil res-
piration when using exponential functions (Lloyd and
Taylor 1994; Raich and Schlesinger 1992; Rayment and
Jarvis 2000; Xu and Qi 2001). However, although soil
moisture content is an important environmental factor
in ecosystem carbon cycles, the correlation between soil
moisture and soil respiration differs among studies, and
some studies suggest that soil moisture content is pas-
sive in reflecting future soil carbon emission (Davidson
et al. 2000; Liang et al. 2004; Mo et al. 2005; Wu et al.
2006); however, other studies have indicated that the
change in precipitation in the monsoon climate regions
is one of the phenomena caused by climate change and
predict that precipitation in Korea will be more severe
during the rainy season (Kwon et al. 2009; Yun et al
2008). Indeed, the effects of soil temperature on soil res-
piration may be limited by precipitation characteristics
during summer in the Asian monsoon regions that
provide a rich water environment for soil respiration
(Lee et al. 2002; Lee et al. 2008; Lee et al. 2010; Yuste et
al. 2003; Jeong et al. 2017; Jeong et al. 2018). In addition,
the soil moisture content, which largely depends on pre-
cipitation, is sensitive to changes in precipitation pat-
terns and precipitation intensity. Change in soil
moisture content due to precipitation is expected to
cause changes in soil respiration and carbon balance
(Dairaku et al. 2004). Therefore, it is necessary to
analyze the interrelationships between precipitation, soil
moisture, and soil respiration; in addition, understanding
the characteristics of soil carbon flux will be a more
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realistic and accurate assessment of ecosystem carbon
balance (Chae 2011). Consequently, for a realistic pre-
diction of the carbon cycle, soil respiration data that re-
flects various environmental factors such as
precipitation effect should be collected (Kim et al. 2010).
The data from previous studies that analyzed the link-
age between soil respiration, precipitation, and soil mois-
ture are irregular and rough data, and the complexity of
precipitation effects on the ecosystem carbon cycle re-
mains uncertain (Dairaku et al. 2004; Yuste et al. 2003;
Zhou et al. 2009). This is because the manual and tem-
poral measurement of soil respiration during precipita-
tion is a very difficult task, and it is usually measured
discontinuously on a clear day, before or after a precipi-
tation, once or twice a month. As a result, detailed data
that are required for the analysis of soil respiration af-
fected by precipitation is limited and only data focused
on temperate conditions exists (Kim et al. 2010; Lee et
al. 2010; Lin et al. 1999; Noh et al. 2010). Therefore,
there is no sufficient basic data to analyze the response
of soil respiration to soil moisture, and there is a limita-
tion in using soil moisture as a parameter for predicting
soil carbon emission. For a more precise prediction of
future carbon cycles, data on the response of soil respir-
ation to soil moisture in various ecosystems and the re-
lationship between these two factors should be defined.
In this study, soil moisture content and soil respiration
data were collected from a temperate broad-leaved forest
in Korea using the automatic open/closed chamber sys-
tem that can measure continuous soil respiration under
various environmental conditions, including rainfall.
With these data, we tried to understand the effect of soil
moisture content on soil respiration due to precipitation.

Methods

Study site

The study was conducted in a natural temperate decidu-
ous forest located on the west-central part in the Korean
Peninsula (37° 45" 25.37" N, 127° 09" 11.62" E; 340 m
above mean sea level). The stand is predominantly
composed of Quercus serrata, Carpinus laxiflora, and
Capinus cordata. In addition, since the study site is
under strict protection, it has limited artificial disturb-
ance and minimal environmental changes due to human
activity. Therefore, this site was the most appropriate
place to measure changes in soil respiration and envir-
onmental factors that affect Rs in forest ecosystems in
temperate monsoon climate regions.

Environmental factors

Soil temperature (Ts) primarily affects Rs. The Ts was
measured at a 5 cm depth with a thermocouple (T-CC,
0.32 mm, Ninomiya) located near the chamber used to
measure Rs. Soil moisture content (SMC) was also
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measured near the chamber at a 15 cm depth using
CS616 (Campbell Scientific Inc., Logan, Utah, USA). Both
Ts and SMC were measured at the same time, and the av-
erages was calculated every 30 s and recorded every 2 min
in a data logger (CR10X, Campbell Scientific Inc., Logan,
Utah, USA). Precipitation directly affects the SMC and
was therefore recorded by connecting a rain gauge
(S-RGB-MO002, Onset, MA, USA) to the upper part of the
forest canopy and connecting a 30-min unit accumulation
amount to a data logger (HOBO micro station, Onset,
MA, USA). All sensors were measured between January
2015 and December 2016.

Soil respiration (Rs)

To measure Rs, an automatic open/closed chamber
(AOCC) system with six chambers was installed in the
study area and Rs was continuously measured from 2015
to 2016. The chambers closed for 10 min automatically
per chamber, and the air in the system was circulated in
the infrared gas analyzer (IRGA; LI-820, Li-Cor, Lincoln,
Nebraska, USA) by a pump to measure CO,. Rs was cal-
culated from the rate of increase in CO, concentration
measured per unit of time (Eq. 1). It was possible to obtain
continuous and high-resolution data on Rs changes
caused by precipitation (Suh et al. 2006) using the AOCC
system. A detailed description of this type of system can
be found in Suh et al. (2006). The Rs was defined as:

Rs=(a-V-p)/A (1)

where a (2CO,/At) is the rate of change of the CO,
concentration in the chamber, V is the volume of the
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chamber, p is the density of CO,, and A is the surface
area of the chamber.

Results and discussion

Soil temperature

The average Ta was 12.7 °C in the broad-leaved forest study
site during the study period. And Ta rose about 0.1 °C in
2016 compared to 2015 (Fig. 1). The average Ta in early
spring to summer in 2016 was 1.2 °C higher than the aver-
age in 2015. Monthly Ta measurements showed typical sea-
sonal changes in both years. The lowest Ta was observed in
January, and the average was —2.4 °C. The Ta then rose
steadily and then increased in earnest in April. In both
years, the highest Ta was recorded as 25.0 °C in August,
and steadily decreased to 1.4 °C in December.

The average Ts measured at a depth of 5 cm from the
soil surface during the entire study period was 12.0 °C,
which was 0.7 °C lower than Ta and showed an annual
variation similar to Ta. Compared to 2015, the annual Ts
rose by 1.1 °C in 2016. Ts measurements in early spring to
summer in 2016 were 2.4 °C higher than those in 2015 be-
cause of increased Ta. The warmer temperature at this
time caused the longer growing season because of earlier
germination of plants (Ito 2008). The minimum value for
monthly Ts was - 0.4 °C in February 2015 and 2.0 °C in
January 2016. However, the maximum average value for
monthly Ts was 23.6 °C in August in both years. Seasonal
change in Ts was almost the same as Ta, but the fluctu-
ation in Ts was lower than that in Ta (Fig. 1).

Precipitation and soil moisture content
The annual precipitation in the study site was measured
to be 913.6 mm on average. In 2015, annual precipitation

Temperature (C)

Both temperatures were higher in 2016 than in 2015

Time (year)

Fig. 1 Variation in daily air temperature (Ta) and soil temperature (Ts) measured at a 5 cm depth in a temperate broad-leaved forest in Korea.
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was 823.4 mm and in 2016 it was 1003.8 mm (Fig. 2).The
amount of precipitation increased by 21.9% in 2016 com-
pared to 2015, but in 2015, it rained for 8 days more than
in 2016.In addition, in 2015, the pattern of low precipita-
tion was continuously measured, and in 2016, there was a
long dry period as well as a period of concentrated pre-
cipitation. In both years, monthly precipitation of less than
45 mm was recorded between January and March, and
precipitation increased to more than 75 mm, in April
when the temperature increased. Indeed, 473.7 mm of
precipitation, which accounted for about 51.8% of the
average precipitation during study period, was concen-
trated during summer (June to August) in the monsoon
climate. These measurements are consistent with previous
work that has shown that summer precipitation accounts
for about half of the annual precipitation in the Asian
monsoon climate region (Jung et al. 2013; Laiju et al.
2012). Other seasonal precipitation rates were 8.9% in
winter, 16.9% in autumn, and 22.4% in spring.

The average SMC was 21.2% in 2015 and 21.3% in
2016, and the annual average was 21.3% (Fig. 2). In the
early spring, the amount of precipitation was very low,
but SMC increased due to the thawing of snow melt
from during winter and the limited water evaporation
from the litter layer that accumulated over the year
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(Wang et al. 2006). SMC remained high due to the in-
creased precipitation in April, but decreased again in
early summer when the rainy season did not begin. This
event was potentially caused by precipitation trapped by
the canopy during the growing season; the water could
have evaporated due to the sudden rise in temperature
at the start of the spring season. The maximum value of
SMC was measured in July—August in the rainy season,
and from September, SMC decreased as the region en-
tered the drier fall and winter seasons (Fig. 2). In
addition, the minimum precipitation caused an increase
in soil moisture in spring (1.7 mm on average) in both
study years. And the minimum precipitation caused an
increase in soil moisture was 5.9 mm in summer and
3.1 mm in autumn. In spring, the canopy is not yet
developed and litter on the forest floor was thick from
the last year had not decomposed due to the low
temperature. Therefore, it is possible for soil moisture to
change even under low precipitation. In summer, when
the litter layer has decomposed and the canopy had de-
veloped, more precipitation is required to increase soil
moisture than in spring because the canopy traps pre-
cipitation. In autumn, when the canopy is maintained
and the litter layer is thin, precipitation entering the
forest through the canopy immediately enters the soil;
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Fig. 2 Variation of daily precipitation and soil moisture content (SMC) measured at a 15 cm depth in a temperate broad-leaved forest from 2015
to 2016. The amount of precipitation increased by 21.9% in 2016 compared to 2015. And fluctuation in SMC was significantly larger in 2016 than
in 2015
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therefore, a smaller amount of precipitation is required for
increasing soil moisture than in summer. We observed
that when the precipitation over the minimum precipita-
tion was measured, the higher the precipitation levels
were, the higher the SMC was regardless of the season.

The daily minimum SMC in 2015 was 18.0% in
February, which was due to a dry period of 14 days and
potentially also to freezing of soil moisture at subzero
Ts. The daily maximum SMC in 2015 was 24.2% in
August. It was considered that the precipitation effect of
53.4 mm on SMC was continued until the next day. In
addition, the minimum value of daily SMC in 2016 was
17.6% in January because there was no rain during a
month. The daily maximum in 2016 was 28.6% in
July when there was intense precipitation each day
(188.8 mm per day) during the rainy season. Fluctuation
in SMC was significantly larger in 2016 than in 2015,
which is attributed to precipitation patterns during the
long dry period in and the concentrated precipitation in
2016. Both years also showed the general seasonal vari-
ation in which the minimum value of SMC was recorded
in winter and the maximum was recorded in summer by
the rainy season (Jung et al. 2013).

The annual precipitation in the study site was mea-
sured to be 913.6 mm on average. In 2015, annual pre-
cipitation was 823.4 mm and it was 1003.8 mm in 2016.
The amount of precipitation increased by 21.9% in 2016
compared to 2015, but in 2015, it rained for 8 days more
than in 2016. In addition, in 2015, the pattern of low
precipitation was continuously measured, and in 2016,
there was a long dry period as well as a period of highly
concentrated precipitation (Fig. 2). Indeed, about 51.8%
of the average precipitation during study period was
concentrated during summer (June to August). Other
seasonal precipitation rates were 8.9% in winter, 16.9%
in autumn, and 22.4% in spring.

The average SMC was 21.2% in 2015 and 21.3% in
2016, and the annual average was 21.3%. The daily max-
imum SMC in 2015 was 24.2% in August (Fig. 2). It was
considered that the precipitation effect of 53.4 mm on
SMC was continued until the next day. In addition, the
minimum value of daily SMC in 2016 was 17.6% in
January because there was no rain during a month. The
daily maximum in 2016 was 28.6% in July when there
was intense precipitation each day (188.8 mm per day)
during the rainy season. Fluctuation in SMC was signifi-
cantly larger in 2016 than in 2015, which is attributed to
the long dry period in and the concentrated precipita-
tion in 2016.

Soil respiration and precipitation

The annual Rs was estimated to be approximately
224.5mgCO,m 2 h™" in 2015 and 251.3mgCO,m > h*
in 2016. The annual Rs in 2016 was approximately 12%
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higher than in 2015 (Fig. 3). Although Ts has more of an
impact on seasonal changes in Rs than SMC, moisture
conditions in forests may limit the temperature response
of soil CO, emission and cause annual fluctuations in Rs
(Joo et al. 2012). Thus, the annual Rs increase observed
in 2016 was hypothesized to be a result of thel4% in-
crease in summer precipitation in that year compared to
2015. In addition, Rs on a rainy day was 1.5-1.6 times
higher than Rs on the day without precipitation. These
results indicate that the seasonal characteristics of Rs are
controlled by Ts and its characteristics on a short-term
scale are regulated by water conditions (Joo et al. 2012).

The minimum daily Rs value in 2015 was 22.1 mg
CO, m™> h™" in February when the maximum value of
SMC was recorded, and the maximum Rs value was
784.3 mg CO, m > h™" in July when 26.8 mm of precipi-
tation was measured. The minimum value of daily Rs in
2016 was 21.2 mg CO, m 2 h™" in early February, before
the first precipitation was recorded in 2016, and the
maximum was 913.6 mg CO, m> h™" in August, when
23.8 mm of daily precipitation was measured. The max-
imum values of daily Rs in both years were observed on
the day when precipitation of 20 mm or more. The
minimum values of daily SMC and Rs were measured at
similar times, while the maximum values were not ob-
served under similar conditions. Our data suggest that
this may be a result of the difference in the level of pre-
cipitation. Daily precipitation was greater than 50 mm
when the maximum SMC appeared, leading to a sharp
increase in SMC but a gradual increase of decrease in
Rs. However, on the day with maximum Rs, daily pre-
cipitation was less than 30 mm, resulting in a gradual in-
crease in SMC and a gradual or sharp increase in Rs. A
short-term, intense period of precipitation causes a dras-
tic increase in SMC, and as a result, the rate of gas diffu-
sion in the soil pore decreases and the production of
CO, by organic matter decomposition is suppressed
(Linn and Doran 1984). However, the proper hydration
of soil positively affects roots and microbial activity,
which activates Rs (Davidson et al. 1998; Liu et al. 2002;
Raich and Schlesinger 1992).

Previous studies have shown that soil CO, emission
rapidly increases when dry soil is rewetted (Birch 1958;
Pumpanen et al. 2003; Van Gestel et al. 1991). In the
present study, Rs immediately increased by 10.9 mg CO,
m 2 h™" up to 137.2 mg CO, m > h™! after more than
5 mm of daily precipitation when the region had gone
without rain for more than 7 days. However, the sus-
tained responses of Rs were reversed between 2015 and
2016. In the case of a single rainy day after a long
drought in 2015, both SMC and Rs decreased immedi-
ately during the following day. With continuous precipi-
tation that lasted more than 2 days, both soil moisture
and Rs increased until the next day and then decreased



Jeong et al. Journal of Ecology and Environment (2018) 42:10

Page 6 of 8

1,000 -

800

b
=-—

e
>, m™

600

400

Rs (mg CO

200

o A

2015

approximately 12% higher than in 2015

rmﬂ

Fig. 3 Variation of daily soil respiration (Rs) measured in a temperate broad-leaved forest in Korea from 2015 to 2016. The annual Rs in 2016 was

2016

Time (ycar)

after 2 days. However, during a single day of precipita-
tion in 2016, both SMC and Rs continued to increase
until the next day, similar to what has been observed
during continuous precipitation in 2015. During in-
stances of continuous precipitation in 2016, both SMC
and Rs decreased immediately after the next day, similar
to observations made on days with a single precipitation
event in 2015 and are thought to be the result of a
change in the precipitation pattern. In 2015, the cumula-
tive precipitation of less than 15 mm was measured over
an average of 4 days and the cumulative precipitation in
2016 was more than 20 mm over 2 days. In addition, a

single precipitation event in 2015 was less than 10 mm av-
eraged over 20 days, and a single precipitation event in
2016 was more than 20 mm averaged over 10 days. These
results suggest that short-term intense precipitation sup-
presses Rs due to a rapid increase in soil moisture, and
that continuous and proper amounts of precipitation
activate Rs (Davidson et al. 1998; Linn and Doran 1984;
Liu et al. 2002; Raich and Schlesinger 1992).

In addition, during summer (June to August), when
precipitation was concentrated and the hourly precipita-
tion was 4.6 mm or more, soil moisture and Rs increased
immediately after the precipitation event (Fig. 4a). SMC
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increased by 2.0% immediately after precipitation and Rs
also increased by 241.6 mg CO, m > h™!, These increases
persisted up to 2 h afterward precipitation ended, and
then returned to its previous level. However, when hourly
precipitation was more than 19.2 mm, SMC increased and
Rs decreased (Fig. 4b). SMC increased until 1 h after pre-
cipitation and then began to decrease. Rs decreased until
1 h after the precipitation and then began to increase
again. In addition, when a small amount of precipitation
of less than 4 mm per h persisted and the cumulative pre-
cipitation was less than 9.2 mm, we observed an increase
in SMC and Rs to measurements taken before the precipi-
tation event (Fig. 4c). SMC increased by 2.1% and Rs in-
creased by 211.3 mg CO, m™> h™". It was observed that
both SMC and Rs continued to increase for up to 2 h im-
mediately after the precipitation event, and thereafter,
both factors decreased. However, when the cumulative
precipitation exceeded 9.2 mm, SMC increased and Rs de-
creased after the precipitation event compared to before
the start of precipitation (Fig. 4d). Furthermore, immedi-
ately after precipitation, SMC increased by 1.7% and Rs
was decreased by 100.4 mg CO, m 2 h™! compared to be-
fore the start of the precipitation event. These responses
lasted for 2 h after precipitation ended and then returned
to their previous levels. In the present study, continuous
measurements were performed under severe weather con-
ditions using the AOCC system and the effect of precipi-
tation on Rs lasted up to 2 h; however, in the case of the
previous non-continuous studies that measured Rs every
2 weeks or once a month, it was not possible to measure
the immediate change in soil CO, emissions that were
due to precipitation. Consequently, previous results from
the literature (Kim et al. 2010) may be different from the
natural conditions.

Conclusions

The annual soil respiration in 2016 was 12% higher than
that measured in 2015 using an automatic open/closed
chamber system in a Korean temperate broad-leaved
forest. The annual soil respiration increased in 2016 and
was hypothesized to be a result of a 14% increase in
summer precipitation compared to 2015. Consequen-
tially, we confirmed that short-term intense precipitation
suppressed soil respiration due to a rapid increase in soil
moisture, compared to sustained and adequate precipita-
tion, which activated soil respiration.

We determined that this was caused by changes in soil
moisture due to changes in precipitation and analyzed
the seasonal relationship between soil respiration and
soil moisture content. In this study, the correlation
between these two factors in summer with activate soil
respiration and winter was higher than in the spring and
autumn seasons. Therefore, for soil respiration to be
used as a parameter for predicting soil carbon emissions,
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the influence of precipitation and soil moisture content
on soil respiration should be analyzed by season to
reflect the various environmental changes that affect the
interrelationships between these factors. In especially,
precipitation in summer season has to be considered
one of the major important factors.

Abbreviations
AOCC: Automatic open/closed chamber; Rs: Soil respiration; SMC: Soil
moisture content; Ta: Air temperature; Ts: Soil temperature
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