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Abstract 36 

A mixed forest in northern Japan, which had been a weak carbon sink (net ecosystem CO2 37 

exchange [NEE] = –0.44 ± 0.5 Mg C ha
–1

 yr
–1

), was disturbed by clear-cutting in 2003 and was 38 

replaced with a hybrid larch (Larix gmelinii × L. kaempferi) plantation in the same year. To 39 

evaluate the impact of the clear-cutting on the ecosystem’s carbon budget, we used 10.5 years 40 

(2001–2011) of eddy covariance measurements of CO2 fluxes and the biomass observation for 41 

each ecosystem component. BIOME-BGC model was applied to simulate the changes in the 42 

carbon fluxes and stocks caused by the clear-cutting. After clear-cutting in 2003, the ecosystem 43 

abruptly became a large carbon source. The total CO2 emission during the first 3 years after the 44 

disturbance (2003–2005) was 12.2 ± (0.9–1.5; possible min–max range of the error) Mg C ha
–1

, 45 

yet gradually decreased to 2.5 ± (1–2) Mg C ha
–1

 during the next 4 years. By 2010, the 46 

ecosystem had regained its status as a carbon sink (NEE = –0.49 ± 0.5 Mg C ha
–1

 yr
–1

). Total 47 

gross primary production, ecosystem respiration, and NEE during the 7 years after the clear-48 

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

, 49 

respectively. From 2003 to 2009, the understory Sasa biomass increased by 16.3 ± 4.8 Mg C ha
–1

, 50 

whereas the newly planted larch only gained 1.00 ± 0.02 Mg C ha
–1

. The BIOME-BGC 51 

simulated observed carbon fluxes and stocks, although further modification on the parameter set 52 

may be needed according with the tree growth and corresponding suppression of Sasa growth. 53 

Ecosystem carbon budget evaluation and the model simulation suggested that the litter including 54 

harvest residues became a large carbon emitter (~31.9 Mg C ha
–1

) during the same period. Based 55 

on the cumulative NEE during the period when the forest was a net carbon source, we estimate 56 

that the ecosystem will require another 8 to 34 years to fully recover all of the CO2 that was 57 

emitted after the clear-cutting, if off-site carbon storage in forest products is not considered. 58 
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1. Introduction 63 

The anthropogenic land cover change constitutes a source of emissions mainly from the loss of 64 

terrestrial biomass, and Houghton (2003) estimated that ca. one third of the anthropogenic CO2 65 

emissions over the last 150 years is considered to be the direct consequence of land use changes. 66 

Clear-cut harvesting is one of the important type of forest management, and understanding how 67 

this form of logging affects a site’s carbon balance is critical not only for determining 68 

appropriate carbon management scenarios of forests, but also for including such effect into 69 

global carbon cycling  models to obtain better prediction (Pongratz et al., 2009). However, 70 

accurate quantification of wood harvesting effects on the carbon dynamics including harvest 71 

residues and belowground carbon dynamics is still lacking (Howard et al., 2004; Noormets et al., 72 

2012).  73 

Clear-cutting removes the commercial stem wood and leaves residues (foliage, twigs, 74 

branches, stumps, and roots) on the site. It eliminates canopy photosynthesis and affects 75 

autotrophic and heterotrophic respiration both directly and indirectly. As a result, the post-76 

harvest stand is expected to be a net source of carbon for several years after disturbance (Kolari 77 

et al., 2004; Amiro et al., 2006; Humphreys et al., 2006; Zha et al., 2009; Grant et al., 2010; 78 

Goulden et al., 2011; Noormets et al., 2012). The ecosystem carbon compensation point is the 79 

time when stands regain their role as a carbon sink by regenerating after a harvest or a similarly 80 

severe disturbance. It is a critical index to characterize the carbon budget of a managed forest 81 

(Kowalski et al., 2004). For example, it takes a warm template plantation 3 years (Clark et al., 82 

2004) or boreal forests 7–20 years (Bond-Lamberty et al., 2004; Howard et al., 2004; Kolari et 83 

al., 2004; Freeden et al., 2007; Amiro et al., 2010) to recover from carbon source to sink. 84 

Another critical index is the payback period before the forest recaptures as much CO2 as was 85 
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emitted during the recovery period, however quantitative evaluation of these indexes based on 86 

the long-term observation is still a challenge.   87 

Carbon dynamics of forest ecosystems can be investigated by using the eddy covariance 88 

method (Mission et al., 2005; Giasson et al., 2006; Amiro et al., 2010). Previous studies often 89 

use sites of different ages in parallel to infer the status of an ecosystem as a function of the time 90 

since disturbance (Amiro et al., 2010; Goulden et al., 2011). However, it is difficult to judge 91 

whether the sites of different ages are following the same trajectory (Walker et al., 2010). In 92 

addition, estimating the total carbon emission during the period when the forest was a net carbon 93 

source, which is an important factor that determines the magnitude of a disturbance and the 94 

payback period, is difficult when dealing with such chronosequence studies because of the gaps 95 

in the CO2 flux data among the measurements at different stands for several years within the 96 

chronosequence. 97 

To obtain a complete series of pre- and post-harvest NEE data until a disturbed ecosystem 98 

reached its carbon compensation point (i.e., until it once more became a net carbon sink), we 99 

conducted an experimental clear-cutting and plantation establishment study in a cool-temperate 100 

mixed forest in northern Japan. Using the eddy covariance method, we started our measurements 101 

1.5 years prior to clear-cutting and continued for 9 years after harvesting to shed light on several 102 

doubts that are raised by chronosequence studies. In addition, the BIOME-BGC model (Kimball 103 

et al., 1997a, b) was applied to simulate these characteristics and to complement the change in 104 

the carbon stocks in the soil and litter compartments. This model is widely applied to many types 105 

of terrestrial ecosystems and succeeds in simulating the carbon cycles with substantial 106 

information on each parameter values (White et al., 2000; Pietsch et al., 2005). The model has 107 
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been successfully applied in simulating the disturbance effects on the cycles (Thornton et al., 108 

2002).  109 

Our focus was to determine the carbon budget during the dramatic shifts that occur during 110 

the forest transitions from a sink to a source and back again to a sink, total CO2 emission into the 111 

atmosphere during the period when the forest was a net carbon source, and the estimated 112 

payback period before the forest recaptures as much CO2 as was emitted during the recovery 113 

period. The results from the first 5 years (2001 to 2005) of the assessment were reported by 114 

Takagi et al. (2009) and revealed the shift of the ecosystem from a carbon sink to a carbon 115 

source. In the present paper, we added the subsequent 6 years (2006 to 2011) data to document 116 

the transition from a carbon source to a carbon sink and to discuss the ecosystem carbon 117 

compensation caused by clear-cutting. 118 

119 
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2. Methods 120 

2.1. Site description and management 121 

The study site lies on a flat terrace inside the Teshio Experimental Forest of Hokkaido University 122 

(4503'N, 14206'E, 66 m a.s.l.). Its soil, mainly a Gleyic Cambisol, has a surface organic 123 

horizon that is about 10 cm thick. Prior to clear-cutting, the forest was a naturally regenerated 124 

mature forest in the late successional stage and large trees were more than 200-years old (Tsuji et 125 

al., 2006), although a Blizzard caused a severe tree-fall damage in December 1972. The 126 

dominant tree species were Quercus crispula Blume, Betula ermanii Cham., Abies sachalinensis 127 

(F. Schmidt) Mast., and Betula platyphylla var. japonica (Miq.) Hara. Maximum and mean tree 128 

heights were 24 and 20 m, respectively. The forest floor was covered with dense evergreen dwarf 129 

bamboos (Sasa senanensis Rehd. and Sasa kurilensis (Rupr.) Makino et Shibata). The plant area 130 

index (PAI) values for the canopy trees and the Sasa bamboos, measured using an LAI-2000 131 

leaf-area meter (Li-Cor, Lincoln, NE, USA), were 3.2 and 4.1 m
2
 m

–2
, respectively, at this 132 

parameter’s seasonal maximum in 2002 (Fig. 1). From January to March 2003, trees covering an 133 

area of 13.7 ha were clear-cut. The total biomass volume of trees at the site was 2193 m
3
 (Koike 134 

et al., 2001), of which 1203 m
3
 (ca. 25 Mg C ha

–1
) were removed as logs. 135 

Sasa was left intact under the snowpack, but 7 months later, just before the planting of 136 

hybrid larch seedlings (in late October 2003), they were strip-cut into alternating 4-m-wide cut 137 

and uncut rows in the clear-cut area to give space for the planting of ca 30 000 2-year-old hybrid 138 

larch (Larix gmelinii (Rupr.) Kuzen. ver japonica (Maxim. Ex Regel) Pilg. × L. kaempferi 139 

(Lamb.) Carrière) at a density of 2500 ha
–1

 (0.04 Mg C ha
–1

). In the rows where Sasa remained, 140 

Sasa PAI increased steeply from 1 year after clear-cutting until 2007, reaching a peak at 8.0 m
2
 141 

m
–2

 in 2010, which is about double the value in 2002 before clear-cutting. In the rows where 142 
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Sasa was strip-cut, Sasa weeding was conducted from once (2005 and 2006) to three times 143 

(2004) per year between late May and late July to eliminate all Sasa growing between the larch 144 

trees. The Sasa was no longer weeded starting in 2007 because the larch was higher than the 145 

surrounding Sasa, and was able to receive enough solar radiation to grow without interference. 146 

Sasa soon recovered in the strip-cut rows, and in 2008, 2 years after the last weeding, the PAI 147 

was almost the same as that in the surrounding uncut rows, blanketing all gaps between the trees. 148 

On the other hand, the PAI of the larch remained low (1.7 m
2
 m

–2
 in 2010) at its seasonal 149 

maximum, lower than that of Sasa. 150 

 151 

2.2. The eddy covariance system 152 

A closed-path eddy covariance system was established in August 2001 on a 32-m-tall tower in 153 

the mixed forest to evaluate the CO2 fluxes. A sonic anemometer (DA600-3TV, Kaijo, Tokyo, 154 

Japan) and an infrared gas analyzer (IRGA; LI-7000, Li-Cor, Lincoln, NE, USA) were used to 155 

evaluate the fluxes. In addition, another closed-path system comprising the same instruments was 156 

installed at a height of 4.6 m in October 2003 after clear-cutting, and the measurements were 157 

continued until 2011. The height of the instruments was changed to 5.7 m in May 2007. In this 158 

system, the separation distance between the anemometer and the air intake was 5 cm, and the air 159 

was drawn into the system at a flow rate of 10 L min
–1

 through a 1.0-µm filter and into a 15-m 160 

Teflon tube (6 mm in diameter). The IRGA reference cell was fed with CO2 gas of known 161 

concentration (300 µmol mol
–1

) at a flow rate of 10 to 20 mL min
–1

. The CO2 concentration was 162 

calibrated daily using two standard gases between 23:00 and 24:00 h. The data were sampled at a 163 

frequency of 10 Hz with a digitizing data recorder (DRM3, TEAC Corp., Tokyo, Japan, until 164 

October 2003; CR5000, Campbell Scientific, Logan, UT, USA, from October 2003) after low-165 
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pass filtering (with a cut-off frequency of 5 Hz). Takagi et al. (2009) provided a more detailed 166 

description of the system, especially before 2006. 167 

 168 

2.3. Micrometeorological measurements 169 

Meteorological measurements at a height of 32 m included air temperature and relative humidity 170 

(HMP45A, Vaisala, Helsinki, Finland), wind speed and direction (010C and 020C, Met One 171 

Instruments, Grants Pass, OR, USA), and photosynthetic photon-flux density (PPFD; LI-190SZ, 172 

Li-Cor, until May 2007; ML-020P, EKO Instruments Co. Ltd., Tokyo, Japan, from May 2007). 173 

These parameters were also monitored above the Sasa canopy (~2 m above the ground) using the 174 

same type of instruments used at 32 m. Snow depth (SR-50, Campbell Scientific) and 175 

atmospheric pressure (PTB210-C6C5A, Vaisala) were also measured. Rainfall was measured 176 

using a tipping-bucket rain gauge (CYG-52202, RM Young, Traverse City, MI, USA) at a height 177 

of 32 m before clear-cutting and at a height of 3 m after clear-cutting. The soil temperature 178 

profile (at depths of 1, 5, and 10 cm below the soil surface) and the soil water content profile (at 179 

depths of 5 and 10 cm) were measured at five points using platinum resistance thermometers and 180 

time-domain-reflectometry sensors (CS615, Campbell Scientific), respectively. Calibration of 181 

the HMP45A and ML-020P sensors was conducted every year (in May) and the coefficients used 182 

to convert the measured value to the physical value were updated. The meteorological and soil 183 

data were sampled every 5 s, and data were stored as 0.5-h means using three dataloggers (two 184 

CR23Xs and one CR10X, Campbell Scientific) connected to a PC, which downloaded the logged 185 

data automatically. 186 

 187 

2.4. Biomass measurements 188 
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A 50 × 50 m plot was established in 2000 to monitor the change in diameter at breast height 189 

(DBH) of all trees with DBH >6 cm until January 2003 in the mixed forest adjacent to the flux 190 

tower. The number and basal area of the trees in this plot were 155 and 21.8 m
2
 ha

–1
 in April 191 

2000. To evaluate the change in tree DBH during 2002, we used data obtained in April 2002 and 192 

January 2003. The following allometric equation was used to calculate the biomass increments 193 

from the DBH increments of all trees in the plot: 194 

 195 

lnY = (2.250± 0.084) × lnXbreast – (1.427± 0.390)  (1), 196 

 197 

where Xbreast and Y represent DBH (cm) and whole-tree biomass including roots (kg), 198 

respectively. This equation was obtained by Takagi et al. (2010) from destructive sampling of 22 199 

trees (Q. crispula, B. ermanii, and A. sachalinensis) around the study plot, ranging from 3.8 to 55 200 

cm in DBH. Using this equation, we evaluated tree biomass and the possible maximum and 201 

minimum errors within the standard deviation for each tree in the plot, then the error of the total 202 

biomass (SEtotal) was estimated as the square root of the sum of squares of the errors in each tree 203 

(Taylor, 1997) using equation (2), assuming that the uncertainty in each tree biomass evaluation 204 

(SEi) was caused only by random errors. 205 

 



n

i

iSESE
1

2

 total )(  (2) 206 

Prior to clear-cutting, three 2 × 1 m plots were established in 2001 to evaluate the 207 

aboveground biomass of Sasa in shaded positions under the forest canopy and in illuminated 208 

positions below canopy gaps. The dry mass of each plant part (leaves and culms) was weighed 209 

after oven-drying at 80 ºC. A 0.5 × 0.5 m subplot was established in each of the six plots, and the 210 
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rhizome-roots of Sasa, including fine roots, were collected to a depth of 40 cm below the top of 211 

the organic layer, and the biomass was obtained. 212 

Two 50 × 50 m plots were established in 2004 after clear-cutting to monitor the height and 213 

the basal diameter of every larch in the plot. The number of larch was 571 in the first plot and 214 

549 in the second plot in October 2004. We measured the height and basal diameter annually 215 

between late October and early November until 2010. To estimate the biomass increment of the 216 

larch using the basal diameter increment, we conducted destructive sampling of 14 larch, ranging 217 

from 2.7 to 6.8 m in height, in August 2010. The whole-tree biomass including roots (Y; kg) was 218 

related to the basal diameter (Xbasal; cm) using the following allometric equation: 219 

 220 

lnY = (2.197± 0.069) ×  lnXbasal – (2.698± 0.187) (3). 221 

 222 

Error of all-tree biomass was estimated using the same procedure with that for trees before 223 

clear-cutting. Carbon content (g C) was estimated as half of the biomass (g DW) of all trees, 224 

Sasa, and larch. 225 

 226 

2.5. Soil respiration measurements 227 

We measured soil respiration (including both autotrophic and heterotrophic respiration) using a 228 

multichannel automated chamber system (based on the design of Liang et al. 2010) that was 229 

installed during snow-free periods from 2003 to 2009 after clear-cutting. As described by Takagi 230 

et al. (2009), the system included a control unit with an IRGA (LI-840, Li-Cor) and a datalogger 231 

(CR10X, Campbell Scientific), and it was used to monitor eight automated chambers (0.9 × 0.9 × 232 

0.5 m high). In 2003, the CO2 concentration was measured at 1-s intervals for 225 s for each of 233 
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the eight chambers within 0.5-h, and soil respiration rate was evaluated every 0.5-h for every 234 

chambers. In 2004 and 2005, the sampling period and respiration evaluation interval were 235 

changed to 150 s and 1 h, respectively. Since 2006, the CO2 concentration was measured at 1-s 236 

intervals for 225 s in each chamber at 1-h intervals, and the 10-s averages from the last 160 s of 237 

these measurements were stored in the datalogger. 238 

The soil respiration rate (Rs, µmol m
–2

 s
–1

) was calculated as follows: 239 

 240 

 241  (4), 

 242 

where V and S are the effective chamber head-space volume (0.405 m
3
) and the measured soil 243 

surface area (0.81 m
2
), respectively; R is the universal gas constant (8.134 J K

–1
 mol

–1
), and P 244 

and Tc are the initial pressure (1013.25 hPa) and temperature (ºC) in the chamber, respectively; 245 

and ∂C/∂t is the rate of change of the CO2 concentration over time (µmol mol
–1

 s
–1

). In this study, 246 

air temperature observed at 2 m in height was used for Tc, instead of using the air temperature 247 

inside the chamber. This treatment causes < 2% overestimation even under a 5ºC difference 248 

between these temperatures. Low-quality Rs was removed by checking the stationarity of the 249 

∂C/∂t according with the procedure proposed by Aguilos et al. (2013). Data gap ratio during 250 

whole snow-free period was 27.6±10.4% (average ± standard deviation of all years) after this 251 

procedure and quality-assured data still distributed over the wide range of temperature. Data gaps 252 

caused by system malfunctions or quality checking were filled using an Arrhenius-type equation 253 

(Lloyd and Taylor, 1994) for each chamber and each year: 254 

 255 











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 256 

               257  (5) 

 258 

where Rref is the respiration rate (µmol m
–2

 s
–1

) at the reference temperature (Tref =283.15 K); Ea 259 

is the apparent temperature sensitivity (or activation energy) (J mol
–1

); and T is the temperature 260 

(K) as an independent variable for respiration (soil temperature at a depth of 5 cm). The 261 

constants Ea and Rref were fixed throughout the year, and were determined using the least squares 262 

method (Table 1). The average (± standard deviation) of standard error of the estimated 263 

coefficients was 0.04±0.04 µmol m
–2

 s
–1

 (or 1.0±0.3%; the percentages of the error to the 264 

coefficients) for Rref and 1.1±0.4 KJ mol
–1

 (2.2±3.6%) for Ea, thus showing strong temperature 265 

dependence of the soil respiration, and applicability of the regression with fixed coefficient 266 

during each snow-free period. 267 

 268 

2.6. Eddy flux calculation 269 

Following the same procedure used in the previous study at the site (Takagi et al., 2009), we 270 

determined the daily sonic rotation angle for use in the planar fit rotation (Wilczak et al., 2001) 271 

using the 30-min mean wind speed in a 15-day moving window. We determined the fixed value 272 

of the sonic-tube lag time for CO2 monthly by averaging the lag times obtained at 30-min 273 

intervals under turbulent conditions. The range of monthly averages for lag time was 2.9 to 6.3 s 274 

(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 275 

of 4.6 or 5.7 m. Using these angles and lag times, half-hourly CO2 fluxes (Fc, µmol m
–2 

s
–1

) were 276 

calculated. We applied block averaging (30 min) but not detrending to the 10 Hz fluctuation data 277 

when we calculated the covariance to keep low frequency fluctuations (Moncrieff et al., 2004). 278 


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Crosswind speed and water vapor concentration effects on the sensible heat flux were corrected 279 

using the methods of Kaimal and Gaynor (1991) and Hignett (1992), respectively, then we 280 

corrected the effect of air density fluctuations on the flux values (Leuning and King, 1992). 281 

High-frequency losses for the sonic sensor’s span and sensor separation were corrected 282 

using transfer functions related to the sources of signal damping (Moore, 1986), and losses for 283 

tube attenuation were corrected following the method of Kowalski et al. (2003). Co-spectra 284 

between the vertical winds and the scalars (temperature and CO2 concentration) were normalized 285 

by integrating the covariance over the band-pass range (0.003 to 0.01 Hz) and averaged over 286 

periods with a similar wind speed under turbulent conditions. The correction factor (ε) was 287 

determined from the ratio of the integrated, normalized co-spectra, using temperature as a 288 

reference. ε depends on the mean wind speed ( u ) based on the relationship ε = a + b u , where a 289 

and b are regression coefficients that were determined every year or after a change in the system; 290 

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 0.109 291 

to 0.266, respectively, from 2003 to 2011 at heights of 4.6 or 5.7 m. 292 

Before clear-cutting, NEE (µmol m
–2

 s
–1

) was determined as the sum of Fc and Fs, where Fs 293 

is the change in CO2 storage in the air column from the forest floor to the flux measurement 294 

height and was calculated from the observed CO2 profiles measured at four (snow-covered 295 

period) or five (snow-free period) levels with an IRGA (DX6100, RMT Ltd., Moscow, Russia) 296 

(Takagi et al., 2009). After clear-cutting, Fc was used to represent NEE because the nighttime Fc 297 

was stable when the friction velocity (u*) exceeded 0.1 m s
–1

. 298 

 299 

2.7. Quality control, gap filling for NEE, and flux partitioning 300 
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In checking the raw flux data, we followed the quality control program developed by Vickers 301 

and Mahrt (1997) and Mano et al. (2007). We applied instationarity ratio and integral turbulence 302 

characteristic tests (Foken and Wichura, 1996) to the 30-min averaged flux data. To remove the 303 

effect of fluxes from outside the clear-cut, we evaluated the footprint of the observed CO2 flux 304 

using the model developed by Kormann and Meixner (2001). We evaluated the cumulative 305 

footprint every 30 min up to a distance of 2 km and up to the boundaries of the cut area (over a 306 

distance ranging from 140 to 340 m, depending on the wind direction) from the observation point 307 

in 1-m steps. The flux data were removed if the ratio of the two cumulative values was <0.7. 308 

u* filtering was applied to the remaining NEE data. As the threshold values for the filtering, 309 

we used 0.3 and 0.1 m s
–1

 for the forest and clear-cut, respectively; however, during the snow-310 

covered period after clear-cutting, filtering was not applied (Takagi et al., 2005a, 2009). Using 311 

this quality-control procedure, we rejected about half of the 30-min NEE values each year. 312 

We have also conducted continuous latent heat flux monitoring using open-path CO2/H2O 313 

analyzer (LI-7500, Li-Cor) from 2007 (Takagi, 2012). The average and the standard deviation of 314 

the energy balance ratio (ratio of the cumulative sum of half-hourly (H+lE) to (Rn-G-S)) during 315 

each snow-free period of each year was 0.74±0.03 for the last 5 years from 2007 to 2011. Here, 316 

H, lE, Rn, G and S is the sensible heat flux, latent heat flux, net radiation, soil heat flux, and heat 317 

storage flux in the soil surface layer, respectively. The ratio is not high and suggests the 318 

possibility of the systematic underestimation of the evaluated fluxes, although our value is close 319 

to the mean (0.79±0.01) of previous studies (Wilson et al., 2002). 320 

We mainly used a lookup table to fill in the gaps in NEE (Falge et al., 2001). For each year, 321 

lookup tables were created every 30 days during snow-free periods, and another table was 322 

prepared for the snow-covered period. During the snow-free periods, air temperature and PPFD 323 
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were used as the environmental factors to create the lookup tables both before and after clear-324 

cutting. During the snow-covered period, air (forest) or soil (clear-cut) temperatures and wind 325 

speeds were used to create the lookup tables. Some data gaps (<5% of the set of 30-min data in a 326 

year) after applying the lookup tables were filled using the mean diurnal variation approach 327 

(Falge et al., 2001), in which missing NEE was replaced by the mean for that time based on the 328 

adjacent 9 days. The few remaining gaps (<1% of the total) were filled by means of linear 329 

interpolation. 330 

Night-time NEE (PPFD < 1 µmol m
–2 

s
–1

) during the snow-free period and NEE during the 331 

snow-covered period were assumed to be equivalent to ecosystem respiration (RE) (i.e. gross 332 

primary production (GPP) was assumed to be 0). During the snow-free period, the 30-min values 333 

of night-time NEE were compiled for air temperature classes (2C intervals), and the average 334 

NEE for each temperature class was related to the air temperature using equation (5) for each 335 

year. The constants Rref and Ea were fixed throughout a given snow-free period (Table 1), and 336 

daytime RE was estimated every 30 min using the equation (5) and air temperature with 337 

determined Rref and Ea. Half-hourly GPP was estimated as RE – NEE. However, estimated half-338 

hourly GPP or RE sometimes shows unrealistic negative values originated from the random 339 

scatter in the NEE during snow-free period (negative RE) or from the higher NEE than RE 340 

during the transition period from snow-covered to snow-free period and vice versa (negative 341 

GPP), although the magnitude was small. Thus, we set the minimum time resolution for GPP or 342 

RE as the daily sum, and if the daily GPP (or RE) was still negative, the value was set to zero 343 

and the absolute value of the negative value was added to the daily RE (or GPP). This treatment 344 

changed the annual GPP and RE values only by 1±1% during the 10-year observation, removing 345 

all unrealistic negative daily GPP and RE with no change in the observed daily NEE value.  346 
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Takagi et al. (2009) evaluated the possible errors included in the estimates of annual NEE, 347 

GPP, and RE by comparing with other gap-filling and flux partitioning procedures proposed by 348 

Reichstein et al. (2005) and Hirata et al. (2008), and concluded that the error was about 0.5 Mg C 349 

ha
–1

 for annual NEE, versus about 1 Mg C ha
–1

 for the annual GPP and RE. If this uncertainty 350 

was caused only by random errors, the n-year total error (SE total) in the carbon flux can be 351 

estimated using equation (2) as the square root of the sum of squares of the errors in each year 352 

(SEi) . On the other hand, if the uncertainty in the annual sums was caused only by systematic 353 

errors, the n-year total error can be evaluated as the sum of the annual errors during the period. 354 

Thus, we express the possible errors in the cumulative flux at the n th year as the range of the 355 

two extreme cases. 356 

 357 

2.8. BIOME-BGC model 358 

Change in the carbon balance caused by clear-cutting was simulated using BIOME-BGC model 359 

(ver. 4.2: Thornton et al., 2002). The model has three compartments for carbon and nitrogen: 360 

vegetation, litter, and soil. Each compartment is sub-divided into four-pools based on the 361 

differences in their function (e.g. leaf, stems, coarse roots, and fine roots) and residence time (e.g. 362 

active, intermediate, slow, and passive recycling). GPP is estimated by coupling the Farquhar 363 

biochemical model (Farquhar et al., 1980) with the stomatal conductance model (Jarvis, 1976). 364 

RE is calculated as the sum of autotrophic and heterotrophic respiration (AR and HR, 365 

respectively). The AR and HR are calculated from the carbon and nitrogen pools and the 366 

temperature (for AR and HR) and soil water condition (for HR only). Further details for the 367 

BIOME-BGC model have been described in previous papers (Kimball et al., 1997a, b; White et 368 

al., 2000; Thornton et al., 2002; Ueyama et al., 2009). 369 
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The model was initialized by a spinup run for 1050 years, in which the dynamic equilibrium 370 

of the soil organic matter was determined by using a constant CO2 concentration of 280 ppm and 371 

the observed daily meteorological data from 1962 to 2011. From 1962 to 2001, we used daily 372 

meteorological data observed at Wakkanai (52 km far from the study site) or Teshio (35 km) by 373 

Japan Meteorological Agency, and meteorological data observed at the study site were used from 374 

2002 to 2011. Initial snowpack and soil water content were set as 500 kg m
–2

 and 50%, 375 

respectively. N deposition was fixed at 0.001 kgN m
–2

 year
–1

 throughout the spinup run and the 376 

following simulation. We used Deciduous–C3–Woody species mode and specified the 377 

phenology, and referred parameters proposed by Pietsch et al. (2005) for Quercus robur/petraea 378 

(deciduous) forest, with minor adjustments on the parameters to reproduce the observed carbon 379 

fluxes and storages (Table 2). 380 

The study site experienced severe tree-fall damage by a Blizzard in December 1972. There 381 

was no available forest biomass or stand volume data before the disturbance. However based on 382 

the information on the timbers transferred out from the site (226 m
3
 ha

–1
) after the disturbance 383 

and stand volume (400–500 m
3
 ha

–1
) of well developed forest around this region (Takahashi et 384 

al., 2006), all the plant carbon and nitrogen pools were decreased by 50% in 1973 to simulate the 385 

forest disturbance in the model, in accordance with the harvesting protocols proposed by 386 

Thornton et al. (2002). Then the carbon budget from 1974 to 2002 was simulated using observed 387 

climate (same with the data set for spinup run) and CO2 concentration data, and same parameters 388 

set used for the spinup run. From 1974 to 2001, we used CO2 data published by Enting et al. 389 

(1994) and Tans and Conway (2005), and observed concentration at the study site were used for 390 

2002. 391 
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In 2003, all the plant carbon and nitrogen pools were decreased by 80% to apply the clearcut 392 

harvesting in the model. Because the half of the undergrowth Sasa (6–13 Mg C ha
–1

) was kept 393 

intact during harvesting and strip-cutting, although all trees in the study site (63 Mg C ha
–1

 for 394 

the above-ground biomass) were clear-cut, we set the affected proportion at 80% instead of 395 

100%. The affected proportion of the leaf and fine root carbon and nitrogen pools was sent to the 396 

fine litter, and the affected proportion of below ground live and dead wood carbon and nitrogen 397 

pools was sent to the CWD pools as the protocol (Thornton et al., 2002). However, 40% of 398 

carbon (29 of 73 Mg C  ha
–1

) and nitrogen (80 of 199 kgN ha
–1

) of the affected proportion of 399 

above ground live and dead wood carbon and nitrogen pools was sent to 2 litter pools  (22 Mg C  400 

ha
–1 

to litter 3 (shielded cellulose) and 7 Mg C  ha
–1 

to litter 4 (Lignin) carbon pools, and  60 kgN 401 

ha
–1

 to litter 3 and 20 kgN ha
–1

 to litter 4 nitrogen pools), although Thornton et al. (2002) 402 

assumed that the affected proportion of aboveground live and dead wood carbon and nitrogen 403 

pools are removed from the site, and no longer enter into the site mass balance. This is because 404 

this portion of fallen trees (small woods and branches) was remained in the study site as residuals. 405 

The carbon budget from 2003 to 2011 after clear-cutting was simulated using observed climate 406 

and CO2 concentration data and a new set of parameters (Table 2) after these translocations of 407 

carbon and nitrogen pools. Each parameter was adjusted considering the specific features of the 408 

clearcut ecosystem (e.g. large contribution of Sasa dwarf bamboo to the ecosystem carbon and 409 

nitrogen cycles). Sasa behaves like a perennial grass or shrub in the carbon and nitrogen cycle of 410 

the ecosystem, and we simulated the features by adjusting the parameters for allocation and 411 

turnover rate of each organ, canopy light extinction coefficient, specific leaf area, N content in 412 

Rubisco, and stomatal and boundary layer conductances. We used “deciduous mode” because 413 

larch is a deciduous tree and whole the evergreen Sasa canopy is under the snowpack in winter. 414 
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We set slightly higher value for the whole-plant mortality fraction considering the Sasa weeding 415 

during 2004 to 2006. 416 

417 
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3.  Results 418 

3.1. Interannual variation of carbon fluxes under a series of forest management 419 

 The mixed forest was a weak carbon sink (–0.44 Mg C ha
–1

 yr
–1

) before logging (Takagi et al., 420 

2009). After clear-cutting in 2003, large net carbon emission occurred due to the large decline in 421 

GPP. The total CO2 emission during the first 3 years after the clear-cutting (2003–2005) was 422 

12.2± (0.9–1.5; possible min–max range of the error) Mg C ha
–1

 (Fig. 2 and Table 3). The large 423 

emission rate decreased sharply with increasing GPP. From 2006 to 2009, GPP and RE showed 424 

similar rates compared with previous years and the total CO2 emission was 2.5± (1–2) Mg C ha
–1

 425 

during the 4 years.  The ecosystem was a net carbon source on an annual basis until 2009. In 426 

2010, the ecosystem regained its status as a net carbon sink (–0.49 Mg C ha
–1

 yr
–1

) and the 427 

similar NEE (–0.52 Mg C ha
–1

 yr
–1

) was observed in the following year. The magnitude was 428 

similar to that obtained in 2002 by the mixed forest. 429 

Remarkable increase in NEE was observed shortly after clear-cutting (Fig. 2). However, the 430 

rate of CO2 release gradually decreased until 2006, and by the end of 2010, NEE had largely 431 

stabilized due to the combination of a more or less stable ecosystem respiration rate and 432 

increasing GPP. GPP, RE, and NEE totaled 64.5± (2.6–7; possible min–max range of the error), 433 

79.2± (2.6–7), and 14.7± (1.3–3.5) Mg C ha
–1

, respectively, during the 7 years from 2003 to 434 

2009 after the clear-cutting and before the transition of the forest into a net carbon sink. The total 435 

carbon transported out of the forest as logs by clear-cutting equaled ca. 25 Mg C ha
–1

, thus the 436 

carbon loss as CO2 emission during the 7 years (14.7 Mg C ha
–1

) equaled 59 % of the carbon loss 437 

as logs, and 37% of total carbon loss (logs plus NEE = 39.7 Mg C ha
–1

) from the ecosystem as a 438 

result of the clear-cutting.  439 
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Clear-cutting decreased both GPP and RE at the same air temperature, however the decrease 440 

in GPP was larger than RE (Fig. 3). The increase in GPP was obvious in 2005, 2-year after clear-441 

cutting, however GPP was still lower in 2010 at high temperature range compared with that 442 

before clear-cutting. Clear-cutting decreased RE at higher temperatures, and there was no 443 

apparent increasing trend of the reference respiration rate (Rref) and apparent temperature 444 

sensitivity (Ea) throughout the following years (2003–2010) (Table 1).  445 

The soil respiration rate during snow-free periods ranged between 8.52 and 11.05 Mg C ha
–1

 446 

from 2003 to 2009, and its contribution to RE was 84 to 110%, although there was a large 447 

variance (SD = 28 to 44%) in the soil respiration rate among chambers (Table 3). The annual rate 448 

was estimated by adding the RE during the snow-covered period, which ranged between 8.92 449 

and 11.61 Mg C ha
–1

 yr
–1

. From 2003 to 2005, the soil respiration increased every year; however, 450 

there was no clear difference in the temperature sensitivities (Ea) from 2005 to 2009 (Fig. 3 and 451 

Table 1). 452 

 453 

3.2. Biomass increments 454 

The woody biomass of the mixed forest was 79.7±10.5  and 80.5±10.5 Mg C ha
–1

 in April 2002 455 

and January 2003, respectively, and the annual carbon increment of the trees was therefore 456 

0.75±0.05 Mg C ha
–1

 yr
–1

 during 2002. The planted larch, with an initial biomass of 0.04 Mg C 457 

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 458 

diameter and the tree height, respectively, and as a result of this growth, the biomass increased to 459 

1.04 ±0.02  Mg C ha
–1

 in 2009. Thus, the biomass increment was 1.00 ±0.02  Mg C ha
–1

 during 460 

the 7 years from 2003 to 2009. 461 
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Sasa biomass in the gaps (25.7±6.4 Mg C ha
–1

) was more than double that in the understory 462 

(11.9±2.0 Mg C ha
–1

) before clear-cutting. The interannual PAI increment shows that PAI 463 

doubled from 2003 to 2009 in rows where Sasa had not been strip-cut (Fig. 1), thus the biomass 464 

increment in those rows during the 7 years was assumed to equal the difference in biomass 465 

between the gap and understory locations (13.8±6.4 Mg C ha
–1

) for the Sasa that was formerly in 466 

the understory of the mixed forest, whereas no biomass change was assumed for Sasa that was 467 

formerly growing in gaps in the mixed forest. On the other hand, in the strip-cut rows, Sasa 468 

biomass decreased to 0 in 2003, but increased to reach almost the same PAI as that in the rows 469 

that had not been strip-cut by 2009. Thus, we considered the biomass in the gaps (25.7 Mg C ha
–

470 

1
) to represent the biomass increment from 2003 to 2009 in the strip-cut rows. Because the strip-471 

cut and uncut rows each covered half of the study area and the gap ratio was roughly half of the 472 

study site in the mixed forest (Takagi et al., 2009), we considered the total biomass increment of 473 

Sasa during the study period to be 16.3±4.8 Mg C ha
–1

, which equals the area-weighted average 474 

of the biomass increment obtained in the two types of row (i.e., [0.5×25.7] + [0.25×13.8] + 475 

[0.25×0]). 476 

 477 

3.3. Carbon balance before and after clear-cutting 478 

We summarized the carbon budget of the mixed forest (Fig. 4), including the other carbon flows 479 

estimated by Takagi et al. (2009). The total ecosystem respiration was divided almost evenly into 480 

halves between the aboveground respiration (7.3 Mg C ha
–1

 yr
–1

) and soil respiration (6.7 Mg C 481 

ha
–1

 yr
–1

). The net carbon absorption of 0.44±0.5 Mg C ha
–1

 yr
–1

 was close to the biomass 482 

increment of the trees (0.75±0.05 Mg C ha
–1

 yr
–1

). To close the gap between the two estimates of 483 
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the carbon budget, we assumed that the carbon loss from the understory Sasa, litter and the soil 484 

totaled 0.31 Mg C ha
–1

 yr
–1

. 485 

Based on the net carbon sources on an annual basis during the 7 years from 2003 to 2009, 486 

the net carbon emission after clear-cutting was 14.7± (1.3–3.5) Mg C ha
–1

 using values of 64.5± 487 

(2.6–7) and 79.2± (2.6–7) Mg C ha
–1

 for GPP and RE, respectively, despite net biomass 488 

increments of 1.00 ±0.02  and 16.3±4.8 Mg C ha
–1

 for the larch and Sasa, respectively. 489 

Accordingly, average annual net carbon emission, GPP, RE, and net biomass increments of larch 490 

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 ± 0.7Mg C ha
–1

 491 

yr
–1

, respectively, during the 7 years (Fig. 4). 492 

The net carbon loss to the atmosphere was 14.7 Mg C ha
–1

 during the 7 years, while the 493 

biomass increment of larch and Sasa was 17.3 Mg C ha
–1

 in total. This means that there had been 494 

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 495 

attribute this carbon source to the decomposition of soil and litter carbon, including stumps, 496 

branches, twigs, and leaves left on the ground after clear-cutting. This estimated source value (32 497 

Mg C ha
–1

) was 83% of the biomass residues from the branches, twigs, and leaves left on the 498 

ground (38.5 Mg C ha
–1

) or 58% of the biomass residues including the stumps (55.5 Mg C h a
–1

). 499 

The net carbon loss from these sources can be an order of magnitude greater than the carbon loss 500 

from the soil, litter and understory vegetation prior to clear-cutting (0.31 Mg C ha
–1

 yr
–1

). The 501 

large difference in the net biomass increment between larch and Sasa implies that the 502 

contribution of larch to GPP is very minor compared with that of Sasa during this early stage 503 

after the clear-cutting. 504 

 505 

3.4. Comparison between observed and simulated carbon fluxes and stocks 506 
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Simulated monthly RE tended to be overestimated in winter and underestimated in summer after 507 

clear-cutting, which leads to the overestimation of simulated NEE in winter (Fig. 5), the large y-508 

intercept of the regression line between the observed and simulated RE (Fig. 6), and the scattered 509 

relationship between simulated and observed NEE (Fig. 6). However, the simulated carbon 510 

storage changes and total fluxes were in good agreement with the observation during the carbon 511 

source period (2003–2009), not only for those observed at the forest in 2002 (Table 4), although 512 

simulated soil respiration (Rs) was close to the lowest value within the standard deviation of the 513 

observed Rs. This simulation showed that litter C decomposition (35.6 Mg C ha–1) became 65% of 514 

Rs, and more than total soil+litter C decrease (34.1 Mg C ha–1, here carbon accumulation of 1.5 515 

Mg C ha
–1

 in the soil) during the carbon source period. The simulated annual NEE became 516 

carbon sink at 8th (in 2010) year after clear-cutting (i.e. the carbon compensation point was 7 517 

years) and showed similar carbon sink-source-sink trend with that of the observation throughout 518 

the conduct of forest activities.  519 

The model predicted that this ecosystem will recover all the emitted CO2 and carbon 520 

(CO2+logs) within 6–7 (year 2015–2016) and 11–13 (year 2020–2022) years after the ecosystem 521 

compensation point in 2009, respectively (Fig. 7). Within 15 years (year 2024) after the 522 

compensation point, the total and vegetation carbon will be restored and litter carbon will 523 

decrease down to the state before the clear-cutting. On the other hand, the soil carbon will keep a 524 

constant value throughout that period, and the increase will be less than 1% of soil carbon stock 525 

(or 1.5 Mg C ha
–1

) at its maximum in 2009, 6 years after the clear-cutting. 526 

527 
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4. Discussion 528 

4.1. The ecosystem carbon compensation point 529 

The ecosystem carbon compensation point can be defined as the number of years after a 530 

disturbance when the ecosystem became a carbon sink (or carbon-neutral) again on an annual 531 

basis (Kowalski et al., 2004), and we estimated this value to be 7 years in our study (Table 5). 532 

Two recently published studies (Amiro et al., 2010; Grant et al., 2010) synthesized the 533 

measurements from a range of stands to evaluate the carbon budget for chronosequences of 534 

forests after disturbances. In both syntheses, all ecosystems showed net carbon losses after the 535 

clear-cut, but became carbon sinks again within 20 years, and most of them became carbon sinks 536 

by 10 years (Table 5). Most of the individual studies involved boreal forests, and three of the 537 

studies were conducted in the same forest in Saskatchewan, Canada (Howard et al., 2004; Amiro 538 

et al., 2006; Zha et al., 2009). The estimated carbon compensation point ranged from 7 to 13 539 

years in the Saskatchewan’s cases (Table 5). The transition into a carbon sink after 3 to 4 years 540 

in a managed plantation (Clark et al., 2004) was much earlier than in the rest of the studies. This 541 

comparison shows that our compensation point is the shortish case in the geographical 542 

temperature gradient tending to be shorter compensation point in warmer forest, while cited 543 

studies have varieties in the disturbance type [clearcut for Schulze et al. (1999), Law et al. (2001), 544 

Clark et al. (2004), Howard et al. (2004), Kolari et al. (2004), Freeden et al. (2007) and Zha et al. 545 

(2009): fire-burned for Goulden et al. (2011): and these combination for Amiro et al. (2006) and 546 

Humphreys et al. (2006)], treatment after the disturbance [plantation for Clark et al. (2004), 547 

Humphreys et al. (2006) and Freeden et al. (2007): natural regeneration for other studies with 548 

seed sown or scarification at some sites], and pre-disturbance condition [plantation for Clark et al. 549 

(2004): pristine or naturally regenerated forest for other studies]. 550 
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Cumulative NEE is a vital parameter for evaluating the duration before an ecosystem fully 551 

recovers the total CO2 emitted into the atmosphere after a disturbance. The total payback period 552 

for the emitted CO2 can be estimated as the cumulative NEE during the period when the forest 553 

was a net carbon source divided by the NEE before the disturbance. At our study site, it would 554 

take up to 34 years to recover all the carbon emitted during the net source period (Table 6). 555 

However, the CO2 absorption rate of the mixed forest was obtained by just 1.5 years observation. 556 

Biome-BGC modeling showed that the average NEE was 0.91±0.43 Mg C ha
–1

 yr
–1

 during the 557 

last 10 years before the clear-cutting (1993–2002). The payback period becomes 17 years if we 558 

use this average value for the estimation. In addition, the studied forest was approximately 200-559 

year-old, and observed NEE was smaller than those obtained in other younger forests (~50 years 560 

old) in Hokkaido, northern Japan, which ranged from 2.1 to 2.6 Mg C ha
–1

 yr
–1

 (Nakai et al., 561 

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 562 

calculate the payback period, the period could be as short as 8 years, and we used this to 563 

represent the fastest possible payback period. The range (8–34 years) becomes 20–91 years if we 564 

include the carbon loss as timber (25 Mg C ha
–1

). 565 

Chronosequence studies of stands with different ages can only provide annual NEE during a 566 

specified period, and they usually leave wide gaps in the NEE values until the stand turns into a 567 

sink again. Given this constraint, we only analyzed a few sites (Table 6). The NEE series within 568 

the measurement period in the youngest stand would become the first few years of the 569 

chronosequence. The NEE series of older sites within the chronosequence follow according to 570 

their ages in ascending manner. To obtain a complete series of pre- and post-harvest NEE values 571 

until NEE reaches the turning point between source and sink, we used linear interpolation to fill 572 
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in the gaps. We then computed the cumulative net emission as the sum of all annual NEE values 573 

just after the disturbance and just before NEE became negative. 574 

Grant et al. (2010) shows measured CO2 fluxes in three post-clear-cut chronosequences in 575 

British Columbia (BC), Saskatchewan, and Quebec in Canada, however only BC sites were 576 

analyzed due to difficulty in deriving a cumulative NEE at the other two sites. BC sites were 577 

regarded as those that regenerated after clear-cutting in 2000 (HDF00), 1988 (HDF88), and 1949 578 

(DF49) and they reported a carbon compensation point of 10 to 20 years. Data from 2001 to 579 

2007 in HDF00 were assumed to be the NEE for the initial 7 years of the chronosequence (1989 580 

to 1995). NEE from 2002 to 2004 in HDF88 (just before NEE became negative in 2005) was 581 

retained, leaving 1996 to 2001 blank. Year 2005 marks the 17th year of the chronosequence thus 582 

their assumption of the conversion into sink at this period. Because they also assumed a shift 583 

from source to sink in the 10th year, we calculated the cumulative NEE up to the 9th year. The 584 

resulting total carbon emission during net source period was 44.0 Mg C ha
–1

 in the 10th year and 585 

57.2 Mg C ha
–1

 in the 17th year, indicating carbon payback periods of 8 to 23 years and 10 to 29 586 

years, respectively (Table 6).  587 

We also estimated the carbon payback period from Zha et al. (2009) study conducted in one 588 

of the three sites (Saskatchewan) from Grant et al. (2010). It involved four Pinus banksiana 589 

stands representing four critical stages of stand development: harvested in 2002 (HJP02), 1994 590 

(HJP94), and 1975 (HJP75), and a mature old forest (OJP) measured from 2004 to 2005, with 591 

ages of 2, 10, 29, and 90 years in 2004, respectively. After gap-filling to replace the missing data 592 

in the chronosequence, the cumulative NEE reached 7.0 Mg C ha
–1

, therefore the total carbon 593 

payback period ranged from 10 to 88 years. Howard et al. (2004) performed a biomass survey in 594 

five jack pine stands (0, 5, 10, 29, and 79 years old) and the transition from source to sink was 595 
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estimated to occur at the 7th year. Only the average NEE for each stand was available, but 596 

summing the net emissions until the stand became carbon-neutral by filling the gaps between the 597 

observations gives a total carbon emission of 6.9 Mg C ha
–1

 and a payback period of 3 to 17 598 

years. 599 

Goulden et al. (2011) combined year-round eddy covariance measurements with biometry 600 

and biomass harvests along a chronosequence of boreal forest stands in central Manitoba, 601 

Canada. The stands were 1, 6, 15, 23, 40, ~74, and ~154 years old. NEE observations at the  6- 602 

and 15-year-old stands indicated that the transition occurred at ages of 11 or 12 years. It appears 603 

that it will take 11 to 92 years to repay all the emitted CO2 in these stands (6.3 or 6.4 Mg C ha
–1

). 604 

Based on this comparative analysis, the duration of recovery to carbon neutrality after a 605 

disturbance varies in response to differences in climate, ecosystem type, and the different 606 

intensities and types of disturbance (Goulden et al., 2011). In most of these studies, the fastest 607 

possible payback period was roughly equal to the time required to reach the carbon 608 

compensation point, except for the study of Howard et al. (2004), which implies that the turning 609 

point to become a carbon sink probably occurs midway through the payback period. However, 610 

the longest estimated possible payback period shows that most of the sites may still take two or 611 

more decades after once more becoming carbon sinks before they can recover all the emitted 612 

CO2. 613 

 614 

4.2 Uncertainties in the model simulation and observation 615 

The carbon cycle in the mixed forest was well simulated with minor adjustments on the 616 

parameter sets proposed by Pietsch et al. (2005) for Quercus robur/petraea. After the clear-617 

cutting, we decreased parameter values on new fine root C to new leaf C allocation, new coarse 618 
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root C to new stem C allocation, and increased other parameters for allocation, fraction of leaf N 619 

in Rubisco, and maximum stomatal conductance to simulate the observed carbon fluxes and 620 

storages. Most of the revised parameter values are within the possible range reported by previous 621 

studies (White et al., 2000; Pietsch et al., 2005), however, the value (0.2) for new fine root C to 622 

new leaf C allocation was close to the minimum end of the possible range reported for wet 623 

grassland (0.199; Lewis Smith and Walton, 1975), wet meadow (0.338; Bliss, 1977), and mixed 624 

grass (0.281; Kumar and Joshi, 1972). Because Sasa, dwarf bamboo, behaves like a perennial 625 

grass or shrub and the clear-cutting increased the soil water content of the study site (Takagi et 626 

al., 2005b), it can be acceptable to use the similar parameter value with those for wet grassland 627 

ecosystems.  628 

Additionally, high contribution of live wood C to total wood C (0.7) is rather close to the 629 

value for shrub (1.0) than the average for deciduous trees (0.16) (White et al., 2000), and does 630 

not contradict to the characteristic of Sasa, which emerges new culms every year from the soil, 631 

and the average culm age is < 5 years (Nishimura et al., 2004). Because of the difficulty in 632 

simulating the small and frequent disturbances during the plant growing period, we simulated the 633 

Sasa weeding during 2004–2006 by increasing the whole plant mortality fraction after clear-634 

cutting. This treatment could be the main reason for the low sensitivity in the simulated GPP to 635 

the disturbance in 2004 and subsequent recovery during 2005–2007 (Fig.5). 636 

Modeled monthly RE was overestimated in winter and underestimated in summer after 637 

clear-cutting (Figs 5 and 6), which is considered to be caused by low temperature sensitivity of 638 

the model. Another mismatch between the model and the observed was found in the soil 639 

respiration rate during the carbon source period. The observed annual soil respiration rate was 640 
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almost equal to RE for the 7 years, as mentioned by Takagi et al. (2009) for the first 3 years after 641 

clear-cutting. Although RE may have been systematically underestimated considering the energy 642 

balance ratio (0.74±0.03) obtained in our study site, they explained this large contribution of soil 643 

respiration by showing high root respiration rate of Sasa species and concluded that the 644 

respiration rate from the aboveground part was likely less than 20–30% of the observed soil 645 

respiration and within the large standard deviation (28–44%, 36% in average of 7 years) of the 646 

annual soil respiration rate among chambers. Decomposition of stumps, branches, twigs, and 647 

leaves left on the ground after clear-cutting of trees or strip-cutting of Sasa could have been 648 

considered as another reason for the high soil respiration rate. However, the modeled soil 649 

respiration rate during the 7 years after clear-cutting (2003–2009) was approx. 70% of the 650 

observed (Table 4), although the model also includes the effect of respiration from stumps and 651 

residuals after clear-cutting. This implies that the real soil respiration rate may be closer to the 652 

lower end of the large standard deviation in the observed. 653 

The model predicted faster recovery of emitted CO2 (6–7 years) than assumption from 654 

observed results (8–34 years), and forecasted that the vegetation carbon will be restored within 655 

15 years (year 2024) after the compensation point (Fig. 7). However, considering the steep 656 

increase in the vegetation carbon content, the predicted recovery process might be overestimated, 657 

and our parameter set used for the clearcut may only be available during the early stage of the 658 

recovering period. If so, we may need further modification on the parameter set according with 659 

the tree growth and corresponding suppression of Sasa growth. This would be the limits when 660 

applying one-canopy layer model and must be confirmed by further continuous flux monitoring. 661 
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Involving these shortcomings, BIOME-BGC model simulated observed carbon flux and 662 

stock terms (Table 4), and showed similar carbon sink-source-sink trend with the observation 663 

throughout the forestry activities. This simulation showed that litter C decomposition (35.6 Mg C 664 

ha–1) became 65% of Rs, and more than total soil+litter C decrease (34.1 Mg C ha–1, here carbon 665 

accumulation of 1.5 Mg C ha
–1

 in the soil) during the carbon source period, and confirmed that 666 

litters including harvest residues were the major source of the emitted CO2, as suggested by 667 

Noormets et al. (2012), and that the clear-cutting affected little on the soil carbon stock, as 668 

reported by Johnson (1992). 669 

 670 

5. Conclusions 671 

Clear-cutting caused large and long lasting CO2 emission from the ecosystem and turned the 672 

litter including harvest residues into a large carbon emitter. The net carbon loss from the litter 673 

after the clear-cutting and before the carbon compensation point was an order of magnitude 674 

greater than that from soil+litter+undergrowth in the undisturbed forest on an annual basis. 675 

BIOME-BGC simulated the changes in the carbon fluxes and the stocks caused by the forest 676 

management in our study site, although further modification on the parameter set may be needed 677 

according with the tree growth and corresponding suppression of Sasa growth. This connotes 678 

that a quantitative prediction of the disturbance effect, which includes the ecosystem carbon 679 

compensation point and the total CO2 emission during the carbon source period after the 680 

disturbance, can be made using a mechanistic model that is useful towards achieving a well-CO2 681 

managed forest thereby minimizing CO2 increases in the atmosphere. 682 
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Table 1 Interannual variation in the respiratory parameters (values are means followed by the SD 901 

in parentheses) for ecosystem respiration (RE) and soil respiration (Rs). Rref is the respiration rate 902 

(µmol m
–2

 s
–1

) at the reference temperature (Tref =283.15 K). Ea is the apparent temperature 903 

sensitivity (KJ mol
–1

) . 904 

 905 
  

 

2002* 
 

 

2003* 
 

2004* 
 

2005* 
 

2006 
 

2007 
 

2008 
 

2009 
 

2010 
 

2011 

            

RE Rref 4.22 

(0.31) 

3.07 

(0.21) 

3.28 

(0.30) 

3.20 

(0.14) 

2.91 

(0.14) 

3.53 

(0.20) 

3.48 

(0.14) 

2.97 

(0.31) 

3.33 

(0.27) 

2.60 

(0.21) 

 Ea 63.43 

(5.07) 

70.40 

(5.48) 

35.44 

 (6.02) 

66.54 

(3.11) 

75.40 

 (3.25) 

68.57 

 (3.92) 

56.33 

 (2.84) 

61.81 

 (7.30) 

50.25 

 (4.40) 

76.01 

 (4.73) 

Rs Rref – 3.35 

(0.18) 

3.70 

(0.09) 

3.85 

(0.11) 

3.47 

(0.15) 

3.99 

(0.20) 

3.66 

(0.15) 

3.73 

(0.06) 

– – 

 Ea – 40.71 

 (5.75) 

52.48 

 (2.43) 

72.22 

 (2.98) 

71.48 

 (3.99) 

69.99 

 (4.53) 

74.32 

 (4.67) 

80.54 

 (2.16) 

– – 

            

 906 

* The values from 2002 to 2005 are from Takagi et al. (2009).907 
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Table 2 Parameters used for the BIOME-BGC model. 908 

Parameter  

(C=carbon, N=nitrogen) 
Original

*1
 

Improved for spinup 

 run and simulation 

 until 2002 

Improved for  

simulation during 

 2003 to 2011 

Yearday to start new growth (DOY) – 80 110 

Yearday to end litterfall (DOY) – 310 310 

Transfer growth period as fraction of growing 

season 
0.25 0.3 0.15 

Litterfall as fraction of growing season 0.3 0.3 0.15 

Annual leaf and fine root turnover fraction (yr
–1

)  1.0 1.0 0.85 

Annual live wood turnover fraction (yr
–1

) 0.7 0.7 0.85 

Annual whole-plant mortality fraction (yr
–1

)  0.005 0.01 0.03 

Annual fire mortality fraction (yr
–1

) 0.0 0.005 0.0 

New fine root C : new leaf C (ratio) 1.2 1.6 0.2 

New stem C : new leaf C (ratio) 1.32 1.0 2.0 

New live wood C : new total wood C (ratio) 0.16 0.2 0.7 

New coarse root C : new stem C (ratio) 0.26 0.26 0.1 

Current growth proportion (ratio) 0.5 0.5 0.5 

C:N of leaves/ falling leaf litter/ fine roots/  

live wood/ dead wood (kg C kg N
–1

)  

27.2/ 64.1/ 73.5/ 

 73.5/ 451 

27.2/ 64.1/ 73.5/ 

 73.5/ 451 

27.2/ 64.1/ 73.5/ 

 73.5/ 451 

Leaf litter labile/ cellulose/ lignin proportion 0.20/ 0.56/ 0.24 0.20/ 0.56/ 0.24 0.20/ 0.56/ 0.24 

Fine root labile/ cellulose/ lignin proportion  0.34/ 0.44/ 0.22 0.34/ 0.44/ 0.22 0.20/ 0.56/ 0.24 

Dead wood cellulose/ lignin proportion  0.75/0.25 0.75/0.25 0.75/0.25 

Canopy water interception coefficient (LAI
–1

 d
–1

) 0.038 0.038 0.038 

Canopy light extinction coefficient 0.54 0.54 0.40 

All-sided to projected leaf area ratio 2.0 2.0 2.0 

Canopy average specific leaf area  (m
2
 kg C

–1
)  34.5 38.5 40.0 

Ratio of shaded SLA:sunlit SLA*
2
 2.0 2.0 2.0 

Fraction of leaf N in Rubisco 0.088 0.065 0.14 

Maximum stomatal conductance (m s
–1

)  0.0024 0.0024 0.006 

Cuticular conductance (m s
–1

)  0.00006 0.00006 0.00006 

Boundary layer conductance (m s
–1

) 0.005 0.005 0.010 

PSI
*3

: start of conductance reduction (MPa) –0.5 –0.5 –0.5 

PSI
*3

: complete conductance reduction (MPa)  –3.5 –3.5 –3.5 

VPD
*4

: start of conductance reduction (kPa) 0.2 0.6 1.5 

VPD
*4

: complete conductance reduction (kPa) 2.55 3.0 3.0 

*1 values for Quercus robur/petraea forest in Pietsch et al (2005); *2 Specific leaf area; *3 Leaf and soil water 909 

potential; *4 Vapor pressure deficit910 
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Table 3 Interannual variation in net ecosystem CO2 exchange (NEE), gross primary production 911 

(GPP), ecosystem respiration (RE), RE in the snow-free period (RE_g), soil respiration (Rs), and 912 

Rs in the snow-free period (Rs_g). NEE, GPP, RE, and Rs are annual sums (Mg C ha
–1

 yr
–1

), and 913 

RE_g and Rs_g are the sums for the snow-free period (Mg C ha
–1

 per period). Values are means, 914 

with SD in parentheses for the seasonal sum. Rs was evaluated by summing RE during the snow-915 

covered period and Rs_g. 916 

 917 
           

 2002* 2003* 2004* 2005* 2006 2007 2008 2009 2010 2011 
           

           

NEE –0.44 5.69 4.95 1.53 1.17 0.04 1.03 0.28 –0.49 –0.52 

GPP 14.39 4.81 5.40 10.14 10.28 12.25 11.16 10.35 12.38 11.66 

RE 13.95 10.50 10.35 11.67 11.45 12.29 12.19 10.63 11.89 11.14 

RE_g 13.01 10.10 9.51 10.96 10.63 11.73 11.21 9.48 11.07 10.53 

Rs_g – 8.52 

(2.89) 

10.47 

(2.93) 

10.62 

(3.39) 

9.81 

(3.91) 

11.05 

(4.85) 

10.35 

(3.84) 

9.48 

(3.67) 

– – 

Rs – 8.92 11.31 11.33 10.64 11.61 11.34 10.63 – – 
           

 918 

*Values from 2002 to 2005 are from Takagi et al. (2009). 919 

920 
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Table 4 Comparison between observed and modeled carbon stocks and fluxes. 921 

 922 

Carbon stocks and fluxes Observation Model 

In 2002   

Vegetation carbon (Mg C ha
–1

) 99± 10.5
*1

 116 

Soil carbon  (Mg C ha
–1

) 159
*2

 165 

Annual maximum projected LAI (m
2
 m

–2
) 7.3

*3
 7.3 

NEE  (Mg C ha
–1

 yr
–1

) –0.4± 0.5 –1.0 

GPP (Mg C ha
–1

 yr
–1

) 14.4± 1 14.4 

RE (Mg C ha
–1

 yr
–1

) 14.0± 1 13.3 

   

During 2003–2009   

Soil+litter carbon decrease (Mg C ha
–1

) ~32 34.1 

Vegetation carbon increase (Mg C ha
–1

) 17.2± 5 16.5 

Cumulative NEE (Mg C ha
–1

)
 

14.7± 3.5 17.6 

Cumulative GPP (Mg C ha
–1

) 64.5± 7 60.2 

Cumulative RE (Mg C ha
–1

) 79.2± 7 77.8 

Cumulative Rs (Mg C ha
–1

)
 

75.8± 22.3 54.8 

Carbon compensation point (yr) 7 7 

 923 

*1
 sum of trees and dwarf bamboos; 

*2
 up to 1m depth; 

*3
 sum of PAI of trees and dwarf bamboos924 
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Table 5 Carbon compensation points from different chronosequence studies across a range of 925 

forest ecosystems. 926 

Study site Forest type Dominant species Stand ages along 

the chronosequence  

 

Carbon 

compensation 

point 

(stand age) 

Source 

 
Synthesis studies 

     

B.C., Canada 
Saskatchewan, Canada 

Quebec, Canada 

Boreal forest 
Boreal forest 

Boreal forest 

Pseudotsuga menziesii 
Pinus banksiana   

Picea mariana  

7, 19, 58 
2, 10, 29, 90 

3, 109 

10–20 
10–20 

10–20 

Grant et al. 
(2010) 

North America 

Saskatchewan 
Quebec 

Vancouver Island 

New Brunswick 

Wisconsin 
 

Oregon 

Florida 

Arizona 
California 

Various North 

American forests 

 

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 

10–20 Amiro et al. 

(2010) 

Individual studies      

Saskatchewan, Canada 
 

Boreal upland forest P. banksiana  0, 5, 10, 29, 79 ~7 Howard et al. 
(2004) 

Saskatchewan, Canada 

 

Boreal upland forest P. banksiana  4, 8, 13, 73 13 Amiro et al. 

(2006) 

Saskatchewan, Canada 
 

Boreal upland forest P. banksiana  2, 10, 29, 90 10 Zha et al. 
(2009) 

British Columbia, 

Canada 

 

Second-growth 

boreal forest 

P. menziesii var. 

menziesii  

2, 14, 53 20 Humphreys et 

al. (2006) 

British Columbia, 

Canada 

 

Sub-boreal forest Picea glauca × 

engelmannii 

 

5, 6, 8, 10 8–10 Freeden et al. 

(2007) 

Central Manitoba, 
Canada 

 

Boreal forest P. mariana  
 

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

11–12 Goulden et al. 
(2011) 

Southern Finland 

 

Boreal forest Pinus sylvestris   4, 12, 40, 75 12 Kolari et al. 

(2004) 
Central Oregon, USA 

 

Cool-temperate 

forest 

P. ponderosa 21, 50, 250 10–20 Law et al. 

(2001) 

Florida, USA Warm-temperate 

forest 

P. elliottii var. elliottii 0, 10, 24 3–4 

 

Clark et al. 

(2004) 
Siberia, Russia Boreal forest P. sylvestris 7, 13, 67, 200, 

215 

14 Schulze et al. 

(1999) 

Hokkaido, northern 

Japan 

Cool-temperate 

mixed forest 

Quercus crispula, 

Betula ermanii, Abies 
sachalinensis, Betula 

platyphylla var. 

japonica, and Picea 
jezoensis 

– 7 Present study 
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Table 6 Estimated total CO2 emission rate during the net source period and the payback period 927 

for the ecosystem to recover the CO2 emitted after the disturbance which will commence once 928 

the ecosystem reach the carbon compensation point. 929 

 930 

Study site 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 

 
British Columbia, Canada 

EC-derived
*
 

  ECP
*
 at 10 years 

  ECP at 17 years 

 

 
 

 

–1.95 to –5.52 

 

 

 
 

 

44.0 

57.2 

 

 
 

 

8–23 

10–29 

 

 
Grant et al. (2010) 

Saskatchewan, Canada 

 

–0.08 to –0.68 7.0 10–88 Zha et al. (2009) 

Saskatchewan, Canada –0.4 to –2.7 

 

6.9 

 

3–17 

 

Howard et al. (2004) 

     

Central Manitoba, Canada –0.07 to –0.58 6.3–6.4 11–92 Goulden et al. (2011) 

     

     

Hokkaido, northern Japan –0.44 to ~ –2.0 14.7 8–34 Present study 

 

 931 

* EC, eddy covariance method; ECP, ecosystem carbon compensation point.  932 

933 
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Figure captions 934 

 935 

Fig. 1 Interannual variation of the plant area index (PAI). PAI includes the shade by the stems, 936 

branches, and culms in addition to the leaves of the canopy. Clear-cutting occurred from 937 

January to March 2003 (first dashed enclosure) and strip-cutting of Sasa to allow planting 938 

of hybrid larch occurred in late October 2003 (second dashed enclosure). Gray shading 939 

represents snow-covered periods.   The PAI of each component was measured three to five 940 

times every 2 to 4 weeks during the growing period; symbols represent the means; and 941 

vertical bars denote max/min values. Two reference values (no canopy shade) and 10 942 

sample values (with canopy shade) were measured to obtain each PAI value. 943 

 944 

Fig. 2 (top) Interannual variation of gross primary production (GPP), ecosystem respiration (RE), 945 

and net ecosystem CO2 exchange (NEE). Thick and narrow arrows represent periods of 946 

clear-cutting and strip-cutting of Sasa and larch planting, respectively. (bottom) Cumulative 947 

net ecosystem CO2 exchange (NEE) from 2003 to 2011 and cumulative uncertainties during 948 

the net source period (2003 to 2009). See Materials and Methods section for the estimation 949 

of uncertainties.  950 

 951 

Fig. 3 Relation of (a) daily gross primary production (GPP) and (b) daily ecosystem respiration 952 

(RE) to daily mean air temperature during the snow-free periods from 2002 to 2010, and (c) 953 

relationship between the soil temperature at a depth of 5 cm and soil respiration rate during 954 

snow-free periods from 2003 to 2009. Daily GPP and RE were classified into 2C air 955 
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temperature classes and soil respiration was classified into 1C soil temperature classes. 956 

Symbols represent the means for each temperature class and vertical bars indicate ±1SD.  957 

Table 1 summarizes the parameter values for RE and soil respiration obtained from the 958 

regressions. 959 

 960 

Fig. 4 Carbon balance (a) in the mixed forest before clear-cutting in 2002, and (b) after clear-961 

cutting (from 2003 to 2009). Values in (b) are shown as mean annual rates for comparison. 962 

Gray numbers represent the residuals required to balance the carbon budget. See text for 963 

each estimation. 964 

 965 

Fig. 5 Decadal variation of modeled and observed monthly carbon fluxes. 966 

 967 

Fig. 6 Comparison between modeled and observed monthly carbon fluxes. Carbon fluxes before 968 

(in 2002) and after (from 2003 to 2011) clear-cutting are shown by closed and open circles, 969 

respectively. Linear regression equations are obtained by using all monthly data obtained 970 

from 2002 to 2011. 971 

 972 

Fig. 7 Simulated carbon contents and fluxes from 2001 to 2025. Total, vegetation, litter, and soil 973 

carbon contents and GPP, RE, NEE, and soil heterotrophic respiration (Rh) are shown. 974 

Results from 2012 are obtained using the same parameter set with that used during 2003 to 975 

2011 in Table 2 and are shown as the average and the standard deviation (vertical bars) of 976 

10 simulation runs each of which used the repeated annual variation of micrometeorology 977 
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observed each year of the 10-year study period from 2002 to 2011 throughout the 978 

simulation, although the errors for the carbon contents was too small to identify. 979 

980 
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Fig. 1 981 

 982 

983 
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Fig. 2 984 

 985 

 986 

987 
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Fig. 3 988 
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 Fig. 4 990 
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Fig. 5 993 
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Fig. 7  998 
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