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Abstract Using a process-based model, I assessed how

ecophysiological processes would respond to near-future

global changes predicted by coupled atmosphere–ocean

climate models. An ecosystem model, Vegetation Integra-

tive SImulator for Trace gases (VISIT), was applied to four

sites in East Asia (different types of forest in Takayama,

Tomakomai, and Fujiyoshida, Japan, and an Alpine

grassland in Qinghai, China) where observational flux data

are available for model calibration. The climate models

predicted ?1–3�C warming and slight change in annual

precipitation by 2050 as a result of an increase in atmo-

spheric CO2. Gross primary production (GPP) was esti-

mated to increase substantially at each site because of

improved efficiency in the use of water and radiation.

Although increased respiration partly offset the GPP

increase, the simulation showed that these ecosystems

would act as net carbon sinks independent of disturbance-

induced uptake for recovery. However, the carbon budget

response relied strongly on nitrogen availability, such that

photosynthetic down-regulation resulting from leaf nitro-

gen dilution largely decreased GPP. In relation to long-

term monitoring, these results indicate that the impacts of

global warming may be more evident in gross fluxes (e.g.,

photosynthesis and respiration) than in the net CO2 budget,

because changes in these fluxes offset each other.
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Introduction

Ongoing global environmental changes, such as accu-

mulation of atmospheric CO2 and climate change, are

expected to affect the structure and function of terrestrial

ecosystems [Intergovernmental Panel on Climate Change

(IPCC) 2007]. Understanding the plant and soil response

to such changes is necessary, because ecosystems pro-

vide invaluable services to human society and can

ameliorate or accelerate anthropogenic climate change

(Foley et al. 2003). Predicting near-future (e.g., by the

middle of this century) ecosystem response is especially

important for planning measures of adaptation and

conservation.

Many previous studies have explored ecological, phys-

iological, and biogeochemical mechanisms of ecosystem

responses to future global changes, particularly in terms of

the carbon budget. Photosynthetic response to elevated

atmospheric CO2 concentration (i.e., the CO2 fertilization

effect) has been one of the most intensively studied pro-

cesses. At the single leaf level, mechanistic models (e.g.,

Farquhar et al. 1980; Field et al. 1995) have described the

short-term response of photosynthesis and stomatal con-

ductance. Laboratory and free-air CO2 enrichment (FACE)

experiments have revealed that the magnitudes of the CO2

fertilization effect differ among plant functional types, and

that the initial response can decrease through acclimation

or down-regulation (Hikosaka et al. 2005; Norby et al.

2005; Ainsworth and Rogers 2007). In particular, growth

limitation by nutrients such as nitrogen is expected to
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become more evident under a higher CO2 environment.

Plant and microbial respiration will also be affected by

global environmental changes in response to increased

temperature and chemical changes in substrates (Amthor

1991; Ryan 1991; Hamilton et al. 2001). Climate warming

will affect phenological processes such as leaf display and

shedding of deciduous forests and grasslands, leading to

longer growing periods for temperate and boreal ecosys-

tems (e.g., Badeck et al. 2004; but see Piao et al. 2008).

These ecophysiological responses may propagate to larger

scales such as plant demography, the food web (including

animals), the ecosystem carbon budget, and biodiversity.

Indeed, many experimental and monitoring studies have

implied that climate change can affect the terrestrial eco-

system (e.g., Woodward et al. 1991; Long et al. 2004;

Parmesan 2006). However, the response of physiological

and ecological processes to global environmental change is

still not well understood, especially in terms of the long-

term response to variations in multiple factors. To integrate

the responses of ecophysiological processes into the eco-

system level, several mechanistic ecosystem models have

been developed to simulate the ecosystem response to

elevated CO2 concentrations and other aspects of climate

change (e.g., Oikawa 1986; Sitch et al. 2003; Luo et al.

2008). Such models effectively allow us to make long-term

projections and to separate the complicated impacts of

multiple factors by means of sensitivity analysis, although

the results must be interpreted with care because of

insufficient model constraints and mechanistic under-

standing, as well as a lack of validation with observational

data.

This study assesses the impacts of near-future climate

changes on the carbon budget of East Asian terrestrial

ecosystems, using a process-based model that captures

ecosystem structure and ecophysiological processes.

Because the Asian region has characteristic ecosystems

under a monsoon climate (Kira 1991) and makes consid-

erable contributions to the global carbon cycle and climate

system, many studies have addressed the contemporary

carbon budget of this region (e.g., Kato and Tang 2008;

Saigusa et al. 2008; Piao et al. 2009; Ichii et al. 2009).

However, few studies have explored the response of plant

and soil processes to future environmental changes in this

region. In this study, I apply a model to estimate eco-

physiological processes and the carbon budget of East

Asian terrestrial ecosystems using model-projected sce-

narios of the near-future (through 2050) rising level of

atmospheric CO2 and climate change. This type of pro-

jection may be useful for future ecosystem impact assess-

ment, management for mitigation, and adaptation to

climate change. Based on the simulation results, I discuss

collaboration between observational monitoring and

modeling.

Method

Site description

Four sites with representative East Asian biomes were

studies (Fig. 1). Three of the sites are in Japan: Takayama

(TKY), with a cool-temperate deciduous broad-leaved

forest; Tomakomai (TMK), with a deciduous coniferous

forest; and Fujiyoshida (FJY), with a warm-temperate

mixed evergreen conifer forest. The fourth site is an alpine

grassland in Qinghai-Haibei (QHB), China. A summary of

site characteristics is presented in Table 1. These sites

cover the spectrum of climate conditions and biome

diversity in the East Asian region, so that geographical

heterogeneity in ecophysiological responses under different

conditions can be retrieved. The four sites have observa-

tional towers for micrometeorological flux measurements

by the eddy-covariance method (e.g., Hirata et al. 2008),

and ecosystem models have been calibrated to CO2 flux

data at each site: TKY by Saigusa et al. (2005), TMK by

Hirata et al. (2007), FJY by Ohtani et al. (2005), and

QHB by Kato et al. (2006). Also, plant ecophysiological

parameters such as maximum photosynthesis rate are

available from field studies: TKY by Muraoka and

Koizumi (2005) and TMK by Kitao et al. (2005). The sites

have undergone different disturbance regimes. The forests

at TKY and FJY were logged in the 1960s and 1910s,

respectively, the TMK larch forest is an artificial forest

established in the 1950s, and the alpine grassland at the

QHB site has been utilized as a meadow for livestock such

as yak and sheep.

Fig. 1 Map showing the location of the study sites: Takayama

(TKY), Tomakomai (TMK), Fujiyoshida (FJY) in Japan, and

Qinghai-Haibei (QHB) in China
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Model description

A process-based model of the terrestrial ecosystem, Veg-

etation Integrative SImulator for Trace gases (VISIT), was

adopted in this study. As demonstrated in Ito (2008),

comparisons with the previously mentioned observations

by the eddy-covariance method indicate that VISIT cap-

tured CO2 flux appropriately: at TKY for 1999–2006

(r = 0.67, RMSE = 1.09 g C m-2 day-1), at TMK for

2001–2003 (r = 0.74, RMSE = 1.31 g C m-2 day-1), at

FJY for 2000–2004 (r = 0.56, RMSE = 1.05 g C m-2

day-1), and at QHB for 2001–2004 (r = 0.70,

RMSE = 0.80 g C m-2 day-1). A brief description of the

model is given below; see Ito and Oikawa (2002) and Ito

et al. (2007) for a more detailed description, including

equations and parameters.

The model was developed on the basis of a simple

model (Sim-CYCLE: Ito and Oikawa 2002), and it simu-

lates carbon and nitrogen cycles in an ecophysiological

manner. The ecosystem carbon stock is separated into four

sectors: overstory woody plants, understory herbaceous

plants, dead biomass (litter), and mineral soil (humus).

These carbon stock components are divided into sub-

compartments that have different physiological functions

(e.g., leaf, stem, and root) and turnover times (e.g., active

to passive humus). Net ecosystem production (NEP) is

calculated as the difference between gross primary pro-

duction (GPP) and ecosystem respiration (ER) at a daily

time-step (in g C m-2 year-1 or Mg C ha-1 year-1).

In VISIT, GPP is a function of the leaf area index (LAI),

incident photosynthetically active radiation (PAR), air

temperature and humidity, soil water content, and ambient

CO2 concentration. A two-component canopy model by de

Pury and Farquhar (1997) was adopted, in which

absorption of beam and diffuse radiation and conversion to

carbon assimilation are calculated separately. In the canopy

scheme, leaf photosynthetic capacity (maximum carbox-

ylation rate) is assumed to be proportional to leaf nitrogen

concentration, and the vertical gradient of leaf nitrogen

within the canopy is considered using exponential

approximation. LAI is predicted by leaf carbon amount and

specific leaf area, which is a biome-specific parameter.

GPP responds to an increase in temperature through three

processes: (1) a decrease in photosynthetic quantum yield,

(2) an increase in light-saturated photosynthetic rate unless

it is excessively hot owing to increase of photorespiration,

and (3) a decrease in stomatal gas conductance through

elevated vapor pressure deficit of ambient air. VISIT

includes a semi-empirical model of stomatal conductance

by Leuning (1995). Additionally, for deciduous forests and

grasslands, elevated temperatures result in earlier leaf

display and later leaf shedding, which leads to longer

growing periods. GPP also responds to elevated concen-

trations of atmospheric CO2 through four processes: (1) an

increase in photosynthetic quantum yield, (2) an increase in

light-saturated photosynthetic rate, (3) an increase in opti-

mal photosynthetic temperature, and (4) a decrease in

stomatal gas conductance. ER is composed of plant auto-

trophic respiration and soil microbial heterotrophic respi-

ration. The difference between GPP and autotrophic

respiration is termed net primary production (NPP), and it

indicates the amount of useful carbon resource. Auto-

trophic respiration rate responds to temperature, directly

for maintenance respiration and indirectly for growth res-

piration via the response to carbon acquisition by GPP. The

heterotrophic respiration rate increases exponentially with

rising temperature, as parameterized by Lloyd and Taylor

(1994). Furthermore, elevated temperatures can indirectly

Table 1 Summary of study site characteristics

TKY TMK FJY QHB

Latitude 36.13�N 42.74�N 35.45�N 37.48�N

Longitude 137.42�E 141.52�E 138.76�E 101.2�E

Altitude (m a.s.l.) 1,420 140 1,030 3,250

Biome type Cool-temperate deciduous

broad-leaved forest

Boreal deciduous

needle-leaved forest

Warm-temperate evergreen

needle-leaved forest

Alpine meadow grassland

Dominant plants Oak, birch Japanese larch Japanese red pine Short grass (Kobresia spp.)

Soil type Brown forest soil

(cambisol)

Volcanic soil

(regosol)

Immature volcanic soil Clay loam soil (cambisol)

Annual mean

temperature (�C)

7.3 6.2 10.1 -1.7

Annual precipitation

(mm)

2,400 1,043 1,483 561

TKY Takayama, Japan; TMK Tomakomai, Japan; FJY Fujiyoshida, Japan; QHB Haibei, Qinghai, China
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affect photosynthesis and decomposition rates via soil

water content, which is affected by the evapotranspiration

rate.

Allocation of assimilated carbon to plant organs is

determined on the basis of theoretically optimum LAI

(Monsi and Saeki 2005) and the allometric relationship

between aboveground and belowground standing biomass.

Elevated CO2 concentration instantaneously increases

carbon allocation to leaf production and then expands LAI,

unless other environmental factors have a stronger effect in

the opposite direction. Photosynthetic down-regulation

under elevated CO2 concentration is not explicitly included

in the reference model. Mortality was assumed to be spe-

cific to plant organs and independent of environmental

conditions. Leaf phenology of deciduous forests and

grasslands is determined using cumulative temperature

(i.e., growing degree-days) above a critical temperature. In

this study, leaf display occurs when cumulative tempera-

ture above 1�C exceeds ?110�C to 280�C days. Leaf

shedding occurs when cumulative temperature below 12�C

exceeds -20�C to 50�C days. I assume that no acclimation

occur in the leaf phenology regime as a result of long-term

climate change.

Simulation analysis

A model simulation requires driving variables such as

atmospheric CO2 concentration and climate conditions at

daily time-steps, including downward shortwave radiation,

cloudiness, air temperature, air specific humidity, precip-

itation, soil temperature, and wind velocity. Daily PAR

and its beam/diffuse fraction are estimated from down-

ward shortwave radiation and cloudiness by using

empirical equations (Ito and Oikawa 2006). The model

simulation is carried out in three phases: spinning-up,

historical run, and prediction. In the spinning-up phase, an

equilibrium carbon budget state is obtained through

repeated calculations (2,000 years) under current atmo-

spheric conditions: i.e., ambient CO2 concentration was

fixed to 306 ppmv (parts per million in volume)—the

level in 1947. Next, the historical simulation is conducted

for the period from 1 January 1948 to 31 December 2007

using time-series climate data from the United States

National Centers for Environmental Prediction and the

United States National Center for Atmospheric Research

(NCEP/NCAR; Kistler et al. 2001). In parallel, ambient

CO2 concentration was raised to 384 ppmv by 2007.

Then, the prediction simulation is conducted for the per-

iod from 1 January 2008 to 31 December 2050 using

climate projection scenarios estimated by atmosphere–

ocean coupled global climate models. Taking account of

uncertainty in the climate predictions, this study used

daily climate projections from three climate models: (1) a

high-resolution version of MIROC by the Center for

Climate System Research, University of Tokyo and the

National Institute for Environmental Studies, Japan

(Emori et al. 2005); (2) CCCma by the Canadian Center

for Climate Modeling and Analysis (Boer et al. 2004);

and (3) ECHAM by the Max-Planck Institute for Meteo-

rology, Germany (Mikolajewicz et al. 2007). These cli-

mate models were driven by the anthropogenic

greenhouse gas emission scenarios presented by the IPCC.

Climate projections based on the standard scenario, that

is, A1B by the IPCC Special Report on Emission Sce-

narios [SRES; Intergovernmental Panel on Climate

Change (IPCC) 2000], was used to indicate the uncer-

tainty among climate models. Additionally, for the

CCCma model, climate projections based on different

IPCC emission scenarios were available: the SRES A2

scenario, which provides a higher increase in atmospheric

CO2; and the SRES B2 scenario, which provides a lower

one. Under these scenarios, the concentration of atmo-

spheric CO2 would increase to 475–525 ppmv by 2050.

Within this short prediction period (i.e., 43 years), eco-

physiological processes are expected to dominate the

ecosystem response; in other words, demographic changes

such as species compositional change may not be a major

factor, except for human land-use and rapid invasion of

herbaceous species.

Figure 2 shows the trajectories of the annual tempera-

ture and precipitation changes estimated by the climate

models at the four study sites, obtained by linear interpo-

lation from the four nearest climate model grid points. To

avoid discontinuity between historical NCEP/NCAR cli-

mate data and predicted climate values, deviation compo-

nents of the future climate (Fig. 2) were overlaid on the

average value of the historical climate. Each model pre-

dicts that annual mean temperature would increase by ?1

to ?3�C by 2050, but no clear trend was found for pre-

cipitation. Differences among the climate models are evi-

dent at TKY, FJY, and QHB: the MIROC climate model

estimated higher rates of temperature increase than other

models after 2030. On the other hand, differences among

emission scenarios were less evident for the CCCma pro-

jections. Thus, the simulations using these climate sce-

narios allow examination of the range of uncertainty in

model-based projections. To separate the effect of elevated

CO2 from climate change, an additional prediction simu-

lation was conducted assuming a stationary atmospheric

CO2 concentration (380 ppmv) for the period from 2008 to

2050.

The focus was on the response of ecophysiological

processes in relation to the ecosystem carbon budget,

including the NPP/GPP ratio (i.e., carbon use efficiency),

leaf area expansion, leaf phenology and growing period,

water-use efficiency (WUE, g C kg-1 H2O), and radiation-
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use efficiency (RUE, mol C mol-1 photon). WUE and

RUE are defined as follows:

WUE ¼ GPP/TR ð1Þ
RUE ¼ GPP/APAR ð2Þ

where GPP (g C m-2 year-1 or mol C m-2 year-1) is the

photosynthetic CO2 assimilation rate, TR (kg H2O m-2

year-1) is the transpiration rate estimated in the water-bud-

get scheme of VISIT, and APAR (mol photon m-2 year-1)

is the absorbed PAR. An additional simulation was con-

ducted to specify the effect of nitrogen limitation (e.g., Kitao

et al. 2005; Ollinger et al. 2008), which can cause down-

regulation of plant growth response. Namely, the total

amount of canopy nitrogen was fixed to the current level

Fig. 2 Annual mean temperature and precipitation projections at the

four study sites, estimated by three climate models (MIROC high-

resolution, ECHAM, and CCCma) for the 1980–2050 period using the

IPCC SRES A1B emission scenario. For the CCCma climate model,

projections using the SRES A2 and B1 scenarios are also shown

J Plant Res (2010) 123:577–588 581
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(average for 1998–2007), simulating severe nitrogen

limitation. In this case, leaf area expansion caused by the

CO2 fertilization effect will result in a decrease in leaf

nitrogen concentration and in photosynthetic capacity

(i.e., dilution). For clarity, the nitrogen limitation

effect on respiration was not included. The range

between the control (no nitrogen limitation) and the

severe nitrogen limitation simulations is expected to

indicate the possible magnitude of actual ecosystem

response.

Fig. 3 Simulated carbon budget for 1980–2050 using the five climate projections at the four study sites. GPP Gross primary production, NEP
net ecosystem production
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Results and discussion

Contemporary state

Model simulations using historical climate data captured

the contemporary ecophysiological processes and carbon

budget at each study site. Gross primary production at the

TKY, TMK, FJY, and QHB sites during the 1998–2007

period was estimated to be 13.3, 15.8, 16.8, and 11.0

Mg C ha-1 year-1, respectively. Plant autotrophic respi-

ration consumed 40% (QHB) to 45% (TKY, TMK, FJY) of

GPP. Because of the past disturbance at the forest sites and

climate change, these ecosystems were estimated as a net

carbon sink by 3.1 ± 0.5 (TKY), 2.8 ± 0.6 (TMK),

2.1 ± 0.8 (FJY), and 1.7 ± 0.8 (QHB) Mg C ha-1 year-1

(average ± standard deviation of interannual variability).

The deciduous forests (TKY and TMK) showed clear

seasonal changes in LAI and CO2 fluxes.

Response to future climate changes: carbon budget

Along with the near-future climate changes (Fig. 2) and a

rise in atmospheric CO2 levels, the carbon budget of East

Asian ecosystems was estimated to change gradually

(Fig. 3). At the cool-temperate deciduous forest (TKY),

annual GPP increased by 6–9 Mg C ha-1 year-1 dependent

on climate scenarios, from the present (1998–2007)

level to the 2040s. As a result of a longer growing period

and a higher peak LAI, APAR increased from 5,089

mol photon m-2 year-1 in the present to 6,728 mol

photon m-2 year-1 in the 2040s. Annual NEP also

increased but to a lesser extent (1.2–2.3 Mg C ha-1

year-1), because increased ecosystem respiration largely

consumed the increased carbon assimilation. At the decid-

uous conifer forest (TMK), annual GPP increased by

4.7–11.3 Mg C ha-1 year-1, with a wide variability among

the climate projection scenarios, especially after 2030. NEP

increased by only 0.16 Mg C ha-1 year-1 in the case of the

MIROC climate projection, whereas a large NEP increase of

3.0 Mg C ha-1 year-1 was estimated using the CCCma-

A1B climate projection. The warm-temperate evergreen

conifer forest (FJY) had the highest current GPP, and

the CO2 assimilation rate was estimated to increase by

8.5–13.7 Mg C ha-1 year-1. However, NEP did not

increase substantially (0.2–1.7 Mg C ha-1 year-1), pri-

marily as a result of increased levels of respiratory emissions

under the warmer climate. It seems that the carbon budget of

the evergreen forest was most greatly affected by the

increased respiration rates. At the alpine meadow (QHB)

site, where temperature and water conditions are the most

severely limiting (Table 1), annual GPP was estimated

to increase by 9.3–16.3 Mg C ha-1 year-1; the largest

response was simulated using the MIROC climate projec-

tion, which gave higher temperature increases (Fig. 2).

As a consequence, annual NEP increased by 1.3–

2.9 Mg C ha-1 year-1. Differences in the estimated GPP

and NEP values among the emission scenarios (SRES A1B,

A2, and B1 for the CCCma climate model) were not evident,

even though these scenarios differ in atmospheric CO2

concentration by 50 ppmv at the end of simulation period.

The study sites are all in a humid monsoonal climate, so no

clear response to precipitation change was found.

CO2 fertilization effect

To clarify the CO2 fertilization effect, contemporary

climate conditions were applied to the future projections.

For example, GPP at the TKY site increased by

3.9 Mg C ha-1 year-1 from the 1990s to the 2040s as a

result of the CO2 fertilization effect, or 43–67% of total

change, including climate impact. Canopy photosynthesis

by shaded leaves was more responsive to future environ-

mental changes, because LAI expansion increased CO2

assimilation by shaded leaves. The CO2 fertilization effect

accounted for only 29% of the total GPP increase at the QHB

site under the MIROC-A1B climate scenario, and climatic

warming exerted a stronger influence. At the other sites,

about half of the GPP increase was attributable to the CO2

fertilization effect. At the TKY site, GPP by sunny and

shaded leaves increased by 1.5 (30%) and 3.0 (41%) Mg C

ha-1 year-1, respectively. Alternatively, as a result of

increased shading by overstory trees, photosynthesis of

understory herbaceous plants decreased from 1.7 to

1.2 Mg C ha-1 year-1. Hence, the large increase in GPP

was attributable to both the CO2 fertilization effect and

climate impacts on the leaf-level response of photosynthetic

gas exchange and canopy-level response of LAI expansion.

Phenological changes under global change

Projected near-future climate changes affected the seasonal

pattern of ecosystem processes. Figure 4 shows average

annual seasonal changes in GPP and ER at the TKY site for

the 1998–2007 and 2041–2050 periods as a typical exam-

ple. Under the warmer climate, spring leaf display occurred

25 days earlier and autumn leaf shedding occurred 20 days

later, leading to a longer growing period. Peak photosyn-

thetic rate also increased with elevated CO2 concentrations;

the peak LAI of canopy trees increased from 4.6 to 8.5.

A slight decline in GPP from day of year (DOY) 150–200

was caused by a decline in solar radiation during the rainy

season. ER for 2041–2050 increased throughout the year

compared to 1990–1999, because of the temperature rise

and biomass accumulation. The increased ER in mid-

J Plant Res (2010) 123:577–588 583

123



summer to autumn (DOY 210–280) resulted in a suppres-

sion of net carbon uptake in this period.

Changes in resource-use efficiencies

As a result of elevated CO2 and climate changes, plant

resource-use efficiencies were improved. Figures 5 and 6

compare GPP, TR, ARAP, WUE, and RUE at the four sites

between the 1990s and the 2040s. WUE increased by ?2.5

to ?7 g C kg-1 H2O, because water loss by TR did not

increase at the same rate as GPP (Fig. 5b: by only 5–10%).

The WUE improvement was especially clear at the

QHB site, primarily as a result of considerable GPP

increase and a lower TR (Fig. 5b: 150–185 mm year-1).

Note that, in VISIT, stomatal conductance decreases as

atmospheric CO2 concentration increases (Leuning 1995).

RUE increased by about ?0.005 mol C mol-1 photon;

at each site, APAR increased by 1,103–3,513 mol

photon m-2 year-1 (Fig. 5c). As exemplified in Fig. 7, the

increase of GPP was attributable to increased APAR due to

LAI expansion and improved RUE due to instantaneous

CO2 fertilization effect. These results imply that East Asian

ecosystems would utilize resources more efficiently in

terms of production under the predicted near-future climate

change. On the other hand, the NPP/GPP ratio, an index of

plant carbon use efficiency, of the study sites was not

affected by environmental change during the experimental

period.

Potential effect of down-regulation

An additional simulation, in which the total amount of

canopy nitrogen was fixed at the current level, showed the

importance of nitrogen limitation for future projections of

ecophysiology and the carbon budget. As a result of

nitrogen dilution caused by LAI expansion, leaf-level

photosynthetic capacity was reduced such that total GPP

did not increase despite elevated levels of atmospheric CO2

and climate warming (Fig. 8). This result seems consistent

with the experimental outcome of Hirose et al. (1997),

which showed that optimal LAI for maximizing carbon

gain might not increase under elevated CO2 levels when

nitrogen availability for plants is limited. Because the

Fig. 4 Annual average seasonal changes in GPP and ecosystem

respiration (ER) at the Takayama (TKY) site for the 1998–2007 and

2041–2050 periods. Results shown are from the climate projection

using the MIROC climate model

Fig. 5 Estimated canopy processes at the four study sites for the

1990–1999 and 2041–2050 periods. a GPP, b transpiration (TR),

c absorbed photosynthetically active radiation (APAR). Error bars
Standard deviation among the results using the five climate projection

scenarios
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control simulation assumed a conservative leaf nitrogen

concentration (70–80 mmol m-2 at the canopy-top), it

showed little down-regulation or acclimation resulting

from nitrogen limitation. Similar qualitative results were

obtained from simulations at the other three sites. This

result implies a problem in long-term prediction based on

short-term experimental findings; that is, ecosystem

response can be largely overestimated. Therefore, we

should acknowledge that the two simulations represent

extreme cases, i.e., complete adaptation and strong down-

regulation, and the results indicate the possible range of

ecophysiological responses. In reality, many leaf properties

such as respiration, thickness, and longevity, and allocation

can also change under elevated CO2 concentration (e.g.,

Long et al. 2004); such an extensive analysis remains to be

addressed in a future study.

Concluding remarks

The model simulations conducted in this study imply that

substantial impacts may occur in the carbon budget of East

Asian terrestrial ecosystems as a result of near-future

increases in atmospheric CO2 levels and climate change.

Such considerable changes in the ecosystem carbon budget

should be taken into account for planning ecosystem

management for mitigation of climatic change, because

forest carbon sequestration is included in the national

greenhouse gas inventory (e.g., the Kyoto Protocol). For

example, forest carbon stock or cumulative NEP was

Fig. 6 Estimated photosynthetic efficiencies at the four study sites

for the 1990–1999 and 2041–2050 periods. a Water-use efficiency

(WUE), b radiation-use efficiency (RUE). Error bars Standard

deviation among the results using the five climate projection

scenarios

Fig. 7 Relationship between annual APAR and GPP at the TKY site

for the 1948–2050 period. For the future prediction, results using the

five climate scenarios are shown

Fig. 8 Simulated annual GPP at the Tomakomai (TMK) site, with

and without photosynthetic down-regulation resulting from leaf

nitrogen dilution. In the case of diluted canopy N, the total nitrogen

in the canopy leaves was fixed, and the expansion in leaf area induced

by the CO2 fertilization effect results in nitrogen dilution
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estimated to change at decadal time scale, e.g., between the

periods 2008–2012 (the first commitment period of the

Kyoto Protocol) and 2018–2022. At a young cool-tem-

perate forest of the TKY site, cumulative NEP increased

substantially from 17–20 Mg C ha-1 for 2008–2012 to

20–24 Mg C ha-1 for 2018–2022. In contrast, at a semi-

mature warm-temperate forest of FJY, cumulative NEP did

not always increase: 10–18 Mg C ha-1 for 2008–2012 to

11–17 Mg C ha-1 for 2018–2022. There remain, however,

uncertainties in our understanding of the long-term

response and in the results of the model simulations. For

example, it is still difficult to estimate how much the down-

regulation would occur in various ecophysiological pro-

cesses such as respiration and allocation, which have

complicated interactions within ecosystems. Other envi-

ronmental changes such as an increasing amount of

anthropogenic nitrogen deposition in East Asia may have

local and ancillary impacts on plant and soil processes.

It is expected that these simulation results using obser-

vation-calibrated model and multiple scenarios carry robust

implications for long-term monitoring of terrestrial ecosys-

tems. Indeed, although several model studies investigated

ecophysiological responses to elevated CO2 and climate

change (e.g., McMurtrie and Wang 1993), few have provided

future perspectives on long-term ecosystem monitoring. The

perspectives presented in this study may strengthen moti-

vation to continue monitoring at flux measurement sites.

First, GPP time-series (Fig. 3) show a clearer trend (i.e.,

slope of temporal change) than NEP time-series and are thus

more useful to detect the impacts of elevated levels of

atmospheric CO2 and climate warming. It seems feasible to

detect significant changes (i.e., exceeding the range of sta-

tistical observational error) in GPP or other gross fluxes such

as ER in the near future. Second, the experimental sites

showed differences in future climate conditions and carbon

budget responsiveness. Systematic and extensive monitoring

networks are required to capture the regional tendency of

climatic impacts on terrestrial ecosystems. Third, seasonal

change in fluxes and parameters seem to clearly represent

changes in the ecosystems (Fig. 3), indicating the impor-

tance of monitoring plant phenology as done in several

studies (e.g., Doi and Takahashi 2008). Monitoring of phe-

nology would be a low-cost, effective way of detecting

ecosystem responses to global climate change. Fourth,

down-regulation or acclimation caused by nitrogen limita-

tion appears to substantially alter the ecosystem response,

leading to lower carbon uptake in this region. Because most

ecosystem models adopt a photosynthetic scheme similar to

that used in VISIT, they can largely overestimate long-term

ecosystem response (e.g., Thornton et al. 2007). Therefore,

further experimental and monitoring studies are required to

better understand these processes. Fifth, the simulated eco-

physiological changes suggest that the ecosystem responses

are related with various fields of research and ecosystem

management. For example, the increase of WUE implies that

human-available water from a specific amount of precipita-

tion could increase through runoff drainage in the future.

Sixth, the simulations imply that LAI would gradually

increase at each site in the future. Because many studies have

attempted air- and space-borne measurement of LAI (e.g.,

Asner et al. 2003; Nasahara et al. 2008), remote sensing of

LAI may effectively enable the use of broad-scale monitor-

ing of the impacts of global change on terrestrial ecosystems.

Further experimental and monitoring studies should be

conducted to elucidate the mechanisms determining the

ecosystem carbon budget. These findings are essential for

evaluating ecosystem functions and global change impacts

anticipated in the future with process-based models.
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