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Partitioning soil respiration (Rs) into heterotrophic (Rh) and autotrophic (Ra) compartments is an important first
step in understanding the response of soil carbon flux to changes in climate. This is because Rh and Ra respond
differently to changing environmental conditions. However, the methods currently used to partition Rs have high
costs and large uncertainties. In this study, we developed a simple model to partition forest Rs based on root
n
∑
biomass, Rs = Rh +
[ci × DBHi di × f (Di )], which the latter is modelled as the sum of root biomass density
i=1

(MT) derived from an existing root allometric equation (MT = c × DBH d , where DBH is tree diameter at breast
height) multiplied by a horizonal distance function (f (D)) based on the relationship between in situ Rs and
distance (D) from the tree base. We applied this model to a complex tropical natural forest in Southeast Asia by
n
′ ∑
inputting a site-specific root allometric equation and in situ Rs–D function to obtain: Rs = Rh + c
(DBHi 2.59 ×
i=1

Di − 0.452 ). Compared to studies that used the classical root biomass regression, our results show a stronger linear
correlation between Rs and simulated root biomass density (r2 = 0.797). By using the y-intercept (i.e. no root
biomass at all), Rh was estimated to contribute 66.9 ± 5.7% to total Rs. We validated the root-allometry-based
model by using the trenching method. In our study area, it took about 1 week (6.5 days) for tree roots to die after
trenching, and Rh/Rs ratios estimated from our model were about 2.7% higher than those estimated with the
trenching method. With the increasing number of allometry equations for global woody plants, the model has the
potential of being used to partition Rs in various forests at regional or global scales.

1. Introduction
Soil respiration (Rs) is the second largest component of carbon flux
after photosynthesis in the terrestrial biosphere; as such, it plays a dual
role in regional and global carbon cycles (Bond-Lamberty et al., 2018).
Rs can be divided into autotrophic respiration (Ra) by roots and associ
ated rhizosphere organisms and heterotrophic respiration (Rh) by soil
organisms. Because Ra and Rh respond differently to soil temperature
and soil moisture (Liang et al., 2010), accurately partitioning Rs into Ra
and Rh is a key challenge when seeking to understand the response and
feedback of terrestrial ecosystems to climate change (Wang et al., 2014;
van Gestel et al., 2018) and when modeling the global carbon cycle
(Hashimoto et al., 2015).
Over the last half-century, numerous researchers have attempted to
partition Rs into Rh and Ra using various methods and with highly

variable results; each approach has its advantages and disadvantages in
terms of physically difficult, labor and/or budget cost, time-consuming,
and even disturbance (Singh and Gupta, 1977; Hanson et al., 2000;
Kuzyakov, 2006; Subke et al., 2006). One frequently used approach is to
measure Rh directly by removing the Ra component (i.e., root exclusion).
This can be achieved by using techniques such as root removal (Wiant,
1967), soil trenching (Liang et al., 2010), girdling (Högberg et al.,
2001), and harvesting (Guo et al., 2016). These techniques have ad
vantages such as simplicity and low equipment costs, but are extremely
labor intensive, especially for large-scale partitioning. In addition, they
inevitably disturb soil and vegetation and alter soil micro-environments,
which can lead to over- or under-estimation of the contribution of Rh to
Rs.
In light of these disadvantages, the carbon isotope approach has
attracted increasing attention in recent years as an alternative method.
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In this method, partitioning is achieved by comparing the natural
abundance of stable (δ13C) or radioactive (δ14C) carbon isotopes in rootderived and soil-derived CO2 (Takahashi et al., 2008). The most
important advantage of this technique is the lack of soil and vegetation
disturbance. However, not only is isotope analysis quite expensive, but
Zhou et al. (2018) demonstrated that unideal steady states in both
environmental and soil conditions (e.g., continuous variations in at
mospheric CO2 concentration and δ13C, CO2 production rates, and soil
CO2 diffusion) can create large uncertainties in partitioning.
Another alternative is to indirectly partition Rs into Ra and Rh based
on the relationship between Rs and root biomass density. Kucera and
Kirkham (1971) firstly identified a linear relationship between Rs and
root biomass density in a tallgrass ecosystem in central Missouri. This
linear function has since been applied in tropical (Behera et al., 1990),
subtropical (Comeau et al., 2018), temperate (Xu et al., 2001), and
boreal (Goncharova et al., 2019) forests. In this approach, Rh is esti
mated from the y-intercept of the regression between Rs and root
biomass density based on the assumption that Rh is spatially homoge
neous on the plot scale. The approach offers important advantages such
as simplicity, low cost, and with no disturbance to soils because the root
biomass was sampled after the measurement of Rs. On the other hand, it
can produce large uncertainties in the estimated contribution of Rh to Rs
in the event of a weak correlation between Rs and root biomass density
(see Table 1). To minimize these uncertainties, previous studies have
recommended the use of a large number of sampling points (Kuzyakov,
2006; Comeau et al., 2018). In this case, however, the labor cost of
sampling root biomass at numerous points may exceed that of the root
exclusion approaches.
Despite the availability of these various techniques, global or even
site-specific standards for Rs partitioning remain lacking. Part of the
challenge is that both Rs and root biomass density are highly spatially
heterogeneous. In forests, however, trees of the same species tend to
develop in the same way because they are exposed to similar conditions.
Therefore, the ratio of hard-to-measure characteristics such as root
biomass and easy-to-measure characteristics such as diameter at breast
height (DBH) or tree height follow rules that are the same for all trees
regardless of size, which is referred to as “root allometry” (GlobAl
lomeTree, 2020). The objective of our study is to develop a simple, cost
effective, and non-disturbance method to partition forest Rs into Rh and
Ra using a root-allometry-based model. The core innovation of our
model is a formula for estimating the contributions of root mass from

surrounding trees to chamber-measured Rs. In this paper, we describe
our experiments, explain our methods of parameter estimation, and
evaluate the model’s performance.
2. Materials and methods
2.1. Study site
The study was conducted in a tropical natural forest in the Pasoh
Forest Reserve in Peninsular Malaysia (2◦ 58′ N, 102◦ 18′ E). The altitude
of the study plot is 100 m and the terrain are essentially flat. Dipter
ocarpaceae and Fabaceae families dominate the Pasoh forest. The mean
stem density (DBH ≥ 1) at the site was 6769 trees ha− 1, and the mean
basal area was 42.2 m2 ha− 1 (Hoshizaki et al., 2004). The leaf area index
was 6.5 (Niiyama et al., 2010). With less than 4% canopy openness
(Yamada et al., 2014), herbaceous vegetation in the understory was rare.
The mean crown radius of canopy trees was about 5 m (Okuda et al.,
2003). The soil type was classified as Ultisol (USDA soil taxonomy).
Between 1971 and 2014, the mean annual air temperature was
25.4 ◦ C (range: 21–33 ◦ C), and the mean annual precipitation was 2054
mm (range: 1700–3200 mm) (Noguchi et al., 2016).
2.2. An automated chamber system for continuous Rs measurement
Rs was continuously measured by a multichannel automated cham
ber system modified from Liang et al. (2003). In brief, the system
comprised 16 automated chambers (65 cm long × 50 cm wide × 50 cm
tall). To keep soil conditions as natural as possible during long-term
measurement, the chambers were constructed of transparent PVC plas
tic sheets (2 mm thick) glued to an aluminium frame (Fig. 1A and B). In
December 2010, the chambers were installed randomly on the forest
floor within a circular area (20 m radius) at the center of a 60 m × 60 m
plot (Fig. 1C). Chambers were positioned so that any two chambers were
at least 5 m apart. Over the course of an hour, the 16 chambers were
closed sequentially. The sampling period for each chamber was 225 s.
Simultaneously, chamber air temperature and soil temperature were
monitored using home-made thermocouples, and volumetric soil mois
ture in each chamber were monitored using TDR sensors (CS616,
Campbell Scientific Inc., Logan, UT, USA). We set the depth at 5-cm for
soil temperature. Comparing to other depths, soil temperature at this
depth had a minimum time lag (Pavelka et al., 2007) and a better

Table 1
Review of the correlation (r2) of total soil respiration (Rs) with root biomass density, and the extrapolated contribution of heterotrophic respiration (Rh) to Rs (Rh/Rs)
based on the y-intercept.
r2

Rh/Rs

Sample number

Forest type

Country or Region

Root class

References

0.54
0.13
0.39
0.77
0.797*
0.34
0.25
0.05
0.41
0.29
0.32
0.52
0.14
0.52
0.67
0.52
n.a.
0.46
n.a.
0.21
0.79

71%
89%
72%
50%
66.9%
n.a.
n.a.
n.a.
n.a.
n.a.
n.a
68.2%
65%
n.a.
46.8%
53.3%
35%
n.a.
42–84%
54%
50.9%

10
10
10
20
16
16
16
24
12
12
12
14
35
24
20
18
n.a.
11
n.a.
22
20

boreal
temperate
temperate
tropical
tropical
temperate
temperate
temperate
temperate
temperate
temperate
subtropical
orchard
orchard
tropical
temperate
temperate
subtropical
temperate
subtropical
tropical

Western Siberia
Japan
New Zealand
India
Malaysia
Germany
Germany
USA
USA
USA
China
China
Italy
China
India
USA
Austria
USA
Italy
China
India

total
total
total
total
total
fine (<2 mm)
fine
fine (<2 mm)
fine (<2 mm)
fine (<2 mm)
fine (<2 mm)
fine (<2 mm)
fine (<2 mm)
fine (<2 mm)
fine (<1 mm)
fine (<5 mm)
fine (<5 mm)
fine (<10 mm)
medium (2–5 mm)
coarse (1–20 mm)
coarse (>1 mm)

Goncharova et al. (2019)
Tomotsune et al. (2013)
Schwendenmann and Macinnis-Ng (2016)
Behera et al. (1990)
This study
Søe and Buchmann (2005)
Jurasinski et al. (2012)
Wiseman and Seiler (2004)
Lee and Jose (2003)
Lee and Jose (2003)
Luan et al. (2011)
Wang et al. (2008)
Ceccon et al. (2011)
Li et al. (2008)
Behera et al. (1990)
Xu et al. (2001)
Wieser and Stohr (2005)
Fang et al. (1998)
Rodeghiero and Cescatti (2006)
Comeau et al. (2018)
Behera et al. (1990)

n.a. denote not available. * In all studies, root biomass density was in situ sampled, but it was modelled only in this study.
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correlation (Phillips et al., 2011) with the variations of soil respiration.
However, the depth for soil moisture was set at 10-cm because soil
moisture at this depth had a better diel and seasonal variations and was
much more sensitive to precipitation than at other depths. In addition,
the CS616 TDR sensor performed better at 10-cm depth than at 5-cm
depth (Campbell and Norman, 2012). Nevertheless, the depth setting
does not affect the conclusions because soil temperature and moisture
were not included in the calculation of soil respiration and in the par
titioning of respiration components (see more details in 2.7.). CO2
concentration, chamber air and soil temperature, and soil moisture were
recorded at 10-s intervals by a micro datalogger (CR1000, Campbell
Scientific Inc.). Further details of the chamber system design and
installation can be found in Liang et al. (2017).
2.3. Soil trenching for Rs partitioning
We randomly divided the 16 chambers into two groups, each with
eight chambers. One group was trenched later to measure Rh. To accu
rately detect changes in Rs following trenching, we trenched the Rh
group on the morning of 18 February 2011 to a depth of 50 cm along a
100 cm × 80 cm rectangle around each chamber (Fig. 1B). Before
backfilling the trenches, we vertically inserted polycarbonate sheets (2
mm thick) to prevent ingrowth of new roots.
2.4. Tree census
On 23 December 2010, we measured the DBH (≥5 cm) and positions
of all trees in the 60 m × 60 m plot. For each chamber, we also measured
the distance between the chamber and all trees within a distance of 10 m
from the chamber. The chambers and trees positions are illustrated in
Fig. 1C.
2.5. Sequential changes in Rs with distance from the tree base
On 9 January 2011, we selected four canopy trees in forest gaps with
DBH between 60 and 75 cm. For each tree, we installed a tree-to-gap
transect consisting of plastic collars (diameter 32 cm; height 7 cm) at
distances of 0.5, 1.0, 1.5, 2.0, 3.0, 4.0, and 5.0 m from the base of the
tree (Fig. 2A). All four gaps were located within 1 km of the automated
chamber plot. To avoid severing fine roots in the topsoil, the collars were
placed at the soil surface and any gaps between the collar and soil sur
face were filled with soil. On the morning of 10 January 2011 between
09:00 and 12:00, Rs was measured at each collar with a portable auto
mated chamber system (Gao et al., 2019). Briefly, the portable auto
mated chamber system was similar to the large automated chamber
system described above (Figs. 1A and 2A). The two aluminum cylin
drical chambers (diameter 30 cm; height 30 cm) were closed sequen
tially, and the sampling period for each chamber was 180 s.
Simultaneously, soil temperature at 5-cm depth and soil moisture at
10-cm depth were monitored near the chamber by using a thermocouple
probe (MHP; Omega Engineering Inc., Stamford, CT, USA) and TDR
sensor (SM150, Delta-T Devices Ltd., Burwell, Cambridge, United
Kingdom), respectively. Changes in CO2 concentration, temperature,
and moisture were recorded at 5-s intervals by a CR1000 datalogger
(Campbell Scientific, Inc.).
2.6. Soil properties
On 25 December 2010, we sampled soils at depths of 0–5 cm, 5–10
cm, and 10–20 cm from six soil profiles in the automated chamber plot
collected by using soil core samplers (Fujiwara Scientific Co., Ltd,
Tokyo, Japan). Soil cores were oven dried for 1 week at 105 ◦ C to
measure soil bulk density. Soil samples were then ground and passed
through a 2-mm sieve. Soil organic carbon (SOC) and soil total nitrogen
(STN) contents were analyzed using an N/C elemental analyzer (FLASH
EA 1112, Thermo Electron Corp., Marietta, Ohio, USA) with dynamic

Fig. 1. Illustration of control chamber (A), trenching operation (B) and spatial
distribution of trees and the sixteen chambers (C). Solid and open squares, grey
circles, and grey stars indicated in (C) denote control and trenched chambers,
trees with DBH > 10 cm, and trees with DBH > 50 cm, respectively. The authors
affirm that the individuals depicted herein provided informed consent for use of
their images.
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Fig. 2. (A) image of sequential measurement of soil respiration along the tree-to-gap transects. Distance intervals from the tree base were set at 0.5, 1.0, 1.5, 2.0, 3.0,
4.0, and 5.0 m, respectively. (B) the relationship between soil respiration (Rs) and the distance from the tree base (D). We empirically fitted the relationship of Rs–D
using the power law (decay), exponential law (decay) and inverse law, and found that the relationship was best described by the power law. The authors affirm that
the individuals depicted herein provided informed consent for use of their images.
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flash combustion at 900 ◦ C. Physical and chemical characteristics of the
soil are summarized in Table 2.

where MT is the total root biomass per tree (kg tree− 1). The allometry of
tree root biomass is typically expressed by using a power law equation
(GlobAllomeTree, 2020):

2.7. Data analysis
2.7.1. Calculation of soil respiration
We used high-resolution data (5-s intervals for the portable auto
mated chambers and 10-s intervals for the large automated chambers, as
described in sections 2.2. and 2.5.) to calculate soil respiration rate Rs
(μmol CO2 m− 2 s− 1) from the rate of change of CO2 concentration during
chamber closures by using the following equation:
Rs =

VPair
slopeCO2 ,
RS(Tair + 273.15)

where c is a normalization constant and d is a scaling exponent (Ogawa
et al., 1965). Decreases in Rs with increasing distance from the tree base
reflect the distance-dependent spatial distribution of root biomass (Lee,
2018). By assuming that the distance-dependence of root biomass den
sity is the product of MT and a distance function f(D), we develop a new
soil respiration model for a tree as:

(1)

where D is the distance between the chamber and the tree base.
Considering overlapping root distributions of multiple trees, a general
form of the equation for modeling chamber-measured forest Rs can be
expressed as:
Rs = Rh +

− 2 − 1

During the 33-day continuous measurement period, the mean Rs
obtained from 15 chambers was 7.98 μmol CO2 m− 2 s− 1, with a standard
deviation of 2.23 μmol CO2 m− 2 s− 1. We excluded chamber 8 from the
analysis because a termite nest was found underneath it, making its Rs
(22.29 ± 3.89 μmol CO2 m− 2 s− 1) almost three times the mean Rs of the
other 15 chambers. According to Eq. (2), the spatial heterogeneity
(average CV) of Rs was about 28%. Therefore, to represent Rs at an error
range within ±20% and ±10%, 6 and 24 chambers were required for the
studied forest, respectively (Eq. (3)).
3.2. Rs vs. distance from the tree base

(4)

Using the tree-to-gap transect measurements for four emergent trees,
we empirically fitted the relationship between distance and Rs using
various functions, and found that the relationship was best described by
a power law equation (r2 = 0.993; Fig. 2B):

where a and b are coefficients. The same authors suggest that Eq. (4)
could be used to partition Rh from Rs by extrapolating Rs to M = 0.
Intuitively, Eq. (4) can be extended to estimate the autotrophic respi
ration of a single tree (Rtree, μmol CO2 tree− 1 s− 1):

Rs = α × D −

SOC (kg m− 2)

STN (kg m− 2)

0–5
5–10
10–20

0.92 ± 0.13
1.26 ± 0.14
1.51 ± 0.29

1.58 ± 0.27
0.69 ± 0.37
0.43 ± 0.28

0.11 ± 0.01
0.06 ± 0.03
0.04 ± 0.03

k

= 9.889 × D−

0.452

,

(10)

where α is the soil respiration coefficient at 1 m from the tree base and k
is the decay constant. In the Pasoh forest, α was positively corelated with
tree size with a mean of 9.889 ± 1.118 μmol m− 2 s− 1 per biomass scale
for the four target trees, and k varied within a narrow range (0.452 ±
0.040) (Fig. 2B).

Table 2
Soil physical and chemical characteristics in the Pasoh forest.
SBD (g cm− 3)

(9)

3.1. Spatial heterogeneity of Rs

) varies

Depth (cm)

n
∑
[
]
ci × DBHi di × f (Di ) ,

3. Results

where t is the Student’s statistic at 95% confidence level and the degrees
of freedom of the 16 chambers, SD is the standard deviation of the entire
Rs dataset, β is the allowable error range, and Rs is the mean Rs across the
16 chambers.

Rs = a + b × M,

(8)

i=1

where Rs (μmol CO2 m s ) and SD are the mean and standard devi
ation, respectively, of Rs across all 16 chambers in the whole data set.
The number of chambers (n) required to represent the mean Rs for the
Pasoh forest was determined by the following equation (Liang et al.,
2004):
(
)2
t × SD
n =
,
(3)
βRs

s

]
ci × DBHi di × f (Di ) ,

where the coefficient ci (root biomass slope or respiration rate per unit
root biomass) depends on tree species only. Theoretically, this model
can be applied to both monodominant and mixed forests. For a mono
dominant forest, the coefficient ci is a constant. Interestingly, if Rs, root
allometry, and f(D) in a forest are known, Rh at a specific position can be
estimated based on Eq. (8):
Rh = R s −

2 − 1

n
∑
[
i=1

(2)

2.7.3. Root-allometry-based Rs model
According to Kucera and Kirkham (1971), Rs (μmol m−
linearly with root biomass density (M: kg m− 2):

(7)

Rs = Rh + c × DBH d × f (D),

2.7.2. Analysis of spatial heterogeneity of Rs
The continuous measurement described in section 2.2 was inter
rupted between 27 January and 17 February 2011 due to issues with the
power supply. Thus, we used the data collected prior to trenching (i.e.,
between 25 December 2010 and 27 January 2011; a total of 33 days) for
the analysis. Each chamber was treated as one statistical unit. The co
efficient of variation (CV) was used to represent spatial heterogeneity in
R s:
SD
× 100%,
Rs

(6)

MT = c × DBH d ,

where Pair is the atmospheric pressure (kPa), V is the effective chamberhead volume (m3), R is the ideal gas constant (8.314 Pa m3 K− 1 mol− 1), S
is the measured soil surface area (m2), Tair is the air temperature (◦ C)
inside the chamber, and slopeCO2 is the slope (ppm s− 1) of the linear fit of
CO2 over time (see more details in Liang et al. (2017)).

CV =

(5)

Rtree = b × MT ,

3.3. Rs and allometric root biomass

SBD, SOC, and STN denote soil bulk density, soil organic carbon density, and soil
total nitrogen density, respectively. Values represent mean ± standard deviation
of six soil profiles.

A comparison of Eqs. (7) and (10) indicates that:
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4. Discussion

(11)

α = c × DBH d ,

Niiyama et al. (2010) conducted an intensive harvest-biomass
campaign in the Pasoh forest and obtained the following root allome
tric equation:

4.1. The spatial heterogeneity of soil respiration and its main controls
In the Pasoh forest, the mean spatial heterogeneity (CV) of Rs across
the 16 chambers over the 33-day continuous measurement period was
about 28%. This CV is considerably lower than those reported by Adachi
et al. (2005) (43%) and Kosugi et al. (2007) (39%) in the same forest.
Also, our estimated CV is lower than those of most previous studies
conducted throughout the tropics (e.g., 34% in Panama, Rubio and
Detto (2017); ~50% in Kenya, Arias-Navarro et al. (2017)). The esti
mated CV of Rs is associated with the size of the flux chamber; by
covering a greater area of soil, larger chambers can minimize errors
associated with small-scale spatial heterogeneities in Rs (Liang et al.,
2004). This could account for the low values of CV obtained in our study
as, to our knowledge, we used the largest chambers (length: 65 cm;
width: 50 cm) and the highest number of chambers (16) ever reported
for Rs measurement in tropical forests. On the other hand, this could also
be partly attributed to the small spatial extent of our chamber plot,
which had an essentially flat topography with relatively homogenous
physical and chemical soil properties (Table 2).
Our results show a strong linear correlation between Rs and root
biomass density (r2 = 0.797; Fig. 3). In combination with the relatively
low spatial heterogeneity of Rh (CV = 25%), our results indicate that
horizontal root distributions could potentially explain a large portion
(about 80%) of the spatial heterogeneity of Rs. Much of the remaining
heterogeneity may be attributable to above-ground canopy structuring,
which can create microheterogeneity in horizontal root distributions
(Bréchet et al., 2011). Indeed, we observed a heterogenous distribution
of 320 trees with DBH ≥5 cm, including 6 trees with DBH ≥50 cm, in our
60 × 60 m study plot (Fig. 1C).

(12)

MT = 0.023 × DBH 2.59 ,

By assuming that these coefficient values are valid within acceptable
uncertainties for all trees in the Pasoh forest, we obtained the explicit
form of Eq. (8) as:
′

Rs = R h + c

n
∑
(

DBHi 2.59 × Di −

0.452

)

,

(13)

i=1

where c′ is a constant (μmol CO2 s− 1 m− 2 per unit root biomass scale).
The combined influence of trees on a particular chamber was estimated
from all trees within a radius of 10 m. Rs increased with increasing root
biomass density, except at chamber 8 (Fig. 3). We obtained a strong
linear relationship (r2 = 0.797) between root biomass density and Rs
averaged across the 33-day measurement period. Moreover, by using the
y-intercept (i.e., no root biomass), the ecosystem-level Rh of the Pasoh
forest was estimated as 5.34 ± 0.46 μmol m− 2 s− 1 (mean ± standard
error) (Fig. 3), which was approximately 66.9 ± 5.7% of total Rs.
3.4. Soil trenching terminated Ra
Rs in all eight trenched chambers decreased immediately after
trenching. On average, Rs dropped sharply (by approximately 29%)
during the first 3 days (65–70 h), and then decreased progressively by
another 3% after 6.5 days (approximately 156 h; Fig. 4). During the
same period, Rs in the control chambers remained relatively constant
(with a slight increase: slope = 0.001, r2 = 0.050). By using the data
collected between 156 h (6.5 days) and 408 h (17 days), Rh was esti
mated as 5.45 ± 0.48 μmol m− 2 s− 1 (mean ± standard error) with a CV of
25%. Therefore, the average contribution of Rh to Rs was estimated to be
approximately 64.2 ± 5.6% (mean ± standard error) (Fig. 4).

4.2. Spatial root biomass density and soil respiration
We observed an extremely strong correlation (r2 = 0.993) between Rs
and distance from the tree base (Fig. 2). Reductions in Rs with distance

Fig. 3. Relationship between the field measured soil respiration (Rs) and simulated (potential effective) root biomass densities underneath the flux chambers.
Potential effective root biomass density was estimated using the root biomass related item in Eq. (13). The error bars indicate± one standard deviation of the hourly
measured Rs over total 33 days (n = 795) and potential effective root biomass, respectively. The line represents a linear regression (r2 = 0.797) with chamber 8
(#8) ignored.
6

X. Zhao et al.

Soil Biology and Biochemistry 152 (2021) 108067

Fig. 4. Time series of (A) soil temperature (closed
circles) and moisture (open triangles), and (B) soil
respiration (Rs) in the control chambers (closed cir
cles) and the trenched chambers (open circles) fol
lowed the trenching operation. Note, both soil
temperature and moisture in (A) were showed the
hourly mean values for all the sixteen chambers due
to no differences were detected between the control
and trenching treatments. In (B), however, each
symbol represents the hourly mean of soil respiration
for the eight chambers of control and trenching
treatment, respectively. Empirically, the changing
trends of Rs for the control and trenched chambers
were best described by a linear (solid line) and
exponential law (dashed line), respectively.

from the tree base have also been reported in tropical (Epron et al.,
2004; Ohashi et al., 2015) and temperate forests (Tang and Baldocchi,
2005; Lee, 2018). This inverse relationship between Rs and distance to
the tree base reflects a decrease in root biomass density away from the
tree base (Lee (2018)). In temperate forests, some 80–90% of tree root
biomass is distributed within the area of the crown (Jackson et al.,
1990). Similarly, a tree census study in a Panamanian tropical forest
found that, on average, roots extend about 1.25 times farther than the
extent of the crown (Sinacore et al., 2017). These trends have been
found in both coarse and fine roots, with higher fine root biomass
density occurring closer to the tree base owing to both higher nutrient
availability from stemflow and better moisture conditions (Kummerow
et al., 1990; Sanford and Cuevas, 1996). Therefore, we simulate the
horizontal distribution of root biomass density by summing the power
decay functions (Fig. 2) of all individual trees surrounding the chamber
(i.e., the biomass-related terms in Eq. (13)).

(2) weak correlations between Rs and root biomass density can generate
large uncertainties, and (3) a single or low frequency sampling of both Rs
and root biomass is insufficient to explain seasonal changes in the Rh/Rs
ratio (Kuzyakov, 2006; Subke et al., 2006). In fact, in addition to the
horizontal distribution of root biomass, topography is a major abiotic
factor that controls spatial heterogeneities in Rs (Arias-Navarro et al.,
2017). However, other than increase the sampling points, we are not
aware any other method than root biomass regression that can better
partition Rs at a site with complex topography (Wang et al., 2008;
Comeau et al., 2018).
Indeed, most previous studies using the regression method (Table 1)
have obtained relatively weak correlations (r2 < 0.55) between Rs and
root biomass density with the exception of Behera et al. (1990), who
reported a relatively high r2 (0.79) in an Indian tropical forest. Many of
these studies used an insufficient number of sampling points and
measured root biomass in the topsoil at a depth of 30–60 cm (Behera
et al., 1990; Xu et al., 2001; Comeau et al., 2018), which undoubtedly
generated uncertainties in the extrapolated Rh/Rs ratio. In our study,
instead of conducting in situ root sampling, we simulated root biomass
density using the existing root allometric equation calibrated with an
Rs–distance function, and achieved a strong linear correlation (r2 =
0.797) between Rs and the simulated root biomass density (Fig. 3;
Table 1). Our extrapolated contribution of Rh to Rs (approximately
66.9%) is similar to values estimated by using the classical trenching
approach in two tropical forests in Thailand (66–69%) (Takahashi et al.,
2011; Hanpattanakit et al., 2015) (Table 3).
By using automated chambers coupled with trenching to continu
ously partition Rs, Liang et al. (2010) revealed that Ra and Rh exhibit
dramatically different responses to seasonal changes in soil temperature
and moisture. Furthermore, their work demonstrated that the

4.3. Allometric root biomass extrapolation for partitioning forest soil
respiration
The root biomass regression method has seldom been used to parti
tion Rs. Our investigation based on a global database of soil respiration
(Jian et al., 2020) shows that among the 10,366 studies, a total of 1729
studies partitioned Rs; however, only 8 of these studies (including 3 on
forests) applied the root biomass regression method, whereas the great
majority of the partitioning studies applied the root exclusion method
and some (68 studies) applied an isotope approach. This is probably
owing to the fact that previous meta-analytical reviews have overstated
the weaknesses of root biomass regression, which include (1) all spatial
variation in Rs is assumed to result from the horizontal root distribution,
7
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Table 3
Partitioning heterotrophic respiration (Rh) from total soil respiration (Rs, μmol CO2 m−
(15◦ S–15◦ N).

2 − 1

s

) of tropical natural forests at low elevations (<1000 m) in low latitudes

Region

Rh/Rs

Rs

Method

Depth

Country

Latitude

Longitude

MAT

MAP

References

Southeast Asia

69.8%*
66%
51%
45%
64.3%
61%
91.9%
33.4%
79.4%
70.5%#

3.17
2.66
3.76
2.95
7.98
n.a.
3.34
4.79
3.77
2.86

Trench
Trench
Mass balance
Trench
Trench
Trench
Trench
Trench
Trench
Trench

30 cm
60 cm

Thailand
Thailand
Malaysia
Indonesia
Malaysia
Panama
F. Guiana
Brazil
Brazil
Brazil

14◦ 35′ N
13◦ 35′ N
2◦ 58′ N
1◦ 29′ S
2◦ 58′ N
n.a.
5◦ 16′ N
1◦ 43′ S
1◦ 43′ S
2◦ 64′ S

98◦ 52′ E
99◦ 30′ E
102◦ 18′ W
120◦ 3′ E
102◦ 18′ E
n.a.
52◦ 54′ W
51◦ 27′ W
51◦ 27′ W
54◦ 59′ W

25
19.8

1650
1253

20.6
25.4
27
25.7
25
n.a.
25

2901
2054
2600
3041
2000–2500
n.a.
2000

Takahashi et al. (2011)
Hanpattanakit et al. (2015)
Kira (1987)
van Straaten et al. (2011)
This study
Sayer and Tanner (2010)
Bréchet et al., 2017
da Costa et al. (2014)
Doughty et al. (2014)
Silver et al. (2005)

76%¶
65%§
77.2%
48.5%
37%
67.5%$
59%
55%

4.78
4.8
3.82
3.43–4.49
6.34
2.86–3.6
4.36
3.2

Trench
Trench
Trench
Mass balance
Mass balance
Mass balance
Subtraction
Subtraction

Peru
Peru
Brazil
Brazil
Brazil
Brazil
Brazil
Brazil

3◦ 57′ S
3◦ 57′ S
13◦ 4′ S
1◦ 43′′ S
2◦ 59′ S
2◦ 64′ S
2◦ 35′ S
2◦ 36′ S

73◦ 26′ W
73◦ 26′ W
52◦ 23′ W
51◦ 27′ W
47◦ 31′ W
54◦ 59′ W
50◦ 06′ W
60◦ 12′ W

n.a.
n.a.
25
n.a.
n.a.
25
n.a.
26.7

n.a.
n.a.
1770
2500
n.a.
2000
2200
2300

del Aguila-Pasquel et al. (2014)
del Aguila-Pasquel et al. (2014)
Rocha et al. (2014)
Metcalfe et al. (2007)
Trumbore et al. (1995)
Silver et al. (2005)
Malhi et al. (1999)
Chambers et al. (2004)

South America

30 cm
50 cm
50 cm
70 cm
30 cm
40 cm
100 cm
40 cm
40 cm
30 cm

MAT and MAP denote mean annual air temperature (oC) and mean annual precipitation (mm), respectively. n.a. denote not available. Studies on tropical swamp forests
were not included in this review. Unfortunately, based on the research engines of both ISI Web of Science and Google Scholar, we could not find any related study in the
tropical Africa.

differences were caused by root phenology. In forests, seasonal varia
tions in root biomass can be estimated from root allometry by moni
toring seasonal variations in stem DBH (Hertel et al., 2007). Recently,
seasonal and even daily changes in stem DBH have been identified from
DBH measurements obtained weekly using a band dendrometer (Wan
et al., 2020) or continuously using a digital dendrometer (Dietrich et al.,
2018). Therefore, by increasing the measurement intervals for Rs,
distance-dependent Rs, and DBH, it should be possible to identify sea
sonal variations in the contribution of Rh to Rs (Wang et al., 2008; Liang
et al., 2010).

The contribution of Rh to Rs that we estimated by using the trenching
method (64.2 ± 5.6%) was slightly lower than, but still within the range
of variation of, that estimated using the root-allometry-based model
(66.9 ± 5.7%). The difference of about 2.7% is probably due to an
artefact of the trenching operation. Although we tried our best to ensure
that the 16 chambers were randomly divided into control and trenching
groups, trenching might avoid for some chambers located close to trees
with large coarse roots. Moreover, the absence of living roots in the
trenched chambers would have reduced rhizosphere respiration, which
is assumed to have partially contributed to the lower Rh/Rs ratio ob
tained with this method (Kuzyakov, 2006). Taking these sources of error
into consideration, the true contribution of Rh to Rs is likely closer to that
obtained from our root-allometry-based model.

4.4. Comparison of root allometry and trenching approaches for
partitioning soil respiration
The present study was conducted at the end of the rainy season. The
weather remained sunny for about two weeks after trenching, leading to
a slight rise in Rs in the control chambers (0.001 μmol m− 2 s− 1 h− 1, r2 =
0.050; Fig. 4). This was accelerated by a rise in forest canopy photo
synthesis via root respiration (Tang et al., 2005). On the other hand, Rs in
the trenched chambers decreased rapidly and remained relatively con
stant after the sixth day post trenching (Fig. 4). This rapid equilibration
of Rs, namely Rh, following root excision is explained by the termination
of Ra from the supply of current photosynthates to the roots (Högberg
et al., 2001; Hopkins et al., 2013). The relatively constant Rh in the
trenched chambers between 6.5 and 17 day indicates that it takes about
1 week for the roots of tropical forest trees to die after trenching. The
measured contribution of Rh to Rs was 64.2 ± 5.6%, which is in the
mid-range of values obtained by using the trenching approach for
tropical forests distributed around the low latitudes (15◦ S–15◦ N;
Table 3). The decay pattern of Rs based on our high-resolution (hourly
automated sampling) dataset provides robust evidence that the esti
mated contribution of Rh to Rs was the most reliable during the associ
ated period in the Pasoh forest, because the involved decomposition of
the recently excised roots could be negligible. Previous studies have
demonstrated that recently dead roots need weeks to undergo decom
position (Kuzyakov, 2006; Savage et al., 2018). One possible artefact of
trenching is an increase in soil moisture caused by the elimination of
transpiration through the roots (Sayer and Tanner, 2010; Savage et al.,
2013). In this study, however, we did not detect a difference in soil
moisture between the trenched and control chambers, perhaps because
of the short time scale (17 days).

4.5. Limitations of the root-allometry-based model for partitioning forest
soil respiration
Rh plays a critical role in ecosystem carbon cycling, and particularly
in soil carbon sequestration, because the ecosystem carbon balance is
determined by the difference between Rh and net primary production.
However, the Rh/Rs ratio varies both temporally and spatially, and Rh is
not easy to be directly obtained from Rs. We developed a simple model to
partition forest Rs into Rh and Ra by using a root allometry equation. The
model was then successfully applied and evaluated in a highly complex
tropical natural rainforest.
However, the root-allometry-based model we developed has a
number of limitations, some peculiar to the presumption and others
intrinsic to the site-specific. By using the standard root biomass regres
sion method to partition soil respiration, we have implicitly assumed
that Rh is spatially homogeneous and that any spatial variation in Rs
depends exclusively on the spatial distribution of root biomass density
(Xu et al., 2001). For forests located on complex terrain, as noted above,
it is necessary to increase the number of Rs measurement points to
reduce model uncertainty; this is also true of other methods (e.g., root
exclusion and carbon isotope methods). A portable chamber system
would be preferable to an automated chamber system on such terrain to
enable Rs measurement at larger spatial scales or across multiple plots.
Another category of limitations arises if the model were to be applied to
mixed forests in which root allometry equations have not been devel
oped for all tree species. Substituting the root allometry of other tree
species would no doubt increase the model uncertainty. Finally, use of
8
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the model to partition Rh from Rs should be limited to forests without
herbaceous understory. In forests with herbaceous understories, which
include many temperate and boreal forests, root respiration from the
herbaceous understory could contribute a large portion of total Rs (Tang
and Baldocchi, 2005; Teramoto et al., 2019). In these forests, the
y-intercept includes both Rh and a root respiration component from the
herbaceous understory; in this case, the average ecosystem tree root
respiration (Rr) can be derived as the difference between ecosystem
mean Rs and the y-intercept (i.e., Rr = Rs – y).

Arias-Navarro, C., Díaz-Pinés, E., Klatt, S., Brandt, P., Rufino, M.C., Butterbach-Bahl, K.,
Verchot, L.V., 2017. Spatial variability of soil N2O and CO2 fluxes in different
topographic positions in a tropical montane forest in Kenya. Journal of Geophysical
Research: Biogeosciences 122, 514–527. https://doi.org/10.1002/2016jg003667.
Behera, N., Joshi, S.K., Pati, D.P., 1990. Root contribution to total soil metabolism in a
tropical forest soil from Orissa, India. Forest Ecology and Management 36, 125–134.
https://doi.org/10.1016/0378-1127(90)90020-C.
Bond-Lamberty, B., Bailey, V.L., Chen, M., Gough, C.M., Vargas, R., 2018. Globally rising
soil heterotrophic respiration over recent decades. Nature 560, 80–83. https://doi.
org/10.1038/s41586-018-0358-x.
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5. Conclusions: strengths and future applications
Our model offers a rapid, simple, less labor-intensive, and nondisturbance method of estimating Rh. Moreover, the model can be
easily modified for other forest ecosystems by using site-specific root
allometry equations in combination with in situ Rs–distance datasets to
simulate horizonal root distributions (Eq. (13)). In principle, the model
is applicable to both monodominant and mixed forests.
The site-specific root allometry equation, which is a critical
component of the model, can be parameterized by using easy-tomeasure variables such as DBH (many other root allometry equations
also use tree height). In recent years, more and more allometry datasets
for woody plants have been made available, ranging in scale from
regional (e.g., Ishihara et al. (2015)) to global (e.g., Cairns et al. (1997);
Wolf et al. (2011); Falster et al. (2015)), and could be applied to the
model. In particular, GlobAllomeTree (2020), an international web
platform, contains around 18,500 allometric equations encompassing
the vast majority of tree species in more than 78 countries. A large
portion of the allometric equations explicitly separate above- and
below-ground (i.e., root) components or include the ratio of above- and
below-ground biomass. These databases provide an excellent opportu
nity to conveniently partition forest Rs on a global scale. Furthermore,
with the development of instruments capable of high-frequency or
continuous monitoring of in situ Rs, Rs–distance, DBH, and tree height,
our model could be potentially used to quantify seasonal changes in
Rh/Rs ratio.
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Nyberg, G., Ottosson-Löfvenius, M., Read, D.J., 2001. Large-scale forest girdling
shows that current photosynthesis drives soil respiration. Nature 411, 789–792.
Hopkins, F., Gonzalez-Meler, M.A., Flower, C.E., Lynch, D.J., Czimczik, C., Tang, J.,
Subke, J., 2013. Ecosystem-level controls on root-rhizosphere respiration. New
Phytologist 199, 339–351. https://doi.org/10.1111/nph.12271.
Hoshizaki, K., Niiyama, K., Kimura, K., Yamashita, T., Bekku, Y., Okuda, T., Seng, Q.E.,
Noor, N.S.M., 2004. Temporal and spatial variation of forest biomass in relation to
stand dynamics in a mature, lowland tropical rainforest, Malaysia. Ecological
Research 19, 357–363. https://doi.org/10.1111/j.1440-1703.2004.00645.x.
Ishihara, M.I., Utsugi, H., Tanouchi, H., Aiba, M., Kurokawa, H., Onoda, Y., Nagano, M.,
Umehara, T., Ando, M., Miyata, R., Hiura, T., 2015. Efficacy of generic allometric
equations for estimating biomass: a test in Japanese natural forests. Ecological
Applications 25, 1433–1446. https://doi.org/10.1890/14-0175.1.
Jackson, L.E., Strauss, R.B., Firestone, M.K., Bartolome, J.W., 1990. Influence of tree
canopies on grassland productivity and nitrogen dynamics in deciduous oak
savanna. Agriculture, Ecosystems & Environment 32, 89–105. https://doi.org/
10.1016/0167-8809(90)90126-X.
Jian, J., Vargas, R., Anderson-Teixeira, K., Stell, E., Herrmann, V., Horn, M., Kholod, N.,
Manzon, J., Marchesi, R., Paredes, D., Bond-Lamberty, B., 2020. A restructured and
updated global soil respiration database (SRDB-V5). Earth System Science Data
Discussions 2020, 1–19. https://doi.org/10.5194/essd-2020-136.
Jurasinski, G., Jordan, A., Glatzel, S., 2012. Mapping soil CO2 efflux in an old-growth
forest using regression kriging with estimated fine root biomass as ancillary data.
Forest Ecology and Management 263, 101–113. https://doi.org/10.1016/j.
foreco.2011.09.025.
Kira, T., 1987. Primary production and carbon cycling in a primeval lowland rainforest
of Peninsular Malaysia. In: Sethuraj, M.R., Raghavendra, A.S. (Eds.), Tree Crop
Physiology. Elsevier Science Publishers, Amsterdam, pp. 99–119.
Kosugi, Y., Mitani, T., Ltoh, M., Noguchi, S., Tani, M., Matsuo, N., Takanashi, S.,
Ohkubo, S., Nik, A.R., 2007. Spatial and temporal variation in soil respiration in a
Southeast Asian tropical rainforest. Agricultural and Forest Meteorology 147, 35–47.
https://doi.org/10.1016/j.agrformet.2007.06.005.
Kucera, C.L., Kirkham, D.R., 1971. Soil respiration studies in tallgrass in Missouri.
Ecology 52, 912. https://doi.org/10.2307/1936043.
Kummerow, J., Castillanos, J., Maas, M., Larigauderie, A., 1990. Production of fine roots
and the seasonality of their growth in a Mexican deciduous dry forest. Vegetatio 90,
73–80. https://doi.org/10.1007/BF00045590.
Kuzyakov, Y., 2006. Sources of CO2 efflux from soil and review of partitioning methods.
Soil Biology and Biochemistry 38, 425–448.
Lee, J.-S., 2018. Relationship of root biomass and soil respiration in a stand of deciduous
broadleaved trees—a case study in a maple tree. Journal of Ecology and
Environment 42, 19. https://doi.org/10.1186/s41610-018-0078-z.
Lee, K.H., Jose, S., 2003. Soil respiration, fine root production, and microbial biomass in
cottonwood and loblolly pine plantations along a nitrogen fertilization gradient.
Forest Ecology and Management 185, 263–273. https://doi.org/10.1016/s03781127(03)00164-6.
Li, Y.L., Otieno, D., Owen, K., Zhang, Y., Tenhunen, J., Rao, X.Q., Lin, Y.B., 2008.
Temporal variability in soil CO2 emission in an orchard forest ecosystem. Pedosphere
18, 273–283.
Liang, N., Hirano, T., Zheng, Z.M., Tang, J., Fujinuma, Y., 2010. Soil CO2 efflux of a larch
forest in northern Japan. Biogeosciences 7, 3447–3457. https://doi.org/10.5194/bg7-3447-2010.
Liang, N., Inoue, G., Fujinuma, Y., 2003. A multichannel automated chamber system for
continuous measurement of forest soil CO2 efflux. Tree Physiology 23, 825–832.
Liang, N., Nakadai, T., Hirano, T., Qu, L.Y., Koike, T., Fujinuma, Y., Inoue, G., 2004. In
situ comparison of four approaches to estimating soil CO2 efflux in a northern larch
(Larix kaempferi Sarg.) forest. Agricultural and Forest Meteorology 123, 97–117.
https://doi.org/10.1016/j.agrformet.2003.10.002.
Liang, N., Teramoto, M., Takagi, M., Zeng, J.Y., 2017. Data descriptor: high-resolution
data on the impact of warming on soil CO2 efflux from an Asian monsoon forest.
Scientific Data 4, 11. https://doi.org/10.1038/sdata.2017.26.

Luan, J., Liu, S., Zhu, X., Wang, J., 2011. Soil carbon stocks and fluxes in a warmtemperate oak chronosequence in China. Plant and Soil 347, 243. https://doi.org/
10.1007/s11104-011-0842-7.
Malhi, Y., Baldocchi, D.D., Jarvis, P.G., 1999. The carbon balance of tropical, temperate
and boreal forests. Plant, Cell and Environment 22, 715–740. https://doi.org/
10.1046/j.1365-3040.1999.00453.x.
Metcalfe, D.B., Meir, P., Aragão, L., Malhi, Y., da Costa, A.C.L., Braga, A., Gonçalves, P.H.
L., de Athaydes, J., de Almeida, S.S., Williams, M., 2007. Factors controlling spatiotemporal variation in carbon dioxide efflux from surface litter, roots, and soil organic
matter at four rain forest sites in the eastern Amazon. Journal of Geophysical
Research-Biogeosciences 112, 9. https://doi.org/10.1029/2007jg000443.
Niiyama, K., Kajimoto, T., Matsuura, Y., Yamashita, T., Matsuo, N., Yashiro, Y., Ripin, A.,
Kassim, A.R., Noor, N.S., 2010. Estimation of root biomass based on excavation of
individual root systems in a primary dipterocarp forest in Pasoh Forest Reserve,
Peninsular Malaysia. Journal of Tropical Ecology 26, 271–284. https://doi.org/
10.1017/s0266467410000040.
Noguchi, S., Kosugi, Y., Takanashi, S., Tani, M., Niiyama, K., Aisah, S.S., Lion, M., 2016.
Long-term variation in soil moisture in Pasoh Forest Reserve, a lowland tropical
rainforest in Malaysia. Journal of Tropical Forest Science 28, 324–333.
Ogawa, H., Yoda, K., Ogino, K., Kira, T., 1965. Comparative ecological studies on three
main types of forest vegetation in Thailand. II. Plant biomass. Nature and life in
Southeast Asia 4, 49–80.
Ohashi, M., Kume, T., Yoshifuji, N., Kho, L.K., Nakagawa, M., Nakashizuka, T., 2015. The
effects of an induced short-term drought period on the spatial variations in soil
respiration measured around emergent trees in a typical bornean tropical forest,
Malaysia. Plant and Soil 387, 337–349. https://doi.org/10.1007/s11104-014-23036.
Okuda, T., Suzuki, M., Adachi, N., Yoshida, K., Niiyama, K., Noor, N.S.M., Hussein, N.A.,
Manokaran, N., Hashim, M., 2003. Logging history and its impact on forest structure
and species composition in the Pasoh Forest Reserve — implications for the
sustainable management of natural resources and landscapes. In: Okuda, T.,
Manokaran, N., Matsumoto, Y., Niiyama, K., Thomas, S.C., Ashton, P.S. (Eds.),
Pasoh: Ecology of a Lowland Rain Forest in Southeast Asia. Springer Japan, Tokyo,
pp. 15–34.
Pavelka, M., Acosta, M., Marek, M.V., Kutsch, W., Janous, D., 2007. Dependence of the
Q10 values on the depth of the soil temperature measuring point. Plant and Soil 292,
171–179. https://doi.org/10.1007/s11104-007-9213-9.
Phillips, C.L., Nickerson, N., Risk, D., Bond, B.J., 2011. Interpreting diel hysteresis
between soil respiration and temperature. Global Change Biology 17, 515–527.
https://doi.org/10.1111/j.1365-2486.2010.02250.x.
Rocha, W., Metcalfe, D.B., Doughty, C.E., Brando, P., Silverio, D., Halladay, K.,
Nepstad, D.C., Balch, J.K., Malhi, Y., 2014. Ecosystem productivity and carbon
cycling in intact and annually burnt forest at the dry southern limit of the Amazon
rainforest (Mato Grosso, Brazil). Plant Ecology & Diversity 7, 25–40. https://doi.
org/10.1080/17550874.2013.798368.
Rodeghiero, M., Cescatti, A., 2006. Indirect partitioning of soil respiration in a series of
evergreen forest ecosystems. Plant and Soil 284, 7–22. https://doi.org/10.1007/
s11104-005-5109-8.
Rubio, V.E., Detto, M., 2017. Spatiotemporal variability of soil respiration in a seasonal
tropical forest. Ecology and Evolution 7, 7104–7116. https://doi.org/10.1002/
ece3.3267.
Sanford, R.L., Cuevas, E., 1996. Root growth and rhizosphere interactions in tropical
forests. In: Mulkey, S.S., Chazdon, R.L., Smith, A.P. (Eds.), Tropical Forest Plant
Ecophysiology. Springer US, Boston, MA, pp. 268–300.
Savage, K., Davidson, E.A., Tang, J., 2013. Diel patterns of autotrophic and heterotrophic
respiration among phenological stages. Global Change Biology 19, 1151–1159.
https://doi.org/10.1111/gcb.12108.
Savage, K.E., Davidson, E.A., Abramoff, R.Z., Finzi, A.C., Giasson, M.-A., 2018.
Partitioning soil respiration: quantifying the artifacts of the trenching method.
Biogeochemistry 140, 53–63. https://doi.org/10.1007/s10533-018-0472-8.
Sayer, E.J., Tanner, E.V.J., 2010. A new approach to trenching experiments for
measuring root-rhizosphere respiration in a lowland tropical forest. Soil Biology and
Biochemistry 42, 347–352. https://doi.org/10.1016/j.soilbio.2009.11.014.
Schwendenmann, L., Macinnis-Ng, C., 2016. Soil CO2 efflux in an old-growth southern
conifer forest (Agathis australis) – magnitude, components and controls. Soil 2,
403–419. https://doi.org/10.5194/soil-2-403-2016.
Silver, W.L., Thompson, A.W., McGroddy, M.E., Varner, R.K., Dias, J.D., Silva, H.,
Crill, P.M., Keller, M., 2005. Fine root dynamics and trace gas fluxes in two lowland
tropical forest soils. Global Change Biology 11, 290–306. https://doi.org/10.1111/
j.1365-2486.2005.00903.x.
Sinacore, K., Hall, J.S., Potvin, C., Royo, A.A., Ducey, M.J., Ashton, M.S., 2017.
Unearthing the hidden world of roots: root biomass and architecture differ among
species within the same guild. PloS One 12. https://doi.org/10.1371/journal.
pone.0185934.
Singh, J.S., Gupta, S.R., 1977. Plant decomposition and soil respiration in terrestrial
ecosystems. The Botanical Review 43, 449–528. https://doi.org/10.1007/
BF02860844.
Søe, A.R.B., Buchmann, N., 2005. Spatial and temporal variations in soil respiration in
relation to stand structure and soil parameters in an unmanaged beech forest. Tree
Physiology 25, 1427–1436. https://doi.org/10.1093/treephys/25.11.1427.
Subke, J.A., Inglima, I., Cotrufo, M.F., 2006. Trends and methodological impacts in soil
CO2 efflux partitioning: a meta analytical review. Global Change Biology 12,
921–943. https://doi.org/10.1111/j.1365-2486.2006.01117.x.
Takahashi, M., Hirai, K., Limtong, P., Leaungvutivirog, C., Panuthai, S., Suksawang, S.,
Anusontpornperm, S., Marod, D., 2011. Topographic variation in heterotrophic and

10

X. Zhao et al.

Soil Biology and Biochemistry 152 (2021) 108067

autotrophic soil respiration in a tropical seasonal forest in Thailand. Soil Science &
Plant Nutrition 57, 452–465. https://doi.org/10.1080/00380768.2011.589363.
Takahashi, Y., Liang, N., Hirata, R., Machida, T., 2008. Variability in carbon stable
isotope ratio of heterotrophic respiration in a deciduous needle-leaf forest. Journal
of Geophysical Research-Biogeosciences 113, 20. https://doi.org/10.1029/
2007jg000478.
Tang, J.W., Baldocchi, D.D., 2005. Spatial-temporal variation in soil respiration in an
oak-grass savanna ecosystem in California and its partitioning into autotrophic and
heterotrophic components. Biogeochemistry 73, 183–207. https://doi.org/10.1007/
s10533-004-5889-6.
Tang, J.W., Baldocchi, D.D., Xu, L., 2005. Tree photosynthesis modulates soil respiration
on a diurnal time scale. Global Change Biology 11, 1298–1304.
Teramoto, M., Liang, N.S., Takahashi, Y., Zeng, J.Y., Saigusa, N., Ide, R., Zhao, X., 2019.
Enhanced understory carbon flux components and robustness of net CO2 exchange
after thinning in a larch forest in central Japan. Agricultural and Forest Meteorology
274, 106–117. https://doi.org/10.1016/j.agrformet.2019.04.008.
Tomotsune, M., Yoshitake, S., Watanabe, S., Koizumi, H., 2013. Separation of root and
heterotrophic respiration within soil respiration by trenching, root biomass
regression, and root excising methods in a cool-temperate deciduous forest in Japan.
Ecological Research 28, 259–269. https://doi.org/10.1007/s11284-012-1013-x.
Trumbore, S.E., Davidson, E.A., Decamargo, P.B., Nepstad, D.C., Martinelli, L.A., 1995.
Belowground cycling of carbon in forests and pastures of eastern Amazonia. Global
Biogeochemical Cycles 9, 515–528.
van Gestel, N., Shi, Z., van Groenigen, K., Osenberg, C.W., Andresen, L.C., Dukes, J.S.,
Hovenden, M.J., Luo, Y., Michelsen, A., Pendall, E., Reich, P.B., Schuur, E.A.G.,
Hungate, B.A., 2018. Predicting soil carbon loss with warming. Nature 554, E4.
https://doi.org/10.1038/nature25745. https://www.nature.com/articles/nature
25745#supplementary-information.
van Straaten, O., Veldkamp, E., Corre, M.D., 2011. Simulated drought reduces soil CO2
efflux and production in a tropical forest in Sulawesi, Indonesia. Ecosphere 2.
https://doi.org/10.1890/es11-00079.1.

Wan, Y.Y., Yu, P., Li, X., Wang, Y., Wang, B., Yu, Y., Zhang, L., Liu, X., Wang, S., 2020.
Seasonal pattern of stem diameter growth of Qinghai spruce in the Qilian Mountains,
Northwestern China. Forests 11, 494.
Wang, X., Liu, L.L., Piao, S.L., Janssens, I.A., Tang, J.W., Liu, W.X., Chi, Y.G., Wang, J.,
Xu, S., 2014. Soil respiration under climate warming: differential response of
heterotrophic and autotrophic respiration. Global Change Biology 20, 3229–3237.
https://doi.org/10.1111/gcb.12620.
Wang, X., Zhu, B., Wang, Y., Zheng, X., 2008. Field measures of the contribution of root
respiration to soil respiration in an alder and cypress mixed plantation by two
methods: trenching method and root biomass regression method. European Journal
of Forest Research 127, 285. https://doi.org/10.1007/s10342-008-0204-z.
Wiant, H.V., 1967. Contribution of roots to forest soil respiration. Advancing Frontiers of
Plant Sciences 18, 163–167.
Wieser, G., Stohr, D., 2005. Net ecosystem carbon dioxide exchange dynamics in a Pinus
cembra forest at the upper timberline in the Central Austrian Alps. Phyton-Annales
Rei Botanicae 45, 233–242.
Wiseman, P.E., Seiler, J.R., 2004. Soil CO2 efflux across four age classes of plantation
loblolly pine (Pinus taeda L.) on the Virginia Piedmont. Forest Ecology and
Management 192, 297–311. https://doi.org/10.1016/j.foreco.2004.01.017.
Wolf, A., Field, C.B., Berry, J.A., 2011. Allometric growth and allocation in forests: a
perspective from FLUXNET. Ecological Applications 21, 1546–1556.
Xu, M., DeBiase, T.A., Qi, Y., Goldstein, A., Liu, Z.G., 2001. Ecosystem respiration in a
young ponderosa pine plantation in the Sierra Nevada Mountains, California. Tree
Physiology 21, 309–318.
Yamada, T., Yoshioka, A., Hashim, M., Liang, N., Okuda, T., 2014. Spatial and temporal
variations in the light environment in a primary and selectively logged forest long
after logging in Peninsular Malaysia. Trees - Structure and Function 28, 1355–1365.
https://doi.org/10.1007/s00468-014-1040-z.
Zhou, J., Yang, Z., Wu, G., Yang, Y., Lin, G., 2018. The relationship between soil CO2
efflux and its carbon isotopic composition under non-steady-state conditions.
Agricultural and Forest Meteorology 256–257, 492–500. https://10.1016/j.ag
rformet.2018.04.001.

11

