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INTRODUCTION

The forest located in the coastal area, which is usu-
ally composed of black pines (Pinus thunbergii), pro-
tects the residential and agricultural lands behind the 
forest from strong wind, blowing sand and salt, etc., but 
the forest is not always well managed.  There are many 
un–thinned forests, which have slim trunk size compared 
to tree height (Kaneko and Tamura, 2002).  The desired 
structure of the forest to prevent disasters in the coastal 
area is one with a large crown size, and branch height that 
is low, resulting in large crown biomasses (Osada, 2004).

As for a forest having a larger branch biomass, the 
photosynthesis rate was larger and so was the transpira-
tion rate (Kosugi et al., 1997).  However, photosynthesis 
and transpiration rates were influenced by both light and 
air temperature conditions, resulting in variances due to 
time (Kikuzawa and Lechosics, 2006; Zots and Winter, 
1994, 1996; Zots et al., 1995).  There have been few stud-
ies on biomass growth based on the effect of photosyn-
thesis and transpiration for tree leaves except by Holbrook 
and Lund (1995), who studied these effects on the 
Chalate species of tree (Ficus insipid).

In fact, there are no studies in black pine forests on 
the relationship between the biomass of leaves and the 
effect of photosynthesis and transpiration. 

In the present study, the authors measured leaf sur-
face area, photosynthesis, and transpiration amounts for 
a year on the coastal black pine forests located in Fukuoka 

city.  The authors also measured the hydraulic resistance, 
expressed by the ratio of water potential to transpiration 
rate, which is an indicator of the growth ability (Nagasuga 
and Kubota, 2006), at the top and middle of branches 
having different lengths. 

From the measurements, the present study aimed to 
clarify the following: how the leaf surface area and bio-
mass of leaves relate to the forest stand density; how the 
photosynthesis and transpiration amounts are affected 
by the leaf surface area and biomass of leaves; whether 
the hydraulic resistance changes between the top and 
middle of the branch or not, and with branch length; and, 
how the forest growth is affected with these results if 
the forest is thinned. 

MATERALS AND METHODS

Outline of the study area
The study area is located in the coastal area of 

Fukuoka City in Northern Kyushu as shown in Fig. 1.  
The study area is divided into two zones, the Sawara and 
the Uminonakamichi. 

The Sawara is located on a sand dune.  The sand dune 
has a width of 30 m.  Little grass grows on the surface of 
the sand due to windstorms.  The forest, having been a 
windbreak forest and a national park since 1956, has 20 ha 
in area with 3 km along the coastline.  A portion of the 
forest is part of the Kyushu University Forest.  The area 
behind the forest is a residential area.  In this study, S1 
and S2 stands (Fig. 1), where the black pines were 
planted in 1991 and 1996, were targeted.  For S2 stand, 
black pines were planted at the year at a low density 
immediately after the forest fire. 

The Uminonakamichi zone is located on a sand bar 
and is a part of a national park with 540 ha in area.  The 
sand bar connects the Shikanoshima Island with Fukuoka 
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City’s mainland.  There the forest that has 143 ha of area 
composed of black pines.  Here, 3 forest stands of U1, U2 
and U3 (Fig. 1), where the trees were planted in 1989, 
were targeted.

Each forest stand, S1, S2, U1, U2, and U3 has an area 
of 100 m2.  The forests in the two zones have not been 
managed well, and there are some decaying branches on 
the trees in the forest. 

According to Japan Meteorological Agency (2009), 
the study area is located in a zone, where the annual 
mean value of precipitation, air temperature, sunshine 
hours, and wind speed is 1,400–1,800 mm, 15–18 °C, 
1,700–1,900 hours, and 2–4 m/s, respectively.

The elevation above sea level is 1–3 m in these zones.  
The waves on the sea around the study area are relatively 
calm, and the sand particles are easily deposited along 
the coastline.  The geology consists of alluvial materials. 

Measurement of forest stand condition
In each stand, a plot of 10 m by 10 m in area was 

selected, and the number of trees growing there was 
counted, and the diameter of the breast height and the 
tree height were measured for each tree.  In addition, the 
length and width of the crown were measured by survey 
taping and the height measuring gauge for each tree.  
These measurements were averaged for the plot.  The 
measurements were done for 3 plots differentially located 
in the stand and the total average was calculated.

Measurement of the leaf surface area
A total of 10 branches were sampled from 10 respec-

tive trees in each forest, and the number of leaves grow-
ing on the 10 cm long section of the current, 1st, and 2nd 

year shoots of the branch were counted.  A schematic 
diagram showing each year’s shoots is shown in Fig. 2.  
In Fig. 2, the first order branch is the branch growing 
directly from the trunk.  The second and third order 
branches were grown from the first and second order 
branches, respectively.  The shoot from the current year 
grows in front of the previous year’s shoot.  There is usu-
ally more than 1 shoot growing in the current year.  The 
average is between 4 & 5 shoots.  The longest shoot 
among these is known as the main shoot.  Leaves grow-

ing on a shoot can be seen in the current 1st and 3rd year 
shoots only.  Leaves on shoots in other years have 
decayed with time.

The number of leaves growing on each shoot was 
derived by the number of leaves counted on a 10–cm 
section of the shoot multiplied by the length of the shoot.  
The total number of leaves on the branch was derived by 
adding the number of leaves on every shoot. 

Several leaves were sampled from the current 1st and 
2nd year shoots, respectively, for the representative 
branch.  A cross–sectional specimen of 0.3 μm thick was 
taken by cutting from each leaf, and the length of the 
circumference was measured under a microscope.  The 
length of the circumference was then averaged for sev-
eral leaves.  The surface area of each leaf was derived by 
the circumference length multiplied by the leaf length.  
For every leaf, its top 2 cm was angular, thus the surface 
area was calculated as a lateral area of a cone.

The surface area of a leaf multiplied by the number 
of leaves on each shoot gives the general leaf surface area 
of each shoot.  Total leaf surface area of a branch was 
derived by summing the leaf surface area of every shoot, 
and total leaf surface area of a tree was derived by the 
leaf surface area of a branch multiplied by the number of 
branches for a tree.  The total leaf surface area for a stand 
was derived by the leaf surface area of a tree multiplied 
by the number of trees on a stand.

For measuring the dry weight of leaves, 1,000 leaves 
were sampled from current, 1st and 2nd year shoots for 10 
branches from their respective 10 trees for a stand.  Those 
leaves were oven–dried, and their weight was counted.  
The number of leaves for a tree multiplied by the dry 
weight of single leaf (1/1,000 weight of 1,000 leaves) gave 
the biomass of leaves for a tree, and the biomass of 
leaves for a tree multiplied by the number of trees on a 
forest stand gave the biomass of leaves on the stand, 
respectively.

Measurement of the photosynthesis rate of a tree 
and determination of the relationship between 
photosynthesis rate and PPFD 

The rate of photosynthesis for a tree was measured 
on several clear and still days by using a portable photo-

Fig. 1.  Location of the study area. Fig. 2.  Schematic diagram of the shoot growth of a tree.
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synthesis system (LI6400, Li–Cor Inc.) in every month.  
Three representative trees were targeted in each stand.  
Five leaves on the tree were pinched with a device as part 
of the system.  The photosynthesis rate was measured at 
two spots of the crown, where the light was different from 
each other.  The condition of the light in one instance 
was a dark spot of 50–80% relative light intensity or 
300–1,500 μmol m–2 s–1 in PPFD (photosynthetic photon 
flux density) and the other type of condition was a well–
lighted spot of 30–50% relative light intensity or 
0–300 μmol m–2 s–1 in PPFD.  The rate of photosynthesis 
was measured hourly from sunrise to sunset with 3 repli-
cations.  From these values of two spots and readings 
from several days of the month, the average daily tran-
spiration amounts in each month could be derived.

On the other hand, daily PPFD values were calculated 
by using daily solar radiation over the whole sky observed 
at Fukuoka City during 2007 (Japan Meteorological 
Agency, 2009).  PPFD was given by solar radiation over 
the whole sky multiplied by a constant of 2.3 as explained 
by Koike (2004).  

Following this, the relationship between PPFD and 
the photosynthesis amount in a unit leaf surface area was 
determined.  For photosynthesis, the amount usually 
depends on the season; therefore, the relationship was 
determined according to the season as shown in Fig. 3, 
and the daily photosynthesis amount during a year for a 
unit leaf surface area was calculated by using daily PPFD 
based on the relationship of Fig. 3. 

From the daily photosynthesis amount, the total 
annual amount of photosynthesis for the unit leaf surface 
area was calculated.  The amount multiplied by the leaf 
surface area of a stand gave the annual total amount of 
photosynthesis. 

Measurement of transpiration amount of a tree
A tree, having an average height and diameter at 

breast height, was targeted for the measurement.  A pair 
of transpiration sensors equipped with both a heating 
device and a reference sensor was placed on a tree 1 m 
below the breast high.  A thermal coupling was set on top 
of these sensors to measure the difference in the sap 

temperature between the sensors.  At this height, these 
paired sensors were inserted into the sapwood inside the 
trunk from 3 directions at an angle of 120 degrees.  The 
Granier method, as introduced in Kumagai (2001) was 
used to measure sap flow velocity from the difference in 
the temperature of the sensors.  The measurement was 
done once a month in 2007. 

Cross sectional area of the sapwood was assumed 
from the sampling of the partial cross–section of a trunk 
by the increment borer.

Sap flow velocity multiplied by the cross sectional 
area of the sapwood gave the sap flow volume.  By adding 
the hourly measured sap flow volume together, a total 
daily sap flow volume of a tree could be derived.  This 
measurement was done for several days monthly during 
the year, and a monthly daily average was derived.

After that, the daily average sap flow volume was 
totaled for the year to obtain the total annual value.  The 
total annual sap flow volume for a tree multiplied by the 
number of trees for a stand gave the total annual sap flow 
volume for the stand.  This sap flow volume is equivalent 
to the total annual transpiration amount of a forest stand. 

Measurement of the hydraulic resistance of a 
branch

The hydraulic resistance was measured for a branch, 
which has a long length and is grown to the medium 
height of the crown.  A tree growing on the edge of the U1 
stand and the neighboring wide–open area was targeted.  
The branches measured were 3 branches 4.3–6.5 m long 
for 3 respective trees.  These branches extended from 
the trunk to the open space.

Compared to the crown width of 2.5 m of an average 
U1 stand (i.e. branch length was equivalent to 1.25 m), 
the branch measured was fairly long.  Here, the maximal 
maintenance of the growth ability of the branch was 
aimed at being clarified by the long branch. 

For the branch, transpiration rate and water poten-
tial were measured hourly at the top and in the middle 
from 6 am to 6 pm.  The measurement took place for 3 
days continuously in August of 2007.  The measurement 
of the transpiration rate was done by a super porometer 
(LI–1600, Li–Cor Inc.), and the water potential measure-
ment was conducted by a method using a pressure cham-
ber (Koike, 2004).  Hydraulic resistance was given by 
the ratio of water potential to the transpiration rate. 

RESULTS

Condition of the forest stand
Condition of each forest stand is summarized in Table 

1.  In S1, stand density was as low as 12 trees/100 m2, 
stand age was also as low as 12 years, and tree height 
was 5.7 m.  The average crown length, crown width, diam-
eter at the breast height, crown length ratio, and biomass 
of leaves were larger than the other stands.  S2 stand 
had a high stand density of 59 trees/100 m2, average 
crown length (1.5 m), crown width (1.4 m), diameter at 
breast height (6.3 cm), crown length ratio (0.19), biomass 
of leaves (0.07 t/100 m2), which were the lowest among 

Fig. 3. Relationship between PPFD and photosynthesis rate (A: 
photosynthesis rate).
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all the stands.  U1, U2 and U3 had a variety of stand den-
sity of 15–29 trees/100 m2, but each tree height was in the 
narrow range of 8.3–8.6 m, and so was the stand’s age of 
between 18–20 years.  In these stands, average crown 
length (1.9– 2.7 m), crown width (1.7–2.5 m), diameter 
at breast height (8.9–11.9 cm), and crown length ratio 
(0.23–0.31), respectively, did not differ largely with each 
other but as the stand density became lower, the larger 
each value became.  For the biomass of leaves, U1, U2 and 
U3 all had similar values (0.10– 0.11 t/100 m2).

Leaf surface area of each stand
Leaf surface area of a 1–cm length of leaf was 

0.23–0.25 cm2 in each stand.  There was little difference 
between the stands.  The length of the leaves was 
between 8–14 cm in each area.

In the S1 stand, the total leaf surface area of a tree 
was 49.8 m2.  In S2, U1, U2, and U3 stands, those values 
were 6.5, 35.0, 25.8 and 16.5 m2, respectively. 

Biomass of leaves of a tree (kg) in each stand was 
10.5, 1.2, 7.1, 5.0, and 3.4, respectively for S1, S2, U1, U2 
and U3 stands, respectively.

The leaf surface area of a unit forest area in each 
stand (m2/100 m2) was 598, 385, 524, 516, and 478 for 
S1, S2, U1, U2 and U3 stands, respectively.  That value 
was the lowest in a highest density stand.

Photosynthesis amount in each stand
The relationship between the photosynthesis rate 

and PPFD is shown in Fig. 3.  The plot points are the 
hourly values during 3 days for the respective season.  In 
every season, as the PPFD increased, the photosynthesis 
rate increased.  The photosynthesis rate was the highest 
in the summer of any PPFD, which was more than 
2.5 μmol m–2 s–1.  The second highest was the spring, fol-
lowed by the autumn, and finally winter.  In the winter, 
the photosynthesis rate was less than 0.5 μmol m–2 S–1 at 

any PPFD. 
From these rates, the average photosynthesis amount 

during the day for a unit leaf surface area was calculated, 
and the annual total amount of photosynthesis for unit 
leaf surface area (Kmol/y · 100 m2) was 28.4 for S1 stand, 
18.3, 24.9, 24.5 and 22.7 for S2, U1, U2 and U3 stands, 
respectively. 

Transpiration amount in each stand
The sap flow velocity measured for example, for 3 

days in February and August, respectively, was shown in 
Fig. 4.  In August, the velocity increased rapidly after sun-
rise for each day and each stand, and fluctuated during 
the daytime between 30 and 100 m s–110–6, and then 
decreased to less than 30 m s–110–6 after 6 pm.  The 
velocity was very small during the hours from sunset to 
sunrise. 

In February, the velocity was small with less than 
15 m s–110–6 for every hour in each stand, showing a large 
difference between August and February.

Daily sap flow volume was 8 to 50 l d–1 for a year.  
There was little difference in it between the stands.

The annual average daily sap flow volume (l d–1), or 
that of transpiration, was 37.6 for S1 stand, and 4.9, 22.9, 

Table 1.  Forest stand density, average values of crown length, crown width, tree height, diameter at breast height, tree 
age, crown length ratio, sapwood area of a trunk, biomass of leaves, and leaf surface area for each stand, and 
the amount of photosynthesis and transpiration for the stand

Forest stand S1 S2 U1 U2 U3

Stand density (trees/100 m2) 12 59 15 20 29

Crown length (m) 3.1 1.5 2.7 2.1 1.9

Crown width (m) 3.2 1.4 2.5 1.9 1.7

Tree height (m) 5.7 8.1 8.6 8.4 8.3

Diameter at breast height (cm) 12.1 6.3 11.9 10.3 8.9

Tree age (year) 12 17 20 20 18

Crown length ratio 0.54 0.19 0.31 0.25 0.23

Sapwood area of a trunk (cm2) 184 49 158 113 80

Leaf surface area of one tree (m2/tree) 49.8 6.5 35 25.8 16.5

Total leaf surface area (m2/100 m2) 598 385 524 516 478

Biomass of leaves of one tree (kg/tree) 10.5 1.2 7.1 5.0 3.4

Total biomass of leaves (ton/100 m2) 0.13 0.07 0.11 0.10 0.10

Photosynthesis amount for unit area (Kmol/y · 100 m2) 28.4 18.3 24.9 24.5 22.7

Transpiration amount for unit area (l/ y · 100m2) 165 89 126 119 106

Fig. 4.  Sap flow velocity of a tree in August and February.
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17.9 and 11.6 l d–1 for S2, U1, U2 and U3 stands, respec-
tively.  Here, the sapwood area (cm2) was 184, 49, 158, 
113 and 80 for S1, S2, U1, U2 and U3 stands, respectively 
(Table 1).

Correlation between stand density, leaf surface 
area, biomass of leaves, and the amount of photo-
synthesis and transpiration

Table 2 shows the correlation coefficient between 
stand density, leaf surface area, biomass of leaves, and 
the amount of photosynthesis and transpiration calcu-
lated by using averages for each stand.  Here, stand den-
sity negatively correlated with leaf surface area, biomass 
of leaves, and photosynthesis amount, respectively.  On 
the other hand, leaf surface area positively correlated 
with biomass of leaves, and amount of photosynthesis 
and transpiration, respectively.  Biomass of leaves corre-
lated with the amount of photosynthesis and transpira-
tion, and the photosynthesis amount correlated with the 
transpiration amount, respectively.

Hydraulic resistance of the branch
The relationship between transpiration rate and 

water potential for a leaf was shown in Fig. 5 for a 
branch 6.5 m long.

In the figure, plot means the hourly value for 3 days.  
At the middle of the branch, the transpiration rate ranged 
from 0.01 to 0.05 μmol m–2 s–1, and water potential from 
–2.2 to –0.3 MPa.  These values at the top of branch 
were almost the same with those in the middle of the 
branch.  As the transpiration increased, the water poten-
tial decreased. 

After sunrise, both transpiration rate and water 
potential increased with time.  Those values reach their 
maximum at between 12 pm and 1 pm, after both values 
decreased with time.  Water potential is higher in the 
morning by around 0.5 MPa than in the afternoon for the 
same transpiration rate.  Hourly changes in the transpi-
ration rate and water potential for two other branches, 
which are not shown here, were similar as in this case.

If there is a difference in hydraulic resistance between 
the middle and top of a branch, the t–test for the mean 
difference analysis was performed for the branches.  The 
results are shown in Table 3.  According to Table 3, the 
p–value was not significant for all branches, and there 
was not a significant difference of hydraulic resistance 
between the middle and top of the branch. 

Finally, one–way analysis of variance was performed 
for the resistance of the three branches to detect if there 
was a difference in the resistance according to the branch 
length.  The results are shown in Table 3.  From Table 3, 
there was no significant difference of the resistance 
between the branches at the middle and at the top of 
branch, respectively. 

DISCUSSION

Effect of photosynthesis on the growth of forest 
stand

According to the correlation in Table 2, photosyn-
thesis correlated with transpiration in amount, and also 
correlated with leaf surface area and biomass of leaves, 

Table 2.  Correlation between stand density, leaf surface area, biomass of leaves and amount of photosynthesis and 
transpiration

Stand density Leaf surface area Biomass of leaves Photosynthesis amount

Leaf surface area –0.95*

Biomass of leaves –0.93*   0.99**

Photosynthesis amount –0.95*   1.00**   0.99**

Transpiration amount –0.82 0.95* 0.95* 0.95*

* : Significant at 5% level.
** : Significant at 1% level.

Table 3.   Results of the t–test for the mean difference between 
middle and top of branch of a tree (A), and the one–
way analysis of variance between 3 branches of differ-
ent length (B), respectively

Analytical 
method

Combination of part/ 
branch

Branch/ part p–value

A
middle – top

(n=13)

1 0.26

2 0.16

3 0.21

B
branches 1 – 2 – 3

(n=13)

middle 0.10

top 0.06

Branches 1–3 were selected from the respective three trees on a 
forest stand, and have 6.5, 5.3 and 4.3 m long, respectively.
n: number of observations.

Fig. 5. Relationship between transpiration rate and leaf water 
potential for a branch.
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respectively. 
From the correlations, photosynthesis and transpira-

tion were in proportion with leaf surface area and bio-
mass of leaves.  Here, the amount of photosynthesis and 
transpiration per unit leaf surface area and the amount 
per unit biomass of leaves were not different across the 
5 forest stands.  

The negative correlation between forest stand den-
sity and leaf surface area and the biomass of leaves for 
the unit stand area indicates that as the stand density 
becomes lower, the larger the stand growth of unit forest 
area became.  Here, the photosynthesis contributed pos-
itively to the growth from the correlation between the 
photosynthesis amount and leaf surface area and bio-
mass of leaves for the unit stand area.

Though the amount of transpiration correlated with 
photosynthesis, leaf surface area and biomass of leaves, 
it did not correlate directly with stand density (Table 2).  
For this reason, some factor(s) may have interfered with 
the relationship between transpiration and stand den-
sity, and therefore, further examination is necessary. 

Here, if the thinning of trees on the stand is com-
pleted, stand density becomes lower and the growth of 
the stand is promoted through the action of photosyn-
thesis.

Effect of branch length on hydraulic resistance
 Though there was 2–3 m of distance between the 

top and middle of the branch, no significant difference in 
hydraulic resistance between the top and middle of the 
branch was observed (Table 3).  It is considered that even 
at the top of the branch, the water necessary for transpi-
ration is provided as plentifully as the middle of branch.  
As long as transpiration is not restricted, photosynthesis 
cannot be restricted and branch growth can be promoted.  
In the forest, as examined in the correlation, as the tran-
spiration amount increased, which did not show any 
restriction, the photosynthesis amount increased as well. 

Since there was no difference in the resistance 
between the branches, the lengths of which differed from 
each other (Table 3), transpiration could be expected to 
occur similarly between the branches as with photosyn-
thesis.  Growth ability did not differ with the length of 
the branch especially with long branches.

If thinning of forest trees is completed, the horizon-
tal distance between the neighboring trees becomes larger 
and gaps between the tree crowns will appear; however, 
in this case, branches could grow further in length to 
reduce the gaps, which is true even if the thinning is per-
formed extensively, considering the above characteris-
tics.  The growth of branch contributes to the increase in 
the biomass of leaves and leaf surface area of the trees.

 

CONCLUSION

The following conclusions were drawn from the 
present study.
(1) The forest stand density correlated negatively with 

leaf surface area, biomass of leaves and the amount 

of photosynthesis, respectively, for unit area of the 
black pine forest.  The photosynthesis amount was 
proportional to the leaf surface area and biomass of 
leaves for the unit area.

(2) The transpiration amount positively correlated with 
photosynthesis amount, though the negative correla-
tion was not observed between transpiration amount 
and the forest stand density. 

(3) Hydraulic resistance, expressed by the ratio of water 
potential to transpiration rate of a branch, was not 
different between the top and middle of branch, 
showing that growth ability at the top of branch was 
maintained as well as that in the middle of the 
branch.  There was no difference in the resistance 
between branches, when the lengths were different. 

(4) If stand density was lowered by thinning forest trees, 
even extensively, growth of forest stand was pro-
moted through the increase in photosynthesis.  
Further growth in branches is expected even for a 
long branch, which will contribute to the forest 
stand growth.
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