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Recently, requests for forest management to conserve water resources and sequester carbon have increased in
Japan, where approximately 27% and 12% of the total land area are covered by forest plantations and Japanese
cedar (Cryptomeria japonica D. Don). To formulate better forest management practices that maximize forest
functions by maintaining water and carbon cycles, an understanding of how leaf-level ecophysiological traits
influence canopy-level CO5 and Hy0 exchanges in Japanese cedar plantations is required. In this study, obser-
vations of eddy covariance flux and leaf ecophysiology in a Japanese cedar plantation in southern Japan indicate
that significantly greater productivity and seasonal variations tend to occur in canopy CO2 and H3O fluxes, with
seasonal patterns of photosynthetic traits (maximum carboxylation rate normalized at 25 °C, Vcmayx,25) and leaf
area index (LAI). We also examined how biotic (e.g., Vemax,25 and LAI) and abiotic (e.g., meteorological variables)
factors govern canopy fluxes using a multi-layer soil-vegetation—-atmosphere transfer (SVAT) model. The model
validation suggests that seasonal variations in Vmay 25 and LAI must be included to reproduce the fluxes observed
in the plantation. Quantitative experiments using the validated SVAT model indicate that considering cold
acclimation during the winter improved the reproducibility of the model with regard to the measured fluxes,
constant high intra-annual LAI had the least impact on forest productivity, and a consistently high Vemax 25 value
increased forest productivity but considerably decreased the nitrogen use efficiency and required a larger ni-
trogen supply from the ecosystem during the winter. These findings highlight the necessity of decreasing
photosynthetic ability during the winter, which safeguards the ecosystem’s nitrogen resources to sustain the
productivity of the Japanese cedar plantation throughout the year.

1. Introduction of net carbon was taken up by Japanese forests, of which the presumed

contribution of Japanese cedar is approximately one-fourth of the total

Forests cover ~70% of the total land area in Japan, and are mostly
located in mountainous regions. Forest plantations and forests that
contain a single conifer species (Japanese cedar, Cryptomeria japonica D.
Don) cover approximately 27% and 12% of the total land area, respec-
tively (Japan Forestry Agency, 2021). Thus, Japanese forest plantations
that are mainly composed of evergreen conifers such as Japanese cedar
play a substantial role in supplying water resources to lowlands (e.g.,
Momiyama et al., 2021) and sequestering large amounts of carbon from
the atmosphere. Egusa et al. (2020) estimated that at least 40 Tg year!
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uptake. Recently, requests for forest plantation management to control
water discharge from the mountains and maximize carbon sequestration
have increased (Japan Forestry Agency, 2021). In addition, to mitigate
the negative impacts of climate change and land use on the anticipated
forest functions, an improved understanding of the carbon and water
cycle processes in Japanese cedar plantations is required, which can
provide strategies for forest plantation management.

Few studies have assessed canopy-level CO2 and Hy0 exchanges in
Japanese cedar plantations by the eddy covariance method, which is a
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prerequisite for assessing forest carbon and water cycle processes (Sai-
toh et al., 2010; Shimizu et al., 2015). Previous studies have focused on
the importance of Japanese cedar as a woody material and as a silvi-
cultural species (e.g., Ohsumi, 2018). Further, few studies have exam-
ined the leaf-scale ecophysiology of Japanese cedar, which is critical for
understanding the mechanisms of canopy CO5 and H20 exchanges (e.g.,
Han et al., 2003; Miyazawa et al., 2017). The ability to understand
existing carbon and water cycling and predict future cycling under a
changing environment in Japanese cedar plantations has been limited,
owing to the lack of integrated leaf- and canopy-scale data for model
input and evaluation.

Numerous simple big-leaf canopy frameworks have been used to
describe CO5 and H30O fluxes from the canopy by coupling ecophysio-
logical principles with above-canopy aerodynamic transport mechanics,
which have also been adopted in land surface models (e.g., Lawrence
et al., 2019; Sellers et al., 1996). However, Bonan et al. (2021) noted the
limitations of a big-leaf scheme, which are caused by ignoring vertical
microclimate profiles and leaf physiology in the canopy, and suggested
the necessity of using a multi-layer formulation for the canopies to
achieve a thorough understanding of the fluxes (e.g., Baldocchi and
Meyers, 1998; Katul and Albertson, 1999; Lai et al., 2000). In this study,
a multi-layer soil-vegetation-atmosphere transfer (SVAT) model was
parameterized using independently collected leaf-level ecophysiological
measurements and was not calibrated or parameterized using
canopy-level flux measurements (e.g., Kumagai and Kume, 2012;
Kumagai et al., 2006, 2013; Xue et al., 2011). The SVAT model used
herein is useful for investigating the effects of meteorological factors
and/or ecophysiological functions on CO5 and HoO exchanges between
the forest canopy and the atmosphere.

Although seasonal variations in photosynthetic traits have been
considered in SVAT models to accurately estimate CO, and H2O fluxes
(e.g., Wilson et al., 2001), little attention has been paid to flux simula-
tions in evergreen conifer biomes (e.g., Wang et al., 2019). Moreover,
evergreen conifers are known to exhibit seasonal photosynthetic traits,
despite their constant greenness (e.g., Bourdeau, 1959). Recent studies
have demonstrated the mechanism by which evergreen conifer trees
regulate seasonal photosynthetic activity (e.g., Bowling et al., 2018;
Yang et al., 2020). Bowling et al. (2018) and Seyednasrollah et al.
(2021) examined the relationships between gross primary productivity
(GPP) and canopy color associated with leaf pigment to predict seasonal
variations in GPP for evergreen conifer forests. Luo et al. (2019) re-
ported that the simulated GPP of evergreen conifers was less accurate
after applying the seasonal leaf chlorophyll content constraint, consid-
ering the seasonal variations in photosynthetic traits. Wang et al. (2019)
found that the big-leaf scheme in a land surface model could better
reproduce eddy covariance-measured daily GPP and evapotranspiration
values for evergreen conifer forests when considering seasonal varia-
tions in photosynthetic traits and leaf area index (LAI). However, sea-
sonal variations in photosynthetic traits have rarely been used to
constrain land surface models for evergreen conifers; thus, the obser-
vation of seasonal variations in photosynthetic traits, LAI of evergreen
conifers, and their application to multi-layer SVAT models should be
investigated both locally and globally.

The primary objective of this study was to investigate how seasonally
varying leaf ecophysiology and meteorological factors affect the canopy
CO4 and H30 fluxes in a Japanese cedar plantation. The colors of the
cedar canopy differ between the winter and the growing season,
resulting in a higher photosynthetic ability during the growing season
(e.g., Han and Mukai, 1999). In this study, we addressed three main
questions: (1) To what degree do photosynthetic traits and LAI vary
seasonally? (2) How large of an impact does seasonality in photosyn-
thetic traits and LAI have on canopy flux processes? (3) The ecological
implications of deciduous behavior are generally related to meteoro-
logical seasonality; hence, what ecological implications underlie sea-
sonal variations in photosynthetic traits and LAI in evergreen conifers?
To address these questions, we collected detailed field measurements of
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leaf-scale gas exchange, LAIL, and eddy covariance fluxes. Using these
data, we analyzed the factors controlling canopy fluxes with a
multi-layer SVAT model. Prior to assessing the impacts of the seasonality
of photosynthetic traits and LAI on the canopy fluxes, the SVAT model
was validated using field measurements collected during one year in a
Japanese cedar plantation in Kyushu, Japan.

2. Study site and observations

The study site and instruments relevant to the meteorological and
flux measurements are described in Kumagai et al. (2014) and Shimizu
et al. (2015). A review, the leaf-level ecophysiology measurements, and
leaf area density profile measurements are provided here for clarity.

2.1. Site description

Experiments were carried out in a 2.63 ha sub-catchment in the
Kahoku Experimental Watershed (KHEW) on the island of Kyushu,
Japan (33°08' N, 130°43’ E, 150-220 m a.s.l.). This sub-catchment is
underlain by crystalline schist and the slopes on both sides of the valley
are steep (20-40°). The mean annual precipitation in the study area
during 2000-2008 was 2183 mm, with a rainy season that occurs from
mid-June to early July. The mean annual temperature during
2000-2008 was 15.3 °C, with a minimum mean monthly temperature of
~4 °C during January-February and a maximum mean monthly tem-
perature of ~26 °C during August.

Forests in this sub-catchment mainly consist of 52-year-old (as of
2007) Japanese cedar stands. Japanese cypress (Chamaecyparis obtuse
Endl.) stands are also present in the study area, ranging in age from 30 to
52 years (as of 2007). Japanese cedar trees are dominant on the right
stream bank, whereas Japanese cypress and broadleaved tree species
cover the left stream bank and compete with the planted conifers (see
Fig. 1 in Shimizu et al., 2015). The understory vegetation comprises
various evergreen tree species, including Quercus glauca Thunb., Casta-
nopsis sieboldii Hatsusima ex Yamazaki et Mashiba, and Eurya japonica
Thunb.

2.2. Meteorological and flux measurements

We measured meteorological factors and eddy covariance fluxes
using a 52 m over-canopy tower at the center of the sub-catchment. An
albedo meter (CM14B, Kipp & Zonen, Delft, Netherlands) and two
pyrgeometers (CG3, Kipp & Zonen) were installed at a height of 47.2 m
to measure the upward shortwave radiation, incident solar radiation
(Rs), and upward and downward infrared radiation, respectively. The
net radiation (R,) was calculated as the total of these four radiation
values. Air temperature (T,) and relative humidity were measured using
two ventilated psychrometers (MH-020L, EKO Instruments, Tokyo,
Japan) installed at heights of 42.0 m and 20.0 m, respectively. Precip-
itation (P) was measured using a tipping bucket rain gauge (RT-5, Ikeda
Keiki, Tokyo, Japan) placed on a waist-high bench in an open field
approximately 100 m from the watershed. Discharge (Q) from the sub-
catchment was also recorded using a weir and float-level meter (ADR-
115D, Ikeda Keiki). The wetness index (WI; Shimizu et al., 2015) in the
watershed was defined as WI = rnin{(QR/Qmaxgo)O'Z, 1}, where Qg is the
representative Q measured in another sub-catchment in the watershed
and Qmaxoo is the maximum Qg during the past 90 days. Note that WI was
only used for quality control (QC) for the eddy covariance fluxes (see
Supplementary material).

Soil heat flux (G) and temperature (Tscy) at a depth of 5 cm were
measured near the tower using a heat flux plate (HFT3.1, REBS, Seattle,
WA, USA) and a thermistor (TR-71U, T&D Corp., Nagano, Japan) that
was waterproofed with a polyethylene tube and silicone. The volumetric
soil moisture contents (0) at 10, 20, and 40 cm beneath the forest floor
were measured using dielectric aquameter sensors (EC-10, Decagon
Devices, Inc., Pullman, WA, USA). A weighted average of 0 in the 0-50
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Fig. 1. Seasonal variations in (a) the total leaf area index (LAI),
x including the understory vegetation, at three observation points
(the same symbols denote the same observation points) and (b)
the projected shoot area-based maximum carboxylation rate
normalized at 25 °C (Vcmax,2s) with +1 standard errors (i.e.,
vertical bars) at the top of the cedar canopy. Solid and hori-
zontal dashed lines represent the approximate curves and the
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estimated maximum values, respectively. The hatched and
shaded zones represent the non-simulated and winter periods,
respectively.
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cm soil layer (6g_s0) was calculated as 0y_so = (15610 + 156020 + 20040)/
50, where 61, 020, and 04 are the 6 values at depths of 10, 20, and 40
cm, respectively.

Three-dimensional wind speed (1) and gas (CO, and H,0) concen-
tration time series data were collected at a height of 51.0 m with a 10 Hz
sampling frequency using a three-dimensional sonic anemo-
thermometer (SAT: DA-600-3T/TR-61C, Kaijo, Tokyo, Japan) co-
located with a gas-inlet that led to a closed-path infrared gas analyzer
(IRGA: LI-7000, Li-Cor, Lincoln, NE, USA). All variances and covariances
required for the eddy-covariance flux estimates were computed using a
30-min average interval. Air samples were obtained using gas inlets at
6.0, 11.5, 17.3, 24.0, 31.2, 36.5, 40.3, and 46.1 m above ground level,
and CO; concentrations were measured using an IRGA (LI-6262, Li-Cor).
The net ecosystem CO; exchange (NEE) was obtained as the sum of the
above-canopy CO; flux (F.), which was obtained using the eddy
covariance system above the canopy, and the within-canopy storage flux
(Sc), which was determined by quantifying the rate of change of the CO2
concentration in the air column within the canopy (i.e., NEE = F, + S).
The QC for the processed flux data was described in the Supplementary
material.

In this study, flux data within 48 h after a rainfall event were dis-
carded, thereby allowing us to understand the canopy transpiration rate
(E) from the dry canopy. To validate the proposed SVAT model, the flux
data when Ry > 350 Wm ™2 and u < 0.1 m s}, or when Rg > 500 W m 2
and u < 1.0 m s~} were discarded, as the model output unreasonably
high leaf and soil surface temperatures under low u and high incident
radiation conditions.

The CO; efflux from the soil surface was measured during other
observational campaigns at the study site (Ishizuka et al., 2006; Tamai,
2010). The soil CO; efflux data were averaged over the measurement
points, which was regarded as the half-hourly value of soil respiration
(Rsoil, pmol m~2s~1). In the SVAT model used herein, Ryoj was expressed
as a power function given by the following equation:

Tsml 273.15
Ryt = Ryit0Qp 1)
where Rgil,0 and Qq are the fitted parameters representing Ry at 0 °C
and the rate of increase when soil surface temperature (T increased
by 10 °C, respectively. Parameters R0 and Qo were estimated to be
0.135 pmol m 2 s~ ! and 3.63, respectively (Table 1), using least-squares
regression analysis (R2 = 0.91) (Ishizuka et al., 2006). To avoid over-
estimating Ryoj) when Ty, was high, we set the upper limit of Ry as 4.03
pmol m~2 s7!, according to observations made by Tamai (2010).

Jul I Aug

Table 1
Major parameters used for the SVAT model validation. Values in parentheses
represent parameters used for understory vegetation.

Parameter’ Value Units

Total LAI” 4.1-5.2 (1.3-1.6) m? m~2
Canopy height ~ 32.0 (10.4) m

Q(0) 0.6 (0.9) unitless
Vemax,25 50.8—98.4 at the Cr. japonica canopy top © (33.0) pmolm 257!
Tmax,25 1.63Vemax,25 (1.70Vemax 25) pmol m~2 s~
Raas 0.056 Vemay,25 (0.033Vemay,25) pmol m~2 57!
ka! 0.47, 0.92, 0.85 (0.29) unitless

P 4.65 (3.40) kPal®

Resoil0 0.135 pmol m~2s7!
Qo 3.63 unitless

2 Q(0) is the clumping factor when looking up out of the canopy toward the
zenith; Vemax 25 indicates the maximum carboxylation rate normalized at 25 °C;
Jmax,25 represents the potential rate of whole-chain electron transport at 25 °C;
Ry,25 denotes the dark respiration rate at 25 °C; kj is the nitrogen distribution
attenuation coefficient; g; is the slope parameter for stomatal conductance
model; Ryoi1,0 represents the soil surface CO, efflux at 0 °C; Qo is the increase
rate of soil surface CO, efflux when soil surface temperature increases by 10 °C.

b See Fig. 1a.

¢ See Fig. 1b.

4 Values for winter, growth period, and the entire study period.

2.3. Leaf area and leaf-level ecophysiology measurements

Total LAI including understory vegetation, was measured every
month during the study period at three LAI observation points in the
sub-catchment using a plant canopy analyzer (LAI-2000, Li-Cor)
(Fig. 1a). We obtained a significantly higher LAI at one observation
point (p < 0.001, paired t-test). Fitting an approximate second-order
Fourier curve to the LAIL data yielded
LAI(t) = Z?:o{aicos(irt) +b;sin(irt) }, where tis time (day; t =1is July 1,
2007), ap = 4.547, a = —0.2577, ay = 0.4825, b; = 0.06826, by =
0.3233, and r = 0.00776. The LAI ranged from 4.1 to 5.2 m? m~2 and
exhibited minor seasonal variations (Table 1). We defined April-No-
vember and December-March as the growth and winter periods,
respectively, which corresponded to a significantly higher LAI in
April-November (p < 0.01, t-test) (Fig. 1a).

Vertical LAI profiles within the canopy were measured at eight
heights using 1-5 m intervals along three vertical observation lines,
using a plant canopy analyzer, LAI-2000, on the tower. We then ob-
tained the vertical leaf area density (ajeaf) profile, which was calculated
as the difference in LAI between the two nearest neighboring heights
divided by the interval (Fig. 2). Here, we obtained a local minimum
point at 10.4 m, which was estimated as the understory vegetation
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Fig. 2. Vertical distribution of leaf area density within the canopy. Heights of
Japanese cedar (Cr. japonica) trees and understory vegetation (indicated by a
horizontal dashed line) were estimated as 32.0 m and 10.4 m, respectively.

height (Table 1). We assumed that the canopy height (h) and LAI ratio
of Japanese cedar to the understory vegetation were 32.0 m and 2.1,
respectively.

Leaf-level ecophysiological traits were measured nine times from
July 2007 to August 2008. Using a portable photosynthesis measure-
ment system (LI-6400, Li-Cor), the relationship between the net photo-
synthetic rate (A,) and intercellular CO, concentrations (C;) (Ay—C;
curve) was obtained for the excised shoots of four Japanese cedar trees
adjacent to the observation tower. Overall, 5-16 shoots (including
young needle leaves and twigs) were selected for each photosynthesis
measurement from the upper crowns that were exposed to the sun and
within the horizontal reach of a pole pruner from the tower. Notably, we
previously confirmed the negligible impact of excision on leaf gas ex-
change or its simulation (Miyazawa et al., 2017), following the pro-
cedure described by Miyazawa et al. (2011). We then determined the
photosynthetic parameters described by Farquhar et al. (1980): the
maximum ribulose bisphosphate (RuBP) carboxylation (V¢may) rate at 25
°C (Vemax,25), which was obtained for the sampled shoots by measuring
light-saturated A, under six CO5 concentrations and by regressing Ay
with C; using the equation in Farquhar et al. (1980) on Ay limited by
RuBP carboxylase-oxygenase (Rubisco) activity. In this study, the Vepay,
25 of Japanese cedar was estimated as the value per shoot-projected area.
We assumed that Jmax25 = 1.63Vemax,2s5, and Rg2s = 0.056Vemax 25
(where Jnax,25 and Rq 25 are the potential rate of whole-chain electron
transport (Jmax) and the dark respiration rate (Rq) at 25 °C, respectively),
based on measurements by Wullschleger (1993) and this study. A
second-order Fourier approximate curve was fitted to the estimated
Vemax,25 data, yielding Vemax2s(t) = Zizzo{aicos(irt) +b;sin(irt) }, where t
is time (days; t =1 is July 1, 2007), ap = 74.33, a; = 5.896, a; = —13.98,
by =9.785, by = —6.022, and r = 0.01637 (Fig. 1b). The mean Vmax 25
for each measurement ranged from 50.8 (February) to 98.4 pmol m 2
st (September) (Table 1). The maximum Vemayx 25 during the winter was
significantly smaller than during the growth period (p < 0.01, t-test)
(Fig. 1b).

The photosynthetic traits of the understory vegetation were
measured in three individuals per species, (i.e., Q. glauca, Ca. sieboldii,
and E. japonica) and 8-10 current-year leaves per individual around the
observation tower were sampled every two or three months during the
study period. Gaseous exchange in leaves within the cuvette was
measured in-situ using a portable photosynthesis measurement system
(LI-6400) under light saturation and at 11 cuvette CO5 concentrations to
obtain the Vemax, 25 values. Although photosynthetic traits are known to
change with leaf age (Escudero and Mediavilla, 2003), the area ratio of
older leaves was much smaller than that of the current-year leaves in
each individual; therefore, we assumed that the photosynthetic traits of
all leaves were the same as those of the current-year leaves. In addition,
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we found that the estimated Vmax 25 values were somewhat constant
within 20-50 pmol m~2 s~! regardless of the seasonality or species.
Thus, we set the value for the understory vegetation Vimax 25 as 33.0
pmol m~2 s™! throughout the study period (Table 1).

3. Methodology
3.1. SVAT model description
The SVAT model (Kumagai et al., 2006, 2013) used in this study

consists of three major sub-models (Fig. 3). Computational domains for
the canopy and atmosphere above it were divided into 50 layers each.

Meteorological factors above canopy
Canopy ecophysiological traits

v

| First-order turbulent closure |

Momentum transport

Energy and radiation

| Shortwave radiation transfer | coiErEi o sl

—PI Longwave radiation transfer |

| Soil surface energy balance |

v

| Soil surface scalar source strengths

Ecophysiological
model

| Boundary layer conductance module |

| Stomatal conductance module |<—

| Biochemical model of photosynthesis |

| Leaf surface energy balance |

| Leaf surface scalar source strengths |

Scalar transport

Turbulent diffusion
model

%anopy CO, and H,0 ﬂuxes/

Fig. 3. Conceptual diagram of the SVAT model used in this study. The model
contains three major sub-models: (1) a model for energy and radiation con-
servation; (2) an ecophysiological model for stomatal opening and carbon
assimilation; and (3) a model for turbulent diffusion.
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All of the equations in this model were solved for each layer. In the
model, we updated the sub-models for stomatal conductance and day-
time respiration rate. We also accounted for the clumped conifer foliage.
A brief description of the modeling scenario used herein and explana-
tions of the new components are provided in the following sub-sections
(cf. Kumagai et al., 2006, 2013).

3.1.1. Radiative transfer and energy balance at leaf and soil levels

When considering the leaf-scale energy balance and photosynthesis
within a forest canopy, radiative transfer through the canopy must be
determined. Direct beam and diffuse irradiance must be considered
separately, owing to their differing attenuations in the canopy. The
probability of no contact for beam irradiance (P,) within a canopy layer
must be formulated to describe the direct irradiance transfer within the
canopy. This formulation includes ajear, which is the beam extinction
function of the solar elevation and leaf angle distribution within a given
layer (Goudriaan, 1977).

Conifers are generally regarded as having clumped foliage, as their
needle leaves are organized onto the shoots. In this study, we incorpo-
rated a clumping factor (Q) in the P, equation by replacing aje s with
Qajeqf, Wwhere Q is a function of the solar zenith angle () (Campbell and
Norman, 1998):

B Q(0)
W) = o0y + (1 - 0(0))expl — 229)

@

where Q(0) is the clumping factor when looking up out of the canopy
toward the zenith, o is given by 3.80 — 0.46D¢rown, Dcrown iS the ratio of
crown depth to crown diameter and is considered to be 1 or 3.34 when w
is less than 1 or greater than 3.34, respectively. The probability of no
contact for diffuse irradiance (Pq) within the canopy layer was calcu-
lated by integrating Py, over the solid angles of the sky hemisphere.
Downward and upward longwave radiation (Ry) transfer within the
canopy followed the theories of diffuse irradiance transfer. It is note-
worthy that R;, was emitted from any plant body within the canopy.

Both direct and diffuse solar radiation can be further divided into
photosynthetic active radiation (PAR) and near-infrared radiation
(NIR), based on their absorptions by leaves. Approximately half of the R
over the canopy is PAR, while the other half is NIR, thereby enabling
estimates of Rg penetration inside the canopy. The absorbed PAR or NIR
within the canopy layer between z (height above the ground) and z + Az,
AS, is defined by the following equations:

ASy = (1 =Py)(1 —n—&)Sp(z+Az) 3)
AS; = (1= Py)(1 = —&)Si(z+Az) 4
ASy = (1= Pa)(1 =1 —&)S}(z) (5)

where 7 and ¢ are the leaf transmissivity and reflectivity, respectively,
for PAR or NIR and S is the PAR or NIR at a given height. Subscripts “b”
and “d” denote direct beam and diffuse irradiation, respectively, and the
superscript arrows denote the irradiation direction. Note that Eqs. (3)—
(5) are not simple 2-stream radiative transfer models, as Py, and Py are
complex functions of ajesf, leaf angle distribution, and Q within a given
canopy layer and for a given solar geometric direction Kumagai et al.,
2006). The total absorbed solar radiation within the canopy layer was
then calculated as the sum of the absorbed PAR and NIR, which were
calculated using Eqgs. (3)-((5). Sunlit leaves receive the beam, as well as
upward and downward diffuse radiation, whereas shaded leaves only
receive upward and downward diffuse radiation. Therefore, irradiance
absorption and energy balance must be computed separately for sunlit
and shaded leaves (Kumagai et al., 2006).

The energy balance at the soil surface used to compute Ty, is
expressed using the following equation:

Raab_soil + Ri_down (0) - ESO'T?

0]

i~ Hyy + LE) + G (6)
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where Rgp soil iS the total R absorbed by the soil surface, Ry, gown(0) is
the downward Ry, at z = 0, & is the soil emissivity, ¢ is the Stefan-
Boltzmann constant (5.67x1078 W m™2 K*), and Hsy and LEg; are
the sensible and latent heat fluxes at the soil surface, respectively. Hyoj
and LE; are functions of T, as described by the products of transport
conductance and concentration difference. In addition, the soil surface
moisture availability was used to compute LEg; (Kumagai et al., 2006).
G is a sinusoidal function of time (Kumagai et al., 2013).

3.1.2. Leaf-level ecophysiological functions

The leaf-level scalar source strengths, i.e., leaf sensible heat flux (H),
transpiration rate (E)), and net photosynthesis rate (Aj), can be obtained
from physiological controls using the following equations:

H, = zmacpgah(Tl - Td) (7)
aw o sw sal T) —
£ = m, S call) ¢ ®
Baw + &sw Da
Al = gac(ca - Cs) (9)
Al = gsc(Cs - Cl) (10)

where m, and m,, are the molecular weights of air and water, respec-
tively; ¢ is the specific heat of air at a constant pressure; esa(T)) and e are
the saturated vapor pressure at the leaf temperature (T;) and atmo-
spheric vapor pressure, respectively; p, is the atmospheric pressure; and
Cs, Ca, and C; are the CO5 concentrations of the air inside and outside the
laminar boundary layer of the leaves and within the stomatal cavity,
respectively. gan, gaw, and gac are the boundary layer conductances of
heat, water vapor, and CO,, respectively, calculated according to the
methods described by Campbell and Norman (1998). g, and g are the
stomatal conductances for water vapor and COq, respectively. g is
linked to A}, C,, and the vapor pressure deficit at the leaf surface (D)), as
proposed by Medlyn et al. (2011) in the following equation:

A
gsw:go+1<6(1+j—l‘7> 5‘ an
1 a

where gp and g; are the parameters representing positive nighttime
conductance and a value proportional to \/T*A (where I'* is the CO,
compensation point and 4 is the marginal water cost of carbon gain),
respectively. gy and g; were assumed to be 0.01 mol m~2 s™! and 4.60
kPa®> (Table 1) (Lin et al., 2015; Miner et al., 2017). g was obtained
from gsc = gsw/1.6, where 1.6 is the ratio of the diffusivities of water and
CO3 in air (von Caemmerer and Farquhar, 1981).

A; was computed using the biochemical model of Farquhar et al.
(1980) and Collatz et al. (1991) as a minimum value of the gross rate of
photosynthesis limited by Rubisco activity (Ay), the rate of RuBP
regeneration through electron transport (4;), and the export rate of
synthesized sucrose (As), as illustrated by the following equation:

A =min(A, , 4, A,) — R, 12)

where R is the respiration rate during the day and nighttime in the
absence of photosynthesis. Ry is suppressed in light compared to a dark
scenario due to the Kok effect (Heskel et al., 2013; Yin et al., 2020).
Thus, the Rj in the SVAT model is given by the following equation
(Wohlfahrt et al., 2005):

_ (1 — akox)Op
R _Rd{l —m} 13)

where agok and bgok are parameters (set as 0.5 and 2.0 pmol m 2 s’l,

respectively), and Qp (pmol m~2 s™1) is the absorbed PAR per leaf area.
The formulation and parameterizations of Ay, Aj, As, and Rq as functions
of Qp, C;, and T; were used (Collatz et al., 1991; de Pury and Farquhar,
1997; Farquhar and Wong, 1984; Farquhar et al., 1980; Kumarathunge
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et al., 2019). The photosynthetic model constants were determined ac-
cording to the findings of previous studies (e.g., Badger and Collatz,
1977; Bernacchi et al., 2001, 2003; de Pury and Farquhar, 1997; Far-
quhar et al., 1980; von Caemmerer et al., 1994). The V¢max and Jpax
values used in these calculations are expressed as non-linear functions of
temperature using Vemax,2s and Jmax 25, respectively, the formulations of
which were described by de Pury and Farquhar (1997). Ry is expressed
as a nonlinear function of temperature using Rq 2s. Both Jpax 25 and Rq 25
are practically related to Vimax 25, and Vemax 25 is the key parameter in
the leaf photosynthesis model.

3.1.3. Momentum and scalar transport

The momentum, scalar continuity, and turbulent flux equations were
obtained by assuming a steady-state planar-homogeneous state. The
turbulent Schmidt number for a scalar is unity, and a first-order turbu-
lent closure scheme was applied using time and horizontal averaging, as
shown in the following equation:

0 dp
0= <K[a—z> +S, (14)

where K; is the eddy turbulent diffusivity, ¢ is a variable such as wind
speed (U), air temperature (T), specific humidity (g), and air CO5 con-
centration (C). S, is a source (or sink) term for ¢ because of the drag
force and mass release (or uptake) by the ensemble of leaves within the
averaging plane, which is given by the following equations:

Sy = — Cattest U? (15)
1
Sy = =— (Hi_atear_st + Hi_neat_sn) (16
PCp
1
Sy = 3 (E_aticat_st + Ei_sntca_sh) a7
Sc = — (ALytieat_st + Al_shlieat_sn) 1s)

where cq is the drag coefficient (0.06) and p is the air density. To
calculate K;, we used the mixing length theory of Kondo and Watanabe
(1992). The subscripts “sl” and “sh” refer to sunlit and shaded leaves,
respectively. In general, first-order closure principles are applicable
when the production term is balanced by the dissipation term in a scalar
flux budget with minimal contributions from gradients in the turbulent
flux transport terms, which is generally satisfied in the forest canopy
studied here (Manzoni et al., 2011).

3.2. Model computation

The SVAT model used in this study was parameterized using inde-
pendently collected values from ecophysiological measurements or
references, and was not calibrated or parameterized using canopy-level
flux measurements. After model validation using the canopy flux mea-
surements, the model could examine how seasonal patterns of Vemax 25
and LAI (Fig. 1) are generated, thereby determining the way in which
ecophysiological traits control NEE and E in the Japanese cedar plan-
tation in this study. Thus, we conducted four types of model simulation,
as listed in Table 2.

Variability in Vemax 25 due to vertical gradients in the light environ-
ment is described by changes in leaf nitrogen per unit area (Niinements
and Tenhunen, 1997). Thus, in accordance with Leuning et al. (1995),
we assumed that Vemax2s at canopy position z can be expressed as
decreasing exponentially with cumulative LAI (£(2)) from h, to z, as in
the following equation:

chux,zs (Z) = chax,ZS (hc)exp( - knf(z)) (19)

where k, is the attenuation coefficient, which is the only calibration
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Table 2
Description of the SVAT model simulations in which the photosynthetic
parameter (Vemax2s) and leaf area index (LAI) changed based on measured
values.

Cases Vemax,25 LAI
Control Measured * Measured
Case 1 Measured MAX ©
Case 2 MAX Measured
Case 3 MAX MAX

@ “Measured” indicates that the model used the value obtained during the
same period as the calculation period.
b “MAX” denotes the annual maximum during the calculation period (Fig. 1).

parameter used in the SVAT model. It should be noted that Vemax 25(hc)
denotes the measured Vcmax2s at he and the temporal variations in
Vemax,25(2) are assumed to be expressed by variations in Vemax, 25(hc). In
addition, temporal variations in ajear at z were expressed using the
following equation:

alcﬂf(z) = #alcaf,o(z) (20)
foc Ajeaf _o (Z)dZ

where ajeqf o is the measured ajeqr during intense observations (Fig. 2).

In order to reproduce the observed NEE and E values using the SVAT
model developed herein, we used the measured temporal variations in
Vemax,25(he) and LAI with the calibrated k, (“Control” in Table 2). Con-
trol optimized k, to maximize the sum of the Nash-Sutcliffe efficiency
(NSE: Nash and Sutcliffe, 1970) for NEE and E, and was applied sepa-
rately during the growth period (April-November) and the winter
(December-March), as well as for the entire calculation period. Table 1
summarizes the major parameters used for model validation. In addi-
tion, three numerical experiments (Cases 1, 2, and 3) were conducted
using different inputs for Vemax 25 and LAI, as summarized in Table 2. In
Cases 1 and 2, the fluxes were calculated using the measured temporal
variations in Vemax 25 and a constant LAI (annual maximum during the
calculation period), and using a constant maximum Vemax2s and the
measured variations in LAI, respectively. Case 3 assumed that both
Vemax,2s5 and LAI were constant (their annual maximum values). The
seasonal variations in the parameters and constants of the annual
maximum values are shown in Fig. 1.

4. Results
4.1. Environmental data and model validation

The daily environmental data for the study period are shown in
Fig. 4. As a typical seasonal pattern of P in the snow-free region of Japan,
the monthly P amounts were larger during the summer than during the
winter, resulting in a substantial seasonal contrast in soil moisture. The
maximum T, reached 35 °C between early August and mid-September
2007 and in July 2008. The minimum T, was -5 °C in mid-February
2008. T, and atmospheric vapor pressure deficit (D) exhibited sea-
sonal variations. D and the daily total R; were low from mid-June to mid-
July in 2008, owing to the regular rainy season in Japan.

We compared the measured NEE and E values with the simulated
values using the climatic forcing data in Fig. 4 and the measured tem-
poral variations in Vemax 25 and LAI (see “Control” in Table 2) (Fig. 5).
Assuming that we could only obtain data for ecophysiological traits
during the growing season, we also simulated the fluxes using constant
Vemax,2s and LAI values, which were the average values during the
growing season, and the calibrated k, only during the growing season.
Regardless of the assumptions used in the simulation, the SVAT model
successfully reproduced canonical forms of both the NEE and E time
series throughout the year, thereby highlighting the model’s ability to
synthesize canopy CO» and water vapor transport through stomatal
behavior.
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Fig. 4. Annual climate data from August 1, 2007 to
July 31, 2008. (a) Daily precipitation (P). (b)
Volumetric soil moisture content of the 0-50 cm
soil layer, normalized using the difference between
the maximum and minimum values during the
study period (g s0). (c) Daily mean air tempera-
ture (T,), with the minimum and maximum T,
range for each day. (d) Mean daytime atmospheric
humidity deficit (D). (e) Daily total solar radiation
(Rs). The shaded zones represent the winter
periods.
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Fig. 5. Monthly mean diurnal cycles of (a) net ecosystem exchange (NEE) and (b) the canopy transpiration rate (E). Solid gray lines with gray zones represent
measured mean values with +1 standard deviation. Simulations were performed using measured temporal variations in Vcmax2s and LAI considering seasonal
changes in k; (0.92 for the growth period; 0.47 for the winter) (open circles), maintaining a constant k, (0.85) (crosses), and using constant Vemay 25 (82.1 pmol m™2
s™1) and LAI (4.7 m? m~?) values with a constant kn (0.92) throughout the calculation period (closed circles).

Table 3 presents the statistical parameters of the comparisons be- growing and winter periods improved the reproducibility of the model
tween the modeled and measured NEE and E values for the three notably. Simulation using the growing season values of Vemax2s, LAI,
simulation assumptions in the Control. Considering k;, separately for the and ky, had the best reproducibility. It is noteworthy that some partial
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Table 3
Regression statistics” for comparisons between the measured and modeled net
ecosystem CO, exchange (NEE) and canopy transpiration rate (E) in the Control.

Period”  Vemaxz2s, LA Ky’ Slope  Intercept  R2 RMSE  NSE
NEE (pmol m2sh)

Growth Measured 0.92 0.79 -0.62 0.75 4.43 0.74
Growth Measured 0.85 0.83 -0.71 0.75 4.45 0.74
Growth Constant 0.92 0.97 0.45 0.76 4.33 0.76
Winter Measured 0.47 0.74 -1.38 0.72 3.49 0.70
Winter Measured 0.85 0.54 -0.97 0.71 3.68 0.67
Winter Constant 0.92 1.11 0.76 0.70 3.56 0.69
E (mmol m 2 s’l)

Growth Measured 0.92 0.78 0.64 0.81 1.26 0.79
Growth Measured 0.85 0.80 0.64 0.81 1.26 0.79
Growth Constant 0.92 1.05 -0.40 0.82 1.24 0.80
Winter Measured 0.47 0.58 0.53 0.69 1.08 0.64
Winter Measured 0.85 0.47 0.45 0.68 1.13 0.60
Winter Constant 0.92 1.30 -0.51 0.69 1.10 0.63

? The regression model is y = slope x + intercept, where y and x are the
measured and modeled fluxes, respectively. The coefficient of determination
(R2), root-mean-squared error (RMSE), and Nash-Sutcliffe efficiency (NSE) are
shown in the table.

b «Growth” and “Winter” refer to April-November and December—March,
respectively (Fig. 1).

¢ “Measured” and “Constant” denote the simulations using the measured
temporal variations in the values and using the constants as the mean values
during the growth period, respectively (Fig. 1).

4 See Eq. (19) in the text.

cancellations emerged; higher NEE and E values during the winter with
constant higher Vemax 25, and LAI values were likely to be reduced due to
higher k;, optimized as the growth period value, resulting in an appar-
ently good simulation but with impractical processes. Thus, the simu-
lation with temporal variations in Vemax, 25, LAI, and k, determined for
the growth period and winter appeared to be more resistant to changes
in the simulation scenarios and was adopted as the Control (Table 2).

The Control model estimated annual NEE and E values of 7.516 Mg
ha~! of C and 884.2 mm, respectively, which exhibited overestimations
of the eddy flux-observed annual NEE and E (i.e., 5.626 Mg ha ! of C and
875.1 mm, respectively). While the simulated fluxes were only obtained
from the dry canopy, observed fluxes included those from the wet can-
opy. Thus, these overestimations occurred because the model tended to
overestimate fluxes under rainfall conditions. It should also be noted
that there is an intrinsic difficulty in measuring the eddy covariance
fluxes under rainfall and those from the wet canopy.

4.2. Numerical experiments

Fig. 6 compares the differences in the monthly and daily mean NEE
values between the Control and each Case (Table 2) for the entire can-
opy, Japanese cedar, and the understory vegetation. Maintenance of the
higher Japanese cedar LAI (Case 1) slightly enhanced the productivity of
the Japanese cedar, but reduced that of the understory vegetation by
increasing shade produced by the upper canopy. This resulted in a small
reduction in total ecosystem productivity. Only an increase in the Jap-
anese cedar Vemayx,25 (Case 2) increased the productivity of the Japanese
cedar, particularly from the winter to early summer. We found that the
experiment with mixed effects of Cases 1 and 2 (i.e., Case 3) yielded
almost the same results as Case 2, suggesting that seasonal variations in
Vemax,25 are a determining factor for the productivity of Japanese cedar
and the entire canopy.

Throughfall and stemflow observations at the study site allowed us to
estimate canopy interception (I.) related to concurrent precipitation
(Kumagai et al., 2014; Shimizu et al., 2015). Following this, we exam-
ined how ecosystem water resources, including soil moisture and
effective precipitation (i.e., P — I.), sustain forest water use, E, for each
Case (Fig. 7). The smallest differences were observed for E between
Cases, including the Control. In September, November, and July, the
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Fig. 6. Monthly mean differences in daily net ecosystem exchange (ACO, flux)
between the Control and each Case (Table 2) for (a) the entire canopy, (b)
Japanese cedar, and (c) the understory vegetation. The shaded zones represent
the winter periods.
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Fig. 7. Upper panel: monthly mean soil water content (SWC). The shaded zone
represents the winter period. The lower panel shows monthly mean daily water
depths of effective precipitation (precipitation minus intercepted rainwater: P
— 1) and transpiration rates for each Case (Table 2). The number at the top of
the bar denotes the value of P — I for a particular month.

water supply to the soil (P — I.) was unable to satisfy the water demands
of E; however, soil moisture was stable and ample throughout the year
because the ecosystem’s water resources during those months could be
retained from previous months. This indicates that the ecosystem’s
water resources cannot be a limiting factor for fluxes at this study site,
despite slight increases in E in Cases 2 and 3.

It is worth investigating why the highest Vemayx 25 during the growth
period was not maintained from winter to early summer when higher
productivity occurred, even during the winter Fig. 6b). It is logical to
assume that leaf nitrogen dynamics could be key for answering this
question, as Vemax,25 can be related to the nitrogen content per leaf area
(Nieaf) (Niinements and Tenhunen, 1997). In this study, we estimated the
ground area-based leaf nitrogen usage, fg ¢ Nieaf (2) jeaf (2)dz by using the
linear relationship between Vimax 25 and Niear reported by Tobita et al.
(2015) and Egs. (19) and ((20) (Fig. 8a). We found that maintaining the
highest Vemax, 25 during the winter led to an overuse of leaf nitrogen. In
addition, we estimated the nitrogen use efficiency (NUE) and water use
efficiency (WUE), demonstrating that a constant high Vimax 25 value
substantially exacerbated NUE, but slightly improved WUE (Fig. 8b, c).

5. Discussion

LAI and Vcmax2s are crucial biotic parameters used to simulate
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Fig. 8. Monthly values of ground area-based (a) leaf nitrogen usage, (b) ni-
trogen use efficiency (NUE), and (c) water use efficiency (WUE) for Japanese
cedar in each Case (Table 2). The shaded zones represent the winter periods.

canopy-level CO5 and Hy0 exchanges in land surface models and must
be determined prior to simulation. Nevertheless, very few direct ob-
servations of LAI and Vimax 25 time series are available for evergreen
conifer trees, since their evergreen nature allows us to intuitively assume
that the seasonal variations in LAI and Vcmax,25 are small (Wang et al.,
2019). Luo et al. (2019) found that simulated GPP results for evergreen
conifer forests were worse when considering the seasonality of LAI and
Vemax,25; however, we inferred that this might be due to underestimation
of the satellite-derived LAI. Wang et al. (2019) demonstrated that
considering seasonality was important for LAI, the corrected
satellite-derived LAI value, and Vimax 25, which improved the simulated
GPP of evergreen conifer forests. To the best of our knowledge, direct
observations of seasonal LAI and Vimay 25 trajectories for Japanese cedar
forests have not been performed (cf. Miyazawa et al., 2017).

We obtained minor seasonal variations in LAI (i.e., a higher LAI
during the growth period than in winter) with a somewhat constant LAI
(Fig. 1a). This might be explained by the small leaf turnover rate esti-
mated from the long leaf lifespan of the Japanese cedar (~5 years) and
the timing of shoot generation during the early growth period (accord-
ing to personal observations). In general, satellite-derived LAI data used
to drive land surface models for evergreen conifer forests, such as the
Copernicus Global Land Service GEOV1 LAI product (Baret et al., 2013)
and the University of Toronto’s LAI product Version 2 (Gonsamo and
Chen, 2014) tend to underestimate LAI appreciably during the winter
(~0). Wang et al. (2019) successfully corrected satellite-derived ever-
green conifer forest LAI values using leaf lifespan information. The LAI
observation results obtained herein were consistent with these correc-
tions. In the studied Japanese cedar forest ecosystem, even small sea-
sonal variations in LAI (Fig. la) had ecological implications.
Maintaining a higher LAI throughout the year has small advantages for
Japanese cedar trees and large disadvantages for the understory vege-
tation (Fig. 6).

Note that not much data is available regarding directly observed
evergreen conifer Vemax 25 values (cf. Walker et al., 2014). In particular,
yearlong Vemax 25 data were found only in Han et al. (2008) and Miya-
zawa et al. (2017). We estimated the global trends of evergreen conifer
shoot-projected area-based Vimax 25 from the global leaf ecophysiology
dataset (Walker et al., 2014) using previous studies (e.g., Bauer et al.,
2001; Bown et al., 2007; Carswell et al., 2005; Han et al., 2008; Manter
et al., 2005; Merilo et al., 2006; Porté and Loustau, 1998; Tissue et al.,
2005). This estimate resulted in a value of 88.6 + 57.6 (mean +
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standard deviation) pmol m~2s7 L. The Vemax,25 values observed in this
study (Table 1;50.8—98.4 pmol m~2 s~ 1) were comparable to this global
estimate.

Han et al. (2008) demonstrated evident seasonal variations in Vemay,
95 for Pinus densiflora Sieb. et Zucc., ranging from ~60 pmol m~2 s~?
(growing period) to ~20 pmol m 257! (winter). In addition, Han et al.
(2003) observed a seasonal trend in Vemax 25 for Japanese cedar trees of
63.3 (August) and 34.4 pmol m 25! (February). In contrast, Miyazawa
et al. (2017) observed little seasonality in Vemayx 25 (~50—60 pmol m 2
s~1) throughout the year in another Japanese cedar plantation. Indices
for the photosynthetic traits of evergreen conifer forests have been
documented using satellite (e.g., Luo et al., 2019; Wang et al., 2019) or
near-surface (e.g., Bowling et al., 2018; Seyednasrollah et al., 2021)
remote sensing data. These studies successfully inferred seasonal
changes in leaf chlorophyll content and Vmax2s. Thus, the apparent
seasonal variations in Vemayx 25 observed in this study (Fig. 1b; Table 1)
are consistent with the general findings regarding seasonal variations in
Vemax,25 for evergreen conifers.

To reproduce the observed seasonal variations in NEE and E, k, was
calibrated to be 0.92 and 0.47 in the growth and winter periods,
respectively (Table 1). Since we assumed a linear relationship between
Vemax,25 and Nieqs, the photosynthetic nitrogen distribution attenuation
coefficient (Kp) in the global meta-analysis of Hikosaka et al. (2016)
could be equivalent to k,. Hikosaka et al. (2016) suggested that GPP
simulated with a terrestrial carbon flux model is sensitive to Ky, which
ranged from 0.15 to 0.40 for woody species in their meta-analysis. The
kn values estimated in this study were within the range of reported
values for crop species (i.e., 0.1-1.2), rather than those of tree species
(Hikosaka et al., 2016). Farquhar (1989) demonstrated that the
maximum photosynthesis rate is proportional to the relative light in-
tensity along the canopy depth to maximize canopy photosynthesis.
Therefore, because leaf area density is concentrated in the upper crown
of the trees (Fig. 2), the k, values estimated in this study might be higher
than the expected values.

From the quantitative experiments conducted in this study, we found
that maintaining a high Vcmax 25 throughout the year, even during the
winter, led to higher productivity (Fig. 6); however, Vemax 25 decreased
in the winter (Fig. 1b). It was evident that the ecosystem’s water re-
sources could not be a limiting factor for vegetation activities at this
study site (Fig. 7). Then we considered nitrogen availability, which often
controls net primary productivity (e.g., Goll et al., 2012). In order to
maintain high Vimax2s values during the winter, Japanese cedar
apparently overused the nitrogen resources and exacerbated the NUE
with an almost unchanged WUE (Fig. 8). It would be more difficult to
cover overused nitrogen during the winter, as the mineral nitrogen
supply from soil organic matter decomposition is insufficient under
low-temperature conditions (e.g., Wieder et al., 2013). Hence, a
decrease in Viemayx 25 during the winter appears to be necessary for sus-
taining the forest ecosystem.

Another possibility is that long-term acclimation to low temperatures
might cause the Vmayx 25 values to be lower during the winter. Han et al.
(2003) found that xanthophyll rhodoxanthin, which plays a photo-
protective role during cold acclimation, accumulated in cedar needle
leaves during the winter, inducing reddish-brown leaves with reduced
Vemax,25 values. A reddish-brown upper canopy was observed at the
study site (Kumagai et al., 2008), from which we inferred that cold
acclimation was a major reason for the decreases in Vemax,25 and NEE
during the winter. Furthermore, Han et al. (2004) suggested that Jap-
anese cedar trees accumulate rhodoxanthin and have decreased electron
transport rates and photochemical quenching in sun-exposed leaves
during the winter, but do not accumulate rhodoxanthin or consistent
photosynthetic activity in the shaded leaves. This also implies that the
lower kj during the winter could be due to reduced and maintained
photosynthetic activity in the upper and lower shaded parts of the
canopy, respectively.
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6. Conclusions

Using a combination of annual eddy covariance fluxes and leaf
ecophysiology observations and the multi-layer SVAT model, we
examined how seasonal variations in Vemax 25 affected canopy CO, and
H20 fluxes and ecosystem productivity in a Japanese cedar plantation.
We arrived at conclusions regarding the ecological meaning of the
aforementioned seasonal variations in Vemax 25 and its relationship with
the reddish-brown canopy color. Canopy color information provides a
useful metric for monitoring and modeling photosynthetic activity in
global evergreen forests (e.g., Bowling et al., 2018; Seyednasrollah et al.,
2021). The SVAT model can consider the effect of the canopy structure
and detailed leaf-level physiology (including vertical profiles within the
canopy) on the computed outputs. Hence, numerical experiments using
the SVAT model and a simple method to predict Vemax 25 (such as canopy
color information) would allow us to investigate the impacts of forest
management on carbon and water cycling (e.g., determining best prac-
tices for balancing forest production and environmental conservation).
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