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Abstract Canopy phenology is a key regulator of carbon
cycling in forest ecosystems. To clarify its possible effects
on carbon budgets of forest ecosystems under ongoing
climate change, we developed a canopy-phenology
model for a forest with deciduous overstory and ever-
green understory based on in situ observations, and used
it to improve an ecosystem carbon budget model. Under
future conditions (2068-2073) based on the IPCC SRES
A1B scenario, leaf expansion began 12.5 £ 1.9 days
earlier and leaf-fall ended 11.3 + 2.7 days later than
under current conditions (2002-2007). We also esti-
mated the possible influence of altered light availability
on understory vegetation. Even though the photosyn-
thetically active period in the understory (i.e., from the
end of spring snowmelt to the beginning of late-autumn
snow cover) expanded by 15.7 =+ 15.7 days, the total
downward photosynthetic photon flux density above
this vegetation during the snow-free period decreased by
11.8 % because of changing overstory canopy phenol-
ogy. The net effect of these changes increased ecosystem-
level annual gross primary production (GPP) by 12.5 %,
net primary production (NPP) by 12.0 %, and net eco-
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system production by 12.1 %, especially in late spring
(when the highest solar radiation occurred). The in-
creased GPP and NPP were mostly attributable to
changes in overstory vegetation. Our analysis indicates
that understanding the temporal variation of canopy
phenology dynamics and snow cover is important and
that the effects of vegetation phenology on the carbon
cycle should be evaluated in future climate change
studies.

Keywords Canopy phenology - Carbon budget -
Climate change - Snow cover - Understory vegetation

Introduction

Long-term trends and interannual variability in the canopy
phenology of forests, such as changes in the timing of leaf
expansion and leaf-fall, are major concerns in studies of
current and future carbon cycles in forest ecosystems, since
these changes directly affect photosynthetic CO, uptake
and respiratory CO, release in those ecosystems (Baldocchi
2008). Recent studies of temperate vegetation have re-
vealed that spring phenology of events such as leaf
unfolding and expansion has gradually moved earlier in
response to climate change in the Northern Hemisphere (by
1.2-1.6 days per decade; Schwartz et al. 2006; Piao et al.
2007) and, regionally, in Europe (2.0-2.8 days per decade;
Menzel and Fabian 1999; Menzel et al. 2006; Piao et al.
2007), Asia (0.8-4.0 days per decade; Matsumoto et al.
2003; Chen and Xu 2012), and North America (1.8 days
per decade; Richardson et al. 2006). In addition, autumn
canopy phenology for events such as leaf color develop-
ment and leaf-fall has been delayed under climate change in
the Northern Hemisphere (by 1.4 days per decade; Piao
et al. 2007), Europe (1.6 days per decade; Menzel and Fa-
bian 1999), Asia (1.6-2.2 days per decade; Matsumoto
et al. 2003; Chen and Xu 2012), and North America
(2.8 days per decade; Piao et al. 2007). Piao et al. (2007)
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reported that such long-term phenological shifts have in-
creased annual gross primary production (GPP) and net
primary production (NPP), and stated that a change in
phenology in response to rising global temperatures was
one of the most important factors that would affect future
vegetation productivity in northern terrestrial ecosystems.
Similarly, recent field studies have suggested that interan-
nual variation in the timing of spring and autumn phe-
nology transitions controlled variations of net ecosystem
production (NEP) in forest ecosystems (Churkina et al.
2005; Richardson et al. 2009; Wu et al. 2013a, b).
Ecosystem models have been developed to explain the
carbon cycles of forest ecosystems and to elucidate their
responses to changes in meteorological factors and
canopy phenology (Richardson et al. 2013). Despite
great efforts to quantify environmental responses and to
construct models of canopy phenology, current ecosys-
tem models cannot always accurately represent key
phenological events such as the start of leaf expansion
and end of leaf-fall (Richardson et al. 2012). One of the
main reasons is that expected changes in canopy phe-
nology under climate change will differ among regions
(Botta et al. 2000; Schwartz et al. 2006; Piao et al. 2007).
Indeed, the sensitivity of canopy phenology to environ-
mental change varies among biomes (Morin et al. 2009).
For instance, Nagai et al. (2014) suggested that the start
of leaf expansion and end of leaf-fall was more sensitive
to temperature in deciduous broadleaf forests than in
deciduous coniferous forests. Thus, further research is
required to improve current ecosystem models by taking
advantage of phenological observations from as wide a
range of environmental and climatic conditions as pos-
sible, and to evaluate the impact of changing canopy
phenology on carbon budgets under ongoing climate
change in a range of forest types and regions (Jeong
et al. 2012; Chung et al. 2013; Richardson et al. 2013).
In cool-temperate deciduous forests of eastern Asia,
evergreen dwarf bamboo is widespread in the understory
(Ito and Hino 2004; Sakai et al. 2006; Tang et al. 2007,
Takagi et al. 2009; Yashiro et al. 2012). Therefore, the
contribution of this vegetation to forest ecosystems is
another fundamental issue in determining their carbon
budgets under current and future environments. Earlier
leaf expansion and later leaf-fall of overstory vegetation
under ongoing climate change will affect micrometeoro-
logical conditions in and below the overstory, thereby
affecting carbon, water, and heat budgets of the under-
story vegetation. Furthermore, in a cool-temperate re-
gion, timing of the end of snowmelt in spring and of the
start of snow cover in early winter may determine the
photosynthetically active period of understory evergreen
vegetation, thereby affecting its carbon, water, and heat
budgets. Thus, researchers should seek ways to predict
changes in snow cover and overstory canopy phenology
to determine their effects on understory vegetation and
evaluate possible changes in the functional roles of
overstory and understory vegetation and their effects on
total ecosystem carbon budgets under the climate change.
In Japan, deciduous broadleaf forest with evergreen

understory vegetation is a common vegetation type, and
thus represents an important ecosystem for such studies.

The purposes of the present study were to predict
changing timing of the start of leaf expansion and end of
leaf-fall under ongoing climate change, to clarify possi-
ble effects of forest canopy phenology on the overstory
and understory carbon budgets of a forest ecosystem
under that climate change, and to derive implications of
canopy phenological observations for carbon budget
estimates. To do so, we developed a canopy-phenology
model based on in situ observations and an improved
ecosystem model that incorporates our phenology
model, and used the improved model to investigate re-
sponse of the deciduous overstory and evergreen
understory carbon budgets to changing environmental
factors and canopy phenology.

Methods
Site description

Our study was conducted at the Takayama deciduous
broadleaf forest site (36°08’46”N, 137°25"23”E, 1420 m
a.s.l.), which belongs to the AsiaFlux network (AsiaFlux
site code TKY; http://www.asiaflux.net) and the Japan
Long-Term Ecological Research network (JaLTER,
http://www jalter.org). The site is near Takayama City
in the central part of Japan’s main island. This region
has a cool-temperate climate that is influenced by the
Asian monsoon, and is characterized by mild, humid
springs and autumns, hot, humid summers, and cold,
snowy winters. Table 1 summarizes vegetation and cli-
mate characteristics of TKY. The leaf area index (LAI)
in the overstory deciduous broadleaf forest has a clear
seasonal pattern, but LAI in the dense evergreen dwarf
bamboo understory remains almost constant through-
out the year (Nasahara et al. 2008). Saigusa et al. (2002)
and Ohtsuka et al. (2005) provide more detailed
descriptions of TKY. The micrometeorological and
tower-based flux measurement dataset from 2001 to
2007 at TKY was obtained from the AsiaFlux database.

Ecosystem model

We used version 1.0 of the National Center for Atmo-
spheric Research Land Surface Model (NCAR LSM;
Bonan 1996), which simulates carbon, water, and heat
cycles over the land surface. We adapted the model to
account for canopy phenology and the understory car-
bon budget. Here, we briefly describe the improved
canopy phenology and carbon budget calculations.

Canopy phenology submodel

As noted in the Introduction, the sensitivity of canopy
phenology to environmental changes varies by forest
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Table 1 Summary of vegetation and climate characteristics at Takayama deciduous broadleaf forest site (TKY)

Characteristics

Overstory vegetation type

Overstory dominant species

Height of tree canopy

Tree age

Annual maximum overstory leaf area index
Understory vegetation

Understory leaf area index

Deciduous broadleaf forest

Betula ermanii Cham., Quercus crispula Blume
13-20 m®

Approx. 60 years®

Approx. 5m’> m~
Evergreen dwarf bamboo [(Sasa senanensis (Franch. et Sav.) Rehder]
Approx. 1.7 m®> m~2 throughout the year®

a

2d
d

Annual mean air temperature 6.5 °C°®
Soil type Cambisol (Brown forest soil affected by volcanic ash)®
Annual mean rainfall 2089 mm#

Snow-cover period

Early December through mid-April®

#Ohtsuka et al. (2005)
bSaitoh et al. (2012b)
“Nagai et al. (2013)
INasahara et al. (2008)
€1996-2009 average at TKY
Tia and Akiyama (2005)

£1996-2009 average at Takayama field station of Gifu University, ~500 m south of TKY

type and region. Therefore, it is crucial to construct an
empirical phenology model for each biome and study
region. In the original NCAR LSM, LAI can be input at
monthly intervals and is represented by a single value at
the midpoint of each month (e.g., 15 January, 14 Feb-
ruary). The interpolated LAI is used to calculate hourly
carbon, water, and heat cycles during that month. We
developed a canopy phenology submodel based on ob-
served relationships between canopy phenology and
effective cumulative temperature to account for seasonal
changes of canopy LAI as a function of air temperature,
with changes determined at daily time step (Fig. 1).
Nagai et al. (2013) detected dates of the start of leaf
expansion and of the end of leaf-fall in the overstory
canopy using daily canopy-surface images at TKY from
2004 to 2011. They examined those dates and their
relationships with cumulative effective temperature.
They found that leaf expansion began when the cumu-
lative effective temperature from the first day of the year
(based on a 2 °C threshold) exceeded 255.4 + 18.8 °C
(average + standard deviation) in the spring, and that
leaf-fall ended when that temperature after 1 August
(based on an 18 °C threshold) fell to less than
—375.1 £ 32.8 °C in autumn. We adopted these two
thresholds for the start of leaf expansion and end of leaf-
fall for our phenology submodel (Fig. 1).

Carbon budget scheme

In the original NCAR LSM, the carbon budget was
separated into CO, uptake by photosynthesis (i.e., GPP)
and respiratory CO, release by plants and decomposi-
tion (i.e., R,, for autotrophic respiration and Rj, for
heterotrophic respiration). Overstory photosynthesis is
coupled to stomatal resistance via parameterization
based on the models of Farquhar et al. (1980) and
Collatz et al. (1991) for C; plants. See “Appendix” for a
detailed description of the calculation schemes for

A
u 26 )

LAl (m?m™)
o =~ N w bh OO

| | nd
-100 -300 -500 -700
CET under 18 °C (°C)

H | |
0 500 1000
CET over 2 °C (°C)

Fig. 1 Leaf area index (LAI) of forest canopy as function of
cumulative effective temperature (CET) during (a) leaf-expansion
and mature periods, and (b) leaf-fall period. LAI was estimated by
measuring incident photosynthetic photon flux density above the
deciduous forest canopy and above the understory evergreen dwarf
bamboo canopy from 2004 to 2009, based on the Monsi-Saeki
theory (see Saitoh et al. 2012a for detailed description). Solid line
represents interpolated LAI calculated using a sigmoid model.
Vertical dotted lines indicate critical temperatures for (a) start of
leaf expansion and (b) end of leaf-fall, based on camera image
analysis of forest canopy by Nagai et al. (2013)

overstory photosynthesis. Because the original model
treats the vegetation canopy as a monolayer, we added
an understory layer to account for photosynthesis and
respiration of evergreen dwarf bamboo. Then, gross leaf
photosynthesis (4,) of the understory of that bamboo
was calculated using the equation proposed by Thornley
(1976):

o A — ) (] + Aan)” — 400 A

(1)

where o is the apparent quantum yield of photosynthesis
(umol CO, mol~! photons), 7 is photosynthetic photon
flux density (PPFD) absorbed by the leaf (which is as-
sumed to be 85 % of incident PPFD at the height of
understory leaves), An.x 1S the light-saturated photo-
synthetic rate, and 0 is a factor that describes convexity
of the light-response curve (Muraoka et al. 2010). Fi-
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nally, we multiplied the single-leaf photosynthetic rate
calculated using this equation by 1.7, which is the LAT of
evergreen dwarf bamboo and which does not change
much during the year (Nasahara et al. 2008). The pho-
tosynthetically active period of the understory was
determined from the presence of snow cover, which was
estimated by a simple mass-balance function determined
using gains from the flux of snow at the ground surface
and surface dew, and losses from snowmelt and subli-
mation (Bonan 1996).

In the improved model, the respiration component is
partitioned into Ry, overstory R,,, and understory R,,.
Ry, is determined as a function of volumetric soil water
content at depth 1 m and temperature of the surface soil
layer. Parameters include half the field capacity, half the
saturated capacity, soil carbon content to depth 1 m
(kg m™?), respiration rate (umol CO, kg 's™!) at
10 °C, and a temperature sensitivity parameter. Over-
story R,, and modified understory R,, both consist of
maintenance respiration and growth respiration. See
“Appendix” for a detailed description of the calculation
schemes for overstory R,,. Maintenance respiration of
the understory vegetation (R,,) is the sum of above-
ground (Ryn.) and root (Ry,,) respiration:

Rum = Ruma + Rumr
T, — 25, (2)
10

where V. is the aboveground biomass of understory
vegetation (0.64 kg m ™% Yashiro et al. 2012), Ryaos is
the aboveground respiration of that vegetation at 25 °C
(umol CO, kg*l sflz), Vubr 18 TOOt biomass of that veg-
etation (0.54 kg m™~; Yashiro et al. 2012), R,»5 is root
respiration of that vegetation at 25 °C (umol CO,
kg 's™"), am is a temperature-sensitivity parameter,
and T, is ground surface temperature. We used fixed
values of Vypa and Vi, for both present and future
simulations. Growth respiration by the understory veg-
etation (Ry,) is proportional to understory NPP (NPP,):

Rug = Quygr * NPP,, (3)

= [Vuba * Ryazs + Vaor - Rur25]arm

where a,,, is a proportionality coefficient.

Future climate scenarios

We chose the Intergovernmental Panel on Climate
Change (IPCC) Special Report on Emissions Scenarios
(SRES) A1B emission scenario provided by the Climate
Change Information Database of the Disaster Preven-
tion Research Institute, Kyoto University (http://
mbhri.dpri.kyoto-u.ac.jp/database/index.htmI?LANG =
EN), which was defined in a format compatible with
the CMIP3 multi-model dataset. The projected increase
of global temperature in SRES A1B lies between those
in the RCP6.0 and RCPS.5 scenarios in the more recent
CMIP5 multi-model dataset from the 2040s to 2060s
(IPCC 2013). To reduce uncertainty, we used the

ensemble average of four models (CGCM3.1(T47),
CSIRO-Mk3.0, MIROC3.2(medres), and UKMO-
HadCM3) with relatively strong reproducibility for the
current climate in Japan (Michihiro et al. 2011). The
database provided the difference between (or ratio of)
monthly meteorological average values for current
(1980-1999) and projected future (2046-2065) condi-
tions. Therefore, instead of using actual climate model
outputs, we used the difference in air temperature and
the precipitation ratio between current and future
projections, and adjusted measured hourly meteoro-
logical values from 2001 to 2007 at TKY by adding the
difference for air temperature and multiplying by the
ratio for precipitation. Here, we assumed that the dif-
ference and ratio values between the 2001-2007 and
2067-2073 periods were the same as those between
1980-1999 and 2046-2065. Note that (1) maximum and
minimum temperature increases were 2.2 °C during the
mature leaf period (June—September) and 2.0 °C during
the leaf-fall period (October—November) and (2) max-
imum and minimum precipitation increase ratios were
1.13 during the mature period and 1.00 during the leaf-
fall period. To eliminate the effect of elevated CO, from
our results, we conducted our simulations based on the
assumption of a stable atmospheric CO, concentration
for the period 2001-2073.

Model simulations
Original model simulation under current climate

The original NCAR LSM is driven at an hourly time
step by values of shortwave and longwave radiation, air
temperature, wind speed, precipitation, and relative
humidity. We ran the model with an hourly measure-
ment dataset from 2001 to 2007. To improve the original
model’s performance for a given forest, we adjusted and
tuned the default parameter values using data from our
study site. Saitoh et al. (2012b) provides detailed infor-
mation on the simulation using the original model. In
the original NCAR LSM, LAI can be input at monthly
intervals, and the interpolated LAI is used in simulation.
In the present study, we used the 6-year average seasonal
pattern of LAI, which was estimated by measuring
incident photosynthetic photon flux density above the
deciduous forest canopy and above the understory
evergreen dwarf bamboo canopy from 2004 to 2009,
based on the Monsi-Saeki theory (Saitoh et al. 2012a).
This means that we did not consider temperature sen-
sitivity of canopy phenology in the original model sim-
ulation. We initialized the model on 1 January 2001
using observed values and then simulated the ecosystem
from 1 January 2001 through 31 December 2007. To
eliminate the effect of the initialization on carbon budget
estimates, we used simulated results from 1 January 2002
through 31 December 2007 and then compared them
with those obtained from the improved model (described
in the next section).
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Improved model simulation under current and future cli-
mates

The improved NCAR LSM is driven at an hourly time
step using the same meteorological values as the original
model. We ran the model with the hourly measurement
dataset from 2001 to 2007 and predicted future hourly
meteorological dataset from 2067 to 2073. As with the
simulation using the original model, we adjusted and
tuned the default parameter values using data from our
study site. First, we improved model parameters of tree
height, canopy bottom, stem biomass, root biomass,
displacement height, and roughness length using mea-
sured values at TKY (Saitoh et al. 2012b). We further
tuned the model based on eddy-covariance data (sea-
sonal patterns and annual values of GPP, ecosystem
respiration [RE], and NEP) and biometric data (annual
values of NPP, NEP, and R;,) from January through
December 2001 at TKY. We used the measured and
adjusted parameters in the simulations. We initialized
the model on 1 January 2001 using observed values and
then simulated the ecosystem from 1 January 2001
through 31 December 2007. Similarly, we initialized the
model on 1 January 2067 and then simulated the eco-
system from 1 January 2067 through 31 December 2073.
To eliminate the effect of the initialization on carbon
budget estimates, we used simulated results from 1
January 2002 through 31 December 2007 to represent
the current climate and those from 1 January 2068
through 31 December 2073 to represent the future pro-
jection. That is, we discarded results from the first year,
which served as the model spinup period.

Results
Model performance

Annual carbon fluxes estimated by the original and im-
proved models were similar to those estimated by means of
tower flux and biometric measurements (Table 2). Daily
carbon fluxes simulated using the improved model were
generally more strongly correlated with measured fluxes
for GPP, RE, and NEP during leaf-expansion, mature,
leaf-fall, and annual periods, relative to the original model
(Table 3). The improved model successfully reproduced
measured carbon fluxes of GPP, RE, and NEP in terms of
seasonal variations during the leaf-expansion and leaf-fall
periods, when the effects of understory vegetation domi-
nated, and during the mature period, when the effects of
overstory vegetation dominated (Fig. 2). The magnitude
and interannual variations of annual carbon fluxes in the
improved model simulation agreed with measured ones,
except for the 2004 data, when strong tropical cyclones
(typhoons) struck Japan. Slopes of the regressions for the
simulated values as a function of measured ones were 0.91
for GPP (R> = 0.36, P = 0.29), 0.61 for RE (R> = 0.64,
P = 0.10), and 1.10 for NEP (R*> = 0.45, P = 0.22) for
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Table 2 Performance of original and improved models of annual
cumulative carbon fluxes at Takayama deciduous broadleaf forest
site (TKY)

Carbon flux (Mg C ha~' year™)

Original model Improved model Measurement

Production

GPP 1.2 10.1 10.0
NPP 6.1 5.4 6.5°
NPP- - 4.9 5.4° 3.2¢
o

NPP- - 0.5 1.1°
u

NEP 2.8 2.1 2.5%2.1°
Respiration

RE 8.4 8.0 7.5%

Reoil 6.2 6.6 7.1°

Ry, 3.3 3.3 3.9°
Rioot 2.9 3.3 3.2°

Validation includes some uncertainty arising from difference in
periods used for models and measurement data per footnotes
(b) and (c)

GPP gross primary production, NPP net primary production,
NPP, overstory NPP, NPP, understory NPP, NEP net ecosystem
production, RE ecosystem respiration, R soil respiration, Ry
heterotrophic respiration, R, root respiration

46-year average (2002-2007) estimated using eddy-covariance
method (Ohtsuka et al. 2009; AsiaFlux database)

b5.year average (1999-2003) estimated using biometric measure-
ments (Ohtsuka et al. 2007)

8-year average (1999-2006) estimated using biometric measure-
ments (Ohtsuka et al. 2009)

the 5-year dataset excluding 2004. Consequently, our
phenology model simulated carbon budgets at TKY rea-
sonably well, except in a year with extreme events (in this
case, a series of typhoons), and can therefore be used to
evaluate the impact of canopy phenology on carbon
budgets.

Changes in overstory and understory phenology

Figure 3 shows the projected changes in overstory and
understory phenology under global warming. Under the
future conditions, overstory leaf expansion began
12.5 £ 1.9 days  earlier and  leaf-fall  ended
11.3 £ 2.7 days later (Fig. 3a). As a result, the pre-
dicted growing period increased by 23.8 + 2.6 days.
Temperature sensitivities at the start of leaf expansion,
end of leaf-fall, and for the growing period as a whole
were 6.2, 5.8, and 12.0 days °C~', respectively.

We also estimated the photosynthetically active per-
iod of the understory evergreen vegetation (i.e., from the
end of snowmelt in spring to beginning of snow cover in
late autumn) under current and future climate condi-
tions. Under the future conditions, the spring snowmelt
ended 13.2 £+ 11.2 days earlier and snow cover in late
autumn began 2.5 + 4.7 days later, extending the pho-
tosynthetically active period by 15.7 £ 15.7 days.
Terlnperature sensitivity of that period was 7.5 days °
c .
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Table 3 Errors in daily gross primary production (GPP), ecosystem respiration (RE) and net ecosystem production (NEP), estimated
using original and improved models, based on comparison with tower-flux measurements during leaf-expansion (April-May), mature
(June—September), leaf-fall (October—November), and annual periods

Period Carbon flux Original model error (g C m~2 day ') Improved model error (g C m 2 day ™)
RMSE MBE R’ RMSE MBE R’
Leaf expansion GPP 1.15 —0.19 0.47#%* 1.00 0.36 0.45%%*
RE 0.36 0.07 0.70%** 0.39 —0.05 0.69%**
NEP 1.09 —0.26 0.27%%%* 0.87 0.42 0.3 1%%*
Mature GPP 1.93 0.73 0.57%** 1.70 -0.11 0.76***
RE 0.56 0.28 0.81%** 0.54 0.42 0.92%%%
NEP 1.53 0.44 0.61%** 1.67 —0.55 0.69%**
Leaf-fall GPP 1.70 0.93 0.52%%* 0.92 0.43 0.63%**
RE 0.49 0.37 0.81%** 0.27 0.07 0.86***
NEP 1.32 0.55 0.3 %% 0.78 0.34 0.47%%*
Annual GPP 1.42 0.33 0.86%** 1.14 0.03 0.89%**
RE 0.43 0.23 0.94%** 0.40 0.13 0.96***
NEP 1.16 0.09 0.76%%* 1.08 —0.10 0.79%%*

Ttalicized values indicate improvements (decreased error terms) by improved model
RMSE root-mean-square error, M BE mean bias error, R> coefficient of determination

*** indicates significance at P < 0.001
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Fig. 2 Monthly variations of (a) gross primary production (GPP),
b ecosystem respiration (RE), and ¢ net ecosystem production
(NEP) derived from tower-flux measurements and improved model

Changes in carbon budget

Annual whole-ecosystem GPP, NPP, NEP, RE, R,
and R, were greater under future conditions than cur-
rent conditions, by 12.5, 12.0, 12.1, 12.6, 13.0, and
12.0 %, respectively (Fig. 4a). Temperature sensitivities
of annual GPP, NPP, NEP, RE, R,,, and R}, were 60.1,
30.8, 12.2, 47.9, 29.3, and 18.6 g C m 2 year ' °C~',
respectively. Increased production and respiration were
mostly attributable to changes in the overstory decidu-

ous vegetation (Fig. 4b). However, the understory veg-
etation showed decreased GPP and NPP, and no change
in R,, (Fig. 4c). As a result, the contribution of under-
story GPP to the whole-ecosystem GPP decreased
slightly, from 11.3 % under the current climate to 9.1 %
under the projected future climate.

The whole-ecosystem and overstory GPP increased
throughout the growing season under the future climate
scenario (Fig. 5a, b), whereas that for the understory
vegetation increased in April and decreased in May, with
only minor changes in other months (Fig. 5c¢). There
were no impacts of drought or heavy snowfall under the
projected future climate (data not shown). Although the
advance in date of leaf expansion was similar to the
delay in the end of leaf-fall, the increased whole-eco-
system production during the leaf-expansion period ac-
counted for the majority of the total annual increase,
accounting for 46 % of the total increase in GPP, 63 %
in NPP, and 135 % in NEP (Table 4).

RE values under the projected future climate in-
creased in all months compared with those under the
current climate (Fig. 6a), owing to increases in both R,,
and Ry, (Fig. 6b). Ry, contributed 48 % of the overall RE
increase during summer. The smallest contribution of Ry,
to the increased RE was in spring and autumn. In
addition, the increase of R;, during May was smaller
than those in April and June (Fig. 6b), because the
earlier leaf expansion delayed the soil surface tempera-
ture increase that would have occurred during this per-
iod (data not shown).

Discussion

Our study leads to four main findings. (1) It revealed the
influence of extreme weather conditions in the Asian
monsoon region (specifically, the series of typhoons that
struck Japan in 2004; Fig. 2). (2) It demonstrated the
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importance of quantifying canopy phenology based on
long-term in situ observations (Table 3). (3) It clarified
the consequences of different patterns of forest canopy
and understory productivity that result from variations
in light availability associated with phenological changes
(Figs. 3, 4, 5; Table 4). (4) It illuminated the effects of
seasonal variations and climate change on phenology
(Figs. 5, 6). As a result, the improved model revealed the
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importance of incorporating vegetation phenology in
carbon budget models.

A key limitation of the current study is the lack of
ability to simulate unpredictable extreme events. Be-
cause both plant physiology and phenology respond to
such events (e.g., tropical cyclones), canopy phenology
models cannot account for them without including a
mechanism for estimating their frequency and intensity.
In summer 2004, several strong tropical cyclones criti-
cally reduced LAI late in the mature period, thereby
reducing GPP (Ito 2010). Although ongoing global
warming may increase the intensity of extreme climatic
events, both regionally and globally (Easterling et al.
2000; IPCC 2012), our current phenological model
cannot predict or account for such events. Model GPP
overestimated measured values by 77 g C m 2 month ™',
compared with differences of —19 to + 25 g C m™?
month™' for this period in years other than 2004
(Fig. 2). Ito (2010) successfully predicted defoliation
intensity caused by each typhoon event at TKY via in-
verse estimation from the flux measurement data, using
a Monte Carlo approach. One of our subsequent tasks
will be to develop a predictive model of canopy phe-
nology that accounts for the frequency and intensity of
extreme events and calculates their impact on canopy
phenology.

To further improve our phenology model, we should
consider the canopy phenology of each tree species in the
forest, including representation of the effects of inter-
species longevity differences and of succession. Inoue
et al. (2014) found differences in the start of leaf
expansion and end of leaf-fall among tree species at
TKY, and differences in their phenological sensitivity to
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Table 4 Projected changes of production and respiration for whole ecosystem, overstory vegetation, and understory vegetation under
global warming, during snow-cover period (December—March), leaf-expansion period (April-May), mature period (June—September),

leaf-fall period (October—November), and total annual period

Period Production (g C m ™2 year ') Respiration (g C m 2 year ')
AGPP ANPP ANEP ARE AR, ARy,
Whole Snow cover 6 0 —4 9 6 4
Leaf expansion 58 41 34 24 17 7
Mature 34 7 —18 51 27 24
Leaf-fall 29 17 12 16 12 4
Annual 126 65 26 101 62 39
Overstory Snow cover 0 —4 - 7 4 -
Leaf expansion 63 46 - 22 17 -
Mature 37 12 - 44 25 -
Leaf-fall 37 25 - 16 13 -
Annual 137 78 - 89 59 -
Understory Snow cover 6 4 - 2 1 -
Leaf expansion =5 -5 - 2 0 -
Mature -3 -5 - 7 2 -
Leaf-fall -9 -8 - 0 0 -
Annual —11 —14 - 12 3 -

Positive values indicate increase under projected future climate (2068-2073) compared with current climate (2002-2007). Italicized values
represent periods that accounted for more than 40 % of annual value
GPP gross primary production, NPP net primary production, NEP net ecosystem production, RE ecosystem respiration, R,, autotrophic

respiration; Ry, heterotrophic respiration
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Fig. 6 Simulated seasonal variation of (a) ecosystem respiration
(RE) under current (2002-2007) and future (2068-2073) climates,
and b contributions of autotrophic (R,,) and heterotrophic (Ry)
respiration to projected changes in total ecosystem respiration.
Positive values in b indicate increase under projected future climate
(2068-2073) relative to values under current climate (2002-2007).
Range bars in a show standard deviation for data from the 6 years
of each period

air temperature. Other recent studies have suggested that
temperature sensitivity of canopy phenology differed
among tree species (Noda et al. 2014; Polgar and Pri-
mack 2011, 2013) and warming experiments (Chung
et al. 2013). This may mean that natural succession
would change future temperature sensitivity of whole-
ecosystem canopy phenology. In subsequent research,
we should investigate the impact of canopy phenology
on carbon budgets under ongoing global warming, by
considering the natural succession that will occur and

differences in temperature sensitivity of canopy phenol-
ogy among tree species. Long-term continuous field
measurements of canopy phenology and warming
experiments with respect to tree species would facilitate
development of an improved canopy phenology model
for each species.

Our comparison between the original and improved
simulation results under current and future climate
conditions demonstrates the importance of accounting
for overstory canopy phenology, resulting effects on
understory vegetation, and climate change impacts on
this phenology. Although the advance in the date of
overstory leaf expansion was similar to the delay in the
date of overstory leaf-fall, our simulation results suggest
that the earlier overstory leaf expansion had a greater
effect on the increased production values. The main
reason for this effect may be that earlier leaf expansion
increased light interception by the overstory vegetation
in late spring, during of the strongest solar radiation,
thereby increasing carbon metabolic activity (carbon
capture and release) of the overstory vegetation. In fact,
cumulative absorbed PPFD (i.e., light interception) by
that vegetation during the leaf-expansion period in-
creased by ~300 mol m~? under ongoing climate
change, but only by ~100 mol m~2 during the leaf-fall
period.

Our results also show the importance of light inter-
ception for the carbon budget of the understory vege-
tation. The contribution of understory GPP to whole-
ecosystem GPP decreased slightly, from 11.3 % under
the current climate to 9.1 % under the projected future
climate. One of the main reasons for this change is the
decline in total downward PPFD at the level of the
understory vegetation during its photosynthetically ac-



tive period (by 11.8 % relative to the value under the
current climate). Although that period lengthened, ear-
lier overstory leaf expansion clearly increased light
interception by the overstory vegetation and reduced
that by the understory vegetation in spring, during of the
strongest solar radiation. Several studies investigated
living conditions of understory evergreen dwarf bam-
boo, revealing that coverage of the forest floor by that
bamboo tended to decrease with increasing light inter-
ception by the forest canopy (Abe et al. 2005; Maki
et al., 2008). If light interception by the understory
vegetation decreases greatly as a result of earlier leaf
expansion and later leaf-fall by the tree canopy in re-
sponse to climate change, the bamboo habitat might
shift to greater heights. Mapping and prediction of the
cover of understory dwarf bamboo and an improved
ecosystem model that predicts this effect will improve
the accuracy of carbon budget predictions in eastern
Asia. To achieve this goal, it will be necessary to accu-
rately evaluate the spatiotemporal variability of under-
story evergreen dwarf bamboo and its environmental
response via field observation, aircraft observation, and
satellite remote sensing.

In future research, we recommend consideration of the
spatial variation in canopy phenology and snow cover, since
this would permit scaling-up of site-specific estimates of
carbon budgets to local and regional scales. Several studies
have suggested that the temperature sensitivity of canopy
phenology (e.g., the start of leaf expansion and end of leaf-
fall) varied along vertical (Vitasse et al. 2009a, b) and lati-
tude (Hadano et al. 2013; Nagai et al. 2014) gradients, and
that the nature of the variation depended on tree species or
forest type. Therefore, if we use temperature sensitivity
based on observations at a single site in predictions of future
canopy phenology at regional scale, this could produce
large errors in spatiotemporal patterns of canopy phenol-
ogy and carbon budgets. To scale up the approach devel-
oped in the present study, it will be necessary to develop an
empirical phenology model that considers latitudinal and
vertical (altitude) gradients in canopy phenology. Predic-
tion of annual variations in the start and end of the snow-
cover period is another important issue for cool-temperate
deciduous broadleaf forests with evergreen understory
vegetation. For instance, central Japan has a wide range of
altitude (500-3,000 m) over a relatively short distance
(10-300 km). This vertical gradient creates strong regional
differences in spatiotemporal patterns of the snow-cover
period. To account for effects of these variations, accurate
evaluation of the spatiotemporal variability of snow cover
in a region will be required. Such information can be ob-
tained by evaluating local meteorological parameters using
a fine-scale meteorological model.

Consequently, our analysis clearly indicates the
importance of understanding and accounting for the
temporal variation and dynamics of canopy phenology
and snow cover. Therefore, these factors should be
incorporated in models used for the evaluation of
carbon budgets in climate change studies. To improve
understanding of these patterns and incorporate their
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effects in studies of future carbon budgets using eco-
system models, researchers should promote interdisci-
plinary canopy phenology studies that link detailed and
conventional ecosystem field observations (e.g., tree
census data), in situ remote sensing using digital cam-
eras and spectroradiometers, satellite remote sensing,
and modeling. Future research should also include
ecophysiological processes of canopy and understory
vegetation to improve understanding of biological
mechanisms that control canopy phenology.
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Appendix: photosynthetic and respiration components
for the overstory vegetation

NCAR LSM is a sun and shade model. The sunlit
fraction (fg,,) of the canopy is based on the fractional
area of sunflecks on a horizontal plane below leaf and
stem areas and on scattering within the canopy. The
shaded fraction (fihaqe) equals 1.0 minus the sunlit
fraction, and the sunlit and shaded LAIs are [Lg, =
fsunl] and [Lghage = fsnadel], respectively, where L rep-
resents LAIL. Bonan (1996) provides details of the cal-
culation of incident solar radiation at canopy level and
of the energy budget resulting from the radiation and
water vapor balances. The photosynthetic part of LSM
(Bonan 1996) is based on the parameterizations of
Farquhar et al. (1980) and Collatz et al. (1991). Single-
leaf photosynthesis of C; plants is controlled by the
RuBP carboxylase-limited rate of carboxylation, maxi-
mum rate of carboxylation allowed by the capacity to
regenerate RuBP, and the export-limited rate of car-
boxylation. The photosynthetic rate is coupled to the
parameterization of stomatal resistance (Collatz et al.
1991) and is hence an integral part of the surface energy
fluxes. These calculations are made for both the sunlit
and shaded parts of the canopy (Asun and Agpaqe) and are
summed for the entire overstory canopy as
[GPPO = Asun - Lsun + Ashade 'Lshade]-

Overstory deciduous plant respiration is separated
into maintenance and growth respiration. Total main-
tenance respiration in the LSM is determined by the sum
of foliar, stem, and root respiration as functions of leaf
area index (m”> m?) and temperature. Parameters are
defined for foliar respiration at 25 °C (umol CO, m~>
s~!), stem biomass (kg m~?), stem respiration at 25 °C
(umol CO, kg ' s7"), root biomass (kg m~?), root res-
piration at 25 °C (umol CO, kg™' s'), and temperature
sensitivity. Growth respiration is proportional to over-
story net primary production (NPP,).
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