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Abstract
The canopy net photosynthesis rate of Mongolian oak (Quercus mongolica)
tree species that are dominant in East Asia and Korea is estimated with empirical models derived from field experimental data obtained from the NamSan site in Seoul, Korea for the growing period from early May to late October
in 2010. The empirical models include the attenuation function of photosynthetic photon flux density (PPFD) (r2 = 0.98 - 0.99, p < 0.001) and the photosynthetic light response function (r2 = 0.99, p < 0.001) derived from the
measured data at several levels within the canopy. The incident PPFD at each
level within canopy significantly varies diurnally and seasonally due to the
seasonal variation of the total plant area index (TPAI = leaf area index + wood
silhouette area index) and the light shielding effect of light path-length through
the canopy in association with the variation of solar elevation angle. Consequently, a remarkable seasonal variation of the total canopy net photosynthesis rate of Q. mongolica forest stand is found for its growing period. The
PPFD exceeding 1000 μmol m−2∙s−1 is found to cause the decrease of net photosynthesis rate due to the thermal stress in the early (May) and late (September) growing period. During the whole growing season, the estimated total
canopy net photosynthesis rate is found to be about 3.3 kg CO2 m−2.
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1. Introduction
A better understanding on the response of forest against current environmental
factors is prerequisite for an accurate estimation of the potential global carbon
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cycle in association with future climate changes [1] [2] [3]. Therefore, much attention has been given to the subject of quantifying and identifying the carbon
budget of forest ecosystems in the regional and global scales, whether the forest
ecosystem is a sink or a source for atmospheric CO2 [4] [5].
The net carbon acquisition of forest ecosystem, as well as the net primary productivity (NPP) depends principally on the photosynthetic capacity and respiration of the ecosystem in the growing season of a given forest [6] [7]. The rate of
instantaneous photosynthetic assimilation is one of the most important factors
in determining the rate of CO2 exchange between the atmosphere and forest ecosystems [8] [9].
Many studies have been extensively focused on photosynthetic characteristics
at the leaf level, including comparisons of different functional types, biochemistry and eco-physiology of plant species, and leaf morphologies [10] [11]. However, the structural distribution of plant’s organs has rarely been studied even
though it affects significantly the canopy photosynthesis rate at the stand level
through the changes of the transmittance and interception patterns of the incident light within the canopy [12] [13].
The forest canopy photosynthesis depends upon its own eco-physiological and
architectural properties [14], and meteorological factors such as light incidence,
air temperature and humidity, atmospheric CO2 concentration and wind speed
[15]. Among all these parameters, the light condition that is measured by the
photosynthetic photon flux density (PPFD) is a main driving parameter in determining photosynthetic characteristics, and other biological and environmental conditions within the canopy [16] [17] [18]. The light response of photosynthesis of an individual leaf and the attenuation of PPFD in the canopy largely
depend on the distribution of leaf area within the canopy [19] so that the detailed distribution of PPFD at different levels of the forest canopy is a prerequisite for the accurate estimation of the photosynthesis rate [20] [21].
Eco-physiological measurements in the processes of the forest ecosystem can
provide crucial parameters for the canopy photosynthesis modeling [22] [23].
For example, the leaf area index (LAI), defined as the projected area of foliage
per unit ground surface area (m2∙m−2), is a very useful quantitative measure for
the quantity of forest foliages [24] [25] and regulates the spatial and temporal
distribution patterns of PPFD [26]. Thus, accurate measurements of seasonal
variations of LAI and the leaf-level photosynthetic capacity that is affected by
environment conditions (light, temperature, humidity and precipitation etc.) are
required for estimating eco-physiological ecosystem processes (photosynthesis
and respiration) [27] [28].
Cool-temperate deciduous forests are widely distributed in East Asia including southeastern Siberia, northern China, central and northern Japan and the
Korean Peninsula [11] [29]. These forests are regarded as significant sinks for
atmospheric CO2 [30]. In Korea, the forested region is located within the complex terrain of mountainous regions, which occupies about 65 % (6.3 × 106 hectare) of the whole territorial area. Deciduous and mixed forests of broad-leaved
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species are predominant with the area of 1.7 × 106 hectare and 1.9 × 106 hectare,
respectively. They account for about 56 % of all Korean forests. In particular,
Mongolian oak (Quercus mongolica) forest stand is one of the typical deciduous
broad-leaved forest types in the Korean Peninsula [31].
However, photosynthetic assimilation mechanisms, as well as biological processes and modeling at the forest stand level of Q. mongolica species in Korea
have rarely been studied due to the lack of observed eco-physiological and phenological parameters for this forest, even though the CO2 sequestration behaviors in Q. mongolica forest stands may have a great effect on the balance of
carbon budgets [32].
The purpose of this study is to estimate the canopy net photosynthesis rate of

Q. mongolica forest stand for the growing period at the Nam-San ecologicalexperimental site with optimally derived photosynthetic light response curves
and LAIs at several layers within the canopy with the use of the measured photosynthesis rates and the modified PPFDs by total plant area index (TPAI).

2. Materials and Methods
2.1. Field Experimental Site
Field experiments were conducted in a secondary Mongolian oak (Quercus

mongolica) forest at the Nam-San Ecological Experimental site located in central
Seoul city surrounded by urban complexes having various CO2 sources in the
west-central part of the Korean Peninsula (Figure 1). The experimental site is
located at 126˚59'E and 37˚33'N with a northeastern aspect, a gentle slope and an
elevation of 220 m in a cool-temperate zone under the influence of Asian monsoon climate with a mild in springs and autumns, hot and humid in summers,
and cold and snowy in winters. The climate data from Seoul Weather Station
(belonging to Korea Meteorological Administration) close to the experimental
site indicate that the annual mean air temperature and annual total precipitation
are 11.8˚C (minimum of −3.4˚C in January and maximum of 25.4˚C in August)
and 1369.8 mm, respectively. A tower-based continuous measurement of CO2
flux between the forest and atmosphere, soil CO2 effluxes with automatic opening/closing chamber systems and various meteorological elements in the forest
ecosystem have been made continuously since 2008 [33].
The vegetation at the site is classified as an approximately 49 - 55 years old
deciduous broad-leaved forest, composed mainly of Q. mongolica. The predominant tree stand of Q. mongolica has an average diameter at breast height
(DBH) of 23.2 cm and a total basal area of 22.1 m2∙ha−1. The continuous canopy
height and density in Q. mongolica trees are about 15.1 m and 482 ha−1, respectively. The mid- and understory vegetation under the dominant tree canopy of
this site is rarely composed of few trees with Sorbus alnifolia, Styrax japonica,

Acer pseudo-sieboldianum species. All leaves of these deciduous species at the
site usually begin to flush in late April, and to fall in November. The starting
times of leaf unfolding and shedding of Q. mongolica trees were, respectively 27
April and 30 October in 2010. More detailed descriptions of the Nam-San eco392
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Figure 1. The geographical location of (a) Seoul, Korea. The topography of (b) Mt. Nam in Seoul with the indication of the ecological-experimental site ( , Nam-San site). A schematic view of (c) the canopy scaffolding tower at the Nam-San ecological-experimental site.
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logical-experimental site, including the soil properties and the geography are
given in Joo et al. [33].
A canopy scaffolding tower with the canopy coverage of 3 × 3 m was established in February 2010 in order to easily access each point of leaves and
branches for field measurements in the dominant canopy (12 - 15 m tall) of six

Q. mongolica trees (Figure 1(c)). Field measurements of leaf photosynthesis,
leaf area and shoot structure at canopy profiles were conducted for several
shoots of these dominant canopies throughout the growing season from early
May to late October 2010.

2.2. Environmental Measurements
Air temperature and relative humidity were measured throughout the growing
season by a platinum thermometer and a relative humidity sensor. Each of four
sensors mounted on horizontal steel bars of the canopy tower at heights of 1.5, 9,
14 and 22 m above the ground within the Q. mongolica forest stand connected
to a datalogger (CR1000; Campbell Scientific Inc., Utah, USA) to archive 10 s
intervals data (Figure 1(c)).
The photosynthetic photon flux density (PPFD) and solar radiation were continuously measured with quantum sensors (LI-190SA; LI-COR, Inc., Lincoln,
NE, USA) and pyranometers (LI-200SA; LI-COR, Inc., Lincoln, NE, USA), respectively, and each of the sensors mounted on horizontal steel bars of the tower
at heights of 9, 12, 14 and 22 m above the ground across the canopy tower in the

Q. mongolica forest stand (Figure 1(c)) recorded continuously using a multi-channeled datalogger (CR1000; Campbell Scientific Inc., Utah, USA) at 1 min
interval throughout the experimental period from April to November in 2010.

2.3. Measurements of LAI and PPFD within the Canopy
The forest canopy total plant area index (TPAI; the total plant area per unit of
ground surface area) at different heights of 0.5, 9, 12, 14 and 15 m above the
ground was measured with the plant canopy analyzer (LAI-2200; LI-COR, Inc.,
Lincoln, NE, USA) at the canopy scaffolding tower (Figure 1(c)) on 13 March,
15 April, 15 May, 17 June, 15 July, 17 August, 15 September, 20 October, and 10
November 2010, following the standard procedure described by the manual.
This optical method measures not only the leaf area index (LAI; the total leaf
area per unit of ground surface area) but also the wood silhouette area index
(WSAI; the total stem and branch area per unit of ground surface area) within
their field of view [34] [35] [36]. Therefore, the measured results are the total
plant area index (TPAI) values that represent the sum of LAI and WSAI. When
all the deciduous trees have no leaves, the WSAI value will be the same as the
TPAI value observed with the LAI-2200. By subtracting this WSAI value from
the TPAI values measured by the LAI-2200 allows to estimate the LAI values at
any time (TPAI = LAI + WSAI) [7] [26].
The photosynthetic photon flux density (PPFD) for each month at heights of
0.5, 9, 12, and 14 m above the ground within the same canopies using quantum
394
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sensors (LI-190SA; LI-COR, Inc., Lincoln, NE, USA) has also been measured
simultaneously from March to November 2010 to find the relationship between
PPFD and TPAI.

2.4. Measurements of the Photosynthetic Light Response of Leaves
Measurements of the leaf-level photosynthetic response to the incident light intensity are performed in leaves from the edge to the middle of the canopy at each
target canopy level (the heights of target canopy levels are 9, 12, 14 m above the
ground) in the Q. mongolica forest stand throughout the growing season from
the full leaf expansion after the leaf unfolding in early May to senescence in late
October. Only fully-expanded 3 leaves at each target canopy level are randomly
selected from branches on three adjacent trees, accessed by a canopy scaffolding
tower. Photosynthetic light responses for each sample of the intact leaves are
measured six times a day for a 30-minute interval from 09:00 LST to 12:00 LST
on a clear day and four days a month from May to October 2010 with two portable infrared gas analyzers (LI-6400; LI-COR, Lincoln, NE, USA). This method
may avoid possible effects of photoinhibition of the intact leaves due to rising
leaf temperature and water stress. The double-sided leaf chamber consists of an
integrated infrared gas analyzer that can close a leaf area of 2 × 3 cm. The various light intensities (PPFD, 0 - 2000 μmol∙m−2∙s−1) inside the leaf chamber are
provided by a red-blue LED light source (LI-6400-02B; LI-COR, Lincoln, NE,
USA) of the LI-6400.
In each measurement, first, the sample leaves inside the chamber are kept with
a PPFD of 1500 μmol∙m−2∙s−1 until equilibrium. Second, the incident PPFD is
regulated at ten intensities, changing from high to low intensity (1800, 1500,
1000, 700, 500, 300, 150, 100, 50, and 0 μmol∙m−2∙s−1) with the LED source. In
each change of light intensity, the PPFD is kept constant until the equilibrium
of the leaves. The air flow rate through the chamber is maintained at 500
μmol∙m−2∙s−1. The chamber is maintained at nearly the same ambient CO2 concentration of 370 ppm via the built-in CO2 mixer and the relative humidity of
70% - 80%. Air temperature of the leaf chamber is adjusted to the mean daytime
air temperature of about one week before each measurement day. During these
light response measurements, the air temperature inside the leaf chamber in
May, June, July, August, September and October are maintained in the range of
20˚C - 22˚C, 24˚C - 26˚C, 26˚C - 28˚C, 26˚C - 28˚C, 23˚C - 25˚C and 16˚C 18˚C, respectively.

2.5. Statistical Analysis
Values of parameters in all equations were estimated by fitting the data to the
appropriate functions using the exponential decay regression and modified nonlinear least squares routine. All statistical analyses were performed with SYSTAT
statistical analysis software. The statistical significances for environmental properties and photosynthetic parameters were accepted at α = 0.05 (SigmaPlot®12,
SPSS Inc. CA, USA).
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3. Results
3.1. Seasonal Variations of Environmental Conditions
Figure 2 shows the seasonal variations of the daily total PPFD at the height of 22
m above the canopy (Figure 2(a)), the precipitation amount and soil moisture
content at the 15-cm depth (Figure 2(b)), and the daily mean air temperature at
the height of 14 m and the soil temperature at the 5-cm depth (Figure 2(c)).
During the peak growing period from June to August 2010, the maximum and
minimum values of daily total PPFD (Figure 2(a)) were about 33.4 and 3.4 mol
m−2 day−1, respectively with large seasonal variations of them in association with
weather conditions such as cloudiness and precipitation events (Figure 2(a) and
Figure 2(b)). The daily total PPFD values were highest in June, and then gradually decreased towards autumn due to the decrease of the solar altitude and the
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sunshine duration. During the experimental period, the site was influenced by a
typhoon (Day 245) and a heavy rainfall event (Day 264) in September 2010
(Figure 2(b)). The total precipitation in July and August 2010 was 837.9 mm
(44% of the annual total precipitation) and 671.5 mm in September 2010 (35% of
the annual total precipitation). The soil moisture content exhibited no distinct
seasonal changes. However, after precipitation events, the soil moisture content
in the Q. mongolica forest site increased rapidly during the growing season from
late May to early September 2010 (Figure 2(b)). The air and soil temperatures
measured at the Nam-San site showed significant seasonal variations (Figure
2(c)). The trend of soil temperature at the 5 cm depth varied similarly to those
of air temperature at the height of 14 m during the whole experiment period.
The daily mean air temperature increased steadily until mid-summer to reach a
mean maximum air temperature of 28.3˚C (Day 201) in July, and then decreased
gradually throughout autumn.

3.2. LAI and PPFD within the Canopy
Figure 3(a) shows the measured TPAI values at different heights from March to
November. It shows that the canopy of Q. mongolica forest is in the mature state
during the period of July and August and the leaves in the mature state extend
more than 15 m above the ground. The measured values of the wood silhouette
area index (WSAI) at different canopy heights of 0.5, 9, 12, 14, and 15 m above
the ground in the Q. mongolica forest stand at the experimental site were 1.2,
1.0, 0.7, 0.5, and 0.0 m2 m−2 on 13 March 2010 (no leaf season), respectively. By
subtracting this WSAI value from TPAI measured at different canopy heights
(Figure 3(a)), the true LAI values are obtained at different canopy heights. Figure 3(b) shows the seasonal variation of the true LAI at several different canopy
heights. The LAI values within the canopy layers of Q. mongolica forest stand
show clearly seasonal changes during the leaf expansion period of late April to
the leaf-litter fall period of November with a maximum of 4.6 m2 m−2 (observed
at 0.5 m height above the ground) in July (Figure 3(b)). During the experimental period, leaves and branches of the Q. mongolica forest canopy at the site were
disturbed suddenly by a typhoon on 2 September 2010.
The measured PPFDs (Figure 3(c)) around the local noon for each month at
heights of 0.5, 9, 12, 14 m and above the canopy (22 m) are plotted with the
measured TPAIs (Figure 3(a)) at the same heights and given in Figure 4. The
scatter plots at each month in Figure 4 clearly indicate that the Beer-Lambert’s
law [37] [38] is applicable for the relationship between PPFD and TPAI, which is
given as
= α exp ( − β F )
PPFD

(1)

where α is the coefficient that corresponds to the measured PPFD above the canopy, PPFD and F are the measured PPFD at the local noon and TPAI at the
target canopy level (heights of 0.5, 9, 12, 14 m and above canopy) respectively,
and β is the apparent light extinction coefficient.
The observed data quite well satisfy the optimal regression Equation (1) with
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r2 values ranging from 0.98 to 0.99 with p < 0.001. During the whole experimental period, the extinction coefficient (β) values vary from 0.57 to 0.97 with the

Leaf area index (m2 m-2)

Total plant area index (m2 m-2)

large value in the early growing season of May and the late growing season of
September and October before the leaf-litter fall period (November). During the
peak growing season (June-August), β values are relatively constant in the range
of 0.57 - 0.59. The large light extinction coefficients (β) in the early (May) and
the late growing season (October) may be attributed to WSAI that occupies
more than 40% of TPAI, suggesting more effectiveness of branches and stems on
the extinction of PPFD. The optimal regression function of Equation (1) in Figure 4 makes it possible to estimate the light extinction coefficient β that is an
7
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index of light availability in a canopy layer of Q. mongolica forest stand with the
observed PPFD and F values at the local noon.
The distributions and temporal variations of relative PPFD (PPFD under the
canopy relative to that above the canopy) at different canopy levels can be obtained by taking into account the light path-length through the canopy that depends on the solar elevation angle (ђ). Therefore, F value in Equation (1) should
be changed to F' in such a way that

F ′ = F sin ђ

(2a)

F' is referred to the “effective TPAI” hereafter. Equation (2a) allows to evaluate the diurnal and seasonal variations of (PPFD)t (referred to the “available
PPFD” hereafter) due to the temporal change of the light path-length through
the canopy. At the local noon (ђ = 90˚) F' = F, i.e., the effective TPAI is the same
as the observed one (F) that is taken at the local noon.
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The solar elevation angle is given by

=
sin ђ sin δ sin φ + cos δ cos φ cos ω

(2b)

where δ is the solar declination angle, φ the geographical latitude and ω
the hour angle.
The solar declination angle (in degree) is given by
=
δ 23.45sin 360 365 ( dn + 284 ) 

(2c)

where dn is the Julian day number.
The temporal varying PPFD (available PPFD, (PPFD)t) at the target canopy
level is given by

( PPFD )t= α

exp ( − β F ′ )= α exp ( − β F sin ђ )

(3)

The available PPFD ((PPFD)t) at the target canopy level is obtained with the
hourly measured PPFD above the canopy (α) and the measured TPAI (F) at the
target canopy level for a given day with Equation (3).

3.3. Photosynthetic Light Response Curve
Figure 5 shows the measured net photosynthesis rates (the difference between
the photosynthesis rate and the leaf respiration rate) with respect to light intensities (PPFD, 0 - 2000 μmol∙m−2∙s−1). The optimal regression curve which is
called the photosynthetic light response curve is obtained by best fitting the
scatter plots in Figure 5 with the combined function of the hyperbola and the
linear functions at each month. This chosen function is best fitted the observed
data with r2 values ranging from 0.994 to 0.996 with p < 0.001 for the whole
growing period.

3.4. Estimation of Total Canopy Net Photosynthesis Rate
To estimate photosynthesis rate within the canopy, the canopy is divided into
five layers; Layer 1 extends from 15 m to the top of canopy, Layer 2 from 14 m to
15 m, Layer 3 from 12 m to 14 m, Layer 4 from 9 m to 12 m and Layer 5 from 0.5
m to 9 m above the ground (Figure 1(c)). The available PPFD ((PPFD)t) in each
layer is estimated by averaging the estimated (PPFD)ts at two levels that delineate each layer. The net photosynthesis rate in each layer is obtained from the
photosynthetic light response curve (Figure 5) with the use of available (PPFD)ts
in each layer and multiplying the layer LAI (the difference of LAI between two
adjacent levels) (Figure 3(b)) in each layer. The summation of the net photosynthesis rate for all layers in the canopy at each time yields to the hourly total
canopy net photosynthesis rate. This is illustrated in Figure 6 on 21 June 2010.

4. Discussion
4.1. Photosynthetic Light Response Curves for Leaves of
Q. mongolica
Many studies have generally used the non-rectangular hyperbola function as the
photosynthetic light response curve [11] [39] [40]. However, this function can400
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not be used to estimate the net photosynthesis rate when the incident PPFD value exceeds the light saturation point (LSP) as seen in Figure 5(a) and Figures
5(d)-(f). The light saturation point (LSP) is represented by the PPFD value when
the net photosynthesis rate becomes maximum. That is about 1000 μmol∙m−2∙s−1
in the early growing month of May when the leaf is young (Figure 5(a)), and
those in the mid and late growing period in August (Figure 5(d)), September
(Figure 5(e)) and October (Figure 5(f)) are respectively 1083, 957 and 523
μmol∙m−2∙s−1. However, for the matured leaves in June (Figure 5(b)) and July
(Figure 5(c)), there is no LSP within the measured PPFD value.
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Figure 5. The scatter plots of the observed net photosynthesis rate (μmol CO2 m−2∙s−1) for the leaf of Q.
mongolica against PPFD (μmol∙m−2∙s−1) with the optimal regression curves for the month of (a) May, (b)
June, (c) July, (d) August, (e) September and (f) October 2010 at the Nam-San ecological-experimental site.
The optimal regression curve with r2 and p (significant level) values in each month is indicated. The vertical bars show standard deviations of the means.
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Figure 6. Diurnal variations of the estimated (a) (PPFD)t, (b) canopy layer net photosynthesis rate at different canopy layers, and (c) total canopy net photosynthesis rate in the
Q. mongolica forest stand on 21 June 2010.

This may be associated with the limitation of the canopy transpiration that is
controlled by the stomatal resistance, which in turn depends on the atmospheric
conditions of the vapour pressure deficit, air temperature and PPFD, availability
of soil moisture in the root zone, and the vegetation types [41]. Among these
factors higher air temperature than that at LSP may cause the increase of stomatal resistance thereby decreasing the net photosynthesis rate with the further
increase of PPFD in the early growing (young leaf) and late growing (leaf senes402
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cent) periods. Figure 7 illustrates air temperature limitation for the net photosynthesis rate on 20 May when other factors are not in the limiting range for the
stomatal resistance. The diurnal changes of air temperature and the net photosynthesis rate are directly related to those of PPFD (Figure 7). However, air
temperature on 20 May is lagged 3 hours compared to that of PPFD so that the
3-hr lagged air temperature is plotted on the time axis of the PPFD to coincide
the maximum value of PPFD with that of air temperature. When the air temperature exceeds 24.0˚C at LSP (944 μmol∙m−2∙s−1) at 10:00 LST on 20 May the net
photosynthesis rate is decreasing with the increase of air temperature and/or
PPFD (Figure 7).
The observed monthly temperature range (observed maximum PPFD) in 2010
at this site is 6˚C - 26˚C (1349 μmol∙m−2∙s−1) in May, 14˚C - 30˚C (1360
μmol∙m−2∙s−1) in June, 21˚C - 32˚C (1280 μmol∙m−2∙s−1) in July, 19–32˚C (1267
μmol∙m−2∙s−1) in August, 9˚C - 30˚C (1162 μmol∙m−2∙s−1) in September and 1˚C 20˚C (976 μmol∙m−2∙s−1) in October. These observed maximum PPFDs exceed
the LSP values in May, August and September, likewise the temperatures in
these months will exceed the optimum temperature for the photosynthesis
(Figure 7) so that the photosynthesis rate of the Q. mongolica leaf may be restricted by the exceeding temperature. However, the observed PPFDs in June
and July are within the LSP values so that the photosynthesis rate is not limited
by the light intensity (or air temperature).
To determine the environmental temperature at LSP (the maximum temperature yields to maximum net photosynthesis rate), the percent occurrence frequencies of PPFD and air temperature in each month are constructed and then
the cumulative occurrence frequency at the LSP value is found in the occurrence
frequency distribution of PPFD (Figure 8) since the higher PPFD is related to
the higher air temperature (Figure 7). The cumulative occurrence frequency at
the LSP value in the occurrence frequency distribution of PPFD (Figure 8(a)) is
assumed to be the same as that in the occurrence frequency distribution of air
temperature (Figure 8(b)). This leads to determine the air temperature at LSP as
shown in Figure 8(b). Above this temperature the net photosynthesis rate of the

Q. mongolica leaf will be reduced due to the increased stomatal resistance
caused by high temperature.
It is worthwhile to note that the light compensation point (LCP) that is
represented by the minimum PPFD value for the leaf to photosynthesis against
leaf respiration (Figure 5) shows a significant seasonal variation with relatively
high PPFD (20 - 21 μmol∙m−2∙s−1) in the early (May) and later growing periods
(September and October), whereas the relatively low PPFD (14 μmol∙m−2∙s−1) in
the matured leaf period (June and July). However, the highest PPFD (30
μmol∙m−2∙s−1) at LCP in August might be attributed to the unusual high soil
moisture contents in association with frequent occurrences of precipitation
events at the site (Figure 2(b)) since the high soil moisture content enhances the
soil respiration rate [33]. However, the impact of high soil moisture content on
the photosynthesis rate requires further experimental study.
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Figure 7. Diurnal changes of (PPFD)t (
, μmol∙m−2∙s−1), the net photosynthesis rate
−2 −1
(
, μmol∙CO2∙m ∙s ) and air temperature (
,˚C) at the experimental site on 20
May 2010. The 3 hrs lagged air temperature (LST–3hr) compared to (PPFD)t is plotted on
the same x-axis of (PPFD)t to show the direct response of air temperature to the (PPFD)t
forcing. The red line (
) and the blue line (
) indicate the (PPFD)t value and the air
temperature at the light saturation point (LSP), respectively.

Cumulative

100

Frequency (%)

120

Frequency

(a)

100

80

80

60

60

40

40

20

20

0

Cumulative frequency (%)

120

0
0

100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600

PPFD (μmol m-2 s-1)

Cumulative

100

Frequency (%)

120

Frequency

(b)

100

80

80

60

60

40

40

20

20

0

Cumulative frequency (%)

120

0
0

2

4

6

8

10

12

14

16

18

20

22

24

26

28

30

32

Air temperature (℃)

Figure 8. The distributions of the percent occurrence frequency ( ) with the cumulative occurrence frequency (
) of (a) PPFD (μmol∙m−2∙s−1) and (b) air temperature
(˚C) at the Q. mongolica forest of the Nam-San site in May 2010. The data measured at
every one minute interval are used for this analysis. The arrow shows the way to determine the cumulative frequency at LSP (1000 μmol∙m−2∙s−1) while that in (b) shows the way
to determine the air temperature at LSP determined in (a).
404

S. J. Joo, S.-U. Park

Table 1 summaries the physiological trait of photosynthetic light response of

Q. mongolica leaves derived in 2010 at the experimental site. The statistical results in August in Table 1 may be different from those of the normal year, especially the LCP value in August which is much higher than those values in June
and July. The continuous measurement of the photosynthesis rate with other
environmental factors at the site will clarify these uncertainties.

4.2. Seasonal Variation of Total Canopy Net Photosynthesis Rate
Using the PPFD measured above the canopy (Figure 2(a)), (PPFD)ts at 15, 14,
12, 9 and 0.5 m heights within the canopy are estimated by the empirically obtained light attenuation function (Figure 4) due to TPAI and then the net photosynthesis rates at these heights are estimated using the photosynthetic light
response curves in Figure 5 with estimated (PPFD)t. The canopy layer net photosynthesis rates are estimated by the net photosynthesis rate multiplied by the
layer LAI in each layer as in Figure 6.
Figure 9 shows the time series of the estimated daily total canopy net photosynthesis rates in the Q. mongolica forest stand. The daily total canopy net photosynthesis rate increases remarkably from the spring season (a range of 1.7 28.3 g CO2 m−2∙day−1 in May) to the early summer season (a range of 9.5 - 36.2 g
CO2 m−2∙day−1 in June), and then sharply decreased from August to October (a
range of 0.4 - 25.1 g CO2 m−2∙day−1 in September). The sharp decrease of the total
canopy net photosynthesis rate in August is due to the prolonged cloudy weather
condition in association with rainfall events during this period (Figure 2(b)).
Figure 10 shows comparison of seasonal variations of the monthly total canopy photosynthesis rate obtained with the use of (PPFD)t (with the temporal
change of solar elevation angle) and PPFD (without change of it) at the site. The
estimated minimum canopy net photosynthesis rate with (PPFD)t (PPFD) is
about 0.23 kg CO2 m−2 month−1 (0.27 kg CO2 m−2 month−1) in October, while the
Table 1. Monthly variations of characteristic features of photosynthetic light response of
Q. mongolica leaves at the Nam-San ecological-experimental site during the whole growing season from May to October in 2010.
Month

May

June

July

August

September

October

Light conpensation point (LCP)
(μmol∙m−2∙s−1)

21

14

14

30

21

20

Light saturation point (LSP)
(μmol∙m−2∙s−1)

1000

–

–

1083

957

523

Maximum net photosynthe
rate (MPn) (μmol CO2 m−2∙s−1)

10.9

–

–

8.4

8.4

3.4

Observed maximum PPFD
(μmol∙m−2∙s−1)

1349

1360

1280

1267

1162

976

Observed air temperature
range (˚C)

6–26

14–30

21–32

19–32

9–30

1–20

Air temperature at LSP
(˚C)

22

–

–

29

25

17

Parameter
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Figure 9. The seasonal variation of daily total canopy net photosynthesis rate (g CO2 m−2
day−1) of Q. mongolica forest estimated at the Nam-San ecological-experimental site during the whole growing seasons from early May (beginning of the leaf unfolding) to late
October (before the leaf shedding).
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Figure 10. Comparison of the monthly total canopy net photosynthesis values estimated
with PPFD (
; without change of solar elevation angle) and (PPFD)t (
; with the
solar elevation angle), and daylight hours (
) in the Q. mongolica forest stand during
the whole growing season (May-October) in 2010.

maximum value is about 0.87 kg CO2 m−2 month−1 (1.02 kg CO2 m−2 month−1) in
June. However, in spite of the mid growing period of August, the canopy net
photosynthesis rate is as low as 0.43 kg CO2 m−2 month−1 due to the cloudy
weather in August and the monthly total daylight hour was about 60% of that in
June (Figure 10). During the whole growing period (May to October) of 2010 at
the site, the estimated total canopy net photosynthesis rate with (PPFD)t (PPFD)
is found to be about 3.3 kg CO2 m−2 (3.9 kg CO2 m−2) that is within the range of
3.3 - 4.3 kg CO2 m−2 yr−1 for various cool-temperate deciduous forests estimated
by Falge et al. [9] and Muraoka et al. [13].
In the whole growing season, the estimated total canopy net photosynthesis
rate with (PPFD)t is approximately 14% (0.6 kg CO2 m−2) lower than that estimated with PPFD, suggesting the total canopy net photosynthesis rate being sig406
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nificantly affected by the seasonal variations of the effective TPAI and the relative (PPFD)t within different canopy layers. This also suggests that the present
method has a great potential for more accurate estimation of the photosynthesis
rate in the forest stand.

5. Conclusions
Field measurements have been conducted throughout the growing season of the

Q. mongolica forest at the Nam-San ecological experimental site in Seoul, Korea
from May to October in 2010. An empirical model for the estimation of canopy
net photosynthesis rate of Q. mongolica forest stand has been developed using
the field experimental data by constructing the photosynthetic light response
curve, vertical distributions of the leaf area index (LAI) and the photosynthetic
photon flux density (PPFD) measured at around noon within the canopy of five
levels (0.5, 9, 12, 14 and 15 m heights).
It is found that LAIs within the canopy layers of the Q. mongolica forest stand
show distinct seasonal variations with a maximum of 4.6 m2∙m−2 at the lowest
canopy level (0.5 m above the ground) in July. The increasing rate of LAI is rather large during the leaf expansion period (late April to May) at all levels within
the canopy compared to the decreasing rate during the leaf-litter fall period (late
October to November). It is also found that the observed PPFD within the canopy can be properly regressed by the Beer-Lambert’s law with the observed total plant area index (TPAI) within the canopy. The estimated light extinction
coefficients (β) are found to be a maximum value of 0.92 - 0.97 in the early
growing season (May) and the late growing season (October) with a near constant value of 0.57 - 0.59 during the peak growing season (June to August), suggesting a significant amount of PPFD being extinguished by the branch and stem
(wood silhouette area index) during the early and late growing seasons.
The photosynthetic light response curve for the leaves of Q. mongolica is
found to show a great increase of the net photosynthesis rate with the increase of
PPFD in the peak growing seasons of June and July in 2010. However, in the
early growing period of May and the late growing period of September the PPFD
exceeding 1000 μmol∙m−2∙s−1 is founded to cause the decrease of the net photosynthesis rate due to the thermal stress probably caused by higher temperature
than that at LSP which varies with the growth of the leaf.
The total canopy net photosynthesis rate for the growing period of Q. mongo-

lica forest (May to October) at this site is found to be about 3.3 kg CO2 m−2 that
is about 1.3 times larger than the total soil respiration of 2.5 kg CO2 m−2 measured at the same site for the same period [33]. The presently estimated canopy
net photosynthesis rate is comparable to those estimated by Falge et al. [9] and
Muraoka et al. [13], suggesting the potential usefulness of the present model for
the estimation of the canopy net photosynthesis rate of Q. mongolica forest
stand.
This study is mainly pertained to the estimation of the canopy net photosynthesis rate in the Q. mongolica forest stand with empirically derived the photo407
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synthetic light response curve using limited measurement data. Some important
parameters affecting the net photosynthesis rate are not evaluated independently. This is now on hand at the Nam-San ecological-experimental site based on
direct measurements of photosynthesis rates, respirations and environmental
conditions continuously with the automatic chamber systems.
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