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Abstract Soil carbon cycling in Japanese cedar plantations after
clear-cutting, and in chronological order, was calculated with and without the
consideration of forest management (pruning and thinning) by a
mathematical model. The model employed a daily time step, used daily air
temperature and observed precipitation near the plantations. The result of
the calculations was compared with field observations. There were few
differences in the changes of aboveground biomass, carbon flow and carbon
accumulation with the forest regeneration between the calculations with or
without consideration of management and field observation (p>0.05, by a
one-way analysis of variance), as suggested by the small standard error
between them. For example, the carbon accumulation and total soil
respiration rate calculated with the consideration of management for a
60-year-old stand were 104 tC ha™ and 4.8 tC ha™y™ with a field observation
of 110 tC ha' and 4.5 tC ha'y™, respectively. The effect of forest
management on the soil carbon cycling was also examined, suggesting that
the soil respiration rates and carbon accumulations changed little by the
management except for the clear-cutting. Consequently, it was suggested that
the dynamics of carbon cycling following the clear-cutting of a Japanese
cedar plantation could be simulated exactly by the model even if forest
management was considered or not. That is, it indicates that the model can
simulate the chronological change in carbon cycling at cedar plantations
easily and correctly even if the history of management in the plantations is
unknown.
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Introduction

As atmospheric CO, concentration rises, the concern about the risk to human
beings increases (Arnell et al. 2002); therefore the forest ecosystems, which
are affected by climate change, have been noticed recently (Cramer et al.,
2001). Additionally, climate change with increasing atmospheric CO,
concentration would change various forest ecosystems including forest soil,
which have been considered as a major carbon sink.

Regarding the influence of increasing atmospheric CO,, IPCC presented a
scenario in these reports, which predicted that atmospheric CO, concentration,
air temperature and the sea levels rose on the earth scale during the 21st
century. Therefore, it is important to evaluate exactly what the absorbing
ability of carbon by each forest is and to estimate the amount of carbon
absorbed on a global scale.

To comprehend the global carbon cycle many attempts have been made,
e.g. the simulation with a physiologically based model was performed in
different environmental conditions (Grote & Erhard, 1999) and was also
completed by using six dynamic global vegetation models (Cramer et al.,
2001). The Carbon cycle has been simulated not only in terrestrial
ecosystem (Huntingford et al., 2000) but also in the ocean (Lenton, 2000).
On the other hand, a carbon flux was simulated by four different models to
assess more general context (Wijik & Verstraten, 2002). Recently, there
have been calculations, which simulated the carbon dynamics above and
below ground (Rasse et al., 2001). Moreover, Mohren (2003) calculated the

carbon dynamics in forests not only on a global scale but also on a stand



scale of managed forests. To understand the carbon cycling in forests on a
global scale, the simulation has to be performed within various types of
forests over the world.

The Kyoto Protocol, adopted in 1997, showed the direction to cut down
total CO, emission for developed countries considering a comprehensive
balance of CO, in their forest area under rising interest about atmospheric
CO,. In fact, however, a reliable model has not been proposed for
evaluating carbon cycling or carbon balance in and on forest soil, which may
change significantly with stand age and by human disturbance. (based on
field data except for Nakane et al. 1987, 1994). Consequently, it is very
important to estimate exactly the change in balance and stock of soil carbon
in forests with stand development and by human management.

In the forests of Japan, there are many Japanese cedar plantations
(Cryptomeria japonica D. Don) which occupy about 45% of artificial forest
areas or about 20% of total forest areas in Japan. The plantation is managed
by pruning, thinning and clear-cutting generally. Therefore, the management
has to be taken into consideration for analyzing the carbon cycling in
Japanese cedar plantations. Although there is a study of carbon flux in
cedar plantations by Chiba (1998) who calculated the biomass growth and
CO, flux between the atmosphere and the cedar plantation associated with a
thinning during the development, very few attempts have been made to
simulate the soil carbon cycling in forest development (in chronological
order), where management is conducted, and compare the calculation results
to field observations.

In this study, the purpose is to calculate soil carbon cycling by a



mathematical model in Japanese cedar plantations which are managed by
pruning, thinning and clear-cutting.  The results of the model simulation are
compared to field observations reported by Shutou & Nakane (2004) for
checking an agreement between them. The observation (Shutou & Nakane
2004) was conducted on 5-, 10-, 22-, 28-, 36-and 60-year-old Japanese cedar
plantations on the same slope in Hiroshima Prefecture, west Japan, where
there were adequate sites to study how the soil carbon cycling of the
plantations changed following clear-cutting, due to the similar environmental
conditions among these plantations.

Nakane et al. (1987, 1994) proposed the simulation model, which
described the change in soil carbon cycling with the development of a forest
stand following clear-cutting, based on the data observed before and just after
it. However, they could not indicate the reliability of the calculation
because of the lack of observations following clear-cutting except one before
and just after it.

Thus, the attempt was made in the study to examine the compatibility of
their model (Nakane et al. 1987, 1994) to the observation of soil carbon
cycling with the development of the forest stand following clear-cutting.
Furthermore, we have attempted to modify the model for the application to
the forests managed by pruning and thinning.

This model simulation contributes strongly to assessing the better
management in cedar plantations for the function of carbon stock or carbon
sink, and at least to evaluate carbon balance in cedar plantations at the time of

the ratified Kyoto Protocol.



Compartment model for model simulation

Figure 1 shows the compartment models proposed by Nakane et al. (1987)
which represent the carbon dynamics before and just after clear-cutting, and
the regenerating stage following clear-cutting.

In the model just after clear-cutting (Fig. 1-B), litterfall (L), root
respiration (Rg) and fine root turnover (¢ Y,) cease, and fine and large roots
killed by clear-cutting are transferred to the dead root compartments (Mgg).
In this compartment model, the regenerating stage (Fig. 1-C) and the litter
(Ao layer) includes two compartments.  The accumulation on the forest floor
before clear-cutting was ¢Mg and the litter during regenerating (flesh litter)

was M.

Model structure

The compartment model for simulating the annual average of soil carbon
cycling was already shown in Figure 1 (Nakane et al., 1987). This
compartment model represents soil carbon cycling before clear-cutting (A),
just after clear-cutting (B) and in the regenerating stage (C).

In the case of before clear-cutting (Fig. 1-A), pools of carbon in various
parts of the soil system were classified into four pools: (i) Ao layer (My); (ii)
humus in mineral soil (M); (iii) dead roots (fresh fine root litter, M,); and (iv)
living fine roots (Y,). Arrows in the diagram correspond to fluxes between
pools, litterfall (L), supply of humus from A, layer to mineral soil (Ia: KaMo)

and from dead roots to mineral soil (Ir: KrM,), root turnover (Lgr: oB;), total



soil respiration (Sg), which includes Aq layer respiration (Sga: vaMy) and root
respiration (Rg), mineralization of dead roots (Sgrp: vrM;) and humus in
mineral soil (Sgrs: utM).  The decomposition rates of A, layer, dead roots and
humus in mineral soil are assumed to be equal to their respiration
(CO,-mineralization) rates. In the case of just after clear-cutting (Fig. 1-B),
litterfall (L), fine root turnover (c,) and root respiration (Rg) stopped, but
dead roots by the felling (Mgg) was decomposed and transformed from
humus to mineral soil. In the case of the regenerating stage (Fig.1-C),
litterfall, fine root turnover, root respiration recover, residual litter (4Mo), and

residual dead roots (Mgq) decreased.

Assumptions of the model

When the model calculated the soil carbon cycling, the following
assumptions were used.

(i) The decomposition and transportation fluxes are assumed to be first order
reactions (Fig. 1).

(if) The ratio (5,) of the relative decomposition rate of A, layer (va) to the
transfer of carbon from the A, layer to humus (k) is assumed to be constant.
(Nakane 1980; Nakane et al. 1984) The same assumption applies to the
corresponding ratio (6g) for dead roots.

(iii) The root respiration rate was 45% of the total soil respiration rate in
forest stands with a closed canopy (Kawahara 1976; Nakane et al. 1984,
1997; Uchida et al. 1998; Ohashi et al. 2000).

(iv) Annual root turnover is a constant rate and it is 20% of fine root



(diameter, $<10 mm) biomass (Nakane 1978; Kira & Yabuki 1978; Nakane
et al. 1997).

Model formulation

Prof. Kaneyuki Nakane at Hiroshima University confirmed the model used
for this study. Please refer to Nakane et al. (1987) and Nakane (1994, 2001)

for a detailed explanation about this model as described in this paper.

Soil carbon accumulation with time

The accumulation of soil carbon with time (t) is described by the following
simultaneous differential equations based on the compartment model (Fig.
1-A), where o and p represent relative rates of fine root turnover and

decomposition rates of humus in the mineral soil, respectively:

dMo/dt =L- (VA + KA)M() =L- VA(l + 1/8A)M0
er/dt = GYr - (VR + KR)Mr = GYr - VR(]. + 1/6R)Mr (1)
dM/dt = KAMO + KRMr - ].,lM = (VA/SA)MO + (VR/8R)Mr - MM

Environmental factors influencing decomposition

The decomposition rate of litter and humus on or in mineral soil depends

mainly on soil temperature (To) and moisture content of litter (\/y) or mineral

soil (V). Ino and Monsi (1969), Nakane et al. (1984) reported that CO,



evolution from the Aq layer or mineral soil increased at various soil surface
temperatures (To) and with an increase of water content of litter (V) or soil

(V). These relations can be successfully approximated by:

va = vag® exp(ATo)(1- (1-Vo/Vo*)?) (2)
1= pe* exp(oTo)(1- (1-Vi/Vi*)) , (3)

Where vao*, and po* are rates of v, and p obtained when T, = 0 and V, =
Vo*, and when Ty =0 and V,, = V,*, respectively. Parameters Vo* and V,*
represent the optimal values of V, (on a dry weight basis) and V,, (ratio to
maximum water-holding capacity) for decomposition, respectively. A and
are the temperature response coefficients of v, and p, respectively.

On the other hand, the relative rate of decomposition of root litter (vg) may
be expressed as a function of Ty, because of its relatively constant moisture

content, as follows:

VR = Vro™ exp(o' Ty), 4)

where vgo* is the rate of vg when T, = 0, and o is the temperature response
coefficient of vg. The values of coefficients in Eqgs. 2, 3 and 4 were
estimated from field data using a non-linear least squares method.

Soil temperature T, is correlated with air temperature (T,*) while V, and
Vn, are affected by precipitation and soil temperature (Ty). The empirical

equations for these relationships as proposed by Nakane et al. (1987) are:



To=kiT* +ky )
Vo = k3 + k4P1 + k5P2 + kGTo (6)
Vi = k7 + KgP1 + kP + K0T (7)

where P, is precipitation during the last 3 days and P, is precipitation during
the last 2 weeks excluding P;.  The values of the coefficients (k; to ki) were

estimated from field data using a non-linear least squares method.

Influence of clear-cutting

Nakane et al. (1987) indicated that soil surface temperature in a P. densiflora
forests in Japan increased significantly in summer, but decreased in winter
after clear-cutting. Furthermore, Shutou and Nakane (2004) also indicated a
similar tendency in Japanese cedar plantations. Nakane et al. (1987)
suggested that the values of coefficients of the relationship between T, and
T.* (Eg. 5) and between V, or V, and P and T, (Egs. 6, 7) changed
significantly after clear-cutting. Environmental conditions, which also
changed abruptly after clear-cutting, gradually returned to the levels before

clear-cutting with forest growth, as follows:

To=(GTo-dTo) (YLIYL*) +4To (8)
Vo = (Vo - qVo) (YL/YL) + Vo 9)
Vi = (Vi - Vi) (YLIYL5) + Vo (10)

iToand 4T, are values of Ty, 1V and 4V, values of V,, and {V,, and 4V, values

10



of V, before and during the first year after clear-cutting, respectively. Y,
and Y_* represent the leaf biomass of regenerating vegetation and its
asymptotic value at canopy closure prior to clear-cutting, respectively

(Nakane et al. 1984, 1987).

Dynamics of compartments

The dynamics of soil carbon in a mature (closed canopy) cedar plantation can
be calculated by Egs. 1 7, using daily observations of air temperature,
precipitation and the initial values of carbon accumulations and
measurements of seasonal litterfall and root turnover rates.

After clear-cutting, the recovery of above-ground biomass, root respiration
(Rr) and fine root turnover (c,) during the regenerating stage (Fig.1-C) is

expressed by a simple logistic curve:

Y1 =Y7*/(1+a; exp(-bt)) (11)

Yo=Y */ (1 +a exp(-byt)) (12)

Yg =Yg*/ (1 + azexp(-bst)) (13)

L=L*/(1+ a4 exp(-bst)) (14)
and

Y. =c Y, (15)

Rr =Y, (16)

where Y+, Y, Yg and L are aboveground, leaf, branch biomass and litterfall

rate, respectively. Y<1*, Y *, Yg* and L* represent their respective
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asymptotic values. Parameters a; a4, b; by, C; and c, are species- and
stand- specific coefficients, the values of which were obtained from field data
using non-linear least squares estimation.

Symbols for variables and coefficients used in the model simulation
described above are shown in Table 1. However, forest management, in
particular thinning, may change these relations (Egs.11-14). Thus, in this
study, the modification of equations (11-14) was made for the calculation of

Y+ L under the forest management.

Fundamental data applying to the model simulation in Japanese cedar

plantation

To calculate the model, the VBA program (Microsoft Excel 97, a computer
software, Microsoft 1997) of Muramoto (2000) was used. In this program,
the weather data in Hiroshima City (air temperature, precipitation and the
amount of snow) were applied, and these data were observed for the average
year (1998) between 1971 to 2000. The annual mean values (air
temperature, precipitation and snowfall) in 1998 in Hiroshima City that were
applied to the calculation were 17.6°C, 1508mm and 160mm, respectively.
Coefficients used in this program are shown in Table 2. The calculation was
carried out using a daily time step, daily air temperature, precipitation and the

amount of snow cover.
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Vegetation with forest development

Assumption for simulation with the consideration of forest management

The formulas (11) (14) for aboveground biomass could not be applied to
the forest stands of Japanese cedar plantation where thinning was carried out.
Above ground biomass (Yt and Y, + Yg, tC ha?; L, tC haly1) changed with
the forest age (development) and in particular just after the management
(thinning) in managed plantations. Consequently, the following
assumptions were used for aboveground biomass:

(v) Forest thinning in a cedar plantation is carried out twice in 25- and
50-year-old stands, and the decreases of biomass by thinning, which are
estimated based on a stand density control diagram, are 25% and 5% of the
biomass in 25- and 50-year-old stands, respectively,

(vi) Pruning is carried out on 18-year-old stands, and the decrease of leaf and
branch biomasses, which are estimated based on the data of plant biomass
(Shutou & Nakane, 2004), are both 10% of each biomass at 18-year-old
stands,

(vii) Based on a full density curve in the stand density control diagram, the
future maximum stem biomass where the plantation grew sufficiently (e.g. a
150-year-old plantation) in the stands after both first and second thinning are
estimated at 1,000 m* hal and stem dry weight is 340 kg m3. Each part
weight is derived from the stem dry weight using the allometric equation
(Ando et al., 1968).

From the assumptions above, coefficients of formulas (11) (14) for

13



0-year-old to 25-year-old stands before the first thinning are calculated from
the biomass in 5-, 10-, 22- (the years of observation) and 150-year-old stands.
The coefficients for 25- to 50-year-old stands after the first thinning are
calculated from the biomasses of a 25-year-old stand that has decreased from
thinning, 28-, 36- (the years of observation) and 150-year-old stands. More
than 50-year-old stands after the second thinning was calculated from the
biomass in 50-year-old stands just after the second thinning, 60- (the year of
observation) and 150-year-old stands. Litterfall rate (L) was calculated as
30% of Y_ from the report of Shutou & Nakane (2004). The above

coefficients obtained in this way are shown in Table 3.

Assumption for simulation without consideration of forest management

In the case without consideration of forest management, the developments of
Yt, YL + Y and L are approximated by a simple logistic curve. The
parameters of the simple logistic curve were determined by the least square
method based on the data of field observation (Shutou & Nakane 2004), and

given in Table 4.

Result-1 (with consideration of management)

Recovery of vegetation

Figure 2 shows the changes of above ground biomass (Y+), leaf and branch

biomass (Y. + Yg) and litterfall rate (L) with forest age. The change of
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litterfall rate (L) is shown in Fig 3. In the case of consideration of
management, these are affected partially by the forest management. Closed
circles in Figure 2 and 3 are the field data observation (Shutou & Nakane
2004). A solid line shows the calculated curve, which was taken the
management into consideration. In Figures 2 and 3, a significant difference
was not suggested between observations and calculations (p>0.05, by
one-way analysis of variance).

Calculated Y+t increased exponentially with forest age until the first
thinning. At the first and second thinning, Y+ decreased once (from 118 to
92 tC ha™ at the first thinning and from 122 to 118 tC ha™ at the second
thinning), and after that, it recovered exponentially. After 60-year-old, it
stabilized.

Calculated Y + Yg increased exponentially with forest age the change was
the same as Y+ until pruning. When pruning was carried out on 18-year-old,
Y, + Y decreased little once, and later it increased until the first thinning.
At the first and second thinning, Y + Yg decreased again, and then recovered
with forest development.

Calculated L also increased exponentially with forest age until pruning.
When pruning was carried out on 18-year-olds, the L increased briefly from
2.4 t0 4.6 tC hay™ due to pruning leaves and branches. At the first and
second thinning, the L decreased once, and then in the following stage it

increased exponentially again.
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Environmental condition

Soil temperature

Figure 4 shows the change in soil surface temperature (Ty). It shows T,
observed in 5-, 10- and T, calculated in 10-year-old stands, which were
plotted against that observed in 60-year-old stands, respectively. The T,
calculated was lower than that observed in 5-year-old stand and higher than
that observed in 60-year-old stand or similar to those observed in 10-year-old

stands.

Moisture content

The mean moisture contents of A, layer (V) were calculated at 60, 67 and
98% in 5-, 10- and 60-year-old stands, respectively, while their contents
observed were 66, 71 and 84 % in 5-, 10- and 60-year-old, respectively.

Mean moisture contents in mineral soil (V,,) were calculated at 67, 68 and
74% in 5-, 10- and 60-year-old stands, respectively, and the mean value of
Vn observed were 63, 64 and 77% in 5-, 10- and 60-year-old stands,
respectively.

In environmental conditions, the changes in both simulated and observed

ones with forest development show similar values or tendencies.
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Respiration rate (Carbon Flux)

Figure 5 shows the changes on A, layer (Sra), mineral soil (Sgm) and total
soil respiration rates (Sg) with a consideration of management, which was
calculated by using formulas from (1) to (15). Closed circles, open circles
and closed triangles were observed to be Sg, Srm and Sga, respectively. In
these changes, a significant difference was not found between observations
and calculations (p>0.05, by one-way analysis of variance).

Calculated Sga decreased swiftly after clear-cutting from 1.41 to 0.53 tC
ha'y™, and then increased in the following stage, due to the recovery of L (or
Y. + Y ) after a 20-year-old stand. When the pruning was carried out on
18-year-olds, the calculated Sga increased once. The first and second
thinnings, calculated Sga decreased once, and then it recovered exponentially
with forest age and finally stabilized during the mature stage.

On the other hand, calculated Sgy increased sharply just after clear-cutting,
and after that, it decreased gradually and stabilized around 3.4 tC haly-1 after
a 50-year-old. Calculated Sgy increased once at first and second thinnings,
however, it changed little by pruning.

Calculated Sg which is the sum of Sga and Sgy increased sharply just after
clear-cutting, and after that, it decreased gradually and stabilized about 4.9 tC
haly-1 after 50-year-old stand. Whenever the forest management (pruning,
first and second thinning) was carried out, calculated Sg increased

temporarily.
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Accumulation of carbon on or in soil (Carbon accumulation)

The changes in calculated carbon accumulation in Aq layer (Mg), mineral soil
(M) and dead roots (M,) for the cases the consideration of management is
shown in Figure 6. Closed circles, open circles and closed triangles are
observed as My, M and M,, respectively. In these changes, a significant
difference was not found between observations and simulations (p>0.05, by
one-way analysis of variance).

Calculated M, was decreasing for about 10 years following clear-cutting,
but it later recovered. Calculated M, increased once at pruning, and it
decreased slightly at first and second thinnings, later stabilizing conclusively
around 11 tC ha at the mature stage.

Calculated M decreased considerably following clear-cutting until ca.
20-year-old stands, and then, it increased gradually. Calculated M once
increased slightly at first and second thinning, and it almost stabilized at ca.
120 tC hal around the 120-year-old stage. The effect of pruning on
calculated M was not indicated clearly.

Calculated M, decreased rapidly by ca. 20-year-old after increasing by
clear-cutting, and then, it increased slightly and stabilized later. Calculated
M; increased slightly at first and second thinnings, however, there was little

effect of pruning on M.

Result-2 (without consideration of management)

The curves fitting approximately to the data of Y+ (above ground biomass),
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Y. + Yg (leaf and branch biomass) and L (litterfall rate) through the
regeneration process, which do not take forest management into
consideration, are shown in Figures 2 and 3 as broken lines, respectively.
These curves are similar to those in the cases with consideration of
management, but significant differences in Y1 and Y. + Ypg between
observations and calculations were not found (p>0.05, by one-way analysis
of variance).

In environmental conditions, calculated T, is also shown in Figure 4.
Calculated T, with and without consideration of management were almost
the same, so the difference between them is hardly displayed in Figure 4.
Additionally, V, and V,, without consideration of management also show
similar values to the ones with consideration of forest management.

Figures 5 and 6 show the changes in respiration rate (Sga, Srm and Sg) and
carbon accumulation (Mg, M and M;) without consideration of management
using broken lines, respectively. These changes of simulated values also
show similar changes to those with consideration of management. In these
changes, a significant difference was not found between observation and
calculation, and also between calculation with and without consideration of

management (p>0.05, by one-way analysis of variance).

Discussion

Validity of calculated aboveground biomass and environmental

condition under consideration of management
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As shown in Figures 2 and 3, calculated aboveground biomass (Y, Y. + Yg)
and calculated soil environmental conditions fit well to the observations
during all regeneration stages. The fact suggests that the assumptions for
stand development under forest managements are reasonable and the
assumptions for change in soil environmental conditions after clear-cutting
are also reasonable.

At 10-year-old stand, calculated Yt was little influenced by pruning
because the removal ratio of pruning was about only 10% of Y, + Yp
(Takeuchi & Hatiya, 1977). When thinning was taken into consideration,
calculated Y+ decreased temporarily, but later it increased gradually to the
asymptotic value, which could be estimated by 3/2 powers low (a theory of
the dynamics of relation between stand density and mean individual weight
after thinning: Ando et al., 1968).

Calculated and observed L increased exponentially at early stage and
gradually to the asymptotic values at later stage, in relation to the change in
Y., which are reasonably approximated by simple logistics or its modified
curve. When thinning, calculated L decreased temporarily from 2.7 to 2.0
and 2.8 to 2.6 tC hay™ at first and second thinning, respectively, due to the
decreasing of Y + Yj.

The soil environmental conditions are assumed to recover with recovery
of aboveground biomass, in particular, Y_ + Yg in the study as same as
Nakane et al. (1987, 1994, 1997). The good fit between calculations to
observations indicates that the canopy coverage is one of the most important

factors controlling the forest floor conditions.
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The change in carbon flux under consideration of management

In Figure 5, the reason why calculated Sga increased a little just after
clear-cutting might be that soil temperature after clear-cutting was higher
than before, which caused the increase of decomposition rate of M,. After
that, however, calculated Sga decreased swiftly because all standing trees in
the plantation had been cut and so the litterfall was stopped until the recovery
of vegetation. Calculated Sga increased gradually with recovery of L (or
vegetation) and stabilized at 1.42 tC haly?! (Figure 3). At pruning,
simulated Sga increased because litterfall increased temporarily by pruning.
At the first and second thinnings, simulated Sga decreased once due to
significant decrease of L (or Y, + Ypg ) (Figures 2 and 3), and it recovered
later with the recovery of L (or Y. + Yg). Thus, Sga changes as similar as
that of L (or Y| + Yp).

Calculated Sgry increased swiftly just after clear-cutting, and then, it
decreased gradually and stabilized around 3.4 tC haly-1l. It suggests that
Srm increased swiftly due to many dead roots occurred by clear-cutting (Fig.
6) and decomposition rate of dead root became higher mainly by higher soil
temperature after clear-cutting (Fig. 4). However, Sgy decreased gradually in
the later stage because of decreasing the amount of dead roots brought on by
clear-cutting (Fig. 6) and lower soil temperature with canopy closure (Fig. 4).
At first and second thinnings, calculated Sgy increased swiftly temporarily,
because of dead roots supplied by thinning (Fig. 6). The facts indicate that
the change in Sry is affected well by thinning.

The swift increasing of calculated Sr(=Sra+Srm) just after clear-cutting
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was derived mainly by the increasing of dead roots and larger decomposition
rate of dead root and A, layer by higher soil temperature after clear-cutting.
Consequently, the model proposed in the study could simulate successfully
the carbon fluxes in regeneration process following clear-cutting, taking
forest management into consideration, which is proved by little differences
between observation and calculation (p>0.05, by one-way analysis of

variance).

The change in carbon accumulation under consideration of management

In Figure 6, calculated My decreased swiftly just after clear-cutting because
litterfall was stopped once by clear-cutting, and a 10-year-old stand, it
increased gradually and stabilized conclusively around 11 tC ha?l with the
recovery of litterfall rate (Fig. 3). In a 18-year-old stand, calculated M,
increased temporarily by pruning. At first and second thinnings, calculated
M, decreased because of decrease of L (or Y, + Yg) due to thinning. After
these thinning, My increased with recovering of L (or Y_ + Yg) with forest
development. These changes in Mg followed to the change in L (or Y, +
Yp).

Calculated M, increased swiftly just after clear-cutting due to large amount
of dead roots killed, however, it decreased swiftly from 24 to 3 tC ha® due to
decomposition by itself within few years and then gradually increased by
recovery of root turnover, reaching to the asymptotic value (4.5 tC ha?)
around 30-year-old. At first and second thinnings, calculated M, increased

slightly.
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Calculated M increased temporarily by humus supply from large amounts
of dead roots caused by clear-cutting and then decreased until 10-year-old
because decreasing supply of humus from M, and higher decomposition rates
of mineral soil due to higher soil temperature (Fig. 4). At first and second
thinnings, calculated M increased slightly because dead root occurred again
by thinning, however, the M seemed to be influenced little by the decrease of
litterfall by thinning.

From the above, the results of simulation reflects the effects of forest
management (pruning and thinning) on soil carbon accumulation well,
suggesting that the model could calculate exactly the soil carbon
accumulation even in managed plantation because there is little difference
between observation and calculation (p>0.05, by one-way analysis of
variance). Based on the model calculation, we could assess how to manage

plantations to function more as CO, sink.

Comparing between the simulation with and without consideration of

management

From the results of approximated simulation (without consideration of forest
management), there is little difference between the results of calculation with
and without consideration of management. In fact, the amount of carbon
accumulation above (Y-, Y +Yg and L) and below ground (Mg, M and M) at
100-year-old with and without consideration of management was closely
coincided with each other. Calculated My, M and M, (carbon accumulation

below ground) with and without consideration of management at
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100-year-old were exactly the same values (Mo, M and M, were 12.0, 113
and 5.9 tC ha, respectively). Calculated Y1, Y +Yg and L with and
without consideration of management at 100-year-old were also the same
values (Yr, Y +Yg and L were 115, 12.9 and 3.23 tC ha™, respectively). On
the other hand, calculated carbon flux rates at 100-year-old with and without
consideration of management were 1.69 and 1.47 for Sga, 3.60 and 3.85 for
Srm, 5.29 and 5.32 tC ha'y™ for Sg, respectively, which suggesting slight
differences in carbon flux rates between them (p<0.05, by one-way analysis
of variance).

Standard error (S.E.) between observed and calculated values with
consideration of management was slightly smaller than that without
consideration. However, both S.E. are very small, so both models are valid
for the calculation of carbon cycling following clear-cutting in Japanese
cedar plantations, suggesting that the calculation of carbon cycling could be
carried out in the plantation even if its history of management is unknown.

However, for the model application to other cedar plantations, the field
data of vegetation dynamics following clear-cutting and environmental
conditions (soil temperature and moisture content) before and just after
clear-cutting at least should be collected or estimated.

Using the model proposed in the study, we could assess how to manage
plantations to function more as CO, sink, based on the calculation of change
in carbon stock or carbon balance with forest growth or by forest
management (e.g., clear-cutting interval), and at least evaluate the soil carbon

balance in plantations in a given age or site.
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Figure legends

Fig. 1 Compartment models of soil carbon cycling before (A), just after (B) and
regenerating stage (C) following a clear cutting of forest. Boxes: the accumulations,
arrows: the flows.

Fig. 2 Above-ground biomass (Y, tC hal), and branch and leaf biomass (Y +Yg, tC
ha™) with forest age which were considered the effects of pruning in 21-year-old stand
and the thinning in 25- and 50-year-old stands, and not considered the management.
The slopes of exponential curves with consideration of management after these pruning
and thinning were expected from field observation and stand density control diagram.

: Y1 (tC hal) with consideration of management, s YL+Ys (tC hal)
with consideration of management. = = = : Y1 (tC hal) without consideration of
management, ------ © YL+Yg (tC hal) without consideration of management. e
and © are the results of observation in Yt and Y +Yg, respectively.

Fig. 3 Litterfall rate (L, tC haly-1) with forest age (y) which was considered the effets
of pruning in 21-year-old stand and the thinning in 25- and 50-year-old stands in forest
age, and not considered the management. The slope of exponential curves after these
thinning was expected by Yt and stand density control diagram. Solid line: L (tC
haly1l) with consideration of management, Broken line : L (tC haly?)
without consideration of management. e: the result of observation.

Fig. 4 Observed soil temperature in 5-, 10- and 10- (calculated one) year-old stands,
which are shown against observed that in 60-year-old stand plantation, respectively. e
and © indicate observed soil temperatures in 5- and 10-year-old stands, respectively.
and = = = indicate regression lines in 5- and 10-year-old stands plantation,
respectively. = ——— indicates calculated soil temperature with and without
consideration of management in 10-year-old stand.

smssssses [€Presents the inclination of 45°.

Fig. 5 Respiration rate of Ag layer (Sra), mineral soil (Srm) and total soil respiration rate
(Sr, tC haly-1) with forest age (y) which was considered the effects of pruning in
21-year-old stand and the thinning in 25- and 50-year-old stands, and not considered the
management. = : calculated Sg (tC halyl) with consideration of
management, == = == = : calculated Sg (tC haly1l) without consideration of



management e: observed Sg (tC halyl), =———— : calculated Sgm (tC haly?)

with consideration of management, = = = = = . calculated Sgwm (tC haly-1) without
consideration of management, ©: observed Sgm (tC haly-l), ——— : calculated
Sra (tC haly-1) with consideration of management, ------- : calculated Sga (1C

ha-1y-1) without consideration of management, A : observed Sga (tC ha-ly-1).

Fig. 6 calculated carbon accumulation in Ag layer (Mo), mineral soil (M) and dead roots
(Mg, tC hal) with forest age (y) which were considered the effects of pruning in 21-
year-old stand and the thinning in 25- and 50-year-old stands, and not considered the
management. =———: calculated My with consideration of management, = =— = =
. calculated My without consideration of management, e: observed Moy, :
calculated M with consideration of management, — — — -: calculated M without

consideration of management, © : observed M, ———: calculated Mg with
consideration of management, -------- . calculated Mg without consideration of

management, A : observed Mg.
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Table 1-1. Nomenclature of coefficients and variables used for the simulation of
soil carbon cycling with explanations and units

Yo Above ground biomass gm?

Y *  Asymptotic value of Y; gm?

a Coefficient related to the initial value of Yy

b, Relative growth rate constant of Yy yt

Y, Leaf biomass gm?
Y, *  Asymptotic value of Y, gm?

a, Coefficient related to the initial value of Y

b, Relative growth rate constant of Y, yt

Yy Branch biomass gm?
Yg*  Asymptotic value of Yg gm™

ay Coefficient related to the initial value of Yg

bs Relative growth rate constant of Yg y*

Y, Fine root biomass gCcm?

Yr Below ground biomass gCm™

L Litterfall rate @ gm?y™orday™
L* Asymptotic value of litterfall rate gmy™t

ay Coefficient related to the initial value of L

b, Relative increasing rate constant of L yt

C Ratio of fine (¢ < 1cm) root biomass to leaf biomass

C, Relative rate of root respiration per unit fine root biomass day™

Va Relative decomposition rate of A, layer day™
Vao* vaat 0, 300% moisture content before cutting day'1

A Coefficient of temperature response of v, -t

u Relative decomposition rate of humus in mineral soil day™

wo* 1 at 0 , 80% soil moisture content day™

® Coefficient of temperature response of -t

Vo* Optimum water content of A, layer for decomposition @ %
V. * Optimum water content in mineral soil for decomposition ®) %

VR Relative decomposition rate of dead roots day™

VRo vg of dead fine roots at 0 day™

Vo' vg Of coarse dead roots at 0

) Coefficient of temperature response of vg -

N Ratio of v, to k, (transportation factor of humus from A, layer to mineral soil)

Or Ratio of vy to kg (transportation factor of humus from dead root to mineral soil)

c Relative turnover rate of fine roots day'1

M, Accumulation of A, layer gCm™

M Accumulation of humus in mineral soil gcm?

M, Accumulation of fine dead roots gC m™

Mg Accumulation of carse dead roots gcm?

Sk Total soil respiration rate g Cm?day™
Sra Respiration of A, layer (decomposition rate of A, layer) gCm?day™
Sru Decomposition rate of humus in mineral soil g Cm?day™
Skp Decomposition rate of fine dead roots gCm?day™
Sem Respiration of mineral soil (Sgy, Sgp and respiration of living roots) gCm?day™

MY =Y*/ (1+ae'bt ), (2)Dry weight basis, (3)Ratio to maximum water holding capacity



Table 1-2. Symbols used only in the carbon cycling compartment model

Vg My Decomposition rate of fine dead roots originated from root turnover tChaty™
vi' Mgy That of roots killed by felling tChaty!
Kp My Transportation rate of humus from fine dead roots to mineral soil t C hat y'1
Kg' Mpgyq That from roots killed by felling to mineral soil tCha™ y'1
M4 Accumulation of dead roots originated from fine root turnover t C ha™
Mgy Accumulation of root killed by felling tChat

Ky M, Transportation rate of humus from A, layer to mineral soil tChaty™
&a M That from fresh litters supplied by regenerated vegetation to mineral soil tC ha™y™*
A oM That from residual litters accumulated before the felling to mineral soil  t C ha™y™
Va That of fresh litters y*

dVa That of residual litters y*

Ka Transportation factor of humus from A, layer to mineral soil yt

Aa That from fresh litters to mineral soil y'1

iKa That from residual litters to mineral soil y*

Vg' That of roots killed by felling yt

Kr Transportation factor of humus from fine dead roots to mineral soil y*

Kg' That from roots killed by felling to mineral soil y*

M, That of fresh litters tChat
My That of residual litters tChat
va My That of fresh litters tChaty™

vVa My That of residual litters tChaty?




Table 2. Values of coefficients of the equations for environmental conditions (Eqgs 5-7)

k1 kz k3 k4 k5 k(, k7 ks k9 k10
() (%) (% mm™ (% mm™) (%) (%6 mm™) (% mm™)
Before cutting 0.48 0.2 90 3.2 05 0 33 0.37 0.14 0
Just after cutting 1.01 -3.63 56 1.9 0.3 -15 33 0.66 0.11 -0.44




Table 3. Values of coefficients and initial conditions with the consideration of forest management
used for the simulation of soil carbon cycling after clear-cutting of Japanese cedar

Symbols Unit Values
Vegetation Forest age (y)
default All stages O<y 25yearsold 25<y 50 yearsold y>50 years old
Yp* t ha™? 227 300 300
a 42 4 3
b y! 0.27 0.06 0.04
Y t ha™? 35
) 25 5 5
b, y? 0.32 0.09 0.09
Yi t ha™t 18
a3 100 10 10
b; y* 03 01 01
Y, t C ha™ 3.75
Yr tCha 24
L* t ha™ 55
ay 63 35 35
b, y! 0.39 0.2 0.13
¢ 0.0235
¢ 0.122
Soil carbon Forest age (y)
default All stages O<y 10 years old y>10 years old
VA0 day™ 1.07><107*
A ! 0.14
Mo day™ 56>10° 2110
® N 0.053
Vo b 300
Vi % 80
5a 5 13
Sk 18
c day ™ 8.22><107
Vro day™ 1.9=<10™
VRo' 28>=10"
o ! 0.033
M, t C ha™ 9.8
M tCha 110
M, t C ha™ 36




Table 4. Values of coefficients and initial conditions without consideration of forest
management used for the simulation of soil carbon cycling after clear-cutting of

Japanese cedar

Symbols Unit Values
Vegetation

Yo* t ha™ 227
a 42

b, y! 0.27

' t ha™ 35
a 25

by y! 0.32

Y t ha™ 18
a3 100

bs y! 03

Y, t C ha™t 3.75

Yr tChat 24

L* t ha™ 55
ay 82

by y! 0.39
¢ 0.0235
¢ 0.122

Soil carbon Forest age (v)
default All stages O<y 10yearsold y>10 years old

Va0 day ™ 1.07>10™
A -t 0.14

Mo day™ 65510 3110
o -t 0.053

Vo % 300

Vi % 80

Sa 5 115
Sr 18
c day™ 8.22><10™*

Vro day™* 19><10™

VRo' 2.8><10™
o' -t 0.033

Mo t C ha™t 9.8

M tChat 110

M, t C ha™t 36
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