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Abstract. We investigated the vertical gradients in CO, concentration and stable carbon isotope ratio (6"*Cco,) of
the canopy air within a coniferous-hardwood, Chamaecyparis and Rhododendron dominated, subalpine forest in Taiwan.
The stable carbon isotope ratio of vascular plants and a epiphytic bryophyte species (Bazzania fauriana) (8"C, )
from different heights within the forest were also analyzed. Results revealed that CO, and 8"Cco, gradients did
exist within the forest, with higher CO, concentrations and more negative §"*Cco, values in air sampled from the
lower canopy. The average vertical gradients in CO,and 8"Cco, value of the CO, of the 12 sampling dates were
28.5 £ 6.1 ppm and 1.3 £ 0.3%., respectively. Seasonal patterns of the relationship between 1/[CO,] and the cor-
responding 8°C were pronounced, with steady decreases in the slopes and increases in the intercepts found from
January to August. A decreasing 8"°C  with decreasing height was also measured in a bryophyte (ranging from
-27.4 to -29.2%o), canopy and understory leaves (ranging from -28.6 to -33.5%o). It was estimated that photosyn-
thetic physiology affected by microclimates within the forest contributed approximately 2.8%o of variation of the

vertical gradient of vascular plant 8'C values.
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Introduction

Forest ecosystems are an important carbon pool and
have profound impacts on atmospheric CO,
concentrations. In particular, soil-respired CO, in forests
has been reported as a significant component in global car-
bon cycling (Woodwell et al., 1983). The CO, released dur-
ing respiration and decomposition may diffuse through the
forest canopy into the atmosphere or a fraction of this CO,
may be reassimilated through photosynthesis by the for-
est ecosystem (Lloyd et al., 1996; Sternberg et al., 1989).
Thus, there are two major sources of CO, for photosyn-
thesis within forests: one is from bulk air and the other
from soil respiration.

Internal carbon fluxes within forest canopies and their
interactions with soil and atmospheric exchange processes
can be addressed using carbon isotopes. The mean value
of atmospheric CO, is currently -8%o but varies season-
ally in response to the patterns of photosynthesis and res-
piration (Conway et al., 1994; Mook et al., 1983).
Photosynthesis discriminates against *CO,, thus plants
have a lighter carbon isotopic composition in their tissue
in comparison to the atmospheric CO,. The respired CO,
derived from root respiration and decomposition of soil
organic matter has a §"C value close to that of the organic
matter of the dominant species in the forest community
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(Flanagan et al., 1996). Accordingly, the two sources of
CO, within the forest canopy have different isotopic
signals.

Vertical gradients in CO, and 8"°C values have been
studied in different forest ecosystems in different areas
of the world. Turbulent mixing between the two sources
of CO, within the canopy and discrimination against "CO,
during photosynthesis results in 8'*C of ratios of canopy
air that are more depleted near the soil surface than at top
of the canopy (Broadmeadow et al., 1992; Buchmann et
al., 1997a,b; Flanagan et al., 1996; Francey et al., 1985; Quay
et al., 1989; Sternberg, 1989; Van der Merwe and Medina,
1989). The range of the gradients depends on forest
development, forest structure, and forest types (Buchmann
et al., 1997b). To our knowledge, no similar study has been
done in any forests of Taiwan. Since 1992, a long-term
ecological study (LTER) has been set-up at a subalpine
ecosystem within a natural preserve. The LTER study em-
phasizes the structure and function of the forest ecosys-
tem as well as its carbon and nutrient flux. Understanding
variations in the concentration and isotopic composition
of CO, within and above vegetation could provide insights
into ecosystem functioning (Lloyd et al., 1996). In the
present study, we investigated the profiles of CO, con-
centration and &'°C values of the canopy airand vegeta-
tion at different heights of the forest stand to understand
processes related to carbon flux within the ecosystem.
Stable carbon isotope ratios of vascular plants and a moss
species (8"°C,_ ) from different heights within the forest
were also analyzed. The objectives of the present study
were to understand: (1) whether a vertical profile in CO,
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concentration and 8'*C of the subalpine forest ecosystem
exists, what the relationship is between these two
parameters, and how this compares with other ecosystems;
(2) whether a vertical profile in leaf 8°C of plants of dif-
ferent heights exists and what the causes of the variation
are; and (3) whether there is a difference in leaf 8"3C be-
tween bryophyte and vascular plants within the forest
ecosystem.

Materials and Methods

Study Site

The Yuanyang Lake Natural Preserve (N 24°35” and E
121°24°) located in the northeastern part of Hsinchu
County is one of five Long-term Ecological Research sites
in Taiwan. It consists of coniferous forest, hardwood
forest, pteridophytes, epiphytes (such as mosses and
liverworts), grassland species and several aquatic plants
(Chou et al., 2000). The vegetation of the study area, lo-
cated in the preserve at an altitude of 1,670 m, is domi-
nated by a mixture of Chamaecyparis formonensis,
Chamaecyparis taiwanensis, and Rhododendron
formosanum stands. The weather has been classified as
temperate heavy moist (Liu and Hsu, 1973). The monthly
mean air temperature ranged from 5 to 17.5°C from 1992 to
1995 (Hwang et al., 1996).

Air Sampling

A portable tower 8 m high was set up within a mixed
forest of Chamaecyparis and Rhododendron stands. The
leaf area index (LAI) of the forest stand was measured in
July with a leaf area index meter (Li-2000, Li-Cor, Lincoln,
Nebraska). Forest air samples were collected between 2
and4 pmat 8§, 5, 3, 1, 0.5 and 0.02 m above ground once a
month throughout 1995. Air was pumped through a pre-
evacuated 2L glass flask (with two high-vacuum
stopcocks) at a flow rate of 20 ml s for 20 min. CO, com-
ing out of the flask was measured with an IRGA (LI-6252,
Licor, Lincoln, Nebraska), and then both stopcocks of the
flask were closed. CO, was extracted by cryogenic distil-
lation at liquid nitrogen temperature. The purified CO,
samples were sealed with copper pellet in a 6 mm O.D.
pyrex tube, then combusted at 500°C for an hour to avoid
the interference of N,O (which has a molecular weight the
same as CO, and can’t be separated from CO, by the cryo-
genic distillation method). After combustion, samples were
purified again through an ethanol-dry ice trap and a lig-
uid nitrogen trap.

Organic Materials

Leaf samples of dominant (Chamaecyparis and
Rhododendron) and understory species from different
heights of the canopy were collected in July. A dominant
moss species (Bazzania fauriana) growing epiphytically
on the tree trunk at different heights of the canopy was
also sampled. Litter and the top 10 cm of the soil were
also collected. The samples were dried at 70°C in a oven
for at least 48 h, then ground to a fine powder with a mor-
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tar and pestle. Two to three mg of grounded leaf material
was sealed under vacuum with a 1 g copper oxide pellet
and silver foil (2 X 10 mm) in a 6 mm O.D. quartz tubing,
then combusted at 850°C for four hours. The resulting
CO, was purified through an ethanol-dry ice trap and a
liquid nitrogen trap (Ehleringer and Osmond, 1989).

The isotopic composition of the carbon was measured
with a Finnigan delta S mass spectrometer, and the result
was expressed as a per mil (%o) deviation from the PDB
standard 8C = {[(*C/*C)___ /(*C/"*C),.]-1} * 1000.

sample PDB

Calculation of Carbon Isotope Discrimination
and C/C, for the Leaves

Carbon isotope discrimination (%o) of leaves of trees
and understory species (Ap) was calculated using foliar
8"C (8, in %o) and Sco, (%o) by the following equation:

A, =(8co,-8,,)/ [1+(5,,/1000) ]

The ratio of long-term intercellular CO, partial pressure (C)
and ambient CO, partial pressure (C ) of leaves can be es-
timated from A by the following equation (Farquhar et al.,
1989):

A =a+(b-2a)xC/C,

where a is the discrimination during CO, diffusion through
the stomata and has been estimated to be 4.4%o (O’Leary,
1988), and b is the isotope fractionation during carboxyla-
tion (approximately 27%o by Farquhar and Richards, 1984).

Results

CO, and 8°C of Forest Air

The LAI of the forest stand measured in July was 3.7
m’m?, Carbon dioxide and 6"*Cco, gradients existed within
the forest stand, with higher CO, concentrations and more
negative 6"°Cco, values in air sampled from the lower can-
opy (Figures 1 and 2). The average [CO,] at 8 and 0.02 m
of the 12 sampling dates were 355.6 =2.1 and 384.2 + 6.1
ppm (mean =+ s.e.), respectively. And the average $"*Cco,
value at 8 and 0.02 m of the 12 sampling dates were -8.1 +
0.1 and -9.3%o, respectively. The largest vertical gradient
in the concentration of CO, was measured in November,
the [CO,] ranged from 364 to 445 ppm, at 8 m and 0.02 m,
respectively, and the corresponding 8'°Cco, from -8.5 to
-11.5%o. In contrast, the smallest vertical gradient was
measured in February and July (Figure 1), the gradient in
[CO,] was only 8 ppm. The average vertical gradient in
CO, and 8"Cco, value of the [CO,] of the 12 sampling dates
were 28.5 = 6.1 ppm and 1.3 = 0.3%o (mean * s.e.),

respectively.

There was also temporal variation in [CO,] and §"*Cco,
of the forest air. The lowest and the highest CO, concen-
trations of air sampled at 8 m were measured on June and
January, 345 and 370 ppm, respectively (Figure 1). The
most positive and negative values of 8"°Cco, of air sam-
pled at 8 m were analyzed in June (-7.6%0) and November
(-8.5%o) (Figure 2). In comparison, the lowest and the high-
est CO, concentrations of air sampled at 0.02 m were mea-
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Figure 1. Height profiles of CO, concentrations within a mixed
forest of Chamaecyparis and Rhododendron stands.

sured in February and November, 368 and 445 ppm,
respectively. And the most positive and negative values
of 8"*Cco, sampled at 0.02 m were analyzed in July (-8.5%o)
and November (-11.5%o).

Relationship Between &6'*Cco, and [CO,]

A significantly positive linear relationship was measured
between 1/[CO,] and the corresponding 6"°C values for
measurement taken in each month (Table 1). Seasonal pat-
terns of the relationship were pronounced, with steady
decreases in the slopes and increases in the intercepts
found from January to August. However, the slopes in-
creased and the intercepts decreased again from Septem-
ber to December. Combining data from the 12 sampling
dates, the relationship between 1/[CO,] and the corre-

Table 1. Linear regressions and coefficient of regression (r) be-
tween 6"*Cco, and 1/[CO,] for a mixed forest of Chamaecyparis
and Rhododendron stands throughout the 1995.

Month Regression r

January y=7830xx-29.5 0.98
Febuary y=6316 xx-259 0.81
March y=5193 xx-22.6 0.95
April y=5550xx-23.8 0.95
May y=5770 x x - 24.4 0.99
June y=4762 xx-21.6 0.97
July y=4889 x x -21.8 0.89
August y=4889 xx -21.9 0.97
September y=6077 xx-25.2 0.99
October y=5453 xx -23.7 0.96
November y=6151 xx-253 0.99
December y=06570 x x - 26.7 0.99
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Figure 2. Height profiles of §"°Cco, within a mixed forest of
Chamaecyparis and Rhododendron stands.

sponding 8"C values was: 8"Cco, (%o) = 5472.8 x (1/
[CO,])-23.5,r=0.95 (Figure 3).

0"3C of Vegetation, Litter and Soil

A vertical gradient in §'°C values was measured in the
moss species B. fauriana (Figure 4). The §'°C of the moss
became progressively more negative with decreasing
height, ranging from -27.4%o at 8 m to -29.2%o at ground.

As with the moss species, a general trend appeared in
the leaf 8'3C values of vascular plants: they tended to be
more positive in upper canopy leaves and more negative
in understory plants, and ranged from -28.6 to -33.5%o
(Figure 4). In comparison between B. fauriana and the
vascular plants at the same height, the bryophyte always
had more positive 8"3C values than the vascular plants.

Jan. 13
Feb. 23
March 20
April 18
May 23
June 20

July 27

313C of COy (%0)

Aug. 21

Sept. 26
y=5472.8x - 23.5 r=0.950 oct 13

Nov. 28

V ¥ ¢ N 4 & ¢ HD> O ¢ 0O

Dec. 30

0.0022 0.0;)24 0.0:)26 0.0628 0.003
1/[COy] (ppmr1)

Figure 3. Relationship of the inverse of canopy CO, concen-
trations and their corresponding 8"*Cco, within a mixed forest
of Chamaecyparis and Rhododendron stands.
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Figure 4. Vertical profile of leaf carbon isotope ratios (8'*C) of a moss species (B. fauriana), understory vegetation and the domi-
nant tree species within a mixed forest of Chamaecyparis and Rhododendron stands.

The 8"3C values of litter and soil were -28.2 £ 0.2 and
-27.2 £0.2%0 (mean + s.e., n = §), respectively.

Calculation of Carbon Isotope Discrimination
(AP) and C/C_ for the Leaves

For the vascular plant species, carbon isotope discrimi-
nation in leaf (A ) decreased with height (Figure 5). The
carbon isotope discrimination in leaf varied from 21.5 to
24.3%o. As aresult, the estimated C/C, of leaves from dif-
ferent canopy heights also decreased with height and the
ratio varied from 0.76 to 0.88 for leaves from § to 0.02 m.
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Figure 5. Vertical profile of calculated carbon isotope discrimi-
nation in leaf (A ) of understory vegetation and the dominant
tree species within a mixed forest of Chamaecyparis and Rhodo-
dendron stands.

Discussion

Few studies have analyzed the profiles of CO, concen-
tration and 8'3C values in tropical rain forests (Medina and
Minchin, 1980; Medina et al., 1991) or in temperate for-
ests (Broadmeadow, 1992; Buchmann et al., 1997b; Hanba
etal., 1997). To our knowledge, this is the first study in-
vestigating the vertical profiles of CO, and 8"*C values
within a subalpine forest in Taiwan. However, results from
this study reveal the subalpine forest to have the same
vertical profiles of canopy [CO,] and 8"C (Figures 1 and
2) as forests in other climatic zones. Only small differ-
ences in CO, concentration were detected between 1 m
and 8 m within the forest, indicating a high degree of mix-
ing of the forest air above 1 m. However, the gradient
between 1 m and ground level was mainly due to the mix-
ing of atmospheric CO, and soil respired CO,. Significant
variations in the profile of CO, and 8"°C values observed
at different sampling dates implies temporal variation in
the vertical profile.

The intercept of the linear relationship between 1/[CO, ]
and the corresponding 8'*Cco, values represents the §"°C
of respired CO, (Keeling, 1958) and can be used to esti-
mate ecosystem discrimination against the heavier *C dur-
ing photosynthesis of the entire stand if the §'*C value of
tropospheric CO, is also measured (Buchmann et al.,
1997b). The slopes and the 8"*C values of the intercept
(Table 1) of this study are similar to those measured in
temperate deciduous and evergreen forests (Francy et al.,
1985; Buchmann et al., 1997b). Without information in the
8"C value of tropospheric CO,, we are unable to calculate
the ecosystem discrimination. However, the steady in-
crease in intercepts of the relationship represented increas-
ing 6"°C values of respired CO, of the forest ecosystem
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from January to August. Hardly any data sets exist that
show seasonality in the isotopic signature of ecosystem
respiration. Buchmann et al. (1997a) reported the inter-
cept of the relationship measured in an Amazonian
rainforest was close to the 8"°C of soil respired CO, and
to the 8'°C of litter and soil organic matter. Though we
did not measure the 6"°C values of soil efflux CO,, the in-
tercepts of the relationship of this study (except the mea-
surement taken in January) are more positive than the 8"°C
values of soil organic matter and litter. This could be due
to discrimination against *C during soil respiration, result-
ing in a §"C value of the soil respired CO, that is more
positive than that of the soil organic matter. A further
study analyzing soil respired CO, is necessary to under-
stand if this is the reason for the discrepancy.

As in other studies (Medina and Minchin, 1980; Vogel,
1978), the present study also showed that leaves collected
from lower canopy or understory plants within a subal-
pine forest ecosystem usually had a 8"*C value more nega-
tive than that of upper canopy leaves. Two factors might
be responsible for these lower values. First, they might
be due to the recycling of soil respired CO,, which is more
negative than bulk atmospheric CO, (Sternberg, 1989;
Vogel, 1978). However, due to the effect of microclimates
on photosynthetic gas exchange, the ratio of the intercel-
lular CO, to the ambient CO, (C/C ), and hence the leaf
8!13C values, would also be affected by changes in micro-
climates within the forest canopy. For example, Ehleringer
et al. (1986) reported that low light intensity resulted in
plants with a more negative 8'°C value. The contribution
of physiological effect and the 8'*C of source air to the
variation in vertical profile of leaf 8'*C can be separated
by calculation of leaf carbon isotope discrimination (A, )
(Hanba et al., 1997). In this study, the variation in this
discrimination was estimated at approximately 2.8%o from
0.02 to 8 m within the forest canopy. This implies that ap-
proximately 2.8%o of variation in the vertical profile of leaf
83C was due to the effect of the changing microclimate
on the photosynthetic physiology. This result is in agree-
ment with the study in a temperate Japanese forest by
Hanba et al. (1997).

This is the first time that a bryophyte species was
shown to have a gradient in 8°C values similar to coexist-
ing vascular plants. However, the bryophyte’s §*C value
was richer in '*C than those other plants. In addition, the
analysis also indicates that the gradient in 8'*C of the bryo-
phyte reflects the "C of the canopy CO, better than vas-
cular plants. Due to the absence of stomata in the
bryophyte, its photosynthesis might be less affected by
the changing microclimates than that of the coexisting
vascular plants within the forest. Hence it is possible that
the gradient in 8"*C of bryophyte is mainly caused by the
gradient of 8"C of forest CO,.
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