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Abstract: This study examined monthly carbon sequestration of the Himalayan ash (Fraxinus griffithii
C. B. Clarke), an important plantation species in Taiwan. From January 2010 to December 2012, data
were collected from an F. griffithii plantation in southern Taiwan, which experiences a typical Southeast
Asia monsoon climate. To estimate CO, sequestration rate, we conducted diurnal measurements
of photosynthetic rates and seasonal measurements of photosynthetic light response curves. We
also calculated leaf area index to estimate the total leaf area of individual trees. The diurnal
variation in photosynthetic rate, stomatal conductance, and transpiration exhibited seasonal and
annual differences. The range of net CO, assimilation rates was 1.34-8.68 umol~m’2-s’1 in 2010,
1.02-6.60 pmol-m~2-s~! in 2011, and 1.13-4.45 umol-m~2-s~! in 2012. A single F. griffithii tree
sequestrated 12.21 kg-year—! CO, on average. Annual CO, sequestration occurred primarily during
the summer for all years, averaging 14.89 Mg-ha~!-year~! for three years. Correlation analyses
between various environmental variables and CO, sequestration rates indicated that air temperature
and soil water content were likely the main factors influencing carbon sequestration of F. griffithii at
this study site.
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1. Introduction

Afforestation is an important contributor to the mitigation of the greenhouse effect, as young
forests can sequester more CO, from the atmosphere than mature forests [1,2]. However, climate
change has heightened the incidence and severity of extreme climate events such as droughts,
typhoons, and high temperatures [3-5]. Such climatic pressures affect plant physiology and growth,
potentially decreasing photosynthetic efficiency and reducing carbon sequestration in forests [6,7].
Thus, quantification of annual carbon sequestration is critical to estimating forest ecosystem function
and response under climate change [8].

Fraxinus griffithii C. B. Clarke, a semi-deciduous tree endemic to Taiwan, is a major species used
for afforestation on the island. Widely planted in central and southern regions of Taiwan, the tree has
high economic value due to its fast growth and quality lumber [9,10]. Recently, however, F. griffithii
plantations in southern Taiwan have suffered from increasingly frequent typhoons during the summer
and prolonged droughts from winter to spring. The length and severity of these extreme weather
conditions have negatively affected the photosynthetic productivity of trees in these plantations [11].

To improve plantation management under severe weather stress and estimate their carbon
sequestration, we require more instantaneous measurements of photosynthesis. Previous work
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has demonstrated that diurnal and seasonal dynamic gas exchanges are more reliable indicators
of photosynthetic efficiency than long-term evaluation based on biomass [12]. However, the latter
approach dominates research on forest carbon storage, and relatively few studies have examined
short-term fluctuations in carbon sequestration of individual trees resulting from rapid environmental
change. Thus, the objective of this study was to provide an accurate, faster method for calculating
canopy carbon sequestration and to understand the influence of environmental stress. In an
E. griffithii plantation, we monitored several environmental factors at the leaf to canopy levels,
related them to diurnal and seasonal variations in photosynthesis, and then estimated canopy-level
carbon sequestration.

2. Materials and Methods

2.1. Plants and Growing Conditions

The study took place from 2010 to 2012 on a lowland plantation located in the Wan-Long
Farm, owned by the Taiwan Sugar Corporation in Sinpi Township, Pingtung, Taiwan (120°36'30" E,
22°31'26"” N, 69 m above sea level). The total area of the farm is approximately 291 ha and the soil
texture is sandy loam.

The study region has a typical Southeast Asia monsoon climate, with a high frequency of typhoons
and afternoon thundershowers during summer. In 2010-2012, January mean air temperatures were
19.4 °C, 16.6 °C, and 18.2 °C, and July mean air temperatures were 27.5 °C, 27.0 °C, and 27.8 °C,
respectively. Annual precipitation was concentrated during May through September and accumulated
to 2848.5 mm in 2010, 1929 mm in 2011, and 3144.5 mm in 2012. From 2002 to 2005, 14 species were
afforested in the study site, with F. griffithii widely planted in 2003. The stand density of F. griffithii in
the area was 1220 trees per hectare.

Typically, F. griffithii half-defoliates during February to April and sprouts new leaves in May, but
in the last third of April 2011, full defoliation occurred, likely due to decreased precipitation earlier
in the year. For this study, we sampled three randomly selected trees from a monoculture plot of
F. griffithii. All three trees were close to the average diameter-at-breast-height (5.63 cm) of the plot.

2.2. Measurements of Photosynthesis and Leaf Area

The diurnal net photosynthetic rate (Py), stomatal conductance (g;), and transpiration rate (E)
were measured using a portable photosynthesis system (LI-6400-08, LI-COR, Lincoln, NE, USA).
For each tree, measurements were taken with an air flow rate of 500 umol-s~! from three randomly
selected, intact, fully expanded mature leaves on the same side of the canopy. The average tree height
of the stand is approximately 4.3 m, allowing easy access to canopy leaves when the instrument was
set on a 3.5-m-high scaffold. Light intensity, CO, concentration, and temperature inside the cuvette
were set to fluctuate with ambient conditions. Ambient light intensity, humidity, and air temperature
were also recorded with the LI-6400. Measurements were taken one day per month for each examined
tree, hourly from 0800 to 1600 (mean solar time) for the entirety of the study.

In 2011, photosynthetic light response curves were constructed by measuring three leaves of each
selected tree during winter (January), spring (April), summer (July), and autumn (October), with a
LI-6400-02B LED Light Source (LI-COR). The light intensities (artificial photosynthetic photon flux
density (PPFD)) were set at 0, 5, 10, 20, 50, 100, 200, 500, 750, 1000, 1500, and 2000 pmol-m~2-s71in
sequence. Before measuring, sample leaves were exposed to 500 pmol-m~2-s~! artificial PPFD for
several minutes to induce stomatal opening. The light response curves were fitted to a non-rectangular
hyperbolic curve for determining the seasonal maximum assimilation rate (A;ax), dark respiration (Rp),
light compensation point (LCP), quantum efficiency (#), and shape parameter (¢). These parameters
were used to estimate CO, assimilation in the following equations.

Leaf area index (LAI) is a dimensionless quantity parameter that describes the forest canopy and
is frequently used in calculations of canopy assimilation from the leaf [2]. It measures the one-sided
leaf surface area per ground surface area; the amount of canopy leaves can be deduced from measuring
how quickly radiation is attenuated as it passes through the canopy. Simultaneous LAI measurements
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on the top and under canopy of the three sample trees were made monthly with a plant canopy
analyzer (LAI-2200, LI-COR) at dusk. The total leaf area of an individual tree was estimated via
multiplying LAI with the projected area of that tree’s canopy.

Environmental data were monitored at a meteorological station located 100 m from the sampled
trees. Relevant variables included air temperature (T;), soil temperature (T5), soil water content (SWC),
relative humidity (RH), daytime photosynthetic photon flux density (PPFDy), vapor pressure deficit
(VPD), and ambient CO; concentration. These data had been continuously recorded since 2009 at a
frequency of 10 Hz and averaged over 30 min. RH and SWC, respectively, were measured using a
relative humidity probe (HMP45C, Vaisala, Finland) and a time-domain reflectometer (TDR, CS616,
Campbell Scientific Inc., Logan, UT, USA) set 20 cm belowground. Subsequently, these environmental
data were applied to estimate CO, assimilation and subjected to correlation analysis.

2.3. Estimation of CO, Assimilation

A number of well-tested and extensively researched models are available for extrapolating from
leaf measurements to canopy-wide photosynthesis [13,14]. The photosynthetic light response curve is
important for predicting carbon sequestration in nature because light variation in a leaf’s environment
affects photosynthetic rates [15]. According to previous modeling [13], the leaf-level assimilation rate
(Aj) can be calculated with the following formula for non-rectangular hyperbolic light response:

2aIZ/Amux

Al = Amax 5
T+ Aﬁix + \/(1 + Aoiilw) — 40 Aﬁfzr

, )

where A,y (umol-m~2-s71) is the maximum net assimilation of CO,, « is the quantum efficiency
(slope of the linear part of light response curves), I; ( pumol-m~—2-s71) is leaf-level light intensity from
the diurnal measurement, and 6 is the shape (slope of the tangent at light saturation point) of the
light response curve. Environmental factors (e.g., temperature, nutrient levels, and water variables)
affect single-leaf photosynthetic rate through their interaction with Ay, &, and 6 [13]. Whole canopy
assimilation can be obtained from leaf assimilation rate through integrating time and canopy leaf area.

The following model relies on two assumptions: a closed (horizontally uniform) canopy and
the same decay constant between the exponential light profile on the canopy and light from various
parts of the sky [14]. Total daily canopy assimilation (A, pmol-m~2-day ') was calculated with the
following equation:

A, = AjdLdt, )

e
S/~

where L is the total leaf area, i (s-day’l) is the day length, and 4, (umol-m~2-s71) is the leaf-level
assimilation rate [2].

The dark respiration rate was calculated from the initial linear part of the light response curve.
Air temperature fluctuations during nights of the experimental period were less than 5 °C and 3 °C in
winter and summer, respectively. Total night canopy respiration (R, pmol-m~2-day~!) was modified
from Biswas et al. [2]:

n L
R, = ijDdet, ®3)
00

where L is the total leaf area, n (s~day’1) is the night length, and Rp (umol-m~2-s71) is the leaf-level
dark respiration rate calculated by the linear part of light response curves.

After obtaining the canopy assimilation of an individual tree for an entire day, the monthly CO,
assimilation (A,,;, umol) was calculated as follows:

Am = D;(Ac —R.) x C, 4)

where D; is the number of days in a month and C (4.4 x 10~7) is a unit-conversion constant (pmol
CO; to g CO,). Summing all A, in a year yielded the annual assimilation of individual trees. Annual
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CO,, assimilation of F. griffithii was estimated via multiplying total A, with stand density (1220 trees
per hectare).

Data were analyzed in SAS 9.4. (SAS Inc., Cary, NC, USA) Significant relationships between CO,
sequestration and environmental variables were tested with Pearson’s correlations, and Duncan’s
multiple range tests were run a posteriori. Significance was set at p < 0.05 for all analyses. Curve
fitting of data was performed using SigmaPlot 12.0 (Systat Software Inc., Chicago, IL, USA). Data are
presented as means =+ standard error.

3. Results

3.1. Environmental Conditions

Annual precipitation was highest in 2012 (3144.5 mm), followed by 2010 (2848.5 mm) and 2011
(1929 mm). Heavy typhoons during 2010 and 2012 generally resulted in concentrated rainfall during
May through September, but July and October 2012 experienced lower precipitation and SWC. Annual
precipitation in 2011 was the lowest of all three years because typhoons did not occur (Figure 1).
The maximum and minimum rainfall during the experimental period was 1427.5 mm in June 2012
and 0.5 mm in January 2012, respectively. Seasonal SWC varied with precipitation and reached the
lowest levels from January to March in all three years: 8.3%-21.9% in 2010, 8.8%-19.4% in 2011, and
11.2%-22.0% in 2012. The mean annual daytime PPFD above canopy level was 1645.89, 1539.67, and
1642.64 pmol-m~2-s~1 in 2010, 2011, and 2012, respectively. The mean annual T, was 24.14, 23.53, and
23.96 °C in 2010, 2011, and 2012, respectively.
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Figure 1. Monthly precipitation (bars), soil water content (SWC, lines), daytime light intensity
(photosynthetic photon flux density (PPFDy), bars), and air temperature (T, lines) from 2010 to
2012 at the Wan-Long Farm study site.
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3.2. Photosynthesis and Related Parameters

The diurnal PPFD, VPD, Py, g5, and E were measured monthly from 2010 to 2012; representative
data in January, April, July, and October of each year are shown (Figure 2). Although differing across
seasons, Py, gs, and E were generally higher in the morning, with a gradual decrease throughout the
day (Figure 2). One exception was in July 2012, when Py, gs, and E were highest in the afternoon,
with lower PPFD. The highest seasonal Py occurred in July of all three years, whereas the lowest Py
occurred in January 2010 and 2011. The lower precipitation and RH in October 2012 resulted in the
highest VPD of the study period.

2010 2011 2012
1400 1400
1200 Jan28 —e— Jan 27 —e— Jan 31 1200
—~ —0— noleaf —o— Apr 27 -
- —O— Apr25 P
'» 1000 31 —v— Jul 29 —v— Jul 30 1000 “.‘w
.E 800 —A— Oct29 —&— Oct 31 —— Oct 27 800 E
= 600 600 =
o
E 400 400 §
200 200
0 0
ol 6
5 m 5
£ 4 ‘g
o =
sl 3
g £
>
ol 2
N 1
0 S S 0
10 b 10
1S 8 <
o oL
£ 6 6 £
% ar 4 %
Z z
o, 2 ®
ol 0
05 105
~ 04} 404 ~
< N
. (2]
E o3t 103 %
E 0.2t 402 E
P J
S o1} é ; % g i 1or
ool 1 0.0
ol 6
sl 5
<, $ %
£ 5t : §
E 2t 25
c w
. 1
ol 0

0800 0900 1000 1100 1200 1300 1400 1500 1600 0800 0900 1000 1100 1200 1300 1400 1500 1600 0800 0900 1000 1100 1200 1300 1400 1500 1600

TIME (hr)

Figure 2. Diurnal changes in light intensity (PPFD), vapor pressure deficit (VPD), net photosynthetic
rate (Py), stomatal conductance (gs), and transpiration rate (E) of Fraxinus griffithii across different
seasons from 2010 to 2012. The data gap in 2011 and 2012 occurred due to full defoliation in April 2011
and thunderstorms in July of both years. Bars indicate + standard error.
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The light response curve differed across seasons, and was generally higher in summer and autumn
(Figure 3). Table 1 shows the parameters calculated with the light response curve. No significant
differences were found in « or Rp across seasons. However, A,y was significantly lower in the winter
(2.69 umol-m—2-s~1) and spring (1.57 pumol-m~2.s~1) than in the other seasons. In addition, the LCP
was significantly higher in spring than in other seasons. Finally, LAI was consistent across all three
years and was highest (3.70) in August and lowest (0.69) in March.
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Figure 3. Light response curve of net photosynthetic rate (Py) of Fraxinus griffithii across different
seasons in 2011. PPFD: photosynthetic photon flux density. Bars indicate + SE.

Table 1. Average values (£ standard error) of quantum efficiency (), shape parameter (), light
compensation point (LCP), maximum assimilation rate (Ayay), dark respiration (Rp), and leaf area
index (LAI) of Fraxinus griffithii across different seasons.

Winter Spring Summer Autumn
a (mol-mol~1) 0.040 £0.011%*  0.051 £ 0.007 2 0.056 4 0.004 2 0.050 + 0.001 2
0 0.003 4 0.001 ° 0.004 + 0.001 P 0.006 4 0.001 ° 0.013 £ 0.001 2
LCP (umol-m~2.s71) 30.20 + 4.67 &b 41.86 2282 21.46 +4.78 21.88 +2.57P
Apax (umol-m—2.s71) 2.69 +1.33b 157 £ 041" 13.49 4+ 2.26 2 16.66 + 3.19 2
Rp (umol-m~2.s71) 1.29 +0.56 2 2.16 +0.36 2 1.22 4+0.352 1.10 +0.142
LAI (m2-m~2) 1.02+0.26°¢ 2.31 +0.03 2P 27340492 1.44 +0.15b¢

* Means followed by different lowercase letters differ significantly between seasons (p < 0.05).

3.3. CO;, Assimilation and Environmental Factors

Seasonal variation in A; was apparent, with rates peaking at different months across the study
period (Figure 4). In 2010, for example, the highest A; occurred from July to October, while in 2012,
the highest A; values occurred in July and November. Seasonal variation in A,, was also observed:
negative A, was recorded from April to June 2010, April, June, October, and December 2011, as well
as in January and April to June 2012.
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Figure 4. The leaf-level CO, assimilation rate (A;, lines) and tree-level monthly CO, assimilation (A,
bars) of Fraxinus griffithii from 2010 to 2012.

The maximum A,, of a single tree from 2010 to 2012 was 7308.12 g in August 2010, 5823.86 g
in August 2011, and 212992 g in July 2012. Annual CO, assimilation of F. griffithii was
26.33 Mg-ha!.year! in 2010, 12.94 Mg-ha~!-year~! in 2011, and 5.41 Mg-ha !-year~! in 2012.
The A, from July to September was 77.15%, 97.05%, and 79.97% of annual CO; assimilation in 2010,
2011, and 2012, respectively. The tree-level and stand-level CO, sequestration for F. griffithii averaged
12.21 kg-year~! and 14.89 Mg-ha~!.year~!, respectively. Finally, CO, assimilation of F. griffithii was
significantly correlated with SWC (p < 0.01) and T, (p < 0.05), indicating that some environmental
factors affected CO, sequestration rates (Table 2). The SWC was significantly correlated with all
environmental factors except ambient CO, concentration.

Table 2. The correlation coefficients between monthly CO, assimilation (A;;) and environmental factors
(Ty: air temperature, Ts: soil temperature, SWC: soil water content, CO,: ambient CO, concentration,
PPFD: photosynthetic photon flux density, VPD: vapor pressure deficit) of Fraxinus griffithii (n = 35).

T, T Precipitation @ SWC CO, PPFD VPD
A 0.405 * 0.241 0.316 0472 ** 0.267 0.240 0.133
T, - 0.827 ** 0.538 ** 0.672 ** —0.081 0.632 ** 0.135
Ts - 0.400 * 0.346 * —0.037 0.654 ** —0.097
Precipitation - 0.670 ** 0.079 0.087 —0.026
SWC - 0.327 0.157 0.047
CO, - —0.112 —0.428*
PPFD - —0.031

* indicates p < 0.05, ** indicates p < 0.01.

4. Discussion

Our results show that SWC and T, were the primary factors affecting carbon sequestration of
a Southeast Asian F. griffithii plantation experiencing a monsoon climate. In 2010, over 92% of the
annual precipitation occurred during March to September, and the dry season lasted longer than half
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a year. Our results demonstrated that droughts have long-lasting consequences on photosynthesis
in F. griffithii, which support previous research indicating that water stress limits tree growth and
decreases photosynthetic efficiency [16,17]. The extended dry seasons in our study period occurred
during the early growth season of F. griffithii (March to April). Moreover, a previous study had
demonstrated that a spring drought may suppress canopy development and exert long-lasting effects
on annual ecosystem carbon balance that remains even when soil water availability improves [3]. Here,
we also found that repeated measurements significantly affected Py and carbon sequestration, and the
interaction between those repeats and the year was significant as well. Thus, despite heavy summer
precipitation in all three years leading to high SWC, 2012 still experienced a low photosynthetic rate
might because overall precipitation levels decreased in the previous year. However, the quantitative
understanding of these effects remains limited because the lags and feedbacks between different
processes depend on soil and other site-specific factors [3].

Precipitation varied seasonally during every study year, and environmental factors such as PPFD,
SWC, and RH fluctuated depending on that variation. Precipitation from May to September was
approximately 92%, 83%, and 90% of the annual amount in 2010-2012, respectively. During the study
period, southern Taiwan experienced four typhoons that became the major source of soil water per year
and led to higher precipitation. Although the typhoon also caused damage (defoliation, snapped boles,
uprooting), these effects ultimately did not affect photosynthetic rate more than the increase in soil
moisture. The SWC exhibited variations similar to precipitation during the experimental period, but
remained high even when precipitation decreased in October 2010 and 2011. SWC was the lowest in
October 2012 and resulted in a lower photosynthetic rate during this season. In contrast, on 30 July 2012,
an afternoon thundershower (increasing SWC) was associated with higher photosynthetic rate.

The lower precipitation in 2011 likely caused the full tree defoliation that occurred in April of that
year, a phenomenon also observed in tropical dry forests [18]. The diurnal dynamics of gas exchange
might reflect the ability to maintain photosynthesis under different environmental conditions [19,20].
Generally, photosynthetic rate increased with PPFD and was higher in the morning. However, July
Py increased from morning and decreased later in the day for all three years but rarely fluctuated
with PPFD, likely because of high summer temperatures. The lack of correlation between Py and
PPFD may affect photosynthetic rate through numerous individual environmental factors, such as air
temperature, SWC, and vapor pressure deficit, or a combination of these [21,22]. In particular, because
VPD strongly influences stomatal opening and closing, the variable is an important factor in gas
exchange [21,22]. Lower gs with high VPD in the afternoons represented stomatal closure to prevent
water loss. Correspondingly, we observed a midday depression of leaf photosynthesis throughout the
experimental period (regardless of season), except July 2010 and 2012, when overcast days dampened
photosynthesis at all hours. Such midday photosynthetic decreases are common to tropical forest
canopies and may result from stomatal or non-stomatal limitations, which in turn are caused by high
temperature, irradiance, or VPD [20,21].

Understanding environmental controls on leaf photosynthetic activity is fundamental for
evaluating the large-scale behavior of an ecosystem. The photosynthetic light response curve, which
describes the relationship between leaf photosynthetic rate and light levels (PPFD), helps to characterize
plant photosynthetic capacity [15,23]. Here, we used this method to estimate carbon assimilation
variables across different seasons and found that the light response curve was saturated at a lower
PPFD during the dry season. This result corroborates previous research showing that variation in
SWC influences photosynthetic rate [24]. Furthermore, we found that the A,y of F. griffithii was
higher in summer than in spring, while the LCP was lower in the summer than in spring. This pattern
indicates that F. griffithii photosynthesizes across a wider range of irradiance conditions in summer. We
should note that the LCP, A;4x, and Rp values obtained in this study were slightly lower than previous
reports for F. griffithii [25], and we suggest that these differences may be due to differing environmental
conditions and sample ages across studies.
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Leaf area index varies during the year and influences carbon sequestration via determining
the amount of PPFD absorbed by the leaves, and thus, the canopy as a whole [26,27]. We observed
that LAI began to increase during spring with the development of new leaves, and continued to
increase until late summer. As can be expected from the lower LAI in spring versus summer, CO,
assimilation was negative during spring of all three years and reached maximum positive values
during summer, reflected in low and high Ay, respectively, over the two seasons. Additionally, Rp
was high during spring and low during summer. Thus, greater LAI increases carbon assimilation
through photosynthesis and carbon emission through dark respiration.

In terms of CO; assimilation rates, we found that A; exhibited different patterns from A,,. This
outcome is likely because total assimilation depends not only on « or spontaneous net assimilation
rate, but also on factors such as dark respiration, effective leaf area, water availability, and proximity to
other trees. Accordingly, we found that air temperature and SWC strongly affected CO, assimilation
rates. Moreover, most environmental factors significantly correlated with SWC. For example, the low
precipitation in October and December 2011 dropped annual CO, assimilation for that year. In 2012,
the 18 and 27 days of precipitation during June and August, respectively, comprised approximately
70% of the annual precipitation, leading to weaker light intensity. Furthermore, an unusually
arid July decreased CO; assimilation during summer, ultimately lowering total CO, assimilation
for 2012 compared with other years. Numerous reports emphasize that water stress influences
gas exchange, frequently causing decreased photosynthetic efficiency, stomata conductance, and
transpiration [17,28-30]. Photosynthetic efficiency may decline because the correlated variables [31]
of high temperature and water stress [32] lead to photo-inhibition. In other words, under low water
conditions, evaporative cooling will decrease and leaf temperatures will increase.

Notably, for all three years, maximum A; and A, occurred in the summer, likely because of
higher SWC and LAI during that season. In comparison with other studies, our calculated carbon
sequestration rates exhibited similar levels of between-year variation. Specifically, annual carbon
sequestration was 80.5 g'-m~2 in 1999 and 57.6 g-m~2 in 2000 [33] for a subalpine forest, and 144,
80, 116, and 290 g-m_z-year_l, respectively, in 1994, 1996, 1997 and 1998 for a boreal deciduous
forest [34]. In addition, another study examining seven broadleaved species in India [2] used the
same method for estimating carbon sequestration as the present work, and found similar annual
rates ranging from 171.71 to 555.05 g'm~2 in 2011. Several studies also described the interannual
variability of CO, sequestration, likely caused by seasonal climatic shifts (e.g., growing-season length,
cloudiness) [35,36]. However, Griinzweig et al. [37] showed that forests in the Mediterranean region
accumulated noticeably lower amounts of carbon (130-240 g-m~2-year~!) than our study, likely
because of interspecific differences and the arid climate.

When we compared the average annual carbon sequestration of F. griffithii (406.18 g-m~2) with
results from previous research in Taiwan, we noted that our average rates tended to be higher.
We believe this disparity stems primarily from variation in study site characteristics. For instance,
one study on the same species used biomass to estimate carbon sequestration rates, and collected
data from an older plantation, with higher stand density [10], than our site. Another study
on Acacia confusa and Liquidambar formosana in southeast Taiwan examined mature stands aged
approximately 25-30 years [38], considerably older than our sample trees.

5. Conclusions

Our results demonstrate that air temperature, soil water content, and leaf area are the major factors
affecting CO, sequestration in F. griffithii. Their effects may be exacerbated by manifestations of global
climate change, such as high temperature, extreme drought, and frequent typhoons. These findings
should be applicable to other forests and help improve our understanding of the processes involved in
plant assimilation of CO,, thereby allowing better forest management procedures to be developed.

Acknowledgments: We thank the researchers of The Experimental Forest, National Taiwan University for helping
with data collection and field measurement during the experimental period. Many thanks to the members of



Forests 2016, 7, 230 10 of 11

silviculture laboratory, School of Forestry and Resource Conservation, National Taiwan University for their
assistance and cooperation.

Author Contributions: C.-I1.C. and Y.-N.W. conceived of the study, and participated in its design and coordination
and helped to draft the manuscript. C.-1.C., H.-W.L., and J.-C.Y. collected, analyzed, and interpreted data. C.-I.C.
wrote the manuscript. Y.-N.W. advised throughout. All authors read and approved the final manuscript.

Conflicts of Interest: The authors declare no conflict of interest

References

1. Chmura, D.J.; Anderson, P.D.; Howe, G.T.; Harrington, C.A.; Halofsky, J.E.; Peterson, D.L.; Shaw, D.C.;
St.Clair, J.B. Forest responses to climate change in the northwestern United States: Ecophysiological
foundations for adaptive management. For. Ecol. Manag. 2011, 261, 1121-1142. [CrossRef]

2. Biswas, S,; Bala, S.; Mazumdar, A. Diurnal and seasonal carbon sequestration potential of seven broadleaved
species in a mixed deciduous forest in India. Atmos. Environ. 2014, 89, 827-834. [CrossRef]

3. Noormets, A.; McNulty, S.G.; Deforest, ].L.; Sun, G.; Li, Q.; Chen, J. Drought during canopy development
has lasting effect on annual carbon balance in a deciduous temperate forest. New Phytol. 2008, 179, 818-828.
[CrossRef] [PubMed]

4.  Schwalm, C.R.; William, C.A.; Schaefer, K.; Arneth, A.; Bonal, D.; Buchmann, N.; Chen, J.; Law, B.E.;
Lindroth, A.; Luyssaert, S.; et al. Assimilation exceeds respiration sensitivity to drought: A FLUXNET
synthesis. Glob. Chang. Biol. 2010, 16, 657-670. [CrossRef]

5.  Intergovernmental Panel on Climate Change. Climate Change 2013: Working Group I: The Physical Science Basis;
Cambridge University Press: New York, NY, USA, 2013.

6.  Sun, O].; Sweet, G.B.; Whitehead, D.; Buchan, G.D. Physiological responses to water stress and waterlogging
in Nothofagus species. Tree Physiol. 1995, 15, 629-638. [CrossRef] [PubMed]

7. Klein, T.; Matteo, G.D.; Rotenberg, E.; Cohen, S.; Yakir, D. Differential ecophysiological response of a major
Mediterranean pine species across a climatic gradient. Tree Physiol. 2013, 33, 26-36. [CrossRef] [PubMed]

8.  Shibata, H.; Hiura, T.; Tanaka, Y.; Takagi, K.; Koike, T. Carbon cycling and budget in a forested basin of
southwestern Hokkaido, northern Japan. Ecol. Res. 2005, 20, 325-331. [CrossRef]

9. Chiang, PN.; Wang, Y.N.; Leong, C.M. Study on growth and carbon storage of Fraxinus griffithii plantation in
central Taiwan. J. Exp. For. Natl. Taiwan Univ. 2010, 24, 185-194.

10. Lin, K.C,; Duh, C.T.; Huang, C.M. Estimate of carbon storage and sequestration of Fraxinus griffithii
plantations in Taiwan. Q. J. Chin. For. 2010, 43, 261-276.

11. Lin, J.C;Jeng, M.R;; Liu, S.E; Lee, K.J. Economic benefit evaluation of the potential CO, sequestration by the
national reforestation program. Taiwan J. For. Sci. 2002, 17, 311-321.

12. Yin, C.Y,; Berninger, F,; Li, C.Y. Photosynthetic responses of Populus przewalski subjected to drought stress.
Photosynthetica 2006, 44, 62-68. [CrossRef]

13.  Sands, PJ. Modeling canopy production. II. From single-leaf photosynthetic parameters to daily canopy
photosynthesis. Aust. J. Plant Physiol. 1995, 22, 603-614. [CrossRef]

14. Thornley, ].H.M. Instantaneous canopy photosynthesis: Analytical expressions for sun and shade leaves
based on exponential light decay down the canopy and an acclimated non-rectangular hyperbola for leaf
photosynthesis. Ann. Bot. 2002, 89, 451-458. [CrossRef] [PubMed]

15. Lachapelle, P.P; Shipley, B. Interspecific prediction of photosynthetic light response curves using specific
leaf mass and leaf nitrogen content: Effects of differences in soil fertility and growth irradiance. Ann. Bot.
2012, 109, 1149-1157. [CrossRef] [PubMed]

16. Colom, M.R,; Vazzana, C. Photosynthesis and PSII functionality of drought-resistant and drought-sensitive
weeping lovegrass plant. Environ. Exp. Bot. 2003, 49, 135-144. [CrossRef]

17.  Ogaya, R.; Pefiuelas, ]. Comparative field study of Quercus ilex and Phillyrea latifolia: Photosynthetic response
to experimental drought conditions. Environ. Exp. Bot. 2003, 50, 137-148. [CrossRef]

18. Gerhardt, K. Leaf defoliation of tropical dry forest tree seedlings—Implications for survival and growth.
Trees 1998, 13, 88-95. [CrossRef]

19. Ngugi, M.R,; Doley, D.; Hunt, M.A.; Ryan, P.; Dart, P. Physiological response to water stress in
Eucalyptus cloeziana and E. argophloia seedlings. Trees 2004, 18, 381-389. [CrossRef]


http://dx.doi.org/10.1016/j.foreco.2010.12.040
http://dx.doi.org/10.1016/j.atmosenv.2014.03.015
http://dx.doi.org/10.1111/j.1469-8137.2008.02501.x
http://www.ncbi.nlm.nih.gov/pubmed/18537894
http://dx.doi.org/10.1111/j.1365-2486.2009.01991.x
http://dx.doi.org/10.1093/treephys/15.10.629
http://www.ncbi.nlm.nih.gov/pubmed/14965996
http://dx.doi.org/10.1093/treephys/tps116
http://www.ncbi.nlm.nih.gov/pubmed/23192974
http://dx.doi.org/10.1007/s11284-005-0048-7
http://dx.doi.org/10.1007/s11099-005-0159-y
http://dx.doi.org/10.1071/PP9950603
http://dx.doi.org/10.1093/aob/mcf071
http://www.ncbi.nlm.nih.gov/pubmed/12096806
http://dx.doi.org/10.1093/aob/mcs032
http://www.ncbi.nlm.nih.gov/pubmed/22442344
http://dx.doi.org/10.1016/S0098-8472(02)00065-5
http://dx.doi.org/10.1016/S0098-8472(03)00019-4
http://dx.doi.org/10.1007/PL00009741
http://dx.doi.org/10.1007/s00468-003-0316-5

Forests 2016, 7, 230 11 of 11

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Ding, L.; Wang, K.J; Jiang, G.M,; Li, Y.G,; Jiang, C.D.; Liu, M.Z; Niu, S.L.; Peng, Y. M. Diurnal variation of
gas exchange, chlorophyll fluorescence, and xanthophyll cycle components of maize hybrids released in
different years. Photosynthetica 2006, 44, 26-31. [CrossRef]

Li, XW.; Chen, S.L. Diurnal changes in gas exchange and chlorophyll fluorescence parameters of
Fritillaria cirrhosa and F. delavayi under field conditions. Photosynthetica 2009, 47, 191-198. [CrossRef]

Tucci, M.L.S.; Erismann, N.M.; Machado, E.C.; Ribeiro, R.V. Diurnal and seasonal variation in photosynthesis
of peach palms grown under subtropical conditions. Photosynthetica 2010, 48, 421-429. [CrossRef]

Xu, J.Z,; Yu, YM,; Peng, S.Z.; Yang, S.H.; Liao, L. X. A modified nonrectangular hyperbola equation for
photosynthetic light-response curves of leaves with different nitrogen status. Photosynthetica 2014, 52,
117-123. [CrossRef]

Lang, Y.; Wang, M.; Zhang, G.C.; Zhao, Q K. Experimental and simulated light responses of photosynthesis in
leaves of three tree species under different soil water conditions. Photosynthetica 2013, 51, 370-378. [CrossRef]
Kuo, Y.L,; Fan, K.S.; Hwang, C.W.; Lee, Y.P.; Wu, H.L.; Tsay, R.F. Gas exchange potential in sun-exposed
leaves of 30 broadleaf trees in Taiwan. Taiwan ]. For. Sci. 2004, 19, 375-386.

Bonan, G.B. Importance of leaf area index and forest type when estimating photosynthesis in boreal forests.
Remote Sens. Environ. 1993, 43, 303-314. [CrossRef]

Gond, V.; de Pury, D.G.G.; Veroustraete, F.; Ceulemans, R. Seasonal variations in leaf area index, leaf
chlorophyll, and water content; scaling-up to estimate fAPAR and carbon balance in a multispecies temperate
forest. Tree Physiol. 1999, 19, 673-679. [CrossRef] [PubMed]

Leuzinger, S.; Zotz, G.; Asshoff, R.; Korner, C. Responses of deciduous forest trees to severe drought in
Central Europe. Tree Physiol. 2005, 25, 641-650. [CrossRef] [PubMed]

Hassan, L. A. Effects of water stress and high temperature on gas exchange and chlorophyll fluorescence in
Triticum aestivum L. Photosynthetica 2006, 44, 312-315. [CrossRef]

Guerfel, M.; Ouni, Y.; Boujnah, D.; Zarrouk, M. Photosynthesis parameters and activities of enzymes of
oxidative stress in two young ‘Chemlali” and ‘Chetoui’ olive trees under water deficit. Photosynthetica 2009,
47,340-346. [CrossRef]

Taiz, L.; Zeiger, E. Plant Physiology, 3rd ed.; Sinauer Associates: Sunderland, MA, USA, 2002; pp. 592-606.
Guan, X.; Gu, S. Photorespiration and photoprotection of grapevine (Vitis vinifera L. cv. Cabernet Sauvignon)
under water stress. Photosynthetica 2009, 47, 437-444. [CrossRef]

Monson, R.K.; Turnipseed, A.A.; Sparks, J.; Harley, P.C.; Scottdenton, L.E.; Sparks, K.; Huxman, T.E. Carbon
sequestration in a high-elevation, subalpine forest. Glob. Chang. Biol. 2002, 8, 459-478. [CrossRef]

Black, T.A.; Chen, W.J.; Barr, A.G.; Arain, M.A.; Chen, Z.; Nesic, Z.; Hogg, E.H.; Neumann, H.H.; Yang, P.C.
Increased carbon sequestration by a boreal deciduous forest in years with a warm spring. Geophys. Res. Lett.
2000, 27, 1271-1274. [CrossRef]

Barford, C.C.; Wofsy, S.C.; Goulden, M.L.; Munger, ].W.; Pyle, E.H.; Urbanski, S.P.; Hutyra, L.; Saleska, S.R.;
Fitzjarrald, D.; Moore, K. Factors controlling long- and short-term sequestration of atmospheric CO, in a
mid-latitude forest. Science 2001, 294, 1688-1690. [CrossRef] [PubMed]

Goulden, M.L.; Munger, ].W.; Fan, S.M.; Daube, B.C.; Wofsy, S.C. Exchange of carbon dioxide by a deciduous
forest: Response to interannual climate variability. Science 1996, 271, 1576-1578. [CrossRef]

Griinzweig, ].M.; Lin, T.; Rotenberg, E.; Schwartz, A.; Yakir, D. Carbon sequestration in arid-land forest.
Glob. Chang. Biol. 2003, 9, 791-799. [CrossRef]

Lin, K.C.; Duh, C.T.; Huang, C.M. Estimate of carbon storage of Acacia confusa and Liquidambar formosana
plantations in Taitung area. Q. J. For. Res. 2009, 31, 55-68.

® © 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC-BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1007/s11099-005-0154-3
http://dx.doi.org/10.1007/s11099-009-0032-5
http://dx.doi.org/10.1007/s11099-010-0055-y
http://dx.doi.org/10.1007/s11099-014-0011-3
http://dx.doi.org/10.1007/s11099-013-0036-z
http://dx.doi.org/10.1016/0034-4257(93)90072-6
http://dx.doi.org/10.1093/treephys/19.10.673
http://www.ncbi.nlm.nih.gov/pubmed/12651323
http://dx.doi.org/10.1093/treephys/25.6.641
http://www.ncbi.nlm.nih.gov/pubmed/15805084
http://dx.doi.org/10.1007/s11099-006-0024-7
http://dx.doi.org/10.1007/s11099-009-0054-z
http://dx.doi.org/10.1007/s11099-009-0067-7
http://dx.doi.org/10.1046/j.1365-2486.2002.00480.x
http://dx.doi.org/10.1029/1999GL011234
http://dx.doi.org/10.1126/science.1062962
http://www.ncbi.nlm.nih.gov/pubmed/11721047
http://dx.doi.org/10.1126/science.271.5255.1576
http://dx.doi.org/10.1046/j.1365-2486.2003.00612.x
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Plants and Growing Conditions 
	Measurements of Photosynthesis and Leaf Area 
	Estimation of CO2 Assimilation 

	Results 
	Environmental Conditions 
	Photosynthesis and Related Parameters 
	CO2 Assimilation and Environmental Factors 

	Discussion 
	Conclusions 

