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Difficult access to 40-m-tall emergent trees in tropical rainforests has resulted in a lack of data related to vertical variations
in wood CO2 efflux, even though significant variations in wood CO2 efflux are an important source of errors when estimating
whole-tree total wood CO2 efflux. This study aimed to clarify vertical variations in wood CO2 efflux for emergent trees and to
document the impact of the variations on the whole-tree estimates of stem and branch CO2 efflux. First, we measured wood
CO2 efflux and factors related to tree morphology and environment for seven live emergent trees of two dipterocarp species at
four to seven heights of up to ~40 m for each tree using ladders and a crane. No systematic tendencies in vertical variations
were observed for all the trees. Wood CO2 efflux was not affected by stem and air temperature, stem diameter, stem height or
stem growth. The ratios of wood CO2 efflux at the treetop to that at breast height were larger in emergent trees with relatively
smaller diameters at breast height. Second, we compared whole-tree stem CO2 efflux estimates using vertical measurements
with those based on solely breast height measurements. We found similar whole-tree stem CO2 efflux estimates regardless of
the patterns of vertical variations in CO2 efflux because the surface area in the canopy, where wood CO2 efflux often differed
from that at breast height, was very small compared with that at low stem heights, resulting in little effect of the vertical variations on the estimate. Additionally, whole-tree branch CO2 efflux estimates using measured wood CO2 efflux in the canopy
were considerably different from those measured using only breast height measurements. Uncertainties in wood CO2 efflux in
the canopy did not cause any bias in stem CO2 efflux scaling, but affected branch CO2 efflux.
Keywords: carbon allocation, dipterocarp, scaling, stem respiration.

Introduction
Plant respiration plays an important role in carbon cycling
in forest ecosystems. Most of the carbon assimilated during
photosynthesis is used for respiration (DeLucia et al. 2007,
Litton et al. 2007), and plant respiration regulates productivity and carbon balance, i.e., net ecosystem exchange (NEE;
Ryan 1991, Piao et al. 2010). Although many studies based

on eddy covariance measurements found large variations in
NEE at a global scale (Luyssaert et al. 2007), the cause of the
variations is still unknown because the variations in each component of carbon cycling are poorly understood (Malhi 2012).
To understand the variations in NEE, it is necessary to estimate
respiration for each component at the stand scale for various
forest ecosystems and to understand how respiration for each
component varies with biotic and abiotic factors.
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below. We measured wood CO2 efflux up to 43 m in stem
height, using ladders and a crane to conduct ecological observations in the canopy (e.g., Kenzo et al. 2007). The objectives
of this study are (i) to clarify vertical variations in wood CO2
efflux for live emergent trees in a Bornean tropical rainforest
and to elucidate possible factors controlling the vertical variations and (ii) to assess how the vertical variations in wood CO2
efflux affect whole-tree stem and branch CO2 efflux estimates.

Materials and methods
Study site
The study was carried out in Lambir Hills National Park,
Sarawak, Malaysia (4°12′N, 114°02′E) on the island of Borneo,
situated ~20 km southwest of Miri, Sarawak. Lowland mixeddipterocarp forest, which is a typical mature lowland tropical
rainforest type in Southeast Asia (e.g., Ashton and Hall 1992,
King et al. 2009), covers 85% of this 6949-ha park. At this
site, the mean annual temperature was 25.8 °C and rainfall
was distributed throughout the year with a mean annual rainfall
of 2600 mm between 2000 and 2009 (Kume et al. 2011). The
monthly rainfall between 1958 and 2001 averaged >100 mm
(Kumagai et al. 2005).
An 85-m crane facility was constructed in the park for
long-term ecological studies. Measurements in this study
were conducted around a 4-ha study plot centered on the
crane. Previously, we performed carbon cycling measurements at this site including measures of eddy covariancebased CO2 flux (Kumagai et al. 2006), soil respiration (Ohashi
et al. 2008, Katayama et al. 2009) and carbon allocation
(Katayama et al. 2013).

Sample design
Two typical dominant species in Malaysian lowland forests in
the Dipterocarpaceae were selected for this study (Ashton
1982): four individuals of Dryobalanops aromatica (Trees a1,
a2, a3 and a4) and three Shorea beccariana (Trees b1, b2 and
b3). These two species are large evergreen trees that grow up
to 50–70 m tall (Itoh et al. 1997), are widely distributed over
the Malay Peninsula, Sumatra and Borneo (Ashton 1982), and
are dominant canopy species in the 4-ha plot (1.7 and 1.1%
in number, 8.8 and 11.7% in aboveground biomass of trees
with DBH >10 cm in the plot, respectively). The DBH of sample
trees ranged from 60.0 to 148.0 cm (Figure 1 shows Tree a2).
Ladders were set up reaching to almost the top of the canopies
and were used for measurements of wood CO2 efflux for six
of the seven trees. The crane was used for wood CO2 efflux
measurements for Tree b3. Wood CO2 efflux was measured at
the main trunk with diameters ranging from 14 to 148 cm at
four to seven heights for each tree (Table 1). The measurements were conducted six times for six trees and three times
for one tree (b3) between 22 August and 11 September 2011.
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Chamber-based measurements are often used to estimate
CO2 efflux for each component, such as soil, root and woody
tissue. Although chamber-based measurements are useful for
estimates of each type of CO2 efflux, clarification and consideration of the spatial variation in scaling from point measurements to stand scale is required (e.g., Katayama et al. 2009).
Woody tissue CO2 efflux, which is the amount of carbon
released from stems and branches, is an important component in plant respiration because it accounts for ~20–47%
of total CO2 released from plant tissue in forest ecosystems
(Chambers et al. 2004, da Costa et al. 2013, Malhi et al.
2013, Doughty et al. 2014). Despite this importance, uncertainties remain related to the variations in wood CO2 efflux in
scaling to stand or whole-tree estimates.
Previous studies found that wood CO2 efflux varied vertically
within an individual (Yoda et al. 1965, Damesin et al. 2002,
Araki et al. 2010). Most studies have shown that wood CO2
efflux increased with stem height (Yoda et al. 1965, Damesin
et al. 2002, Cavaleri et al. 2006, Araki et al. 2010), although
other studies have also shown that wood CO2 efflux did not
vary with stem height (Ryan et al. 1996). In tropical rainforests,
emergent trees often have a diameter at breast height (DBH,
cm) >60 cm and heights often exceed 40 m. Vertical variations in wood CO2 efflux for emergent trees in tropical rainforests are expected to be higher than those reported in previous
studies for relatively smaller trees, because of the large vertical variations in temperature observed in tropical rainforests
(Kumagai et al. 2001) and the large variation in diameter (Yoda
et al. 1965, Damesin et al. 2002). However, previous studies related to vertical variations in wood CO2 efflux in tropical
rainforests used relatively small live trees with heights of 25 m
(Cavaleri et al. 2006) and excised samples of woody parts
(Yoda et al. 1965). The effects of several factors such as temperature and stem growth on vertical variations in wood CO2
efflux for emergent trees are still unknown.
Whole-tree stem and branch CO2 efflux have often been
estimated using wood CO2 efflux measured at breast height
based on the assumption that wood CO2 efflux does not vary
with stem height (e.g., Chambers et al. 2004, Robertson et al.
2010), although significant vertical variations in wood CO2
efflux have caused errors in scaling for smaller trees (Damesin
et al. 2002, Araki et al. 2010). In Bornean tropical rainforests,
emergent trees with DBH >60 cm accounted for about half of
the total aboveground biomass and biomass increment (Paoli
et al. 2008). Because biomass and stem growth were related
to wood CO2 efflux at the individual scale (e.g., Ryan 1990,
Ryan et al. 1994, Mori et al. 2010), emergent trees may create
a serious bias in stand-scale wood CO2 efflux estimates.
In this study, we measured vertical variations in wood
CO2 efflux for seven live emergent trees with diameters of
60–148 cm and heights of >37 m in a Bornean tropical rainforest including two dominant species at the site described
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Table 1. 
Size characteristics and stem height for wood CO2 efflux
measurements of each tree. Trees (Dipterocarpaceae) were named
a1–a4 for D. aromatica and b1–b3 for S. beccariana.
No.

DBH
(cm)

D. aromatica
  a1 95.7
  a2 148.0
  a3 60.0
  a4 98.4
S. beccariana
  b1 69.0
  b2 95.2
  b3 95.3
1Diameter

Tree
Height of the Stem height of wood CO2
height lowest live
efflux measurements (m)
(m)
branch (m)
44.4
53.1
37.8
44.9

25
31
21
25

381, 351, 301, 201, 101, 1.31
401, 351, 30, 20, 10, 21
341, 301, 201, 101, 21
381, 371, 351, 301, 201, 101, 21

44.0
51.0
50.3

34
33
38

401, 351, 301, 201, 101, 1.31
401, 351, 301, 201, 101, 21
431, 38, 30, 15, 1.31

was measured.

Measurements

Figure 1. Photograph of Tree a2. DBH and tree height of emergent
trees often exceed 100 cm and 50 m, respectively, in Lambir Hills
National Park.

To examine circumference variations at breast height, wood
CO2 efflux was measured at four places at breast height for
the six sample trees with the exception of b3, which was measured three times. Additionally, to examine the representativeness of our sample trees, wood CO2 efflux at breast height
for another 41 trees with DBH ranging from 10 to 155 cm on
the same plot was measured during the one-measurements
campaign plus the seven trees for vertical measurements (for
a total of 48 trees) in January 2012. All wood CO2 efflux measurements were conducted between 8:30 and 15:00 h using
measurements from randomly selected trees. Clear diurnal

Wood CO2 efflux was measured using a closed-static system
with an infrared gas analyzer (GMP343, Vaisala, Helsinki,
Finland) attached inside a chamber. The chamber and collars
were made of polyvinyl chloride. A small 12-V battery-operated
fan was installed to circulate air inside the chamber. The collars
were attached to stems using glue and silicon sealant; leakage
between the stem and the collar was prevented with nondrying
clay. Leakage was checked by breathing around the chamber
after all measurements. All measurements for each point were
conducted using the same collar. A sampling time ranging from
60 to 120 s was used. CO2 concentration within the chamber
was measured every 5 s and recorded by a monitor (M170,
Vaisala). Wood CO2 efflux (Rwood, μmol m−2 s−1) was calculated
using Eq. (1):
Rwood =

V
 273.2  dc
 ,

22.4× A 273.2 + q  dt

(1)


where V is the chamber volume (1.087 × 10−3 m3), q is the air
temperature inside the chamber (°C), A is the projected area
of the chamber (7.854 × 10−3 m2) and dc is the increment of
CO2 concentration during the incubation time (dt). Equation (1)
assumes that efflux rate is measured under standard barometric pressure. All measurements at each point were replicated
two or three times and averaged. To check the accuracy of the
system, we measured wood CO2 efflux of some trees with the
Tree Physiology Online at http://www.treephys.oxfordjournals.org
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variations were not detected by preliminary measurements of
vertical wood CO2 efflux for a single tree for 2 days during daylight hours. Additionally, six replications taken at a random time
scale during the day were made for most measurements, and
these suggested that mean wood CO2 efflux at each measurement point was affected less by diurnal variations in this study
than by other factors. However, the Discussion section considers uncertainty related to diurnal variations in wood CO2 efflux.
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Analysis of vertical variations
Relationships of wood CO2 efflux to diameter, height and stem
growth were examined. To eliminate the effects of temperature, wood CO2 efflux measurements were corrected to a reference temperature of 25 °C using Eq. (2) and the value of Q10,
R25 = R(t )Q10(25− t )/10 , 

(2)

where R25 is wood CO2 efflux at 25 °C, R(t) is wood CO2 efflux
at the stem surface temperature of t (°C) and Q10 is a temperature coefficient of wood CO2 efflux. Because Q10 was not
calculated from the data in this study, it was assumed that Q10
was equal to 2.0, the same value as used in a study by Cavaleri
et al. (2006) in tropical rainforests in La Selva, Costa Rica. In
this study, wood CO2 efflux is used as R25, that is, the measured value was not used directly, except for the analysis of
the effects of temperature. To examine the gradient of vertical
variations in wood CO2 efflux, the ratio of wood CO2 efflux at
the top of a tree against wood CO2 efflux at breast height (k)
was calculated for each tree.

Scaling woody tissue respiration
Total wood CO2 efflux at the whole-tree scale was estimated
based on vertical wood CO2 efflux measurements by summing
whole-tree stem and branch CO2 efflux. Note that whole-tree
wood CO2 efflux in this study was limited to aboveground
woody tissue and did not include coarse woody roots. Wholetree surface area of woody tissue (m2 tree−1) was used for scaling wood CO2 efflux in this study. Surface area and sapwood
Tree Physiology Volume 34, 2014

volume have often been used as scaling parameters in previous studies. The use of surface area is more convenient in
tropical forests (Chambers et al. 2004, Robertson et al. 2010)
because sapwood area is poorly defined in the wood of tropical trees and interspecific variations are present in speciesdiverse tropical rainforests.
Whole-tree surface area of the main stem was estimated
using the concept of a truncated cone (Yoneda 1993), which
was applied to calculate each segment’s surface area separately based on wood CO2 efflux measurements at various
heights. Each section’s surface area was calculated using the
radii (ri) and height (hi) of each truncated cone. Whole-tree
surface area of the main stem was calculated by summing each
separated surface area using Eq. (3):
n

Astem =

∑ π (r + r
i

i +1

)

(hi +1 − hi )2 + ( ri − ri +1) ,
2

i =0

(3)


where Astem is stem surface area (m2 tree−1). The number of
separate segments corresponds to the number of wood CO2
efflux measurement points (n). Each segment was separated
at intermediate height (hi) between higher and lower wood
CO2 efflux measurement points. h0 and hn were the assumed
ground-level and the highest wood CO2 efflux measurements taken, respectively. ri is the radius at hi. r0 and rn are
the assumed radii at breast height and the top of wood CO2
efflux measurement points, respectively. Except for r0 and
rn, ri was interpolated using measured diameter at lower and
higher wood CO2 efflux measurement points. Wood CO2 efflux
of each individual segment was obtained by multiplying wood
CO2 efflux by the individual stem surface area measurements
at each measurement point. Whole-tree stem CO2 efflux was
calculated by summing wood CO2 efflux for each separate segment of each tree.
Whole-tree surface area of branches was calculated using
the pipe-model theory (Shinozaki et al. 1964) applied to the
frequency distribution of diameter of tree branches (Yoneda
1993), which has often been used for scaling of branch CO2
efflux (Chambers et al. 2004, Robertson et al. 2010), as seen
in Eq. (4):
Abranch = 4 ×

π wb
d 
× ln  max  ,
 dmin 
π × ρ × (dmax − dmin )

(4)


where Abranch, w b, ρ, dmax and dmin are the branch surface area
(m2 tree−1), the dry weight of the branches, the wood density
(kg dry mass m−3), and the maximum and minimum diameters of branches, respectively. w b was estimated by allometric equations developed by Yamakura et al. (1986) for East
Borneo Island in Indonesia where the forest type was similar
to this study site. dmax was measured directly using ladders
for five trees (a1, a3, a4, b1 and b2). For Trees a2 and b3,
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closed-static system and used a commercial respirometer (LI6400, Li-Cor, Inc., Lincoln, NE, USA) at the same points using
the same collars. The relationship between observed wood
CO2 efflux determined using the closed-static system (Rsystem)
and using LI-6400 (RLI6400) was a linear regression (n = 53,
RLI6400 = 0.890 × Rsystem, r2 = 0.95). We obtained wood CO2
efflux corrected from Rsystem using this equation.
To examine factors related to vertical variations in wood CO2
efflux, stem and air temperature, stem height, diameter and
stem growth were measured at each wood CO2 efflux measurement point. Air temperature and stem surface temperature were
measured with a thermometer (TR-52i; T&D Co. Ltd, Nagano,
Japan). Stem heights at all wood CO2 efflux measurement points
were checked using a measuring tape. In September 2011,
dendrometer bands were placed at each measurement height
around the collars except for some heights of Trees a2 and b3
in which the stem diameters were too large to install dendrometers using ladders set on only one side (Table 1). Stem growth
rate (cm year−1) at each measurement point was obtained by
measuring the circumference in January 2012 and September
2012, and calculating the annual growth rate assuming constant growth.

Vertical variations in wood CO2 efflux

Results
Vertical variations in wood CO2 efflux
Wood CO2 efflux at breast height for each tree ranged
from 1.00 to 2.10 µmol m−2 s−1, with a mean (±SD) of

1.58 ± 0.35 µmol m−2 s−1 for the seven trees. The mean wood
CO2 efflux at breast height in four different directions for the six
trees was 1.58 ± 0.38 µmol m−2 s−1, while the mean wood CO2
efflux at breast height at the collar for vertical measurements
was 1.52 ± 0.26 µmol m−2 s−1. The mean wood CO2 efflux at
breast height was 29.3% higher than that including the other 41
trees with DBH ranging from 10 to 155 cm. Wood CO2 efflux at
the highest point ranged from 0.50 to 3.38 µmol m−2 s−1, with
a mean (±SD) of 2.04 ± 1.05 µmol m−2 s−1. Wood CO2 efflux
averaged in the canopy ranged from 0.62 to 2.85 µmol m−2 s−1,
with a mean (±SD) of 1.72 ± 0.76 µmol m−2 s−1. Figure 2
shows the vertical variations in wood CO2 efflux, which were
the average of all measurements at each stem height for each
tree. Vertical variations in wood CO2 efflux were different for
each tree and no systematic tendency in the variations was
observed. Wood CO2 efflux at some measurement points in
the canopy for a1, b1 and b2 was significantly higher than
wood CO2 efflux at breast height (Tukey–Kramer’s method; a1:
P < 0.1; b1 and b2: P < 0.05). Wood CO2 efflux at the two highest points of a2 was significantly lower than wood CO2 efflux
at breast height (P < 0.05). For Trees a3, a4 and b3, wood CO2
efflux at all points was not different from each measured wood
CO2 efflux at breast height (P > 0.1). Significant differences in
wood CO2 efflux from wood CO2 efflux at breast height were
only observed in the canopy, and not below the canopy. These

Figure 2. Vertical variations in wood CO2 efflux of each tree. a1–a4 indicate four trees of D. aromatica (Dipterocarpaceae) and b1–b3 indicate
three trees of S. beccariana (Dipterocarpaceae). The y-axis indicates the height for each tree. The dashed lines show the positions of the lowest
live branches. Error bars represent standard deviation. Some very small error bars were hidden by symbols. An asterisk indicates a significant difference in wood CO2 efflux between breast height and each stem height (**P < 0.05, *P < 0.1).
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dmax was not measured because access was not feasible, and
in fact was nearly impossible. For these two trees, dmax was
estimated by stem diameter at the lowest live branch height
(db) based on the relationship between dmax and db for the
other five trees (db = 0.77 × dmax, r 2 = 0.77). dmin was assumed
to be 2 mm, similar to previous studies (e.g., Yoneda 1993,
Chambers et al. 2004). ρ was 0.796 for D. aromatica and
0.531 for S. beccariana and was calculated from measurements for each of three trees at this study site (Y. Inoue,
unpublished data). Because we did not measure branch CO2
efflux, mean wood CO2 efflux measured in the canopy was
multiplied by branch surface area to estimate branch CO2
efflux. Note that ‘the canopy’ was defined as the area above
the lowest living branch in this study.
To evaluate the impact of ignoring vertical variations in
wood CO2 efflux on whole-tree scaling, whole-tree stem and
branch CO2 efflux estimated using vertical measurements
were c ompared with those calculated using only breast height
measurements.
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significant differences did not change when analyzing wood
CO2 efflux before correcting to a reference temperature of
25 °C, except that the difference at the second highest point
for b1 was not significant.
Mean (±SD) air and stem temperature among all measurement points were 28.03 ± 0.86 and 27.38 ± 1.09 °C, respectively. The difference between maximum and minimum values
for air and stem temperature of each tree averaged 2.11 and
2.76 °C, respectively. No significant relationships of wood CO2
efflux with stem temperature, diameter, stem height and stem
growth rate were observed for all measurements (P > 0.1).
Wood CO2 efflux measured in the canopy was negatively

Scaling whole-tree stem and branch CO2 efflux
Most stem surface area was distributed below the canopy,
accounting for 0.81 of the total stem surface area in the
seven samples; because the canopy area was defined above
as any area at or higher than the first live branch, branch
surface area was distributed only in the canopy as defined
here. The relationship between whole-tree stem CO2 efflux
using vertical measurements and that using only breast
height measurements was significantly positively correlated (P < 0.01, R2 = 0.94, Figure 4a) with a slope of nearly
1. Ratios of whole-tree stem CO2 efflux using only breast
height measurements to those using vertical measurements
were 0.89–1.23 with a mean (±SD) of 1.07 ± 0.13. The
relationship between whole-tree branch CO2 efflux using
vertical measurements and those using only breast height
measurements was not clear (P > 0.1, Figure 4a) and the
ratio of whole-tree branch CO2 efflux using only breast
height measurements to those using vertical measurements
ranged from 0.56 to 2.56 with a mean (±SD) of 1.18 ± 0.68.
Whole-tree branch CO2 efflux using vertical measurements
accounted for 0.61 ± 0.14 of whole-tree total wood CO2
efflux as the sum of total stem and branch CO2 efflux. The
relationship between whole-tree total wood CO2 efflux using
vertical measurements and those using only breast height

Figure 4. Relationship between whole-tree (a) stem and branch CO2 efflux, and (b) total wood CO2 efflux estimated using vertical measurements
and that estimated using only breast height measurements. The regression line for whole-tree stem CO2 efflux using vertical measurements of
wood CO2 efflux was significantly correlated with that using only breast height measurements (y = 1.06x + 2.36, P < 0.01, R2 = 0.94). The differences between the regression lines for whole-tree branch and total wood CO2 efflux were not significant (P > 0.1).
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Figure 3. Relationship between DBH and k, which is the ratio of wood
CO2 efflux at breast height to that at the top of the tree. k was negatively correlated with DBH (y = −0.017x + 2.925, P < 0.1, R2 = 0.56).

correlated with canopy depth (i.e., length from the canopy top,
P < 0.1), but not with diameter. Although wood CO2 efflux was
significantly related to air temperature (P < 0.05, R2 = 0.02),
the slope was very small (−0.07 µmol m−2 s−1 °C−1).
k ranged from 0.31 to 2.39, with a mean of 1.29. k was
negatively correlated with DBH; that is, k was greater or less
for smaller or larger DBH trees, respectively (Figure 3, P < 0.1,
R2 = 0.56).

Vertical variations in wood CO2 efflux

(P < 0.01, R2 = 0.77; P < 0.05, R2 = 0.65; Figure 6). The
similar relationships shown in Figures 4–6 were observed
even if wood CO2 efflux measurements taken before temperature correction were used for the calculations.

Discussion
Possible factors related to the vertical variations
in wood CO2 efflux
Patterns of vertical variations in wood CO2 efflux for emergent trees in this tropical rainforest were different in different individuals (Figure 2). Wood CO2 efflux at the top of the
canopy in this study (0.50–3.38 µmol m−2 s−1, with a mean of
2.04 µmol m−2 s−1) is comparable to the results of the highest wood CO2 efflux in the canopy reported by previous studies. Earlier findings include ~3 µmol m−2 s−1 for Pinus radiata

Figure 5. Relationship of k with the ratio of (a) whole-tree stem and branch CO2 efflux using only breast height measurements to that using vertical
measurements, and (b) whole-tree total wood CO2 efflux using only breast height measurements to that using vertical measurements. The ratios
for stem, branch and woody tissue were negatively correlated with k (y = −0.13x + 1.24, P < 0.1, R2 = 0.46; y = −0.91x + 2.34, P < 0.05, R2 = 0.76;
y = −0.56x + 1.82, P < 0.01, R2 = 0.83, respectively).

Figure 6. Relationship of DBH with the ratio of (a) whole-tree stem and branch CO2 efflux using only breast height measurements to that using
vertical measurements, and (b) whole-tree total wood CO2 efflux using only breast height measurements to that using vertical measurements. The
ratios for branch and woody tissue were negatively correlated with DBH (y = 0.021x − 0.818, P < 0.01, R2 = 0.77; y = 0.011x + 0.018, P < 0.05,
R2 = 0.65, respectively).
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measurements was also not clear (P > 0.1, Figure 4b). The
ratio of whole-tree total wood CO2 efflux using only breast
height measurements to those using vertical measurements
ranged from 0.64 to 1.70 with a mean (±SD) of 1.09 ± 0.37.
The ratios of whole-tree stem, branch and wood CO2 efflux
using only breast height measurements to those using
vertical measurements were negatively correlated with k
(P < 0.1, R2 = 0.46; P < 0.05, R2 = 0.76; P < 0.01, R2 = 0.83,
respectively; Figure 5). The slope of the relationships was
the steepest for branch data and relatively shallow for stem
data. Although the ratios of whole-tree stem CO2 efflux
using only breast height measurements to that using vertical measurements were not related to DBH (P > 0.1, Figure
6a), the ratios of whole-tree branch and total wood CO2
efflux using only breast height measurements to that using
vertical measurements were positively correlated with DBH
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have a greater effect on stem tissue respiration in the canopy
than those at breast height, resulting in wider range and greater
standard deviations in wood CO2 efflux at the top of the canopy
than those at breast height. In reality, the mean temporal range
of stem temperature at the top of the canopy for the seven trees
(4.3 °C) was higher than that at breast height (2.2 °C). Higher
temporal variations in the water content of bark in the canopy
caused by direct solar radiation may also affect temporal variations in diffused CO2, resulting in higher variations in wood CO2
efflux in the canopy when compared with measurements taken
at breast height. Further studies such as analyses of the vertical variations in sap flux, bark thickness measurements and the
partitioning of CO2 will aid our understanding of factors related
to these vertical variations.

Impact of the vertical variations on whole-tree total wood
CO2 efflux estimates
Errors in estimates caused by vertical variations in wood CO2
efflux were different between stems and branches. Vertical
variations in wood CO2 efflux did not cause large errors in
whole-tree stem CO2 efflux estimates when only breast height
measurements were used (Figure 4a) because the surface area
in the canopy (19%) was very small compared with that below
the canopy (81%). Additionally, whole-tree branch CO2 efflux
estimates using measurements at breast height resulted in
large errors (Figure 4a) because wood CO2 efflux varied in the
canopy; therefore, the variations directly affected the estimates
of whole-tree branch CO2 efflux. Thus, measurements at only
breast height are adequate for making estimates of whole-tree
stem CO2 efflux, but a problem still exists related to how wholetree branch CO2 efflux should be estimated.
The distribution of surface area and CO2 efflux of woody tissue can vary based on diameter (Damesin et al. 2002, Ryan
et al. 2009). The lack of measurements of wood CO2 efflux at
branch and surface area according to diameter can cause error
in estimating whole-tree branch and total wood CO2 efflux in
this study. Additionally, Ryan et al. (2009) showed that wholetree total wood CO2 efflux based on vertical measurements
was comparable to that based on measurements taken at
only breast height when branch photosynthesis for Eucalyptus
trees was considered, suggesting that the contribution of bark
photosynthesis to branch CO2 efflux should be examined. It
is necessary to examine how these uncertainties can impact
estimates of whole-tree branch CO2 efflux, even though this
process is very complicated and difficult to understand.
One important issue is determining whether surface area or
volume should be used as a scaling parameter. The test of
Levy and Jarvis (1998) is often used to determine the scaling parameter (e.g., Cavaleri et al. 2006). Although surface
area was used for scaling in this study according to the test,
whole-tree stem and branch CO2 efflux were also estimated
using volume. In the present study, the results documenting
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at 16 m height (Ryan et al. 1996), ~5 µmol m−2 s−1 for beech
at 15 m height (Damesin et al. 2002), ~4 µmol m−2 s−1 in
tropical rainforests at ≥25 m height (Cavaleri et al. 2006) and
~2.3 µmol m−2 s−1 for Chamaecyparis obtusa at 14 m height
(Araki et al. 2010). Values of k (0.31–2.39 with a mean of
1.29) were also within the range of the maximum k value of
previous studies (~1.6, Ryan et al. 1996 and Damesin et al.
2002; ~1–4.67, Araki et al. 2010). These results suggest
that the emergent trees (>40 m tall) in our study do not have
larger vertical variations in wood CO2 efflux than small trees
(<25 m tall).
The gradient of wood CO2 efflux at breast height and at the
top of the canopy (i.e., k) was related to DBH (Figure 3). This
suggests that DBH was probably related to vertical variations
in wood CO2 efflux. Previous studies reporting an increase in
wood CO2 efflux with stem height used relatively small trees,
having a DBH of <30 cm, for their measurements (Damesin
et al. 2002, Araki et al. 2010), while no vertical variations were
reported for relatively large trees with DBH >30 cm (Ryan
et al. 1996). However, whether the threshold for this type
of vertical variation is 30 cm DBH is unknown, because our
results showed that wood CO2 efflux increased according to
stem height even for the large trees with a DBH of >60 cm.
In this study, no obvious effects of temperature on vertical
variations in wood CO2 efflux were detected. If wood CO2 efflux
at the top of the canopy is calculated by applying the maximum
vertical difference in stem temperature between the treetop
and that at breast height (4.4 °C for a1) using Q10 (Eq.(2)), then
wood CO2 efflux at the top should increase by only 1.36-fold,
however, measured wood CO2 efflux at the top of the canopy
was 1.83-fold of wood CO2 efflux at breast height. Damesin
et al. (2002) also observed large vertical variations in wood
CO2 efflux and mentioned that differences in temperature with
height (the maximum observed was 6 °C) could not explain
why respiration doubled (and more) as stem height increased.
No clear relationship between wood CO2 efflux and stem growth
was observed, although previous studies showed that stem
growth was related to vertical variations in wood CO2 efflux
(Araki et al. 2010). Other studies reported that causes of vertical variations in wood CO2 efflux were higher respiratory potential (Pruyn et al. 2002, Bowman et al. 2005) and an increase of
diffused CO2 transported upwards by flowing sap through the
thin bark to the atmosphere in the canopy (e.g., Negisi 1979,
Bowman et al. 2005), which might influence vertical variations
in this study. Previous studies reported that ~15–55% of CO2
respired by woody cells can remain within the tree on a daily
basis (Teskey et al. 2008) and the proportion varied within a
day (Teskey and McGuire 2007), suggesting that this contributes considerably to variations in wood CO2 efflux. Vertical and
circumferential variations in bark depth may also have an impact
on wood CO2 efflux as a result of the effects of diffused CO2.
Additionally, larger temporal variations in stem temperature can

Vertical variations in wood CO2 efflux

Uncertainties
Estimates of stem and branch CO2 efflux are important
because they accounted for a large portion of plant respiration, and we found that vertical variations caused little
bias in whole-tree stem CO2 efflux estimates. However, we
still have considerable problems on scaling because of the
scarcity of information on spatial variations in wood CO2
efflux for various diameters in different directions, temporal variations according to height caused by respired and
diffused CO2, CO2 transported by sap flow, and potential
variations in Q10 value according to heights and diameters.
These variations may also differ from species to species.
These uncertainties may introduce some unknown bias into
scaling of wood CO2 efflux. Therefore, additional studies are
needed not only to clarify temporal variations in wood CO2
efflux at various heights and diameters for various species,
but also to clarify the sources of wood CO2 efflux for reasonable scaling.

Acknowledgments
The authors thank Dr Mori of Yamagata University for teaching
them how to measure stem CO2 efflux. They are grateful to
the Forest Department of Sarawak and the Sarawak Forestry
Corporation for permission and kind assistance in conducting
research studies at Lambir Hills National Park. They also thank
Dr Tohru Nakashizuka of Tohoku University and Dr Takao Itioka

of Kyoto University for their sincere cooperation during the
work in Lambir, and the editors and three anonymous reviewers for their insightful comments.

Conflict of interest
None declared.

Funding
This work was supported by Japan Society for the Promotion
of Science (JSPS) Institutional Program for Young Researchers,
a JSPS grant for Global Center of Excellence Program (Asian
Conservation Ecology as a Basis of Human–Nature Mutualism,
representative: T. Yahara) and Aashi Group Foundation.

References
Araki MG, Utsugi H, Kajimoto T, Han Q, Kawasaki T, Chiba Y (2010)
Estimation of whole-stem respiration, incorporating vertical and seasonal variations in stem CO2 efflux rate, of Chamaecyparis obtusa
trees. J For Res 15:115–122.
Ashton PS (1982) Dipterocarpaceae—Flora Malesiana, Ser. 1.
Martinus Nijhoff Publishers, Dordrecht.
Ashton PS, Hall P (1992) Comparisons of structure among mixed dipterocarp forests of north-western Borneo. J Ecol 80:459–481.
Bowman WP, Barbour MM, Turnbull MH, Tissue DT, Whitehead D,
Griffin KL (2005) Sap flow rates and sapwood density are critical factors in within- and between-tree variation in CO2 efflux from
stems of mature Dacrydium cupressinum trees. New Phytol 167:
815–828.
Cavaleri MA, Oberbauer SF, Ryan MG (2006) Wood CO2 efflux in a
primary tropical rain forest. Glob Change Biol 12:2442–2458.
Chambers JQ, Tribuzy ES, Toledo LC et al. (2004) Respiration from a
tropical forest ecosystem: partitioning of sources and low carbon
use efficiency. Ecol Appl 14:72–88.
da Costa ACL, Metcalfe DB, Doughty CE et al. (2013) Ecosystem respiration and net primary productivity after 8–10 years of experimental through-fall reduction in an eastern Amazon forest. Plant Ecol
Divers 7:7–24.
Damesin C, Ceschia E, Foff NL, Ottorini J-M, Dufrene E (2002) Stem
and branch respiration of beech: from tree measurements to estimations at the stand level. New Phytol 153:159–172.
Delucia DH, Drake JE, Thomas RB, Gonzalez Meler M (2007) Forest
carbon use efficiency: is respiration a constant fraction of gross primary production? Glob Change Biol 13:1157–1167.
Doughty CE, Metcalfe DB, da Costa MC et al. (2014) The production,
allocation and cycling of carbon in a forest on fertile terra preta soil
in eastern Amazonia compared with a forest on adjacent infertile
soil. Plant Ecol Divers 7:41–53.
Itoh A, Yamakura T, Ogino K, Lee HS, Ahston PS (1997) Spatial distribution patterns of two predominant emergent trees in a tropical
rainforest in Sarawak Malaysia. Plant Ecol 132:121–136.
Katayama A, Kume T, Komatsu H, Ohashi M, Nakagawa M, Yamashita
M, Otsuki K, Suzuki M, Kumagai T (2009) Effect of forest structure
on the spatial variation in soil respiration in a Bornean tropical rain
forest. Agric For Meteorol 149:1666–1673.
Katayama A, Kume T, Komatsu H, Saitoh T, Ohashi M, Nakagawa M,
Suzuki M, Otsuki K, Kumagai T (2013) Carbon allocation in a Bornean
tropical rainforest without dry seasons. J Plant Res 126:505–515.

Tree Physiology Online at http://www.treephys.oxfordjournals.org

Downloaded from http://treephys.oxfordjournals.org/ at Nagoya University on June 12, 2014

whole-tree stem CO2 efflux using vertical measurements were
similar regardless of the scaling method used, either surface
area or volume. However, whole-tree branch CO2 efflux based
on vertical measurements using volume was 60% lower than
that using surface area in this study. These results showed that
the decision as to which scaling parameter to use (i.e., surface
area or volume) is also more important for branch than for
stem CO2 efflux estimates.
The ratio of whole-tree total wood CO2 efflux determined
using only breast height measurements to that using vertical
measurements increased with decreasing k (Figure 5) and
increasing DBH (Figure 6). Therefore, estimates of wholetree total wood CO2 efflux measured using only breast height
measurements can result in a greater underestimation when
compared with those derived using vertical measurements in
emergent trees with a smaller DBH; this occurs because of
their larger k values. Additionally, in one case k was <1 (Tree
a2), for the tree with the largest DBH, resulting in overestimates in whole-tree total wood CO2 efflux when using only
breast height measurements. These results show that a comparison of wood CO2 efflux at the stand scale between forests
with different DBH distributions (such as those caused by differences in age) may cause errors in whole-tree total wood
CO2 efflux estimates.

511

512

Katayama et al.

Tree Physiology Volume 34, 2014

Paoli GD, Curran LM, Slik LWF (2008) Soil nutrients affect spatial patterns of aboveground biomass and emergent tree density in southwestern Borneo. Oecologia 155:287–299.
Piao S, Luyssaert S, Ciais P et al. (2010) Forest annual carbon cost: a
global-scale analysis of autotrophic respiration. Ecology 91:652–661.
Pruyn ML, Gartner BL, Harmon ME (2002) Respiratory potential in
sapwood of old versus young ponderosa pine trees in the Pacific
Northwest. Tree Physiol 22:105–116.
Robertson AL, Malhi Y, Farfan-Amezquita F, Aragão LEOC, Silva Espejo
JE, Robertson MA (2010) Stem respiration in tropical forests along
an elevation gradient in the Amazon and Andes. Glob Change Biol
16:3193–3204.
Ryan MG (1990) Growth and maintenance respiration in stems of
Pinus contorta and Picea engelmannii. Can J For Res 20:48–57.
Ryan MG (1991) A simple method for estimating gross carbon budgets for vegetation in forest ecosystems. Tree Physiol 9:255–266.
Ryan MG, Hubbard RM, Clark DA, Sanford RL (1994) Woody-tissue respiration for Simarouba amara and Minquartia guianensis, two tropical
wet forest trees with different growth habits. Oecologia 100:213–220.
Ryan MG, Hubbard RM, Pongratic S, Raison RJ, McMurtrie RE (1996)
Foliage, fine-root, woody-tissue and stand respiration in Pinus radiata in relation to nitrogen status. Tree Physiol 16:333–343.
Ryan MG, Cavaleri MA, Almeida AC, Penchel R, Senock RS, Stape JL
(2009) Wood CO2 efflux and foliar respiration for Eucalyptus in
Hawaii and Brazil. Tree Physiol 29:1213–1222.
Shinozaki K, Yoda K, Hozumi K, Kira T (1964) A quantitative analysis
of plant form—the pope model theory. I. Basic analyses. Jpn J Ecol
14:97–105.
Teskey RO, McGuire MA (2007) Measurement of stem respiration of
sycamore (Platanus occidentalis L.) trees involves internal and external fluxes of CO2 and possible transport of CO2 from roots. Plant Cell
Environ 30:570–579.
Teskey RO, Saveyn A, Steppe K, McGuire MA (2008) Tansley review: origin, fate and significance of CO2 in tree stems. New Phytol 177:17–32.
Yamakura T, Hagihara A, Sukardjo S, Ogawa H (1986) Aboveground
biomass of tropical rain forest stands in Indonesian Borneo.
Vegetatio 68:71–82.
Yoda K, Shinozaki K, Ogawa H, Hozumi K, Kira T (1965) Estimation of
the total amount of respiration in woody organs of trees and forest
communities. J Biol Osaka City Univ 16:15–26.
Yoneda T (1993) Surface area of woody organs of an evergreen broadleaf forest tree in Japan Southeast Asia. J Plant Res 106:229–237.

Downloaded from http://treephys.oxfordjournals.org/ at Nagoya University on June 12, 2014

Kenzo T, Ichie T, Watanabe Y, Hiromi H (2007) Ecological distribution
of homobaric and heterobaric leaves in tree species of Malaysian
lowland tropical rainforest. Am J Bot 94:764–775.
King DA, Davies SJ, Tan S, Nur Supardi MN (2009) Trees approach
gravitational limits to height in tall lowland forests of Malaysia. Funct
Ecol 23:284–291.
Kumagai T, Kuraji K, Noguchi H, Tanaka Y, Tanaka K, Suzuki M
(2001) Vertical profiles of environmental factors within tropical
rainforest, Lambir Hills National Park, Sarawak, Malaysia. J For Res
6:257–264.
Kumagai T, Saitoh TM, Sato Y et al. (2005) Annual water balance and
seasonality of evapotranspiration in a Bornean tropical rainforest.
Agric For Meteorol 128:81–92.
Kumagai T, Ichie T, Yoshimura M et al. (2006) Modeling CO2 exchange
over a Bornean tropical rain forest using measured vertical and horizontal variations in leaf-level physiological parameters and leaf area
densities. J Geophys Res 111:D10107.
Kume T, Tanaka N, Kuraji K, Komatsu H, Yoshifuji N, Saitoh TM, Suzuki
M, Kumagai T (2011) Ten-year evapotranspiration estimates in a
Bornean tropical rainforest. Agric For Meteorol 151:1183–1192.
Levy PE, Jarvis PG (1998) Stem CO2 fluxes in two Sahelian shrub species (Guiera senegalensis and Combretum micranthum). Funct Ecol
12:107–116.
Litton CM, Raich JW, Ryan MG (2007) Carbon allocation in forest ecosystems. Glob Change Biol 13:2089–2109.
Luyssaert S, Inglima I, Jung M et al. (2007) CO2 balance of boreal,
temperate, and tropical forests derived from a global database. Glob
Change Biol 13:2509–2537.
Malhi Y (2012) The productivity, metabolism and carbon cycle of tropical forest vegetation. J Ecol 100:65–75.
Malhi Y, Farfán Amézquita F, Doughty CE et al. (2013) The productivity, metabolism and carbon cycle of two lowland tropical forest plots
in SW Amazonia. Peru Plant Ecol Divers 7:85–105.
Mori S, Yamaji K, Ishida A et al. (2010) Mixed-power scaling of wholeplant respiration from seedlings to giant trees. Proc Natl Acad Sci
USA 107:1447–1451.
Negisi K (1979) Bark respiration rate in stem segments detached from
young Pinus densiflora trees in relation to velocity of artificial sap
flow. J Jpn For Soc 61:88–93.
Ohashi M, Kumagai T, Kume T, Gyokusen K, Saitoh TM, Suzuki M
(2008) Characteristics of soil CO2 efflux variability in an a seasonal
tropical rainforest in Borneo Island. Biogeochemistry 90:275–289.

