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Abstract

Canopy CO, uptake (F¢op,) of a subtropical mature A. mangium plantation was esti-
mated by combining sap flow measurements and stable carbon isotope discrimination
(4) in Southern China from 2004 to 2007. The mechanistic relationship linking F¢o,,
A in leaf sap, and sap flow based canopy stomatal conductance (G5) was applied in
our study. No significant seasonal variations were observed in A or in the ratio of the
intercellular and ambient CO, concentrations (C;/C,), although diurnal C,/C, varied
between sunlit and shaded leaves. A sensitivity analysis showed that estimates of F¢,
were more sensitive to dynamics in G than in C, and A. By using seasonally and
canopy averaged C;/C, values, an acceptable estimate of Foo, was obtained. Feo,
exhibited similar diurnal variation to that of G. Large seasonal variation in Fo, was
attributed to the responsiveness of G4 to vapour pressure deficit, photosynthetically ac-
tive radiation, and soil moisture deficit. Our estimate of ¢, for a mature A. mangium

plantation (2.13+0.40gC m™2 day'1) approached the lower range of values for subtrop-
ical mixed forest, probably due to lower mean canopy stomatal conductance, higher
C;/C,, and greater tree height than other measured forests. Our estimate was also
lower than values determined by satellite-based modeling or component carbon anal-
ysis, suggesting the necessity of stand level flux data for verification. Qualitatively, the
sap flux/stable isotope results compared well with gas exchange results. Differences in
results between the two approaches reflected variability due to leaf position and age,
which could be reduced for sap flux/stable isotope, which uses canopy average values
of Gg and C;/C,.

1 Introduction

The continued increase in atmospheric carbon dioxide levels due to anthropogenic
emissions has led to significant climate changes (Schneider, 1989). Rising atmo-
spheric CO, is due to the imbalance between the rates that sources emit CO, into
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the atmosphere and the rates that sinks remove CO, from the atmosphere (Baldocchi
et al., 1996). In this context, forests act as vital CO, sinks by storing carbon in woody
biomass (Nowak et al., 2002). It has been reported that forests at northern mid-latitude
sites are large CO, sinks (Ciais et al., 1995). However, biomass increments are highly
variable with stand age, and many other factors, primarily resource availability (Oren
et al., 2001; Peng, 2003). Additionally, studies have frequently shown that primary or
mature forests reach a balance between C uptake and release, after which their fur-
ther contribution to carbon fixation are no longer significant (Fang and Chen, 2001;
Oren et al., 2001). However, estimation of canopy scale photosynthesis has been rel-
atively rare. Such uncertainties hinder our ability to estimate forest CO, sequestration
for global carbon budgets, as well as to increase CO, sequestration through forest
management.

Canopy is an important intermediate scale between leaf and ecosystem. Although
established photosynthesis monitoring techniques are available for both leaf and
ecosystem scale (Farquhar et al., 1980; Baldocchi et al., 1996), there is currently no
commonly accepted estimation method for photosynthesis at the canopy scale. This
limits our understanding of canopy photosynthesis compared with canopy water fluxes,
which can be determined through sap flow techniques. A number of methods have
been designed to address the dilemma, including (1) combining water use efficiency
obtained with branch bag techniques and whole-tree transpiration (Morén et al., 2001),
(2) coupling between sap flow-based canopy stomatal conductance and photosynthe-
sis (Catovsky et al., 2002), and (3) using a canopy conductance constrained carbon
assimilation scheme, which couples actual or potential canopy conductance with ver-
tical gradients of light distribution, leaf-level conductance, maximum Rubisco capacity
and maximum electron transport (Schéafer et al., 2003; Kim et al., 2008). However, ap-
plication of these methods still requires extensive leaf gas exchange measurements,
which are time-consuming and difficult, because access to tall canopies is required.
Recently, a novel approach combining sap flow measurement and stable carbon iso-
tope techniques was proposed to estimate forest CO, uptake (Zhao et al., 2005a).
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By virtue of continuous measurements of sap flow, the instantaneous CO, up-
take rate of a forest can be estimated based on the relationship between sap flow
measurement-derived canopy stomatal conductance and 13¢ discrimination. This new
approach is unique in its continuity, representativeness, accuracy and ease of use:
canopy stomatal conductance is derived from continuous measurement of sap flow
(Zhao et al., 2005a); the relationship of net photosynthetic rate/canopy stomatal con-
ductance (A, i/Gs) derived from stable carbon isotope discrimination (A) is very stable
and representative on both temporal and spatial scales (Dawson et al., 2002); and sap
flow measurement is non-destructiveness, easy, and low cost (Granier, 1987; Zhao
et al., 2005b). Additionally, this sap flux/stable isotope combination is advantageous
compared to approaches that rely on up-scaling of leaf-level measurements, or parti-
tioning of eddy covariance fluxes. It could avoid the errors frequently associated with
modeling of CO, fluxes, and facilitate continuous data streams which are particularly
suitable for field measurement of forests in mountainous areas (Zhao et al., 2005a).
Given these features, we hypothesize that with appropriate sampling the variability of
the relationship of A,.;/Gs on both temporal and spatial scales can be integrated to
achieve a representative, instantaneous value of CO, uptake at the canopy scale. We
also hypothesize that CO, uptake obtained from this novel approach is comparable
to, and consistent with results from other methods. Hereby, the stem sap flux, car-
bon isotopic compositions of leaf sap, and environmental parameters in a subtropical
A. mangium plantation in Southern China were measured from 2004 to 2007. It was
intended: (1) to provide an alternative sap flow-based method for estimating instan-
taneous CO, uptake at the canopy scale and be verified by comparing with those ob-
tained from other methods, which could be used to (2) investigate the diurnal, seasonal,
annual and inter-annual changes of CO, uptake of the plantation and (3) examine how
CO, uptake of the plantation is regulated by the stomata and environmental conditions.
We expected that Fcp, of a subtropical mature A. mangium plantation could be esti-
mated by the sap flux/stable isotope combination. We also expected that Fco, would

11586

Title Page
Abstract Introduction

Conclusions References

Tables Figures
1< |
] >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/11583/2013/bgd-10-11583-2013-print.pdf
http://www.biogeosciences-discuss.net/10/11583/2013/bgd-10-11583-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

be more sensitive to changes in G than in C, and A. Finally, we expected that the F¢o,
would be highest in the mid-morning during summer months.

2 Materials and methods
2.1 Site description and environmental conditions

This study was conducted at the Heshan Hilly Land Interdisciplinary Experimental Sta-
tion of the Chinese Academy of Sciences (112°54' E, 22°41" N) in Guangdong Province,
China over the 2004—-2007 period. The study site is dominated by a subtropical mon-
soonal climate with the wet season occurring from April to September and the dry
season from October to March. Mean annual temperature is 21.7 °C and average pre-
cipitation is 1400 mm, of which 78 % occurs in the wet season.

The study stand is situated at 60—70 m altitude, on a 20° slope with a south-east
aspect. The soil is an oxisol developed from sandstone with surface soil to a depth of
10cm and subsoil for a further 50cm (Ma et al., 2008a). Acacia mangium is a fast-
growing legume species that has nitrogen fixing nodules on its shallow roots (Cole
et al., 1996). It was introduced to China from Southeast Asia in the late 1970s and has
been widely used for restoration of vegetation in tropical and subtropical China (Yang
et al., 2009). A. mangium reach maturity after ~ 20 yr of growth. Acacia mangium was
the only overstory species planted at a spacing of 3m x 4m in 1984. The understory
vegetation is very sparse and its contribution to stand CO, uptake was considered to be
negligible for the purposes of this study. A study plot with an area of 640.5 m? (36.6m x
17.5m) was set up within the stand. The plot comprised 47 trees (734 trees per hectare)
with a basal area of 26.6m2ha”'. Tree height ranged from 2.4 m to 22.8 m with an
average of 15.7m. Stem diameter at breast height (DBH) was between 3.8cm and
37.5 cm with an average of 20.1 cm. The projected canopy area (A;) was estimated to
range from 0.8 m? to 53.0 m® with an average of 13.8 m?. Fourteen trees, representative
of the DBH distribution in the plot, were selected, for sap flow measurement, with tree
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height ranging from 12m to 22.8 m, DBH between 13.4 and 37.5cm and A ranging
from 4.6 m? to 47.7 m? (Table 1).

Air temperature (T, °C), air relative humidity (RH, %), and photosynthetically active
radiation (PAR, pmol m~2 s‘1), were monitored in a weather station located 150 m away
from the study site. 7, and RH were measured using a HMP35E sensor (HMP35E;
Vaisala, Finland). PAR was measured with a LI-190SA quantum sensor (Li-Cor, Lin-
coln, US). Since the root system of A. mangium is mainly distributed in the upper 30 cm
of the soil, volumetric soil water content (SWC, m?® m‘s) was measured using three soil
moisture probes (ML2x, Delta-T Device, UK) inserted into the upper soil (20—-30cm)
amongst the selected trees. The environmental data were sampled and recorded as
10 min means by a data logger synchronized to the logger for sap flow measurements.
Vapor pressure deficit (D) was calculated from T, and RH as follows:

bT,
D=axexp[ ]x(1—RH) (1)

(Ta+c)
where a, b, and ¢ are fixed parameters which are 0.611kPa, 17.502, and 240.97°C
(Campbell and Norman, 1998).

SWC data were converted to soil moisture deficit (SMD, dimensionless), defined as:

SWC,,.x — SWC
SMD = @)
SWC,ax = SWCin
where SWC,,,,, and SWC,,;, are the maximum and minimum values of SWC during the
study period. SWC,,,, (0.49) occurred on 18 July 2005, while SWC,, (0.11) occurred
on 26 December 2005.

2.2 Projected canopy area, leaf area index and sapwood area

Sapwood area (Ag), projected canopy area (A.), and leaf area index (LAIl) are key
parameters to calculate stand transpiration and canopy stomatal conductance. A, of
11588
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each tree in the plot was calculated as the area of an ellipse based on measurements
of widest and narrowest canopy widths. LAl was randomly measured using a plant
canopy analyzer (CID-110, CID COR., USA) at dawn, dusk or under cloudy conditions
every month at 20 sampling sites. Ag of each tree in the plot was calculated based on
strong allometric relationships between DBH and A (Ag = 0.1 930(DBH)1'944. This rela-
tionship, established from measurements on 23 surrounding trees, has been reported
in previous studies (Zhao et al., 2005b; Wang et al., 2012).

2.3 Sap flow measurement

Sap flux density (Js, g HQOcm‘2 3‘1) was measured with self-made Granier-type sen-
sors (Granier, 1987; Zhao et al., 2005b). One tree at the < 15cm DBH class, four trees
at the 15-20cm DBH class, five trees at the 20-25cm DBH class, two trees at the
25-30cm DBH class, and two trees at the > 30cm DBH class were selected for Jg
measurement. For trees No. 1-No. 4, sensors were installed on the east, south, west,
and north sides of the trunk, while for trees No. 5-No. 14, sensors were installed only on
the north side. Sensors consisted of two 20-mm-long probes inserted into the xylem at
breast height, with one placed 10 cm above the other. Each probe contained a copper-
constantan thermocouple, and the upper probe was continuously heated with heating
wire supplied with constant power. The temperature difference between two probes
was taken every 30 s and recorded as 10 min means by a data logger (Delta-T Devices
Ltd., Cambridge, UK). We selected the highest temperature difference between heated
and unheated probes during times of zero flux (AT,,) as the baseline for each day
(Granier, 1987; Phillips et al., 1997). Deviation from this baseline is used to estimate J;
(Granier, 1987).

2.4 Stand transpiration and canopy stomatal conductance

Whole-tree transpiration (£;, g s‘1) was calculated as:

Ey=dJs x Ag (3)
11589
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Sapwood depth of sample trees measured with cores was close to 2cm or somewhat
larger, and A. mangium is a diffuse-porous species for which the radial variation in
J, is considered to be small (Phillips et al., 1996; Ma et al., 2008a). Therefore, radial
variation in Jg was considered to be negligible in this study. Furthermore, the variation
in Jg at different aspects was random for the studied trees (Ma et al., 2007). Hence,
J, at the north aspect was assumed to be representative of J; of individual trees. For
trees No. 1-No. 4, J; was calculated as the mean of the values from four aspects, while
for trees No. 5-No. 14, J; was the value measured from north side.

The 47 trees within the stand were classified into 5 groups by DBH classes (Zhao
et al., 2006) (Fig. 1). The average sap flux density of class / (J;;) was calculated as:

Jsi = z J XASj /ZAS/ (4)

where J,; is sap flux density of sample tree j, Ag; is sapwood area of sample tree ;.
Sap row measurements on 14 sample trees were extrapolated to stand level as in
Zhao et al. (2005a):

E, = :z./xA (5)

where E; is stand transpiration of A. mangium (g s_1), and Ag; is the sum of total sap-
wood area in class /.

E, was converted to stand transpiration per unit of leaf area (£, mm s_1) as in Zhao
et al. (2005a):

E, Es 6

LT LAIx Ag ©

where LAl is the leaf area index (1.95 m? m_2) and Ag is the total stand area (640.5 m2).

The A. mangium plantation has a low LAI, and thus an open, well-ventilated, aero-

dynamically rough canopy. Therefore, a strong coupling of canopy surface to the at-

mosphere can be assumed (Schéfer et al., 2000). Furthermore, since the diffusion of
11590
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the transpiration signal due to depletion and replenishment of stem-stored water is rel-
atively small (Wang et al., 2012), the average sap flux in the sapwood multiplied by
sapwood area: leaf area is equal to transpiration (£, ). Therefore, the mean canopy
stomatal conductance (G5, mmol H,O m2s™") of the study stand can be calculated
based on a simplified equation (Késtner et al., 1992):

G _EprXGVx(Ta+273)

: - ™

where p is the density of water (998 kg m‘?’), Gy is the universal gas constant adjusted
for water vapor (0.462 m>kPaK™’ kg‘1), T, is the air temperature (°C), and D is vapor
pressure deficit (kPa). We used all data except for those that were excluded based
on the following criteria: (1) data collected during and 2 h after rainfall were excluded
to avoid the discrepancy between evaporation and tree transpiration (Granier et al.,
2000); (2) data were excluded when global radiation, or vapour pressure deficit, or
stand transpiration were too low (< 5 % of the maximum value), because of the large
relative uncertainties in computing G under these conditions (Granier et al., 2000); (3)
data were excluded when D < 0.6kPa for G4 estimation, to keep errors in G4 estimates
to less than 10 % (Ewers and Oren, 2000).

Relationships between the ratio of canopy stomatal conductance to the maximum
value (G5/Ggmax) @nd photosynthetically active radiation (PAR), vapour pressure deficit
(D), and soil moisture deficit (SMD) were determined by boundary-line analysis and
non-linear least squares, using the maximum of average Gy of 14 trees for different
PAR (step width: 50 umolm™2s™"), D (step width: 0.2kPa), and SMD classes (step
width: 0.1). The estimated boundary line by regression can be used to compare the
responses among seasons, or years (Webb, 1972; Rico et al., 1996).

The response of G/Ggnax t0 PAR was represented by the Michaelis-Menten
quadratic hyperbolic function (Thornley and Johnson, 1990):

PAR

Gs/Gsmax = m

(8)
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where a is a fitted parameter, representing the value of global radiation which reduces
canopy conductance to one half of its maximum value.

G, was related to D within season and among years in order to estimate the sensi-
tivity of stomata to D. The response function can be described as (Oren et al., 1999):

Gs=-min(D)+b 9)

where the parameter —m, the slope of the regression, quantifies stomatal sensitivity
to D, and the parameter b, the intercept, is a reference Gg when D = 1kPa (InD = 0).
—m and b were estimated using least squares regression with Sigma Plot 10.0 (Systat
Software Inc., San Jose, California). The relationship between G4 and In(D) provides
a convenient benchmark for comparisons within season and among years. In addition,
Gs/Gsmax related to D obtains relative responses.

The quadratic response function between G /Ggn.x @nd SMD can be described as
follows:

Gs/Gemax = Yo + k1 x SMD + k, x SMD? (10)

where the parameters y,, k; and k, were estimated using least squares regression
with Sigma Plot 10.0 (Systat Software Inc., San Jose, California).

2.5 Carbon isotope measurements on leaf sap and air samples

10 mature leaves at different positions on the branches in the middle canopy were col-
lected every 1 h and repeated twice from 06:00 to 17:00 on eight representative sunny
days: 6 and 17 December 2006 (winter, dry season), 9 and 10 May 2007 (spring, wet
season), 26 July 2007, 1 August 2007 (summer, wet season), 6 and 7 November 2007
(autumn, dry season). The leaf sap was forced out through the petiole, using a portable
pressure chamber (PMS Instruments, Corvallis, Oregon, USA). Then, the leaf sap was
sucked up with a micropipet and injected into a 10 mL vial. The samples were im-
mediately frozen and stored in the freezer. Carbon isotope ratio of leaf sap samples
11592
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was determined on a gas chromatograph—isotope ratio mass spectrometer (Finnigan
MAT 252, Finnigan, Bremen, Germany). Carbon isotopic compositions of soluble sugar,
water-soluble organic matter in leaves and phloem sap have all been used as indica-
tors of recent canopy photosynthate (Gessler et al., 2004; Hu et al., 2010; Rascher
et al., 2010). There may be qualitative differences between using whole leaves and
leaves sap to estimate carbon isotopic compositions, as the latter may integrate over
a shorter time period than the former. Therefore, we used carbon isotopic compositions
of leaf sap as an indicator of recent photosynthate.

Five air sampling points were situated at 10 m to 15 m above the ground in the canopy
of A. mangium plantation. Air samples were collected twice per hour during the periods
when leaf sap was collected. The air samples were collected with an electromagnetic
pump and a plastic tube. The samples were then injected into pre-evacuated 500 mL
gas sampling bags. At the same time, atmospheric CO, concentration was recorded by
an infrared gas analyzer (IRGA) (LI-6262, Li-Cor Inc., Lincoln, NE, USA). CO, isotope
ratio of air samples with cryogenic pretreatment was also determined on Finnigan MAT
252.

2.6 Canopy CO, uptake rate estimation

Canopy CO, uptake of A. mangium by combining sap flow and 13C techniques, as pro-
posed by Zhao et al. (2005a), was estimated as follows. Carbon isotopic compositions
are specified as 5'3C values (Keeling, 1958):

6'%C = (R,/Rs—1) x 1000 (11)

where R, is the abundance ratio of 13C/120 of the examined sample and R, refers to
the internationally recognized standard abundance ratio of 13C/12C (PDB).
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In order to account for the influence of 13C/1ZC ratio in the air, isotope discrimination
(A) is used to express the discrimination of plants against 8¢ (Farquhar et al., 1982):

613Ca _ 6130p
- il (12)
1+613C,
where & 1sca and 130p stand for carbon isotope compositions in air and leaf sap.
A is frequently used to derive intercellular CO, concentration (C;), according the
linear version by (Farquhar et al., 1982):

A=a+(b-a)x (C/C,) (13)

where a stands for the fractionation that occurs as CO, diffuses through stomates
(4.4 %), b for fractionation during carboxylation (27.5 %), C; for intercellular CO, con-
centration, and C, for ambient CO, concentration.

The CO, uptake rate (Fcp,, hmol CO, m~2 s'1) is then given by (Farquhar et al.,
1982):

Fco, =9co, X Cax (1-C/C,) (14)

where gco, is stomatal conductance for CO,.
Combining Egs. (13) and (14), we then have:

A—4.4) (15)

Fco, =9co, * Ca % (1 ~ 231

Stomatal conductance to water vapor (gy,0) can be converted to conductance for CO,

by dividing the stomatal conductance by 1.6, giving:

A-44
23.1

g
Feo, = i C, x (1 -

1.6 (16)
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Equation (16) depicts a relationship linking Fco,, 9h,0. Ca, @and A at the leaf level.
Subsequently this relationship could be scaled up to canopy level by incorporating G
that is calculated with Eq. (7) using the sap flow-based stand transpiration.

G; is expressed as a product of LAl and gy,o:

GS = LAI X gHZO (17)

Thus, combining Eqgs. (7), (14) and (17) leads to mean FCO2 of our A. mangium stand:

E. x p x Gy x (T, +273) (1
X aX

A-44
1.6 xLAIxD

23.1 (18)

Fco, =
The daily canopy CO, uptake for our mature A. mangium plantation is obtained based
on the sap flow measurement-derived canopy stomatal conductance and seasonally
integrated '3C discrimination. The annual canopy CO, uptake is obtained by multiplying
the daily means of canopy CO, uptake with the number of days. Daily and annual mean
standard errors are also estimated. Subsequently, these values are compared with
estimates from other methods, including gas exchange method, component carbon
analyses, and modeling approaches.

2.7 Leaf gas exchange measurements

Leaf photosynthetic rate (£,) and stomatal conductance (gs) of 10 sun-exposed leaves
and 10 shaded leaves from A. mangium trees at the study plot were measured with
a portable gas exchange system (Li-Cor 6400, Li-Cor Inc., Lincoln, NE, USA). A frame
platform was erected on the upper slope of the study plot so that the leaves within
the canopy on the lower slope could be accessed. The measurements were taken on
the same trees every hour from 06:00 to 19:00 (GMT + 08:00) on 6 and 17 Decem-
ber 2006 (winter, dry season), 9 and 10 May 2007 (spring, wet season), 26 July 2007,
1 August 2007 (summer, wet season), 6 and 7 November 2007 (autumn, dry season).
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2.8 Statistics and sensitivity analysis

Statistical analyses were performed in SPSS 11.5 (SPSS Inc., Chicago, USA) and
Sigmaplot 10.0 (Systat Software Inc., San Jose, CA). Independent t-tests were con-
ducted to test whether there were statistically significant differences at p < 0.05 in Cy,
C;, Ci/C,, 613Cp, 6130a and A between the wet and dry seasons, in C;/C, between the
sunlit leaves and shaded leaves. Partial correlation analysis was used to determine the
correlations between A and PAR, D, C,, and G;. Linear regression analyses between
9gs and G, £, and F¢o, were performed. Non-linear regressions were performed on the
correlation between G and D among seasons and years.

In order to quantify error propagation when modeling F¢o, based on measurements
of Gg, C, and A, we applied a Monte Carlo method (Hollinger and Richardson, 2005; Hu
et al., 2010) (Matlab R2008B, The Mathworks). This approach accounted for all known
parameter uncertainties in calculating F¢o,, including C, and A (differences influenced
by seasons), and G (differences influenced by tree size and seasonality in leaf area).
For each selected day (8 days between December 2006 and November 2007), we mod-
eled F¢o, in an iterative manner (10000 times) and randomly sampled from a range of
uniformly distributed G, C, and A values to calculate F¢,. Hence, we were able to es-
timate Fgo, without the constraint of limited sampling frequency and could determine
the sensitivity of the estimated Fgo, to G, C, and A. The range of the G (between

4.25 and 64.52 mmolm2s™"), C, (between 381.51 and 416.58 umolmol™') and A (be-
tween 20.47 and 23.89 %.) values used for constructing the pool of simulations was
determined a priori. Because Fcp, was modeled using both measurements of G, C,
and A, we used random values drawn from the same pool of f¢o, values used in the
Monte Carlo analysis, and examined the sensitivity of o, to Gs, C, and A as inde-
pendent variables. We plotted the linear regression relationship plus 95 % confidence
intervals from this analysis for the data reported in Fig. 8.
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3 Results
3.1 Microclimate, leaf area index, and stand transpiration

Seasonal and inter-annual variability in vapor pressure deficit (D), photosynthetically
active radiation (PAR), precipitation (P), soil water content (SWC), leaf area index (LAl),
and stand transpiration (£, ) from 2004 to 2007 are shown in Fig. 2. E| has clear sea-
sonality, corresponding to D, PAR, and P seasonality, in contrast with the relatively
small seasonal variation in LAIl. The means of annual averages of D, SWC, and LAI
were 0.46kPa, 0.26m°m™, and 1.95m?m™2, respectively. The means of annual to-
tals of PAR, P, and E, were 5752 molm‘z, 1391 mm, and 220 mm, respectively. The
inter-annual variability of D, PAR, SWC, and LAI was relatively small with coefficients of
variation (CV) of 8.6 %, 3.0 %, 7.1 %, and 4.2 %. However, large inter-annual variability
of P and E; (CV 40.7 % and 26.7 %) was observed.

3.2 Diurnal and seasonal variability of Ca, Ci, Ci/Ca, 8a, 6p, A, and Gs

The diurnal ambient CO, concentration (C,), intercellular CO, concentration (C;), the
ratio of the intercellular and ambient CO, concentrations (C;/C,), and carbon isotope
compositions in leaf sap (613Cp) were higher in the morning and at dusk, but lower
at noon (Fig. 3a, b, ¢, d, f), while isotope compositions in the canopy air (6130a) and
the photosynthetic 3¢ discrimination (A) were lower in the early morning, gradually
increased, and then slightly decreased from noon to dusk (Fig. 3e, g). The diurnal
Ca, 61SCp, 61SCa, and A in the wet season fluctuated, while they were relatively flat
in the dry season. The diurnal canopy stomatal conductance (G;) increased rapidly
just after sunrise, reached a maximum in the early or late morning, then decreased
progressively, eventually declining to near zero values around sunset (Fig. 3h). G, ex-
hibited a narrow peak with a maximum around 100 mmolm~2s™" in the wet season,

with a wider peak with a maximum around 50 mmolm™2s™" in the dry season. The
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opening of stomata, as well as the time of maximum value (around 08:00), occurred
earlier in the wet season than in the dry season (around 11:00).
The diurnal C,, C;, C;/C,, 619’Cp, 61303, and A across wet and dry seasons were

within the ranges of 366 to 451 umolmol™", 243 to 373 umolmol ™", 0.63 to 0.94, —34.5
to —26.6 %o, —11.6 to —7.0 %o, and 17.6 to 26.3 %., respectively. CVs of diurnal C,,
Ci, Ci/C,, 6'°C,, 6'°C,, and A were below 6.1 %, 16.0%, 13.2%, 7.9%, 15.1%, and
12.4 %, respectively. Because of the lack of strong variability in diurnal A values, the
average A value was used in subsequent calculations of F¢q, for the whole season.

Further, values of diurnal C;/C, for sunlit leaves ranged between 0.55 and 0.94, while
those of shaded leaves ranged between 0.68 and 0.95. Mean daily C;/C, value of 0.76
for sunlit leaves was significantly lower than that of 0.83 for shaded leaves (p = 0.001).

At the seasonal scale, the daily means of C,, C;, C;/C,, 619’Cp, 61308, and A were

399 vs. 387 umolmol™', 308 vs. 312pumolmol™', 0.81 vs. 0.78, —31.4 vs. —30.8 %o,
—9.6 vs. —8.9 %o, and 22.5 vs. 22.5 %o in the wet season and dry season. However,
there were no significant differences in C,, C;, C;/C,, 6130p, 61303, and A between the
two seasons (p =0.212, p =0.781, p =0.238, p = 0.420, p = 0.118, p = 0.988). CVs
of seasonal C,, C;, C;/C,, 613Cp, 61SCa, and A were below 5.1 %, 5.0 %, 3.3 %, 5.1 %,
14.4 %, and 9.8 %, respectively.

Hourly A was negatively correlated with C, (r = —0.549, p < 0.001) in the wet sea-
son, negatively correlated with PAR (r = —0.425, p = 0.002) and positively correlated
with G4(r = 0.464, p <0.001) in the dry season, and positively correlated with D
(r =0.250, p = 0.009) over the entire year (Table 2). Boundary-line response curves
using 10 min values of Gg and PAR, D, and SMD were created to determine the G
response patterns in both the wet and dry seasons (Fig. 4). G in relation to PAR is
shown in Fig. 4a—h. G, increased with PAR, and appeared to be light-saturated at 400
and 200 umolm‘2 s™' in the wet season and dry season, respectively. However, all
the regressions between G5 and PAR were insignificant. G5 in relation to D is shown
in Fig. 4i—p. G4 decreased exponentially from D values of 0.6 and 0.8 kPa in the wet
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season and dry season, respectively. Nearly all the regressions between Gy and D
were significant (p < 0.0001), with R? ranging from 0.60 to 0.99. Stomatal sensitivity
(m) was greater in the wet season than that in the dry season (Table 3). m increased
linearly with reference canopy stomatal conductance (Gg) (slope = 0.70, R? = 0.96,
n = 8). G in relation to SMD is shown in Fig. 4g-t. G5 decreased as SMD increased
in July in 2005 and 2006. However, no significant relationships between Gg and SMD
were observed across entire years (ex. Tree No. 3 in year 2005 p = 0.097, Tree No. 4
in year 2005 p = 0.064).

3.3 Canopy CO; uptake rate of mature A. mangium plantation

Canopy CO, uptake rate (Fcp,) varied diurnally (Fig. 5a). In the wet season, Fgq,

peaked around 09:00, with a maximum of 7.3umolm'zs'1. In the dry season,

the diurnal pattern of fco, was more symmetrical and smoother, reaching a max-

imum of 3.9umolm™2s™" around 11:00. Based on daily Fgo,, monthly, seasonal,

and inter-annual FCO2 were calculated. Maximum monthly FCO2 occurred in July
(15590m‘2), May (9890m‘2), July (12990m‘2), and August (117ng‘2) in 2004,
2005, 2006 and 2007, respectively (Fig. 5b). Foo, of the A. mangium stand in
the wet season (52290m‘2) was considerably higher than that in the dry season
(25590m‘2) (Fig. 5¢). Annual Fco, was 820, 564, 895 and 828ng_2 in 2004,
2005, 2006 and 2007, respectively. FCO2 in the wet season contributed 72, 71,
66, and 61% of the total annual CO, uptake (Fig. 5d). Across years 2004, 2005,
2006 and 2007, the daily and annual means of canopy CO, uptake for mature A.
mangium plantation was 2.13&:0.4OQCm_2day_1 and 776.89+145.769gC m~2, re-
spectively. For comparison, the gross primary production (GPP) of forests in dif-
ferent climate zones, using several different methods, was summarized in Table 4.
GPP in tropical forests (8.35i0.2390m'2day'1) was significantly higher than that
in sub-tropical forests (5.38:&0.4690m‘2 day‘1, p < 0.001), and temperate forests
(2.85+0.45gCm~2day~ ", p < 0.001).
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Diurnal leaf stomatal conductance (g), net photosynthesis (P,) of A. mangium
obtained through gas exchange measurements reached its peak around 09:00 in
the wet season, and around 11:00 in the dry season (Fig. 6). The diurnal means
of g5 in all leaves, sunlit leaves, and shaded leaves were 136.40, 129.42, and
144.34mmolm~2s™" in the wet season, and 58.65, 56.74, and 60.42 mmolm2s™"
in the dry season. The diurnal means of £, in all leaves, sunlit leaves, and shaded
leaves were 3.42, 3.93, and 2.84 pmolm™2s~" in the wet season, and 1.85, 2.17, and
1.34 umol m=2s~'inthe dry season. Notably, CVs were high (ranging mostly from 40 %
to 60 %) for gs, and A,. Further, the diurnal means of G5 and o, in all leaves were
56.70mmolm2s~! and 2.78 umolm'2 s in the wet season, 28.81 mmolm~2s~" and
1.32pmolm™2s™" in the dry season. As shown in Fig. 6, values of both Gs and Fco,
were lower than those of g4, and of A,, with regression coefficients of determination

(RZ) of 0.58 and 0.19 in the wet season, 0.70 and 0.65 in the dry season, and 0.44 and
0.35 in all seasons respectively (Fig. 7).

3.4 Canopy CO, uptake rate sensitivity analysis

We examined the sensitivity of fco, to changes in G, C, and A between Decem-
ber 2006 and November 2007 (Table 5; Fig. 8). The positive correlation between G
and Fgo, was significant, and the A% value was high (R” = 0.8263; p < 0.0001). Al-
though there were significant correlations between C, and Fco, (p = 0.0001) and A

and Feo, (p <0.0001), the A values were very low (R? = 0.0016 and R” = 0.1348,
respectively).
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4 Discussion
4.1 The theoretical basis for estimating canopy CO, uptake

Hu et al. (2010) used the Farquhar et al. (1989) model to relate 5'3C of needle sugars
to C,/C,, calculate WUE using observations of D, and then isolate whole-tree car-
bon assimilation through multiplication with transpiration obtained from observations of
xylem sap flux. However, the results are subject to the influence of D, even if this ap-
proach has good representation of sampling and is convenient to practice (Zhao et al.,
2005a). Herein, the relation between A and C;/C, raised by Farquhar et al. (1982) is
integrated with that between F¢p, and stomatal conductance for CO,, so that we get
a new relationship linking A, F¢o, and G, rather than that between A and E. Thus elim-
inating the influence of D on E (Zhao et al., 2005a). This sample approach, which can
be used in heterogeneous and mountainous areas, is advantageous for its continuity
and high accuracy.

4.2 Temporal patterns of canopy CO, uptake and its dependence on
environment and stomata

Canopy CO, uptake rate (F¢p,) varied diurnally (Fig. 5). The sharp peak in photosyn-
thesis in early morning periods during the wet season may be due to higher G and C,,
as well as lower A during this period. During the wet season G peaked around 08:00
and then rapidly dropped for the rest of the day (Fig. 3h). This diurnal pattern was simi-
lar to that of canopy conductance on well-watered 9 yr-old Sultana grapevines (Lu et al.,
2003), native forest composed by Lomatia hirsuta, Schinus patagonicus, Nothofagus
antarctica and Diostea juncea (Fernandez et al., 2009), and pristine Nothofagus forest
(Késtner et al., 1992). Usually under drier conditions, stomata will open in the morn-
ing, then close around midday as D increases; here the pattern seems quite different,
Because the trees are on a steep slope, it may be that the G, reflected the changes in
illumination (total amount and timing). Accounting for nocturnal sap flux caused by the
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recharge of water to trunks and branches, as well as nocturnal transpiration, is a vital
step for accurately estimating canopy transpiration, and thereby canopy CO, uptake.
A greater allocation of nighttime sap flow to the refilling of depleted water storage has
been found in the same A. mangium trees (Wang et al., 2012). In view of the obvi-
ous nocturnal water recharge, we used the 24 h diurnal sap flux to accurately estimate
canopy CO, uptake.

Strong seasonality in Fcp, of A. mangium was observed (Fig. 5). Based on this, we
related F¢o, to the seasonally changing environmental variables. Higher F¢q, in the wet
season coincided with the season of rapid growth, ample supply of water, and strong
solar radiation, the typical environment of subtropical ecosystems (Figs. 2, 5). Notably,
in the dry season, water supply did not match that of heat load at the study site, since
P and SWC were relatively low, while PAR and T, were still sufficient. This conflict may
affect tree physiological activities in that higher heat load can meet the demands of
photosynthesis, but may induce water stress in A. mangium in the dry season. Further,
lower annual Fgo, and maximum monthly F¢q, in May in 2005 were due to the frequent
rainfall occurred in June and July.

Canopy stomatal conductance is a critical factor regulating Fco, of A. mangium. Es-
timates of canopy conductance from the Penman—Monteith formula were very close
to those obtained with the simplified equation by Késtner et al. (1992) (Ma, 2008), as
would be expected given that the Kdstner et al. (1992) equation is based on Penman-—
Monteith. The diurnal pattern of Fo, was similar to that of G (Figs. 3, 5). Gs was mainly
influenced by D and PAR (Fig. 4). When D was lower than 0.6 kPa, PAR was the main
driver of Gg, because it induced stomatal opening. When D approached 0.6 kPa and
beyond, D became the dominant factor. The increase of D led to a decrease in G
despite the increase in PAR, because the hydraulic system needed to be protected.
High D led to varying degrees of decline in G¢ (Table 3), and thus the corresponding
reduction in F¢o,. The slope of this linear function between stomatal sensitivity (m) and
reference canopy stomatal conductance (Gg,;) was consistent with the shallower slope
of approximately 0.60 observed for the mesic species in Oren et al. (1999). Inconsistent

11602

Title Page
Abstract Introduction

Conclusions References

Tables Figures
1< |
] >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/11583/2013/bgd-10-11583-2013-print.pdf
http://www.biogeosciences-discuss.net/10/11583/2013/bgd-10-11583-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

with our results, G stayed high at low D and thus allowed high H,O flux in a planted
exotic species (Pseudotsuga menziesii) in South America (Fernandez et al., 2009).

4.3 Comparison with estimates from gas exchange measurements

Comparisons between gas exchange measurements and sap flux/stable isotope
method (SF/SI) results were conducted in this study (Figs. 6, 7). With regard to the
patterns, the diurnal dynamics of gas exchange results agreed well with that of SF/SI
results. Better agreement between F¢o, and £, in the dry season was likely due to
the fact that the lower leaf area index in the dry season would tend to minimize the
effects of leaf shading, which can diminish conductance in lower-canopy leaves. As for
the values, F¢o, from SF/SI were 27.0 % lower than F, from gas exchange measure-
ments. The diurnal C;/C, from gas exchange measurements and stable isotope values
ranged from 0.63 to 0.94 and from 0.57 to 0.95, respectively. The seasonal C;/C, from
gas exchange measurements and stable isotope values in the wet season (0.80, 0.78),
dry season (0.78, 0.78), whole year (0.79, 0.78) were also matched well. Thus, the
differences in Fco, and A, resulted mainly from differences in stomatal conductance.
Further, the differences may also be attributed to high variation in gas exchange results
that were variable by leaf position and age, and thus any one measurement was not
representative of the entire canopy, and variability of the average response was high.
Given that Fp, was calculated based on A and C;/C, averaged across a variety of
age and light classes, this source of variation was reduced for the SF/SI results. The
analysis of the differences between the gas exchange and SF/SI results heightened
the advantages of the latter method.

4.4 Comparison with estimates from other approaches for estimating Fco,

Most of the differences in the gross primary production (GPP) of forests in various
climate zones were related to climate (Table 4). Our estimate of canopy CO, uptake
for a mature A. mangium plantation (2.13 + 0.4Ong_2 day‘1, Fig. 5) approached the
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lower range of values for subtropical mixed forest (Gebremichael and Barros, 2006;
Gu et al., 2006). Our lower estimates of GPP may be due to the lower mean canopy
stomatal conductance (0.135cm s~ ' vs. 0.726cm 3‘1, 0.25¢cm 3‘1), higher C;/C, (0.76
to 0.84), greater tree height (17.8m vs. 10.8m, 2m), and lower LAl (1.95m?m™2 vs.
3.20m? m‘z, 3.77 m2m‘2), compared to other subtropical mixed forests (Ma, 2008;
Gebremichael and Barros, 2006; Gu et al., 2006). Our C;/C, ratio varied from 0.76 to
0.84, which was higher than the ranges found in cottonwoods in a riparian woodland
(0.75—-0.78) (Letts et al., 2008), in 13-yr-old loblolly pine (Pinus taeda) trees (0.45—-0.80)
(Maier et al., 2002), and in nine well-watered conifer species (0.57—0.68) (Brodribb,
1996), leading to a decline in photosynthetic capacity in A. mangium. Relatively high
C,/C, ratios have also been found in a Canarian laurel forest tree species (Laurus azor-
ica) (0.67—0.95) (Gonzalez-Rodriguez et al., 2001). The canopy stomatal conductance
of individual tree decreases with tree height (Schéafer et al., 2000), while the lower LAI
might lead to higher conductance and more control by stomatal conductance, since
there is less shading (Granier et al., 2000).

Notably, our estimate of canopy CO, uptake for 20yr-old A. mangium stand was
much lower than that for 4-6yr-old A. mangium (8.77ng'2 day'1) in Sao Paulo,
Brazil (Nouvellon et al., 2012). Our lower estimates of GPP may be partly explained
by an age-related decline in photosynthesis. Further, we compared methods for quan-
tifying GPP constrained by water use measurements. Our estimates were comparable
with those of spruce (2.66ng'2day‘1) and mixed forest (0.94ng‘2 day‘1) also
using the sap flow based approach (Kdstner et al., 2008; Hu et al., 2010), but lower
than values determined by satellite-based modeling or component carbon analysis (Ta-
ble 4). These differences suggest the necessity of measuring species-specific fluxes in
assessing CO, uptake.
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4.5 Sensitivity analysis

Through our sensitivity analysis using a Monte Carlo approach, we were able to obtain
many more combinations of G5, C, and A obtained from our limited 8 day samplings.
We found that the dynamics in the estimates of Fco, were mainly driven by dynamics
in G5, compared with C, and A (Fig. 8). Hu et al. (2010) also demonstrated that the
calculation of canopy photosynthesis was much more sensitive to transpiration rate
than to 6'2C values. In our study, covariance between Gs and F¢o, is forced on the fact
that CO, is assimilated through the stomatal pores. In our model shown in Eq. (15), the
proportioning coefficient between Gg and F¢o, is A, which is ultimately dependent on
the scaling between G and F¢q,. Therefore, we get a mechanistic relationship linking
A, Gg and Fp,. Variation in A between seasons is insignificant (p = 0.988), compared
with variation in G, since A is mathematically constrained as the ratio of two covarying
fluxes, and partly because stomata function in a way that optimizes G4 and Fco, toward
conserved values in response to environmental changes (Wong et al., 1979). Further,
Ci/C, is a very useful parameter to model Fp,. Seasonally constant C;/C, values have
reported from a wide range of field experiments (Norman, 1982; Ellsworth, 1999; Letts
et al., 2008). A constant C;/C,, which is most parsimonious in terms of number of input
parameters, yields results that are comparable or better than more elaborate models for
predicting assimilation (Katul et al., 2000). In our study, no significant seasonal variation
was observed in C;/C, (Fig. 3, p > 0.05), although variation in diurnal C,/C, between
the sunlit leaves and shaded leaves was found. Therefore, we argue that an acceptable
estimate of F¢o, of a subtropical matureA. mangium plantation was obtained by using
seasonally integrated/constant C,/C, values.

The relatively high sensitivity of the model to G, and low sensitivity to C, and A
also indicate that one source of potential error that may be significant in the model is
the uncertainty in estimating G;. Error in Gg can occur in measurements of sap flow
and tree size. We accounted for errors in Gg using the Monte Carlo approach, where
we generated 99 % intervals for our modeled F¢q, values. No values fell outside our
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99 % confidence intervals, suggesting that most errors of G4 are accounted for in our
modeled F¢o, rates.

5 Conclusions

Our study demonstrated that combining sap flow measurement and stable isotope dis-
crimination provided a simple and accurate way to estimate canopy scale photosyn-
thesis. We concluded that mature A. mangium exhibited obvious diurnal, seasonal,
annual, and inter-annual changes in canopy CO, uptake (Fgq,). The temporal changes
of Fco, were attributed to the responsiveness of G to environmental factors. Large
diurnal, seasonal, and inter-annual variability in FCO2 with low variability of diurnal and
seasonal C, and A suggested that canopy photosynthetic patterns mimicked those of
water flux to a large degree. Our lower estimate of F¢p, for mature A. mangium planta-
tion was likely related to the lower mean canopy stomatal conductance, higher C;/C,,
greater tree height, and aging. Compared with results from satellite-based modeling
or component carbon analyses, our estimate may suggest the necessity to consider
species-specific fluxes in CO, assessment.
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Table 1. Tree height, diameter at breast height (DBH), projected canopy area (A;), and sapwood

area (Ag) of A. mangium trees used for sap flow measurements.

Tree Height DBH A; A
no.  (m) em) (M%)  (m?)
1 17.9 23.88 10.84 0.0137
2 19.3 29.29 17.37 0.0201
3 22.8 32.89 40.24 0.0248
4 19.5 37.51 47.71 0.0316
5 15.6 18.15 8.06 0.0083
6 14.5 17.19 8.37 0.0075
7 12.0 16.89 10.63 0.0072
8 19.5 23.88 8,55 0.0137
9 18.2 21.33 6.97 0.0111
10 18.7 25.47 9.66 0.0155
11 19.5 20.38 459 0.0102
12 20.0 20.7 15,54 0.0105
13 12.0 13.37 13.29 0.0047
14 19.5 18.15 5.51 0.0083
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Table 2. Partial correlations between hourly A and photosynthetically active radiation (PAR),
a mature Acacia

vapor pressure deficit (D), ambient CO, concentration (C,), and canopy stomatal conductance

(G,)- - mangium plantation
=
Periods Variables ~ Control df A g H. Wang et al.

variables Partial g'

correlation T

One year PAR D, C,, G, 107 -0.052 ?
D PAR, C,,G, 107 0.250°

C, PAR, D, G, 107 0.016 o

G, PAR,D,C, 107 0.127 o

Wet season PAR D, C,, G 51 0.030 @

D PAR,C,, G, 51 0.058 =

C, PAR,D,G, 51 -0.549% -

G, PAR,D,C, 51 -0.198 -

Dry season  PAR D, C,, G, 51 -0.425° 9

D PAR,C,, G, 51 0.136 g

C, PAR, D, G, 51 0.156 -
G, PAR,D,C, 51 0.464°

o

2 indicates significant partial correlation at 0.01 level. g

o

=y

=

QO

o

@

o
2

11614


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/11583/2013/bgd-10-11583-2013-print.pdf
http://www.biogeosciences-discuss.net/10/11583/2013/bgd-10-11583-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

Table 3. Stomatal sensitivity to vapor pressure deficit (D) estimated as the slope of the rela-
tionship between canopy stomatal conductance and In(D) (Oren et al., 1999), applied to those

data in which G, decreased exponentially with D.

Periods Sensitivity Gg(b) m/b  Relative D
(m) sensitivity  threshold

Jul 2004 -11456 162.08 -0.71 -0.40 0.60
Jul 2005 —-48.27 75.25 -0.64 -0.35 0.60
Jul 2006 -71.67 11348 -0.63 -0.26 0.60
Jul 2007 -86.52  146.65 -0.59 -0.30 0.60
Dec 2004 -16.11 34.33 -0.47 -0.40 0.60
Dec 2005 -13.36 36.70 -0.36 -0.31 0.80
Dec 2006 -56.15 79.48 -0.71 -0.69 0.60
Dec 2007 -69.50 120.20 -0.58 -0.53 0.80

Relative sensitivity was estimated using relative G4 values of each species instead of
absolute values. D threshold is the value of leaf to air vapor pressure difference from

which Gg begins to decrease in an exponential form. Reference canopy stomatal
conductance (Gg¢) is Gg at D = 1kPa.
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Table 4. Published estimates of gross primary production (GPP, ng'2 day'1), species, site
information and methodology, in different climate zones.

Climate Site (P mm/T, °C)‘ Dominate Species (Age) Latitude/Longitude Method GPP References
Tropical Santarém, Brazil (1920/25.8) Evergreen Forest 2°51' S/54°58' W Satellite-based Model 7.97 Xiao et al. (2005)
Manaus, Brazil (2200/-) Tropical Rain Forest 2°35' S/60°06' W Component Carbon Analyses  8.33 Malhi et al. (1998)
Sao Paulo, Brazil (1280/21.3) Acacia mangium (4-6) 23°02' S/48°38' W Component Carbon Analyses 8.77 Nouvellon et al. (2012)
Subtropical  JiangXi, China Mixed Forest? 26°44'N/115°04' E CEVSA Model® 4,68 Gu etal. (2006)
Mixed Forest? 26°44'N/115°04'E Flux Measurements 4.41  Guetal. (2006)
Pinus elliottii 26°44'N/115°04'E Biome-BGC Model 5.32 Ma et al. (2008b)
Marsyandi, Nepal Mixed Forest 28°21'N/84°15'E MODIS_DAO 6.36 Gebremichael and Barros (2006)
MODIS_Tower 3.59 Gebremichael and Barros (2006)
New South Wales, Australia Pinus radiate Plantations  35°21' 5/148°56' E Component Carbon Analyses 6.78 Waring et al. (1998)
North Carolina, USA (1140/15.5)  Pinus taeda® 35°58' N/79°05' W 4C-A Model® 6.54  Schéfer et al. (2003)
Temperate  South Island, New Zealand Nothofagus truncata 41°31'S/172°45'E Component Carbon Analyses 2.84 Waring et al. (1998)
EUROFLUX Network Various Species® 41°-64°N/0°-24° E Component Carbon Analyses 3.78 Janssens et al. (2001)
Massachusetts, USA Deciduous Forest’ 42°32' N/72°11' W Component Carbon Analyses 3.50 Waring et al. (1998)
The Oregon Transect Coniferous, Deciduous®  44°~45°N/121°~123°W  Component Carbon Analyses 3.80  Williams et al. (1997)
Colorado, USA (800/1.5) Mixed Forest®(100) -/~ SIPNET Model 2.25 Huetal. (2010)
Mixed Forest®(100) -/= SFsI'® 0.94 Huetal. (2010)

' P denotes annual rainfall amount; T, denotes refers to average annual temperature.
2 The dominant species are Pinus elliottii, Pinus massoniana, Cunninghamia lanceolata, and Schima superba.
3 CEVSA is the abbreviation for Carbon Exchange in the Vegetation-Soil-Atmosphere Model.
4 The even-aged P, taeda L. forest was planted in a clear-cut opening in 1983, with additional tree species representing seed sources of pine and broadleaf species

from the surrounding area.

5 4C-A is the abbreviation for canopy conductance-constrained carbon assimilation.
8 Sites of the European EUROFLUX network encompass a large range in tree species, such as Fagus sylvatica, Quercus ilex, Quercus robur, Picea abies etc.
7 The dominant species are Quercus rubra and Acer rubrum.
8 Dominant species at six coniferous forest and one deciduous forest sites are 1, Picea sitchensis, Tsuga heterophylla; 2, Alnus rubra; 3, Pseudotsuga menziesii; 4,
Tsuga heterophylla, Pseudotsuga menziesii; 5, Tsuga mertensiana, Abies lasiocarpa, Picea engelmanii; 6, Pinus ponderosa; 7, Juniperus occidentalis.

® The dominant species are lodgepole pine, subalpine fir, Engelmann spruce.

10 SFSl is the abbreviation for gas exchange and sap flux/stable isotope.
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Table 5. Statistical results from the sensitivity analysis.

R? p Equation

G, and Fop, 0.8263 <0.0001 Fyo, = 0.0531G, - 0.002
C,and Feo, 0.0016  0.0001  Fgo, =0.004C, +0.239
Aand Feo, 0.1348 <0.0001 Fgo, = —0.3794A +10.2506

Fco, canopy CO, uptake rate; Gs, canopy stomatal conductance; C,, ambient
CO, concentration; A, photosynthetic 13C discrimination.
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indicate wet season.
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Fig. 3. Diurnal variations of (a) ambient CO, concentration (C,), (b) intercellular CO, concen-
tration (C;), (c) the ratio of the intercellular and ambient CO, concentrations (C;/C,), (d) C;/C,
in the sunlit and shaded leaves in all seasons, (e) carbon isotope compositions in canopy at-
mosphere (6'°C,), () carbon isotope compositions in leaf sap (6'°C,), and (g) photosynthetic
3¢ discrimination (A), and (h) canopy stomatal conductance (G;) in both wet season (9 and
10 May, 26 July, 1 August) and dry season (6 and 7 November, 6 and 17 December). Error bars
indicate standard deviation (n = 8).
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the maximum (G,/G.max) to changes in photosynthetically active radiation PAR (a—h), vapor
pressure deficit D (i—p), and soil moisture deficit SMD (q-t) in both wet season and dry season
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Fig. 7. Scatter plots of leaf stomatal conductance (g,) vs canopy stomatal conductance (G,),
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Fig. 8. Canopy CO, uptake rate (F¢p,) sensitivity analysis. The bold black lines are the regres-
sion relationships and the gray thin lines are the 95 % confidence intervals for the data. (a) Re-
lationship between canopy stomatal conductance (G) and Fgo, (R? = 0.8263, p < 0.0001). (b)
Relationship between ambient CO, concentrations (C,) and F¢o, (R? =0.0016, p = 0.0001).

(c) Relationship between photosynthetic 3¢ discrimination (4) and Feo, (.’?2 =0.1348, p<
0.0001).
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