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ABSTRACT

The woody tissue respiration rates in stems (Ry,,,) of red pine (Pinus densiflora Sieb. et Zucc.) forest in
Higashi-Hiroshima, west Japan, were measured using an open flow measurement system with several
chambers in two seasons (the winter and summer in 2002). R, ranged from 0.25 to 0.55 pmol m %! in
winter, and from 1.25 to 1.63 pmol m%s™ in summer. The variability of R,.,, among the sampled trees
(n=15) was similar between the two seasons, with the coefficient variation of about 23%. The numbers of
sampling points required to estimate the stem respiration rate within 10 to 20% of its actual value were
24 and 6, respectively in both seasons (probability level is 95%). Based on the relationship between stem
temperature and average Ry, the Q) values of the winter and summer seasons were 1.49 and 1.45,
respectively. The Ry (R, at 20°C of stem temperature) was higher in summer (1.23 pmol ms™") than
winter (0.61 pmol m%s™!). The woody tissue respiration in stems of red pine trees during the summer
season amounted about 50% of the total respiration rates.
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I. INTRODUCTION

Woody tissue respiration in stem (i.e.,, CO, efflux
from stem surface) is an important part of the carbon
cycle in forest ecosystems, because the amount of stem
increases continuously with stand development and
accounts for the largest of the forest biomass. There-
fore, recently interest in stem respiration is increasing
(Ryan et al., 1995, Damesin et al., 2002; Kim and

Nakane, 2005). Hagihara and Hozumi (1981) reported
that biomass and its increment for each organ for
Chamaecyparis obtuse plantation were 37 and 8.4 t
d.wt ha™ yr! for stems, 6.1 and 1.4 t d.wt ha™' yr! for
branches, 16 and 3.8 t d.wt ha™ yr~ for roots, respec-
tively. They found that the annual respiration rates were
6.1 t dm. ha™ yr! in stems, 1.6 t d.m. ha™ yr! in
branches, and 2.8 t d.m. ha™ yr™! in roots. The results
of Sprugel and Benecke (1991) indicated that woody
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tissue respiration rates in the growing season are typi-
cally greater than foliar respiration rates. Damesin et al.
(2002) reported that stem and branch respiration
accounted for about one third of total carbon loss by
respiration in beech forest. Their results indicate that
stem respiration is an important component for estimat-
ing the total amount of respiration of a tree or a forest
gcosystem.

Woody tissue respiration can be subdivided into
growth and maintenance components (McCree, 1970;
Penning de Vries et al., 1974; Penning de Vries, 1975;
Ryan et al., 1994). The common method for measuring
maintenance respiration in trees, and the one that was
used in this study, is to assume that measurements
taken after the growing season represent maintenance
respiration rates (Butler and Landsberg, 1981; Sprugel,
1990; Sprugel and Benecke, 1991; Lavigne, 1996). The
growth respiration is calculated as the difference between

total respiration and maintenance respiration. Partition-
ing respiration into maintenance and growth respiration
to estimate woody tissue respiration may greatly affect
estimates of total respiration for stands (Ryan, 1990).

In this study, we measured CO, efflux from stems of
red pine (Pinus densiflora) trees. Our objectives were
(1) to determine the response of respiration to stem
temperature during winter and summer; (2) to estimate
the number of sampling points required to adequately
describe stem respiration rates; (3) to separate the
maintenance and growth respiration.

II. MATERIALS AND METHODS

2.1. Study site

The study was conducted in a red pine (Pinus densi-
flora Sieb. et Zucc.) forest in Yosikawa, Higashi-
Hiroshima City, west Japan (132° 39" E, 34° 23' N). The
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Fig. 1. The schematic of the open flow system used for measurement of the woody tissue respiration rate. (AP: air pump; FM:
flow meter; EMV: electromagnetic valve; DFM: digital flow meter; AF: air filter; IRGA: infra red gas analyzer. Arrows indi-

cate airflow.)



Kim et al.: Woody Tissue Respiration in Stems of Red Pine (Pinus densiflora) Trees 205

study site is located on the lower part of a hill, with an
elevation of ca. 208 m as.l., southern aspect and an
inclination of ca. 5 degrees.

According to a tree census at the study site, the basal
area, tree density, mean DBH (diameter at breast height),
mean Dy (diameter of tree at height equal to 1/10 of
tree height), and mean height of red pine trees, which is
the dominant species of tree layer, was 49.80 m? ha™!
(81.8%), 1000 trees ha™!, 187 (+23) mm, 180 (£65)
mm, and 14.3 (x1.02) m, respectively.

This region belongs to the warm-temperature mon-
soon zone. At a station ca 5 km northeast from the
study site, the average of annual mean temperature is
13.5°C and the average annual precipitation is 1494
mm (Hiroshima Prefectual Agriculture Research Center,
based on records from 1992 to 2001). The monthly
mean air temperature reached at a maximum of 25.6°C
in August and decreased to a minimum of 2.4°C in Jan-

uary.

2.2. Measurement of respiration

Our measuring system comprises one reference line
and fifteen sample lines consisting of air pump, flow
meter controller and electromagnetic valve (Fig. 1).
Behind the electromagnetic valve, the air stream was
passed through an air filter and digital flower meter
(SEF-21A; STEC Inc., Kyoto) to an infrared gas ana-
lyzer (IRGA) (LI-6252; LiCor Inc., Lincoln) with abso-
lute mode (Kim and Nakane, 2005). Chambers were
made of a flexible acrylic film (thickness is 1 mm). The

Table 1. Characteristics of red pine (RP) trees sampled

air pressure within the chambers was kept in near
ambient pressure by a pump at both sides of inlet and
outlet tubes. Continuous air flow through the chambers
was controlled with the pump and flow meter, and
maintained 0.6 L min™' (winter) or 1.2 L min™' (summer).
The chambers were attached to the stems with a sili-
cone gasket or putty after removing loose bark. During
measurements, chambers were covered with aluminum
foil to prevent bark photosynthesis and stem heating
caused by direct sun exposure.

Air temperature was measured at 1.3 m above
ground, and stem temperature was measured at a bark
depth of 15 to 20 mm with a thermocouple.

Woody tissue respiration rate in stem (Ry,,,) was esti-
mated by the difference between CO, concentrations in
air leaving and entering the chamber as follows:

Rstemzf‘ ail ' (Cl' Ce) (1)

where R, is the woody tissue respiration rate (in
umol m~s™), 7'is the molar flow of air (in mol s7), a
is the surface area of the enclosed stem (in m?), and C;
and C, are the CO, concentrations (in pmol mol™) of
air leaving and entering the stem chamber, respectively.

The response of woody tissue respiration to stem
temperature can be expressed in the following expo-
nential function:

Rslem = RO eXP(BT) = RO Q10 (2)

where Ry is Ry, at 0°C, B is a coefficient for stem tem-
perature response and 7 is stem temperature (in °C).

D, DBH Dy, Height Diameter of samplin
Sample troes () (mm) () s point (mm)
RP1 340 268 265 15.5 235
RP2 290 236 230 17.7 214
RP3 320 240 25 18.0 207
RP4 360 277 228 10.8 210
RP5 357 263 250 192 243
RP6 148 274 258 19.1 242
RP7 335 230 219 17.1 211
RPS 488 405 263 19.5 348
RP9 320 247 238 16.1 217
RP10 297 215 214 13.5 190
RP11 407 298 282 194 258
RP12 306 250 236 18.5 207
RPI3 428 329 312 19.5 297
RP14 285 228 215 17.6 192
RP15 290 245 22 17.1 195
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The Oy value used to describe this relationship is a
factor by which respiration increase with a 10°C
increase in stem temperature and is given by exp (B7).
Ry.m was better correlated with air or stem tempera-
tures of the past than to concurrent air or stem temper-
atures (Linder and Troeng, 1981; Ryan et al., 1995;
Lavigne et al., 1996; Stockfors and Linder, 1998; Kim
and Nakane, 2005). The lagged time between R, and
the temperature data was determined from the best fit
between the data and the exponential equation (Eq. 2).

Fifteen red pine trees reaching at tree layer were
selected for estimating the Ry,,,. The characters of each
sample tree are shown in Table 1. The chambers were
set at the same height (2.5 m above ground). Stem tem-
perature was measured at north side and at 0.1 m above
the chambers (RP 1, 2,3, 5,6,7, 8,9, 11, and 12) with
a thermocouple. Measurements were conducted during
the summer growing season (from 1 to 4 July 2002)
and during the winter dormant season (from 15
November to 2 December 2002).

1. RESULTS AND DISCUSSIONS

Fig. 2 shows the diurnal changes in hourly tempera-
tures and stem respiration rates. During the measure-
ment period from 1 to 4 July 2002, the average,
minimum, and maximum air temperatures were
24.0°C, 20.9°C, and 29.6°C, respectively (Fig. 2C). The
average, minimum, and maximum stem temperatures
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were 23.9°C, 21.4°C, and 27.3°C, respectively (Fig.
2C). During the winter measurement from 15 Novem-
ber to 2 December 2002, the average, minimum, and
maximum air temperatures were 7.0°C, -1.7°C, and
18.8°C, respectively (Fig. 2A). The average, minimum,
and maximum stem temperatures were 8.4°C, 1.9°C,
and 15.6°C, respectively (Fig. 2A). The variations in
stem temperature were smaller than those of air tem-
perature during both the summer and winter seasons.
The daily averaged stem temperature was similar to air
temperature in the summer, but not in the winter. Dur-
ing the latter season, the daily averaged stem tempera-
ture was higher than air temperature, because the stem
temperatures were always above 0°C.

The diumal changes in R,,,, were parallel with those
of air and stem temperatures (Fig. 2). In the summer
season, average, minimum, and maximum Ry, were
1.42, 1.25, and 1.63 pumol m™s™, respectively (Fig.
2D). In the winter season, average, minimum, and
maximum Ry, were 0.39, 0.25, and 0.55 pmol m2s™!,
respectively (Fig. 2B). The result for red pine trees was
close to those of Takeshi et al. (1994) for trees of same
species (approx. 1 to 2 pmol m2s™!) in summer season.

The variability of Ry,,, among 15 sampling points
was described by the coefficient of variation (CV) of
the average R,., of individual sampling trees during
the measurement period. The CV in winter and sum-
mer was 22.8% and 23.0%, respectively. The variations
were lower than those of soil respiration (Yim et al.,
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Fig. 2. Diurnal changes in temperatures (A, C) and the woody tissue respiration rates (B, D) in the winter (A, B) and the sum-

mer (C, D) season in 2002.
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Fig. 3. Comparison of the relationships between hourly mean stem temperature and woody tissue respiration rate in summer
(@) and winter (O). The regression curves are y = 0.2741 exp (0.0401x) (R?=0.52) for winter (thick line), and y = 0.5815 exp

(0.0373x) (R*=0.85) for summer (thin line).

2003; Adachi et al., 2005). Yim et al (2003) reported
that the average CV was 28% in August. According to
their suggestion, the numbers of sampling points
required to estimate representative stem respiration rate
within 10 and 20% of its actual value at the 95% prob-
ability level were 24 and 6, respectively for both winter
and summer seasons.

Fig. 3 shows the relationships between stem temper-
ature and Ry,,, in winter and summer. R, was more
closely correlated with the stem temperatures observed
earlier than those observed concurrently. Many studies
have reported the lagged response of respiration to tem-
perature (Linder and Troeng, 1981; Ryan et al., 1995;
Lavigne et al., 1996; Stockfors and Linder, 1998; Kim
and Nakane, 2005; Kim ef al., 2006). In this study, we
considered the lagged responses for deducing the rela-
tionships between stem temperatures and R,. The
lagged time was about 1 hr. The 0,y value in winter
and summer was 1.49 and 1.45, respectively. Some
studies also have found no seasonal variation in Qs
(Linder and Troeng, 1981; Lavigne and Ryan 1997;
Butler and Landsberg, 1981). Other studies have
reported that O,y decreased in summer (Carey et al.,
1997; Lavigne, 1996; Maier, 2001; Kim ef al., 2006).
According to the results of the regression equations (in
Fig. 3), the mean R;, was twice larger in summer (with
1.23 pmol ms™) than in winter (with 0.61 pumol m%s™).
On the other hand, Kim et al. (2006) reported that the
stem respiration rate for black locust trees (i.e., decidu-
ous broad-leaved trees) ranged from 0.13 umol m™s ™! in
January to 4.44 pmol m™%™ in August at the same
stand. The variations in Ry, of black locust were larger

than those of evergreen coniferous red pine trees.

If the respiration rates during the winter were main-
tenance R, and those during the summer were the
sum of the maintenance and growth respiration rates,
then the maintenance respiration rates during the sum-
mer season would amount approximately 50% of the
total respiration rates. Yokota and Hagihara (1995)
reported for hinoki cypress that the aboveground respi-
ration was >40% of the total respiration used for
growth purpose, i.e., approximately 60% in May.

¥ 2

£ AolxE BAl o8 S E4E T Us
open flow A|2ELS o] 83} AU Z7]of|A LAYs)
t 35S AL 4% F AP SXsH. 97
A%, £719] EFZAHN SFEER )= AL
0.25-0.55 pmol m7s™!, &l 1.25-1.63 pmol m™s™
o] HAE veRIh A7 EAE FEaviARE
Ryl WSS WEATE Ve & 3lon, 71 &
3 F3} Aol EF 23%E A7l e zo|E
HolA] gttt ol#gl MEAS #oll ZAFH Ryen
o] 959% AlFgZollA A=l g3be] xlol7b 10%9};
20% Hok 7] e WEY 971 42 HA 24
et o7t Bog Aoz =T =3 AL
5o} 59 MATE Hit RS FBBANAM, O
T2 Aol 149, AJF0| 1452 AT & Aol
YeRNA] 0t 28y RyE7] 2= 20°CE W9
Ryemye AE(0.61 pmol m2sHHT}F &E(1.23 umol
m2she] 7 u A= Fo}



208 Korean Journal of Agricultural and Forest Meteorology, Vol. 9, No. 3

REFERENCES

Adachi, M,, Y. S. Bekku, A. Konuma, W. R. Kadir, T,
Okuda, and H. Koizumi, 2005: Required sample size for
estimating soil respiration rates in large areas of two
tropical forests and of two types of plantation in Malay-
sia. Forest Ecology and Management 210, 455-459.

Butler, D. R,, and J. J. Landsberg, 1981: Respiration rates
of apple trees, estimated by CO,-efflux measurements.
Plant, Cell and Environment 4, 153-159.

Carey, E. V,, R. M. Callaway, and E. H. DeLucia, 1997:
Stem respiration of ponderosa pines grown in contrast-
ing climates: implications for global climate change.
Oecologia 111, 19-25.

Damesin, C., E. Ceschia, N. LeGoff, J-M. Ottorini, and E.
Dufréne, 2002: Stem and branch respiration of beech:
from tree measurements to estimations at the stand level.
New Phytologist 153, 159-172.

Hagihara, A., and K. Hozumi, 1981: Respiration consump-
tion by woody organs in a Chamaecyparis obtuse plan-
tation. Journal of the Japanese Forest Society 63, 156-
164.

Kim, M. H., and K. Nakane, 2005: Effects of flow rate and
chamber position on measurement of stem respiration
rate with an open flow system in a Japanese red pine.
Forest Ecology and Management 210, 469-476.

Kim, M. H, K. Nakane, J .T. Lee, H. S. Bang, and Y. E.
Na, 2006: Diurnal and seasonal changes of stem respira-
tion in Black Locust (Robinia pseudoacacia). Journal of
Korean Forest Society 95, 168-173.

Lavigne, M. B., 1996: Comparing stem respiration and
growth of jack pine provinces from northern and south-
ern locations. Tree Physiology 16, 847-852.

Lavigne, M. B, and M. G. Ryan, 1997: Growth and main-
tenance respiration rates of aspen, black spruce and jack
pine stems at northern and southern BOREAS sites. Tree
Physiology 17, 543-551.

Lavigne, M. B, S. E. Franklin, and E. R. Jr. Hunt, 1996:
Estimating stem maintenance respiration rates of dissim-
ilar balsam fir stands. Tree Physiology 16, 687-695.

Linder, S., and E. Troeng, 1981: The seasonal variation in
stem and coarse root respiration of a 20-year-old Scots
pine (Pinus sylvestris L.). Forstliche Bundesversuchsan-
stalt 142, 125-139.

Maier, C. A., 2001: Stem growth and respiration in loblolly
pine plantations differing in soil resource availability.
Tree Physiology 21, 1183-1193,

McCree, K. J., 1970: An equation for the rate of respira-

tion of white clover plants grown under controlled con-
ditions. Prediction and Measurement of Photosynthetic
Productivity, 1. Setlik (Eds.) Centre for Agricultural Pub-
lishing and Documentation, 221-229.

Penning de Vries, F. W. T., 1975: The cost of maintenance
processes in plant cells. Annuals of Botany 39, 77-92.
Penning de Vries, F. W. T,, A. H. M. Brunsting, and H. H.
van Laar, 1974: Products, requirements and efficiency of
biosynthesis: a quantitative approach. Journal of Theo-
retical Biology 45, 339-377. :

Ryan, M.G,, 1990: Growth and maintenance respiration in
stems of Pinus contorta and Picea engelmannii. Cana-
dian Journal of Forest Research 20, 48-57.

Ryan, M. G, S. T. Gower, R. M. Hubbard, R. H. Waring,
H. L. Gholz, W. P. Cropper Jr., and S. W. Running,
1995. Woody tissue maintenance respiration of four
conifers in contrasting climates. Oecologia 101, 133-
140.

Ryan, M. G, R. M. Hubbard, D. A. Clark, and R. L.
Sanford Jr., 1994: Woody-tissue respiration for Sima-
rouba amara and Minquartia guianensis, two tropical
wet forest trees with different growth habits. Oecologia
100, 213-220.

Sprugel, D. G., 1990: Components of woody-tissue respira-
tion in young Abies amabilis (Dougl) Forbes trees.
Trees 4, 88-98.

Sprugel, D. G,, and U. Benecke, 1991: Measuring woody-
tissue respiration and photosynthesis. Techniques and
Approaches in Forest Tree Ecophysiology, P. L. James
and M. H. Thomas (Eds), CRC Press, 329-355.

Stockfors, J., and 8. Linder, 1998: Effect of nitrogen on the
seasonal course of growth and maintenance respiration
in stems of Norway spruce trees. Tree Physiology 18,
155-166.

Takeshi, T, P. G. Kim, and S. Sasaki, 1994: Woody tissue
respiration in stems of Pinus densiflora naturally
infected with the pine wood nematode, Bursaphelen-
chus xylophilus. Journal of the Japanese Forest Society
76, 138-143.

Yim, M. H, S. J. Joo, K. Shutou, and K. Nakane, 2003:
Spatial variability of soil respiration in a larch planta-
tion: estimation of the number of measurement points
required. Forest Ecology and Management 175, 585-
588.

Yokota, T, and A. Hagihara, 1995: Maintenance and growth
respiration of the aboveground parts of young field-grown
hinoki cypress (Chymaecyparis obtuse). Tree Physiol-
ogy 15, 387-392.



