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a b s t r a c t
A mixed forest in northern Japan, which had been a weak carbon sink (net ecosystem CO2 exchange
[NEE] = −0.44 ± 0.5 Mg C ha−1 yr−1 ), was disturbed by clear-cutting in 2003 and was replaced with a
hybrid larch (Larix gmelinii × L. kaempferi) plantation in the same year. To evaluate the impact of the
clear-cutting on the ecosystem’s carbon budget, we used 10.5 years (2001–2011) of eddy covariance
measurements of CO2 ﬂuxes and the biomass observation for each ecosystem component. BIOME-BGC
model was applied to simulate the changes in the carbon ﬂuxes and stocks caused by the clear-cutting.
After clear-cutting in 2003, the ecosystem abruptly became a large carbon source. The total CO2 emission
during the ﬁrst 3 years after the disturbance (2003–2005) was 12.2 ± (0.9–1.5; possible min–max range
of the error) Mg C ha−1 , yet gradually decreased to 2.5 ± (1–2) Mg C ha−1 during the next 4 years. By 2010,
the ecosystem had regained its status as a carbon sink (NEE = −0.49 ± 0.5 Mg C ha−1 yr−1 ). Total gross primary production, ecosystem respiration, and NEE during the 7 years after the clear-cutting (2003–2009)
were 64.5 ± (2.6–7), 79.2 ± (2.6–7), and 14.7 ± (1.3–3.5) Mg C ha−1 , respectively. From 2003 to 2009, the
understory Sasa biomass increased by 16.3 ± 4.8 Mg C ha−1 , whereas the newly planted larch only gained
1.00 ± 0.02 Mg C ha−1 . The BIOME-BGC simulated observed carbon ﬂuxes and stocks, although further
modiﬁcation on the parameter set may be needed according with the tree growth and corresponding
suppression of Sasa growth. Ecosystem carbon budget evaluation and the model simulation suggested
that the litter including harvest residues became a large carbon emitter (∼31.9 Mg C ha−1 ) during the
same period. Based on the cumulative NEE during the period when the forest was a net carbon source,
we estimate that the ecosystem will require another 8–34 years to fully recover all of the CO2 that was
emitted after the clear-cutting, if off-site carbon storage in forest products is not considered.
© 2014 Elsevier B.V. All rights reserved.
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1. Introduction
The anthropogenic land cover change constitutes a source
of emissions mainly from the loss of terrestrial biomass, and
Houghton (2003) estimated that ca. one-third of the anthropogenic
CO2 emissions over the last 150 years is considered to be the direct
consequence of land use changes. Clear-cut harvesting is one of
the important type of forest management, and understanding how
this form of logging affects a site’s carbon balance is critical not
only for determining appropriate carbon management scenarios
of forests, but also for including such effect into global carbon
cycling models to obtain better prediction (Pongratz et al., 2009).
However, accurate quantiﬁcation of wood harvesting effects on the
carbon dynamics including harvest residues and belowground carbon dynamics is still lacking (Howard et al., 2004; Noormets et al.,
2012).
Clear-cutting removes the commercial stem wood and leaves
residues (foliage, twigs, branches, stumps, and roots) on the site.
It eliminates canopy photosynthesis and affects autotrophic and
heterotrophic respiration both directly and indirectly. As a result,
the post-harvest stand is expected to be a net source of carbon
for several years after disturbance (Kolari et al., 2004; Amiro et al.,
2006; Humphreys et al., 2006; Zha et al., 2009; Grant et al., 2010;
Goulden et al., 2011; Noormets et al., 2012). The ecosystem carbon
compensation point is the time when stands regain their role as a
carbon sink by regenerating after a harvest or a similarly severe disturbance. It is a critical index to characterize the carbon budget of a
managed forest (Kowalski et al., 2004). For example, it takes a warm
template plantation 3 years (Clark et al., 2004) or boreal forests
7–20 years (Bond-Lamberty et al., 2004; Howard et al., 2004; Kolari
et al., 2004; Freeden et al., 2007; Amiro et al., 2010) to recover from
carbon source to sink. Another critical index is the payback period
before the forest recaptures as much CO2 as was emitted during the
recovery period, however, quantitative evaluation of these indexes
based on the long-term observation is still a challenge.
Carbon dynamics of forest ecosystems can be investigated by
using the eddy covariance method (Mission et al., 2005; Giasson
et al., 2006; Amiro et al., 2010). Previous studies often use sites of
different ages in parallel to infer the status of an ecosystem as a
function of the time since disturbance (Amiro et al., 2010; Goulden
et al., 2011). However, it is difﬁcult to judge whether the sites of different ages are following the same trajectory (Walker et al., 2010).
In addition, estimating the total carbon emission during the period
when the forest was a net carbon source, which is an important factor that determines the magnitude of a disturbance and the payback
period, is difﬁcult when dealing with such chronosequence studies
because of the gaps in the CO2 ﬂux data among the measurements
at different stands for several years within the chronosequence.
To obtain a complete series of pre- and post-harvest NEE data
until a disturbed ecosystem reached its carbon compensation point
(i.e., until it once more became a net carbon sink), we conducted
an experimental clear-cutting and plantation establishment study
in a cool-temperate mixed forest in northern Japan. Using the eddy
covariance method, we started our measurements 1.5 years prior
to clear-cutting and continued for 9 years after harvesting to shed
light on several doubts that are raised by chronosequence studies.
In addition, the BIOME-BGC model (Kimball et al., 1997a,b) was
applied to simulate these characteristics and to complement the
change in the carbon stocks in the soil and litter compartments.
This model is widely applied to many types of terrestrial ecosystems and succeeds in simulating the carbon cycles with substantial
information on each parameter values (White et al., 2000; Pietsch
et al., 2005). The model has been successfully applied in simulating
the disturbance effects on the cycles (Thornton et al., 2002).
Our focus was to determine the carbon budget during the dramatic shifts that occur during the forest transitions from a sink to a

27

source and back again to a sink, total CO2 emission into the atmosphere during the period when the forest was a net carbon source,
and the estimated payback period before the forest recaptures as
much CO2 as was emitted during the recovery period. The results
from the ﬁrst 5 years (2001–2005) of the assessment were reported
by Takagi et al. (2009) and revealed the shift of the ecosystem from
a carbon sink to a carbon source. In the present paper, we added the
subsequent 6 years (2006–2011) data to document the transition
from a carbon source to a carbon sink and to discuss the ecosystem
carbon compensation caused by clear-cutting.
2. Methods
2.1. Site description and management
The study site lies on a ﬂat terrace inside the Teshio Experimental Forest of Hokkaido University (45◦ 03 N, 142◦ 06 E, 66 m a.s.l.).
Its soil, mainly a Gleyic Cambisol, has a surface organic horizon that
is about 10 cm thick. Prior to clear-cutting, the forest was a naturally
regenerated mature forest in the late successional stage and large
trees were more than 200 years old (Tsuji et al., 2006), although a
blizzard caused a severe tree-fall damage in December 1972. The
dominant tree species were Quercus crispula Blume, Betula ermanii
Cham., Abies sachalinensis (F. Schmidt) Mast., and Betula platyphylla
var. japonica (Miq.) Hara. Maximum and mean tree heights were
24 and 20 m, respectively. The forest ﬂoor was covered with dense
evergreen dwarf bamboos (Sasa senanensis Rehd. and Sasa kurilensis (Rupr.) Makino et Shibata). The plant area index (PAI) values for
the canopy trees and the Sasa bamboos, measured using a LAI-2000
leaf-area meter (Li-Cor, Lincoln, NE, USA), were 3.2 and 4.1 m2 m−2 ,
respectively, at this parameter’s seasonal maximum in 2002 (Fig. 1).
From January to March 2003, trees covering an area of 13.7 ha
were clear-cut. The total biomass volume of trees at the site was
2193 m3 (Koike et al., 2001), of which 1203 m3 (ca. 25 Mg C ha−1 )
were removed as logs.
Sasa was left intact under the snowpack, but 7 months later,
just before the planting of hybrid larch seedlings (in late October
2003), they were strip-cut into alternating 4-m-wide cut and uncut
rows in the clear-cut area to give space for the planting of ca 30,000
2-year-old hybrid larch (Larix gmelinii (Rupr.) Kuzen. ver japonica
(Maxim. Ex Regel) Pilg. × L. kaempferi (Lamb.) Carrière) at a density
of 2500 ha−1 (0.04 Mg C ha−1 ). In the rows where Sasa remained,
Sasa PAI increased steeply from 1 year after clear-cutting until 2007,
reaching a peak at 8.0 m2 m−2 in 2010, which is about double the
value in 2002 before clear-cutting. In the rows where Sasa was
strip-cut, Sasa weeding was conducted from once (2005 and 2006)
to three times (2004) per year between late May and late July to
eliminate all Sasa growing between the larch trees. The Sasa was
no longer weeded starting in 2007 because the larch was higher
than the surrounding Sasa, and was able to receive enough solar
radiation to grow without interference. Sasa soon recovered in the
strip-cut rows, and in 2008, 2 years after the last weeding, the PAI
was almost the same as that in the surrounding uncut rows, blanketing all gaps between the trees. On the other hand, the PAI of the
larch remained low (1.7 m2 m−2 in 2010) at its seasonal maximum,
lower than that of Sasa.
2.2. The eddy covariance system
A closed-path eddy covariance system was established in August
2001 on a 32-m-tall tower in the mixed forest to evaluate the CO2
ﬂuxes. A sonic anemometer (DA600-3TV, Kaijo, Tokyo, Japan) and
an infrared gas analyzer (IRGA; LI-7000, Li-Cor, Lincoln, NE, USA)
were used to evaluate the ﬂuxes. In addition, another closed-path
system comprising the same instruments was installed at a height
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Fig. 1. Interannual variation of the plant area index (PAI). PAI includes the shade by the stems, branches, and culms in addition to the leaves of the canopy. Clear-cutting
occurred from January to March 2003 (ﬁrst dashed enclosure) and strip-cutting of Sasa to allow planting of hybrid larch occurred in late October 2003 (second dashed
enclosure). Gray shading represents snow-covered periods. The PAI of each component was measured three to ﬁve times every 2–4 weeks during the growing period;
symbols represent the means; and vertical bars denote max/min values. Two reference values (no canopy shade) and 10 sample values (with canopy shade) were measured
to obtain each PAI value.

of 4.6 m in October 2003 after clear-cutting, and the measurements
were continued until 2011. The height of the instruments was
changed to 5.7 m in May 2007. In this system, the separation distance between the anemometer and the air intake was 5 cm, and the
air was drawn into the system at a ﬂow rate of 10 L min−1 through
a 1.0-m ﬁlter and into a 15-m Teﬂon tube (6 mm in diameter).
The IRGA reference cell was fed with CO2 gas of known concentration (300 mol mol−1 ) at a ﬂow rate of 10–20 mL min−1 . The
CO2 concentration was calibrated daily using two standard gases
between 23:00 and 24:00 h. The data were sampled at a frequency
of 10 Hz with a digitizing data recorder (DRM3, TEAC Corp., Tokyo,
Japan, until October 2003; CR5000, Campbell Scientiﬁc, Logan, UT,
USA, from October 2003) after low-pass ﬁltering (with a cut-off
frequency of 5 Hz). Takagi et al. (2009) provided a more detailed
description of the system, especially before 2006.
2.3. Micrometeorological measurements
Meteorological measurements at a height of 32 m included air
temperature and relative humidity (HMP45A, Vaisala, Helsinki,
Finland), wind speed and direction (010C and 020C, Met One
Instruments, Grants Pass, OR, USA), and photosynthetic photonﬂux density (PPFD; LI-190SZ, Li-Cor, until May 2007; ML-020P, EKO
Instruments Co., Ltd., Tokyo, Japan, from May 2007). These parameters were also monitored above the Sasa canopy (∼2 m above
the ground) using the same type of instruments used at 32 m.
Snow depth (SR-50, Campbell Scientiﬁc) and atmospheric pressure
(PTB210-C6C5A, Vaisala) were also measured. Rainfall was measured using a tipping-bucket rain gauge (CYG-52202, RM Young,
Traverse City, MI, USA) at a height of 32 m before clear-cutting and
at a height of 3 m after clear-cutting. The soil temperature proﬁle (at depths of 1, 5, and 10 cm below the soil surface) and the
soil water content proﬁle (at depths of 5 and 10 cm) were measured at ﬁve points using platinum resistance thermometers and
time-domain-reﬂectometry sensors (CS615, Campbell Scientiﬁc),
respectively. Calibration of the HMP45A and ML-020P sensors was
conducted every year (in May) and the coefﬁcients used to convert the measured value to the physical value were updated. The
meteorological and soil data were sampled every 5 s, and data were
stored as 0.5-h means using three dataloggers (two CR23Xs and one
CR10X, Campbell Scientiﬁc) connected to a PC, which downloaded
the logged data automatically.

2.4. Biomass measurements
A 50 m × 50 m plot was established in 2000 to monitor the
change in diameter at breast height (DBH) of all trees with DBH
>6 cm until January 2003 in the mixed forest adjacent to the ﬂux
tower. The number and basal area of the trees in this plot were
155 and 21.8 m2 ha−1 in April 2000. To evaluate the change in tree
DBH during 2002, we used data obtained in April 2002 and January
2003. The following allometric equation was used to calculate the
biomass increments from the DBH increments of all trees in the
plot:
ln Y = (2.250 ± 0.084) × ln Xbreast − (1.427 ± 0.390),

(1)

where Xbreast and Y represent DBH (cm) and whole-tree biomass
including roots (kg), respectively. This equation was obtained by
Takagi et al. (2010) from destructive sampling of 22 trees (Q.
crispula, B. ermanii, and A. sachalinensis) around the study plot,
ranging from 3.8 to 55 cm in DBH. Using this equation, we evaluated tree biomass and the possible maximum and minimum errors
within the standard deviation for each tree in the plot, then the
error of the total biomass (SEtotal ) was estimated as the square
root of the sum of squares of the errors in each tree (Taylor, 1997)
using Eq. (2), assuming that the uncertainty in each tree biomass
evaluation (SEi ) was caused only by random errors:


 n

SEtotal = 
(SEi )2

(2)

i=1

Prior to clear-cutting, three 2 m × 1 m plots were established in
2001 to evaluate the aboveground biomass of Sasa in shaded positions under the forest canopy and in illuminated positions below
canopy gaps. The dry mass of each plant part (leaves and culms)
was weighed after oven-drying at 80 ◦ C. A 0.5 m × 0.5 m subplot
was established in each of the six plots, and the rhizome-roots of
Sasa, including ﬁne roots, were collected to a depth of 40 cm below
the top of the organic layer, and the biomass was obtained.
Two 50 m × 50 m plots were established in 2004 after clearcutting to monitor the height and the basal diameter of every larch
in the plot. The number of larch was 571 in the ﬁrst plot and 549
in the second plot in October 2004. We measured the height and
basal diameter annually between late October and early November
until 2010. To estimate the biomass increment of the larch using
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the basal diameter increment, we conducted destructive sampling
of 14 larch, ranging from 2.7 to 6.8 m in height, in August 2010. The
whole-tree biomass including roots (Y; kg) was related to the basal
diameter (Xbasal ; cm) using the following allometric equation:

temperature dependence of the soil respiration, and applicability of
the regression with ﬁxed coefﬁcient during each snow-free period.

ln Y = (2.197 ± 0.069) × ln Xbasal − (2.698 ± 0.187)

Following the same procedure used in the previous study at
the site (Takagi et al., 2009), we determined the daily sonic rotation angle for use in the planar ﬁt rotation (Wilczak et al., 2001)
using the 30-min mean wind speed in a 15-day moving window.
We determined the ﬁxed value of the sonic-tube lag time for CO2
monthly by averaging the lag times obtained at 30-min intervals
under turbulent conditions. The range of monthly averages for
lag time was 2.9–6.3 s (with an average of 4.2 s) at a height of
32 m and 2.7 to 4.6 s (with an average of 3.7 s) at heights of 4.6
or 5.7 m. Using these angles and lag times, half-hourly CO2 ﬂuxes
(Fc , mol m−2 s−1 ) were calculated. We applied block averaging
(30 min) but not detrending to the 10 Hz ﬂuctuation data when
we calculated the covariance to keep low frequency ﬂuctuations
(Moncrieff et al., 2004). Crosswind speed and water vapor concentration effects on the sensible heat ﬂux were corrected using the
methods of Kaimal and Gaynor (1991) and Hignett (1992), respectively, then we corrected the effect of air density ﬂuctuations on
the ﬂux values (Leuning and King, 1992).
High-frequency losses for the sonic sensor’s span and sensor
separation were corrected using transfer functions related to the
sources of signal damping (Moore, 1986), and losses for tube attenuation were corrected following the method of Kowalski et al.
(2003). Co-spectra between the vertical winds and the scalars
(temperature and CO2 concentration) were normalized by integrating the covariance over the band-pass range (0.003–0.01 Hz)
and averaged over periods with a similar wind speed under turbulent conditions. The correction factor (ε) was determined from the
ratio of the integrated, normalized co-spectra, using temperature
as a reference. ε depends on the mean wind speed (ū) based on the
relationship ε = a + bū, where a and b are regression coefﬁcients
that were determined every year or after a change in the system;
a and b were 1.12 and 0.006, respectively, in 2002 at a height of
32 m and 0.91 to 1.12 and 0.109 to 0.266, respectively, from 2003
to 2011 at heights of 4.6 or 5.7 m.
Before clear-cutting, NEE (mol m−2 s−1 ) was determined as the
sum of Fc and Fs , where Fs is the change in CO2 storage in the air
column from the forest ﬂoor to the ﬂux measurement height and
was calculated from the observed CO2 proﬁles measured at four
(snow-covered period) or ﬁve (snow-free period) levels with an
IRGA (DX6100, RMT Ltd., Moscow, Russia) (Takagi et al., 2009). After
clear-cutting, Fc was used to represent NEE because the nighttime
Fc was stable when the friction velocity (u* ) exceeded 0.1 m s−1 .

(3)

Error of all-tree biomass was estimated using the same procedure with that for trees before clear-cutting. Carbon content (g C)
was estimated as half of the biomass (g DW) of all trees, Sasa, and
larch.
2.5. Soil respiration measurements
We measured soil respiration (including both autotrophic and
heterotrophic respiration) using a multichannel automated chamber system (based on the design of Liang et al., 2010) that was
installed during snow-free periods from 2003 to 2009 after clearcutting. As described by Takagi et al. (2009), the system included a
control unit with an IRGA (LI-840, Li-Cor) and a datalogger (CR10X,
Campbell Scientiﬁc), and it was used to monitor eight automated
chambers (0.9 m × 0.9 m × 0.5 m high). In 2003, the CO2 concentration was measured at 1-s intervals for 225 s for each of the eight
chambers within 0.5-h, and soil respiration rate was evaluated
every 0.5-h for every chambers. In 2004 and 2005, the sampling
period and respiration evaluation interval were changed to 150 s
and 1 h, respectively. Since 2006, the CO2 concentration was measured at 1-s intervals for 225 s in each chamber at 1-h intervals, and
the 10-s averages from the last 160 s of these measurements were
stored in the datalogger.
The soil respiration rate (Rs , mol m−2 s−1 ) was calculated as
follows:
Rs =

PV
SR(Tc + 273.15)



∂C
∂t



.

(4)

where V and S are the effective chamber head-space volume
(0.405 m3 ) and the measured soil surface area (0.81 m2 ), respectively; R is the universal gas constant (8.314 J K−1 mol−1 ), and P and
Tc are the initial pressure (1013.25 hPa) and temperature (◦ C) in
the chamber, respectively; and ∂C/∂t is the rate of change of the
CO2 concentration over time (mol mol−1 s−1 ). In this study, air
temperature observed at 2 m in height was used for Tc , instead
of using the air temperature inside the chamber. This treatment
causes <2% overestimation even under a 5 ◦ C difference between
these temperatures. Low-quality Rs was removed by checking the
stationarity of the ∂C/∂t according with the procedure proposed
by Aguilos et al. (2013). Data gap ratio during whole snow-free
period was 27.6 ± 10.4% (average ± standard deviation of all years)
after this procedure and quality-assured data still distributed over
the wide range of temperature. Data gaps caused by system malfunctions or quality checking were ﬁlled using an Arrhenius-type
equation (Lloyd and Taylor, 1994) for each chamber and each year:
Rs = Rref × exp

E

a

R

×

1
1
−
Tref
T

(5)

where Rref is the respiration rate (mol m−2 s−1 ) at the reference
temperature (Tref = 283.15 K); Ea is the apparent temperature sensitivity (or activation energy) (J mol−1 ); and T is the temperature
(K) as an independent variable for respiration (soil temperature at
a depth of 5 cm). The constants Ea and Rref were ﬁxed throughout the year, and were determined using the least squares method
(Table 1). The average (±standard deviation) of standard error
of the estimated coefﬁcients was 0.04 ± 0.04 mol m−2 s−1 (or
1.0 ± 0.3%; the percentages of the error to the coefﬁcients) for
Rref and 1.1 ± 0.4 kJ mol−1 (2.2 ± 3.6%) for Ea , thus showing strong

2.6. Eddy ﬂux calculation

2.7. Quality control, gap ﬁlling for NEE, and ﬂux partitioning
In checking the raw ﬂux data, we followed the quality control program developed by Vickers and Mahrt (1997) and Mano
et al. (2007). We applied instationarity ratio and integral turbulence characteristic tests (Foken and Wichura, 1996) to the 30-min
averaged ﬂux data. To remove the effect of ﬂuxes from outside the
clear-cut, we evaluated the footprint of the observed CO2 ﬂux using
the model developed by Kormann and Meixner (2001). We evaluated the cumulative footprint every 30 min up to a distance of
2 km and up to the boundaries of the cut area (over a distance ranging from 140 to 340 m, depending on the wind direction) from the
observation point in 1-m steps. The ﬂux data were removed if the
ratio of the two cumulative values was <0.7.
u* ﬁltering was applied to the remaining NEE data. As the threshold values for the ﬁltering, we used 0.3 and 0.1 m s−1 for the forest
and clear-cut, respectively; however, during the snow-covered
period after clear-cutting, ﬁltering was not applied (Takagi et al.,
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Table 1
Interannual variation in the respiratory parameters (values are means followed by the SD in parentheses) for ecosystem respiration (RE) and soil respiration (Rs ). Rref is the
respiration rate (mol m−2 s−1 ) at the reference temperature (Tref = 283.15 K). Ea is the apparent temperature sensitivity (kJ mol−1 ).

RE

Rref
Ea

Rs

Rref
Ea

a

2002a

2003a

2004a

2005a

2006

2007

2008

2009

4.22 (0.31)
63.43 (5.07)

3.07 (0.21)
70.40 (5.48)

3.28 (0.30)
35.44 (6.02)

3.20 (0.14)
66.54 (3.11)

2.91 (0.14)
75.40 (3.25)

3.53 (0.20)
68.57 (3.92)

3.48 (0.14)
56.33 (2.84)

2.97 (0.31)
61.81 (7.30)

3.35 (0.18)
40.71 (5.75)

3.70 (0.09)
52.48 (2.43)

3.85 (0.11)
72.22 (2.98)

3.47 (0.15)
71.48 (3.99)

3.99 (0.20)
69.99 (4.53)

3.66 (0.15)
74.32 (4.67)

3.73 (0.06)
80.54 (2.16)

–
–

2010
3.33 (0.27)
50.25 (4.40)
–
–

2011
2.60 (0.21)
76.01 (4.73)
–
–

The values from 2002 to 2005 are from Takagi et al. (2009).

2005a, 2009). Using this quality-control procedure, we rejected
about half of the 30-min NEE values each year.
We have also conducted continuous latent heat ﬂux monitoring using open-path CO2 /H2 O analyzer (LI-7500, Li-Cor) from 2007
(Takagi, 2012). The average and the standard deviation of the
energy balance ratio (ratio of the cumulative sum of half-hourly
(H + lE) to (Rn − G − S)) during each snow-free period of each year
was 0.74 ± 0.03 for the last 5 years from 2007 to 2011. Here, H,
lE, Rn , G and S is the sensible heat ﬂux, latent heat ﬂux, net radiation, soil heat ﬂux, and heat storage ﬂux in the soil surface layer,
respectively. The ratio is not high and suggests the possibility of the
systematic underestimation of the evaluated ﬂuxes, although our
value is close to the mean (0.79 ± 0.01) of previous studies (Wilson
et al., 2002).
We mainly used a lookup table to ﬁll in the gaps in NEE (Falge
et al., 2001). For each year, lookup tables were created every 30 days
during snow-free periods, and another table was prepared for the
snow-covered period. During the snow-free periods, air temperature and PPFD were used as the environmental factors to create
the lookup tables both before and after clear-cutting. During the
snow-covered period, air (forest) or soil (clear-cut) temperatures
and wind speeds were used to create the lookup tables. Some data
gaps (<5% of the set of 30-min data in a year) after applying the
lookup tables were ﬁlled using the mean diurnal variation approach
(Falge et al., 2001), in which missing NEE was replaced by the mean
for that time based on the adjacent 9 days. The few remaining gaps
(<1% of the total) were ﬁlled by means of linear interpolation.
Night-time NEE (PPFD < 1 mol m−2 s−1 ) during the snow-free
period and NEE during the snow-covered period were assumed
to be equivalent to ecosystem respiration (RE) (i.e. gross primary
production (GPP) was assumed to be 0). During the snow-free
period, the 30-min values of night-time NEE were compiled for air
temperature classes (2 ◦ C intervals), and the average NEE for each
temperature class was related to the air temperature using Eq. (5)
for each year. The constants Rref and Ea were ﬁxed throughout a
given snow-free period (Table 1), and daytime RE was estimated
every 30 min using Eq. (5) and air temperature with determined
Rref and Ea . Half-hourly GPP was estimated as RE − NEE. However,
estimated half-hourly GPP or RE sometimes shows unrealistic negative values originated from the random scatter in the NEE during
snow-free period (negative RE) or from the higher NEE than RE during the transition period from snow-covered to snow-free period
and vice versa (negative GPP), although the magnitude was small.
Thus, we set the minimum time resolution for GPP or RE as the
daily sum, and if the daily GPP (or RE) was still negative, the value
was set to zero and the absolute value of the negative value was
added to the daily RE (or GPP). This treatment changed the annual
GPP and RE values only by 1 ± 1% during the 10-year observation,
removing all unrealistic negative daily GPP and RE with no change
in the observed daily NEE value.
Takagi et al. (2009) evaluated the possible errors included in
the estimates of annual NEE, GPP, and RE by comparing with other
gap-ﬁlling and ﬂux partitioning procedures proposed by Reichstein
et al. (2005) and Hirata et al. (2008), and concluded that the error
was about 0.5 Mg C ha−1 for annual NEE, versus about 1 Mg C ha−1

for the annual GPP and RE. If this uncertainty was caused only by
random errors, the n-year total error (SEtotal ) in the carbon ﬂux can
be estimated using Eq. (2) as the square root of the sum of squares
of the errors in each year (SEi ). On the other hand, if the uncertainty
in the annual sums was caused only by systematic errors, the n-year
total error can be evaluated as the sum of the annual errors during
the period. Thus, we express the possible errors in the cumulative
ﬂux at the nth year as the range of the two extreme cases.

2.8. BIOME-BGC model
Change in the carbon balance caused by clear-cutting was simulated using BIOME-BGC model (ver. 4.2: Thornton et al., 2002).
The model has three compartments for carbon and nitrogen: vegetation, litter, and soil. Each compartment is sub-divided into
four-pools based on the differences in their function (e.g. leaf,
stems, coarse roots, and ﬁne roots) and residence time (e.g. active,
intermediate, slow, and passive recycling). GPP is estimated by coupling the Farquhar biochemical model (Farquhar et al., 1980) with
the stomatal conductance model (Jarvis, 1976). RE is calculated as
the sum of autotrophic and heterotrophic respiration (AR and HR,
respectively). The AR and HR are calculated from the carbon and
nitrogen pools and the temperature (for AR and HR) and soil water
condition (for HR only). Further details for the BIOME-BGC model
have been described in previous papers (Kimball et al., 1997a,b;
White et al., 2000; Thornton et al., 2002; Ueyama et al., 2009).
The model was initialized by a spinup run for 1050 years, in
which the dynamic equilibrium of the soil organic matter was
determined by using a constant CO2 concentration of 280 ppm
and the observed daily meteorological data from 1962 to 2011.
From 1962 to 2001, we used daily meteorological data observed
at Wakkanai (52 km far from the study site) or Teshio (35 km) by
Japan Meteorological Agency, and meteorological data observed at
the study site were used from 2002 to 2011. Initial snowpack and
soil water content were set as 500 kg m−2 and 50%, respectively. N
deposition was ﬁxed at 0.001 kg N m−2 yr−1 throughout the spinup
run and the following simulation. We used Deciduous–C3–Woody
species mode and speciﬁed the phenology, and referred parameters proposed by Pietsch et al. (2005) for Quercus robur/petraea
(deciduous) forest, with minor adjustments on the parameters to
reproduce the observed carbon ﬂuxes and storages (Table 2).
The study site experienced severe tree-fall damage by a blizzard
in December 1972. There was no available forest biomass or stand
volume data before the disturbance. However, based on the information on the timbers transferred out from the site (226 m3 ha−1 )
after the disturbance and stand volume (400–500 m3 ha−1 ) of well
developed forest around this region (Takahashi et al., 2006), all the
plant carbon and nitrogen pools were decreased by 50% in 1973 to
simulate the forest disturbance in the model, in accordance with
the harvesting protocols proposed by Thornton et al. (2002). Then
the carbon budget from 1974 to 2002 was simulated using observed
climate (same with the data set for spinup run) and CO2 concentration data, and same parameters set used for the spinup run. From
1974 to 2001, we used CO2 data published by Enting et al. (1994)
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Table 2
Parameters used for the BIOME-BGC model.
Parameter (C = carbon, N = nitrogen)

Originala

Improved for spinup run and
simulation until 2002

Improved for simulation
during 2003–2011

Yearday to start new growth (DOY)
Yearday to end litterfall (DOY)
Transfer growth period as fraction of growing
season
Litterfall as fraction of growing season
Annual leaf and ﬁne root turnover fraction (yr−1 )
Annual live wood turnover fraction (yr−1 )
Annual whole-plant mortality fraction (yr−1 )
Annual ﬁre mortality fraction (yr−1 )
New ﬁne root C:new leaf C (ratio)
New stem C:new leaf C (ratio)
New live wood C:new total wood C (ratio)
New coarse root C:new stem C (ratio)
Current growth proportion (ratio)
C:N of leaves/falling leaf litter/ﬁne roots/live
wood/dead wood (kg C kg N−1 )
Leaf litter labile/cellulose/lignin proportion
Fine root labile/cellulose/lignin proportion
Dead wood cellulose/lignin proportion
Canopy water interception coefﬁcient (LAI−1 d−1 )
Canopy light extinction coefﬁcient
All-sided to projected leaf area ratio
Canopy average speciﬁc leaf area (m2 kg C−1 )
Ratio of shaded SLA:sunlit SLAb
Fraction of leaf N in Rubisco
Maximum stomatal conductance (m s−1 )
Cuticular conductance (m s−1 )
Boundary layer conductance (m s−1 )
PSIc : start of conductance reduction (MPa)
PSIc : complete conductance reduction (MPa)
VPDd : start of conductance reduction (kPa)
VPDd : complete conductance reduction (kPa)

–
–
0.25

80
310
0.3

110
310
0.15

0.3
1.0
0.7
0.005
0.0
1.2
1.32
0.16
0.26
0.5
27.2/64.1/73.5/73.5/451

0.3
1.0
0.7
0.01
0.005
1.6
1.0
0.2
0.26
0.5
27.2/64.1/73.5/73.5/451

0.15
0.85
0.85
0.03
0.0
0.2
2.0
0.7
0.1
0.5
27.2/64.1/73.5/73.5/451

0.20/0.56/0.24
0.34/0.44/0.22
0.75/0.25
0.038
0.54
2.0
34.5
2.0
0.088
0.0024
0.00006
0.005
–0.5
–3.5
0.2
2.55

0.20/0.56/0.24
0.34/0.44/0.22
0.75/0.25
0.038
0.54
2.0
38.5
2.0
0.065
0.0024
0.00006
0.005
–0.5
–3.5
0.6
3.0

0.20/0.56/0.24
0.20/0.56/0.24
0.75/0.25
0.038
0.40
2.0
40.0
2.0
0.14
0.006
0.00006
0.010
–0.5
–3.5
1.5
3.0

a
b
c
d

Values for Quercus robur/petraea forest in Pietsch et al. (2005).
Speciﬁc leaf area.
Leaf and soil water potential.
Vapor pressure deﬁcit.

and Tans and Conway (2005), and observed concentration at the
study site were used for 2002.
In 2003, all the plant carbon and nitrogen pools were decreased
by 80% to apply the clear-cut harvesting in the model. Because the
half of the undergrowth Sasa (6–13 Mg C ha−1 ) was kept intact during harvesting and strip-cutting, although all trees in the study site
(63 Mg C ha−1 for the above-ground biomass) were clear-cut, we
set the affected proportion at 80% instead of 100%. The affected
proportion of the leaf and ﬁne root carbon and nitrogen pools was
sent to the ﬁne litter, and the affected proportion of below ground
live and dead wood carbon and nitrogen pools was sent to the CWD
pools as the protocol (Thornton et al., 2002). However, 40% of carbon (29 of 73 Mg C ha−1 ) and nitrogen (80 of 199 kg N ha−1 ) of the
affected proportion of above ground live and dead wood carbon
and nitrogen pools was sent to 2 litter pools (22 Mg C ha−1 to litter 3
(shielded cellulose) and 7 Mg C ha−1 to litter 4 (Lignin) carbon pools,
and 60 kg N ha−1 to litter 3 and 20 kg N ha−1 to litter 4 nitrogen
pools), although Thornton et al. (2002) assumed that the affected
proportion of aboveground live and dead wood carbon and nitrogen pools are removed from the site, and no longer enter into the
site mass balance. This is because this portion of fallen trees (small
woods and branches) was remained in the study site as residuals.
The carbon budget from 2003 to 2011 after clear-cutting was simulated using observed climate and CO2 concentration data and a
new set of parameters (Table 2) after these translocations of carbon and nitrogen pools. Each parameter was adjusted considering
the speciﬁc features of the clear-cut ecosystem (e.g. large contribution of Sasa dwarf bamboo to the ecosystem carbon and nitrogen
cycles). Sasa behaves like a perennial grass or shrub in the carbon
and nitrogen cycle of the ecosystem, and we simulated the features

by adjusting the parameters for allocation and turnover rate of each
organ, canopy light extinction coefﬁcient, speciﬁc leaf area, N content in Rubisco, and stomatal and boundary layer conductances.
We used “deciduous mode” because larch is a deciduous tree and
whole the evergreen Sasa canopy is under the snowpack in winter.
We set slightly higher value for the whole-plant mortality fraction
considering the Sasa weeding during 2004–2006.
3. Results
3.1. Interannual variation of carbon ﬂuxes under a series of forest
management
The mixed forest was a weak carbon sink (−0.44 Mg C ha−1 yr−1 )
before logging (Takagi et al., 2009). After clear-cutting in 2003,
large net carbon emission occurred due to the large decline in
GPP. The total CO2 emission during the ﬁrst 3 years after the clearcutting (2003–2005) was 12.2 ± (0.9–1.5; possible min–max range
of the error) Mg C ha−1 (Fig. 2 and Table 3). The large emission rate
decreased sharply with increasing GPP. From 2006 to 2009, GPP
and RE showed similar rates compared with previous years and the
total CO2 emission was 2.5 ± (1–2) Mg C ha−1 during the 4 years.
The ecosystem was a net carbon source on an annual basis until
2009. In 2010, the ecosystem regained its status as a net carbon sink
(−0.49 Mg C ha−1 yr−1 ) and the similar NEE (−0.52 Mg C ha−1 yr−1 )
was observed in the following year. The magnitude was similar to
that obtained in 2002 by the mixed forest.
Remarkable increase in NEE was observed shortly after clearcutting (Fig. 2). However, the rate of CO2 release gradually
decreased until 2006, and by the end of 2010, NEE had largely
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Table 3
Interannual variation in net ecosystem CO2 exchange (NEE), gross primary production (GPP), ecosystem respiration (RE), RE in the snow-free period (RE g), soil respiration
(Rs ), and Rs in the snow-free period (Rs g). NEE, GPP, RE, and Rs are annual sums (Mg C ha−1 yr−1 ), and RE g and Rs g are the sums for the snow-free period (Mg C ha−1 per
period). Values are means, with SD in parentheses for the seasonal sum. Rs was evaluated by summing RE during the snow-covered period and Rs g.

NEE
GPP
RE
RE g
Rs g
Rs
a

2002a

2003a

2004a

2005a

2006

2007

2008

2009

2010

2011

−0.44
14.39
13.95
13.01
–
–

5.69
4.81
10.50
10.10
8.52 (2.89)
8.92

4.95
5.40
10.35
9.51
10.47 (2.93)
11.31

1.53
10.14
11.67
10.96
10.62 (3.39)
11.33

1.17
10.28
11.45
10.63
9.81 (3.91)
10.64

0.04
12.25
12.29
11.73
11.05 (4.85)
11.61

1.03
11.16
12.19
11.21
10.35 (3.84)
11.34

0.28
10.35
10.63
9.48
9.48 (3.67)
10.63

−0.49
12.38
11.89
11.07
–
–

−0.52
11.66
11.14
10.53
–
–

Values from 2002 to 2005 are from Takagi et al. (2009).

stabilized due to the combination of a more or less stable ecosystem respiration rate and increasing GPP. GPP, RE, and NEE totaled
64.5 ± (2.6–7; possible min–max range of the error), 79.2 ± (2.6–7),
and 14.7 ± (1.3–3.5) Mg C ha−1 , respectively, during the 7 years
from 2003 to 2009 after the clear-cutting and before the transition
of the forest into a net carbon sink. The total carbon transported out
of the forest as logs by clear-cutting equaled ca. 25 Mg C ha−1 , thus
the carbon loss as CO2 emission during the 7 years (14.7 Mg C ha−1 )
equaled 59% of the carbon loss as logs, and 37% of total carbon loss
(logs plus NEE = 39.7 Mg C ha−1 ) from the ecosystem as a result of
the clear-cutting.
Clear-cutting decreased both GPP and RE at the same air temperature, however the decrease in GPP was larger than RE (Fig. 3).
The increase in GPP was obvious in 2005, 2-year after clear-cutting,
however, GPP was still lower in 2010 at high temperature range
compared with that before clear-cutting. Clear-cutting decreased
RE at higher temperatures, and there was no apparent increasing trend of the reference respiration rate (Rref ) and apparent

Fig. 2. (Top) Interannual variation of gross primary production (GPP), ecosystem
respiration (RE), and net ecosystem CO2 exchange (NEE). Thick and narrow arrows
represent periods of clear-cutting and strip-cutting of Sasa and larch planting,
respectively. (Bottom) Cumulative net ecosystem CO2 exchange (NEE) from 2003
to 2011 and cumulative uncertainties during the net source period (2003–2009).
See Section 2 for the estimation of uncertainties.

temperature sensitivity (Ea ) throughout the following years
(2003–2010) (Table 1).
The soil respiration rate during snow-free periods ranged
between 8.52 and 11.05 Mg C ha−1 from 2003 to 2009, and its

Fig. 3. Relation of (a) daily gross primary production (GPP) and (b) daily ecosystem
respiration (RE) to daily mean air temperature during the snow-free periods from
2002 to 2010, and (c) relationship between the soil temperature at a depth of 5 cm
and soil respiration rate during snow-free periods from 2003 to 2009. Daily GPP and
RE were classiﬁed into 2 ◦ C air temperature classes and soil respiration was classiﬁed
into 1 ◦ C soil temperature classes. Symbols represent the means for each temperature class and vertical bars indicate ±1SD. Table 1 summarizes the parameter values
for RE and soil respiration obtained from the regressions.
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Fig. 4. Carbon balance (a) in the mixed forest before clear-cutting in 2002, and (b) after clear-cutting (from 2003 to 2009). Values in (b) are shown as mean annual rates for
comparison. Gray numbers represent the residuals required to balance the carbon budget. See text for each estimation.

contribution to RE was 84–110%, although there was a large
variance (SD = 28–44%) in the soil respiration rate among chambers (Table 3). The annual rate was estimated by adding the
RE during the snow-covered period, which ranged between 8.92
and 11.61 Mg C ha−1 yr−1 . From 2003 to 2005, the soil respiration
increased every year; however, there was no clear difference in the
temperature sensitivities (Ea ) from 2005 to 2009 (Fig. 3 and Table 1).

the study site in the mixed forest (Takagi et al., 2009), we considered the total biomass increment of Sasa during the study period
to be 16.3 ± 4.8 Mg C ha−1 , which equals the area-weighted average of the biomass increment obtained in the two types of row (i.e.,
[0.5 × 25.7] + [0.25 × 13.8] + [0.25 × 0]).

3.2. Biomass increments

We summarized the carbon budget of the mixed forest (Fig. 4),
including the other carbon ﬂows estimated by Takagi et al. (2009).
The total ecosystem respiration was divided almost evenly into
halves between the aboveground respiration (7.3 Mg C ha−1 yr−1 )
and soil respiration (6.7 Mg C ha−1 yr−1 ). The net carbon absorption
of 0.44 ± 0.5 Mg C ha−1 yr−1 was close to the biomass increment of
the trees (0.75 ± 0.05 Mg C ha−1 yr−1 ). To close the gap between
the two estimates of the carbon budget, we assumed that the
carbon loss from the understory Sasa, litter and the soil totaled
0.31 Mg C ha−1 yr−1 .
Based on the net carbon sources on an annual basis during the 7
years from 2003 to 2009, the net carbon emission after clear-cutting
was 14.7 ± (1.3–3.5) Mg C ha−1 using values of 64.5 ± (2.6–7) and
79.2 ± (2.6–7) Mg C ha−1 for GPP and RE, respectively, despite net
biomass increments of 1.00 ± 0.02 and 16.3 ± 4.8 Mg C ha−1 for the
larch and Sasa, respectively. Accordingly, average annual net carbon
emission, GPP, RE, and net biomass increments of larch and Sasa
were 2.1 ± (0.2–0.5), 9.2 ± (0.4–1), 11.3 ± (0.4–1), 0.14 ± 0.003 and
2.3 ± 0.7 Mg C ha−1 yr−1 , respectively, during the 7 years (Fig. 4).
The net carbon loss to the atmosphere was 14.7 Mg C ha−1 during the 7 years, while the biomass increment of larch and Sasa was
17.3 Mg C ha−1 in total. This means that there had been a carbon
source of ca. 32 Mg C ha−1 or 4.57 Mg C ha−1 yr−1 to balance the
budget, and we attribute this carbon source to the decomposition of
soil and litter carbon, including stumps, branches, twigs, and leaves
left on the ground after clear-cutting. This estimated source value
(32 Mg C ha−1 ) was 83% of the biomass residues from the branches,
twigs, and leaves left on the ground (38.5 Mg C ha−1 ) or 58% of the

The woody biomass of the mixed forest was 79.7 ± 10.5 and
80.5 ± 10.5 Mg C ha−1 in April 2002 and January 2003, respectively, and the annual carbon increment of the trees was therefore
0.75 ± 0.05 Mg C ha−1 yr−1 during 2002. The planted larch, with an
initial biomass of 0.04 Mg C ha−1 , increased at rates of 5.82 ± 2.57
(mean ± SD) mm yr−1 and 40.69 ± 15.17 cm yr−1 for the basal diameter and the tree height, respectively, and as a result of this growth,
the biomass increased to 1.04 ± 0.02 Mg C ha−1 in 2009. Thus, the
biomass increment was 1.00 ± 0.02 Mg C ha−1 during the 7 years
from 2003 to 2009.
Sasa biomass in the gaps (25.7 ± 6.4 Mg C ha−1 ) was more than
double that in the understory (11.9 ± 2.0 Mg C ha−1 ) before clearcutting. The interannual PAI increment shows that PAI doubled
from 2003 to 2009 in rows where Sasa had not been strip-cut
(Fig. 1), thus the biomass increment in those rows during the 7
years was assumed to equal the difference in biomass between the
gap and understory locations (13.8 ± 6.4 Mg C ha−1 ) for the Sasa that
was formerly in the understory of the mixed forest, whereas no
biomass change was assumed for Sasa that was formerly growing
in gaps in the mixed forest. On the other hand, in the strip-cut rows,
Sasa biomass decreased to 0 in 2003, but increased to reach almost
the same PAI as that in the rows that had not been strip-cut by
2009. Thus, we considered the biomass in the gaps (25.7 Mg C ha−1 )
to represent the biomass increment from 2003 to 2009 in the
strip-cut rows. Because the strip-cut and uncut rows each covered half of the study area and the gap ratio was roughly half of

3.3. Carbon balance before and after clear-cutting
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Fig. 5. Decadal variation of modeled and observed monthly carbon ﬂuxes.

biomass residues including the stumps (55.5 Mg C h a−1 ). The net
carbon loss from these sources can be an order of magnitude greater
than the carbon loss from the soil, litter and understory vegetation
prior to clear-cutting (0.31 Mg C ha−1 yr−1 ). The large difference in
the net biomass increment between larch and Sasa implies that the
contribution of larch to GPP is very minor compared with that of
Sasa during this early stage after the clear-cutting.
3.4. Comparison between observed and simulated carbon ﬂuxes
and stocks
Simulated monthly RE tended to be overestimated in winter
and underestimated in summer after clear-cutting, which leads to
the overestimation of simulated NEE in winter (Fig. 5), the large
y-intercept of the regression line between the observed and simulated RE (Fig. 6), and the scattered relationship between simulated
and observed NEE (Fig. 6). However, the simulated carbon storage changes and total ﬂuxes were in good agreement with the
observation during the carbon source period (2003–2009), not only
for those observed at the forest in 2002 (Table 4), although simulated soil respiration (Rs ) was close to the lowest value within
the standard deviation of the observed Rs . This simulation showed
that litter C decomposition (35.6 Mg C ha−1 ) became 65% of Rs , and
more than total soil + litter C decrease (34.1 Mg C ha−1 , here carbon accumulation of 1.5 Mg C ha−1 in the soil) during the carbon
source period. The simulated annual NEE became carbon sink at
8th (in 2010) year after clear-cutting (i.e. the carbon compensation
point was 7 years) and showed similar carbon sink–source–sink
trend with that of the observation throughout the conduct of forest
activities.
The model predicted that this ecosystem will recover all the
emitted CO2 and carbon (CO2 + logs) within 6–7 (year 2015–2016)
and 11–13 (year 2020–2022) years after the ecosystem compensation point in 2009, respectively (Fig. 7). Within 15 years (year
2024) after the compensation point, the total and vegetation carbon will be restored and litter carbon will decrease down to the
state before the clear-cutting. On the other hand, the soil carbon
will keep a constant value throughout that period, and the increase

Fig. 6. Comparison between modeled and observed monthly carbon ﬂuxes. Carbon
ﬂuxes before (in 2002) and after (from 2003 to 2011) clear-cutting are shown by
closed and open circles, respectively. Linear regression equations are obtained by
using all monthly data obtained from 2002 to 2011.

will be less than 1% of soil carbon stock (or 1.5 Mg C ha−1 ) at its
maximum in 2009, 6 years after the clear-cutting.
4. Discussion
4.1. The ecosystem carbon compensation point
The ecosystem carbon compensation point can be deﬁned as the
number of years after a disturbance when the ecosystem became a
carbon sink (or carbon-neutral) again on an annual basis (Kowalski
et al., 2004), and we estimated this value to be 7 years in our
study (Table 5). Two recently published studies (Amiro et al., 2010;
Grant et al., 2010) synthesized the measurements from a range of
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Table 4
Comparison between observed and modeled carbon stocks and ﬂuxes.
Carbon stocks and ﬂuxes

Observation

Model

In 2002
Vegetation carbon (Mg C ha−1 )
Soil carbon (Mg C ha−1 )
Annual maximum projected LAI (m2 m−2 )
NEE (Mg C ha−1 yr−1 )
GPP (Mg C ha−1 yr−1 )
RE (Mg C ha−1 yr−1 )

99 ± 10.5a
159b
7.3c
−0.4 ± 0.5
14.4 ± 1
14.0 ± 1

116
165
7.3
−1.0
14.4
13.3

During 2003–2009
Soil + litter carbon decrease (Mg C ha−1 )
Vegetation carbon increase (Mg C ha−1 )
Cumulative NEE (Mg C ha−1 )
Cumulative GPP (Mg C ha−1 )
Cumulative RE (Mg C ha−1 )
Cumulative Rs (Mg C ha−1 )
Carbon compensation point (yr)

∼32
17.2 ± 5
14.7 ± 3.5
64.5 ± 7
79.2 ± 7
75.8 ± 22.3
7

34.1
16.5
17.6
60.2
77.8
54.8
7

a
b
c

Sum of trees and dwarf bamboos.
Up to 1 m depth.
Sum of PAI of trees and dwarf bamboos.

stands to evaluate the carbon budget for chronosequences of forests
after disturbances. In both syntheses, all ecosystems showed net
carbon losses after the clear-cut, but became carbon sinks again
within 20 years, and most of them became carbon sinks by 10 years
(Table 5). Most of the individual studies involved boreal forests,
and three of the studies were conducted in the same forest in
Saskatchewan, Canada (Howard et al., 2004; Amiro et al., 2006; Zha
et al., 2009). The estimated carbon compensation point ranged from
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7 to 13 years in the Saskatchewan’s cases (Table 5). The transition
into a carbon sink after 3–4 years in a managed plantation (Clark
et al., 2004) was much earlier than in the rest of the studies. This
comparison shows that our compensation point is the shortish case
in the geographical temperature gradient tending to be shorter
compensation point in warmer forest, while cited studies have varieties in the disturbance type [clearcut for Schulze et al. (1999),
Law et al. (2001), Clark et al. (2004), Howard et al. (2004), Kolari
et al. (2004), Freeden et al. (2007) and Zha et al. (2009): ﬁre-burned
for Goulden et al. (2011): and these combination for Amiro et al.
(2006) and Humphreys et al. (2006)], treatment after the disturbance [plantation for Clark et al. (2004), Humphreys et al. (2006)
and Freeden et al. (2007): natural regeneration for other studies
with seed sown or scariﬁcation at some sites], and pre-disturbance
condition [plantation for Clark et al. (2004): pristine or naturally
regenerated forest for other studies].
Cumulative NEE is a vital parameter for evaluating the duration before an ecosystem fully recovers the total CO2 emitted into
the atmosphere after a disturbance. The total payback period for
the emitted CO2 can be estimated as the cumulative NEE during
the period when the forest was a net carbon source divided by the
NEE before the disturbance. At our study site, it would take up to
34 years to recover all the carbon emitted during the net source
period (Table 6). However, the CO2 absorption rate of the mixed
forest was obtained by just 1.5 years observation. BIOME-BGC modeling showed that the average NEE was 0.91 ± 0.43 Mg C ha−1 yr−1
during the last 10 years before the clear-cutting (1993–2002). The
payback period becomes 17 years if we use this average value for

Table 5
Carbon compensation points from different chronosequence studies across a range of forest ecosystems.
Study site

Forest type

Dominant species

Stand ages along the
chronosequence

Carbon compensation
point (stand age)

Source

Boreal forest

Pseudotsuga menziesii

7, 19, 58

10–20

Grant et al. (2010)

Boreal forest
Boreal forest
Various North
American forests

Pinus banksiana
Picea mariana

2, 10, 29, 90
3, 109

10–20
10–20
10–20

Amiro et al. (2010)

P. banksiana
P. mariana
P. menziesii
Abies balsamea
Hardwoods, and Pinus
resinosa
Pinus ponderosa
Pinus elliottii
P. ponderosa
P. ponderosa

2, 10, 29, 90
5, 33, 93
8, 20, 59
3, 4
3, 6, 7, 11, 21, 58, 64,
73, 83
21, 24, 96
9, 15, 35
2
2, 12

Boreal upland forest
Boreal upland forest
Boreal upland forest
Second-growth boreal
forest
Sub-boreal forest

P. banksiana
P. banksiana
P. banksiana
P. menziesii var.
menziesii
Picea
glauca × engelmannii
P. mariana

0, 5, 10, 29, 79
4, 8, 13, 73
2, 10, 29, 90
2, 14, 53

Synthesis studies
British Columbia,
Canada
Saskatchewan, Canada
Quebec, Canada
North America
Saskatchewan
Quebec
Vancouver Island
New Brunswick
Wisconsin
Oregon
Florida
Arizona
California
Individual studies
Saskatchewan, Canada
Saskatchewan, Canada
Saskatchewan, Canada
British Columbia,
Canada
British Columbia,
Canada
Central Manitoba,
Canada
Southern Finland
Central Oregon, USA
Florida, USA
Siberia, Russia
Hokkaido, northern
Japan

Boreal forest
Boreal forest
Cool-temperate forest
Warm-temperate
forest
Boreal forest
Cool-temperate mixed
forest

∼7
13
10
20
8–10

Howard et al. (2004)
Amiro et al. (2006)
Zha et al. (2009)
Humphreys et al.
(2006)
Freeden et al. (2007)

1, 6, 15, 23, 40, 74, 154

11–12

Goulden et al. (2011)

Pinus sylvestris
P. ponderosa
P. elliottii var. elliottii

4, 12, 40, 75
21, 50, 250
0, 10, 24

12
10–20
3–4

Kolari et al. (2004)
Law et al. (2001)
Clark et al. (2004)

P. sylvestris
Quercus crispula, Betula
ermanii, Abies
sachalinensis, Betula
platyphylla var.
japonica, and Picea
jezoensis

7, 13, 67, 200, 215
–

14
7

Schulze et al. (1999)
Present study

5, 6, 8, 10
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Table 6
Estimated total CO2 emission rate during the net source period and the payback period for the ecosystem to recover the CO2 emitted after the disturbance which will
commence once the ecosystem reach the carbon compensation point.
Study site

British Columbia, Canada
EC-deriveda
ECPa at 10 years
ECP at 17 years
Saskatchewan, Canada
Saskatchewan, Canada
Central Manitoba, Canada
Hokkaido, northern Japan
a

NEE prior to disturbance
(Mg C ha−1 yr−1 )

Cumulative NEE after the
disturbance (Mg C ha−1 )

Estimated number of years to
recover the CO2 emitted after
the disturbance

Source

Grant et al. (2010)
−1.95 to −5.52
−0.08 to −0.68
−0.4 to −2.7
−0.07 to −0.58
−0.44 to ∼−2.0

44.0
57.2
7.0
6.9
6.3–6.4
14.7

8–23
10–29
10–88
3–17
11–92
8–34

Zha et al. (2009)
Howard et al. (2004)
Goulden et al. (2011)
Present study

EC, eddy covariance method; ECP, ecosystem carbon compensation point.

the estimation. In addition, the studied forest was approximately
200-year-old, and observed NEE was smaller than those obtained
in other younger forests (∼50 years old) in Hokkaido, northern
Japan, which ranged from 2.1 to 2.6 Mg C ha−1 yr−1 (Nakai et al.,
2003; Shibata et al., 2005; Hirata et al., 2007). Thus, if a value of
2.0 Mg C ha−1 yr−1 is applied to calculate the payback period, the
period could be as short as 8 years, and we used this to represent the
fastest possible payback period. The range (8–34 years) becomes
20–91 years if we include the carbon loss as timber (25 Mg C ha−1 ).
Chronosequence studies of stands with different ages can only
provide annual NEE during a speciﬁed period, and they usually
leave wide gaps in the NEE values until the stand turns into a sink
again. Given this constraint, we only analyzed a few sites (Table 6).
The NEE series within the measurement period in the youngest
stand would become the ﬁrst few years of the chronosequence. The
NEE series of older sites within the chronosequence follow according to their ages in ascending manner. To obtain a complete series
of pre- and post-harvest NEE values until NEE reaches the turning

Fig. 7. Simulated carbon contents and ﬂuxes from 2001 to 2025. Total, vegetation,
litter, and soil carbon contents and GPP, RE, NEE, and soil heterotrophic respiration (Rh ) are shown. Results from 2012 are obtained using the same parameter set
with that used during 2003–2011 in Table 2 and are shown as the average and
the standard deviation (vertical bars) of 10 simulation runs each of which used the
repeated annual variation of micrometeorology observed each year of the 10-year
study period from 2002 to 2011 throughout the simulation, although the errors for
the carbon contents was too small to identify.

point between source and sink, we used linear interpolation to ﬁll
in the gaps. We then computed the cumulative net emission as the
sum of all annual NEE values just after the disturbance and just
before NEE became negative.
Grant et al. (2010) shows measured CO2 ﬂuxes in three postclear-cut chronosequences in British Columbia (BC), Saskatchewan,
and Quebec in Canada, however, only BC sites were analyzed due
to difﬁculty in deriving a cumulative NEE at the other two sites. BC
sites were regarded as those that regenerated after clear-cutting in
2000 (HDF00), 1988 (HDF88), and 1949 (DF49) and they reported a
carbon compensation point of 10–20 years. Data from 2001 to 2007
in HDF00 were assumed to be the NEE for the initial 7 years of the
chronosequence (1989–1995). NEE from 2002 to 2004 in HDF88
(just before NEE became negative in 2005) was retained, leaving
1996–2001 blank. Year 2005 marks the 17th year of the chronosequence thus their assumption of the conversion into sink at this
period. Because they also assumed a shift from source to sink in
the 10th year, we calculated the cumulative NEE up to the 9th year.
The resulting total carbon emission during net source period was
44.0 Mg C ha−1 in the 10th year and 57.2 Mg C ha−1 in the 17th year,
indicating carbon payback periods of 8–23 years and 10–29 years,
respectively (Table 6).
We also estimated the carbon payback period from Zha et al.
(2009) study conducted in one of the three sites (Saskatchewan)
from Grant et al. (2010). It involved four Pinus banksiana stands
representing four critical stages of stand development: harvested
in 2002 (HJP02), 1994 (HJP94), and 1975 (HJP75), and a mature old
forest (OJP) measured from 2004 to 2005, with ages of 2, 10, 29,
and 90 years in 2004, respectively. After gap-ﬁlling to replace the
missing data in the chronosequence, the cumulative NEE reached
7.0 Mg C ha−1 , therefore the total carbon payback period ranged
from 10 to 88 years. Howard et al. (2004) performed a biomass
survey in ﬁve Pinus banksiana stands (0, 5, 10, 29, and 79 years old)
and the transition from source to sink was estimated to occur at
the 7th year. Only the average NEE for each stand was available, but
summing the net emissions until the stand became carbon-neutral
by ﬁlling the gaps between the observations gives a total carbon
emission of 6.9 Mg C ha−1 and a payback period of 3–17 years.
Goulden et al. (2011) combined year-round eddy covariance measurements with biometry and biomass harvests along
a chronosequence of boreal forest stands in central Manitoba,
Canada. The stands were 1, 6, 15, 23, 40, ∼74, and ∼154 years old.
NEE observations at the 6- and 15-year-old stands indicated that
the transition occurred at ages of 11 or 12 years. It appears that it
will take 11–92 years to repay all the emitted CO2 in these stands
(6.3 or 6.4 Mg C ha−1 ).
Based on this comparative analysis, the duration of recovery to
carbon neutrality after a disturbance varies in response to differences in climate, ecosystem type, and the different intensities and
types of disturbance (Goulden et al., 2011). In most of these studies, the fastest possible payback period was roughly equal to the
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time required to reach the carbon compensation point, except for
the study of Howard et al. (2004), which implies that the turning
point to become a carbon sink probably occurs midway through
the payback period. However, the longest estimated possible
payback period shows that most of the sites may still take two or
more decades after once more becoming carbon sinks before they
can recover all the emitted CO2 .
4.2. Uncertainties in the model simulation and observation
The carbon cycle in the mixed forest was well simulated with
minor adjustments on the parameter sets proposed by Pietsch
et al. (2005) for Quercus robur/petraea. After the clear-cutting, we
decreased parameter values on new ﬁne root C to new leaf C allocation, new coarse root C to new stem C allocation, and increased
other parameters for allocation, fraction of leaf N in Rubisco, and
maximum stomatal conductance to simulate the observed carbon
ﬂuxes and storages. Most of the revised parameter values are within
the possible range reported by previous studies (White et al., 2000;
Pietsch et al., 2005), however, the value (0.2) for new ﬁne root C to
new leaf C allocation was close to the minimum end of the possible
range reported for wet grassland (0.199; Lewis Smith and Walton,
1975), wet meadow (0.338; Bliss, 1977), and mixed grass (0.281;
Kumar and Joshi, 1972). Because Sasa, dwarf bamboo, behaves like
a perennial grass or shrub and the clear-cutting increased the soil
water content of the study site (Takagi et al., 2005b), it can be
acceptable to use the similar parameter value with those for wet
grassland ecosystems.
Additionally, high contribution of live wood C to total wood C
(0.7) is rather close to the value for shrub (1.0) than the average
for deciduous trees (0.16) (White et al., 2000), and does not contradict to the characteristic of Sasa, which emerges new culms every
year from the soil, and the average culm age is <5 years (Nishimura
et al., 2004). Because of the difﬁculty in simulating the small and
frequent disturbances during the plant growing period, we simulated the Sasa weeding during 2004–2006 by increasing the whole
plant mortality fraction after clear-cutting. This treatment could be
the main reason for the low sensitivity in the simulated GPP to the
disturbance in 2004 and subsequent recovery during 2005–2007
(Fig. 5).
Modeled monthly RE was overestimated in winter and underestimated in summer after clear-cutting (Figs. 5 and 6), which
is considered to be caused by low temperature sensitivity of the
model. Another mismatch between the model and the observed
was found in the soil respiration rate during the carbon source
period. The observed annual soil respiration rate was almost equal
to RE for the 7 years, as mentioned by Takagi et al. (2009) for the
ﬁrst 3 years after clear-cutting. Although RE may have been systematically underestimated considering the energy balance ratio
(0.74 ± 0.03) obtained in our study site, they explained this large
contribution of soil respiration by showing high root respiration
rate of Sasa species and concluded that the respiration rate from
the aboveground part was likely less than 20–30% of the observed
soil respiration and within the large standard deviation (28–44%,
36% in average of 7 years) of the annual soil respiration rate among
chambers. Decomposition of stumps, branches, twigs, and leaves
left on the ground after clear-cutting of trees or strip-cutting of
Sasa could have been considered as another reason for the high soil
respiration rate. However, the modeled soil respiration rate during the 7 years after clear-cutting (2003–2009) was approx. 70% of
the observed (Table 4), although the model also includes the effect
of respiration from stumps and residuals after clear-cutting. This
implies that the real soil respiration rate may be closer to the lower
end of the large standard deviation in the observed.
The model predicted faster recovery of emitted CO2 (6–7
years) than assumption from observed results (8–34 years), and
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forecasted that the vegetation carbon will be restored within 15
years (year 2024) after the compensation point (Fig. 7). However,
considering the steep increase in the vegetation carbon content,
the predicted recovery process might be overestimated, and our
parameter set used for the clearcut may only be available during the
early stage of the recovering period. If so, we may need further modiﬁcation on the parameter set according with the tree growth and
corresponding suppression of Sasa growth. This would be the limits
when applying one-canopy layer model and must be conﬁrmed by
further continuous ﬂux monitoring.
Involving these shortcomings, BIOME-BGC model simulated
observed carbon ﬂux and stock terms (Table 4), and showed similar carbon sink–source–sink trend with the observation throughout
the forestry activities. This simulation showed that litter C decomposition (35.6 Mg C ha−1 ) became 65% of Rs , and more than total
soil + litter C decrease (34.1 Mg C ha−1 , here carbon accumulation
of 1.5 Mg C ha−1 in the soil) during the carbon source period, and
conﬁrmed that litters including harvest residues were the major
source of the emitted CO2 , as suggested by Noormets et al. (2012),
and that the clear-cutting affected little on the soil carbon stock, as
reported by Johnson (1992).
5. Conclusions
Clear-cutting caused large and long lasting CO2 emission from
the ecosystem and turned the litter including harvest residues
into a large carbon emitter. The net carbon loss from the
litter after the clear-cutting and before the carbon compensation point was an order of magnitude greater than that from
soil + litter + undergrowth in the undisturbed forest on an annual
basis. BIOME-BGC simulated the changes in the carbon ﬂuxes and
the stocks caused by the forest management in our study site,
although further modiﬁcation on the parameter set may be needed
according with the tree growth and corresponding suppression of
Sasa growth. This connotes that a quantitative prediction of the
disturbance effect, which includes the ecosystem carbon compensation point and the total CO2 emission during the carbon source
period after the disturbance, can be made using a mechanistic
model that is useful toward achieving a well-CO2 managed forest
thereby minimizing CO2 increases in the atmosphere.
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