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INTRODUCTION

Forest tree species differ from each other in their behavior to environmental factors,
on which many informations have been accumulated, especially relating to important
forest tree species. Most of these informations are based on observations of growth
under various conditions. Since the growth measured in the open represents an integra-
tion of interaction among all environmental factors and plant processes extending back
a certain long time, it is difficult to separate complicated effects of various factors such
as light, temperature and soil moisture. Studies projecting a better understanding of
the reaction of physiological processes to environmental conditions should help to explain
the difference in character of species in ecological relations and to provide a good
grounding for developing of silvicultural practice. Of recent years, experimental works
along this line have been made extensively.

In the present paper are studied the relations of photosynthetic rate to important
environmental factors. One-year-old seedlings of Pinus densiflova (Akamatu), Cryptomeria
japonica (Sugi) and Chamaecyparis obtusa (Hinoki) which are among the most important
forest tree species in Japan, are chosen as a material, and the differences in photosynthetic
response are compared with the already known characters of these species.

Effects of external factors on photosynthetic rate were treated in plant physiology
as the first step to explain internal processes of photosynthesis, and have been studied
in plant ecology from various aspects, sometimes in relation to the plant growth under
peculiar climatic conditions, and recently, in connection with the dry matter production
in plants or plant communities. Thus there exists a considerable literature on various
plants, but comparatively a little work has been done on the forest tree species. And
these results have been useful for us to look over the growth of forest trees to a certain
degree. In Japan, as to this problem, the study interesting students of silviculture has
begun after World War II. - Therefore, the data on photosynthesis of the important forest
trees are not sufficient to characterize each of the species.

The plan of this report falls into three major parts and seven chapters. In the first
four chapters, the differences between species in photosynthetic responses to light, temper-
ature and soil moisture are studied under the comparatively controlled conditions. In
succeeding Chapter V, by the use of relations in the former chapters are estimated the
seasonal variations in photosynthetic rate under the nursery conditions, and the causes
of seasonal change are studied in each species. In the last two chapters, after the
measurement of respiration, the dry matter production of the seedling grown individually
in the nursery is computed and compared with the dry weight increment determined
directly. And the causes responsible for the productivity difference are discussed.

Seedlings may be sensitive to environmental factors and easy to handle as compared
with older one. For this reason and to simplify the experimental conditions, an
individual seedling is chosen as a material in this work. Therefore, the results obtained
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here may be available for the seedlings grown in nursery where they are treated as an
isolated individual. But to the forest trees, the application of findings is limited,
because (1) it may be questioned whether seedlings and mature trees behave in the same
manner and (2) in the forest the behavior of a tree is greatly influenced by the neigh-
boring trees. It is desirable that further studies on older trees not only at individual
level but also at community level would be made in connection with recent works on
dry matter production in forests. _

In this work, only light, temperature and soil moisture affecting for a relatively
short term are taken up as important environmental factors governing photosynthesis.
Mineral nutrition and also various environmental factors acting for a longer term may
be of interest in an explanation for the difference in character of species, on which would
need further investigations.

I wish to express my thanks to Professor Dr. Taisitiroo SATo0, Director of Institute
of Silviculture, Faculty of Agriculture, University of Tokyo, for suggesting this study
as well as for constant guidance in the course of the work. Thanks are also due to
Professor Emeritus Dr. Kentaro NAkAMURA and Professor Dr. Masataka OHMASA, ex-
directors of the institute, for their invaluable suggestions and encouragements.

The experiment reported herein was carried out for the period 1959 to 1962 at Tokyo
University Forest Experiment Station, Tanasi, Tokyo. Iam indebted to Professor Masazi
SeEnDA, Director of Research Branch, Tokyo University Forests, for permitting me to
make the measurements in the station, and I take this opportunity to acknowledging the
helps and encouragements received from my colleagues, particularly from Mr. Kitokuroo
Yacrt throughout the measuring.

CHAPTER 1. DIURNAL VARIATIONS IN RATE
OF PHOTOSYNTHESIS*

To obtain the daily course of photosynthesis, the rates of CO,-uptake are measured
in the field. These measurements have two objects, (1) to make clear diurnal variations
under various weather conditions at different seasons, and (2) to present data available
for the studies of photosynthetic response to light intensity under field conditions.

I) Material and Method

1. Material ‘

One-year-old potgrown seedlings of Pinus densiflora, Cryptomeria japonica and
Chamaecyparis obtusa had been used in the following experiments. In the fall of the
previous year to the experiment, the seedlings were transplanted from a nursery to pots

* A part of Chapter I and II was presented at 14th annual meeting, Kanto Brancil, Japanese
Forestry Society, Koohu, October 1962.
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individually and had been grown outdoors until measurings. After transplanting the
pots were buried to their rims in soil to avoid extreme changes in soil temperature.
Water was given periodically so that soil moisture had been readily available for the
seedlings over the entire growing season.

The soil in the pot was A-layer of a nursery in Tokyo University Forest Experiment
Station, Tanasi, Tokyo, which was composed of silty loam of volcanic ash origin, having
a field capacity of 64 percent and a permanent wilting percentage of 33.5 percent. The
pots were unglazed having three different sizes, 15, 22 and 25cm in diameter respectively.
For the earlier period of experiment, the seedlings grown in smaller pot, and for the

later one those in larger one were used.

2. Method of measuring CO.-exchange

The rate of photosynthesis was estimated by measuring the rate ot change in CO,
concentration of the air before and after passing over the seedling in an open system
consisting of chambers, an infrared gas analyzer with sampling units, a pump and
plastic tubing.

1) Gas analyzer

Only a brief explanation of the apparatus is presented here, since the details were
given in an earlier report (SaToo, NEGist & YamacucHr 1959). In figure 1, an outline of
the system is presented and in figure 2 a photograph of the apparatus is shown. The
air was sampled from three lines I, Il and III. Line I and II were connected respectively
with an assimilation chamber, in which an individual seedling was enclosed. Line III was
joined to an empty chamber to determine CO, concentration of the outdoor air.

A part of the air flowing through the assimi-
lation chamber (A) was used for the sample
of analysis and the remainder flowed to a
by-pass through a flow meter (C’). The flowing
air sample was dried in a tube (B) containing

silica gel. To reduce an effect of buffer action
of silica gel on CO, (TRANQUILLINI 1952; PARKER
1953; BosiAN 1955), a small quantity, about 20cm?,
of the agent was used here. Then the desic-

cated air sample reached the sampling unit, by

which was controlled further flow to a sample
cell (H) in the pick-up of analyzer (Beckman

Liston-Becker infrared gas analyzer Model 15A).

The sampling unit was composed of electric

valves (E, F) and a selecter (G, Beckman auto-.
Fig. 1. Outline of the system for esti- matic stream selecter Model 272).

mating COZ-eX9han$e by measuring At intervals of 2.5 minutes, each sampling
CO; concentration in three open air

lines alternately. For explanation
of letters see text. the following order; line I-III-II-ITI-I-III------ .

line was opened alternately to the analyzer in



Since the analysis of control
air was made every 2.5 min-
utes, line I and II each was
connected with the analyzer
for 2.5 minutes and blocked
from it for 7.5 minutes. The
two electric valves, E and F
in each line were coupled,
when the one was opening
the other was closing, and

the air sample in the lines

blocking from the analyzer,
streamed into the by-pass to

Fig. 2. Apparatus for measuring CO.-exchange.
Lettering as in figure 1.

avoid CO, accumulation in
the chamber and piping. In
figure 1, line T connects with the analyzer, and crosses on the electric valves (E, F)
mean shutting of them.

Velocity of air flow in each line was measured by the flow meters (C, C’) consisting
of a U-tube and a capillary tube, and was adjusted by the two-way stop cocks (D, D) in
the same line. Cp and Dy served as controller of flow in the line connecting with the
analyzer. To decrease fluctuations in the air stream, three glass bottles, a capacity of
10 litres each (L, M, ), and a water column, 120cm high (N) were inserted in the line.
Velocity of air flow in the lines conducting air sample was maintained at a constant
rate of 18 litres per hour. Air flow in the entire system was made by the use of a
rotary pump (P) having a capacity of 35 litres per minute.

Changes in CO, concentration detected in the sample cell (H) were amplified by an
amplifier (I) and recorded in a recorder (J, Esterline-Angus DC 0-5mA). Fluctuations
of voltage in electric current supplied to the gas analyzer and the sampling units, were

regulated by a stabilizer (K).
2) Assimilation chamber

Structure

The top of the seedling was enclosed in an assimilation chamber shown in figure 3.
The structure of the chamber, which was detailed in a previous paper (NEcist 1961), is
given in figure 4.

The main part of chamber consisted of two transparent polystyrene plastic contain-
ers, the inner cylinder (A) and the outer one (B). The two cylinders were sustained
by each other using a rubber packing (C) and two glass tubes, an inlet (a,) and an
outlet (a,) of the air. To prevent the chamber from a rise of temperature, a space
between the two cylinders was served as a water jacket having an inlet (b)) and an
outlet (b,) for streaming cold water.

In using, the chamber was suspended by a string (E) and insertion of a seedling



Fig. 3. Assimilation chamber enclosing
1-year-old seedling of Pinus densiflora.

Lettering as in figure 4. T is a shield Fig. 4. Cross (upper) and longitudinal

for radiation enveloping hot junction (lower) section of the assimilation

of the thermocouple. o chamber. For explanation of letters
see text.

and a junction of thermocouple was made. By the use of thin vinyl film (D) of the
lower end of the inner cylinder and a small quantity of kneaded rubber, the axis was
wrapped up tightly together with the lead wires of the thermocouple.

Regulation of conditions

In the case of the measurement in the open, a question will arise as to climatic
conditions in the assimilation chamber (EGLE 1960a). Owing to greenhouse effect and
insufficient ventilation, temperature, humidity and CO, concentration in the chamber
may possibly differ from those in the open, through which the photosynthetic rate will
be affected.

Air temperature. It is well-known that on sunny days, a plant enclosed in the
chamber without cooling is overheated and shows a remarkable depression in photosynthet-
ic rate (Pi1sex & TrANQUILLINI 1954; TraNQUILLINI 1954; Bosian 1955; Necist, YAMAGUCH]I,
Yact & Satoo 1961). To obtain reliable data in the field, it is necessary to protect the
plant from an extreme rise of temperature. For this purpose the following means have
been taken: (1) the use of a filter of optical glass (TranquiLLINT 1954, 1955, 1957, 1959a)
or water layer (NEGIs], YAMAGUCHI, YAGI & SaToo 1961) to diminish an effect of infrared
radiation falling upon the chamber; (2) the use of cold water or air to make cool the
chamber (BosiAN 1955; EcLE 1960a).

The assimilation chamber used in this work was enveloped in the water jacket acting
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Fig. 5. Effect of a water jacket on the temperature
. in assimilation chamber observed on September
same level as in the open. Daily 19, 1959. Ly: normal light intensity measured
courses of air temperature inside and with a photocell placed at right angles with direct

outside the chamber through the solar rays, Lmp: horizontal light intensity meas-
ured with a photocell placed horizontally, Tc-1:

four seasons are shown in figure air temperature in the assimilation chamber
6, which brings out the fact that enveloped in a water jacket, Te-2: air temper-
ature in the assimilation chamber without a
water jacket, T: air temperature in the open.

temperature in the chamber at the

the action of water jacket appears
ineffective when the outdoor tem-
perature is relatively low as in the
cases of winter or of morning in growing season. The inefficiency of water jacket in
these cases may be attributed to the following causes: (1) a depression in cooling capacity
by the use of relatively warm water in comparison with outdoor temperature; (2) a
limjted rate of air flow in the chamber in proportion to a low level of CO,-uptake.

Air humidity. A higher air humidity in the chamber is caused by transpiration of
the enclosed plant and a limited flow of the air carrying moisture. On sunny days in
growing season, when the conditions are favorable for transpiration, water vapor in
the chamber reaches easily to a full saturation and condenses into drops on the inside
wall of the chamber.

The effects of humidity on photosynthesis have been discussed in many studies made
under field conditions. Bosian (1960) worked on vine and Pelargonium with the chambers
of three different conditions; uncontrolled, controlled temperature, and controlled both
temperature and humidity. He pointed out experimentally that humidity has an in-
fluence on the daily course of photosynthesis. TRANQUILLINI (1963) studied the relation
of moisture content in the air to photosynthetic rate of conifers, using a wind tunnel
as an assimilation chamber. His work was combined with various soil moisture con-
ditions and showed clearly that except for the spruce grown on the relatively moist
soil, the photosynthetic rate decreased with increasing saturation deficit in the air at
each level of soil moisture. It seems that the humidity in the chamber affects
photosynthesis in the following ways: (1) the change in water conditions of the plant in
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connection with the opening of stomata; (2) the decrease in light intensity in the chamber
due to condensed water: (3) the error in estimated value caused by buffer action of the
condensed water on CO,.

Although the effect of humidity was expected, the regulation of moisture content of
_ the air was not made in this work, because a complicated equipment was demanded for
the control (BosiaN 1959, 1960; TrANQUILLINI 1963). The photosynthetic rates obtained
here, therefore, may be values expected under excessive air moisture conditions and
different possibly from those in the open in some degree. To prevent the chamber
from a depression of light intensity, the condensed water on the inside wall was wiped
away occasionally with a small rubber tube wrapping an iron rod, which was enclosed
in the chamber and drived by a magnet.

CO, concentration. Since the photosynthetic rate is closely related with the CO,
content of the air, an ample supply of air for the chamber is desirable. In this work,
air supply to each chamber was adjusted within the range from 18 to 240 litres per
hour according to the rate of CO,-uptake, by which the depletion of CO, concentration
caused by photosynthesis did not exceed 20 percent of the original value.

As mentioned above, the assimilation chamber used here has a weak point in
regulation of climatic factors. But as a whole, this weakness is supposed to be not
serious in evaluation of the results. Simple structure and low cost of this chamber
are favorable for rough handlings in the field and for uses of the various dimensions
fitting for the size of the seedling. Since a complicated equipment is required for a
perfect air-conditioning of the chamber, it is preferable in the field work in future that
the determination will be made under a higher rate of air supply by the use of a very
sensitive gas analyzer such as “Super URAS” (TrRANQUILLINI 1964a, b).

3. Method of measuring climatic factors
1) Light and radiation intensity

Intensity of total day light was measured with a selenium photometer (Toshiba
luxmeter Model 5). Measurings were made in the following two ways: (1) placing a
photocell at right angles with direct solar rays; (2) placing a photocell horizontally.
The value in the former case is “normal illumination”. But that in the latter one differs
from “horizontal illumination” calculated by application of the cosine law to the normal
illumination, because the cosine law can not be applied to the barrier-layer type of
photocell as used here. In this paper, the former values are expressed in the word
“normal light intensity” and the latter ones in “horizontal light intensity”.

Horizontal radiation intensity had been recorded with Robitzsh’s actinograph, which
was checked for accuracy with Gorczynski’s pyrheliometer occasionally.

2) Air temperature ' o

Air temperatures inside and outside the assimilation chamber were measured with
a Cu-constantan thermocouple. To shield from radiation, the end of hot junction was
enveloped in a cylinder of white paper, 7 cm long by 1cm in diameter as shown in figure
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3. Open air temperatures obtained with this thermocouple were close upon the values
measured with Assmann’s aspiration psychrometer. '

For the study of the relation between temperature and photosynthesis, the temperature
of the photosynthetic part (leaf temperature) is more applicable than that of the
surrounding air. -But, in cases in which the mean leaf temperature of the entire
photosynthetic parts is measured in the field, it is difficult to protect .an element of
thermometer from the radiation, because the way of solar rays varies with the.change
of solar elevation in a day.

TrANQuUILLINI devised methods for measuring mean temperature of needles with a
platinum resistance thermometer, which were applied to the studies dealing with photo-
synthesis of Pinus cembra in the field (TrRANQuILLINI 1954, 1955, 1957; TrRANQUILLINI &
TurNER 1961). We attempted to measure the temperature of needles of Pinus densiflora
using his earlier type of thermometer (TRANQUILLINI 1955), a long platinous wire twined
round the top of the seedling, and obtained a good result. But in this work, the sample
seedlings were renewed in every time of determination, and it was too laborious for the
measuring in a brief period to make the twining of a wire without disturbing natural
leaf arrangement and without changing constant value of the wire.

4. Measurement
1) Time lag of CO, analysis

The air flowing in the assimilation chamber reached through the vinyl pipe to the

' gas analyzer in the laboratory.

;88 : The distance between chamber and
% ' analyzer was about 20 m, and the
@ 200 time lag varying with the rate of
é 100 air flow happened to the value of
AR N ST SR T T HT CO, analysis. -Figure 7 shows that

0 400 800 1200 1600 2000

the time lag reduces with increas-
RATE OF AIR SUPPLY cc/min

Fig. 7. Time lag in observed value of photosynthesis
in relation to rate of air supply. arrangement of data were made

corrections of the time lag.

ing velocity of air flow. In the

2) Standard procedure for determination

During the few days before the determination, an irrigation was made adequately and
the level of soil moisture in the pot was held nearly at the field capacity during the
measurement, by which the rate of photosynthesis may be able to reach the maximum.
In the evening of a day arbitrary chosen, the top of a seedling was inserted into the
chamber. A run of determination of CO,~exchange started immediately and continued
until sunset of the following day to obtain a whole daily course of photosynthesis.
For the period sunrise to sunset, light intensity and air temperature had been measured
at intervals of 15 minutes. The rate of air supply was adjusted occasionally.

In addition to the runs on the whole day were made the runs on a brief period.
On the seedling used in the run in cloudy weather, a determination on a clear day was
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added to estimate the maximum rate of photosynthesis. After the completion of each
run, the dry weight of the seedling was measured by oven-drying.

The determinations were made on a day arbitrary chosen from among the different
days for the period April, 1960 to April, 1961. Two seedlings, one from each of the
different species usually, were run simultaneously. In these determinations 37 seedlings
of Pinus densiflora, 38 of Cryptomeria japonica and 32 of Chamaecyparis obtusa were
observed, and the daily courses of photosynthesis were obtained in the following numbers;
42 in P. densiflora, 42 in Cr. japonica and 24 in Ch. obtusa for the period sunrise to
sunset, and about 10 in each of the species for shorter periods.

II) Results and Discussion

Comparisons of the data at different seasons indicate that the relation of daily
course of photosynthesis to environmental factors differs with different seasons. As
will be described later in warm growing season, most of the diurnal changes in
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photosynthesis appear to be fairly well correlated with a few external factors. On the
other hand in winter, the effects of internal factors overlap on those of external factors,
through which a simple relationship in growing season may be disturbed.

1. Daily course of summer type
1) Course on a clear or a cloudy day

Abundant literature has accumulated on the diurnal variations in photosynthetic rate,
in which were included papers relating Cr. japonica (TAKAHARA 1954; NEGIs, YAMAGUCHI,
Yacr & Sartoo 1961) and Ch. obtusa (TakAHARA 1954). The daily courses obtained here
are similar in trend to the above-mentioned literature. ‘

For example, the daily courses of P. densiflora in different weathers are given in
the following graphs; in figure 8 on a clear day, in figure 9 on a sunny day with a
number of cloud-drifts, and in figure 10 on a cloudy day. On a bright, clear and warm
day a flat-topped diurnal curve of photosynthesis is observed as shown in figure 8.
The photosynthesis starts at sunrise and increases rapidly with increasing light intensity
and arrives at a level near the daily maximum. Until the early evening, the rate con-
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Fig. 9. Daily course of photosynthesis in Pinus densiflora on a sunny day with a number
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tinues at the same level which is followed by the rapid decrease due to depression in
light intensity and the cessation of photosynthesis at sunnset. On a cloudy day, the
light intensity remains at a lower level below saturation, and the daily course of
photosynthesis fluctuates with the change in light intensity all day long as shown in
figure 10.

2) Midday drop

It is well-known that the rate of photosynthesis often reduces in varying amount
during the middle of sunny day. Many reports discussed and reviewed the cause of
midday inhibition of photosynthesis.

In order to see an appearance of midday depression, the data obtained on sunny
days were studied. Examples of daily course of photosynthesis on a bright and sunny
day, four days in each species, are shown in figure 11, Typical bimodal curves are not
found, but sometimes the depressions to varying extent appear such as on June 7,
July 20 and September 23 in Ch. obtusa. Among the species differs the midday drop in
frequency of occurence and in extent of decrease; seldom and slight in P. densiflora, not
often and moderate in Cr. japonica, and often and marked in Ch. obtusa.
~ Bosian (1960) worked using his perfect air-conditioning assimilation chamber and

found that the midday drop of photosynthesis was attributed mainly to unnatural con-

ditions in the chamber, i.e. overheating of the plant sample and excessive air humidity.
Air temperature in the chamber used in this work fluctuated as mentioned above. To
remove the effect of temperature, the course of photosynthesis observed under varying
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temperature was changed into a curve at a constant temperature 20°C by the use of

relation between temperature and photosynthetic rate in Chapter III.

Although the extent of the depression is decreased through the corrections of

temperature as shown in figure 11, the remaining midday drops suggest an existence

of influence of other factors.
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rates (solid line) and converted ones into at 20°C (broken line).

By the use of relation between CO, content and photo-
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synthetic rate (NEcist & SAaToo 1961b), the effect of change in CO, concentration was
studied with the same way as temperature. But the influence of CO, concentration
was ' not obvious. Further discussions on other factors, e.g. water deficit, closure of
stomata, accumulation of photosynthate and photo-oxidation of enzymes are not made
in this paper.

2. Daily course of winter type
1) Characteristic of winter type

-Examples of the daily course of photosynthetic rate of P. densiflora and Cr. japonica
obtained on a bright and sunny day in winter are given in figures 12 to 15. As shown
in the figures, the daily march in winter differs from that in growing season in the
following two points: (1) an appearance of remarkable midday depression, e.g. on December
20, 1960 in P. densiflora in figure 12; (2) a relatively low photosynthetic rate in the morn-
ing. During winter months appear these characters to varying extent in each species.
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Fig. 12. Daiiy course of photosynthesis in Pinus densifiora on a clear day in winter
(December 20, 1960). Ly: normal light intensity, Lmp: horizontal light intensity,
Te-1: air temperature in the assimilation chamber cooled with flowing tap water, Te-2:
air temperature in the assimilation chamber cooled with circulating ice water, T: air
temperature in the open, Pg-1: rate of apparent photosynthesis of the seedling in the
chamber cooled with flowing tap water, Ps-2: rate of apparent photosynthesis of the
seedling in the chamber cooled with circulating ice water.
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2) Midday drop

In the above discussion on the data obtained in growing season, an excessive rising
of temperature which depresses the rate of apparent photosynthesis directly through
inhibiting photosynthetic process and indirectly through stimulating respiration, was
mentioned as a cause of the midday decrease. The researches on evergreen trees at
different seasons (Kusumoro 1957a; Nomoro, KasaNAGca & Monst 1959; LARCHER 1961a)
indicated that the relation between temperature and photosynthetic rate in winter
differed from that in growing season. The maximum, optimum and minimum temperature
of photosynthesis became lower in winter., The similar seasonal difference was observed
in the three species studied here (NEGisi & SAT0o0 1961a). Hence, it seems that a rise of
temperature which will affect photosynthesis to a slight degree in growing season,
possibly has a remarkable effect in winter. This possibility suggests that a rising of
temperature is a cause of the midday depression represented with a typical bimodal
curve in figure 12. Also the effect of temperature is guessed from the fact that the
extent of depression is larger on the seedling met with a higher rise of temperature through
an enclosing in the chamber cooled with tap water as may be seen in figure 12,

A distinct midday drop does not appear in midwinter, During this period as
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will be described below, the recovering from depressed photosynthetic capacity is
promoted with a high temperature, through which may be diminished the possibility
bringing a marked midday drop.
3) Recovery of photosynthetic capacity

Reports dealing with seasonal changes of photosynthesis of evergreen conifers
indicated that a frost caused a greater decrease in photosynthetic capacity. When the
plant samples were removed to warmer conditions, the gradual recoveries from depressed
photosynthetic level were observed in several conifers, e.g. Picea excelsa (ZELLER 1951),
Picea excelsa and Pinus cembra (Pi1sEK & WINKLER 1958), Pinus sylvestris (BOURDEAU 1959),
Picea excelsa (WEISE 1961), Picea excelsa and Pseudotsuga taxifolia (WEISE & POLSTER 1962).
These findings support the possibility that an inactivity and a following increase in
photosynthesis in the morning, as shown in figures 13 to 15, correspond to (1) the
depression of photosynthetic capacity caused by frost in the previous night and (2) the
gradual recovery of it due to higher temperatures after sunrise.

To determine how rapidly the photosynthetic capacity would recover under warmer
conditions, 1-year-old seedlings suffering from a cold in the field were carried into the
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laboratory, and the changes of photosynthetic rate with the lapse of time were observed
under a sufficient light intensity and at a constant temperature of 5°C or 20°C. During
January in 1961, three runs of the measurement on different days were made in the same
seedling of P. densiflora and Cr. japonica.

The results are shown in figure 16. At the beginning of the measuring, the photo-
synthetic rate increases with elapsing time in all observations. But the rate of recovery
and the further course of photosynthesis after reaching a higher level differ among
different measurements. At temperature of 20°C, a progress of photosynthesis at higher
rate is followed by a rapid decrease. The comparison between the result on January 9
and on January 11 indicates that a rapid recovery is expected with a higher temperature,
but the same higher temperature is less effective on January 14. As a cause for this
inefficiency, the effect of severe frost in the previous night is supposed in the record of
daily minimum temperature in the upper graph of figure 16. The level of photosynthetic
capacity in winter is lower in Cr. japonica than in P. demsiflora, on which would be
detailed in Chapter V.

Time courses of photosynthesis shown in figure 16 are similar in trend to those,
e.g. reported by WEISE and PoLsTER (1962), in which the samples suffered from the frost
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at —10°C for three days before the measuring, and then the determinations were made
under warmer conditions at a temperature between 20 and 22°C. In addition to the rate
of apparent photosynthesis, they measured the rate of respiration simultaneously and
found that after a certain lapse of time the rate of respiration began to increase
remarkably. According to their finding, the increase of respiration is supposed as a
cause for the depression of photosynthetic rate which is observed at a higher temperature
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after reaching a higher level.

Since the daily variations in light intensity and temperature are not wide and the
rise of temperature in the chamber does not reach to the level causing a marked midday
drop on typical cloudy days in winter, the daily courses of photosynthesis in the open
are probably similar to those under uniform conditions. Figure 17 represents the
instances of daily course on a cloudy day in winter, in which the photosynthetic rate
has continued to increase until the evening when the light intensity begins to limit
photosynthesis. ;

When the seedlings suffered from the frost in the same degree, a rapid recovery of
photosynthetic capacity is expected with a higher temperature as described above. A
similar trend in effect of temperature is seen on the daily course of photosynthesis in
the open. As may be seen in figures 12 to 14, the rate of recovery is higher in the
seedling in the warmer chamber enveloped in tap water than that in the cooler chamber
enveloped in ice water.

The daily course of photosynthetic rate in winter is very sensitive to the rise of
temperature. The fact that the temperature in the chamber is higher in general than in
the open on clear days in winter, suggests the possibility that the character of the winter
type in diurnal variations i.e. a midday drop and a recovery of photosynthetic capacity
after sunrise, appears extremely in the seedlings enclosed in the chamber.

3. Seasonal change in type of daily course ‘

From the above description, it is clear that the levels of photosynthesis on the daily
course in growing season are closely related with a few environmental factors, especially
with each light intensity measured simultaneously while in winter a fairly relationship
between light intensity and photosynthetic rate is disturbed by the appearance of a
remarkable midday drop and the change in photosynthetic capacity. To make clear the
time when the change from the summer type to the winter one or the reverse would
take place, the relation between light intensity and photosynthetic rate was studied on
each daily course on clear days at different seasons.

Arrangements of the data were made using the hourly mean photosynthetic rate
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Fig. 18. Daily course of photosynthesis in Pinus densifiora on a clear day in winter
(upper left) and in growing season (lower left), and relation between hourly horizontal
radiation intensity and hourly mean photosynthetic rate in winter (upper right) and
in growing season (lower right) drawn using the left figures. H.R.L.: horizontal
radiation intensity measured with Robitzsh’s actinograph, Ps: rate of apparent
photosynthesis. Arrows in the right figures connect the values in order of elapsing
time after sunrise. Further explanation in text.

and the corresponding hourly horizontal radiation intensity instead of the photosynthetic
rate for 2.5 minutes of every 10 minutes and of the light intensity measured at intervals
of 15 minutes, because the analysis at shorter intervals was supposed too minute for
this purpose. Examples of the arrangement of data on P. densiflora are shown in figure
18. To remove the effect of fluctuating temperature from the daily course of
photosynthesis in the left graph of the figure, the rates are converted into at 20°C, and
the course is arranged in the right graph showing a relationship between horizontal
radiation intensity and photosynthetic rate, in which the values are connected by the
arrows in order of elapsing time after sunrise.

Since the photosynthetic rate is fairly correlated with light conditions throughout
the day in growing season, the rates for the period of decreasing radiation intensity trace
the same course of increasing one as seen on June 7, 1960 in lower right of figure 18.
On the other hand on December 20, 1960 in upper right of figure 18, the upward course
differs distinctly from the downward one owing to the appearance of marked midday
drop and/or the recovery of photosynthetic capacity in the morning. Thus the relation
as observed in the former case indicates the summer -type in diurnal variations, while
that in the latter case shows the winter one.

A part of the result in each species is shown in figures 19 to 21 respectively. Figure
19 indicates that the daily course of photosynthesis of P. densiflora is the summer type
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for the period May 2, 1960 to November 30, 1960 and the winter one from December 20,
1960 to April 5, 1961. Compared with P. densifiora, the winter type of Cr. japonica
or Ch. obtusa appears early, in October as shown in figure 20 or 21. In the winter
type, in which a midday drop happens remarkably as observed on December 20 in figure
19, the values for the period sunrise to midday trace a higher level of photosynthetic
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rate than those for the period midday to sunset. In cases where an increase of photo-
synthetic capacity occurs markedly in the morning as observed on January 19, March 8
and April 5 1961, the reverse takes place.

To express somewhat quantitatively the difference between the summer type and
the winter one, the data are arranged with the following modified way. The estimations

Cryptomeria japonica
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of the area A and B are made on the figures such as figures 19 to 21, where A is
surrounded with the abscissa, the vertical line drawn from the plotted point corresponding
to the maximum radiation intensity to the abscissa and the line connecting each of the
plotted points for the period sunrise to midday, and B is surrounded with the abscissa,
the same vertical line as A and the line connecting plotted points for the period midday

Chamaecyparis obtusa
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to sunset. It is supposed that the difference in area between A and B indicates the
following characters of each type: (1) A =B shows the summer type; (2) A>B, the
winter type with a remarkable midday drop; (3) A<B, the winter type with a marked
recovery of photosynthetic capacity in the morning.

The results of the arrangement are summarized in figure 22, in which each area of
A and B is expressed in percentage to the area, A plus B. The values from April to
November are nearly 50 (A=B) showing character of the summer type, while those
from December to early in April become one-sided (A#B) indicating a remarkable
midday drop, or a change in photosynthetic capacity. One-sided values are observed
occasionally in Cr. japonica and Ch. obtusa in October and November as discussed above.
The values of Cr. japonica and Ch. obtusa in midwinter are not able to plot in figure
22, because the photosynthetic rates of the both species are very low in this season,
occasionally negative all day long as shown in figure 15. '

CHAPTER II. LIGHT INTENSITY IN RELATION TO
RATE OF PHOTOSYNTHESIS

Because of its apparent importance to CO,-uptake, the response of photosynthesis
to light intensity has been studied extensively by many workers. The experiments
were mostly made under controlled conditions using artificial light sources. But the
reports based on the field data are not rare (as instances dealing with trees, CARTELLIERI
1940; PorLsTER 1950, 1955; PisEk & TRANQUILLINI 1954; TRANQUILLINI 1954, 1955, 1957;
PoLsTER & NEuwirTH 1958; MILLER 1959; NEecisi, YAMAGucHL, YAl & SaToo 1961),
especially in recent years the works in this way have been made progress by means of
the infrared gas analyzer. ~

In the open, temperature, water and other factors change together with light factor.
And, in cases in which the relation between light intensity and photosynthetic rate is
studied with the data in the open, it may be necessary to correct the influence of other
factors. Under controlled conditions may be not required these corrections, but a question
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is raised how to make the light condition similar to natural one by the use of artificial
light sources.

It is supposed that the artificial light differs from the natural one in the following
points: (1) difference in light quality; (2) difference in distribution of light flux to each
part of the sample. There is no artificial light source having perfectly the same quality
as sunlight, but the first point in question may be nearly solved by the use of a light
source composed of xenon-lamp and optical glass filter as reported by Ruscu and MULLER
(1957). The second point in question which may have smaller effect on measuring of a
detached broad leaf, is able to affect remarkably the photosynthetic rate in cases, in
which will be determined a samplé, attaching leaves in natural arrangement.

Under drdinary controlled conditions takes place a rapid decrease in light intensity
with increasing distance from the light source, because the light source is equiped
closely on the plant sample to obtain a high light intensity. The seedling studied here
has needles in a certain range of height. And the distribution of light flux to each
part of the seedling exposed to the above-mentioned light source may differ from that
in the open. Therefore, even if the value of light intensity measured under controlled
conditions is equivalent to that in the open, the two light intensities do not always
correspond with the same level of photosynthesis respectively.

The influence of the second point in question may be relatively small on the
measuring of photosynthetic organs arranged in a plane. But, an artificial arrangement
of leaves as such, is not desirable probably, because a disturbance of natural arrangement
may be able to change the relationship between light intensity and photosynthetic rate
as shown in the researches relating to the effect of mutual shading in pine seedlings
(UnL 1937; KrRAMER & CLARK 1947).

These defects in artificial light conditions may be not serious, when the experiments
are made in relation to factors except light one, or even if with the light factor the
difference of species is mainly studied. But in this work, the relation between light
intensity and photosynthetic rate is studied with the following purposes: (1) to make
clear the different responses of species under various weather conditions; (2) to present
light curves available for estimation of dry matter production in the field. Hence,
the studies are made on the data in the open described in Chapter I.

I) Arrangement of Data

The studies based on the diurnal variations of photosynthesis were made only for
the period corresponding to an appearance of the summer type. After conversion into
the rate at constant temperature 20°C, the daily course was arranged in the relation
between light condition and photosynthetic rate. To represent the light condition, the
horizontal light intensity measured with Toshiba luxmeter Model 5 and the horizontal
radiation intensity recorded with Robitzsch’s actinograph were used. Because of relatively
low sensitivity of Robitzsch’s actinograph, the relations to radiation intensity were
arranged using hourly mean values. On the data in winter were not made the studies.
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II) Results and Discussion

1. Radiation intensity and photosynthetic rate

'The same method of arrangement as on clear days in figures 18 to 21 was applied
to the data under various weather conditions. The results in each species are sum-
marized in figure 23 for the period May to September. In Pinus densiflora, as may be
seen in the left graph of figure 23, the relation in May differs from that in other months,
while in Cryptomeria japonica and Chamaecyparis obtusa such difference is not apparent.

To compare the relation of the species with each other, plotted points in figure 23
are collected into figure 24, from which values of P. densiflora in May are excluded.
All the three species show a rapid increase in photosynthetic rate with radiation intensity
at lower intensities. C7. japonica and Ch. obtusa reach the maximum rate of photo-
synthesis at low radiation intensities in comparison with P. densiflora. Variations of
radiation intensity affect the photosynthesis of Cr. japonica and Ch. obtusa similarly.
In Cr. japonica and Ch. obtusa are observed the depressions in photosynthetic rate in
higher radiation intensities, which correspond with the midday drops in daily. courses
of photosynthesis mentioned in Chapter I. '

In P. densifiora, May is different from other months in photosynthetic response to
radiation intensity as shown in figure 23. To give a detailed explanation of the difference,
the values obtained in every measurement from late-April to May are ‘compared with
those in other times in figure 25. May 2, 4, 8 and 12 differ probably from other days
in the relation, while April 27 and May 23 do not differ evidently. In early-May, the
rate of photosynthesis increases slowly with increasing radiation and reaches the satura-
tion at a higher radiation intensity.
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It is well-known that P.
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Fig. 24. Difference among Pinus densiflora (open circles),
Cryptomeria japonica (solid circles) and Chamaecyparis
obtusa (crosses) in photosynthetic response to radiation

intensity.

thetic rate in P. densiflora in
May. Cr. japonica and Ch.
obtusa are different from P,
densiflora in height-growth
pattern. In these two species, the height-growth and the formation of new needles

have been made slowly, and no obvious change in the relation may happen.
2. Light intensity and photosynthetic rate

1) Relation of horizontal light intensity to photosynthetic rate

In this work, the normal and the horizontal light intensities were observed. The
latter was not calculated values using the former but measured directly with a photocell
placed horizontally as mentioned in the previous chapter., TAkepa (1957) studied the
relationship between light intensity and photosynthetic rate of rice plants using different
representations of light intensity. In cases in which the sample was an isolated plant,
he found that the rate of photosynthesis could be plotted against either the normal or
the horizontal light intensities within much the same degree of deviation. A similar
trend was observed in Cr. japonica (NEcisi, YAMAGcucHI, YAGI & SAToo 1961). And in
this work, the studies are made mainly on the relation to horizontal light intensity,
which can be measured easily in comparison with normal one.

The relation between each photosynthetic rate and corresponding horizontal light
intensity was studied on the daily courses of summer type. To avoid a confusion caused

by a large number of plots, only the values for the period June to September are shown
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in figure 26. The photosynthetic rate is clearly affected by light intensity, but a wide

variation is observed in the relation.

In addition to the difference among individuals,

the following causes are supposed for this variation: (1) an unsteady time lag in measuring
photosynthetic rate behind the corresponded light intensity owing to variable weather;

(2) an insufficient time for

adaptation of the seedling 100
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Fig. 26. Scatter diagram of the three species relating to photosynthetic response to light

intensity for the period June to September.

maximum of each determination.

Rates of photosynthesis are relative to the
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Fig. 27. Difference between typical clear (open circles) and
cloudy days (solid circles) in photosynthetic response to
light intensity.

with photocell on a clear day
is equivalent to that on a
cloudy day, it seems that the
two do not always connect
with the same level of pho-
tosynthesis.

To study this point, in
figure 27 the relation on
typical clear days is compared
with that on typical cloudy
days, on which incident light
from all directions is nearly
uniform. The relation ob-
tained under unsettled weath-
er conditions is excluded from
this figure, because the vari-
ations caused by the above-
mentioned time lag and in-
sufficient adaptation may be
marked in these conditions.

As may be seen in figure
27, the relation between hori-
zontal light intensity and
photosynthetic rate on clear
days differs from that on
cloudy days in each species.
This difference is supposed
as a cause of the scattering
of values in figure 26, in
which the relations under

various weather conditions are plotted together. Before studying the details of difference
due to weather conditions, a short explanation would be presented for a character of the

luxmeter used here.

Character of the luxmeter for sensitivity to the light with various angle of incidence

Theoretically, the relation between normal light intensity (Lv) and horizontal light

intensity (Lu) under direct sunlight is represented with the following formula,

Lu=cosa Ly=sinh Ly

where « is the angle of incidence of solar ray and h is the altitude of sun. Since the

photocell of the luxmeter is a barrier-type with optical glass filters and the distance of

rays passing through these layers increases with increasing angle of incidence, the

values obtained with the photocell placed horizontally differ from those calculated by the
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Fig. 28. Sensitivity of the luxmeter in relation to
the altitude of sun. Light intensity of total
daylight on a clear day with 0.7 transmission
coefficient is expressed as the following values;

that the measured horizontal light
intensity is lower usually than the
calculated one. By the application

of L-H-1 in figure 28 to the result
in figure 27, the relation between the
horizontal light intensity and the

calculated normal (L-V) and horizontal light
intensity (L-H-1), expected horizontal light in-
tensity from the photocell placed horizontally

with 100M filter (L-H-2) or with 10M filter

(L-H-3) based on the maker’s data, and expected

is drawn to a broken line in figure light intensity from a luxmeter having hemi-

 spherical light receiving surface (L-H-4). Light
intensities measured actually on clear days are
plotted with open circles (normal) and solid
circles (horizontal).

photosynthetic rate on clear days

29. In the case of the measured
horizontal light intensity, the in-
creasing rate of photosynthesis with
light intensity on clear days (L- .
H-2-Ps) is higher than on cloudy days, while the reverse takes place in the case of
the calculated horizontal light intensity (L-H-1-Ps).

Cause of the difference between clear and cloudy days

Though the difference in light quality changed with weather is supposed as a factor
connecting with the different relations in figure 29, the difference in distribution of
light flux among the parts of the seedling may be more important. On cloudy days,
the total daylight consists of diffuse light and a difference of light intensity in all
directions is smaller, and the incident light upon every photosynthetic part of the
seedling is relatively uniform in intensity and corresponds closely with the value
measured with the luxmeter. On the contrary on clear days, the total daylight is



32

composed of direct and dif-
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in light intensity. Since
the measuring of light in-
Cryptomeria japonica tensity is made on the total
daylight, the
light

on clear

horizontal
intensity measured
days may be
represented with the high-

est intensity among the
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values received by each of
the photosynthetic . parts.
. Therefore on clear days,
Chamaccyparis obtusa only a part of the photo-
synthetic organ is equal to

receiving the light intensity
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Fig. 29. Difference between typical clear (lines) and cloudy
days (solid circles) in photosynthetic response to light
intensity (modified figure 27). Photosynthetic rate on a

measured actually with the
luxmeter and the remainder
is under lower light inten-
sities, and the rate of in-

crease

clear day with 0.7 transmission coefficient is plotted against
the calculated horizontal light intensity (L-H-1-Ps), the
expected one from the photocell placed horizontally (L-H-
2-Ps), and the expected one from a luxmeter having
hemispherical light receiving surface (L-H-4-Ps).

of photosynthesis
with increasing horizontal
light intensity is lower than
that on cloudy days as

. shown in figure 29.

The difference between the light intensity measured with the luxmeter and that

received by photosynthetic part may be related with the difference in shape of the
surface receiving rays. When the sample is a leaf having a flat surface similar to the
photocell, or if a photocell having a surface similar in shape to photosynthetic organs is

able to use, the difference will become smaller.

The response of the luxmeter with a photocell of flat surface is affected by angles

of incidence of the ray. To unify such character of sensitivity, improvements on the shape



33

of receiving surface of photocell or devices for the attachment of diffusing light have
been made (e.g. WasSINK & ScHEER 1951, MippLETON 1953, MUrRATA 1957). If we can
employ the photocell having a hemispherical receiving surface and an uniform response
as a luxmeter, the relation between altitude of sun and measured light intensity on clear
days will be shown with a chain line (L-H-4) in figure 28. And, the relation between
light intensity and photosynthetic rate may be drawn with a chain line (L-H-4-Ps) in
figure 29 basing on the assumption that light intensity would be measured with such a
luxmeter. As seen in figure 29, the use of such a luxmeter is not effective to diminish
the difference in the relation between clear and cloudy days.

In addition to the above-mentioned character of the luxmeter, other factors having
a connection with the difference in the relation between clear and cloudy days are
supposed. If we can know about the light intensity, the photosynthetic rate and the
light curve of each divided part of photosynthetic organ, it will be possible that the
difference between clear and cloudy days is deduced from a calculation.

Since there are no data on these points, a calculation is made basing on the following
assumptions: (1) A hemisphere which makes photosynthesis only on the outside surface,
is assumed as a photosynthetic organ. The base of the hemisphere is put on a horizontal
plane. The total daylight received by this hemisphere on a clear day is calculated using
the relation between altitude of sun and light intensity of each divided part of the
hemisphere; (2) Every divided part of the hemisphere is uniform in their photosynthetic
capacity; (3) The same light curve as obtained on typical cloudy days is able to apply
to every divided part of the hemisphere (the broken line in P. densiflora in figure 30).

The CO,-uptake of the hemisphere calculated at various sun elevations is converted
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Fig. 30. Observed difference between typical clear (open circles) and cloudy days (solid
circles) in photosynthetic response of Pinus densiflora to light intensity in comparison
with the estimated response on clear days to horizontal light intensity measured with
photocell placed horizontally (clear-1) or to calculated one basing on normal light
intensity (clear-2). Further explanation in text.
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into the rate corresponding to the horizontal light intensity. The result of calculation
in P. densiflora is shown in figure 30. Though the difference between clear and cloudy
days in the calculated relation indicates the same tendency as that in the measured one,
each calculated rate differs from the observed one showing imperfections of the above
assumptions. For instance, there is a question about:the first assumption as shown
with the curve (L-H-4-Ps) in figure 29.

Effect of weather conditions on the relation of horizontal radiation intensity to
photosynthetic rate

In figure 31, the relation of horizontal radiation intensity to horizontal light intensity
on clear days is compared with that 'on cloudy days. The difference between clear
(H.R.I-Ly-1) and cloudy day (H.R.L-Lu-2) is partly due to the inapplicability of the
cosine law to the luxmeter. The relation between horizontal radiation intensity and
photosynthetic rate in P. densiflora on clear days and that on cloudy days were obtained
using H.R.L-Ly-1 and H.R.I.-Ly-2 in figure 31, L-H-2-Ps of P. densiflora in figure
29, and the broken line in figure 30. As shown in figure 31, the difference between
clear (Ps-1) and cloudy days (Ps-2) is not so distinct as compared with that in horizontal
light intensity. Relatively higher response to infrared ray of Robitzsh’s actinograph
possibly makes the difference smaller. Since the cosine law is applicable to Robitzsch’s
actinograph, the difference is similar in essence to the case of calculated horizontal light

intensity. k
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Fig. 31. Difference between the relation of horizontal
radiation intensity to horizontal light intensity on and Ch. obtusa. The degree of
clear days (open circles and H.R.I.-Lu-1) and that depression in CO;-uptake due to
on cloudy days (solid circles and H.R.I.-Ly-2), and ~ excessive light intensity, which
the difference between photosynthetic response of
Pinus densiflora to horizontal radiation intensity on
clear days (Ps-1) and that on cloudy days (Ps-2). depression, is marked in Ch.
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corresponds with the midday



obtusa, moderate in Cr. japonica and slight in P. densiflora.

Light curves of the same species were dealt with in several reports (TAKAHARA
1954; NEcist & SaToo 1955; NEGIsi, YAMAGUCHI, YAGI & SAT0O 1961), in which the light
curves of l-year-old potgrown seedlings of P. densiflora and Cr. japomica under the
controlled conditions (NEGISI & SAT0O 1955) may be comparable to those obtained
As seen in figure 33, the difference in light curve between the two species under
the controlled conditions is similar to that under the field conditions.
between the two conditions may be caused by the different light conditions. Since

here.
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Fig. 32. Difference among Pinus densiflora (open circles), Cryptomeria japonica (solid
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two times in the day usually, im-
mediately after sunrise and before

20 sunset at which photosynthesis
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Fig. 33. Light curves of Pinus densiflora (thin bro-
ken line) and Cryptomeria japonica (thin solid line)
observed under the controlled conditions as com- And, the horizontal light intensi-
pared with those (thick lines) under the field ties at compensation point were
conditions on clear days.

RELATIVE RATE OF APPARENT PHOTOSYNTHESIS %
T

(=)

is equal in rate to respiration and
there is no net gas exchange.

estimated using the daily courses
of summer type.

In figure 34, the compensation points are given in relation to the temperature. Two
factors disturbing this relation are supposed. One is related with the time lag of the
recorded photosynthetic rate behind the corresponding light intensity. In the early
morning photosynthesis increases with increasing light intensity and the CO, concentration
in the air decreases in the chamber. When the CO, concentration in the chamber
decreases to the level in the open, the daily course of photosynthesis appears to be
passing over a compensation point. But the compensation point obtained in this manner
lags probably in its appearance behind the time at which CO,-exchange of the seedling
arrives actually at a compensation point, because the higher CO, concentration before
sunrise may act as buffer in the chamber. Therefore the compensation points estimated
in the early morning are possibly higher, and for the same reason those in the early
evening may be lower. And, the other is that a sufficient time is not allowed for
response of the seedling to a rapid changing light intensity.

To show the effect of these factors, the values in the morning are distinguished
from those in the evening in figure 34. In lower temperatures, the compensation points
in the morning are probably higher than those in the evening as expected above. But
in higher temperatures both of them which are estimated using the daily courses in the
vigorous growing season, do not differ evidently from each other. In the growing
season, the effect of the above-mentioned former factor may be diminished by a higher

rate of air flow connecting with vigorous CO,-exchange of the seedling.



By the scattering of
plot in figure 34 are ob-
scured the effect of tem-
perature and the difference
The com-
pensation points of P.
densiflora are higher from
late-April to mid-May. At
this period the
respiration increases with

among species.

rate of

vigorous  elongation  of
shoot, through which the
be-

compensation  point

comes higher probably.
HiraMATSU (1935) studi-
ed the compensation points
in many trees and reported
that no net CO,-exchange
was observed at 1,360 lux
in P. densiflora, 960 lux in
Cr. japonica and 1,030 lux
in Ch. obtusa at temperature
of 25°C. TAKAHARA (1954)
showed that the compen-
sation point of Cr. japonica
was found at 2,500 lux and
that of Ch. obtusa at 2,200
lux at 25°C. The result
obtained here is nearer to
the former than the latter.
But it is well-known that
the
varies with difference in

compensation  point

many factors. For in-
stance, the seedlings grown
under different light and
soil moisture conditions for
four months varied in level
of compensation point from
490 to 3,700 lux in Cr.

japonica and from 350 to
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Fig. 34. Compensation point in relation to temperature. In
the upper three graphs are shown compensation points
of each species in the morning (open circles) and in the
evening (solid circles). Triangles in Pinus dewnsiflora are
the values observed in the morning (open) and in the
evening (solid) for the period late-April to mid-May. In
the lower graph compensation points in the evening of
Pinus densiflora (open circles), Cryptomeria japonica (solid
circles) and Chamaecyparis obtusa (crosses) are compared
with one another,
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Fig. 35. Difference between clear (open circles) and cloudy days (solid circles)
in photosynthetic response to altitude of sun.

940 lux in Ch. obtusa (TAKAHARA -1954). Ocawa (1961a, b, ¢, 1962a, b, c, d) worked
on trees including the three species dealt with here and found that the daily compensation

point was affected by a change in growing conditions, age of leaf, and race. Therefore,

in cases in which the comparisons are made among different experiments, the considera-

tion may be required for the difference in conditions.

3.

Altitude of sun and photosynthetic rate

The horizontal light intensity increases with the altitude of sun on clear days as

shown in figure 28. On cloudy days, the sky is clouded to varying extent, through

which the relation differs from that on clear days. The relation of horizontal light

intensity to photosynthetic rate in figure 26 was rearranged according to the altitude of

sun.

As shown in figure 35, the photosynthetic rate on clear days is higher than on

cloudy days in each altitude of sun. The marked scattering of the rate on cloudy days
is due to the fact that the clouds decrease the light intensity to varying extent.

III) Discussion Relating to Character of Species

By Honpa (1913), the tolerance ratings of forest trees in Japan were assigned to

seven classes representing various degrees of ability to endure shade. According to his

ratings, the decreasing order of relative tolerance of the three species is as follows: Ch.
N obtusa >Cr. japonica>P. densiflora. But many students (e.g. NAKAMURA 1937; SaToO
1952) expressed some doubt about such a fine classification, because even in the same
species the ability to endure shade varies with environmental conditions to a certain

extent.

According to their ratings consisting of three classes, Cr. japonica and Ch.

obtusa are classed as ‘‘intermediate’” while P. densiflora is considered as ‘‘intolerant’’.

The light-demanding character of P. densiflora also was found in experiments using
artificial shade in a nursery (Isikawa 1933; AxaBavasi 1935; GEN 1937). As summarized
#lin figure 36, P. densiflora reaches its maximum photosynthesis at a light intensity higher
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Fig. 36. Photosynthetic response of Pinus densifiora (broken line), Cryptomeria japonica
(solid line) and Chamaecyparis obtusa (fine broken .ine) to horizontal light intensity
(thin lines), to horizontal radiation intensity (thick lines), and to altitude of sun.
Chain line shows the response of Pinus densiflora to horizontal radiation intensity for
. the period late-April to mid-May.
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than two other species. This difference in saturation light intensity is well correlated
with the degree of tolerance.

As mentioned above, Cr. japonica and Ch. obtusa differ from each other in degree of
tolerance in the finer classification, but they belong to the same class in the rough one.
The latter classification is supported by the results obtained with shading treatment
(SHIRASAWA 1905; AxaBAvasi 1935). This equality in degree of tolerance corresponds
with the similarity of light curve between two species in lower light intensities.

But the photosynthetic response to higher light intensities differ from each other.
The inhibitory effects of continuous high light intensity on photosynthesis have been
reported in several tree species (DECKER 1944; BOHNING 1949; BorMANN 1953; KozLowski
1957; RiiscH & MULLER 1957; TrANQUILLINI 1963). Light inhibition was marked in shade
plants as compared with in sun plants. Apparent photosynthesis of the seedlings of P.
densiflora and Cr. japonica under a constant light intensity of 25k lux remained
unchanged for a period of five or six hours (NEGIsI & SATOO 1955). But the responses
to more higher light intensities for more longer durations have not been studied in the

three species.

In this work ‘all the light curves are based on the daily course of photosynthesis,
and the decreases in photosynthetic rate at higher light intensities correspond with the:
midday drops. Therefore, factors other than light inhibition causing midday depression
are supposed as a cause of declination of light curve at higher light intensities. But,
whether the depression in photosynthetic rate is due to the strong light or to other
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factors, the fact that the degree of decrease is marked in Ch. obtusa, moderate in Cr.
japonica and slight in P. densiflora, interests us in connection with the difference in degree
of tolerance.

Since the ability to endure shade is dependent on many factors, the difference in
light curve of photosynthesis is but one factor. And to explain only the relation between
tolerance and photosynthetic response to light intensity, it is desirable that more detailed
experiments, for instance, as made in the works dealing with the successional trends
in Piedmont forest (KRAMER & DECKER 1944; KrAMER & Crark 1947; Kozrowski 1949,
1957; BorMANN 1953, 1956; BourpeAU 1954) will be designed.

CHAPTER III. TEMPERATURE IN RELATION TO
RATE OF PHOTOSYNTHESIS

The relation between temperature and photosynthetic rate in the same species as
studied here was reported previously (NEGIsI & SAT00 196la), with which the corrections
of daily course of photosynthesis were made in Chapter I and the estimations of daily
photosynthetic rate will be attempted in Chapter V. Since the difference in photo-
synthetic response to temperature is an important factor in discussing the character of
species, the point of the previous paper is presented together with a few unpublished data.

I) Material and Method

At different seasons of the year, the determinations of photosynthetic response to tem-
perature were performed on 1l-year-old potgrown seedlings of Pinus densiflora, Cryptomeria
japonica and Chamaecyparis obtusa. The measurings were made under the controlled
conditions using different light intensities, under which soil moisture, CO, concentration
and other factors .were not probably limiting photosynthesis.

II) Results and Discussion

1. Relation in growing season
1) At saturation light intensity

The effect of temperature on apparent photosynthesis differs with different seasons.
In growing season, apparent photosynthesis of the three species increases directly with
temperature to the maximum at about 20°C when the light intensity is sufficient for a
saturation of photosynthesis. As shown in figure 37, further rise of temperature causes
a reduction of CO,-uptake. Cr. japonica and Ch. obtusa are marked for their post-maximal
declination of photosynthesis as compared with P. densiflora. Apparent photosynthesis
in P. densiflora reaches its upper limit between 45 and 50°C, while that in two other
species between 40 and 45C.

Because of lack of the capacity for cooling, the rate at lower temperatures below

~ 10°C could not be measured under the controlled conditions. In the field, positive rates
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tailed in Chapter V. 0 ; | )
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Fig. 38. Effect of light intensity on the re-

lation of temperature to photosynthetic
38. As discussed in Chapter II, it is rate in growing season. Thick lines are
the relation at saturation light intensity.
" Lower light intensities are represented
" with numerals in the graph, which express
entire seedling under artificial light, and the photosynthetic rate at 20°C relative to
the rate at saturation light intensity.

The relations at lower light intensities
below the saturation are shown in figure

difficult to obtain a light intensity appro-
priate for the level of photosynthesis of an

each light intensity in this figure is ex-
pressed by the photosynthetic rate at 20°C
relative to the rate at near-saturation light intensity. The degree of depression in photo-
synthetic rate at above-optimal temperatures increases with decreasing light intensity.

In Chapter I, the corrections for fluctuating temperature in daily course of photo-
synthesis were made using the relation at saturation light intensity. The applications
of this relation to at lower light intensities below the saturation may make lower the
estimated value, but the error is probably slight because the low light intensities are
connected with the relatively low temperatures usually, under which a wide correction
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is not required.

The effect of light intensity on the relation between temperature and photosynthesis
has been dealt with in many works (STALFELT 1960a), in which reports relating evergreen
conifers are included, (e.g. Nomoro, Kasanaca & Monst 1959; Pisexk & WINKLER 1959,
CLARK 1961). According to these papers, the optimal temperature becomes low with
decreasing light intensity. Though the measurement at temperatures below 20°C was
not made here, a similar trend may be expected from the result obtained at higher
temperatures.

2. Relation in winter

In winter, the decrease in photosynthetic rate due to above-optimal temperature begins
at a lower temperature, and the optimum and the maximum temperature in photosynthesis
become low. The relation varies with degree of frost. Figure 37 shows the relation in
early winter, at which the seedlings have suffered from a moderate frost.

The similar seasonal changes in photosynthetic response to temperature were observed
in many evergreens (Kusumoro 1957a, 1961; Nomoto, Kasanaca & Monst 1959; LARCHER
1961a; Sakacami & Dor 1963, 1964). Since the changes of the relation in winter are
related with the depression in photosynthetic capacity as discussed in the previous paper,
the discussion on the time of year, at which the change takes place would be made
together with the seasonal changes in photosynthetic capacity in Chapter V.

III) Discussion Relating to Character of Species

As illustrated in figure 37, Cr. japonica and Ch. obtusa are similar to each other in
photosynthetic behavior to temperature, while P. densiflora disagrees with these two
species in that it is slower in rate of depression in photosynthesis at above-optimal
temperatures and higher in maximum temperature. Because of lack of data below 10°C,
the difference among the species is not evident at low temperatures.

As will be detailed in Chapter V, frosts cause a decrease in photosynthetic capacity
in every three species, in which Cr. japonica and Ch. obtusa are remarkable for depression
as compared with P. densiflora. Apparent photosynthesis of the seedlings which were
removed to a green house in the night to prevent from reducing photosynthetic capacity
caused by frost, was found down to few degrees below zero in each species in winter.
On the other hand, the seedlings left outdoors throughout winter were higher in
minimum temperature of apparent photosynthesis. The extent of rise of the lower limit
was small in P, densiflora and large in two other species. This finding may be connected
with the difference of species in depression of photosynthetic capacity in winter.

P. densiflora belongs to intolerant and is able to establish under severe conditions
of open land as a pioneer. It seems that these characters of the species are reflected
in the ability to carry on photosynthesis over a relatively wide temperature range.

Lower, optimal and upper limits of photosynthesis in each species are related with
climatic conditions in its distributing area. According to Pisek (1963), the species
dealing with here are high in optimum and maximum temperature as compared with



43

several evergreen conifers in Europe Table 1. Evergreen conifers similar in optimum

. ) temperature to the three species.
except with Taxus baccata. Evergreen b >

conifers similar in optimum temper- Species ‘Opt. temp. °C
ature to the three species are given Pinus resinosa ‘
. . US.A. | 20~30 D 1944
in table 1. The rate of apparent Pinus taeda } PECKER& w

. o . HARIS 0o0oDs
photosynthesis at 40°C was 55 percent Pinus clausa U.S.A. 23 1960

. ] . . Abi
of the maximum in Pinus resinosa bies balsamea

and Pinus taeda (DECKER 1944), and . Lo
o Abies Mariesii
the upper limit of photosynthesis was Abies Veitchii }Japan

) }Canada 22~23 Crark 1961
Picea glauca

20*  Kuroiwa 1960a

observed at a temperature between
43 and 48°C in Pinus clausa (PHARIS &
Woops 1960). These pines are similar to P. demsiflora in photosynthetic response to

* Temperature of needles.

above-optimal temperatures. Most of the evergreen broadleaved trees ranging over
southern Japan (Kusumoro 1957a, b, 1961; Kusumoro & SakiMoTo 1954), and several
decidious trees except the species grown at a high altitude (HIRAMATSU 1947) are high
in optimum temperature in comparison with the three species. :

The only instance dealing with the same species is the report made by SAKAGAMI and
Dor (1964), in which they studied 2-year-old seedlings of Cr. japonica. According to their
findings that the rate of apparent photosynthesis at 20°C was lower than the rate at 30C,
the optimum temperature may be higher than that observed here. It seems that the
photosynthetic response to temperature differs even in the same species with different
growing conditions or different inherited qualities. In addition to these points, the
difference in experimental conditions may be a cause of this. discrepancy.

CHAPTER 1V. SOIL MOISTURE IN RELATION TO
RATE OF PHOTOSYNTHESIS

A number of experimental studies have been made on the photosynthetic response to
soil moisture, from which works dealing with the following tree species are cited: (1)
orchard trees, apple (HEINICKE & CHILDERS 1935; SCHNEIDER & CHILDERS 1941; CHILDERS &
WHITE 1942; ALLMENDINGER, KENWORTHY & OVERHOLSER 1943), pecan (LousTALOT 1945),
olive (LARCHER 1963a, b); (2) broadleaved trees, poplars (BARNER 1954, 1955; PoLSTER &
NEUWIRTH 1958; NEUWIRTH & PoLSTER 1960; NEUWIRTH & FRITZSCHE 1964), aspen (NEUWIRTH
& PorsTER 1960), oaks (KozLowski 1949; BourpEAU 1954), sweet gum (BORMANN 1953);
(3) conifers, Abies balsamea (CLARK 1961), Larix leptolepis (Dor & SAKAGAMI 1962), Larix
decidua (PoLsTER & FucHs 1960; TRANQUILLINI 1963), Picea excelsa (TRANQUILLINI 1963),
Picea glauca (CLARK 1961), Pinus densiflora (NEcist & SaToo 1954a, b, 1955; Dor &
SAKAGAMI 1962), Pinus taeda (KozLowski 1949; Brix 1962), Pinus cembra (TRANQUILLINI
1963), Cryptomeria japonica (NEGist & SAToO 1954b, 1955; Dor & Sakacamr 1962). These
reports clearly show that either an excess or a deficiency in soil moisture causes a
decrease in photosynthetic rate.
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The reduction of photosynthesis varies with the severity and the duration of unfavor-
able water conditions as well as other factors such as light intensity, temperature and
air humidity. For example, some discrepancies were found among the results of the
experiments made independently in P. densiflora under the field or controlled conditions
(NEcist & SaToo 1955; SaTco & NEecist 1961). The effect of drying of soil seemed to
be more severe under the field conditions than under the controlled conditions, which
perhaps, was partly due to lower air humidity and higher leaf temperature under strong
sunshine in the open. Even in the measurings under nearly similar controlled conditions,
the results differed from each other. A part of this difference might be attributed to
the difference in rate of drying of soil. The weather before the measuring, a slight
difference in handling the seedlings, seed source and others could also have produced
some differences.

These results suggest that great caution is needed in making a comparison between
the findings of independent experiments. And it may be safe only to make comparison
between the results of parallel experiment as made on the following trees; Pinus taeda
and Quercus alba (KozLowskr 1949), two species of oak (BourpEAU 1954), poplar and
aspen (NEUWIRTH & PoLsTER 1960), Picea glauca and Abies balsamea (CLARK 1961), Picea
excelsa, Larix decidua and Pinus cembra (TRANQUILLINI 1963), and two clones of poplar
(BARNER 1955).

On the species dealing with here, the comparisons between P. densifiora and Cr.
jdpom'ca under the controlled conditions were made in two successive summers (NEGISI
& SaToo 1954b, 1955). The pattern of change in photosynthesis differed from each
other. The rate of photosynthesis of Cr. japonica remained unchanged as the soil
moisture decreased from a relatively wet condition just after watering to a water con-
tent below the field capacity, and with further decreasing in soil moisture a rapid
reduction occured. On the other hand, the rate of photosynthesis of P. densiflora
increased gradually with drying of soil and at a soil moisture slightly below the field
capacity attained to its maximum which was immediately followed by a gradual reduction.
Though the depression in photosynthetic rate of P. densiflora with drying of soil began
at a higher soil moisture content, a positive rate was found down to a lower soil moisture
content as compared with Cr. japonica, because the rate of reduction was less rapid.

In this work, parallel experiments are made on the three species, Pinus densiflora,
Cryptomeria japonica and Chamaecyparis obtusa, in which the last was not studied in
our previous works. The water deficits are regulated by limiting soil moisture supply
to the plant. And to make clear the relation of photosynthesis to actual water deficits
in the plant tissue itself, attentions are paid to the study on internal water balance.

I) CO,-Exchange of Attached Seedling

1. Material and method

1) Material
One-year-old potgrown seedlings of P. densiflora, Cr. japonica and Ch. obtusa were
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studied. These seedlings had been grown under the same conditions as those used for
the studying of daily course of photosynthetic rate in Chapter I.

The soil in the pot was A-layer of the nursery which was composed of silty loam of
volcanic ash origin, having a field capacity of 64 percent and a permanent wilting
percentage of 33.5 percent. To estimate soil moisture content in the pot, a gypsum
block was buried in each pot, and its changes in electrical resistance were measured
during the experiment.

2) Method of measuring CO,-exchange

The measurings were made under the controlled conditions in an insulated chamber
(NEGIST & SATOO 1954b) illuminated with artificial light provided by two 500-watt reflecter
spot and four 300-watt reflecter flat incandescent lamps. Heat from the lamps was
absorbed by a layer of water 15cm deep. Light intensity was 45k lux at the top of the
seedling and 25k lux at the middle, and each species was able to reach its maximum
rate of photosynthesis. Air temperature in the chamber was maintained at 25°C.
Although the effect of humidity was expected (TRANQUILLINI 1963), the regulation for it
was not made, because a complicated equipment was required for the control. The gas
analyzer and the assimilation chamber were the same as described in Chapter 1.

3) Measurement of CO,-exchange

Eight uniformly grown potted seedlings were selected in each species on July 26,
1960. After being watered sufficiently, the soil in the pots was allowed to dry in the
green house. When the soil moisture was approximately at the field capacity, at which
the maximum photosynthetic rate was expected in P. densiflora and Cr. japonica (NEGISI
& SAToo 1954b, 1955), the measurements were made in all the seedlings. Two runs of
measurement of the same seedling were made on different days within the period July
29 to August 1. The highest rate obtained in the two runs of the same seedling was
regarded as its maximum photosynthetic rate.

After the determination of the maximum rate, the soil in the pots was allowed
again to dry in the green house. The reduction in photosynthetic rate was measured
for the period August 2 to August 12 at different intervals depending upon the decreasing‘
rate of soil moisture. The drying of soil reached nearly the permanent wilting percentage
on August 6 and about 20 percent on August 12.

To standardize the conditions before the determination of photosynthesis, the seed-
lings scheduled to measure had been left in the dark from the evening of the preceding
day to the beginning of measuring. In this work, the internal water condition of the
seedling was expressed as “relative saturation deficit” as will be described below. The
relation of internal water condition to soil moisture content varies with light intensity,
temperature and air humidity (e.g. RUTTER & Sanps 1958; Sanps & RuUTTER 1958).
The standardization in the dark may be also effective to diminish an undesirable variation
of the values of relative saturation deficit.

Each run of the determination was finished when the photosynthetic rate became
steady. And the top of the seedling was detached from the subterranean part to



46

measure relative saturation deficit. A small quantity of soil was sampled from the pot
to obtain soil moisture content.

In the latter part of August, a similar experiment was carried out, in which 7
seedlings of P. densiflora, 6 of Cr. japonica and 5 of Ch. obtusa were studied. Therefore,
15 seedlings of P. densiflora, 14 of Cr. japonica and 13 of Ch. obtusa were measured in all.
4) Measurement of water content

To evaluate internal water balance of the seedling, in addition to the water content
on a dry weight basis, “relative saturation deficit” (HaLma 1934; CompToN 1936) in the
top of the seedling was measured in the following way. Immediately after the ending
of determination of photosynthetic rate, the top of the seedling was cut off from the
subterranean part. And the detached top was weighed (original weight), and placed in
water in a container. The cut surface of the stem was recut under the water to prevent
from plugging of vessels by air bubble or resin. The top placed in a container was
then allowed to stand in a dark chamber at relative humidity of 100 percent for 24
hours to attain its full turgidity, and was again weighed (saturated weight). Using
these two weights, the relative saturation deficit was calculated as follows; relative
saturation deficit % = (saturated weight — original weight) X 100 / saturated weight.
There were many terms expressing the relative moisture content of plant (HEWLETT
& KraMER 1963), from which the relative water deficit was selected here by reason
of the fact that it was measured easily and had been used in the works dealing with
CO,-exchange under unfavorable water conditions (Pisek & WINKLER 1956; LARCHER
1960, 1963a). "

2. Results and discussion

1) Soil moisture content and water condition of seedling

The relation of soil moisture to water condition of the seedling is shown in figure
39, in which the values at higher soil moistures were observed in the seedlings which
were not used for photosynthetic measurements. Because of wide individual variations
in the value, the decrease in water content on a dry weight basis is becoming obvious
when the drying of soil reaches nearly the permanent wilting percentage, while the
individual variations are so small in relative saturation deficit that the changes are
apparently found in each species over the entire range of soil moisture.

At relatively wet soil moistures, the level of relative saturation deficit of Ch. obtusa
is lower than the other two species. With the progress of drying of soil from the field
capacity to the permanent wilting percentage, the relative saturation deficit begins to
decrease in all the species. The rate of reduction differs among the species, rapid in
Cr. japomica, moderate in Ch. obtusa and slow in P. densifiora. A similar difference
among the species was found in the seedlings at the first summer after their emergence
by SaToO (1956).

2) Relative saturation deficit and photosynthetic rate

Thus the relative saturation deficit is much better than the water content on a

dry weight basis in order to make clear the relation between soil moisture and water
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. Fig. 39. Relation of soil moisture content to relative
The photosynthetic response to saturation deficit (upper) or to water content on a
decreasing soil moisture differs dry weight basis (lower) of the seedlings of Pinus
densiflora (open circles and broken line), Cryptomeria
. japonica (solid circles and solid line) and Chamae-
ference between P. densifiora cyparis obtusa (crosses and fine broken line). F.C.:
and Cr. japonica is essentially field capacity, P.W.P.: permanent wilting percentage.

and apparent photosynthesis.

with different species. The dif-

similar to that reported in the
previous paper (NEGISI & SaToo 1955).

As shown in the figure, the photosynthesis of P. densiflora begins to decrease at a
soil moisture slightly below the field capacity and continues downward gradually. On the
other ‘hand, the photosynthetic rates of Cr. japonica and Ch. obtusa remain unchanged
at the earlier stage of the drying of soil, and begin to decrease rapidly at soil moisture
content of about 40 percent on the dry weight basis. The apparent photosynthesis
becomes negative at a soil moisture slightly below the permanent wilting percentage in
Cr. japonica, while the positive apparent photosynthesis continues down to lower soil
moistures in P. densiflora. From these differences in photosynthetic response, it may
be clear that the sensitivity to a slight decrease of soil moisture at relatively moist stage
of drying is higher in P. densiflora and lower in Cr. japonica and Ch. obtusa, and the
resistance to an extreme depression in soil moisture content is higher in P. densiflora,
intermediate in Ch. obtusa and lower in Cr. japonica.
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4) Relation of soil moisture
content to CO.-exchange
observed in additional
experiment

In addition to the above-

mentioned experiment, a

measurement having the

same object was made in

October, 1960, using 1-year-

old potgrown seedlings.

Apparent photosynthesis of

the seedling was measured

under the controlled condi-
tions similar to the summer

experiment except that the
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seedling were not deter-

mined. The measurements
of dark respiration at 20°C

Fig. 40. Photosynthetic response of attached (upper) or
detached (lower) seedlings of Pinus densifiora (open circles
and broken lines), Cryptomeria japonica (solid circles and
solid lines) and Chamaecyparis obtusa (crosses and fine
broken lines) to relative saturation deficit (left) or soil
moisture content (right). Lettering as in figure 39.

followed close on each run
of photosynthetic determi-
nation.

The results are summa-
rized in figure 41, in which apparent photosynthesis and respiration are expressed as
rate per unit dry weight. Because of the wide variation of each individual seedling,
the effects of drying of soil on photosynthetic rate are not obvious in a higher soil
moisture range. But at the advanced stage of drying, the same difference as described
above is found between P. demsiflora and Cr. japonica, i.e. a severe drying of soil is less
effective for the former as compared with the latter.

As shown in figure 41, in each of the three species, a steady decrease in respiratory
rate occurs with decreasing soil moisture, which agrees with the results obtained in the
previous work dealing with P. densiflora and Cr. japonica (NEGISI & SaT00 1955). A
similar decrease in respiration was found in P. deusiflora and Cr. japonica by Dor and
SakaGaMI (1962), and in Pinus Thunbergii by Kapora (1962).

On the contrary was reported in many plants, a pronounced rise in respiration in
the course of decreasing water content of the soil or of the plant (STocKER 1956; ILjIN

1957; Vaapia, RANEY & Hacan 1961). As instances dealing with tree species, the
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Fig. 41. Photosynthetic (upper) and respiratory
1T -Exchange of Detache :
) CO; g d response (lower) of attached seedlings of Pinus

Seedling densiflora (open circles), Cryptomeria japonica
.. (solid circles) and Chamaecyparis obtusa (crosses)
A limited water supply can to soil moisture content. Lettering as in figure

produce a decreased water content 30.

in the plant which may cause a de-

pressed rate of photosynthesis, whether through decreased protoplasmic hydration or
through the influence of the water deficit on stomatal opening and thus on their
diffusive capacity for CO,.

Pisex and his co-workers (PisEk & BERGER 1938; Pisek & WINKLER 1953) studied the
decrease in weight of water saturated excised twigs in relation to opening of stomata,
and showed that the time course of decrease was useful in making a survey of stomatal
movement. Further, they studied photosynthesis of detached twigs together with
stomatal opening determined by the above way, and made clear the relation of stomatal
movement to decrease in photosynthesis caused by dehydration (P1ISEK & WINKLER 1956).
By LarcHER (1960), the study along the same line was made in the two species of oak
in connection with the difference of species in resistance to drought.

To compare the response of species to desiccation with each other are observed here
the changes in photosynthetic rate of detached seedlings associating with the decrease

in fresh weight.

1. Material and method

One-year-old potgrown seedlings were used. After sufficient watering, the soil in the
pots was allowed to dry in the green house. When the soil moisture decreased nearly
to the field capacity, the seedlings were carried into the laboratory and had been left in
the dark from the previdus evening to the beginning of measuring. The measurements
of photosynthesis were made under the conditions similar to the previous experiments,
at light intensity of 25k lux at the middle of the seedling and at temperature of 25C.

" RESPIRATION
o
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Each run of the determination began with the measurement of potted (attached)
seedling to obtain a standard rate, which was followed by the measurings of detached
‘top of the same seedling continuing nine hours. At different intervals, were made the
weighings of top to measure moisture loss due to desiccation. - After the ending of the
run, the detached top was placed in a water container to obtain relative saturation deficit.
Four séedlings of each species were measured in August, 1961.

2. Results and discussion

1) Water condition and photosynthetic rate

In the lower left graph of figure 40, photosynthesis of the detached top is expressed
as relative rate to the standard one obtained before the detachment. Photosynthetic
response to desiccation differs with different species. In P. densiflora, the decrease
begins at a slight increase in relative saturation deficit and continues downward gradu-
ally, while in Cr. japonica, a rapid decrease occurs when the desiccation is progressing
beyond a certain high limit of relative saturation deficit. In Ch. obtusa the decrease in
photosynthetic rate happens in a higher range of deficit as compared with two other
species, which may be attributed to the difference of species in relative saturation deficit
in figure 39.

To make a comparison excluding the influence of this difference of species, the
results are arranged in the relation between soil moisture content and photosynthetic
rate using the relation in the upper graph of figure 39. As shown in the lower right
graph of figure 40, the three species differ from each other in rate of decrease and in
soil moisture content at which apparent photosynthesis reaches zero, i.e. rapid and higher
in Cr. japonica, medium and intermediate in Ch. obtusa, and gradual and lower in P.
densiflora. The differences among the species are not obvious in the higher range of
soil moisture, but those in the lower one agree essentially with the difference observed
in the attached seedlings.

2) Effect of pace of drying

As may be seen from the comparison between upper and lower left graph of figure
40, the photosynthetic rate corresponding to a certain relative saturation deficit is higher
in the detached seedling than attached one. The pace of dehydration of attached
seedling is remarkably slower than detached one, i.e. in the former case a week is spent
in increasing to a relative saturation deficit, at which apparent photosynthesis becomes
zero, whereas in the latter one the same level of desiccation is reached in only three
or four hours.

In connection with the effect of pace of drying on the change in rate of apparent
photosynthesis, unpublished data observed in excised twigs (cuttings) of Sanbu-sugi, a
local race of Cr. japonica, are presented below. Twigs, weighing an average of 5g each,
were cut off from the upper part of crown of 8-year-old trees and carried into the dark of
the laboratory, in which they were placed in water in a container. A run of the deter-
mination started with the photosynthetic measurement of water-saturated twig under
the controlled conditions, at light intensity of 25k lux at the middle of the twig and at



temperature of 25°C. The dehydration of
twig was made in the two ways, a slow
desiccation in the dark and a rapid desic-
cation in the light. A

In the slow desiccation, a measure-
ment of dark respiration at 25°C followed
on that of apparent photosynthesis, after
which the twigs were allowed to dry in
the dark until the next measuring. A
run of the determination lasted ten more
days, in which the measurements of CO,-
exchange and fresh weight were made at
On the other
hand, in the rapid desiccation the measur-
ings of photosynthetic rate and fresh
weight were made continuously. A run

intervals of a few days.

of the determination continued for several
hours and ended when the apparent photo-
synthesis approached to zero. Four twigs
in the slow desiccation and two in the
rapid one were measured for the period
May to June in 1959,

As shown in figure 42, the respiratory
rate of excised twig decreases with in-
creasing dehydration. The changes in
actual photosynthesis, which is calculated
by totaling the rate of apparent photo-
synthesis and the rate of dark respiration,
indicate that CO,-uptake is found under
a remarkable dehydrated condition such
as 70 percent in relative saturation deficit.
The degree of decrease in photosynthetic
rate with the slow desiccation is larger
than that with the rapid desiccation,
which agrees with the difference between

RELATIVE VALUE TO THE RATE BEFORE DETACHMENT

attached and detached seedlings in figure 40.

reverse relation was observed in Olea europaea by LARCHER (1963a), i.e. a rapid dehy-

dration caused more remarkable decrease in photosynthetic rate.
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Fig. 42. Time course of change in relative

saturation deficit of detached twigs of
Cryptomeria japonica (upper) exposed to
rapid (broken line) or slow desiccation
(solid line), and relation of relative satura-
tion deficit to the rates of CO.,-exchange
(lower), i.e. apparent photosynthesis in
rapid desiccation (crosses), and apparent
photosynthesis (solid circles), actual photo-

- synthesis (triangles) and respiration (open

circles) in slow desiccation.

About the effect of pace of drying, the

Since the pace of

dehydration expressed as “rapid” or“slow” is relative rate and may be valid only within

each of the parallel experiments, further discussions on this point are not made here.
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III) Moisture Loss of Detached Seedling

In the experiment on CO,-exchange of detached seedlings, the measurings of fresh
weight were possible only at relatively long intervals. Here, the decreases in fresh
weight have been measured at short intervals to make clear the difference of species in
capacity of moisture retention.

1. Material and method

One-year-old potgrown seedlings of the three species were used. The top of the
seedling was cut off and saturated with water by the method previously described. The
decrease in fresh weight of the water-saturated top was measured with the lapse of time.
The measurement was made in a growth cabinet controlled at light intensity of 20k
lux at the middle of the sample, temperature of 20°C and relative humidity of 75 percent.
Four seedlings of each species were observed in October, 1963.

2. Results and discussion
1) Time course of transpiration

In all the species, the rate of transpiration is relatively low at the start, then in-
creases rapidly to the maximum, after which a rapid decrease follows. The reducing
pace decreases with elapsing time and the rate of transpiration becomes low and steady
as shown in the lower graph of figure 43. Such a time course of transpiration or
moisture loss was reported in many species. And, these changes in rate of transpiration
were discussed in relation to the following stomatal movement: (1) a rapid rising of
transpiration at the beginning corresponds to the opening of stomata; (2) a rapid decreas-
ing following on the maximum is attributed to the closing of stomata due to dehydra-
tion: (3) a relatively low and steady rate at the end coincides with the cuticular
transpiration after perfect closing of stomata (StAvreLT 1929, 1932; Pisexk & BERGER 1938;
Hycen 1951; Pisek & WINKLER 1953).

2) Difference among species '

P. densiflora differs in decreasing pace of transpiration after attaining its maximum
rate and in rate of cuticular transpiration from two other species. These differences
are reflected in the decrease in fresh weight. The increase in relative saturation deficit
with the lapse of time is smaller in P. densiflora. As compared with Cr. japonica, the
rate of transpiration under the conditions favorable for full stomatal opening is low and
the decreasing of transpiration after the maximum is slow in Ch. obtusa, but these
differences disappear with the progress of dehydration. These differences between the
two species appear also in the change of relative saturation deficit.

As has been represented in figure 39, Ch. obtusa differs from two other species in
the relation between soil moisture content and relative saturation deficit, i.e. its relative
saturation deficit at the field capacity is higher. To make clear the response of each
species to drying of soil, the relation in figure 39 is modified as shown in figure 44,
in which the decrease in water content of the potted seedling is expressed as relative
fresh weight to that at the field capacity. The water retaining capacity under drying of



soil is higher in P. densiflora,
intermediate in Ch. obtusa and
lower in Cr. japonica. These
differences of species in rate
of transpiration or water loss
agree with those observed in
l-year-old seedlings by ITto
(1950), or in seedlings at the
first summer after their emer-
gence by Satoo (1956). The
fact that the difference of
species is similar to that in
decrease of photosynthetic rate
of the detached seedling in
figure 40, suggests a close
relation of water content to
CO,-uptake of the seedling
under deficient water condi-
tions.

Using the time course of
transpiration (Pisek & BERGER
1938; Pisek & WINKLER 1956)
are estimated the stomatal
movements due to dehydration
as shown in table 2. The differ-
ence among the species in table
2 is partly attributed to the
difference in the relation of
relative saturation deficit to soil
moisture content. To accord
this difference, each value in
table 2 is converted into that
based on the fresh weight at the
field capacity, at which relative
saturation deficit is 7 percent
in P. densiflora, 9 percent in
Cr. japonica and 14 percent in
Ch. obtusa. As shown in table
3, the response of stomatal
movement to internal water
deficit is highly sensitive in P.

RATE OF TRANSPIRATION
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Fig. 44. Decrease in fresh weight of seedlings of Pinus
densiflora (broken line), Cryptomeria japonica (solid line)
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Table 2. Relative saturation deficit (percent) Table 3. Water deficit (percent)* at the be-
at the beginning and the ending of sto- ginning and the ending of stomatal
matal closure. closure, based on the fresh weight at the

field capacity (FW).

Species Beginning Ending 1 :
P. densiflora 9 23 Species Beginning ‘ Ending
Cr. japonica 11.5 28 P. densifiora 2 17
Ch. obtusa 18.5 30.5 Cr. japonica 3 21

Ch. obtusa 5 19

* (FW-actual fresh weight) X 100/FW.

densiflora. The closing of stomata of Ch. obtusa starts at a higher water deficit, but
finishes by a lower one in comparison with Cr. japonica.

IV) Discussion Relating to Character of Species

The experiment on the attached seedlings shows that photosynthetic response to
deficient soil moisture differs with different species. A decrease in photosynthetic rate
at the initial stage of drying of soil is only apparent in P. densiflora, while that at the
advanced stage is very marked in Cr. japonica, marked in Ch. obtusa and moderate in
P. densifiora.

Depression in photosynthetic rate owing to deficient water supply may be attributed
to a decreased protoplasmic hydration of photosynthetic organ and to a decreased diffusive
capacity for CO, caused by closing of stomata and increasing resistance of mesophyll.
To make clear the cause of the difference of species in photosynthetic response, the
water content and the rate of transpiration were compared with each other. The time
courses of transpiration of detached seedlings in figure 43 indicate that the closing of
stomata begins at a slight decrease in water content and finishes by a higher level, and
the rate of cuticular transpiration is lower in P. densiflora than that in two other
species. Thus, P. Vdenszﬁom is able to retain internal water at a relatively high level
under deficient water condition. On the other hand, Cr. japenica is inferior to P. densi-
flora in capacity for regulating water balance, because in Cr. japonica the stomatal
movement is less sensitive to dehydration and the cuticular transpiration is higher, and
the water content decreases rapidly with decreasing water supply. In Ch. obtusa, the
stomata begin to close at a lower water content but close perfectly at a higher one in
comparison with Cr. japonica, and the pace of decrease in water content is intermediate
between two other species.

A similar time course of transpiration may be expected from the potted seedlings.
The differences among the species in response of stomatal movement and water content
to drying of soil may be reflected in the difference in their photosynthetic behavior.
For instance, in P. densiflora, an earlier beginning of stomatal closure at the initial
stage of drying may be related with a depression in photosynthesis of the seedling
retaining a relatively high water content. And, less marked decrease in photosynthetic
rate of this species at the advanced stage may be partly attributed to the slower pace of
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water loss of photosynthetic organ result-
ing from a rapid closing of stomata and a
lower rate of cuticular transpiration, and
as given in figure 45, partly attributed to
the relatively high rate of photosynthesis
comparing with a decreased level of water

RELATIVE RATE OF
PHOTOSYNTHESIS %

content. i
It is well-known that Cr. japonica

reaches its full growth under relatively %0 0 80 70

moist conditions, while P. densiflora FRESH WEIGHT (RELATIVE) %

maintains a favorable water balance and Fig. 45. Decrease in photosynthetic rate

v 4. . with decreasing fresh weight of seedlings
indicates less decrease in growth under of Pinus densifiora (broken line), Crypto-

arid conditions, and Ch. obtusa seems more meria japonica (solid line) and Chamaecy-
endurable for drought than Cr. japonica. paris obtusa (fine broken line).

In the field the response of trees to drying

of soil is affected by many factors associating with water deficit, and it may be
questioned whether seedlings and mature trees behave in the same manner, because
the both differ from each other in extent of root growth, capacity for reserving water
and adaptability to drought. Therefore, the photosynthetic response of the trees to
drying of soil in the open may differ from that of the potted seedlings under the
controlled conditions. But the result obtained here does not conflict with our knowledge
of the ecological and silvical characters of these three species.

“Relative saturation deficit” is better than “water content on a dry weight basis”
as an expression of internal water condition for studying the influence of moisture deficit
on photosynthesis. But, that is not very sensitive as a quantitative measure of water
deficit in the photosynthetic tissue, because most of the water in growing plants is
in the vacuolated and other non-living regions.

The relation of relative saturation deficit to soil moisture varies according to species,
by which the comparison among the species is complicated; Since the relation between
water content and water potential differs with different species (WEATHERLEY & SLATYER
1957), a parallel measurement of diffusion pressure deficit as made by Brix (1962) may
be more useful for us to study the photosynthetic response to dehydration of protoplasm.

CHAPTER V. SEASONAL VARIATIONS IN RATE
OF PHOTOSYNTHESIS*

It is sufficient to know that there are marked seasonal variations in photosynthesis,
higher rate for the period spring to fall and lower one during winter (STALFELT 1960b;

~ * An outline of Chapter V was presented at 75th Meeting of Japanese Forestry Society, Kyoto,
April 1964. :
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Pisek 1960b). These seasonal variations may be attributed to seasonal changes in physio-
logical condition of plants which may affect their photosynthetic capacity, and to those
in external factors affecting directly photosynthesis such as light intensity, photoperiod
and temperature.

Though a number of studies have been made on the seasonal variations of photo-
synthetic rate, most of them dealt with only photosynthetic capacity or efficiency, in
which the measurements of the rate of CO,~uptake under the uniform conditions were
made at different seasons. And the reports studying the seasonal change in the open
and discussing the role of external factors in it are few in number.

In the first half of this chapter, the seasonal changes in photosynthetic capacity
and those in external factors are studied respectively. In the second half, the daily
photosynthetic rates are estimated in 1-year-old seedlings of the three species growing
under the nursery conditions and are discussed in connection with the role of each factor
playing in seasonal trend of photosynthesis.

In chapters from I to IV of this paper were described the differences of species in
photosynthetic response to each external factor separately. The daily photosynthetic
rates estimated here show probably to what extent these differences in character of
species can affect the photosynthetic production in each species under the nursery

conditions.
I) Seasonal Change in Photosynthetic Capacity

1. Material and method

One-year-old seedlings of Pinus densifiora, Cryptomeria japonica and Chamaecyparis
obtusa were grown in the nursery at Tanasi, in the west suburbs of Tokyo, exposing
to the normal seasonal changes in light, photoperiod and temperature. Detached tops
of these seedlings were used as material, instead of potted seedlings, because the potted
seedlings may differ from the seedlings grown in nursery in their photosynthetic capacity
even though the appearance seems to be not different. The photosynthetic capacity
determined here will be used for the estimation of dry matter production of the seed-
lings growing under the nursery conditions. After the base of the excised top of seed-
ling was inserted in water in a container and recut under the water, the sample was
carried into the laboratory.

The rate of photosynthesis was measured under the favorable conditions. Light
intensity was kept at 45k lux at the top and 25k lux at the middle of the detached
seedling. Air temperature in the chamber was maintained at 20°C in the spring and
fall, and at 25 or 30C in the summer. The rates obtained at higher temperatures
were converted into those at 20°C using the relation in figure 37. The gas analyzer
and the assimilation chamber were the same as described in Chapter I. For the period
April to November in 1961, the photosynthetic rates of four to six individuals of each
species were measured in each determination at intervals of about a month. Each run
of determination was finished when the rate was leveling off.
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As may be expected from figure 16, it is difficult to obtain a steady rate of photo-
synthesis in winter, even though the measurement is made under the constant conditions.
Since the detached seedlings grown in nursery did not differ remarkably from the
potted seedlings in their photosynthetic capacity in early spring and late fall, the
maximum rate of the latter was served as a substitute for photosynthetic capacity of the
former in winter.

2. Results and discussion
1) Seasonal trend of photosynthetic capacity

The average rates of photosynthesis per unit weight of the top of the seedling are
presented in figure 46. The increase in photosynthetic capacity starts with little at
February or March, and becomes rapid and marked with the lapse of time. The
maximum rate of photosynthetic capacity is attained for the period midsummer to early
fall, at which the rate reaches 9mg in P. densiflora and 11 mg in Cr. japonica and Ch.
obtusa per unit oven dry weight of the top per hour. Then the rate begins to decrease
and reaches its minimum in midwinter. In P. densiflora, the rise in spring appears
earlier and the decline in fall later, and the rate of decrease in winter is smaller than
that in the other two species. Thus, the photosynthetic capacity of P. densiflora has
been maintained at a relatively high level throughout the year.

As described above, a number of experimental studies have been made on the seasonal
variations in photosynthetic capacity, in which the following evergreen conifers were
dealt with: Abies balsamea (CLARK 1961), Picea excelsa (ZELLER 1951; Pisek & TRANQUILLINI
1954; Pisek & WINKLER 1958; BoUrDEAU 1959), Picea glauca (CLARK 1961), Picea pungens
(BcurbEAU 1959), Tsuga canadensis (BOURDEAU 1959), Pinus palustris (PARKER 1961), Pinus
rigida (BoURDEAU & WOODWELL 1964), Pinus taeda (MCGREGOR & KRAMER 1963), Pinus
strobus (McGREGOR & KRAMER 1963; NELSON 1963), Pinus sylvestris (IWANOW & ORLOWA
1931; BourpeAU 1959; PARKER 1961; PoLsTER & Fuchs 1963), Pinus cembra (CARTELLIERI
1935; Pisek & WINKLER 1958; TRANQUILLINI 1957, 1959a), Chamaecyparis pisifera (NOMOTO,
Kasanaca & Monst 1959; Parker 1961). In spite of the difference of species and the
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Fig. 46. Seasonal change in photosynthetic capacity (mg CO,/g dry wt. of top of seed-
ling/hr) measured at 20°C and at a light intensity sufficient for leveling off the light
curve in each of the three species, Pinus densiflora (P), Cryptomeria japonica (Cr) and
Chamaecyparis obtusa (Ch).
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wide variations in experimental conditions, the seasonal variations in photosynthetic
capacity of the three species agree essentially with the results of those works, a higher
level from spring to fall and a lower one in winter.

2) Change associating with growth of new part

A temporary depression in photosynthetic capacity in spring was observed in some
studies dealing with evergreen conifers (PiISEK & WINKLER 1958; NEUWIRTH 1959;
TranqQuiLLINI 1959a; CLARK 1961). Since the depression is attributed to the increase of
respiration associating with rapid metabolism in production of the new part, the higher
the ratio of new parts to the entire sample, the more remarkable the drop in photosynthesis
may be expected.

In the three species studied here, a steady gradual increase in photosynthetic
capacity continues instead of a temporary decline corresponding to the growth of new
part, which may be attributed to that the rising of photosynthetic capacity in old part
exceeds the decrease resulting from the respiration for production of new part. For
instance on May 3, 1960 were measured respectively the photosynthetic rates of the
new and old part of the 1l-year-old potted seedling of P. densiflora. This measurement
was attempted together with the experiment on daily course, and was made outdoors
at about 25C and at a light intensity sufficient for leveling off the light curve. The
rate of apparent photosynthesis of entire top is 5.01 mg CO, per hour, while that of
new part is —0.22mg CO, per hour. Though the level of apparent photosynthesis is
negative in the new part, its effect on the photosynthetic capacity of the entire seedling
may be little. Since the rate of dark respiration is 0.42mg CQO, per hour in the new
part, CO,-uptake is already made by the new part on Ma{y 3.

3) Decrease caused by frost

The decline in photosynthetic capacity in fall may be partly attributed to the aging
of leaves (CLARK 1961), but mainly related with the fall of temperature, on which the
studies dealing with Picea excelsa (ZeLLER 1951; PisEk & WINKLER 1958), Pinus sylvestris
(Iwanow & Orrowa 1931) and Pinus cembra (TRANQUILLINI 1957, 1959a) were reported.
According to these works, the effect of frost varies with season and duration of lower
temperatures. By successive warmer weather after frost, the photosynthetic capacity is
revived from a lower level.

In this work the photosynthetic capacity was measured at intervals of about a
month, but it is necessary to observe at shorter intervals to make clear the relation of
temperature to seasonal trend of photosynthetic capacity. To answer this question
indirectly, the seasonal changes in daily course of photosynthesis described in Chapter I
and those in photosynthetic response to temperature in Chapter III are shown in figure
47 together with daily minimum temperature at 20cm above the ground. The time
and the temperature, at which these seasonal changes from fall to winter take place,
differ with different species, later and lower in P. densiflora.

As observed in P. densiflora and Cr. japonica from October to November in 1960,
the daily course changed to the winter type by frost is returned to the summer type for
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Fig. 47. Seasonal change in photosynthetic

response to radiation intensity and to temperature

in relation to daily minimum temperature at 20 cm above the ground. T-Ps: photosynthetic
response to temperature; the type in growing season in all the three species (open), the type
in winter only in Cryptomeria japonica and Chamaecyparis obtusa (hatched), and the type in

winter in all the three species (solid),

R-Ps: photosynthetic response to radiation intensity;

the summer type (open squares), and the winter type (solid squares) in Pinus densiflora (P),
Cryptomeria japonica (Cr) and Chamaecyparis obtusa (Ch).

a time by a continued warmer weather.
Since the intervals of the measure-
ment are too long, it is difficult to
answer the question, to what degree of
fall in temperature the summer rela-
But it
seems that in Cr. japonica and Ch.

tion can remain unchanged.

obtusa the change in relation from fall
to winter is associated with a succes-
sion of daily minimum temperature
below 10°C, while in P, densiflora with
a lower temperature probably near
0°C. The change from winter type to
summer one takes place in spring
when the daily minimum temperature
above 10°C continues.

Since the decrease of photosyn-
thetic rate in winter is attributed to
low temperature, the depression is not
remarkable in a green house (PARKER
1961).
the potted seedlings of the three species

To protect against the frost,

have been carried into the green house

8 o b
P.densiflora o

RATE OF APPARENT PHOTOSYNTHESIS

Ch. obtusa

e @

¥
Nov. Dec. Jan. Feb. Mar. Apr.

Fig. 48. Depression in photosynthetic capacity
(mg COy/g dry wt. of top of seedling/hr) of the
seedlings left outdoors throughout winter (solid
circles and solid lines) and those carried into
the green house only in the night (open circles).
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clear day in winter (January 7, 1961). Lv: normal light intensity, Lpg: horizontal
light intensity, T: air temperature in the open.

RATE OF APPARENT PHOTOSYNTHESIS
mg CQOg/seedling/hr

without heater, in which the daily minimum temperature was higher only in few
degrees than in the open. The treatment was made only in the night from December
to March. As may be seen in figure 48, the photosynthetic capacities of the seedlings
carried into the green house are higher than those left outdoors in all the species. The
effect of treatment is marked in P. densiflora, which may be related to less response to
lower temperatures in this species.

Protection from severe frost affects also diurnal variations in photosynthetic rate
as shown in figure 49. The daily course of the seedling carried into the green house
differs apparently from that left in the open. The course of P. densiflora is similar to
the summer type.

For the winter depression in photosynthetic capacity of evergreen conifers, the
following causes have been discussed, the changes in content of water (PISEK & WINKLER
1958; TrANqQuILLINI & Horzer 1958; PARKER 1961), of chlorophyl (PIsEx & WINKLER 1958;



Nomoro, Kasanaca & Monsi
1959; BourbpeAaU 1959; McGREGOR
& KRrRAMER 1963) and of sugars
with hardening (PARKER 1961,
1963).
are not made in this paper.
4) Lower limit of photosynthesis
As may be seen in figure 50,

Studies on these points

the compensation point is ob-
served at —5C in P. deusiflora
and Cr. japonica, and at —3°C in
Ch. obtusa. Therefore, the three
species are able to make positive
photosynthesis at temperature of
few degrees below zero under
certain conditions.

Pavierié and LieTH (1958)
reported that the light intensity
at compensation point in winter
was higher than that in growing
season, and became lower when
the sample had been left under
warmer conditions. Since the
overlapped range of temperature
between figure 34 and figure 50
is narrow, it is difficult to com-
pare the winter with the grow-

ing season in the relation of compensation point to temperature.

HORIZONTAL LIGHT INTENSITY k lux
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Fig. 50. Compensation point in winter in relation to
Values in the morning (open triangles)

or evening (solid triangles) of the seedlings left out-
doors throughout winter are compared with those
in the morning (open circles) or evening (solid
circles) of the seedlings carried into the green house

only in the night.

But the fact that the

light intensity at compensation is lower in the seedlings carried into the green house

Table 4. Minimum temperature of positive apparent photosynthesis.

Min. Min.
Species temp. Species temp.
«C °C
Taxus baccata —4 Pisexk & Renner 1958 Pinus sylvestris -7 Iwanow & OrLowa 1931
Picea excelsa | —2~—3| Pring 1933 —2~-3 I:RINZ 1933
. —2~—3| Arvik 1939
—2~—3] ALvik 1939 —6 FREELAND 1944
—2~—6| ZeLLer 1951 —4 Pisexk & Renner 1958
below 0 IIZA RKEljgllg'??’ o -3 PoLsTer & Fucus 1963
0 ISEK RANQUILLINI Pinus nigra var.
1954 austriaca —6 FreeLanD 1944
-2 Pisex & Renner 1958 Pinus cembra —4 TRANQUILLINI 1957
Picea mariana —6 FrEELAND 1944 —0.5 | Pisek & Reunner 1958
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than those left outdoors may indicate the seasonal changes of compensation point.

The minimum temperature of photosynthesis was studied in many works (PISEK
1960a, b). The values dealing with evergreen conifers are summarized in table 4. The
lower limits of photosynthesis of the three species studied here are similar in level to
those in the table.

II) Seasonal Change of Temperature and Radiation in
Relation to Seasonal Trend of Photosynthesis

The effects of temperature and radiation on the seasonal trends of photosynthetic
production are roughly estimated by the use of climatic data recorded in the nursery.

1. Air temperature

The method used by TranquiLINI and TurNErR (1961) for arranging data on Pinus
cembra, was applied here. Air temperature at 20cm above the ground was used,
because the height of 1-year-old seedlings of the three species is relatively small and
the temperature at near to the ground may be closely related to their metabolism as
compared with the ordinary air temperature at 150cm high. The arrangements were
made only on the values in the daytime. Hours of each hourly mean temperature
arranged in every one degree were summed up monthly.
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Fig. 51. Frequency curves of hourly mean air temperature at 20cm above the ground,
together with the temperature-curve of photosynthesis in Pinus densiflora (P, broken
line) and Cryptomeria japonica (Cr, solid line). Frequency curves of temperature are
given on April (solid circles), June (open circles), August (solid triangles), October
(open triangles), December in 1960 (open squares) and February in 1961 (crosses).
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The frequency curves of temperature in every month are compared with the tem-
perature-curves of photosynthesis in figure 51, in which only the values of every other
month from April, 1960 to March, 1961 are shown to avoid confusion. Temperatures
suitable for photosynthesis are found in abundance in spring, April and May, and in
fall, October and November as may be expected also from monthly mean temperature in
the daytime shown in table I in the appendix. The summer is abundant in above-optimal
temperatures, and the winter in below-optimal ones. Since the optimum temperature of
photosynthesis in winter is lower than in growing season, the period of below-optimal tem-
perature in winter may be shorter than that expected from figure 51. Because of the nar-
rower range of temperature suitable for photosynthesis in Cr. japonica and Ch. obtusa, the
effect of the seasonal changes is more remarkable in these two species than in P. densiflora.

2. Radiation intensity

In the studies dealing with Pinus cembra, the relation of seasonal changes in radia-
tion intensity to CO,-uptake had been studied in connection with the monthly total of
radiation intensity in each of the four different ranges corresponding to different
photosynthetic rate by TURNER (1961), or in connection with the 4seasona] changes in
daily radiation intensity by TurNER and TraNquiLLini (1961). In this work were
summed up respectively hours of each range of radiation intensity devided jnto every
2.5g cal/cm?/hr. The totals per
month in June and in December are
compared with the light-curves of
photosynthesis in figure 52. A long-
er photoperiod associating with high-
er radiation intensity in June seems

100

80
to be more favorable for photo-
synthetic production. The months
under the conditions of higher
elevation of sun may have advantage

60

in light condition over those of 40

HOURS PER MONTH

lower one as shown in radiation
intensity of table 1.

3. Duration of favorable tem- 20
perature and radiation intensity

In this section, the influences of

% SISTHLNASOLOHd INAYVIV 40 ALV JALLVTIA

temperature and radiation intensity
on seasonal changes of photosynthet-
ic production are evaluated by

HORIZONTAL RADIATION INTENSITY g cal/cmz/hr
Fig. 52. Distribution of monthly radiation inten-

sity summed up in each of the divided ranges in
another way. Durations of temper- June (solid circles and solid line) and in De-
cember (open circles and broken line), together
. . R . with the light-curve of photosynthesis in Pinus
the range in table 5, in which high- densiflora (P, broken line) and Cryptomeria japo-
er photosynthetic rates above 90 nica (Cr, solid line).

ature and radiation intensity within
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Table 5. Range of temperature and radiation percent of the maximum are able to
intensity for attaining photosynthetic rate

. be expected in the three species, were
above 90 percent of the maximum.

totaled monthly. As a lower limit of

; Temperature | Radiation intensity : :
Species oC ¢ cal/cm?/hr the calculation, 90 percent of the maxi
mum rate of photosynthesis was chosen

P. densiflora 10~29 over 33 ideri it iations under favo
Cr. japonica 1297 26 ~78 consi erm.g. its varlz} ions under favor-
Ch. obtusa 1427 29569 able conditions, for instance, as shown

in figure 24,

The results of calculation for the period April, 1960 to May, 1961 are summarized
in figure 53 and in table II. The longer durations of temperature favorable for photosynthe-
sis are found in spring and fall, and those of radiation intensity for the period spring to

summer. In table 6, the durations of higher and lower temperature or radiation intensity
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Fig. 53. Seasonal change in duration of Fig. 54. Seasonal change in duration of

photoperiod (thick solid line), and that of
temperature (broken line), horizontal radi-
ation intensity (thin solid line) and the
both at the same time (hatched) favorable
for attaining photosynthetic rate above
90 percent of the maximum.

higher (hatched, H), favorable (open, F)
and lower temperature (hatched, L) for
attaining photosynthetic rate above 90
percent of the maximum.
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Table 6. Duration of higher (H), favorable (F) and lower (L) temperature or radiation intensity
for attaining photosynthetic rate above 90 percent of the maximum. Total hours for the
period April, 1960 to March, 1961 having photoperiod of 4,447 hours.

Temperature Radiation
Species
L F H L F H
P. densiflora 482 3,147 818 2,755 1.692 0
Cr. japonica 697 2,606 1,144 2,456 1,931 60
Ch. obtusa 938 2,365 1,144 2,652 1,593 202

are compared with those of favorable
one. The duration of favorable tem-
perature in P. densiflora is longer than
in two other species as may be expect-
ed from the difference in temperature-

Table 7. Duration of temperature (T), radiation
intensity (R) and the both at the same time
(T and R) favorable for attaining photosyn-
thetic rate above 90 percent of the maximum in
percentage to total photoperiod of 4,447 hours
for the period April, 1960 to March, 1961.

curves of photosynthesis. As shown Species T R Tand R
in figure 54, the summer abounds with P. densifiora 70.8 38.1 2.5
higher temperature and the winter Cr. japonica 58.6 43.4 24.5
with lower one. The difference of Ch. obtusa 53.2 35.8 19.1

species in duration of higher radiation

intensity, zero in P. densiflora and the longest in Ch. obtusa, is related to the difference
in light-curves of photosynthesis. Most of duration of higher radiation intensity is found
for the period spring to summer, when the altitude of sun is higher.

The duration in which both temperature and radiation intensity are favorable simul-
taneously for photosynthesis, varies with the season, shorter in summer and longer in
fall, winter and spring. It is of interest to note that the shorter durations are associated
with the higher photosynthetic capacity in summer, while the longer durations with the
lower one. )

The durations in each month in table II are summarized in table 7 for the period
April, 1960 to March, 1961. The longer duration of favorable temperature in P. densiflora
is connected with its capacity for carrying out a higher photosynthesis over a wide range
_ of temperature, while the shorter duration of favorable radiation intensity is related with
its light-demanding character reflected in the light-curve of photosynthesis. The shorter
duration of favorable radiation and of both temperature and radiation in Ch. obtusa is
mainly attributed to its decrease in photosynthetic rate at higher light intensities.

The above-mentioned results were based on the assumption that the temperature-
curve of photosynthesis in growing season is available all the year round. Since the
effect of temperature on apparent photosynthesis differs with different seasons, the
calculation is made using the temperature-curve in winter. Though the relation between
temperature and photosynthetic rate varies with degree of frost, the relation in early
winter in figure 37 is applied here, in which higher rates of photosynthesis above 90
percent of the maximum are expected in the following ranges of temperature: 9~24C
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in P. densiflora, 9~22°C in Cr. japonica, and 11~20°C in Ch. obtusa. The results
calculated in December, January and February are shown in table II. The durations
of favorable temperature are longer than those calculated by the use of temperature-
curve in growing season. The effect of this difference on the photosynthetic production
will be quantitatively discussed later.

In winter as described in Chapter I, a close relationship between light intensity and
photosynthetic rate is frequently disturbed by the remarkable midday drop and/or the
change in photosynthetic capacity in the morning. Therefore, the application of light-
curve in growing season to photosynthesis in winter may produce an error, but the rear-
rangement as applied to temperature is not made, because there are no data sufficient
for determining the light-curve in winter.

III) Seasonal Change in Daily photosynthetic Rate in the Nursery

1. Calculation of daily photosynthetic rate

Since the determination of CO,-exchange extending over a long term is laborious
and troublesome in the open even though an advanced gas analyzer is available, the
studies on seasonal change of photosynthesis in situ# are few in number, in which works
on apple (HEINICKE & CHILDERS 1937) and on Pinus cembra (TRANQUILLINI 1957, 1959a) are -
included. In this work, continuous measurements in the open are not made. But the daily
rates of photosynthesis in the nursery are able to be estimated by the use of light- and
temperature-curves of photosynthesis, seasonal changes in photosynthetic capacity, and
records of horizontal radiation intensity and air temperature at 20cm above the ground.

To make clear the cause of seasonal variations were made the calculations
of the following four different cases from (a) to (d) respectively for the two separate
periods, April, 1960 to March, 1961 and April, 1961 to March, 1962. All of these
estimations were based on the assumption that the soil moisture conditions had been
always maintained at an optimal level, at near the field capacity.

Calculation (a) was based on the assumption that photosynthesis corresponding to
the maximum photosynthetic capacity continued the whole year under -the conditions of
radiation intensity under clear weather and of optimum temperature. The daily rates of
photosynthesis were obtained by totaling hourly rates which were estimated by the use of
the following data; the hourly changes in altitude of sun in Tokyo at different seasons,
the relation between altitude of sun and photosynthetic rate at the optimum temperature
of 20°C in figure 36, and the maximum photosynthetic capacity in each species.

As shown in figure 36, the photosynthetic rate of each species is decreased by ex-
cessively higher light intensities and higher altitudes of sun, especially in Ch. obtusa
and Cr. japonica. Therefore the rate of calculation (a) is possibly lower than that under
the optimal light conditions, but it may be considered as a standard rate near the maxi-
mum. The seasonal variations in calculation (a) may be connected with the changes in
photoperiod or radiation intensity caused by the seasonal change in altitude of sun.

Calculation (b) was based on the assumption that photosynthesis corresponding to
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the actual photosynthetic capacity in figure 46 continued under the conditions of radia-
tion intensity under clear weather and of optimum temperature throughout the year.
The difference in rate between (a) and (b) may be caused by the seasonal change in
photosynthetic capacity in figure 46.

Calculation (¢) was based on the assumption that photosynthesis corresponding to
the actual photosynthetic capacity continued under the conditions of actual radiation
intensity and of optimum temperature throughout the year. The daily rates of photo-
synthesis were estimated by totaling hourly rates which were calculated by the use of the
hourly radiation intensity recorded with Robitzsh’s actinograph and the relation between
radiation intensity and photosynthetic rate at the optimum temperature of 20°C in figure 36.

Owing to the seasonal change in distribution of daily radiation intensity among dif-

ferent times of day, the

P. densiflora Cr. japonica Ch. obtusa relation of daily radiation
1000 i i intensity to relative daily
i - . . photosynthetic rate differs
i i i = with different seasons as
500 C - 5 shown in figure 55. For
.. . C i instance, the days similar
3 ol vy oy Do o in radiation intensity, about
§ 1000k i - 400g cal per cm? per day
2 C i C are picked out in June and
g i i C £ October, and the hourly
g soop - - < distributions of daily radia-
% r i E tion intensity and the daily
SN S W S photosynthetic rate are
% wooi i - shown in figure 56. As
g i i i may be seen in the figure,
% - - L e the daily photosynthetic
& s00 I i B rate at a certain daily
g i :_ L radiation intensity in June
S o—'mnu‘-»:x....u.:......,.. is higher than the corre-

5‘ Loool - i sponding rate in October.
E L L L The difference between
% (b)and (c) may be attributed
500{ - - ) to the changes in radiation
§ . . intensity caused by the
0:.1...1..4 :...,..., L...l.l.) daily variations in weather

400 800 0 400 800 0 400 800 conditions.

HORIZONTAL RADIATION INTENSITY g cal/cm?/day Calculation (d) was

Fig. 57. Seasonal change in daily photosynthetic rate esti-
mated by calculation (c) (solid lines) and calculation (d)
(solid circles) in relation to daily radiation intensity. photosynthesis carried out

the estimation of rate of
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with the actual photosynthetic capacity under the conditions of actual radiation intensity

and of actual temperature, which was equivalent to the rate expected in the nursery. To

obtain the hourly rates of photosynthesis, the record of air temperature at 20cm above the

ground and the relation between temperature and photosynthetic rate in figure 37 were

applied to the hourly rates in
calculation (c). The calcula-
tion was based on the assump-
tion that the temperature-curve
of photosynthesis in growing
season was available through-
out the year. The error caused
by application of this assump-
tion may be not marked as
will be described later. The
difference between (c) and (d)
may be attributed to the season-
al changes in temperature.

In figure 57 the relative
daily photosynthetic rates cal-
culated in (c) and (d) are plot-
ted against the daily radiation
intensity from June to Septem-
ber, 1960. The photosynthetic
rates in midsummer are affect-
ed markedly by higher temper-
atures, and an estimation of
daily photosynthetic rate paying
no attention to the effect of
temperature may be erroneous.
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Fig. 58. Comparison between daily photosynthetic rate
(mg COy/g dry wt. of top/day) of the potted seedling
observed experimentally and that estimated by calcu-
lation (d) in Pinus densiflora (open circles), Crypto-
meria japonica (solid circles) and Chamaecyparis obtusa

(crosses).

When the rate is plotted on the solid line in

the graph, the both rates are equivalent to each other.

Table 8. Assumptions of calculation of daily photosynthetic rate and causes of difference

in estimated value.

Assumption of calculation
Calculation : — Cause of difference
¢ Photosynthetic| Radiation Temperature
capacity intensity p
maximum of calculation (a
. . @) . . altitude of sun**
(a) maximum maximum optimum . .
. . photosynthetic capacity
(b) actual maximum optimum oo R .
. . radiation intensity***
(c) actual actual optimum
temperature
(d)* actual actual actual

* Photosynthetic rate under the nursery conditions.
**  Changes in photoperiod or radiation intensity associating with seasonal change in altitude of

sun.

*¥*  Changes in radiation intensity associating with daily variation of weather conditions.
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To estimate the error of calculation, the daily photosynthetic rates of potted seed-

lings measured experimentally in the open are compared with those estimated by calcu-
lation (d). As shown in figure 58 the calculated rates are slightly higher than the
measured ones, but the difference between them may be not serious on the whole. In
winter as seen in the lower rates in figure 58, the difference becomes relatively large.
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Fig. 59. Seasonal change of daily photosynthetic rate
(mg CO./g dry wt. of top) estimated by calculation (a)
(solid line), calculation (b) (broken line), calculation (©)
(hatched columns), and calculation (d) corresponding to
the rate in the open (solid columns), together with daily
radiation intensity (solid line) and mean air temperature
at 20 cm above the ground in the daytime (solid circles).
Level of chain line indicates the maximum rate of
calculation (a). Assumptions of each calculation and
causes of difference among the calculations are sum-
marized in table 8. )
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This difference may be attrib-
uted to the change in pat-
tern of daily course of photo-
synthesis in winter, because
the calculation was based on
the assumption that the daily
course in growing season was
applicable throughout the
year. The reliability of the
calculation also may be shown
in the relatively small differ-
ence between the dry matter
increment of the seedling

" measured by direct weighing

and those estimated by calcu-
lation (d), on which will be
detailed in Chapter VIIL

2. Seasonal variation in
estimated daily photosynthet-

" ic rate

The above-mentioned as-
sumptions of the calculations
and causes of the difference
in rate of different calcula-
tions are summarized in table
8. The daily photosynthetic
rates obtained in these calcu-
lations are shown in figure
59 for the period April, 1960
to March, 1961. In spring,
the lower level of photosyn-
thetic capacity resulted in the
lower rate of photosynthesis
in the open as shown with
solid columns in figure 59.
The marked effect of photo-
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synthetic capacity is expressed as a large space between broken line and solid one
in the figure. The photosynthetic capacity becomes higher with the progress of time
towards summer and the photosynthetic rate in the open rises, but the increase is
checked by above-optimal temperatures in midsummer as shown with hatched columns
in the figure. With further progress of season, the effects of higher temperatures
gradually fade out, while those of reduction in photosynthetic capacity shown with a
space between solid line and broken one, and the decrease in photoperiod and radiation
intensity shown with a space between chain line and solid one, become conspicuous,
through which the rate in the open is depressed. The decrease of photosynthesis in
the open in winter is mostly due to the lower altitude of sun and the depressed photo-
synthetic capacity. Since the effects of daily radiation intensity and temperature are
relatively small in Winter, the rates in (b) and (c) are close upon those in (d), and are
not plotted in the figure

for the period December to ' ' !
March. R Pinus densiflora
In P. densiflora, the de- ‘ '
crease in photosynthetic ca-
pacity in winter and the effect
of above-optimal tempera-
tures in summer are less

Cryptomeria

remarkable as compared with
two other species. For this
reason the daily photosyn-
thetic rates of P. densiflora
have been higher in the open .
throughout the year.

3. Evaluation of causes
of seasonal variation

‘The daily rates of photo-

DAILY RATE OF APPARENT PHOTOSYNTHESIS

synthesis calculated above
were summed up monthly for
the two separate periods,
April, 1960 to March, 1961 and
April, 1961 to March, 1962.
In figure 60 and table III,
the monthly rates of photo-
synthesis estimated by calcu-

RADIATION
FINLVIIdNAL

lation (d) are shown with

relative value to the maxi- ;
Aug. Sep. Oct. Nov.

mum rate in calculation (a). 1961 , -
The difference between them Fig. 59. (Continued),
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is divided into each factor causing reduction of photosynthetic rate in the open.

The influence of each factor differs in degree with different seasons. As a cause of
depression in photosynthetic rate in the open, the photosynthetic capacity is remarkable
for the period late fall to early spring, the altitude of sun appears evidently from fall to
winter, and the temperature is conspicuous in summer and in winter, while the daily
variation in radiation intensity caused by the change in weather conditions does not
show an apparent seasonal trend.

The lower photosynthetic rate in the open in winter is mainly attributed to the
reduction in photosynthetic capacity and the decrease in radiation intensity or photo-
period connecting with lower altitude of sun. The rate in summer is high as compared
with other seasons, but it may be more higher if the effect of above-optimal temperatures
is diminished. Although the radiation intensity and temperature are favorable for photo-

synthesis in early spring, the

' ' ' depressed photosynthetic ca-
pacity causes the lower rate
in the open.

As described above, the
values in table III were
based on the assumption

120 that the temperature-curve of
i photosynthesis in growing
Cryptomeria japonica

season was available through-

80 out the year. In cases in
which the calculation is made

40 ‘ . for the period December, 1960
L L ‘ - to February, 1961 using the
h ‘ - 1§ temperature-curve in winter
.  in figure 37, the monthly

DAILY RATE OF APPARENT PHOTOSYNTHESIS
T
1

- Chamaecyparis obtusa . rate in midwinter increases
80 -\_—/ slightly and the effect of low
L : § temperature becomes less re-
40} ' N markable as a cause of the

depression as shown in table
IIID. But, the difference

2 600 g caused by the application of
g 3 different temperature-curve
g 4001, E seems to be not serious on
% 200 :% the whole.
0 Dec. Tam, Fob. Mar. 4. Difference among
1961 1962 species

Fig. 59. (Continued). The monthly rates in



table III were totaled respectively in
each of the two separate periods, April,
1960 to March, 1961 and April, 1961
to March, 1962. The results are sum-
marized in table 9, in which each rate
is given in percentage to the rate ex-
pected on the assumption that the
maximum monthly rate in calculation
(a) continues all the year round.

The rates in the open are remark-
ably low as compared with the maxi-
mum. The relatively high photo-
synthetic rate of P. densiflora in the
open may be mainly attributed to its
higher photosynthetic capacity extend-
ing over a long period of the year and
less sensitiveness of photosynthesis to
above-optimal temperatures in summer.

The weight of each cause for low-
ering photosynthetic rate in the open
varies with different species, but the
seasonal change in photosynthetic ca-
pacity is the most effective in each of
the three species. The effect of radi-
ation intensity connecting with the
change in altitude of sun and in weath-
er is remarkable in P. densiflora, while
that of temperature is marked in Cr.
japonica and Ch. obtusa. These dif-
ferences show that to what extent the
differences of species in the photo-
synthetic response to light intensity
(Chapter 1II) temperature
(Chapter III) appear under the nursery

and to

conditions.

IV) Problems Relating to Seasonal

Variation in Photosynthesis

In early spring from March to
April, the rate of photosynthesis in
the open is mainly limited by photo-

RELATIVE VALUE TO THE MAXIMUM SUM OF APPARENT PHOTOSYNTHESIS %
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Fig. 60. Monthly rate of photosynthesis in the
open estimated by calculation(d) (solid part)
in percentage to the maximum obtained by
calculation (a). The space between them is
divided into causes lowering the rate in the
open in proportion to their effect; radiation
intensity or photoperiod caused by seasonal
change in altitude of sun (hatched part with
meshes), radiation intensity connected with
daily weather conditions (open space between
hatched part with meshes and that with ob-
lique lines), temperature (hatched part with
oblique lines) and photosynthetic capacity
(open space between hatched part with oblique
lines and solid part).
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Table 9. Total sum of apparent photosynthesis per year and causes of depression of the rate in
the open shown against the maximum rate. All the values are given in percentage to the
maximum rate expected if the maximum monthly rate in calculation (a) will continue through-
out the year.

Period, April to | Sum of apparent Cause of depression

Species March in the | photosynthesis Photo- Altitude Radiation Temper-
next year in the open synthetic P ;
capacity of sun intensity ature
, 1960/61 ©36.2 29.0 15.7 11.8 7.3
P. denszﬂom{ .
: 1961/62 35.5 29.7 16.1 11.3 7.4
Cr 'apom'ca{ 1960/61 - 25.7 40.8 13.5 9.7 10.3
) J 1961/62 - 24.8 42.2 13.9 8.1 11.0
. 38.0 2.3 10.2 12.2
Ch. obtusa { 1960/61 27.3 1
1961/62 25.5 39.4 12.8 9.0 13.3

synthetic capacity. In order to make better use of radiation and temperature favorable
for photosynthesis in this period, it is desirable that the depression in photosynthetic
capacity is Ijrevented in midwinter and its recovery is hastened in early spring. The
carrying of seedlings into the green house to protect against the severe frost is a way to
attain this object. ~But, when an artificial increase of photosynthetic capacity is put into
practice in the nursery, of cdurse, careful attentions must be paid to the decrease in
frost resistance and to the changev in growth pattern in order to obtain stout seedlings.

The low temperature in winter affects directly the photosynthetic production in
a small degree, but it plays a still more important role in depression of photosynthetic
capacity, through which it has marked influence upon the photosynthetic production
in the open indirectly. The minimum air temperature in winter becomes lower with
approaching to the ground. In younger yearling growing nearer the ground, a more
remarkable decrease in photosynthetic capacity may be expected, while in higher plant
the decrease is less marked as observed in the twigs of Cr. japonica branching at
1~2m high (NEcis;, YAMAGUCHI, YAaGl & SaTtoo 1961).-

The effect of difference in height above the ground also is expected on the role of
above-optimal temperatures in summer. The nearer the height is to the ground, the
higher the temperature becomes in the daytime. The effect of depressed photosynthetic
rate and increased respiratory rate caused by higher temperatures may be remakable on
the growth of yearlings at the first summer after their emergence as compared with
that of 1-year-old seedlings. ‘

To simplify the conditions of estimation, and to obtain the values applicable to the
calculation of dry matter production of the seedlings growing under adequate soil moisture
conditions in Chapter VII, all the calculations were based here on the assumption that
the soil moisture had been always maintained at an optimal level, at near the field capac-
ity. Because of irregularity in the seasonal distribution of annual precipitation, the effect
of soil moisture will not show a seasonal trend as observed in radiation intensity and
temperature, even though the estimation will be made considering its changes.
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CHAPTER VI. RESPIRATORY RATE AND ITS
SEASONAL VARIATIONS '

A part of the dry matter produced by photosynthesis is consumed by respiration,
and its estimation is necessary to.the analysis of dry matter production. In this
chapter the respiratory rates of the seedlings of the three species are determined at
different seasons. The measurements are separately made on the top, aerial part, and
on the root, subterranean part.

I) Respiration of Top

1. Material and method _ . ,

The rate of dark respiration was estimated by measuring the rate of increase in
CO, concentration of the air after passing over the sample. An outline of the apparatus
is given in figure 61, in which CO, of the air before flowing into the respiration
chamber is removed at the left part and the amount of CO, after flowing out the
chamber is determined at the right part. »

A part of the air flowing from a rotary pump (P) was made to be CO, free with
passing through a column of soda lime (S) and solution of sodium hydroxide (U, V), and
to be sufficiently humid in a water column (W) in order to prevent the sample from
desiccating in the chamber. By means of the observation on a flow meter (X) and a
simple liquid manometer (Y) and the adjustment of a two-way stop cock (R), the rate of
air flow at the inlet was balanced with that at the outlet of the respiration chamber
(A) under the atmospheric pres-
sure in the open. Bottles (Q,
T, Z,) were inserted in the line
to decrease fluctuations in the

air stream and to provide

against backflow of liquids. As

a respiration chamber, cylin-

drical glass or plastic tubes of
three different dimensions, 3

cm in diameter X30cm in
length, 4xX30cm and 5x50cm,
were used according to the size

of sample.

The CO, concentration of

the air stream in the three

Fig. 61. Outline of the system for estimating dark respira-
tion by measuring CO, concentration in three open air
respiration chambers was de- lines alternately. For explanation of letters see text.

lines connecting to each of the
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termined at the right part of figure 61, from B to P, which was detaild in the explanations
of figure 1 in the text. Line I and II were connected respectively with the chamber
containing a samp;le, while line III was joined to the empty one to reach the certainty
that the supplying air was free from CO,.

The respiratory rates of the top of 1-year-old and if necessary of 2-year-old seedlings
of Pinus densiflora, Cryptomeria japonica and Chamaecyparis obiusa were measured
during the period 1961 to 1962 at different intervals corresponding to the extent of
seasonal change. In each measurement more than five individuals were studied in each
species. Shortly after being detached from the root, the top was enclosed in the respiration
chamber which was submerged in the water bath at a constant temperature 20°C from
fall to spring and 25C in summer. Each run of determination was finished when the
respiratory rate was being steady.

2. Results and discussion
1) Rate of respiration per unit dry weight

As an instance, a part of the result obtained in P. densiflora is given in figure 62, in
which the rates measured at 25°C are converted into at 20°C. ‘The respiratory rate per unit
dry weight shows a seasonal change. The rates are higher for the period late-April to
mid-May, at which the elongation of the new shoots takes place. A wide variation appears
in individual rate observed at the same time. But, it seems that there is no apparent
correlation between the total dry weight of the top and the respiratory rate measured at
each season as shown in figure 62. Similar seasonal and individual variations are observ-
ed in the other two species.

2) Seasonal variations in respiration

The mean values of respiratory rate observed at different seasons are summarized in
figure 63. In all the three species, respiration increases associating with elongation of new

shoot in spring. Similar rises

= 201 e Apr. 3 to 5, 1562 in respiratory rate were ob-

< R Apr. 25 to 30, 1962 .

0 6 o Ppr. o] s

5 1.8 Y x May 7. 1962 served in many evergreen

¥ 16 8% 4 May 19 to 22, 1962 conifers (KozLowskl & GEN-

g 1o

S P o June D, oz TILE 1958; PisEk & WINKLER

1.4l x . July 18,

S S O Sep. 16, 1961 1958; BourpeEau 1959; NEU-

Z . . 2 , 1961

S1.2}. . . v Oct. 28 to 50, 196 wIRTH 1959; CrLArRk 1961;

= N

2 1.0L " s v Kapora 1962; MCcGREGOR &

- Ve a4 a [ ]

E t. - R oo v KraMmER 1963). Among the

E 0.8+ Vg v o three species studied here,

o .

m 0.6 the rise is more remarkable

=

=5 ] L L in P. densiflora which makes

5 10 15 20 up most of height growth

DRY WEIGHT OF ENTIRE SHOOT PER SEEDLING g within a shorter period in

Fig. 62. Respiratory rate of the top of Pinus densiflora at
20°C at different seasons in relation to dry weight of the
top per individual. - The respiratory rates at

spring.



2.0 -

1.6
14p
Lol
1.0
0.8}
0.6
0.4
0.2
0 . .

RATE OF RESPIRATION

[
1.8 1—year —old i2—year—old_

77

1 1 1 1

Apr. May June July Aug. Sep.

Oct. Nov. Dec. Jan.

Feb. Mar.

Apr. May

Fig. 63. Seasonal change in respiratory rate of the top at 20°C (mg COg/g dry wt. of
top of seedling/hr) of the three species, Pinus densiflora (P), Cryptomeria japonica (Cr)

and Chamaecyparis obtusa (Ch).

20°C in winter do not markedly differ from
growing season, but may be somewhat
higher in P. densiflora and somewhat lower
in two other species. According to the
reports relating to this subject, there is
either case in change of respiratory rate
in winter, lower (PISEK & WINKLER 1958;
Bourpeau 1959; Pisexk & Kwnarp 1959) or
higher (LARCHER 196la; McGREGOR &
KrAMER 1963). In the previous work dealt
with the potted seedlings of the three
species (NEGISI & SAToO 1961a), the same
trend as obtained here was observed in P.
densiflora and Ch. obtusa respectively,
while the reverse was the case in Cr. japo-
nica. Since the seasonal change of respir-
atory rate is affected by the difference in
temperature condition of determination
(P1sEx & WINKLER 1958) or the difference in
degree of suffered frost (LARCHER 1961a),
great care may be necessary in a discussion
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Fig. 64. Relation of temperature to respir-
atory rate of the top in the three species,
shown in percentage to the rate at 20°C.

on the difference among independent experiments even in the same species.

3) Temperature and respiratory rate

As a material for the calculation of daily respiratory rate in the open was studied

the relation between temperature and respiratory rate.
at a temperature between —5 and 40°C were made at different seasons.

The measurements of respiration
In addition to
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the determinations in the same way as mentioned above, the measurings of the potted
seedlings in the open were made in the night following after the measurement of the
daily course of photosynthetic rate.

In respiratory response to temperature, no difference is observed among the species
or seasons, and the relations are summarized in a curve in figure 64. Q;, of respiration
is 4.4 within the range of temperature between 0 and 10°C, 2.3 between 10 and 20°C,
1.7 between 20 and 30°C, and 1.5 between 30 and 40°C.

II) Respiration of Root

The measurement of respiration of subterranean part seems to be somewhat trouble-
some in comparison with that of aerial part. Though the reports relating to this subject
are few, the methods used in these works may be divided into the following two groups
according to the conditions of the sample, (1) using samples ix sifu and (2) using samples
dug out of the ground.

An instance of the former is the method devised by Emmann (1943), in which the
pot of the potted seedling is enclosed in an air-tight container and the evolved CO, is
determined. The respiration of microorganisms included in the total soil respiration
may be a principal source of error in this method. The error due to respiration of soil
microorganisms may be eliminated by the use of the materials grown with sand, gravel
or water culture, but it is possible that the rate of respiration may vary with cultural
condition. In this method, the size of sample is limited by the size of pot. Although
the use of larger pot is desirable to avoid unnaturalness in growing conditions, the
ratio of respiratory rate of microorganisms to total soil respiration may increase with
increasing size of pot.

In the latter method, the subterranean part is dug out and the soil adhering to root
is washed off with water. The measurement of respiration is made on the entire or if
necessary on a part of the detached root system using the similar method applied to
the top (as instances dealing with tree, ZIEGLER 1957; TRANQUILLINI 1959b; Kurotwa
1960a; SHIROYA ef al. 1962). In this method, the influence of microorganisms is possibly
small and the materials of various sizes are available. But unnatural conditions surrounding
the sample and traumatic stimulus associating with digging and cutting of the sample
may affect the rate of respiration. ’

Since the respiratory rate obtained here will be applied to the analysis of dry matter
production of the seedling grown in the nursery, the latter method was chosen in this
work after the following studies on the factors connecting with the errors.

1. Preliminary experiment on the method
1) Respiratory rate of root in situ and that under the measuring conditions

To avoid the error due to soil microorganisms, the root of water cultured seedling
was used as a material, instead of soil cultured one. The respiration of root in the
water was measured by the use of the respiration chamber devised by Sasaki (1961).
This chamber consisted of an 1 litre glass bottle filled with water to about 70 percent
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of its entire volume, a rubber stopper having a split, an intet and an outlet of air, and
a simple liquid manometer for indicating air pressure in the space between water level
and rubber stopper. '

The base of the stem of water cultured seedling was put between the split, and the
stopper was plugged carefully inserting the root into the bottle. After the setting of
sample, the respiration chamber was placed in the same position as A in figure 61.
The inlet of the air was connected with a glass filter at near the bottom of the bottle,
from which CO, free air was bubbling into the water. The air made contact with root
system in the water flowed into the gas analyzer through the outlet. By means of
observation on the manometer and adjustment of the two-way stop cock connecting with
the inlet of each respiration chamber, the balance of air flow between inlet and outlet
was kept under the atmospheric pressure. When the rate of respiration became steady

‘ the measuring was stopped, and the root was taken out of the water in the bottle. The
measurement of the same root detached from the top followed immediately after it in
the same way as applied to the top.

The measurements were made on Table 10. Comparison of respiratory rate (mg
COs/entire root/hr) between attached root in

l-year-old water cultured seedlings of the water (A) and detached root in the humid

Cr. japonica in early November, 1961 air (B), observed in 1-year-old water cultured
at 20°C. The results of seven individ- seedlings of Cr. japonica.
uals are given in table 10. As shown A B B/A X100 (%)
in the table, the difference between 5 03 5.60 11
(A) and (B) seems to be not remark- 5.00 5.42 108
able. 3.81 3.51 92

In the above-mentioned measure- 6.13 - 6.11 100
ment, the effect of detachment was 4.65 5.12 110
combined with that of change in sur- izg Zii 132
roundings. To study these two effects

separatory were made the measure-
Table 11. Comparison of respiratory rate (mg

. COy/entire root/hr) among attached root in
each procedure has no apparent influ- the water (A), attached root in the humid air
ence on the respiratory rate of root as (A'), detached root in the water (B’), and
detached root in the humid air (B), observed
in l-year-old water cultured seedlings of Cr.

ments in April, 1962. It seems that

shown in table 11. If the results

described here can apply to the seed- japonica.
lin n in the n
gs‘gr.ow m. the nursery, thef error A A/ B/ B
associating with the preparation of
sample will be endurable. 1.41 1.34
2.21 2.18
2) Time course of respiration of dug 2.18 2.13
out and detached root 2.07 2.09
If the change connecting with the 2.86 24
preparation of sample affects rapidly 1.93 1.88
the respiration of root, it will be 1.87 1.29
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Table 12. Time course of respiratory rate (mg reflected upon the time course of re-
COy/entire root/hr) of dug out and detached

: - spiratory rate. The root of 1-year-old
root of 1l-year-old seedling grown in the

seedling grown in the nursery was

nursery.

dug out, washed and detached, and its

Hours after preparation of sample . ..
Species time course of respiration was deter-

i 0.5~11.5~[2.5~3.5~[4.5~5.5~[6.5~ .

1.5] 2.5/ 3.5/ 4.5 5.5/ 6.5 7.5 mined. The measurements were made
3.44] 3.49{ 3.43| 3.36, i i n
P. densi /Zom{ on the three species in August and

4.27 4.39) 4.37) 4.33 September in 1961. As may be seen
4.93 4.89 4.75| 4.65| 4.63] 4.45 4.31

3.27| 3.34] 3.32| 3.26 3.18 3.10 3.05

2.05/ 2.10; 2.19; 2.18 .
Ch. obtusa { 1.771 1.83 1.84] 1.80 first few hours after the preparation

in table 12, the respiratory rate re-

Cr. japonica{
mains comparatively unchanged during

of sample.

These results obtained by the preliminary experiments show that dug and detached
root is available as a material for estimating respiratory rate of the seedlings grown in
the nursery.

2. Material and method

The measurements of respiratory rate of root in the three species were made at
different seasons during the period October, 1960 to January 1962, at various intervals
corresponding to the extent of seasonal change. In each measurement more than five
individuals were studied in each species. The root of 1-year-old or if necessary 2-year-old
seedling grown in the nursery was carefully dug out of the ground, washed with water,
wiped with filter paper and detached from the top. Immediately after these preparations,
the root was enclosed in the cylindrical respiration chamber which was submerged in the
water bath at a constant temperature of 20°C from fall to spring and 25°C in summer,
and the rate of respiration was determined with the same method as applied to the
top. Each run of determination was finished when the rate became steady.

3. Results and discussion

1.2, 1) Rate of respiration per unit dry
E 1.0 —':oc?oo N weight
> ° x A part of the result obtained in
SE08F S0 ol . s art of the
55 A a s P. densiflora is given in figure 65, in
6t IS . o
§g.? 0-6 A% A, A8 which the rates at 25°C are converted
<9 . o .
O‘é 0.41 1, il}/laly 10, 1961 R into at 20°C. The respiratory rate per
@ E o July 19,1961 . . .
E 0.2} * Ser. 18,191 unit dry weight changes with season.
-
A 822'. %g igg% ) A wide variation is observed in individual
0 = - ; . — . .
2 4 6 8 rates in the same season, and it seems
DRY WEIGHT OF ROOT PER SEEDLING g that the rate per unit dry weight de-
Fig. 65. Respiratory rate of the root of Pinus creases with increasing total dry weight

densiflora at 20°C at. different seasons in
relation to dry weight of the root per in-
dividual. are observed in two other species.

of root per individual. Similar variations
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2) Seasonal variations in respiration

The mean values of respiratory rate observed at different seasons are given in figure
66. The seasonal variations in root differ from those in top. The rate increases in
spring in every species, in which P. densiflora begins to rise earlier. In Cr. japonica
and Ch. obtusa, lower respiratory rates are observed in summer. The rates of all the
species decrease in winter. The depression in summer was detected in the potted tree
seedlings of several species by EIDMANN (1943) and also in the thinner detached root of
Cr. japonica and Ch. obtusa by Karizumi and TerADA (1960). The fact that the rate of
elongation of root hair is lower in summer than before and after that, may be connected
with the depression in respiratory rate observed in Cr. japonica and Ch. obtusa.

The respiratory rate per unit dry weight of root hair or thinner root is higher than
of lignified or thicker root (Karizumr & TErADA 1960; KapoTa 1962). It is supposed that
the ratio of root hair or thinner root in dry weight may decrease with increasing dry
weight of the whole subterranean part of the individual. Since the dry weight of
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Fig. 66. Seasonal change in respiratory rate of the root at 20°C (mg CO,/g dry wt. of
root of seedling/hr) of the three species, Pinus densiflora (P), Cryptomeria japonica (Cr)
and Chamaecyparis obtusa (Ch).
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Fig. 67. Difference in respiratory rate of the root per unit dry weight between the
seedlings grown in the pot (solid symbols) and those grown in the nursery (open
symbols). Measurements of 2-year-old seedlings of Pinus densiflora (circles), Cryptomeria
Japonica (triangles) and Chamaecyparis obtusa (squares) were made using dug out and
detached root in May, 1962 at 20°C.
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subterranean part per individual increases with season, the changes in frequency distri-
bution of thickness of root affect possibly the seasonal trend shown in figure 66.

For a similar reason, it is desirable that the comparison of different species is made
among the individuals similar in dimensions. EmMaANN (1943) studied the potted tree
seedlings of 15 species and found that the respiratory rate of root per unit weight varied
widely with the species. In respiratory rate of root, the three species dealt with here are
similar to the group having a lower level of respiration among the species studied by
him. But, it is possible that the rate of seedling growing in pot may differ from that
in nursery, because the ratio of thinner root to thicker one and the ratio of root to top
probably change with difference in cultural conditions. As shown in figure 67, the
respiratory rates of potgrown root are higher in P. densiflora and lower in two other
species than those grown in the nursery. The rates of pine species obtained by
TRrRANQUILLINI (1959b) and by SHIROYA et al. (1962) are close to the three species studied here.

III) Estimation of Respiratory Rate in the Nursery

1. Estimaion of daily rate of respiration

The daily rates of respiration per unit dry weight under the nursery conditions
were estimated for the period April, 1960 to March, 1962. The rates of top were
separately totaled in the daytime and in the night, using the respiratory rate per unit
dry weight at different seasons in figure 63, the record of air temperature at 20cm
above the ground and the temperature-curve of respiration in figure 64. The calculation
in the daytime was based on the assumption that the respiratory rate in a light
is equivalent to dark respiration (EGLE 1960b). In the estimation of rate of root were
used the respiratory rate in figure 66 and the record of soil temperature at 20 cm below
the ground. Since the response of respiration of root to temperature was similar to
that of top in all the species, the corrections to temperature were made using the
temperature-curve in figure 64.

2. Seasonal variation in monthly rate of respiration

The daily rates of respiration per unit weight are summed up monthly in table IV.
The level of rate in each month is mainly affected by the seasonal changes in respiratory
rate per unit weight and temperature. '

Owing to the increase in respiratory rate connecting with the elongation of new
shoot and the higher air temperatures, the rate of top is higher in the months from late
spring to early fall. The lower rates of the root in winter are caused by the decrease
in respiratory rate per unit weight and the lower soil temperatures. In the annual rate
of respiration of the top, the rate in the daytime is about twice as large as that in the
night in each species. The higher rate in the daytime is mainly attributed to higher
temperatures, especially those associated with longer photoperiods in the warm season.
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CHAPTER VII. DRY MATTER PRODUCTION OF
INDIVIDUAL SEEDLING

It is well-known that the dry matter produced by photosynthesis is used by the
plant in various ways, i.e. respiration of living protoplasm, formation of new tissues
(growth), and accumulation of reserve foods for future needs. The share of photosynthate
allotted to growth and reserves corresponds with the dry weight increment of plant. By
Bovsen JENSEN (1932) was originally discussed plant growth in relation to the balance
between income and outgo in dry matter production. His study has been followed by
a number of students, and many informations relating to the dry matter production
were accumulated. The dry matter production in a plant or a plant community is
maintained only through the dry matter reproduction, on which five typical reproduction
systems were presented by Monst (1960). In order that the plant continues to exist and
to grow, a part of the produced dry matter must be transformed into production system.

Income, outgo and surplus in the dry matter production are estimated in various
ways. By Danish researchers (MOLLER 1945; MOLLER, MULLER & NIELSEN 1954), were
obtained the incomes of forest stands by summing up the direct determined biomass and
the total matter consumption. The estimation of income based on the measuring of
- photosynthetic rate is made in different two ways. In the one way, the income is
calculated using photosynthetic rates measured in the open. In few reports was made
a relatively exact estimation based on the photosynthetic rate extending over a longer
term (HENICKE & CHILDERs 1937; TRANQUILLINI 1959b, 1962a), while in many works was
able to make only a rough estimation because of the lack of data (PoLsTER 1950, 1955;
HuBer & PoLsTER 1955; PoLsTER & NEUWIRTH 1958; MILLER 1959). And, the other way
was used in a number of studies, in that the income is calculated using photosynthetic
rates measured in connection with important external and internal conditions of a plant
or a plant community (as instances dealing with tree species, Nomoto, Kasanaca &
Monst 1959; Tazaxi 1959; KimMura 1960; Kurorwa 1960b; Kusumoro 1961; LARCHER
1961b; Nomoto 1964). Though the apparatus for measuring CO,-uptake develops, an
extensive determination extending over a long term in the open is not easy, and it
seems that the latter way is effective to make the estimation under various conditions.

In this chapter, the surplus production of an individual seedling is calculated as a
balance between the income estimated in Chapter V with the above-mentioned latter
way and the outgo in Chapter VI. The estimations are made on the seedlings having
average dimensions, and the calculated values are compared with the dry weight
increment measured directly in the nursery. Differences in dry matter production are
discussed among the species. ‘
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I) Seasonal Course of Growth

1. Material and method
1) Material

The studies were made on 1-year-old seedlings of the three species grown in the
nursery. In the fall of the previous year, uniformly grown 1,000 seedlings of Pinus
densiflora and Cryptomeria japonica each and 500 seedlings of Chamaecyparis obtusa were
selected according to size, and transplanted with square spacing of 15cm. Three
tensionmeters were buried in the bed, and irrigations were made when the drying of
soil reached 40cm Hg in soil moisture tension so that soil moisture had been readily
available for the seedlings over the entire growing season. In addition to the materials
for measuring the growth, those for measuring the photosynthetic capacity in Chapter
V and the respiration in Chapter VI were chosen from the same lot of the seedlings.
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Fig. 68. Seasonal course of growth in height (H, thick lines) and diameter at base
(D, thin lines) for the period spring in 1960 to spring in 1961 (solid lines) and that
1961 to 1962 (broken lines).
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2) Measurement of growth

Though the selection of seedlings was made before the transplanting, the growth on
the transplant bed varied widely with the individuals. To obtain a seasonal course of
average dry weight increment, height and diameter at base had been periodically measured
on the same plants, 14 seedlings arbitrary chosen in each of the three species, and
the individuals having average values both in height and diameter were selected at
regular intervals to determine dry weight.

The measurements of growth were separatory made for the two periods, April, 1960
to May, 1961 and April, 1961 to March, 1962, Height and diameter had been measured
at intervals of two weeks in growing season and of a month in winter. The samplings
of the seedling for determining dry weight were made at intervals of a month. In
each species 3 to 4 individuals having nearly average dimension, and about 10 individuals

TOP

DRY WEIGHT PER PLANT g

ROOT

L 1 1 1 ! Il L 1 1 1 ! ) -

Apr. June Aug. Oct. Dec. Feb.
1960 1961

Fig. 69. Seasonal course of growth in dry weight in Pinus densiflora (P), Cryptomeria
japonica (Cr) and Chamaecyparis obtusa (Ch).
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of various dimensions were dug out at each sampling. Then, the seedlings were washed
with water, divided into the top (aerizZl part) and- the root (subterranean part), and dried
in the oven at 105°C. The values of dry weight obtained on the samples of various
sizes were useful to check the difference in height and diameter between the computed
average value and the sampled one. Further dividing of the top into photosynthetic
and aphotosynthetic® part was not made, because it is not easy to dlstlngmsh needles
from other parts for the seedlings of Cr. japonica and Ch. ‘obtusa

2. Results and discussion
1) Height and diameter

The seasonal courses of height and diameter growth are shown in figure 68. In
P. densifiora as is known sufficiently, a great part of the season’s height growth is

k ’ ‘ made within a shorter period in spring,

100 Root and a gradual increase from summer
80 A e g to early fall is due to Lammas shoot
PN é growth. The vigorous height growth
[ e of P. densiflora at the beginning of
E 40 %5 growing season is reflected in its re-
g 20 3 lation between radiation intensity and
E 0 . | . photosynthetic rate, and in its seasonal
=z trend of respiratory rate as have been
2 100/ described. On the other hand, in Cr.
o 3 japonica and Ch. obtusa the height
g é’ growth is made extending over whole
& g growing season. The diameter growth
g = continues throughout growing season
é 20F E. in each of the three species.
= 0 . , ‘ 8 2) Dry weight
= The seasonal courses of growth in
g 100-"‘\:‘ Roqt o dry weight corresponding to the
: : g,' average height and diameter growth in
% § 1960 are given. in figure 69. In each
E -E of the three species the dry weight
E 7 increment has been made over the
& 0t é: entire growing season. Because of
0 ) . . 8 individual variations the changes of
Apr. June Aug. Oct. weight in winter are not obvious.

Fig. 70. Seasonal change in ratio of the top
or the root to the total dry-weight in 1960
(thick solid lines) and in 1961 (thin solid lines),
and that in distribution of dry matter incre-
ment in 1960 (thick broken lines) and in 1961
(thin broken lines).

A relatively vigorous growth of the
pine in early spring is made mainly
at the expense of reserves, which
causes a decrease in dry weight of older
parts, for instance, as shown in Pinus
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sylvestris by RuTTER (1957). In 1-year-old seedlings of P. densiflora, the depression is
not apparent, but in 2-year-old seedlings occurs a temporary decrease in dry weight
of the root in early spring.
3) Ratio between top and root in dry weight

As shown in figure 70, the ratio between top and root changes with the seasonal
changes in distribution of dry matter increment between them. In P. densiflora, the
ratio of root to top in dry weight throughout the year, and also that in increment
during the great part of the growing season are higher than in two other species.

II) Carbon Content of Seedling

Carbon content in the top and the root of each seedling was respectively determined
at different seasons, with which the in-
come and the outgo expressed in mg Table 13. Mean value of carbon content in

CO, were converted into the values in percentage to the weight of dry mater.

weight of dry matter. Three individ- Date of sampling in 1960
i Species Part —
uals were sampled from the seedlings Agr- N{%Y Jgg' Iogt- 'Dﬁc-

drlf:d for measuring the growth in . Top | 50.3 | 50.9| 51.1|52.7 |52.2
weight, ground thoroughly and ana- P de”s’ﬂom{ Root | 45.1 | 50.4| 48.5|49.4 [ 49.5
lyzed with modified Tiurin’s method Top | 48.3 | 50.1| 51.952.3|51.6
(Kawapa 1955). The results of anal- Root | 48.2 | 48.7 | 50.151.148.8

ysis are summarized in table 13. Ch. obtusa {;Opt :z'i ;“1; il)'i i;‘g i;'cl’
00 . . . . .

Cr. faponica {

Though the value varies with the
species, part and season, the content ‘
seems to be about 50 percent of the dry matter. To simplify the calculation, the fol-
lowing estimations of dry matter production are based on the assumption that carbon

content of the seedling is always 50 percent.

III) Income and Outgo in Relation to Dry Weight Increment

1. Estimation of dry matter increment

On the first day in each month, the daily dry matter product of the seedling having
an average dry weight as shown in figure 69 was calculated using the daily photosyn-
thetic rate per unit dry weight in Chapter V and the above-mentioned carbon content.
The respiratory losses of the top in the night and of the root throughout the day were
estimated using the daily rate of respiration per unit dry weight in Chapter VI. The
surplus product obtained as a balance after reduction of the respiratory loss from the
photosynthetic product, was divided into the top and the root respectively in proportion
to the distribution ratio in figure 70.

On the following day, the calculation was made using the dry weight of seedling,
inclusive of the increment on the previous day. The calculations in the same way were
repeated day by day. A run of the repeated daily calculation was started on the first
day in each month and finished on the final day in the same month, which was fol-
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lowed by a new run in the next month starting with the average dry weight measured
in the nursery instead of the calculated one.

The calculations were made for the two separate period respectively, April, 1960 to
March, 1961 and April, 1961 to March, 1962. From April to November, the calculation
was repeated day by day as mentioned above. But in the winter months, the calcula-
tion was made monthly basing on the assumption that the dry weight of seedling

remained unchanged throughout the month, because the changes in dry weight of the

seedling were not apparent in this season in the nursery.

are summarized monthly in table V.
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Fig. 71. Seasonal change in monthly photosynthetic
rate (solid lines), respiratory rate of the top in
the night (broken lines) and respiratory rate of
the root throughout the day (fine broken lines)
per unit dry weight.

The results of calculation

2. Results and discussion

1) Seasonal change

Since the dry weight of an
individual seedling increases with
season, the seasonal variations in
photosynthetic and respiratory rate
per individual seedling differ from
those per unit dry weight. The
seasonal variations per unit weight
shown in table III and IV are
Higher
monthly rates of photosynthesis

summarized in figure 71.

per unit weight are observed for the
period June to September, while
those per individual are found late
in fall as shown in figure 72 and
table V.
thetic system in fall has great in-
fluence on the photosynthetic rate

The increasing photosyn-

per individual in comparison with
the decreasing photosynthetic ca-
pacity and the shortening photo-
period. Also, higher respiratory
rates per individual appear later
than those per unit weight. The
gain per individual, which was
calculated as a balance after reduc-
tion of the respiratory losses of the
top in the night and of the root
throughout the day from the photo-
synthetic product, is higher in fall

and lower in winter. In midwinter
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Table 14. Distribution of annual income, outgo and surplus product among the three

periods in the year.

Specics Period Dlstrlbuttlgna Ix;?l?lg . 1rs1u£)nercentag.e
Year Month Income* Outgo** Gain***
(P) (R1+Ry) (P—R;—Ry)
Apr. ~ July 17.1 - 14.9 18.5
1960/61 [ Aug. ~ Nov. 65.3 55.1 72.1
P, densifiora Dec. ~ Mar. 17.6 130.0 9.4
‘ Apr. ~ July 14.6 11.5 17.8
1961/62 { Aug. ~ Nov. 63.9 54.5 73.5
Dec. ~ Mar. 21.5 34.0 8.7
Apr. ~ July 8.7 6.5 10.3
1960/61 [ Aug. ~ Nov. 77.8 65.3 85.4
. . Dec. ~ Mar. 13.5 28.2 4.3
Cr.. 1aponica Apr. ~ July 16.3 13.0 18.8
1961/62 { Aug. ~ Nov. 72.1 64.4 78.2
Dec. ~ Mar. 11.6 22.6 3.0
Apr. ~ July 13.3 11.6 14.4
1960/61 [ Aug. ~ Nov. 75.7 64.1 84.2
Ch. obtusa Dec. ~ Mar. 11.0 24.3 . 1.4
Apr. ~ July 16.0 13.4 18.4
1961/62 { - Aug. ~ Nov. 73.3 64.5 83.2
Dec. ~ Mar. 10.7 22.1 —1.6

* Photosynthetic product (P).
*% Respiratory loss of the top in the night (R;) and that of the root throughout the day (Rjy).

Hoksk

Surplus product (P—R;—Ry).
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Fig. 73. Distribution of photosynthetic product
among the respiratory loss of the top in the
night (open parts), that of the root throughout
the day (hatched parts) and the gain (solid parts)
per individual seedling in each month.
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the seedlings are not able to
synthesize enough foods to compen-
sate for the respiratory losses.

To express relative importance
of each season to the annual
growth of l-year-old seedling are
shown in table 14 the distributions
of annual income, outgo and gain
per individual among the three
periods; April to July, August to
November and December to March.
As may be apparent in the table, the
income and the outgo are higher for
the period August to November,
and most of the surplus product is
gained in this period in each spe-
cies. The similar seasonal trends
of surplus product, higher from
summer to fall and negative in
midwinter, were also observed in
the seédlings of Pinus taeda and
Pinus strobus by MCGREGOR (1958).

In figure 73, the distributions of
photosynthate among the respira-
tory losses and the surplus (growth)
are shown in each month respec-
tively. The ratio of respiratory
consumption is lower for the period
summer to fall and higher in win-
ter. As shown in figure 72, the
respiratory loss indicates a seasonal
trend similar to the photosynthetic
product, but the degree of winter
depression of the former is smaller

than of the latter, and the former is not sufficiently compensated by the latter in mid-
winter. But the deficit throughout the winter is so small that it may be covered by
photosynthetic production in a few days of growing season, as in dry matter production

of Pinus sylvestris studied by PoLsTER and Fuchus (1963).

In table V and figure 74, the calculated dry matter increments in each month are

compared with the corresponding direct determined increments of the seedlings grown

in the nursery. From the summer to the middle of fall, both values agree with each
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Fig. 74. Seasonal cdurse of grdwth in dry weight in 1960 measured directly’
(solid lines) in comparison with that calculated (broken lines).

other, while in the spring and the late fall differ markedly. The difference in -spring
may be related with (1) an error in the direct measurement of growth resulting from a
low rate of dry weight increment, and (2) a greater difference between the temperature
at 20cm above the ground used for the calculation and that at a lower height which
has a closer relation to the CO,-exchange of seedlings. And in the late fall, at emporary
rise in photosynthetic capacity resulting from a duration of warmer day may be supposed
as a cause of the difference. , /

In the estimation of dry matter production based on the direct determination of
living biomass is required a measurement of the dry weight lost by the fall of needles,
twigs and barks and the die of a part of root. But in 1-year-old seedlings dealt with
here, these losses are small and are not taken into consideration in the calculation.
For instance in P. densiflora, the fall of needles throughout the growing season amounts
to 0.1 to 0.2g in dry weight which is a quite small percentage to its entire needle.

The seasonal changes in income, outgo and gain may differ from year to year as
shown in the difference between two periods, April, 1960 to March, 1961 and April, 1961
to March, 1962. But the discussions on this point are not made here because of lack
of data over a long period.

2) Difference among species

In table 15 are summarized the distribution ratios of respiratory losses and gain
(growth) to the annual photosynthetic products. Though the three species differ from
each other in photosynthetic response to environmental factors, these differences are not
markedly reflected in the dry matter production under the nursery conditions. In each
of the three species, from 50 to 60 percent of the annual income are distributed to the
dry weight increment. The ratio of respiyratory loss of the root to the total outgo
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Table 15. Distribution ratio of outgo and gain in percentage to net annual income.

Period, April to Outgo by respiration Gain, dry
Species March in the weight
next year R * Ry** Ri+R: (RY+Ry)**  increment
, 1960/61 21.6 18.6 40.2 (57.8) 59.8
P. densiflora {
1961/62 25.7 25.0 50.7 (67.4) 49.3
. . 1960/61 26.7 12.2 38.9 (60.1) 61.1
Cr. japonica {
1961/62 30.5 13.2 43.7 (64.7) 56.3
Ch. obtusa { 1960/61 23.6 18.3 41.9 (60.3) 58.1
1961/62 28.6 23.7 52.3 (68.8) 47.7

* Respiratory loss of the top in the night.
** Respiratory loss of the root throughout the day.
***k  Distribution ratio of respiratory loss of the top throughout the day (R,’) and R, in percentage
to gross annual income including respiratory loss of the top in the daytime.

differs with different species. In P. densiflora because of its larger root system and in
Ch. obtusa because of its higher respiratory rate, the ratio is higher than in Cr. japonica.

The differences in distribution of surplus product among the various parts of seed-
ling have influence on further growth. A vigorous photosynthetic production based on
expanding photosynthetic system may be expected from a larger share of surplus prod-
uct allotted to the growth of needles. In this view, a higher distribution ratio of root
growth in P. densiflora may be at a disadvantage in dry matter production as compared
with two other species. But the rapidly developed root system of P. densiflora is
effective against drought (SAT00 1956) and also may be favorable to make photosynthesis
under deficient water conditions.

The balance of dry matter production differs with different species, and internal
and external factors. According to the table summarized by MULLER (1960), the ratio
of respiratory loss of many plant species ranged from 20 to 72 percent of the annual
gross production, in which were quoted the values of forest trees ranging 29 to 60
percent (PoLsTER 1950) and of European beech stands of various age ranging 39 to 49
percent (MOLLER, MULLER & NIELSEN 1954). In addition to the above-mentioned ratios
were obtained recently the following values: 50 percent in dominant tree and 60 percent
in supressed one of Abies Mariesii in a 20-year-old Abies stand (Kurorwa 1960b); 72
percent in an evergreen broadleaved tree stand (KiMura 1960); 50 percent in artificial
communities of Helianthus tuberosus (HoGETSU ef al. 1960); and 65 percent in Sasa kuri-
lensis community (OsHiMA 1961). The values of respiratory loss, R’+R in table 15 show
that 1-year-old seedlings of the three species belong to a higher respiratory consumer.

TrRANQUILLINT (1959b) studied the dry matter pfoduction of young trees of Pinus
cembra and showed that the respiratory losses amounted to about 38 percent of the
annual gross production, which were made up as follows; the aerial part respired 20
percent in the daytime and 7 percent in the night, the subterranean part less than 6
percent, and the entire part during the period buried under the snow less than 6 percent,
He (TRANQUILLINI 1962a) also studied 2-year-old Larix decidua and 5-year-old Pinus cembra
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and indicated that 8 to 9 percent of the net production were consumed by the nocturnal
respiration of aerial part in growing season. The three species in this work are remark-
ably high in respiratory loss as compared with the species studied by TRANQUILLINI, even .
though he (TRANQUILLINI 1962b) underestimated the respiratory loss in subterranean part.
In addition to the difference of species, that of temperature conditions may be pointed
out as a cause of this difference.

EmMANN (1962) dealt with the seedlings of seven conifers and showed that the ratio
of respiratory loss in root ranged from 30 to 40 percent of that in entire individual in
September. The corresponding rates of the three species are 48 percent in P. densiflora,
" 46 percent in Cr. japonica and 57 percent in Ch. obtusa. In the same report, he calcu-
lated the respiratory consumption of 4-year-old seedlings of conifers using the ratio
between respiratory rate of aerial and that of subterranean part, and obtained 40 percent
in Pseudotsuga taxifolia, 50 percent in Picea excelsa and 60 percent in Pinus sylvestris
as a ratio of respiratory loss to annual gross production. These ratios are near to those
of the three species studied here.

SUMMARY AND CONCLUSIONS

It is sufficient to know that Pinus densiflora (Akamatu), Cryptomeria japonica (Sugi)
and Chamaecyparis obtusa (Hinoki), important forest trees in Japan, differ from each
other in their behavior to environmental factors. In this study the rates of CO,-
exchange under various conditions were measured mainly on the 1-year-old potgrown
seedlings, and the differences in photosynthesis, respiration and dry matter production
were compared with the already known ecological and silvical characters of each species.

The main part of this report consists of seven chapters. In the first four chapters,
Chapter I to IV were studied the differences of species in photosynthetic response to light,
temperature and soil moisture, In Chapter V, the seasonal variations in photosynthetic
production were estimated under the nursery conditions, and the causes of seasonal
change were studied in each species. In the last two chapters, after the estimation
of respiratory loss in Chapter VI, the dry matter production of the seedling grown
individually in the nursery was computed in Chapter VII, and the causes responsible
for the productivity difference were discussed.

I) Outline of Each Chapter

Chapter I: The diurnal variations in photosynthetic rate were observed in the open
at various times of the year. The photosynthetic rates were obtained by means of an
infrared gas analyzer which measured continuously CO, concentration of the air before
and after passing over the seedling in the assimilation chamber. To protect the sample
plant against overheating, the assimilation chamber was enveloped in the water jacket
acting as a filter and a cooler.

By the difference in photosynthetic response to environmental factor are divided
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the daily courses of photosynthesis into two types, the summer type in growing season
and the winter one in winter. In the former, the levels of photosynthesis on the daily
. march are closely related with a few environmental factors, especially with light intensity
at each time, while in the latter a fairly relationship between light intensity and photo-
synthetic rate is disturbed by the appearance of a remarkable midday drop and a change
in photosynthetic capacity. In P. densiflora, the daily courses are the summer type
for the period April to November, and the winter one from December to early in April.
But, in Cr. japonica and Ch. obtusa the winter type appears earlier, in October and
November.

In growing season, the daily courses of photosynthesis fluctuate with the change in
light intensity all day long on cloudy days. On bright and clear days, the flat-topped
diurnal curves are observed, and sometimes the midday drops to varying extent appear.
Among the species differs the midday drop in frequency of occurrence and in extent of
decrease; seldom and slight in P. densiflora, not often and moderate in Cr. japonica,
and often and marked in Ch. obtusa.

Chapter II: Since the artificial light possibly differs from the natural one, the
photosynthetic responses to light intensity were studied using the data in the open
described in Chapter I. After converting into the rate at constant temperature of
20°C, the daily course of summer type was arranged in the relation between light
condition and photosynthetic rate.

The increasing rate of CO,-uptake with light intensity in a lower range is lower in
P. densiflova, than in two other species. On clear days is reached light-saturated photo-
synthesis at about 30k lux in P. densiflora, and at about 20k lux in Cr. japonica and
Ch. obtusa. The degree of depression in apparent photosynthesis due to excessive light
intensity, which corresponds with the midday drop, is marked in Ch. obtusa, moderate
in Cr. japonica and slight in P. densiflora. These differences among species well
correlate with the degree of tolerance of each species.

The relation of horizontal light intensity to photosynthetic rate on clear days differs
from that on cloudy days. The difference may be caused by the discrepancy between
the light intensity measured with the luxmeter and that received actually with each part
of photosynthetic organ.

Chapter III: At different seasons of the year, the determinations of the photo-
synthetic response to temperature were made under the controlled conditions. The
effect of temperature differs with different seasons., In growing season, the apparent
photosynthesis of the three species increases with temperature to the maximum at about
20°C. Further rise of temperature causes a reduction of CO,—uptake. Cr. japonica and
Ch. obtusa are marked for their post-maximal declination of photosynthesis as compared
with P. densiflora. Apparent photosynthesis of P. densiflora reaches its upper limit
between 45 and 50°C, while that of two other species between 40 and 45C. In the
field is found positive apparent photosynthesis down to few degrees below zero. In
winter, the decrease in photosynthetic rate due to above-optimal temperature begins at
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a lower temperature, and optimum and maximum temperatures become lower.

Chapter IV: The effect of drying of soil on apparent photosynthesis was studied
under the controlled conditions. The photosynthetic response to decreasing soil moisture
differs with different species. The decrease in photosynthetic rate at the initial stage
of drying of soil is only apparent in P. densifiora, while that at the advanced stage is
very marked in Cr. japonica, marked in Ch. obtusa and moderate in P. densiflora.

To make clear the cause of these differences, the changes in water content and
rate of transpiration were studied. In P. densiflora, an earlier beginning of stomatal
closure at the initial stage of drying may be related with the earlier depression in
photosynthetic rate. And less marked decrease in photosynthetic rate of this species at
the advanced stage may be partly attributed to the slower pace of water loss of seedling
resulting from a rapid closing of stomata and a lower rate of cuticular transpiration,
and partly attributed to a relatively high rate of photosynthesis of the dehydrating
seedling. On the other hand, in Cr. japonica the stomatal movement is less sensitive to
dehydration and the unchanged photosynthetic rate at the beginning of dryihg decreases
rapidly with rapidly decreasing water content of the seedling. In Ch. obtusa, the
stomata begin to close at a lower water content but close perfectly at a higher one in
comparison with Cr. japonica, and the pace of decrease in photosynthesis is intermediate
between two other species.

Chapter V: The seasonal variations in photosynthetic rate were studied on the seed-
lings grown in the nursery. The increase in photosynthetic capacity starts with little
at February or March, and becomes rapid and marked with the lapse of time. The
maximum rate of photosynthetic capacity is attained from midsummer to early fall, and
then the rate begins to decrease and reaches its minimum in midwinter. In P. densiflora
the rise in spring appears earlier and the decline in fall later, and the rate of decrease
in winter is smaller than in two other species. ,

The daily rates of photosynthesis in the nursery were estimated by the use of light-
and temperature-curves of photosynthesis, seasonal changes in photosynthetic capacity,
and records of horizontal radiation intensity and air temperature at 20cm above the
ground. In order to make clear the cause of seasonal variations were made the calcu-
lations based on the four different assumptions. The daily photosynthetic rate is lower
in early spring and rises with the increase in photosynthetic capacity towards summer,
but the rise is checked by above-optimal temperatures in midsummer. With further
progress of season, the effects of higher temperatures gradually fade out, while those of
reduction in photosynthetic capacity and of decrease in radiation intensity due to low
altitude of sun become conspicuous, through which the rate is depressed and reaches
the minimum in winter. '

The weight of each cause for decrease of daily photosynthetic rate in the open
varies with the species, but the seasonal change in photosynthetic capacity is the most
effective in each of the three species. The effect of radiation intensity is remarkable in
P. densiflora, while that of temperature is marked in Cr. japonica and Ch. obtusa. The
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relatively high photosynthetic rate of P. densifiora in the open may be mainly attributed
to its higher photosynthetic capacity extending over a long period of the year and less
sensitiveness of photosynthesis to above-optimal temperatures in summer.

Chapter VI: The rates of respiration of the seedlings were determined at dif-
ferent seasons. The respiratory rate per unit dry weight of the top at 20°C shows
a steady level throughout the year except an increase in spring associated with the
elongation of new shoot. The seasonal variations in the root differ from those in the
top, and the rate is lower in winter.

The daily rates of respiration in the nursery were estimated by the use of seasonal
change in respiratory rate per unit dry weight, temperature-curve of respiration, and
records of temperature at 20 cm above and below the ground. Owing to the increase in
respiratory rate connecting with elongation of new shoot and higher air temperatures,
the rate of the top is higher from late spring to early fall. The lower rates of the root
in winter are caused by the decrease in unit rate of respiration and the lower soil tem-
peratures. In the annual rate of respiration of the top, the rate in the daytime is about
twice as large as that in the night in each species.

Chapter VII: The surplus production of an individual seedling was calculated as
a balance between the income estimated in Chapter V and the outgo in Chapter VL
The estimations were made on the seedlings having average dimensions. The calcu-
lated dry matter increments and the corresponding direct determined ones of the
seedling grown in the nursery agree with each other from summer to the middle of
fall, and differ in spring and late fall.

The gain per individual seedling is higher in fall and lower in winter. For the
period August to November, 70 to 80 percent of the annual surplus product are gained
in each of the three species. The ratio of respiratory consumption is lower from sum-
mer to fall and higher in winter. In midwinter the seedlings are not able to synthesize
enough foods to compensate for the respiratory losses. In each species, from 50 to 60
percent of the annual income are distributed to the dry weight increment.

II) Difference among Species in Relation to Silvical Character

P. densifiora, as compared with the other two species is intolerant and is able to
establish under severe conditions in open land as a pioneer. It seems that this character
of the species is reflected in its ability to carry on photosynthesis at higher light
intensities, over a relatively wide temperature range and at lower soil moistures.

In P. densiflora, a relatively high capacity for regulating water balance and a
rapidly developing root system are effective against drought and also may be favorable
for photosynthesis under arid conditions. But these characters of P. densiflora, an
earlier decrease in photosynthetic rate at slightly below the field capacity associating
with an earlier stomatal closure, and a smaller share of surplus product allotted to the
growth of photosynthetic organ connecting with a higher distribution ratio of root
growth, may be at a disadvantage as compared with two other species in photosynthetic
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production under relatively moist conditions.

The difference between Cr. japonica and Ch. obtusa in photosynthetic response is
not remarkable as compared with that between P. densiflora and two other species.
But the characters of two species appear in their differences in degree of depression in
photosynthetic rate at above-optimal light intensities and at the advanced stage in
drying of soil.

Though the three species differ from each other in photosynthetic responses, these
differences are not markedly reflected in dry matter production in the nursery under
adequate soil moisture conditions. Here, only light, temperature and soil moisture are
taken up as important environmental factors governing photosynthesis. In addition to
these, mineral nutrition and also various environmental factors acting for a longer term
may be of interest in an explanation for the difference in character of species, on which
would need further investigations.

In this work were made the studies on isolated grown individuals. Therefore the
results obtained here are available for the seedlings grown in nursery, but to the forest
trees, the application of findings is limited. It is desirable that further studies on older
trees not only at individual level but also at community level would be made.

As a difference of growing condition between seedling and mature tree is pointed
out the effect of temperature at different height above the ground. As described in
Chapter V, the higher temperatures in summer caused the depression in apparent photo-
synthesis. Since the air temperature in the daytime becomes higher with approaching
to the ground, the degree of depression in photosynthesis may be remarkable in the
seedlings. In table VI and VII, the rates of photosynthetic production estimated by the
use of air temperature at 150cm above the ground are compared with those at 20cm
high. A similar difference is expected also in the effect of lower temperatures in
winter, The minimum temperature becomes lower with nearing the ground, and the
depression in photosynthetic capacity may be marked in the seedlings. In comparison
with 1-year-old seedlings treated here, more remarkable depressions in photosynthetic
production in summer and in photosynthetic capacity in winter are probably expected
in seedlings at the first year after their emergence.
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Table 1. Horizontal radiation intensity and temperature at 20 cm above or below the ground at
Tokyo University Forest Experiment Station, Tanasi, Tokyo for the period April, 1960 to

March, 1962.
Radiation (g cal/cm?) , Mean temperature (°C)
Year Month Monthly total Daily mean — +20cm —20 o
Daytime Night Whole day

1960 Apr. 11,884 396.i 17.7 12.2 16.1
May 13,456 434.1 22.5 17.1 20.2
June 11,495 383.2 25.9 21.2 23.2
July 13,512 435.9 30.9 25.1 27.5
Aug. 13,423 433.0 31.0 25.7 28.3
Sep. 9,466 315.6 27.5 23.1 26.3
Oct. 8,258 266.4X 21.6 16.3 20.7
Nov. 6,346 211.5 16.4 10.8 15.8
Dec. 6,619 213.5 11.3 2.7 10.4

1961 Jan. 7,325 236.3 8.6 1.7 8.0
Feb. 8,812 314.7 10.9 0.7 8.8
Mar. 10,139 327.0 13.4 6.7 11.5
Apr. 12,674 422.5 20.4 13.1 16.7
May 12,954 417.9 24.2 18.2 21.2
June 11,823 394.1 26.9 21.8 24.5
July 13,679 441.3 32.9 27.5 29.9
Aug. 11,707 377.6 32.2 26.8 29.9
Sep. 11,163 372.1 31.0 24.8 28.5
Oct. 6,505 209.8 23.3 20.1 22.9
Nov. 7,122 237.4 17.9 12.4 17.5
Dec. 7,100 - 229.0 12.5 4.5 12.2

1962 Jan. 7,790 251.3 9.8 1.3 9.4
Feb. 8,786 313.8 13.2 3.4 10.2
Mar. 10,656 343.7 14.9 7.0 12.9
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Table II. Duration of temperature (T), radiation intensity (R), and the both at the same time (T
and R) favorable for attaining photosynthetic rate above 90 percent of the maximum. Figures
in parentheses are the values calculated with the temperature-curve of photosynthesis in winter.

Species Year } Month | Photoperiod T R T and R
1960 Apr. 393 369 154 152
May 435 387 191 143
Pinus densiflora June 436 325 148 59
July 444 179 181 13
Aug. 418 152 197 14
Sep. 372 260 118 40
Oct. 350 326 116 104
Nov. 309 292 88 88
Dec. 304 221 (240) 105 102 (103)
1961 Jan. 311 160 (188) 108 97 (105)
Feb. 304 194 (209) 143 139 (142)
Mar. 371 282 143 139
Apr. 393 380 172 162
May 435 364 181 113
1960 Apr. 393 336 155 143
May 435 331 192 108
Cryptomeria japonica June 436 270 176 51
July 444 113 214 27
Aug. 418 98 217 8
Sep. 372 188 143 24
Oct. 350 308 142 116
Nov. 309 275 110 108
Dec. 304 179 (238) 125 113 (120)
1961 Jan. 311 117 (188) 134 98 (127)
Feb. 304 158 (209) 155 135 (151)
Mar. 371 233 168 157
Apr. 393 344 206 169
May 435 319 204 95
1960 Apr. 393 320 122 105
May 435 313 135 89
Chamaecyparis obtusa June 438 267 138 87
July 444 113 164 26
Aug. 418 98 157 7
Sep. 372 188 121 17
Oct. 350 303 127 102
Nov. 309 242 98 93
Dec. 304 137 (180) 118 93 (98)
1961 Jan. 311 71 (140) 122 57 (107)
Feb. 304 122 (181) 149 110 (138)
Mar. 371 191 142 125
Apr. 393 327 157 133
May 435 310 164 74
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Table III. Sum of apparent photosynthesis per month and cause of depression of the rate in
the open as compared with the maximum one.

A. Pinus densiflora.

Year

*
Sum of apparent

i *%
Ratio to the

Cause of depression***

Month - maximum | Photo-
photosynthesis (2,978.7) synthetic |Photoperiod| Radiation [Temperature
capacity
1960/61 Apr. 1,009.4 33.9 61.7 13.9 21.4 3.0
May 1,392.3 46.7 37.8 2.8 50.1 9.3
June 1,930.7 64.8 29.1 4.5 44.9 21.5
July 2,016.2 67.7 2.8 0 38.1 59.1
Aug. 1,859.0 62.4 5.0 13.4 34.2 47 .4
Sep. 1,535.1 51.5 15.5 29.0 30.0 25.5
Oct. 1,354.2 45.5 28.0 40.4 26.5 5.1
Nov. 855.1 28.7 38.6 43.8 15.3 2.3
Dec. 373.7 12.5 653.8 39.0 1.1 6.1
Jan. 79.3 2.7 58.7 29.3 6.4 5.6
Feb. 138.5 4.6 65.1 28.6 1.0 5.3
Mar. 388.9 13.1 66.4 16.6 13.4 3.6
1961/62 Apr. - 1,083.9 36.4 66.4 15.0 15.3 3.3
May 1,384.7 46.5 37.5 2.7 49.2 10.6
June 1,899.8 63.8 28.2 4.3 46.6 20.9
July 1,931.7 64.9 2.6 0 33.2 . 64.2
Aug. 1,754.4 58.9 4.6 12.1 36.5 46.8
Sep. 1,555.0 52.2 15.8 29.6 22.1 - 32.5
Oct. 1,107.2 37.2 22.8 33.0 36.9 7.3
Nov. C941.6 31.6 42.2 47.9 8.6 1.3
Dec. 397.1 13.3 56.2 40.8 0.7 2.3
Jan. 86.6 2.9 61.9 30.8 3.5 3.8
Feb. 139.0 4.7 65.2 28.6 2.9 3.3
Mar. 415.5 13.9 69.8 17.4 10.5 2.3
B. Cryptomeria japonica.
L Cause of depression***
3k
Sum of apparent Ratio to the
Year Month hotosynthesig | Maximum Photo-
photosy (3,832.0) synthetic |Photoperiod| Radiation [Temperature
capacity o
1960/61 Apr. 536.2 14.0 73.0 10.7 13.0 3.3
May 1,094.3 28.6 64.7 2.0 20.3 13.0
June 1,944.0 50.7. 47.7 2.8 20.3 29.2
July 2,349.4 61.3 10.2 0 22.5 67.3
Aug. 2,127 .4 55.5 0 11.0 25.3 63.7
Sep. 1,931.9 50.4 17.9 24.9 31.8 25.4
Oct. 1,094.2 28.6 53.0 24.5 17.2 5.3
Nov. 306.1 8.0 59.6 27.0 11.1 2.3
Dec. 186.7 4.9 62.2 29.8 3.5 4.5
Jan. 65.9 1.7 62.0 25.7 3.2 9.1
Feb. 31.5 0.8 65.0 23.8 4.6 6.6
Mar. B 152.7 4.0 69.7 13,5 11.8 5.0
1961/62 Apr. 565.2 14.7 76.1 11.2 9.1 3.6
May 1,229.6 32.1 72.5 2.3 14.0 11.2
June 1,957.6 51.1 48.1 2.9 26.3 22.7
July 2,115.0 55.2 8.8 0 17.3 73.9
Aug. 2,074.3 54.1 0 10.6 25.3 64.1
Sep. 1,760.4 45.9 16.2 22.6 17.4 43.8
Oct. 926.2 24.2 46.6 21.5 24.3 7.6
Nov. 339.0 8.8 63.8 28.9 5.7 1.6
Dec. 197.3 5.1 64.7 30.9 1.4 3.0
Jan. 72.7 1.9 65.8 27.4 0.1 6.7
Feb. 33.3 0.9 67.3 24.6 3.8 4.3
Mar. 164.4 4.3 73.4 14.2 9.6 2.8
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Table III. (continued).

C. Chamaecyparis obtusa.

. ol Cause of depression***
e Sum of apparen? Ratio to the ) - >
Year Month hotosynthesis | Maximum Photo-
p Y ' (3,652.0) synthetic. |Photoperiod| Radiation [Temperature
: capacity - )
1960/61 | " Apr. 559.0 15.3 71.8 9.8 14.0 4.4
May 1,265.0 34.6 67.4 2.1 18.6 11.9
June 1,831.9 50.2 52.7 3.0 . 18.8 25.5
July 2,029.2 55.6 12.0 0. 17.6 70.4
Aug. 1,940.3 53.1 0 11.5 22.3 66.2
Sep. 2,033.2 55.7 8.4 26.0 37.2 28.4
Oct. 1,367.2 37.4 45.0 25.9 22.0 7.1
Nov. 487.6 13.4 51.5 25.9 12.7 9.9
Dec. 227.6 6.2 60.1 28 .4 5.1 6.4
Jan. 43.0 1.2 59.1 22.8 - 5.3 12.8
Feb. . 19.4 0.5 63.3 21,3 6.6 8.8
Mar. 172.4 4.7. 68.3 11.7 12.9 . 7.1
1961/62 Apr. 587.1 16.1 74.7 10.2 10.7 4.4
May 1,316.1 36.0 70.2 2.2 12.9 14.7
June 1,756.1 48.1 49.7 2.8 21.6 25.9 .
July 1,740.3 47.7 10.2 0 - 13.8 76.0
Aug. 1,827.3 50.0 0 10.8 20.9 68.3
Sep. 1,693.0 46.4 6.8 21.0 18.4 53.8
Oct. 1.170.3 32.0 39.2 22.6 29.7 8.5
Nov. 588.6 16.1 58.6 29.4 9.1 2.9
Dec. 236.0 . 6.5 61.5 29.1 4.9 4.5
Jan. 49.4 . 1.4 63.8 24.6 . 2.9 8.7
Feb. 21.4 0.6 67.0 22.5 5.7 4.8
Mar. 183.7 5.0 71.2 12.1 12.0 4.7
D. Values in the winter months calculated by the use of temperature-curve of
photosynthesis in- winter. .
M onth ASum of ¥ - - , Cause of depression*#*
Species .. | apparent Rrggghtgutrge Photo-,
1960/61 | photo- synthetic |Photoperiod| Radiation [Temperature
synthesis capacity
) Dec. 394.1 13.2 55.9 40.6 1.1 2.4
P’Z“S . Jan. 81.6 2.7 59.8 29.7 6.5 4.0
ensifora Feb. 141.8 4.8 66.1. 29.1 1.0 3.8
S Dec. 191.1 5.0 63.2 30.3 3.6 2.9
ryplomeria | pp. 70.7 1.8 64.5 26.8 3.4 5.3
Jjaponica .
. Feb. 33.0 0.9 66.9 24.5 4.7 3.9
Cha . Dec. 226.4 6.2 59.8 28.3 . 5.1 6.8
maecyparss | - yon. 46.8 1.3 61.7 23.9 5.5 8.9
obtusa
Feb. 20.1 0.6 64.4 21.8 6.8 7.0

*, Rate (mg COy/g d.w. of top/month) in the open estimated in calculation (d).
**  Percent of the maximum rate per month in parentheses. -
*#**  Percent of the total depression in each month.
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Respiration (mg CO,/g d.w./month)
Species Year Month Top - . \ Root
Daytime Night Whole day Whole day

Pinus 1960/61 Apr. 521.7: 263.5 785.2 .667.6
densiflora = May 871.6 364.2 1,235.8 709.9
: June 751.3 347.8 1,099.1 822.8
July 872.7 388.1 1,260.8 1,071.9
Aug. 709.8 370.2 1,080.0 997.2
Sep. 500.7 338.7 839.4 767.4
R Oct. . 349.0 240.6 589.6 464.5
Nov. 269.7 164.0 433.7 313.4
Dec. . 185.1 75.6 260.7 204.7
Jan. 144.4 55.5 199.9 133.3
Feb. 159.3 53.4 212.7 158.3
Mar. 258.5 110.3 368.8 318.7
(Total) 5,593.8 2,771.9 8,365.7 6,620.7
. 1961/62 Apr.. 614.1 282.0 896.1 700.3
. May 949.5 398.3 1,347.8 758.9
June 792.3 361.4 1,153.7 884.1
July 951.6 437.8 1,389.4 1,196.4
Aug.. 743.4 391.5 1,134.9 1,071.6
Sep. 588.6 369.7 958.3 855.6
Oct. 386.0 315.7 701.7 528.2
Nov. 291.5 194.7 486.2 350.1
Dec. 203.9 98.6 302.5 242.6
Jan. 161.6 59.3 220.9 155.2
Feb. . 195.8 74.2 . 270.0 154.2
Mar.’ 290.9 113.0- 403.9 363.2
(Total) 6,169.2 3,096.2. 9,265.4 7,260.4
. ryptomeria 1960/61 Apr. 264.6 133.1 397.7 453.8
iaponica May 672.5 283.5 956.0 825.3
June 848.6 394.7 1,243.3 736.6
July 877.4 389.0 1,266.4 676.1
Aug. 736.3 384.9 1,121.2 820.6
Sep. 531.0 358.4 889.4 767.6
Oct. 349.0 240.6 589.6 541.4
Nov. 227.9 139.9 367.8 417.6
Dec. 143.3 60.5 203.8 239.2
Jan. 110.1 45.6 155.7 92.8
Feb. 125.1 43.5 168.6 92.0
Mar. 191.8 82.8 274.6 132.0
(Total) 5,077.6 2,556.5 7,634.1 5,795,0
1961/62 Apr. 313.9 144.0 457.9 475.9
May 734.5 308.1 1,042.6 849.7
June 882.3 409.7 1,292.0 792.0
July 958.4 431.2 1,389.6 755.4
Aug. 769.5 407.7 1,177.2 882.3
Sep. 622.8 391.6 1,014.4 855.6
Oct. 386.0 315.7 701.7 616.2
Nov. 2565.2 163.7 418.9 479.6
Dec. 163.6 78.7 242.3 283.0
Jan. 126.5 49.4 175.9 108.9
Feb. 156.6 60.2 216.8 105.9
Mar. 215.3 85.0 300.3 150.7
(Total) 5,584.6 2,845.0 8,429.6 6,355.2
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Table IV. (continued).

Respiration (mg CO/g d.w./month)
Species Year Month Top ‘ Root

Daytime Night Whole day ] Whole day

Chamaecyparis 1960/61 Apr. 439.9 223.0 - 662.9 721.3
obtusa May 715.8 296.2 1,012.0 1,085.7
June 604.9 281.0 885.9 1,043.9

July 806.6 366.6 1,173.2 1,129.0

Aug. 785.6 415.4 1,201.0 1,231.1

Sep. . 556.8 376.7 933.5 1,228.8

Oct. 369.1 253.1 622.2 773.9

Nov. 227.9 139.9 367.8 443.5

Dec. 143.3 60.5 203.8 239.2

Jan. 110.1 45.6 155.7 133.2

Feb. 119.4 41.8 161.2 117.9

Mar. 178.9 77.8 256.7 244.2

(Total) 5,058.3 2,577.6 7,635.9 8,391.7

1961/62 Apr. 525.4 241.0 766.4 764.4

May 783.3 325.4 1,108.7 1,158.3

June 637.2 2901.8 929.0 1,117.3

July 878.0 411.4 1,289.4 1,258.5

Aug. 822.3 568.4 1,390.7 1,323.6

Sep. 655.9 411.2 1,067.1 1,370.0

Oct. 408.3 336.2 744.5 880.4

Nov. 255.2 163.7 418.9 509.0

Dec. 163.6 78.7 242.3 283.0

Jan. 126.5 49.4 175.9 155.3

Feb. 139.7 57.6 197.3 136.6

Mar. 199.3 79.3 278.6 277.5

(Total) 5,594.7 3,014.1 8,608.8 9.233.9
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Table V. Balance of dry matter production of an individual seedling in each month.

Photo- Respiration mg CO, Increment
Year | Month sgﬁgthgg: Top ’ Root Calculated ‘ Measured
Night ' Whole day mg CO, mg dry ‘ mg dry
P R; R, P-R,—R; matter matter
(Pinus densiflora)
1960/61 | Apr. 746 196 224 326 178 310
May 1,416 370 326 720 393 520
June 3,630 658 437 2,535 1,384 830
July 5,889 1,112 790 3,987 2,177 2,300
Aug. 9,890 1,978 1,223 6,689 3,652 3,140
Sep. 11,875 2,602 1,708 7,565 4,130 3,410
Oct. 13,199 2,339 1,856 9,004 4,916 3,020
Nov. 9,679 1,872 1,546 6,261 3,419 4,380
Dec. 4,608 932 1,167 2,509 1,370
Jan. 978 684 760 —466 —254
Feb. 1,708 658 902 148 81
Mar. 4,795 1,360 1,817 1,618 883
(Total) 68,413 14,761 12,756 40,896 22,329
1961/62| Apr. 613 159 182 272 149 620
May 1,517 433 352 732 400 920
June 4,409 873 644 2,892 1,579 1,550
TJuly 7,524 1,696 1,259 4,569 2,495 3,250
Aug. 12,348 2,756 2,047 7,545 4,120 5,100
Sep. 16,364 3,871 3,360 9,133 4,987 5,900
Oct. 15,522 4,413 3,163 7,946 4,339 7,000
Nov. 17,196 3,604 3,359 10,233 5,587
Dec. 7,930 1,969 2,576 3,385 1,848
Jan. 1,729 1,184 1,648 —1,103 —602
Feb. 2,776 1,482 1,638 —344 —188
Mar. 8,298 2,257 3,857 2,184 1,192
(Total) |~ 96,226 24,697 24,085 47,444 25,906
(Cryptomeria japonica)
1960/61| Apr. 235 59 55 121 66 10
May 566 134 123 309 169 320
June 1,635 337 203 1,095 598 670
TJuly 4,302 712 314 3,276 1,789 2,360
Aug. 10,882 1,915 655 8,312 4,538 5,360
Sep. 21,571 4,006 1,388 16,177 8,833 8,550
Oct. 20,120 4,536 1,680 13,904 7,592 9,300
Nov. 7,220 3,304 2,105 1,811 989 6,900
" Dec. 4,470 1,448 1,234 1,788 976
Jan. 1,578 1,092 479 7 4
Feb. 754 1,041 475 —762 —416
Mar. 3,656 1,982 681 993 542
(Total) 76,989 20,566 9,392 47,031 25,680
1961/62 | Apr. 717 182 153 382 209 240
May 1,800 447 445 908 496 430
June 4,021 867 604 2,550 1,392 730
July 6,808 1,376 587 4,845 2,645 2,550
Aug. 13,810 2,728 967 10,115 5,523 5,350
Sep. 21,725 4,767 1,704 15,254 8,329 7,950
Oct. 16,764 5,793 2,020 8,951 4,887 4,500
Nov. 6,755 3,253 1,807 1,695 925 .
Dec. 4,005 1,598 1,098 1,309 715
Jan. 1,476 1,003 423 50 27
Feb. 676 1,222 411 957 —523
Mar. 3,337 1,726 585 1,026 560
(Total) 81,894 24,962 10,804 46,128 25,185
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Table V. (continued).
Photo- Respiration mg CO, Increment
Year | Month sg‘g‘hggj‘ Top | Root Calculated Measured
’ Night - ' Whole day mg CO; | mg dry mg dry
! P R; R, P-R,—R, matter matter
(Chamaecyparis obtusa)
1960/61| Apr. 79 32 36 11 6 20
: May 224 52 63 109 60 135
June 634 98 106 430 235 . 175
July 1,137 207 165 765 418 540
Aug. 2,139 459 321 01,3589 742 680
Sep. - 3,702 740 490 2,472 1,350 1,180
Oct. 4,052 759 521 2,772 1,514 1,280
Nov. 1,914 501 405 1,008 550 950
Dec. 849 226 244 379 207
Jan. 160 170 136 —146 —80
Feb. 72 156 120 —204 —114
Mar. 643 290 249 104 57
(Total) 15,605 3,690 2,856 9,059 - 4,945
1961/62| Apr. 82 33 46 3 2 40
- May 268 66 77 125 68 240
June 815 139 164 512 280 290
July 1,322 321 258 743 ) 406 480
Aug. 2,286 553 430 1,303 711 995
Sep. 3,754 894 706 2,154 ’ 1,176 1,145
Oct. 3,609 1,043 673 1,893 1,034 630
Nov. 1,948 543 487 - 918 501
Dec. 817 272 300 245 134
Jan. 171 171 165 - —165 —-90
Feb. 74 199 145 -270 —147
Mar. 636 274 294 ‘ 68 ‘ 37
(Total) 15,782 4,508 3,745 7,529 4,112




115

Table VI. Sum of apparent photosynthesis (mg CO./g d.w. of top/month) estimated by the use
of air temperature at 150cm or at 20cm above the ground.

P. densiflora Cr. japonica Ch. obtusa
Year | Month
20 cm* 150 cm 20cm 150 cm 20cm 150 cm
1961 Apr. 1,083.9 1,089.4 565.2 570.2 587.1 591.0
May 1,384.7 1,403.3 1,229.6 1,245.5 1,316.1 1,336.5
June 1,899.8 1,920.3 1,957.6 1,993.8 1,756.1 1,797.5
July 1,931.7 2,044.1 2,115.0 2,307.3 1,740.3 1,968.6
Aug. 1,754.4 1,826.4 2,074.3 2,247.0 1,827.3 2,001.1
Sep. 1,555.0 1,703.8 1,760.4 1,926.5 1,693.0 1,841.2
Oct. 1,107.2 1,114.6 926.2 932.9 1,170.3 1,177 .4

* Height of measuring temperature.

Table VII. Balance of dry matter production of an individual seedling for the period April to
. October, 1961 estimated by the use of air temperature at 150 cm or at 20cm above the

ground.
Height of I-’h oto- Respiration mg CO, Increment
eight o .
Species measuring s&’g}ggj Top Root mg CO mg dry
temperature Night Whole day 2 matter
P 1 R, P-R,—R,
P. densifiora 150 cm 61,922 14,381 11,223 36,318 19,830
. i
20 cm 58,297 14,201 11,007 33,089 18,067
Cr. japoni 150 cm 71,823 16,570 6,619 48,634 26,554
A ca
/ 20cm 65,645 16,160 6,480 43,005 23,481
Ch. obtusa 150 cm 13,274 3,126 2,453 7,695 4,201
) 20 cm - 12,136 3,049 2,354 6,733 3,676




