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RESUME

The forest community has a large ratio of non-photosynthetic organs to photosynthetic
ones compared with other plant communities. Upon first glance, this ratio seems to be
a burden to photosynthetic organs concerning the dry matter production in plants. As
the greater part of woody organs in tree is made up of dead cells, the Wéight of the
‘woody organs is not as much a burden to photosynthetic organs as it seems.

To examine the respiratory activity of the respective parts of tree organs, the
-vertical distribution of the amounts of respiration in leaves, branches and stems of a
40-year-old stand of Chamaecyparis obtusa plantation forest was investigated during one
growing season.

The distribution pattern of respiration in leaves at determined layers was similar
to that of leaf density. On the other hand, the distribution patterns of respiration in
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the stem and branches were not similar to those of weight. A close correlation was
found between the distribution patterns of respiration of woody organs, i. e. the stem
or branches, and that of the growth of these organs in a current year. Namely, the
respiratory mechanism of woody organs has a mechanism favourable to the dry matter
production of a forest community.
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INTRODUCTION

The well known equation for production of dry matter by forest trees was first
formulated by Boysen Jensen as follows;
annual net increment=gross production—(loss of roots, branches, leaves, barks and
fruits+loss of dry matter by respiration in roots, stems, branches and leaves).
Later, Moéller and otherlébtried to determine the quantities of the equation in beech
forests of Denmark and in tropical rain forests of Ivory Coast.

One of the big quantities in the equation or in the balance sheet of dry matter pro-
duction is the loss of dry matter through respiration of non-photosynthetic organs.
But, a serious difficulty still seems to remain in the estimation of total respiration of
non-photosynthetic organs, because the respiratory activity of trunk and branch is
influenced by many factors.

Only a few attempts have, however, been made in the past to study the factors
influencing the rate of respiration in woody organs. Mélle? et al. (1654) mentioned
that the respiratory activity of stems and branches depended not only on the surface
ared but also on the width of the annual rings, and attempted to explain the mecha-
nism of respiration of woody organs in relation to the thickness of bark, through
which the gas exchange took place. Léhr (196933 stated recently that the respiratory
activity of trunk and branch depended mainly on three factors: diameter of the stem-
sections or branch-sections, nutritional condition and temperature as well as the season
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in temperate climate zones. The respiration in wood decreases rapidly inwards since
the physiological activity of wood is mostly concentrated in the thin cambial zone and
-most of the cells in the older parts of the stem or branch are dead (Goodwin & God-
dard 19409,

To obtain a more reasonable relationship between the amounts of stem, branches and
leaves and those of respiratory consumption, the vertical distributions of them were
compared respectively. As mentioned above, the respiratory rate of woody organs is
-affected so many factors that it seems relevant to make the factors clearer. As the
first step for this purpose, factors dealing with the temperature and the seasonal
changes weére not taken into account in this study.

In preparing this pater, the authors are especially indebted Dr. Toshio TsursuMmi of
Kyoto University. Aid for field work by the members of the Laboratory of Forest
Ecology of Kyoto University is also sincerely acknowleged.

MATERIAL AND METHODS

The stand investigated aged 40 years is situated southwestwards about 30km from
Lake Biwa, Shiga Prefecture, on the western flattish slope of Mt. Watamuki, on which
slopes Chmaecyparis obtusa plantation patches

of various aged forests occupy the greater
part (Fig. 1). Climate records indicate com-
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paratively mild climate, with a mean annual
temperature of 13.6°C, mean annual precipi-
‘tation of 1550mm, and maximum snow depth
of about 50cm in winter. Although the thin-
ning had been carried out about 10 years

before, the stand crown was fully closed at
the time of investigation. Mean relative

light intensity was 2.8% at 1.3m above the

"ground.
The investigation was undertaken during

4 days in late August of 1968. The census
of D. B. H. was taken of all trees in the
sample plot of 20m x 25m in size. From the

Fig. 1. Map showing location of sample plot
investigated.

outside of the sample plot, seven trees were felled and the census of tree height and
depth of crown, etc. were taken. The stem boles, branches and leaves of each felled
shoot were separately weighed by means of stratified clip technique —the depth of a
stratum was 1m. Small samples of each part of respective tree components were oven
dried at 80°C, and conversion factors from fresh weight to dry weight were deter-
-mined. The stem volume, its annual increment and increment of current year were
calculated by stem analysis. To obtain branch volume and its increment of horizontal
layers, four trees were selected from the felled trees, and two or four sample branches
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were taken out from each layer of each tree. Measurements of increment of branch
were carried out like the stem analysis.

The estimation of primary productivity was made with an indirect method using
allometric relations based on the sample trees, which have been employed by many
investigatorsée)in Japan.

The rate of respiration of the tree organs was determined with Warder titration
method, which was the same one empleyed by Yoda et al. (19657)) and Yoda (196’?)).
Fifteen containers of eight different sizes were prepared for sample of various tree
organs and of various sizes, which were made of cylindrical galvanized tin containers,
For the samples of the stem and the branches, seven containers which differed in
diameter from 10cm to 60cm with a height of 60cm were used, and eight similar
containers (about 20cm in diameter, 20cm in height) were used for leaves. A 0.5N
KOH solution was enclosed in the container with the sample to absorb carbon dioxide
for about two hours. The surface area of the KOH solution in each container was
about 209% or more than that of the base of the container to establish more efficient
absorption of COQ;, so that the amount of KOH solution, of which 25ml was poured
into one petri dish, was changed by differing the number of petri dishes according to
the base surface of the container.

After the CO, absorption, the KOH solution in petri dish was poured into a 50ml
plastic bottle. Then the bottles were brought back to the laboratory, where the deter-
mination of the amount of CQ, absorbed by the solution was made by titration.

Measurements of respiration were practied under the natural conditions on the forest
floor. Maximum-minimum thermometers were used to estimate the mean temperature
in the container during the period of enclosure, and respiratory rates obtained were
converted to the corresponding values at 25°C on the assumption that Q; was equal

Table 1. Respiraotry rate in leaves at each layer (ry), leaf density in fresh weight (W)

and amount of respiration in leaves at each layer (RL) on three sample trees.

No. 1 No. 2 No. 3

layers (m) Wi LT R wpoo TtoORpTTLOWE It R
17.3-18.3 0.03 - -
16.3—17.3 1.92 63.8 122.6
15.3—16.3 7.85 58.8 461.4
14.3-15.3 9.28 38.3 354.9 0.39 101.6 40.5 1.27 - -
13.3—14.3 11.49 43.0 494.1 4.49 68.1 305.6 5.00 65.0 324.7
12.3—13.3 9.49 25.5 242.0 4.84 42.7 206.9 8.94 35.5 317.2
11.3—12.3 6.75 12.5 82.2 2.29 18.5 42.3 6.94 63.8 442.6
10.3—11.3 2.88 25.0 71.9 0.90 23.1 20.7 3.22  24.0 77.2
9.3—10.3 1.41 25.0 35.4 0.31 17.3 5.3 2.06 23.0 47.2
8.3— 9.3 0.62 - — 0.16 - - 0.64 20.0 12.7
7.3— 8.3 0.38 — -

% .  kg/m/sample tree ; %% :mg CO,/Kg/hr. at 25T (fresh weight basis) ;
*%% . mg CO,/hr. /sample at 25T.
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to 2.0.
As materials for measuring the rate of restpira- Height of leaves (m)

tion, six sample trees for the stem, three sample o AR S | S B

‘trees for the branches and leaves respectively e

were used from the felled trees. For measuring % \ oL

the rate on stem, the sections of stem were about *~.*"

25cm in length, and for branches one representative .\

pranch was selected from each layer, on which

rate was measured whole. As leaf sample, 40g of

leaves in fresh weight from each of each sample

NO.2

I (mgCO/kg-hr at 25°C)
g

tree were used.

As the measuring of respiration was finished 100 10

.within about six hours, the rise of respiration after 50 ~.*

traumatic stimulus seemed not to occur, because b NO.3
. . . LY}

the length of duration of normal respiration on \‘

. . . 10,
coniferous trees is respectively long. "

Fig. 2. Distribution pattern of rate of

RESULTS respiration of leaves in fresh
weight in relation to height of

leaves on three sample trees.
1) Vertical distribution of respiratory rates in
leaves

As shown in Table 1, the respiratory rate of leaves per kg in fresh weight at the
highest stratum was about 100mg CO, per hour at 25°C, and that at the lowest stratum
was about 20mg CO,, i. e. the latter was one-fifth of the former. The resp'iratory rate
decreased gradually with decreasing layers in the crown from top to bottom. This
decline was exponential as shown in Fig. 2. The tree height and depth of crown in
tree were 17.7m and 10.1m in No. 1, 15.1m and 6.1m in No. 2 and 16.4m and 6.7m in
No. 3 respectively. The larger the tree height or the depth of crown, the steeper the
gradient of regression line was observed. According to the results of three sample
trees, the larger the tree height or depth of crown, the higher the rate of respiration
of leaves was observed. In other words, each tree in the stand has differing amounts
of leaves with different respiratory activity, respectively, according to tree height.

As for the exponential decline of the respiratory rate in leaves, no reasonable inter-
pretations are available at present.

An equation of the relation between the respiratory rate(r) in leaves of Fagus crenata
on the basis of weight or area at a certain horizontal stratum and relative light
intensity (I/1,) was reported by Yoda et al. (1968), which was

I/I, = a ebr,
where a and b were constants. The relation obtained in Chamaecyparis obfusa, on the
other hand, was not satisfied by the equation. This discrepancy seemed to be caused
by the difference of life length of the constituent leaves. The life of a leaf on deci-
duous trees is short, for instance, the life length of Camptothea acuminata was one or
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two months in spring and two or three months in summer.

12)
In estimation based on-

litter fall, the life length in a leaf of Chamaecyparis obtusa in a concerned stand was

about six years.

The rate of respiration of the leaves of evergreen trees is highest when sprouting

in spring, decreases gradually, and

then increases again a little in the following

summer. The maximum value in respiratory rise in each summer, however, gradually

Table 2. Respiratory rate in branch at each layer (I‘B), branch density in fresh weight (WB)

and amount of respiration in

branch at respective layers (RB) in three sample trees

No.4 No.5 No. 6
layers (m) Wé I‘é RI*B* ) WE: I‘é ' RL;,' ' wé rE}* RI*B, )
16.3-17.3 0.16  50.9 8.3
15.3—16.3 1.90  16.9  32.2 0.05 51.8 2.8
14.3-15.3 4.15 1.7 48.6 1.54  25.5  39.2
13.3-14.3 5.85 7.0  40.8 0.07 - -~ 5.0 — @ -
12.3-13.3 6.45 2.2 14.1 1.25  25.5  31.9 8.60 14.3 123.0
11.3-12.3 2.97 4.2 12.4 2.80 8.9 24.8 11.50 13.2 151.2
10.3—11.3 5.00 2.3 11.7 2.97  12.0  35.6 9.15 3.6  32.8
9.3-10.3 270  — - 3.5  12.5  43.7 6.00 — -
8.3— 9.3 1.80 4.5 8.2 8.50 0.7 5.9
7.3~ 8.3 1.62 5.7 9.2 168 — -
1

*: kg/m/sample tree

%%k % mg CO,/hr. /sample at 25TC.
Depth of crown (m)
1 3 5 7 9 11
100 T AL A) 1 T 1) A] 1 L S
50 F \g
g ®
= ' o 8 o]
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o
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Fig. 8. Respiratory rate in branches (fresh

weight basis) and depth of crown
from tops of three sample trees.

; k% :mg COz/kg/hr.

at 25°C (fresh weight basis)
decreases with the vears. Such a cycle in the
respiratory rate was reported on leaves of Ilex
pedunculosa,) Cryptomeria ]apomca and Pinus Thun-
bergu

The difference in the patterns of vertical
distribution in the respiratory rate in leaves
between deciduous (Fagus crenata) and evergreen
(Chamaecyparis obtusa) trees would be ascribable
to the difference in the life constitution of the

leaf itself.

2) Vertical distribution of respiratory rates in
the branch
The respiratory rate of branches per kg in
fresh weight was about 50mg CO, per hour at
25°C at the highest horizontal stratum and 0.7~
5 mg at the lowest stratum (Table 2). This
great difference in respiratory activity would be
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ascribable to the difference of age Ratio (%) Ao A0 (ton/ham)
of branch in each stratum. The

pranches at thehighest horizontal
gtratum are one to five years old,
and those at the bottom are thirty
to thirty-five years.

As seen in leaves, the change in
respiratory rate of the branch on
the basis of weight was recognized
as an exponential decline. The

gradient of the regression line was,

however, steeper than that in Fig. 4. Respiratory rate in branches (fresh weight
basis) and ratio of amount of leaves (fresh

leaves as shown in Fig. 3. It seem- weight) to branches (fresh weight).

ed that the different features of
gradient of the regression line on the respiratory rate per weight between leaf and
branch would be ascribable to the amount of living cells contained in each organ,
because a great part of the branches was made up of dead cells which was evaluated
by weight. If the amount of living cells in a branch be sustained by the amount of
leaves on the branch, and if the respiration of a branch be relative to the amount of
living cells in a branch, there may be a certain correlation between the respiratory
rate of the branch on the basis of fresh weight (rg) and the ratio of the amount of
leaves in fresh weight to that of the branch (Wr/Wg). A close correlation was recog-
nized between rg and Wr/Ws, as shown in Fig. 4. The regression line in Fig. 4 can
be expessed in the following equation;

rg=a+Wr/Wg or rpeWp=a+Wr,
where a is constant.

3) Vertical distribution of respiratory rate in the stem

Pinus densiflora Cryptomeria japonica Chamaecyparis obtusa

100

T Tt

10t

T(mgCO,/ Sample-hr at 25°C)

0.1 " e 1 I T T SO WU S Y s 1t L " PR '
10 100 1

0.1 1 10 1

D () D (en) 10 100

Fig. 5. Diameter and amount of respiration of stem sections, cut off in similar lengths.
Pinus densifiora: 20cm in length, respiration measured by gas analyzer; Crypto-
meria japomica: 25cm, Warder titration method; Chamaecyparis obtusa: 25cm,

. Warder titration method.
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Since it had been
detected by Méller
et al. (1954) that the
rate of respiration
in the stem on the
basis of weight was
proved to decrease
with increasing dia-
meter, it was con-
firmed by many in-
vestigaters.

The same relation
was recognized in
the stem of Pinus
densiflora and Cryp-

tomeria japonica,and

“also Chamaecyparis

obtusa studied here
as shown in Table.
3. The relation be-
tween diameter and
repiratory rate in
each sample of stem
which

were cut off in

sections,

similar lengths, is
shown in Fig.5 with
the results of Pinus
densiflora and Cryp-
toemria japonica. If
the gradient values
of the
line be equal to 2.0,
1.0 and 0.0 in Fig.
5, then the respira-
in the stem

regression

tion

may be expected to be proportional to the volume, surface area or no relation with

diameter respectively.

There are two features in the respiration in stems in Fig. 5.

One is the pattern of

changes from the top to the bottom in a trunk. The respiration increases with increa-

sing diameter till a certain level on the upper part of the trunk, remains constant at

a certain magnitude and again increases at the thickest part near the root. The other
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Pinus densiflora

Height
5(m) Cryptomeria japonica
Height Chamaecyparis obtusa
L4 F8(m)
Height
e_{m)

3 6 r13

2 r4 10

1 L2 5
5 0. ' 0o 0 ‘ 00 200

400 10 05 O 500 1000 05 025 0 1
05 0% 0 20 Width of annual Respiration rate
ring (cm) (mgCOz/m?-hr at 25C)

Fig. 6. Width of annual rings in a current year and respiratory rate in stem per
square meter at respective height of stem.

is the difference of respiration among sample trunks.

As already recognized by Moller et al there is a certain relationship between the

respiratory rate on the surface area basis and width of annual rings. The relation,
here, between the vertical distribution of current annual rings and that of the respi-
ratory rate per square meter was represented. The interrelation between the right
and left sides of the diagram on the three species seems to have a close correlation as
shown by the six samples of three species in Fig. 6. Namely, the amount of respiration
in the stem is expected to have a close correlation wtih the growth of current annual
volume (4vs). If the volume of the stem be proportional to the weight, the growth of
weight in a current year (4ws) must be expected to have the same correlation as the
growth of volume in a current year.
. The relation between the amount of respiration in the stem of sample sections (rs)
and 4vs, and that between rg and 4dwg are shown in Fig. 7 and Fig. 8. The socurse of
data is the same as that of Fig. 5, except for Chamaecyparis obtusa, which is represented
by the three typical examples in Fig. 5 from six sample trees. As expected, close
correlations are found between rg and 4dvg or 4wsg, and it can be approximated by a
single log rs~ log 4vs line whose gradient nearly equals 1.0. Although the observed
values are scattered in a wide zone along the regression line, clear systematic trends
can be recognized in the distribution of the points belonging to the different trunks
and different parts of a trunk, and the segregation of different trunks and different
parts of a trunk seen on the log rs~1logD diagram (Fig. 5) has almost disappeared.

As for the mechanism of respiration in the stem, on the other hand, no reasonable
interpretations are available in the relation to CO,, which is diffused partly from the
cambial zone, partly from the youngest woody organs and partly from the older woody
organs. Although it is assumption that the respiration in the stem is proportional to
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Fig. 7. Respiratory rate per sample sections and growth of
volume in a current year. Dots, Pinus densifiora; circles,
Cryptomeria japonica; crosses, Chamaecyparis obtusa.

F Chamaecyparis obtusa
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Fig. 8. Growth in weight and respiratory rate per sample
stem sections, Chamaecyparis obtusa.

the amount of growth volume
or growth weight in a current
year in the stem at one
growing season, this inter-
relation is thought to be quite
important to understand bet-
ter the mechanism of respira-
tion of woody organs.

From this interrelation it
is expected that there is a
close relation between the
amount of whole growth in
one trunk and that of respi-
ration, and that its relation
must be proportional to each
other. From six sample trees
of Chamaecyparis obtusa mea-
sured at the forest concerned,
this relation is represented
in Fig. 9. The observed
values show that the assump-
tion mentioned above is
accurate.

DISCUSSION

1) Relation among the verti-
cal distribution of leaves,
that of the branch and that
of the respiratory rate of
the branch in the stand of
Chamaecyparis obtusa
From the data of the respi-

ratory rates in leaves at

respective horizontal layers of three sample tree, the respiration of leaves at each

layer per stand (R1) was estimated by two methods. A regression line was determined
by the relation between the rate of respiration in leaves and the respective height of
leaves on the three sample trees (method-I), or from the relation between the rate of
respiration in leaves and height put in order at the top layers of three sample trees
(method-1I) as shown in Fig. 10. The amounts of respiration in leaves of all layers in
the stand were 1.81kg CO,/ha/hr at 25°C (method-I) and 1.77kg CO,/ha/hr at 25°C
(method-II) respectively, and the ratioc of method-II to method-I was 0.97. As there
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Wi(ten/ha-m Ri(gCO:/ha-mhr at25C)
4 2 0 200 400 600
T
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Fig. 11, Vertical distribution of leaf
density (dry weight) and vertical
distribution of amount of respiration
in leaves, Chamaecyparis obtusa.
Dots, estimated by method-I;
circles, estimated by method-II.
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Fig. 10. Respiration rate in leaves and respective
height of leaves (method-I), and respiration
rate and height of leaves (method-1I), (three
sample trees) :

0.6

0.5

0.4

0.3

Ws ton/ha-m)

W, (ton/ha-m)

Fig. 12. Vertical distribution pattern of

leaf density, branch density and branch
growth in dry we'ght in a current year
(A), and relation between leaf density
and branch growth in a current year
at each layer (B).
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was very little difference between the two methods, method-II was used for estimating
the respiration in branches of the stand at the respective layers (Rg),

The vertical distribution pattern of leaf density was very similar to that of Ri, as
shown in Fig. 11. As seen by the results

(A) Wy, W (ton/ha-m) Rp (gCOs/ha-m-hr at25C) L. . )
reported by Saeki, in the Celosia cristata

plant in a community state, if the res-
piratory activity be proportional to
photosynthetic capacity, it will inver-
sely be expected that the vertical
distribution pattern of Rp shows a
pattern of vertical distribution of dry
matter production in leaves at respec-
tive horizontal layers. This was rein-

(B) 3
o 100 &
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= e \_E,
S . 2
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B 40F [ e s
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Wy (ton/ha-m) wo/was (kg/'ke)
Fig. 13. Vertical distribution of branch Fig. 14. Vertical distribution of branch density,
density, branch growth in a current branch growth in a current year and ratio
year and amount of respiration in of dwyp/wg in Chamaecyparis obtusa stand.

branch at each layer (A), and relation
between branch growth of dry weight  forced by actual measurement of branches. A
in a current year and amount of

o . close correlation is recognized between the ver-
respiration at respective layers (B).

tical distribution pattern of leaf density and
that of branch growth in dry weight in a current year at each layer (dwg) as shown
in Fig. 12.

As seen in Fig. 12, the vertical distribution curve of Rg and the distribution pattern
of branch weight at a horizontal stratum (4dwg) is quite different from each other, but
that curve of Rgp is similar to that of 4dwg. The relation between Rg and dwg was
directly proportional (Fig. 18). The vertical distribution of ratio (%) of 4dwg/wp with
decreasing height was exponential as seen in Fig. 14. From the results, it may be
expected that the distribution pattern of the respiratory rate in the branch on the
basis of weight has an exponential decline from this vertical distribution pattern of
the ratio.

The dry matter assimilated by leaves passes through the non-photosynthetic organs
and accumulates in these organs in passing, so the relation between the amount of
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caves and growth of non-photo- 18.3m
synthetic organs will be expected
to have a certain relationship, if
he photosyathetic activity and
qight condition of leaves be con-
stant. As for these relationships
between the vertical distribution
‘patterns of leaves and those of non-
?photosyxithetic organs, Shinozaki et

al. made quantitative analysis of

we (ton/ha.m):J
¥

plant forms and made a hypothetic Ws (ton/ha-m)

r )
. . 6 4 2 L. 10 20 30
model, which was called the unit TR TT¥T Ay n L
P 20:40.60.81.0
Rs(gCOs/ha-m.hr at25C) 4ws (ton/ha-m)

pipe system.

The proportionality between Rp Fig- 15. Profile diagram in Chamaecyparis obtusa stand,
showing vertical distribution of amount of respi-
ration in stem at each layers (Rg), stem growth
amount of respiration of the branch of dry weight in a current year (dwg), leaf density
(wr) and stem density (ws) at respective layers.

and dwg may be assumed that the

in amount of CO, diffused from new
pipes made in a current year.

2) The difference between the rate

200
of respiration in the stem and o
that in the branch in the stand
of Chamaecyparis obtusa 150k

The vertical distribution pattern
of the amount of respiration in the
stem of respective horizontal layers
‘(Rs) looks very similar to that of
the distribution curve of dry weight

Rs, Re(gC0:/ha-m-hrat25°C)
.\
\,
[o]
(]
\

in a current year at respective

layers (dws) as shown in Fig. 15, Ny )

which is expected from the relation 74 . . . ,

between the Rg and dwg. 0 02 O e, i (on/ham) Ho
The direct proportionality be- Fig. 16. Direct relation of Rg~ 4wg and Rg ~ 4dwg in

tween Rs and dwg and between Rp Chamaecyparis obtusa stand.

.and 4dwsg is represented in Fig. 16,

in which the gradients of Rg~ 4dwg relation and Rgp~wpg relation have very slight dif-
ferences with each other. The value of the ratio of the gradient of the Rg~-dwg
relation to that of the Rp~dwp was calculated at about 1.3. This difference of
respiration in relation to wg and dwpg shows a slight contradiction that the amount of
respiration in woody organs is proportional to the dry weight in a current year. But,
if the next assumption be considered, these differeces will have a certain meaning.
Namely, these [differences  come from the differences in the amount of respiration
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diffused from older parts of woody organs. So, it may be inversely possible to know
the mechanism of the respiration of the older parts of woody organs by analyzing
these differences quantitatively by means of an indirect method.

Anyhow, the vertical distribution pattern of the amount of respiration in woody
organs or stems and branches at a certain growing season nearly corresponds to the
vertical distribution pattern of the amount of dry weight increment of stems and
branches. In other words, the respiratory mechanism of the consumption of woody
organs in a forest community, which have a great part of non-photosynthetic organs
compared with other plant communities, has a mechanism favourable to the dry matter
production of a forest community.
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