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Abstract

Background: Soil respiration (Rs) is a major factor of the absorption and accumulation of carbon through photosynthesis
in the ecosystem carbon cycle. This directly affects the amount of net ecosystem productivity, which affects the stability
and sustainability of the ecosystem. Understanding the characteristics of Rs is indispensable to scientifically understand
the carbon cycle of ecosystems. It is very important to study Rs characteristics through analysis of environmental factors
closely related to Rs. Rs is affected by various environmental factors, such as temperature, precipitation, soil moisture, litter
supply, organic matter content, dominant plant species, and soil disturbance. This study was conducted to analyze the
effects of micro-topographical differences on Rs in forest vegetation by measuring the Rs on the ridge and southern
slope sites of the broadly established Quercus mongolica forest in the central Korean area.

Method: Rs, Ts, and soil moisture data were collected at the southern slope and ridge of the Q. mongolica forest in the
Mt. Jeombong area in order to investigate the effects of topographical differences on Rs. Rs was collected by the closed
chamber method, and data collection was performed from May 2011 to October 2013, except Winter seasons from
November to April or May. For collecting the raw data of Rs in the field, acrylic collars were placed at the ridge and
southern slope of the forest. The accumulated surface litter and the soil organic matter content (SOMC) were measured
to a 5 cm depth. Based on these data, the Rs characteristics of the slope and ridge were analyzed.

Results: Rs showed a distinct seasonal variation pattern in both the ridge and southern slope sites. In addition, Rs
showed a distinct seasonal variation with high and low Ts changes. The average Rs measurements for the two
sites, except for the Winter periods that were not measured, were 550.1 mg CO2 m

−2 h−1 at the ridge site and
289.4 mg CO2 m

−2 h− 1 at the southern slope, a difference of 52.6%. There was no significant difference in the Rs
difference between slopes except for the first half of 2013, and both sites showed a tendency to increase exponentially
as Ts increased. In addition, although the correlation is low, the difference in Rs between sites tended to increase as Ts
increased. SMC showed a large fluctuation at the southern slope site relative to the ridge site, as while it was very low
in 2013, it was high in 2011 and 2012. The accumulated litter of the soil surface and the SOMC at the depth range of
0~5 cm were 874 g m− 2 and 23.3% at the ridge site, and 396 g m−2 and 19.9% at the southern slope site.
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Conclusions: In this study, Rs was measured for the ridge and southern slope sites, which have two different results
where the surface litter layer is disturbed by strong winds. The southern slope site shows that the litter layer formed in
autumn due to strong winds almost disappeared, and while in the ridge site, it became thick due to the transfer of
litter from the southern slope site. The mean Rs was about two times higher in the ridge site compared to that in the
southern slope site. The Rs difference seems to be due to the difference in the amount of litter accumulated on the
soil surface. As a result, the litter layer supplied to the soil surface is disturbed due to the micro-topographical difference, as
the slope and the change of the community structure due to the plant season cause heterogeneity of the litter layer
development, which in turn affects SMC and Rs. Therefore, it is necessary to introduce and understand these
micro-topographical features and mechanisms when quantifying and analyzing the Rs of an ecosystem.
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Background
In the ecosystem carbon cycle, carbon stored in soil is
released to the atmosphere through plant roots and micro-
bial soil respiration (Rs). Because Rs is closely related to
vegetation, soil temperature (Ts), precipitation, soil mois-
ture, and so on, quantifying and calculating carbon emis-
sions from the soil to the atmosphere requires a detailed
understanding of the interrelationships between these regu-
latory factors and Rs. Many studies have reported that Rs
varies according to the dominant species of an ecosystem
(Schlesinger 1977; Singh and Gupta 1977; Raich and Schle-
singer 1992; Raich and Tufekcloglu 2000), and showed dif-
ferences of varying vegetation (Joo et al. 2012; Chae 2011;
Jeong et al. 2018; Eom et al. 2018). This difference is caused
by effect of vegetation on the type, quantity, Ts, and mois-
ture content of soil organic matter, which is the material
that causes microbial soil respiration.
It is known that Ts, soil moisture, and organic matter

content play a major role in Rs changes (Lloyd and Tay-
lor 1994; Raich and Potter 1995). Among these factors,
the most important factor affecting the Rs is the Ts,
which is mainly a factor controlling the season and day
change of Rs. The second most important is soil mois-
ture, which affects soil roots, microbial activity, and soil
physiochemical properties (Raich and Schlesinger 1992;
Davidson et al. 1998; Liu et al. 2002).
However, this temperature factor can also be affected

by variation in Rs rates based on two primary factors:
the amount of root biomass in the soil and the amount
of soil organic matter content (SOMC). As distance
from the tree increases, root biomass and Rs values are
shown to strongly decrease exponentially, and root bio-
mass increases logarithmically with increases in Rs. In
addition, Rs and underground root biomass are logarith-
mically related; the calculated root-breathing rate was
around 44%. These changes in plant root mass greatly
affect the Rs rate (Maier and Kress 2000; Luo et al. 1996;
Lee 2018).
Microbial respiration in Rs is caused by the secretion of

organic soil matter and by soil carbon from litter-derived

organic matter and roots, supplied from both above and
below, and depends on the quality and amount of organic
matter supplied to the forest (Son and Kim 1996). The
distribution of roots also influences the Rs by changing
the distribution of soil organic matter (Lee 2018).
Rs is also affected by the topographical characteristics

of the study area (Kang et al. 2003). Micro-topographical
features are related to spatial diversity and are caused by
the complexity of the terrain (Ohashi and Gyokusen
2007). Topographical factors are linked to other factors
influencing Ts, moisture content, and litter accumulation
closely related to Rs.
In this study area, the canopy is open from autumn to

spring, and strong winds flow across the forest floor.
From micro-topographical differences appearing in a
narrow area, the strong wind strongly disturbs the accu-
mulated litters on the forest floor. The purpose of this
study is to understand Rs characteristics at two sites
where the litter accumulation is modified by wind. Accu-
mulated litter, SOMC, Ts, soil moisture content (SMC),
and Rs rate measurements were taken at Mt. Jeombong,
from a slope and an adjacent ridge site, to use data ana-
lysis to determine the relationship between each envir-
onmental factor and the Rs.

Methods and materials
Site description
The research site is a forest that is located at 786 m above
sea level, southwest of Mt. Jeombong in Girin-myeon,
Inje-gun, Kangweon-do (38°02′16.5′′ N, 128°28′08.5″ E).
The mean temperatures of January and August, the

coldest and warmest months, are − 4.8 °C and 16.6 °C,
respectively. The average rainfall is about 1135.7 mm, of
which over 70% falls between June and September, with
a relative humidity of 71% and an average evaporation of
1114 mm.
The study area is dominated by high quality brown

soils, which are typical temperate deciduous forest soils.
The litter degradation is comparatively rapid. The organic
matter of the forest floor is completely degraded and has
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mixed with mineral soil for many years such that the
effective soil depth is deep and the material circulation is
faster than that of coniferous forests (Kim et al. 2011).
The forest has been transformed from a pine forest

into a deciduous broad-leaved forest, which is a com-
mon process in the studied area. The dominant tree spe-
cies in the area are Quercus mongolica and Carpinus
cordata, with Tilia amurensis and others appearing spor-
adically (Jin et al. 2002). It also consists of Pinus densi-
flora, for which the diameter of 3~ 4 individuals
measures 40 ~ 50 cm, while the composition of the ma-
jority of trees mostly consists of trees with a diameter of
20~40 cm. The ridge area is a gentle terrain with a slight
southeastern slope. However, the southern slope is
steeply inclined, at about 24°, and is exposed to strong
winds from Winter to spring, during which the canopy
is open, so almost all of the accumulated litter on the
slope is restored to the ridge area.

Soil respiration
Rs was measured once per month from April or May
when the snow and soil melts on the surface to October
when the soil is frozen. Rs was collected by the closed
chamber method (Lee 2018), and it was composed
mainly two parts of collar and chamber cap. The inner
diameter of the collar was 16 cm, it was 15 cm in height,
and it was made of an acrylic material. The chamber cap
was installed with a CO2 sensor (GMP343, Vaisala,
Finland) at the top of the interior. Six collars were in-
stalled at each site, and each collar was fixed by inserting
them 5 cm deep into the soil.
To obtain the Rs, the chamber cap was attached to the

top of the collar. When the chamber cap was installed
onto the collar, the CO2 concentration in the closed
space between the ground and the chamber cap
increased over time. The increasing rate of the CO2 con-
centration was used to calculate Rs, accounting for
several parameters such as air temperature, atmospheric
air pressure, and closed chamber volume.
The Rs was calculated using the following equation:
Rs (mg CO2 m

− 2 h− 1) = a ·ρ ·V · S− 1.
where a is the increasing rate of the CO2 (ppm min−1);

ρ is the CO2 density (mg m−3); V is the collar volume
(m3); and S is the soil area (m2).

Environmental factors
To obtain the accumulation rate of soil organic matter,
we measured the organic matter content of the soil up
to a 5 cm depth, and measured the accumulated litter of
three sites at the beginning of the canopy. Litter was col-
lected using a 30 cm × 30 cm square, and the soil was
sampled using a soil sample tube (φ = 5 cm, height =
5.1 cm) with a depth of 5 cm. The litter and the soil
were dried for 48 h in a dry oven at 80 °C and were then

weighed. The soil was sieved with a 2 mm sieve, and a
crucible with only a certain amount of soil below 2 mm
was burned in an ignitor at 550 °C for 4 h. The Ts and
SMC were also collected from three sites around the
collar measured for Rs and were measured and averaged
when the Rs was collected.

Results and discussion
Soil temperature
As shown in Fig. 1, the Ts has risen from spring to the
lowest value in October or November, when the peak is
reached during the summer months of July and August
showing a clear seasonal variation pattern. This seasonal
change in Ts is a common seasonal change in Monsoon
Asia.
Many studies in these areas have reported distinct sea-

sonal changes in Ts and suggest seasonal changes in Ts
as a major factor affecting seasonal changes in Rs
(Meentemeyer 1984; Jeong et al. 2017; Eom et al. 2018).
Regardless of the micro-topographical differences, sea-
sonal changes in Rs show a clear seasonal variation
regardless of the measurement year.
On the other hand, the mean Ts calculated by the

measured data was 15.5 °C on the ridge site, and 16.2 °C
on the southern slope site, which was higher than nor-
mal by about 0.69 °C. This slightly elevated temperature
of the southern slope site was due to the measured
values for May to July of 2013, a year which was charac-
terized by very low precipitation and very dry conditions
throughout East Asia. It seems that such a drying envir-
onment affected the rising of Ts in the southern slope
site. There was low difference between the two sites
except for this period, indicating that it did not signifi-
cantly affect Rs. However, we should pay attention to the
interpretation of the significant difference in Ts between
May and July, the first half of summer of 2013.

Soil moisture content
Seasonal changes in SMC showed very dynamic vari-
ation (Fig. 2). Compared to the seasonal changes of Ts,
it showed a tendency of change that did not show the
clear seasonal change. However, even in this tendency,
there was a pattern in which SMC was high and low.
First, the period of high SMC is from June 2011 to July
2012, and the lowest period is from August 2012 to
October 2013. SMC of ridge site and southern slope site
were different in these two periods.
SMC is influenced by various factors such as possible

evapotranspiration, precipitation, and plant absorption
(Xu et al. 2004; Jeong et al. 2017). When the precipita-
tion occurs, the SMC increases sharply. However, until
the next precipitation, it gradually decreases due to the
floor evaporation and vegetation catching, and proceeds
to the dry state. However, if precipitation occurs again, it
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increases to the maximum field water capacity level in
proportion to precipitation. Figure 2 also reflects this
variation. However, the fluctuation pattern of SMC is
clearly shown in the southern slope site, it is not clear in
the ridge site.
Overall, the SMC of the southern slope site in the first

half of the high SMC period showed a rough change to
21.6%, 16.0%, and 28.5% in August, September, and
October 2011, respectively. However, at the same time,
the ridge site showed a somewhat lower change of
26.8%, 19.4%, and 23.8%. This rough change pattern was
not seen in 2013, under extremely dry conditions, and

the difference in SMC between the ridge site and the
southern slope site was not significant.
This sudden change of SMC at the southern slope site

is very poor in the litter layer accumulated on the soil
surface, so the water immediately flows into the soil at
the time of precipitation and raises the SMC to the max-
imum field water capacity level. It seems that the SMC
is sharply reduced because the water used to absorb the
plant is only stored in the soil. However, these explana-
tions need to be proven by additional experimental ob-
servations such as for the correlation between litter,
precipitation, and water storage (Xu et al. 2004).

Fig. 1 Seasonal changes of soil temperature in ridge (Rd) and southern slope (Sp) plots in Quercus mongolica forest in Mt. Jeombong

Fig. 2 Seasonal variation of soil water content (SWC) on ridge and southern slope in Quercus mongolica forest in Mt. Jeombong
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Soil respiration and environmental factors
Rs increased gradually from the April or May of the
measurement year, peaked in July and August in sum-
mer, and then declined in October or November when
the measurement was completed (Fig. 3). These seasonal
changes in Rs are closely related to changes in Ts. The
correlation between Ts and Rs was relatively high, as
Fig. 4a and Fig. 4b. In general, the seasonal changes of
the Ts are significant and affect soil respiration in
various temperate ecosystems (Meentemeyer 1984;
Kishimoto-Mo et al. 2015; Jeong et al. 2017; Eom et al.
2018). However, the seasonal variation patterns of these
soil respirations are different at two sites. In ridge site, it
was changed with the large range between the lowest
and the highest values.
The lowest Rs in the ridge site during the measure-

ment period was 174.5 0 mg CO2 m
−2 h−1 in May 2012,

and 118.0 mg CO2 m−2 h−1 in November 2011, in the
southern slope site. The highest Rs measurements were
1077.2 mg CO2 m−2 h−1 and 639.7 mg CO2 m−2 h−1, in
August 2018, for both ridge and southern slope sites, re-
spectively. As can be seen from these data, the max-
imum and minimum widths of Rs were much larger in
the southern slope site than in the ridge site. The ranges
of maximum and minimum values of Rs were
902.8 mg CO2 m−2 h−1 in the ridge site and
511.7 mg CO2 m−2 h−1 in the southern slope site. This
variation depends on the magnitude of the potential of
maximum Rs, which means that the ridge site has the
potential to reach a much higher Rs value than the
southern slope site.

As a result, it can be seen that the ridge site has a lar-
ger potential of soil respiration than the southern slope
site. As can be seen in this study, the high potential of
soil respiration in these ridge sites is attributed to envir-
onmental factors other than soil temperature (Fig. 2).
Among the environmental factors we measured, there

was no significant difference in Ts between two sites,
and SMC and SOMC showed specific differences at two
sites. Here, SMC is considered to have the best range for
soil respiration (Doran et al. 1990; Wang et al. 2006).
From this analysis, in the year 2012, when the highest

Rs value was measured, was the most suitable SMC con-
dition for Rs compared to other measurement years. In
2011, SMC remained extremely high due to high rainfall.
On the other hand, in 2013, soil dryness could be the
cause of Rs deterioration due to much lower precipita-
tion than normal. However, when comparing extremely
high to extremely low SMCs, too high SMC seems to
suppress Rs more than extreme dryness (Suh et al.
2009). It is also considered that the SMC condition does
not cause significant decrease of soil respiration in both
sites. Consequently, SMC is an important factor affect-
ing the rate of Rs during the summer, when Rs is not
restricted by Ts.
On the other hand, the difference of Rs between slopes

was much higher in August and September, when Ts
was higher, than in May and October, which had lower
Ts (Fig. 5). This tendency was the same during the
3 years of measurement, although there were some dif-
ferences depending on the measurement year. In the re-
lationship analysis between the Ts and the slope

Fig. 3 Seasonal changes and difference (Rs) of soil respiration (Rs) and its difference in ridge (Rd) and southern slope (Sp) sites in Quercus mongolica
forest in Mt. Jeombong
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difference between the slopes, the correlation coefficient
was 0.16, which is lower than that of the slope. However,
the slope difference tends to increase as the temperature
increases, and as the SMC increases, the slope difference
between Rs tends to decrease (Fig. 6).
The average Rs for the two sites, excepting the period

not measured in Winter, were 550.1 mg CO2 m
−2 h−1 at

the ridge site and 289.4 mg CO2 m
−2 h−1 at the southern

slope site, which is a difference of 52.6%. The difference
in the Rs at these two sites seems to be due to the differ-
ence in SOMC and the amount of litter accumulated on
the soil surface. As shown in Fig. 6, SOMC in the soil
depth range of 0~5 cm and the accumulated litter of the
soil surface were 874 g m−2 and 23.3% at the ridge site,
396 g m−2 and 19.9%. Generally, in a temperate decidu-
ous broad-leaved forest, litters are largely supplied to the
surface with leaves that are removed from the canopy.

These litters are distributed widely from the high canopy
position, depending on the strength and direction of the
wind. Generally, the litters accumulated on the ground
will be decomposed by micro-organisms on the ground
yearly, unless disturbed.
However, the opening of the canopy resulting from the

canopy leaf dropout strengthens the intensity of the
wind blowing on the soil surface, thereby causing the lit-
ter to move between autumn to spring. The movement
of these litters occurs especially strongly in spring, when
the litter is very dry, compared to that in Winter, when
the litter is covered by snow.
In this study, spatial variation was generated on the

soil surface of certain areas, such as where the initially
accumulated litter is remarkably lost or where the litter
which is lost is significantly larger than the amount of
initially accumulated litter.

(a)

(b)

Fig. 4 Relationships between soil respiration (Rs) and soil temperature (Ts) in ridge (a) and southern slop (b) in Quercus mongolica forest in
Mt. Jeombong
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As a result, it can be concluded that various physio-
chemical environmental changes, due to the
micro-geographical difference of the slope, and the
change of the community structure, due to the plant
season, occur and the complex combination of Rs result-
ing therefrom affects Rs (Epron et al. 2006). The ecol-
ogy, soil properties, Ts, SMC, SOMC, and so on are not
disconnected environmental elements, but instead relate
to each other, changing the influence of each other to
create various combinations of environmental conditions
(Zhu et al. 2002). Rs is a component of the ecosystem
carbon cycle associated with a combination of such di-
verse environmental factors.

Conclusion
In the Q. mongolica forest of Mt. Jeombong, Rs, Ts,
SMC, litter layer, and SOMC were measured in ridge
and southern slope sites, which have two different
results where the surface litter layers were disturbed by
strong winds. The southern slope site shows that the lit-
ter layer formed in autumn due to strong winds has
almost disappeared, while in the ridge site it has become
thick due to the transfer of litter from the southern slope
site.
The Rs measured at both sites showed a seasonal vari-

ation pattern that was interrelated with the seasonal Ts
change (Figs. 1, 3, and 4). On the other hand, SMCs

Fig. 6 Accumulated litter (AL) and soil organic matter content (SOMC) in ridge and southern slope sites in Quercus mongolica forest in Mt. Jeombong.
The numbers in the graph indicate the amount of accumulated letter and soil organic matter content, respectively

Fig. 5 Relationship between difference (ridge-southern slope) of soil respiration and soil temperature in Quercus mongolica forest in Mt. Jeombong
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were divided into very high and low periods, and the
range of change was larger in the southern slope site
than in the ridge site. The difference in the Rs values be-
tween the two sites was the highest, while the SMC was
measured at about 15% and at the higher temperature
(Figs. 2 and 3).
The mean Rs was 550.1 mg CO2 m−2 h−1 at the ridge

site, while at the southern slope site, it was
289.4 mg CO2 m−2 h−1, which is a difference of about
52.6%. The difference in the Rs at these two sites seems
to be due to the difference in the amount of litter accu-
mulated on the soil surface. As shown in Fig. 6, SOMC
at the depth range of 0~ 5 cm and the litter accumula-
tion of the soil surface were 874 g m−2 and 23.3% at the
ridge site and 396 g m−2 and 19.9% at the southern slope
site.
As a result, the litter layer supplied to the soil surface

is disturbed due to the micro-topographical difference as
a slope and the change of the community structure due
to the plant season, causing the heterogeneity of the lit-
ter layer development, which affects SMC and Rs.
Therefore, it is necessary to introduce and understand
these micro-topographical features and mechanisms
when quantifying the Rs of ecosystems and analyzing
their characteristics (Kang et al. 2003).

Abbreviations
a: Rate of increase of CO2; Rs: Soil respiration; S: Soil area; SMC: Soil moisture
content; SOMC: Soil organic content; Ts: Soil temperature; V: Collar volume;
ρ: CO2 density
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