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Abstract: Soil respiration plays a critical role in driving soil carbon (C) cycling in terrestrial forest
ecosystems. However, evidence to demonstrate the response of roots, mycorrhizal hyphae, and soil
free-living microbes of soil respiration and their temperature sensitivity (Q10) remains lacking. Here,
we used a root exclusion method to assess the contribution and response of root respiration (Rroot),
mycorrhizal respiration (Rmyc), and (soil organic matter) SOM respiration (Rsom) to soil temperature
in a larch forest. During the growing period, the contributions of Rroot, Rmyc, and Rsom to soil
respiration were 42%, 6%, and 52%, respectively. The respiration rates of all components increased
exponentially with increasing temperature. Based on these constitutive respiration rates with soil
temperature, the Q10 values for Rroot, Rmyc, and Rsom were 3.84, 5.18, and 1.86, respectively. The
results showed that the response to temperature change was different among roots, mycorrhizal
hyphae, and microbes in the soil, while the temperature sensitivity of autotrophic respiration was
higher than that of heterotrophic respiration. Importantly, the Rmyc at this site was extremely sensitive
to temperature, although its overall emission was small. Mycorrhizal associations were identified
as the key drivers of soil respiration and temperature sensitivity. A good understanding of the
different soil CO2 efflux components will provide useful information for determining soil C fluxes
and predicting soil C dynamics under changing environments.

Keywords: autotrophic respiration; heterotrophic respiration; mycorrhiza; mycorrhizal hyphae; Q10;
rhizosphere respiration; root-exclusion method; soil CO2 efflux; soil temperature

1. Introduction

The CO2 emissions in terrestrial ecosystems are mainly derived from soil respiration
(Rsoil), which is important for evaluating the net ecosystem carbon (C) balance because
it represents the largest global C flux (75–100 Pg C yr−1) between ecosystems and the
atmosphere [1,2]. This amount is over 10 times that currently produced by fossil fuel
combustion. Thus, even a small change in soil respiration could significantly induce
increases in atmospheric CO2, with potential feedback to climate change. Therefore, efforts
should be made to develop a mechanistic understanding of how temperature and other
environmental factors affect the Rsoil rate [3,4].

Temperature sensitivity is an important factor in quantifying the response of Rsoil to
climate warming [5] and is often referred to as the Q10 temperature coefficient, denoting the
rate of change in a process caused by increasing the temperature by 10 ◦C. Experimental
studies of Q10 related to Rsoil have demonstrated that Q10 values vary with tempera-
ture and soil moisture [5,6]. It has been recognized that Rsoil is sensitive to temperature,
but many questions regarding the dynamic responses of autotrophic and heterotrophic
respiration to temperature changes remain unanswered. In theory, Rsoil is the sum of
the autotrophic component produced by roots and the heterotrophic component derived
from soil microorganisms that decompose soil organic matter (SOM). Several studies
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have shown that autotrophic respiration is more sensitive to temperature change than
heterotrophic respiration [7,8]. Thus, the temperature dependency of Rsoil varies among
different components [5,9].

Recently, the autotrophic component of Rsoil was further separated into respiration of
the roots and their mycorrhizal symbionts [10]. It is known that plants can normally allocate
a substantial fraction (up to 85%) of net photosynthesis to belowground and mycorrhizal
fungi [11,12]. As a result, much of the assimilated C is respired by mycorrhizal fungi and
fungal hyphae [13]. Because more than 80% of terrestrial plant species are associated with
mycorrhizal fungi, we should not ignore the effect of mycorrhizal respiration. Consequently,
real root respiration has often been overestimated due to difficulties in separating the root
itself from mycorrhizal respiration.

Novel approaches to separate the autotrophic components have developed and en-
abled us to evaluate mycorrhizal hyphae growth in the soil, while excluding roots. For
example, the mesh exclusion method involves the application of nylon meshes with pore
sizes that allow the ingrowth of fungal hyphae while excluding roots [14]. Experiments
using this method have produced growing evidence to suggest the high contribution of
mycorrhizal respiration to Rsoil in the forest field [15,16]. Heinemeyer et al. [17] reported
a contribution of mycorrhizal respiration to soil respiration of <25% in a temperate pine
forest. However, such an approach is rarely applied for the evaluation of temperature
sensitivity Q10 of each component of Rsoil, especially the mycorrhizal component.

The variability of soil CO2 efflux associated with environmental drivers may also be
mediated by the differential metabolic response of microbes, roots, and rhizosphere to
moisture and temperature changes [18]. Here, we aimed to evaluate not only total Rsoil
rates, but also the constructive root, mycorrhizal, and decomposition respiration rates in a
larch (Larix kaempferi (Lamb.) Carrière) forest. Larch forests are one of the main vegetation
cover types in boreal and cool-temperate forest ecosystems [19]. Our objectives were: (1) to
quantify the temporal variation in Rsoil during the growing season, (2) to evaluate the
relative contributions of heterotrophic and autotrophic respiration to total Rsoil, and (3) to
determine the response of root respiration (Rroot), mycorrhizal respiration (Rmyc), and SOM
respiration (Rsom) to soil temperature in a larch forest.

2. Materials and Methods
2.1. Study Area

The study site was located on Mt. Iizuna, Nagano, central Japan (36◦43′ N, 138◦9′ E,
1030 m above sea level), where the annual precipitation is 1262 mm, and the mean annual
temperature is 8.4 ◦C. The site consisted of a planted forest of Larix kaempferi, a deciduous
conifer. The age of the forest in 2018 was 61 years, and the average diameter at breast
height was 30.0 cm [20]. The soil type was volcanic ash-derived Andosols. We established a
30 × 30 m2 plot at the site where L. kaempferi was dominant. The tree density of L. kaempferi
in the plot was 616 trees ha−1, and the stand basal area was 45 m2 ha−1 [20].

2.2. Chamber Experimental Design

Six plots of 2 × 2 m2 were established. In August 2018, the soil collars were placed
randomly at a distance of approximately 100 cm from the stems in the six plots, as described
in detail below. To separate the contribution of each component to Rsoil, the mesh-excision
method was used to assess the total, root, mycorrhizal, and soil free-living microbial soil
respiration, using the protocol proposed by Heinemeyer et al. [15] and Moyano et al. [16].
Three different soil collars (treatment collars) 12 cm in diameter were installed in the soil.
The first type of collar (A) was made of polyvinylchloride. Type A was 5 cm in height and
was inserted 2 cm into the ground and fixed with two metal sticks. The type-A collar did
not interrupt the roots, mycorrhizal, or soil microbial dynamics and growth, which were
evaluated as total Rsoil.

Before the set of other collars (B and C), soil cores (12 cm diameter× 35 cm depth for
each) were extracted using thin sharp steel corers for long-term ingrowth core experiments.
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The second type of collar (B) was 5 cm in height, made of polyvinylchloride using a 50-mesh
and was inserted into the soil to a depth of 35 cm. The soil collar was covered with nylon
fabric of 50-µm mesh, allowing the ingrowth of fungal hyphae, but not roots. The soil
depth in B-type collars (35 cm depth) prevented the ingrowth of almost all plant roots
because most roots are produced up to 30 cm. After the set of type-B collars, the cored holes
were filled using the soils sieved through a 2.0-mm mesh sieve to remove the original roots,
soil, and organic matter and divided into 0–10 cm, 10–20 cm, and 20–35 cm soil depths. The
third type of collar (C) was made of polyvinylchloride. Type C was the same size as type-B
and was installed at the same depth, but they did not have mesh holes, thus preventing
the ingrowth of both roots and mycorrhizal hyphae. In other words, the type-C collar was
evaluated as SOM respiration (Rsom) of only the heterotrophic soil free-living microbial
community. Respiration fluxes (R) from the root, mycorrhiza, and soil organic matter were
estimated from the difference in CO2 efflux values according to the following equation:

• Type-A = total soil respiration (Rsoil).
• Type-A − Type-B = root respiration (Rroot)
• Type-B − Type-C = mycorrhizal respiration (Rmyc)
• Type-C = soil organic matter (SOM) respiration (Rsom).

2.3. Respiration Manual Measurement and Calculations

The respiration measurements began in early May 2019. The CO2 efflux from each soil
chamber was measured 1 or 2 times a month during a fixed period 11:00–13:00 daytime.
Measurements were conducted using a closed static chamber system fitted with an infrared
CO2 analyzer (GMP343; VAISALA, Helsinki, Finland). To minimize errors in the CO2
efflux measurements in the chamber through pressure changes, we designed a chamber
with sufficient volume to achieve the steady pressure in the closed chamber. The chamber
was closed with a lid that has a small fan to achieve near-perfect headspace mixing. The
time for each measurement was set to 360 s. To compensate for air disturbances caused by
opening the chamber, the data for the first 60 s were discarded. The flux measurement was
accepted when the determination coefficient of linear regression (R2) was larger than 0.9 as
a function of time.

At the same time as the respiration measurements, soil environmental data were ob-
served. Soil temperatures at 5-cm soil depth were measured using a portable thermometer
(AD-5612A, A&D, Tokyo, Japan). Soil moisture levels at 5-cm soil depth were determined
using a portable soil water content sensor (SM150T; Delta-T Devices, Cambridge, UK).

By pooling all measurement data, the variation in respiration rate in response to
temperature change was described by an exponential model [21]:

R = αeβT (1)

where R is the respiration rate measured at a given temperature (T), and α and β are fitting
parameters. Parameter α is referred to as respiration rate at 0 ◦C

, and β defines the temperature dependence of the respiration. Then, the respiratory
Q10. The Q10 was used to describe the temperature sensitivity of respiration and was
calculated as the proportional increase in the respiration for each 10 ◦C rise in temperature.
The Q10 can be calculated according to:

Q10 = e10β (2)

The respiration was not measured between January and April due to snowpack in the
winter season. All statistical analyses were performed using R version 3.5.1 software.



Forests 2021, 12, 1410 4 of 9

3. Results
3.1. Soil Environmental Factors and Respiration

The seasonal soil temperature patterns in the plot were observed (Figure 1a). The
soil temperature at 5 cm depth varied seasonally, ranging from 3.4 ◦C in December to
21.2 ◦C in August during the study period. The soil moisture ranged from 9.2 to 27.1%
(Figure 1b). The seasonal pattern of soil moisture was not as clear as the temperature,
but it seemed to peak at the end of the fall. The soil respiration (Rsoil) ranged from 0.7 to
4.4 µmol m−2 s−1 during the study period (Figure 1c). Rsoil showed strong seasonality; it
was lowest in December and highest in mid-August. Similarly, temporal variation in root
respiration (Rroot), mycorrhizal respiration (Rmyc), and SOM respiration (Rsom) could be
observed throughout the seasons. Between May and December 2019, the mean percentage
of Rsoil was 42%, 6%, and 52% in Rroot, Rmyc, and Rsom, respectively (Figure 1d). The
relative contributions of the different Rsoil components varied during the study period. The
contribution of Rroot to Rsoil increased during early summer and fall, while the contribution
of Rmyc to Rsoil did not show any seasonal pattern and remained low throughout the study
period. The contribution of Rsom to Rsoil was highest during spring and winter and lowest
during summer.
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3.2. Response of Respiration to Soil Temperature and Moisture

Rsoil was significantly associated with changes in the measurement temperatures
(p < 0.05), suggesting an exponential relationship between respiration and temperature
(Figure 2a). The Q10 value of Rsoil during the study period was 2.74. The estimated
parameters for Rsoil–temperature are shown in Table 1. The Rsoil tended to respond linearly
to the soil moisture across the study period, although it only explained 7% (p > 0.05) of the
variation in Rsoil (Figure 2b). There was no significant linear relationship between Rsoil and
soil moisture at this site.
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Table 1. Estimated parameters (α and β) and coefficient of determination from Equation (1) for Rsoil,
Rroot, Rmyc, and Rsom during growing season in Larix kaempferi forest.

Rsoil Rroot Rmyc Rsom

α 0.5210 0.1346 0.0086 0.4349
β 0.0998 0.1345 0.1644 0.0618
R2 0.89 0.78 0.55 0.64

When different Rsoil components were considered, the effect of soil temperature on
respiration was significant in the forest (p < 0.001). Rroot and Rmyc, markers of autotrophic
respiration, increased with increasing soil temperature, with an exponential regression
(p < 0.001) (Figure 3a,b). Similar to autotrophic respiration, Rsom, a heterotrophic respiration
was also associated with temperature (Figure 3c). The Q10 values of Rroot, Rmyc, and Rsom
were 3.84, 5.18, and 1.86, respectively (Table 1). Both Rroot and Rmyc had higher Q10 values
than Rsom in this larch forest.
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4. Discussion

We assessed the contribution of different Rsoil components in a mature larch forest. The
mean contribution of soil autotrophic respiration (Rroot + Rmyc) to Rsoil was 48%, suggesting
that soil autotrophic respiration was slightly lower than heterotrophic respiration. This
finding agrees with estimates in other larch forests. For example, Liang et al. [22] reported
that the contribution of autotrophic and heterotrophic components was approximately
43% and 57% in a larch plantation in northern Japan. Teramoto et al. [23] estimated
that autotrophic and heterotrophic components in a larch plantation in central Japan
accounted for 18% and 82% of Rsoil, respectively. Heterotrophic respiration is a crucial
component of soil CO2 efflux associated with the mineralization of dead organic matter
via metabolism by fungi and bacteria [24,25]. The Rsom from the soil surface has been
estimated as 53–57 Pg C yr−1 globally and is typically 30–80% of the total annual Rsoil [26].
We confirmed the relatively large contribution of Rsom to Rsoil in this forest species and the
important role of microbial decomposition activity for Rsom in our forest.

We found that soil autotrophic respiration, including Rroot and Rmyc, was highly
variable and showed seasonal patterns (Figure 1d). In our study, soil autotrophic respiration
accounted for approximately 55–70% between late June and early September, which might
be due to the C substrate from plant photosynthesis activity. Shoot C assimilation rates
are strongly correlated with belowground C allocation to roots and mycorrhizae [17,27,28].
Additionally, belowground growth in deciduous species is assumed to peak early in the
growing season and is correlated with aboveground growth [29]. When a pulse of root and
mycorrhizal growth occurs to support leaf production, the respiring tissue and rhizosphere
CO2 efflux are simultaneously increased. Indeed, the larch shoot at our site expanded from
May, when the plants grew rapidly. Soil autotrophic respiration might reflect a combination
of phenological timing of leaf development in spring and leaf senescence and abscission in
autumn and seasonal root and mycorrhizal hyphae growth variations.

Importantly, Rmyc accounted for 6% of total Rsoil, although the contribution of Rmyc
was lower than that of Rroot at this site. Moyano et al. [30] evaluated Rmyc in beech and
spruce forests and found that Rroot contributed 45% and Rmyc contributed 5% to Rsoil,
which is similar to our results. On the other hand, Heinemeyer et al. [17] measured Rsoil
separation in Pinus sylvestris and found contributions to total Rsoil of 10% in Rroot and 25%
in Rmyc, with higher values for Rmyc contribution. A large fraction of the C translocated
belowground is allocated to the mycorrhizal hyphae [14]. The production of mycorrhizal
hyphae is known to change with the type and infection rate of mycorrhizal fungi symbiotic
with the root system [31]. Although our study did not determine the type and infection
rate of mycorrhizal fungi, it is believed that the mycorrhizal fungal community structure is
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similar to that of Moyano et al. [30]. A qualitative assessment of mycorrhizal fungal species
and infection rates is needed to understand the contribution and variability of Rmyc.

For the heterotrophic component, Rsom accounted for most (52–67%) of Rsoil in early
spring and late autumn (Figure 1d), probably because of increases in decomposition
activity for spring thaw and autumn litter accumulation. The high contribution of Rsom
in a deciduous forest in specific seasons could also be related to the high input of litter
during autumn and the high C availability for microbial decay during soil wetting in spring.
Therefore, seasonal variation in litter accumulation and its decomposition may affect CO2
production through microbial physiology during the growing season.

During the growing season in this study, Rsoil increased exponentially with soil tem-
perature (Figure 2a). The temperature sensitivity in this study was consistent with that
reported in many previous studies [32]. Our Q10 value at Rsoil was 2.7 and well within the
global median of 2.4 [33] and the range (2.0–6.3) reported for European and North Ameri-
can forest ecosystems [5,6]. The Q10 values in previous studies of larch forests also ranged
from to 2.3–3.1 [22,23,34]. This suggests that the temperature sensitivity of the Rsoil rate at
our site had ecological characteristics similar to those of larch forests in previous studies.

Focusing on each constitutive respiration rate with soil temperature, Rroot, Rmyc, and
Rsom also showed an exponential increasing relationship with temperature (Figure 3).
Based on these relationships, the Q10 values for Rroot, Rmyc, and Rsom were 3.84, 5.18, and
1.86, respectively. The results showed that the response to temperature change was different
among roots, mycorrhizal hyphae, and microbes in the soil, and the temperature sensitivity
of autotrophic respiration was higher than that of heterotrophic respiration, according to
previous studies [3,7,26]. Furthermore, the Rmyc at this site had to be extremely sensitive
to temperature, although the overall emission was small. One possible reason for the
high temperature sensitivity of Rmyc might be that mycorrhizal component enhance the
availability of substrate and its allocation to belowground sinks along the temperature
gradients. Consequently, most of the previous studies on Q10 of Rroot under the field have
been overestimated, because they are usually included in the autotrophic flux component
when derived from separating Rmyc from Rroot without further partitioning.

In this study, we used an approach to separate Rmyc from Rroot under field conditions
using ingrowth bags of different mesh sizes, allowing only the ingrowth of fungal hyphae
or the roots and fungal hyphae. Using this method, the net effect of mycorrhizal hyphae on
CO2 flux was evaluated. However, technical problems in the methodology for evaluating
Rmyc separation from Rroot are still debated [35]. For example, Rmyc resulted from the
combination of the growth and mortality of mycorrhizal hyphae in mesh bags. Thus, the
observed effluxes from mycorrhizal hyphae may depend on the incubation time in the mesh
bags through the biomass and turnover rates of hyphae. Nevertheless, we emphasize the
potential high Q10 of Rmyc to soil temperatures in this forest. Future advances in techniques,
considering the separation of roots and mycorrhizal biomass and turnover, could elucidate
the accurate response of forest soil C sequestration and C fluxes to temperatures.

The relationship between Rsoil and soil moisture suggested a negative relationship,
but this was not significant (Figure 2b). Liang et al. [22] showed that root respiration
in larch was reported to have no clear correlation with moisture content. In contrast,
Heinemeyer et al. [17] showed that autotrophic respiration was not significantly affected
by changes in soil temperature but was strongly affected by soil moisture. Thus, previous
studies have not provided a unified view of soil moisture; therefore, further research is
needed for data accumulation across tree species and ecosystems.

In this study, the actual components of Rsoil in larch forests were observed. The contri-
butions of Rroot, Rmyc, and Rsom to soil respiration was 42%, 6%, and 52%, respectively. The
respiration rates of all components increased exponentially with increasing temperature.
The temperature sensitivity Q10 of respiration for each component was high for Rroot and
Rmyc and low for Rsom. In particular, the temperature sensitivity of Rmyc was extremely
high, although the amount released was not. The results of this study emphasize the role
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of the mycorrhizal strategy in the ecosystem response to climate temperature for Rsoil in
forest soils.

Future increases in temperature could generate potential positive feedback between
climate warming and soil C flux in forest ecosystems. Most empirical models of soil C
dynamics have primarily focused on total Rsoil or SOM fraction decomposition, implying
an over- or underestimation of the soil C flux and soil C sequestration [36]. This is be-
cause empirical models often do not include the temperature sensitivity of constructive
components such as Rroot, Rmyc, and Rsom. In particular, Rmyc has a relatively higher
temperature sensitivity, with major consequences for the current models of C dynamics in
the larch forest. A good understanding of the different soil CO2 efflux components will
provide useful information for modeling soil C fluxes and predicting soil C dynamics in a
future climate.
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