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PREFACE

Takashi Kohyama Æ Josep Canadell Æ Dennis S. Ojima

Louis F. Pitelka

Forest ecosystems and environments: scaling up from
shoot module to watershed

Published online: 31 March 2005
� The Ecological Society of Japan 2005

Terrestrial ecosystems are experiencing rapid changes of
their structure and function as a result of an ever
growing pressure by human demands on natural re-
sources. Over the past decades, forcing by direct and
indirect human activities has reached a point that is now
rivaling the natural forcing that has shaped the Earth
system over millennia. This unprecedented phenomenon
has attracted a major investment by the scientific com-
munity to detect the impacts, attribute the changes to
processes, and explore future trajectories. This scientific
information is fundamental to creating the knowledge
base that will inform policy development and will allow
human societies to mitigate and adapt to these rapid
changes.

With the goal of developing a novel research agenda
in support to the above objectives, the ‘‘Global Change
and Terrestrial Ecosystems’’ core project (GCTE,
Walker et al. 1999; Canadell et al. 2005) was created in
1991 under the auspices of the International Geosphere-
Biosphere Programme (IGBP). By contrast with other
components of the Earth system, terrestrial ecosystems
are constructed with short-lived and long-lived organic

compounds with varied diffusivity, resulting in pro-
nounced spatial and temporal heterogeneity. Up scaling
and integrating to global scales of such heterogeneous
ecosystems in relation to global environmental change
has been described and forecasted through the GCTE
research agenda.

Other aspects of heterogeneity come from hierarchi-
cal and compositionally diversified features of terrestrial
ecosystems. Plants create a vegetation framework with
organismic hierarchy, from cell physiology to whole
individual-level regulation, and biological components
at each trophic level characterized by biodiversity
related to compositional functional differentiation.
Therefore, GCTE has promoted the integration and the
study of feedbacks between processes driven by plant
and ecosystem physiology, population and community
dynamics, and biogeochemistry.

The ‘‘Global Change Impacts on Terrestrial Ecosys-
tems in Monsoon Asia’’ project (TEMA) (1995–2003)
was the Japanese contribution to the GCTE global
effort. Coastal East and Southeast Asia, as the target
region of TEMA, are characterized by wet growing
seasons influenced by monsoon climates, and species-
rich forest ecosystems develop along a latitudinal gra-
dient from equatorial to boreal zone, and an altitudinal
gradient from lowland up to the forest limit (Ohsawa
1995). The TEMA aimed to predict the effects of envi-
ronmental change on the distribution and structure of
forest ecosystems in the target region (Hirose et al.
1998). Core parts of TEMA were designed to integrate
forest ecosystem processes from leaf physiology to mi-
cro-meteorological budgets, and to predict long-term
changes of vegetation composition and architecture
through demographic processes. The TEMA paid par-
ticular attention to watershed processes, where forest
metabolism affects ecosystem properties and biogeo-
chemical budgets of freshwater ecosystems. This is
particularly important because rivers, wetlands and
lakes are experiencing direct and indirect effects of
environmental change. The unique challenge of TEMA
research was the attempt to integrate various scales of
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heterogeneous ecological processes from fine-scale eco-
physiology to watershed ecosystems.

This special issue outlines a synthetic view achieved
by TEMA, building from an initial synthesis (Hirose and
Walker 1996), a mid-term special issue (Nakashizuka
et al. 1999) and numerous research papers. The first
section of this issue ‘‘Integration of ecophysiological
processes to stand dynamics’’ deals with the process-
based scaling-up from leaf physiology to population,
and to landscape ecosystem production, applying
experimental, modeling and monitoring approaches.
The second section ‘‘Latitudinal/altitudinal transects of
East Asia’’ presents case studies and region-wide meta-
analysis of forests along latitudinal and altitudinal gra-
dients, followed by a tree demographic process-based
modeling approach to geographic forest zonation. The
third section ‘‘Monitoring and modeling atmosphere-
forest-soil processes’’ presents carbon budgets for scales
ranging from stand to small watershed of various types
of Japanese temperate forests. The last section, ‘‘Forest–
lake interface in watershed ecosystems’’ presents catch-
ment-scale biogeochemical budgets and regulation,
stream water diagnosis of forest soil status, and carbon
budgets and methane dynamics of lake ecosystems. The
four sections collectively represent the scaling up con-
cept that has driven the intellectual and research devel-
opment of TEMA over this past decade, a research that
ultimately needs to yield integrated and system-level
knowledge base for a better understanding of ecosystem
functioning (i.e. ecosystem goods and services) upon
which the well being of societies relies. Beside this issue,
overall TEMA achievements are summarized in Kohy-
ama et al. (2005).

The GCTE project ended in 2003, and the succeeding
international projects such as Global Land Project
(GLP), Global Carbon Project (GCP), and Monsoon

Asia Integrated Regional Studies (MAIRS) are already
in place or in different stages of development. The
concepts promoted by TEMA will contribute to, and be
extended through these projects.

We acknowledge that the planning and the imple-
mentation of GCTE-TEMA was possible thanks to the
support by many scientists, and particularly by Nobu-
hiko Handa, Yoh Iwasa, Hiroya Kawanabe, Kihachiro
Kikuzawa, Yosuke Matsumoto, Yasushi Morikawa, the
late Shigeru Nakano, Tohru Nakashizuka, Masahiko
Ohsawa, Yasuyuki Oshima, Will Steffen, Noriyuki
Tanaka, Ichiro Terashima, Eitaro Wada, and Brian
Walker.
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Abstract Elevated CO2 enhances photosynthesis and
growth of plants, but the enhancement is strongly
influenced by the availability of nitrogen. In this article,
we summarise our studies on plant responses to elevated
CO2. The photosynthetic capacity of leaves depends not
only on leaf nitrogen content but also on nitrogen par-
titioning within a leaf. In Polygonum cuspidatum, nitro-
gen partitioning among the photosynthetic components
was not influenced by elevated CO2 but changed
between seasons. Since the alteration in nitrogen parti-
tioning resulted in different CO2-dependence of photo-
synthetic rates, enhancement of photosynthesis by
elevated CO2 was greater in autumn than in summer.
Leaf mass per unit area (LMA) increases in plants
grown at elevated CO2. This increase was considered to
have resulted from the accumulation of carbohydrates
not used for plant growth. With a sensitive analysis of a
growth model, however, we suggested that the increase
in LMA is advantageous for growth at elevated CO2 by
compensating for the reduction in leaf nitrogen con-
centration per unit mass. Enhancement of reproductive
yield by elevated CO2 is often smaller than that expected
from vegetative growth. In Xanthium canadense, elevated
CO2 did not increase seed production, though the veg-
etative growth increased by 53%. As nitrogen concen-
tration of seeds remained constant at different CO2

levels, we suggest that the availability of nitrogen limited
seed production at elevated CO2 levels. We found that
leaf area development of plant canopy was strongly

constrained by the availability of nitrogen rather than by
CO2. In a rice field cultivated at free-air CO2 enrich-
ment, the leaf area index (LAI) increased with an in-
crease in nitrogen availability but did not change with
CO2 elevation. We determined optimal LAI to maximise
canopy photosynthesis and demonstrated that
enhancement of canopy photosynthesis by elevated CO2

was larger at high than at low nitrogen availability. We
also studied competitive asymmetry among individuals
in an even-aged, monospecific stand at elevated CO2.
Light acquisition (acquired light per unit aboveground
mass) and utilisation (photosynthesis per unit acquired
light) were calculated for each individual in the stand.
Elevated CO2 enhanced photosynthesis and growth of
tall dominants, which reduced the light availability for
shorter subordinates and consequently increased size
inequality in the stand.

Keywords Allocation Æ Carbon fixation Æ
Competition Æ Nitrogen availability Æ Nitrogen use Æ
Scaling up

Introduction

During the last 200 years, atmospheric CO2 concentra-
tion has increased from a pre-industrial level of
280 lmol mol�1 to 370 lmol mol�1 (in 2004). It is still
increasing at a rate of 1.5 lmol mol�1 per year and may
reach 700 lmol mol�1 at the end of this century (IPCC
2001). Because CO2 is a substrate for photosynthesis, an
increase in atmospheric CO2 concentration stimulates
photosynthetic rates in C3 plants (Kimball 1983; Cure
and Acock 1986; Bazzaz 1990; Poorter 1993; Sage 1994;
Curtis 1996; Ward and Strain 1999). However, the effect
of elevated CO2 on growth and reproduction is often
much weaker than that predicted by the photosynthetic
response. It also differs considerably between species
and between plants grown under different conditions
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(Bazzaz 1990; Arp 1991; McConnaughay et al. 1993;
Sage 1994; Farnsworth and Bazzaz 1995; Makino and
Mae 1999; Ward and Strain 1999; Jablonski et al. 2002).
Nutrient availability has been considered one of the key
factors for the variation in plant responses to elevated
CO2 (e.g. Ziska et al. 1996; Lutze and Gifford 1998; Kim
et al. 2001; Stitt and Krapp 1999; Kimball et al. 2002).

Nitrogen is one of the most important mineral
nutrients that limit plant growth in many natural and
managed ecosystems (Aerts and Chapin 2000). Since a
large fraction of leaf nitrogen is in the photosynthetic
apparatus, a strong correlation holds between photo-
synthetic capacity and nitrogen content of leaves (Evans
1989; Hikosaka 2004). Higher photosynthetic rates
at high CO2 concentrations may lead to an imbalance
of carbon and nitrogen in the plant body because
carbon acquisition is stimulated relative to nitrogen
uptake at elevated CO2. Accumulated carbohydrates
sometimes cause a feedback limitation of photosynthesis
(Peterson et al. 1999; Medlyn et al. 1999; Stitt and
Krapp 1999).

Plants respond to the availability of limited resources
by altering their physiological and morphological char-
acteristics to ameliorate the resource imbalance. At low
nutrient availability, for example, plants allocate more
biomass to roots, which compensates for low nutrient
uptake rates per unit root mass (Brouwer 1962). This
contributes to balancing carbon and nitrogen uptake
and to the maximisation of relative growth rates (Hirose
1987, 1988; Hilbert 1990). CO2 responses of plants may
also involve adaptive acclimation, which potentially in-
creases plant growth and reproduction at elevated CO2

levels. Optimality models may be useful to assess the
adaptability of plant responses (Anten et al. 2000).

In the GCTE-TEMA program, we studied plant re-
sponses to elevated CO2 at different scales: leaf, whole-
plant, canopy, and population. Nitrogen was considered
as a key factor to analyse the variation in the CO2

responses. In this article, we summarise our findings.

Leaf

The photosynthetic rate of a leaf is determined by the
amount of leaf nitrogen and its partitioning between
photosynthetic and non-photosynthetic proteins, and
among the various photosynthetic components (Hiko-
saka 2004). We studied nitrogen use in leaves grown at
elevated CO2 both theoretically and experimentally.

Nitrogen partitioning in the photosynthetic apparatus
in leaves grown at elevated CO2 concentrations:
importance of seasonal acclimation

Light-saturated rates of photosynthesis are limited either
by RuBPCase (ribulose-1,5-bisphosphate carboxylase/
oxygenase) activity or by the RuBP regeneration process
(Farquhar et al. 1980). The former tends to limit pho-

tosynthesis at lower CO2 concentrations while the latter
does so at higher CO2 concentrations. The capacity of
the two processes is considered to co-limit at around the
current CO2 concentration (Wullschleger 1993). There-
fore, under future higher CO2 concentrations, it is pos-
sible that only the RuBP regeneration process will limit
photosynthesis. Both RuBP carboxylation and RuBP
regeneration processes need a substantial amount of
nitrogen to maintain high photosynthetic capacity
(Evans and Seemann 1989; Hikosaka 1997). To use
nitrogen efficiently, nitrogen should be reallocated from
non-limiting to limiting processes (Evans 1989; Hiko-
saka and Terashima 1995). It has been suggested that
nitrogen reallocation from RuBP carboxylation to the
RuBP regeneration processes would increase photosyn-
thetic nitrogen use efficiency at elevated CO2 (Sage 1994;
Webber et al. 1994; Medlyn 1996). Using a theoretical
model of nitrogen partitioning in the photosynthetic
apparatus, Hikosaka and Hirose (1998) suggested that
nitrogen reallocation to RuBP regeneration in the dou-
bled CO2 level would increase photosynthesis by 20%.
This prediction was supported by an experimental study
using a transgenic rice plant with a reduced amount of
RuBPCase (Makino et al. 1997, 2000). When compared
at the same nitrogen content, the transgenic rice had
greater amounts of proteins in the RuBP regeneration
process and higher photosynthetic rates than the wild
type at high CO2 concentrations. In normal plants,
however, nitrogen allocation between RuBP carboxyla-
tion and regeneration processes does not seem to be
influenced by CO2 concentrations at which plants are
grown (Medlyn et al. 1999).

Recent studies, however, have found that growth
temperature affects the balance between RuBPCase and
the RuBP regeneration process. Hikosaka et al. (1999)
demonstrated that Quercus myrsinaefolia leaves grown
at a low temperature had a higher ratio of RuBP
regeneration capacity (expressed as the maximum elec-
tron transport rate, Jmax) to carboxylation capacity
(Vcmax) than those grown at a high temperature, and
consequently that photosynthesis was more sensitive to
CO2 in plants acclimated to low temperature. A similar
trend was found by Wilson et al. (2000), who reported
that autumn leaves had a higher ratio of Jmax/Vcmax than
summer leaves in several deciduous tree species from
temperate forests. These results suggest that seasonal
changes in temperature alter the balance between RuBP
carboxylation and RuBP regeneration, which will affect
the extent of CO2 stimulation of photosynthesis.

We tested the hypothesis that seasonal changes in air
temperature affect the balance and modulate the CO2

response of photosynthesis (Onoda et al. 2005). Vcmax

and Jmax were determined in summer and autumn for
leaves of Polygonum cuspidatum grown at two CO2

concentrations. The elevated CO2 concentration reduced
both Vcmax and Jmax without changing the Jmax/Vcmax

ratio. Seasonal environment, on the other hand, altered
the ratio such that the Jmax/Vcmax ratio was higher in
autumn than summer leaves. This alteration made the
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photosynthetic rate more dependent on CO2 concen-
tration in autumn leaves (Fig. 1). Therefore, when
photosynthetic rates were compared at growth CO2

concentration, the stimulation in photosynthetic rate
was larger in autumn than summer leaves. Across the
two seasons and the two CO2 concentrations, Vcmax was
strongly correlated with RuBPCase and Jmax with
cytochrome f content. These results suggest that sea-
sonal changes in climate influence the relative amount of
photosynthetic proteins, which in turn affects the CO2

response of photosynthesis.

Whole plant

Photosynthates acquired by leaves are used for the
production of leaves, stems, roots, and reproductive
organs. Increase in allocation to the leaf would be ben-
eficial for photosynthesis, but may reduce other func-
tions such as nutrient uptake and reproduction. We
studied changes in biomass allocation with CO2 eleva-
tion with respect to the balance between enhanced
photosynthesis and other functions.

Maximisation of relative growth rate at elevated CO2

concentrations

Plants respond to an alteration of nitrogen availability
by changing their root/shoot (R/S) ratio. Brouwer
(1962) and Davidson (1969) proposed the ‘‘functional
equilibrium’’ hypothesis; i.e. the R/S ratio changes to
maintain the activity ratio between the shoot and root.
According to this hypothesis, any environmental chan-
ges that increase root activity would decrease the R/S
ratio and any environmental changes that increase
shoot activity would increase the R/S ratio. As elevated
CO2 increases photosynthetic activity of the leaf, the
functional equilibrium predicts an increase in the R/S
ratio and a reduction in leaf mass ratio (LMR, the
fraction of plant mass in the leaf) in plants growing at
elevated CO2. However, LMR in actual plants does not
necessarily respond to elevated CO2 as expected (Stulen
and den Hertog 1993; Luo et al. 1999). While some
studies showed a reduction in LMR at elevated CO2 as
expected (e.g. Larigauderie et al. 1988; Wilson 1988),
others showed that LMR did not change with CO2

elevation (e.g. Pettersson et al. 1993; Curtis and Wang
1998).

Many studies have shown that leaf mass per unit
area (LMA) consistently increases under elevated CO2

(Poorter et al. 1996; Yin 2002). LMR and LMA are
important parameters to describe plant growth. Rela-
tive growth rate (RGR, growth rate per unit plant
mass) is factorised into three components: RGR=
NAR · LMR/LMA, where NAR is net assimilation
rate (growth rate per unit leaf area). This equation
indicates that an increase in LMA reduces RGR. In-
crease in LMA at elevated CO2 has been ascribed to
accumulation of non-structural carbohydrates as a re-
sult of a source-sink imbalance (Poorter et al. 1997).
However, Luo et al. (1994) suggested a possible
advantage of increasing LMA under elevated CO2,
because it would contribute to increasing leaf nitrogen
content per unit area (Narea): Narea=Nmass · LMA,
where Nmass is leaf nitrogen concentration per unit
mass. The decrease in Nmass as a result of elevated CO2

may be compensated for by an increase in LMA to
maintain a high Narea (Luo et al. 1994; Peterson et al.
1999). However, the effect of increased LMA on whole-
plant growth has not been studied (but see Hirose
1987). Hilbert et al. (1991) studied the optimal biomass
allocation under elevated CO2, but did not consider the
effect of LMA.

To test the hypothesis that an increase in LMA at
elevated CO2 benefits plant growth by maintaining a
high Narea, we raised P. cuspidatum at ambient and ele-
vated CO2 concentrations with three levels of nitrogen
availability (Ishizaki et al. 2003). Elevated CO2 signifi-
cantly increased LMA but the effect on LMR was small.
The increased LMA compensated for the lowered Nmass,
leading to similar Narea between ambient and elevated
CO2 conditions. The effect of change in LMA on RGR
was investigated by means of a sensitivity analysis: LMA

Fig. 1 Photosynthetic rate versus intercellular CO2 concentration
of Polygonum cuspidatum grown either at ambient CO2 (370 lmol
mol�1, open symbols) or at elevated CO2 (700 lmol mol�1, closed
symbols) in August (a) and October (b). The model of Farquhar
et al. (1980) was fitted to the observations. Arrows indicate the
photosynthetic rate at growth CO2 concentration
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values observed at ambient and elevated CO2 were
substituted into a steady-state growth model to calculate
RGR. In this model, NAR was assumed to be a function
of Narea. Allocation of more biomass to roots increased
Nmass via increased nitrogen uptake, but decreased leaf
mass. An increase in LMA increased Narea but decreased
leaf area. At ambient CO2, substitution of a high LMA
(observed at elevated CO2) did not increase RGR,
compared with RGR for a low LMA (observed at
ambient CO2), whereas at elevated CO2 the RGR values
calculated for the high LMA were always higher than
those calculated for the low LMA. The optimal combi-
nation of LMR and LMA to maximise RGR was
determined for different CO2 and nitrogen availabilities
(Fig. 2). The optimal LMR was nearly constant, while
the optimal LMA increased with CO2 elevation, and
decreased at higher nitrogen availabilities. These results
suggest that the increase in LMA contributes to growth
enhancement under elevated CO2. The changes in LMR
of actual plants may be a compensation for the limited
plasticity of LMA.

Reproductive growth at elevated CO2

Although vegetative growth is enhanced by elevated
CO2, it is not always reflected by an increase in repro-
ductive yield (final mass of the reproductive part). From
more than 150 reports on the effect of elevated CO2 on
the reproductive yield of both crop and wild species,
Jablonski et al. (2002) found a mean relative yield
increase of 12% in fruits and 25% in seeds. These
responses were smaller than the response of total plant
mass (31%). In some cases, elevated CO2 even reduced
reproductive yield, though vegetative mass was in-
creased (Larigauderie et al. 1988; Fajer et al. 1991;
Farnsworth and Bazzaz 1995). Thus, the increase in
reproductive yield is not parallel to that in plant growth,
and the enhancement of vegetative growth is not a
reliable predictor of enhancement of reproductive yield
(Ackerly and Bazzaz 1995).

The difference in responses to elevated CO2 between
vegetative growth and reproductive yield should be ex-
plained by factors involved in the process of reproduc-
tive growth. Reproductive growth is determined not
only by biomass production but also by biomass allo-
cation to the reproductive part. We analysed reproduc-
tive growth under elevated CO2 using a simple growth
model (Kinugasa et al. 2003). Reproductive mass was
expressed as the product of (1) the duration of the
reproductive period, (2) the rate of biomass acquisition
in the reproductive period, and (3) the fraction of ac-
quired biomass allocated to the reproductive part
(Sugiyama and Hirose 1991; Shitaka and Hirose 1998).
We raised Xanthium canadense, an annual, under
ambient and elevated CO2 concentrations with two
nitrogen availabilities. Elevated CO2 increased repro-
ductive yield at high nitrogen availability, but this
increase was caused by increased capsule mass without
a significant increase in seed production (Fig. 3). The

increase in total reproductive mass was due mainly to an
increase in the rate of biomass acquisition in the
reproductive period, with a delay in leaf senescence. This
positive effect was partly offset by a reduction in biomass
allocation to the reproductive part at elevated CO2. The
duration of the reproductive period was not affected by
elevated CO2.

Seed production was strongly constrained by the
availability of nitrogen for seed growth. The nitrogen
concentration in seeds was very high in X. canadense

Fig. 2 The optimal leaf mass ratio (a) and leaf mass per unit area
(b) that maximise the relative growth rate (c), plotted against
specific absorption rate of nitrogen per unit root mass. Lines are the
theoretical optimum calculated from the model for 370 (dashed)
and 700 (solid) lmol mol�1 CO2 and symbols are data observed for
P. cuspidatum grown at 370 (open) and 700 (closed) lmol mol�1

CO2. Redrawn from Ishizaki et al. (2003)
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and did not decrease at elevated CO2 (Fig. 3). On the
other hand, capsule production seems to be less con-
strained by nitrogen availability. Capsules had very
low nitrogen concentration and elevated CO2 increased
capsule mass at high nitrogen availability. Interestingly
Kimball et al. (2002) reported that the boll (seed +
lint) yield of cotton was increased 40% by elevated
CO2 while the lint fiber portion of the yield increased
even more, by about 54%. In soybean, elevated CO2

increased the pod wall mass more than seed yield
(Allen et al. 1988). It seems that elevated CO2 leads to
a greater increase in the mass of a reproductive
structure with a low nitrogen concentration than a
structure with a high nitrogen concentration. This may
be one of the reasons for a large variation in CO2

response of reproductive yield.

Canopy

Leaf canopy is a unit of photosynthesis at the ecosystem
level. It is a collection of leaves that are exposed to a
large gradient of light availability and have different
photosynthetic characteristics depending on their
microclimate. An important question is whether
enhancement of canopy photosynthesis at elevated CO2

is solely ascribed to enhanced leaf photosynthetic rate or
also involves alteration in canopy structure.

Effect of elevated CO2 on canopy photosynthesis:
does leaf area index respond to growth CO2?

Reviewing studies on canopy photosynthesis, Drake and
Leadly (1991) showed that elevated CO2 increased can-
opy photosynthesis in almost all cases. The extent to
which canopy photosynthesis increases, however,
depends on species and on the availability of other
resources (Bazzaz 1990; Arp 1991; McConnaughay et al.
1993). The rate of canopy photosynthesis is affected not
only by photosynthetic rates in leaves but also by leaf
area index (LAI, leaf area per unit ground area) in the
canopy. There are disagreements about the effect of
elevated CO2 on leaf area development: LAI increased
with elevated CO2 in the canopy of perennial ryegrass
(Nijs et al. 1988), soybean (Campbell et al. 1990), and
rice (Rowland-Bamford et al. 1991), while it remained
the same in artificial tropical forest ecosystems (Körner
and Arnone 1992) and experimental stands of annuals
(Hirose et al. 1996).

Leaf area development is strongly determined by
nitrogen availability (Anten et al. 1995). Hirose et al.
(1996) found a strong correlation between LAI and
aboveground plant nitrogen, regardless of growth CO2

levels in annual stands, suggesting that an increase in
LAI at elevated CO2 will occur only if plants simulta-
neously take up more nitrogen, through increased root
growth and/or through increased root activity. How-
ever, Harz-Rubin and DeLucia (2001) found that vege-
tation stands under elevated CO2 had greater LAI even
when compared at the same nitrogen uptake. Kim et al.
(2001) also found LAI for a given nitrogen uptake to be
greater for plants under elevated CO2, but only when
nitrogen uptake itself was high, and not when it was low.

Although an increase in LAI enhances canopy
photosynthesis due to increased light interception,
when nitrogen in the canopy is limited an increase in
LAI reduces leaf nitrogen per unit leaf area, leading to
a decline in the photosynthetic capacity of leaves. There
exists an optimal LAI at which the canopy photosyn-
thetic rate for a given canopy nitrogen is maximised
(Anten et al. 1995; Hirose et al. 1997). It has been
shown that predicted LAI values are strongly corre-
lated with measured LAIs (Anten et al. 2000). Anten
et al. (2004) applied the concept of optimal LAI to
stands of rice grown under free air CO2 enrichment
(FACE). In this experiment, LAI increased with
increasing nitrogen availability but was not affected by
elevated CO2. Elevated CO2 did not affect total plant
nitrogen in the stand, but slightly reduced leaf nitrogen
per unit ground area due to reduced allocation of
nitrogen to leaves. These results indicate that elevated
CO2 increases LAI when compared at the same leaf
nitrogen levels, which is consistent with the model
prediction (Fig. 4a, b). However, the increase in LAI by
elevated CO2 was only 6–8%, both in the experiment
and the prediction, suggesting that nitrogen availability
is the most important factor for leaf development even
under elevated CO2.

Fig. 3 Dry mass (a) and N concentration (b) of the reproductive
part (total, seeds, and capsules) of Xanthium canadense. Different
letters above columns indicate a significant difference between
treatments (P<0.05, Tukey–Kramer method). White bars
360 lmol mol�1, black bars 700 lmol mol�1 CO2. LN and HN
represent low and high nitrogen availability (12 and 24 mM N),
respectively. Redrawn from Kinugasa et al. (2003)
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Anten et al. (2004) further analysed the canopy
photosynthetic rates in the rice stands. There are clear
indications that the positive effect of elevated CO2 on
canopy carbon gain increases with nitrogen availability
(Fig. 4c, d). So far, this interactive effect of CO2 and
nitrogen has been attributed to two mechanisms. First,
inhibition of leaf photosynthesis by carbohydrate accu-
mulation at elevated CO2 tends to be stronger under low
than under high nitrogen availability (Rogers et al.
1996). Second, nitrogen uptake increases under elevated
CO2 only when nitrogen availability is high, and not
when it is low (Stitt and Krapp 1999). Anten et al. (2004)
proposed a mechanism of an interactive effect of nitro-
gen and CO2 that is independent of the above two fac-
tors. When nitrogen availability is low, the canopy is
relatively open and most leaves receive relatively high
light. Under these conditions, the effect of elevated CO2

on canopy photosynthesis will be predominantly
through its effect on the light-saturated rate of photo-
synthesis in the leaves. But as nitrogen availability in-
creases, the canopy becomes denser and lower leaves
become increasingly shaded. Under these conditions the
enhanced quantum yield under elevated CO2 will have
an increasingly positive effect on canopy photosynthesis
(see Fig. 5e in Anten et al. 2004).

Population

Plant population consists of individuals varying in size.
Competition for light has been suggested as an impor-
tant factor for the development of size inequality

(Weiner 1990). Using even-aged, monospecific stands of
an annual herb, we studied the effect of elevated CO2 on
competition between individuals and the mechanism of
development of size inequality.

Effects of elevated CO2 on size distribution
of individuals in a monospecific stand

Competition among individuals in plant populations are
categorised with respect to symmetry in competition:
symmetric and asymmetric competition (Weiner 1990).
Symmetric competition indicates that individuals in a
stand acquire resources in proportion to their size, while
in asymmetric competition large individuals acquire
more than proportional amounts of resources. It has
been suggested that competition for light is asymmetric
(Ford and Diggle 1981; Weiner 1986; Jurik 1991;
Nagashima 1999; Hikosaka et al. 1999), while that for
nutrients is more symmetric (Weiner et al. 1997; Hiko-
saka and Hirose 2001). The mode of competition is
critical to the development of size inequality in the
stand. Size inequality is assessed with the coefficient of
variation (CV) (Weiner 1990). Symmetric competition,
where plant growth is proportional to the size, does not
alter size inequality, while asymmetric competition in-
creases size inequality in the stand.

Since diffusion of CO2 within plant stands is very fast,
competition for CO2 is unlikely to occur among indi-
viduals (Jones 1992). Even though elevated CO2 benefits
all individuals in the stand, the enhancement of growth by
elevated CO2 may indirectly alter the mode of competi-

Fig. 4 The predicted
relationship between leaf area
index (LAI),canopy
photosynthesis and leaf
nitrogen in rice stands grown at
FACE (free air CO2

enrichment, ambient plus
200 lmol mol�1 CO2) and
ambient conditions. a Optimal
LAI for maximum carbon gain
as a function of total amount of
leaf nitrogen in the canopy
(Ncanopy), b associated optimal
average leaf nitrogen content
(optimal Narea=Ncanopy/
optimal LAI), and c net daily
canopy carbon gain. Canopy
photosynthesis at actual Ncanopy

is also given in c: open symbols
ambient CO2; closed symbols
FACE; triangles standard
nitrogen (9 g N m�2); diamonds
high nitrogen (15 g N m�2).
d Ratio of canopy
photosynthesis in elevated CO2

to that in ambient CO2 (FACE:
ambient). Redrawn from Anten
et al. (2004)
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tion (Wayne and Bazzaz 1997). There are two alternative
hypotheses in this respect. One is that elevated CO2

makes the competition more asymmetric and increases
size inequality in the stand. It occurs when enhanced
growth of larger individuals suppresses light acquisition
of smaller individuals. The other is that elevated CO2

decreases the degree of asymmetry in competition and,
consequently, size inequality. This is because the end-
product inhibition of photosynthesis due to elevated CO2

(Stitt and Krapp 1999) may be stronger in larger plants
exposed to high light, and because the reduction of the
light compensation point of photosynthesis at elevated
CO2 will benefit the smaller shaded individuals more than
the larger ones (Osborne et al. 1997).

To test these hypotheses, we established even-aged
monospecific stands of an annual, Chenopodium album,
at ambient and double CO2 levels, with high and low
nutrient availabilities in open-top chambers (Nagashima
et al. 2003). The growth of individual plants was moni-
tored non-destructively every week until flowering. Ele-
vated CO2 significantly enhanced plant growth at high
nutrient levels, but did not at low nutrient levels. The
size inequality represented by CV tended to increase at
elevated CO2. Size structure of the stands was analysed
by the cumulative frequency distribution of plant size
(Fig. 5). At early stages of plant growth, CO2 elevation
benefited all individuals and shifted the whole size dis-
tribution of the stand to large size classes. At later
stages, dominant individuals were still larger at elevated
than at ambient CO2, but the difference in small sub-
ordinate individuals between the two CO2 levels became
smaller. Although these tendencies were found at both

nutrient availabilities, the difference in size distribution
between CO2 levels was larger at high nutrients. The
CO2 elevation did not significantly enhance the growth
rate as a function of plant size except for the high
nutrient stand at the earliest stage, indicating that the
higher biomass at elevated CO2 at later stages in the high
nutrient stand was caused by the larger size of individ-
uals at the earliest stage. Thus, elevated CO2 seems to
increase size inequality in vegetation stands and this
effect becomes stronger at high nitrogen availability.

Effects of elevated CO2 on light competition:
an individual-based analysis of light acquisition
and utilisation

We then investigated the physiological factors that
underlie the effects of elevated CO2 on the competitive
interactions between plants. As mentioned above, dif-
ference in size structure results from different size-
dependent growth rates of individuals in the stand. In a
dense stand, large, dominant individuals have an
advantage in capturing light because they place their
leaves in the highest, most illuminated parts of the
canopy. Small, subordinate individuals, on the other
hand, may have an advantage because they need less
investment of biomass in support tissues to maintain
leaves at lower positions (Givnish 1982). As a result,
they can allocate relatively more biomass to leaf area
growth, and this can mitigate the negative effects of
shading (Anten and Hirose 1998). To indicate the effi-
ciency of biomass-use to capture light, Hirose and

Fig. 5 Comparisons of
cumulative frequency
distributions of biomass in the
even-aged stand of
Chenopodium album between
ambient (360 lmol mol�1,
open symbols) and elevated
(700 lmol mol�1, closed
symbols) CO2 concentrations, at
high (a) and low (b) nutrient
levels (3.6 and 0.36 g N m�2

week�1, respectively). These
results are shown for 19, 40,
and 54 days after emergence.
Redrawn from Nagashima et al.
(2003)
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Werger (1995) introduced the parameter Umass, defined
as photon flux captured per unit above-ground mass.
They suggested that Umass might not differ between
dominant and subordinate species in multispecies sys-
tems. However, plant growth is determined not only by
the amount of acquired resources, but also by the effi-
ciency of resource use (growth per unit amount of re-
source acquired). Hikosaka et al. (1999) defined light-use
efficiency of photosynthesis (LUE) as photosynthesis per
unit photon interception, and described the photosyn-
thesis of individuals as the product of Umass and
LUE: RPR=Umass·LUE, where RPR is the relative
photosynthetic rate (photosynthetic rate per unit above-
ground mass). Provided that plant growth is propor-
tional to leaf photosynthesis, RPR is closely related to
the relative growth rate (RGR). With a modification of

the canopy photosynthesis model of Hirose and Werger
(1987), Hikosaka et al. (1999) estimated the photosyn-
thetic rate of individuals in a natural, monospecific stand
of an annual, X. canadense. They found that Umass was
higher in larger individuals, while LUE was highest in
intermediate individuals. As a consequence, RPR was
high in intermediate and larger individuals, and lowest
in smaller individuals.

The model described above was then applied to
monospecific stands growing at ambient and at elevated
CO2 (Hikosaka et al. 2003). As in the previous study
(Nagashima et al. 2003), we established even-aged
stands of an annual, C. album, at two CO2 levels in
open-top chambers with sufficient nutrient supply. The
whole-plant photosynthesis of every individual in the
stand was calculated from (1) the distribution of light

Fig. 6 Relative photosynthetic
rates (RPR, whole-plant
photosynthetic rate per unit
above-ground mass; a, b), Umass

(photon flux captured per unit
above-ground mass; c, d), and
light use efficiency (LUE,
photosynthesis per unit
captured photon; e, f), as a
function of above-ground dry
mass at 33 (a, c, e) and 47
(b, d, f) days after emergence.
RPR=Umass·LUE. Open
circles ambient; closed circles
elevated CO2 (360 lmol mol�1

and 700 lmol mol�1,
respectively). Redrawn from
Hikosaka et al. (2003)
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and leaf nitrogen, and (2) the relationships between
photosynthetic parameters and leaf nitrogen content per
area. Elevated CO2 increased light-saturated rates of
photosynthesis by 10–15% and the initial slope of the
light-response curve by 11%, but had no effect on dark
respiration. The relative rate of photosynthesis (RPR,
the rate of photosynthesis per unit above-ground mass)
was analysed as the product of light capture (Umass, the
photon flux captured per unit above-ground mass) and
light-use efficiency (LUE, plant photosynthesis per unit
photon capture) (Fig. 6). At an early stage of stand
development (33 days after germination), RPR was
nearly constant and no difference was found between
ambient and elevated CO2. However, CO2 elevation
influenced the components of RPR differently. Elevated
CO2 reduced Umass, which offset the increase in LUE.
Later (47 days), RPR was positively correlated with
plant mass at both CO2 concentrations. When compared
at an equal plant mass, RPR was lower at elevated CO2,
which was caused by a reduction in Umass despite some
compensation by higher LUE. We conclude that ele-
vated CO2 increases size inequality of a stand through
enhanced photosynthesis and growth of dominants,
which reduce the light availability for subordinates and
consequently increase size inequality in the stand.

Conclusion

Elevated CO2 enhances photosynthetic rates. The en-
hanced photosynthesis, however, does not directly lead
to increased plant growth and reproduction. As nitrogen
uptake is not stimulated as much as carbon uptake, CO2

elevation alters the C/N balance in the plant body.
Plants respond to elevated CO2 by changing biomass
allocation to mitigate the altered C/N balance. Increase
in LMA compensates for lowered leaf nitrogen con-
centration per unit mass to maintain a certain level of
leaf nitrogen per unit area. In plants with protein-rich
seed, reproductive growth is limited by nitrogen rather
than by carbon. Elevated CO2 does not increase repro-
ductive yield as much as vegetative growth. Propor-
tionate allocation of biomass to reproduction decreases
when reproductive growth is limited by nitrogen rather
than by carbon. Effects of elevated CO2 at canopy and
population levels are manifested through interactions
between light and nitrogen availability, and also through
interactions among individuals. In a leaf canopy, leaf
area increases with CO2 elevation when nitrogen uptake
is simultaneously increased. If dominant plants increase
their leaf area, they will reduce light availability in the
lower layers of the canopy and thus the growth of plants
there, which makes competition among individuals more
asymmetric. Interaction among individuals makes re-
sponses to elevated CO2 fairly sensitive to nitrogen
availability in the soil. Integrating these responses would
be indispensable for understanding functioning of plants
in a high-CO2 world.
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Abstract A functional–structural model, PipeTree,
based on Abies population data has been developed to
reveal the interactions among processes at physiological,
individual and population scales. Using field measure-
ments obtained in a comprehensive series of research
studies on subalpine Abies forest stands on Mt. Shi-
magare during the 1950s to 1980s, we designed the
structural components and physiological process models
for PipeTree. The results of the PipeTree simulation
support the feasibility of using a functional–structural
tree model to evaluate ecosystem performance at the
stand level. PipeTree generates patterns similar to those
in real subalpine forests, such as diameter–height rela-
tionships and time changes in basal area. After demon-
strating the validity of the dynamics of a PipeTree
population, we applied a sensitivity analysis under a
productivity-enhanced environment in which the maxi-
mum photosynthetic rate (Pmax) of PipeTree foliage was
increased by 50% (caused, for example, by CO2

enrichment). The results of Pmax enhancement simula-
tion show that the 50% increase in Pmax doubles the net
primary production (NPP) in the PipeTree stand. These
results suggest the importance of canopy structure in
evaluating the function of terrestrial ecosystems.

Keywords Functional–structural model Æ Pipe model Æ
Resource allocation Æ Water conductance Æ
Abies veitchii

Introduction

Mathematical modeling of plant and plant populations
to study the relationships between function and struc-
ture has a long history. Though the basic philosophy
behind the methodology remains the same as in the
pioneering work by Monsi and Saeki (1953), which
proposed the possibility of mathematically modeling the
interaction between plants and the light environment,
the implementation of plant models has been undergo-
ing changes over the half century.

One of the first attempts to evaluate plant function in
three-dimensional space was done by Oikawa and Saeki
(1977) in a straightforward extension of the Monsi-Saeki
model. After Takenaka (1994) introduced a branching
structure of shoots into plant production models, the
spatial configuration of foliage was sufficient to evaluate
vegetation function. Takenaka’s framework also al-
lowed plant structure to be modified according to local
physiological activities, such as a pruning-up process by
which shoots shaded by others are eliminated due to the
lack of available resources. Recently, plant models of
this family, with explicit spatial structure and physio-
logical details, have been called ‘‘functional–structural
models’’ (FSM; Sieväen et al. 2000). One of the suc-
cessful FSMs is LIGNUM (e.g. Sieväen et al. 1997;
Perttunen et al. 1998), which was designed as a generic
tree simulator. LIGNUM is used to reproduce realistic
shoot-branching architecture under some physiological
and morphological constraints rather than to evaluate
vegetation productivity at scales larger than the indi-
vidual.

To respond to demands in the era of global change,
scientists have developed ‘‘big-leaf’’ models with no de-
tails of vegetation canopy, which are much simpler than
the Monsi-Saeki model. As Raulier et al. (1999) (who
improved the simplified model by introducing multilayer
structure) pointed out, big-leaf models are widely used
for two major reasons: ease in parameterizing leaf-level
photosynthetic measurements and improved tractability
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in mathematics. In the world of big-leaf models, a single
big leaf is enough to evaluate the ecosystem function of a
forest.

The above suggests an apparent segregation between
the very simplified class of models for global change and
‘‘virtual plant’’ models (Roux et al. 2001) with spatial
details. This is not always true because some global
change models incorporating spatial structure have
arisen in recent years. As the importance of vegetation
structure such as spatial configuration of foliage has
become accepted, one-dimensional or size-structured
plant production models have been developed (Raulier
et al. 1999; Ito and Oikawa 2002; Sitch et al. 2003).

One-dimensional models efficiently describe the ver-
tical profile of vegetation, but it is also true that models
averaging horizontal heterogeneity of sessile-organism
populations generate biased results. In order to adjust
for this bias, an approximation method with stand-age
distribution (Kohyama 1993; Hurtt et al. 1998; Bug-
mann 2001; Moorecroft et al. 2001) has been developed.
The approximation that takes into account stand age
effectively represents the spatial correlation between the
upper and lower layers of stand, while the result depends
on a parameter of the height, which divides a forest
vertically into canopy and understory. To minimize such
vagueness in calculations, a direct method including
explicit vegetation structure is the most persuasive way
of investigation in spite of the huge amount of calcula-
tion needed.

In the present study, we address a feasibility study of
using a tree FSM as a tool to connect physiological and
ecological processes with an explicitly spatially struc-
tured model. Firstly, we calibrate our process models
and parameters such that the tree model simulates real
trees observed in research plots. This is for the scaling-
up from shoot to whole individual level. The next step is
the examination, by scaling-up from tree to population,
of whether density-dependent responses such as mor-
phological changes in the tree canopy and self-thinning
can be derived from the interaction among the simulated
trees. Finally, the changes in ecosystem functional re-
sponses are inferred by a sensitivity analysis for the
simulated forest stand.

Field measurements and outline of PipeTree

In order to integrate physiological and ecological
processes within a forest stand with three-dimensional
structure, PipeTree was developed as a dynamic
functional–structural model (Sieväen et al. 2000; Roux
et al. 2001). The model is specialized to simulate a
particular conifer, Abies veitchii Lindl., based on the
classical and intensive research series on the subalpine
forest on Mt. Shimagare during 1950s and 1980s (e.g.
Kuroiwa 1960; Kimura et al. 1960; Kohyama 1980;
Kohyama and Fujita 1981; Kohyama et al. 1990). The
comprehensive set of investigations ranging from
physiological data to community dynamics meets our

objective for constructing a detailed model that can
reveal the interactions among biological processes at
different levels.

From the first report on wave regeneration of Abies
on Mt. Shimagare (Oshima et al. 1958), various types of
ecological research have been carried out around the
research forest. As the number of the Shimagare papers
is too large to introduce here, we focused on the refer-
ences which have mainly contributed to the development
of PipeTree. Kohyama and Fujita (1981) and Kohyama
et al. (1990) revealed the forest structure at the small-
stand level in which Abies veitchii and Abies mariesii
Mast. build approximately even-aged and even-canopy-
height communities. These papers are the major refer-
ences for population structure and time change in the
PipeTree stand. The information at shoot level was ob-
tained from Kohyama (1980), which shows the details of
the shoot habits of Abies saplings. The data on physio-
logical processes and biomass production of Abies are
based on Kuroiwa (1960) and Kimura et al. (1960),
respectively.

These references suggest that the observation data of
crowded Abies stands on Mt. Shimagare offer some
advantages over others for modeling. As the species
diversity of the forest is very low, we can focus on the
most dominant tree species for our modeling. Although
the fraction of Abies mariesii in Abies stand is not
negligible, we chose the most dominant species, Abies
veitchii (hereinafter, just Abies) as our modeling target in
the study.

The data of the subalpine wave-regenerated forest
have two major convenient characteristics for our
modeling: the tree age of the forest is almost coherent
within a stand, and the individual trees have a simplified
branching architecture. As Kohyama and Fujita (1981)
set several plots along the stages of the wave regenera-
tion and detected the stand age for each plot, the
time-change data of stand structure are available. As
mentioned in Kohyama (1980), the branching rules
describing the architectural structure of Abies are rigid
and easy to describe.

Taking advantage of the characteristics of field
measurements for the development of PipeTree, we also
kept the PipeTree design general by partitioning the
computer program modules for each biological function.
PipeTree is an Abies tree simulator with continuous
three-dimensional space and discrete timestep (1-year)
change. PipeTree is named after the ‘‘pipe model’’
(Shinozaki et al. 1964a, b), because one of the mor-
phological constraints of PipeTree is the conservation
law of cross-sectional area of sapwood of stem as de-
scribed in the section ‘‘Above-ground components.’’ The
details of PipeTree are described in the following sec-
tions, but it is impossible to explain all of the informa-
tion in the source code because of space limitations. The
source code, which is written mainly in C++, can be
downloaded at http://hosho.ees.hokudai.ac.jp/kubo/
pipetree/v2004/. This gives a more detailed (or perfect)
reference for the model.
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Structural components of PipeTree

PipeTree consists of above- and below-ground compo-
nents. Each part can be divided into unit modules which
virtually meet the four requirements for an idealized
elementary unit (IEU) proposed by Sieväen et al. (2000).
The requirements are morphological repetition in trees,
local environment dependency, interaction with adjacent
units and that the size of the unit be small enough that
the local environment around it can be assumed to be
homogeneous. We attempted to define the components
in PipeTree according to the requirements of an IEU
because this was suitable for our modeling objective, i.e.
tree development without any ‘‘global’’ control such as
an allometric relationship between tree height and basal
trunk diameter.

In order to describe the structure of PipeTree, we
must introduce the terms ‘‘class’’ and ‘‘object.’’ The
PipeTree components are called classes. These include
the PipeTree class for trees, Stem class for shoots, Root
class for below-ground parts, and so on. An instance of
a class is called an object. For example, a stem is an
object of the Stem class, a tree is an object of PipeTree.
As shown here, the first letter of the class name is upper
case, while that of the object name is lower case. An
operator ‘‘.’’ is introduced to refer to the properties of
PipeTree objects. For example, tree.height (cm),
tree.D10 (cm) and tree.age (year) represent tree height,
trunk diameter at 10% of the height and age (2{0, 1, 2,
... }) of the tree, respectively.

Above-ground components

The structure of the above-ground part of PipeTree is
modular. The elementary module object is called a stem
and has a cylindrical shape defined by stem.length (cm)
and stem.diameter (cm). Figure 1a shows a Stem class
object of stem.age=0 at tree.age=0. Because this spe-
cial stem is the origin of all above-ground parts, an alias
notation, stem0, is used to express the origin of all Stem
objects.

The cross-sectional area of stem, stem.area, is divided
into two regions: area of ‘‘alive pipes,’’ stem.Aa, and
‘‘dead pipes’’, stem.Ad, in terms of the pipe model
(Shinozaki et al. 1964a, b). Alive pipes transport water
in trees, dead pipes lack this function. The area of sap-
wood and heartwood corresponds approximately to
stem.Aa and stem.Ad, respectively. Additionally, the
‘‘surface area’’ of the stem, stem.As (cm

2), is defined as
its curved surface (excluding base area)
stem:As ¼ stem:length� 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p � stem:area

p
At every simulation time step, new Stem objects are

generated using stems of stem.age=1 where stem.age is
a variable of stem which is set at zero at new stem
emergence and increased by one at every time step.
Let us introduce notations stemM and stemD for
mother and daughter Stem objects, respectively.

A stemM object has a set of {stemD}, that is written as
stemM.D={stemD}. Figure 1b shows the relationship
of stemM and stemD at the top of the PipeTree object at
tree.age=10.

From the relationship of stemM and stemD, we can
define stem.type and stem.order. As the branching pat-
tern of Abies is monopodial, stems can be classified into
two types: main axes and sub-axes, that is, stem.type (2
{main, sub}), and a stemM can and must have only

Fig. 1a–c Schemata of Stem objects with needle foliage (repre-
sented as a cylinder). a Stem of stem.age=0. This is the origin,
stem0, of all Stem objects of a PipeTree. At this age, the PipeTree
consists of a single stem with needle foliage (represented as cylinder)
with the attached root object (represented as a ball). The size of a
stem is characterized by its length (stem.length) and diameter
(stem.diameter). b Top of a PipeTree at tree.age=10. The
relationship between mother stem (stemM) and her three daughter
(stemD) objects is shown. The notation vertical and lateral indicates
stem.direction. c Structural properties of stem of tree.age=16;
stem.type is axis type 2{main, sub}; stem.order is branch order
2{0, 1, 2, ... }; stem.direction is the direction of shoot elongation in
2{vertical, lateral}; stem.age is stem age in years 2{0, 1, 2, ... }.
Note the nested structure of stem.type 2{main, sub}
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single stemD of stemD.type=main. All the remaining
stem objects are of stemD.type=sub. The order of stem,
stem.order (2{0, 1, 2, ...}) is defined as follows:

stemD.order¼ stemM.order if stemD.type¼main;
stemM.orderþ1 if stemD.type¼ sub:

�

As the order of the original stem of an individual, ste-
m0.order, is equal to zero, the orders of Stem objects in
the trunk are always zero, while those of sub-branches
are all larger than zero. Figure 1a, b illustrates the order
structure of Stem objects.

Let us introduce another property to distinguish Stem
class objects. The elongation direction of stem,
stem.direction2{vertical, lateral}, expresses whether the
stem is a part of the main trunk or a lateral branch (see
Fig. 1b). The recursive inheritance of stem.direction
from stemM to stemD can simply defined as follows:

stemD.direction

¼ stemM.direction if stemD.type ¼ main;

lateral if stemD.type ¼ sub:

�

All Stem-class objects of stem.age<foliage_max_age
(foliage_max_age is given in Table 8) have stem.foliage,
a set of needles. The shape of stem.foliage is cylindrical,
surrounding stem modules as a metaphor for the bunch
of needles.

Below-ground components

As what we know about the below-ground components
of plants is much less than what is known of above-
ground parts, the modeling of roots inevitably becomes
a simplified one. The below-ground part of PipeTree
that is constructed only to absorb water from soil is one
layer of the grid structure. In other words, two-dimen-
sional discrete distribution of Root class objects repre-
sents the below-ground part. At each grid, the local
density of roots is divided into two parts: root.fine and
root.woody. Water absorption of PipeTree at a grid
point depends on the density of fine root, root.fine (g),
while woody root, root.woody (g), has no functional
contribution in PipeTree. Root class objects are given
the ability to grow and expand. The density of roots
increases at each grid point, depending on the root
density itself and on the allocation of photosynthate
from above-ground parts to below-ground parts. Root
objects of a tree can expand horizontally by increasing
their number. Figure 2 shows an example of Root
objects of tree.age=20.

Functional design of PipeTree

During one simulation step, PipeTree carries out the
following processes: light capture, photosynthesis, water
uptake, water allocation, respiration, allocation of
photosynthate, survival check, shoot formation and

stem diameter growth. These processes are controlled by
resource budget systems under the constraint of struc-
tural and morphological restrictions. For an object, the
range of resources is restricted to itself and its ‘‘descen-
dants,’’ that is the set of objects existing in its distal
direction. Additionally, the shoot formation of PipeTree
is controlled by some morphological rules described la-
ter. Therefore resource allocation that violates the rules
is not available. In this section, we briefly describe each
process of PipeTree in a simulated abiotic environment
(Table 1).

Light capture and photosynthesis

The total amount of light assimilation of a tree depends
on the light capture at each stem.foliage. In PipeTree,
every stem.foliage of stem.age=0 (that is, Stem objects
at branch terminals) has one light sensor set on the
upper side of stem.foliage to evaluate the local light
intensity, I (lmol PPFD m�2 s�1). To decrease the
amount of computation, the stem.foliage objects of
stem.age>0 refer to I of her youngest descendant of
stem.type=main. The local light intensity depends on
the light distribution of the celestial hemisphere and the
distribution of Stem objects in the simulated space,
which represents within- and between-tree competition
for light.

The method of local light evaluation in PipeTree can
be compiled into a sort of ‘‘ray-tracing’’ method devel-
oped for computer graphics. This is one of the most
popular methods for functional–structural models (e.g.
Sieväen et al. 1997; Perttunen et al. 1998) and for forest
simulators (e.g. Pacala et al. 1993, 1996). For each light
beam (or ‘‘ray’’), a light-beam tracing program checks
for the existence of objects intercepting light. In this
model, all Stem objects (with or without stem.foliage)
have the ability to cut the light beam perfectly, that is,
one hit kills the entire beam. Local light intensity at each
light sensor is evaluated as the total intensity of all light
beams that survive. The direction and intensity of a light
beam are given by a corresponding light source in the
hemisphere. The light sources represent an average value
of indirect light; details are shown in Table 1.

Fig. 2 Root objects of tree.age=20. A root on grid points consists
of fine and wood roots, represented by balls. The size of the ball
indicates the local density of the root
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By evaluating the local light intensity at every stem,
the potential photosynthetic rate (i.e. without
water stress) of all Stem objects per second under the
local light intensity I is estimated by applying the
nonrectangular hyperbola function (Thornley 1976),

AðIÞ ¼
fI þ Pmax �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fI þ Pmaxð Þ2�4fIqPmax

q
2q

ð1Þ

where A(I) (lmol CO2 m
�2 s�1) is the photosynthetic

rate per second; f (lmol CO2 lmol�1 PPFD) is the
coefficient of I; Pmax is the maximum photosynthetic rate
at light saturation point; and q is the degree of the
convexity of the curve. Tables 1 and 2 give the estimates
of parameters of photosynthesis, and Fig. 3 shows the
relationship between light intensity and photosynthetic
rate.

Table 1 Parameters for
simulated environment Parameter name Value and units

xyz_min �160, �160, 0 (cm)
xyz_max +160, +160, 1,500 (cm)
Note: These two vectors of (x, y, z) are the minimum
and maximum points of the simulation plot for the stand situation,
respectively. The boundary planes of x and y are both periodic
for light calculation and branch growth. The boundary planes of z
are absorptive. The periodic boundary plane shifts in parallel
with the opposite boundary, while the absorptive boundary plane
terminates the tracking of the light beam. For the simulation
of the single-tree situation, no boundary is assumed
Imax 2,000 lmol PPFD

m�2 s�1

Note: Maximum PPFD density. The product of Imax and local
light intensity (in normalized value in [0, 1]) is equal to I in Eq. 1
n_latitude 9
n_longitude 9
phi_min 0.1p (radian)
gradient_factor 3.0
Note: These four parameters are the properties of the distribution
of light intensity in the celestial hemisphere. n_latitude and n_longitude
are the partition numbers in the direction of latitude and longitude
of the sky hemisphere, respectively. The number of light sources
is the product of these two. Phi_min is the minimum elevation angle
of light sources. The normalized intensity of the light source is given
by gradient_factor, that is, the relative intensity of the light source
at the zenith against the point at phi_min. As the light intensity
so defined has no bias in the hemisphere, we can interpret
it as a simulation of full or diffused light without any direct light
precipitation 1,000 mm
Note: Annual precipitation. We assume that all water that falls
in the simulation plot can be used by the trees

Table 2 Parametersa for
photosynthesis and respiration

aMost of these parameters re-
late to Eq. 1. The photosyn-
thetic curves specified by these
estimates are shown in Fig. 3.
The estimates are based on the
literature such as Kuroiwa
(1960)

Parameter name Value and units

p_max 8.5 lmol CO2 m
�2 s�1

Note: Maximum photosynthetic rate, Pmax in Eq. 1
f 0.05 lmol CO2 lmol�1 PPFD
Note: The coefficient of light I, f in Eq. 1
q 0.8 s m2 lmol PPFD lmol CO2

�1

Note: Degree of non-orthogonality, q in Eq. 1
assimilation_wp 0.01 MPa�1

Note: The degree of decrease in photosynthetic rate by stem.W,
water potential of stem. The assimilation rate per second, A(I)
in Eq. 1 is multiplied by exp(�assimilation_wp·stem.W)
converter 0.21
Note: This is the constant, CA fi M in Eq. 4, to convert
the assimilation rate per second (lmol CO2 m

�2 s�1)
into annual production rate (lmol CO2 g

�1 year�1)
respiration_foliage 0.85 lmol CO2 m

�2 s�1

respiration_wood 1.1·10�2 g cm�2 year�1

Note: The respiration rate is leaf-area based, while
the respiration rate of stem (rs in body) is proportional
to surface area of stem (stem.As) defined in text
water_use_efficiency 250 g g�1

Note: The estimate is based on the literature such
as Kimura et al. (1960)
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Water uptake and allocation

Realized photosynthetic rate at stem.foliage is not only
restricted by local light intensity but by water avail-
ability. We employed a model in which assimilation rate
was proportional to the ratio of water uptake to water
requirement. This model is equivalent to one where
water-use efficiency (WUE, Table 2) is constant.
Therefore, realized assimilation rate, A*(I), can be de-
rived as A*(I)=A(I)·stem.Wu/stem.Wr where stem.Wu

(g s�1) is water-uptake rate and stem.Wr (g s�1) is the
required water given by A(I)/WUE from the definition
of WUE. The modification to A(I) is interpreted as
meaning the realized photosynthetic rate A*(I) is limited
by both the available amount of light and water at the
foliage. The multiplication factor of water, stem.Wu/
stem.Wr is equal to or smaller than 1, because the water
uptake, stem.Wu, never exceeds the water requirement,
stem.Wr. This depends on the water absorption process
described as follows.

The total water requirement of a tree is evaluated by
a recursive procedure to sum up the whole Wr of stem
objects. Suppose stemM is a mother stem and
stemM.D={stemD} is the set of all daughters of stemM.
The total water requirement for stemM is

stemM:Wr ¼ stemM:foliage:Wr

þ
X

stemD2stemM:D

stemD:Wr;

where stemM.foliage.Wr (g) is the water requirement of
stemM.foliage given by A(I)/WUE.

Let us illustrate the outline of water capture and
allocation in PipeTree. The total amount of water cap-
tured by a tree depends on the area and density of root
objects. The volume taken up by a tree is the summation
of each water absorption by a root object. At each grid
point, root objects from separate tree objects compete

for water against every other tree. The uptake of each
root object is proportional to the local- or grid-scale
density (biomass) of root and total Wr. The water-cap-
ture process for below-ground parts determines the total
amount of water that can be used by a tree. The
parameter values for water distribution are described in
Table 3.

The basic rule for water distribution in PipeTree is
simple: proportional division, that is, stem.Wu is pro-
portional to the product of stem.Wr and the water-up-
take rate of the tree, tree.Wu (g s�1) (stem.WuPstem.Wr

·tree.Wu). The water allocation to stemD is

stemD:Wu ¼ stemM:Wu � stemD:Wr

stemM:Wr
:

The procedure is applied recursively until the stem.Wu

for all stem objects has been evaluated.
The water-distribution process simultaneously de-

rives the distribution of water potential for all Stem
objects. The water potential of each stem, stem.W, is
recursively defined in the direction from root to shoot
terminals. From the definitions of alive and dead areas
of stem, only stem.Aa contributes to water distribution.
The recursive formulas to calculate stem.W are

stemD:W ¼ stemM:Wþ cgDH þ E � stemD:length

ks � stemD:Aa
;

ð2Þ

stem0:W ¼ Wsoil þ E
kr
þ E � stem0:length

ks � stem0:Aa
; ð3Þ

where DH (cm) is the difference in height between stemD
and stemM; E (g s�1) is the flux of water in stemM; cg
(MPa cm�1) is a constant of the effect of gravity; ks
(MPa s g�1 cm�1) and kr (MPa s g�1) are the con-
ductance constants for Stem and Root, respectively; and
Wsoil (MPa) is the water potential of soil. These func-
tional models were developed based on the modeling of
hydraulic constraints in Magnani et al. (2000). In
Table 4, the values of these parameters are shown.

Respiration and photosynthate allocation

Photosynthate at each stem is changed into the annual
surplus production (Saeki 1960) and is transferred to
other parts of the tree. The surplus production of stem,
stem.P(I) (g year�1), is defined as

stem:PðIÞ ¼ stem:A�ðIÞ � rfð Þ � CA!M

� stem:foliage:weight ð4Þ
where stem.A*(I) is the A*(I) of stem; rf (lmol CO2

m�2 s�1) is the respiration rate of foliage; CA fi M is a
conversion constant from (lmol CO2 m

�2 s�1) to
(lmol CO2 g

�1 year�1).
In the next step, the maximum possible amount of

photosynthate for stem is recursively evaluated as
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Fig. 3 Photosynthetic curves for PipeTree. The functional form is
given by Eq. 1. The horizontal axis is relative local light intensity,
and the vertical axis is photosynthetic rate (l mol CO2 m

�2 s�1).
Solid and dashed curves correspond to baseline (maximum
photosynthetic rate=8.5) and Pmax enhancement simulation
(maximum photosynthetic rate=12.8), respectively. The estimates
for other parameters are shown in Tables 1 and 2
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stem:Q ¼ stem:P ðIÞ
þ

X
stemD2stem:D

stemD:Q� rs � stemD:Asð Þ; ð5Þ

where stem.Q is the maximum amount of available
photosynthate that the stem can consume and rs
(g cm�2) is the coefficient of stem respiration. The esti-
mate for rs is shown in Table 2. The first term on the
right side is 0 if the stem has no foliage, while the second
term represents the transfer of photosynthate from the
daughter Stem objects after their respiration loss is re-
duced. The photosynthate virtually lumped together is
the resource that grows up and constructs the above-
and below-ground parts of PipeTree.

The model for allocation of photosynthate between
above- and below-ground parts is plastic and adaptive.
The allocating ‘‘ratio’’ between them is changed at every
simulation time step. The share of the below-ground

part increases under the condition that total water de-
mand of the above-ground part is larger than total water
uptake, while it decreases if water uptake exceeds de-
mand. We adopted the following functional form to
determine the fraction of photosynthate for Root ob-
jects, unew, which depends on water requirement and
uptake for the original stem (i.e. stem0.Wr and stem0.-
Wu) and u, the fraction in the previous time step of the
simulation:

unew ¼
1

1þ exp � stem0:Wr=stem0:Wuþ log u� logð1�uÞ�1ð Þ½ � :

ð6Þ
The functional form is shown in Fig. 4. As defined in the
equation, the below-ground fraction does not change
(i.e. unew=u) if stem0.Wr and stem0.Wu are equivalent.

Table 4 Parametersa for water
conductance

aThese parameters relate to
Eqs. 2 and 3 and are based on
literature such as Magnani et al.
(2000)

Parameter name Value and units

total_time 8.21·106 s
Note: Approximated total photosynthetic time from May–October,
12 h·90 days. This value is used to calculate water requirement
per second
water_potential_soil �0.5 MPa
Note: Water potential of soil, Wsoil in Eq. 3
const_wp_grav 9.8·10�5 MPa cm�1

Note: The effect of gravity, cg in Eq. 2
conductance_root 1.0·104 MPa s g�1

Note: The conductance of root, kr in Eq. 2
conductance_stem 5.0 MPa s g�1 cm�1

Note: The conductance of stem, ks in Eq. 2

Table 3 Parameters for Root
object Parameter name Value and units

c_respiration 0.10 g g�1

Note: Annual turnover rate of fine root. Here we equate the turnover
of fine root with fine root respiration, as both of them consume
photosynthate at unknown rates
c_density 7.0 g�1

c_distance 0.05 cm�1

Note: These two parameters are for the rate of Root formation.
The rate at grid i is proportional to two factors: local crowding
at grid i and the local density of mother Root objects. The inhibition
of Root growth (in density) by local crowding is expressed
by a functional form, 1�exp(�c_density·wi), where wi is the local density
of Root objects at grid i. The growth rate of Root objects at grid
i is proportional to the density of mother Root objects, which is a weighted
sum of local density of Root objects

P
j2G wi;j; where G is the set

of all grid points and wi,j is the local density at grid j weighted by a function
of distance i�j. The functional form of wi,j is wj exp(�c_distance·di,j),
where di,j is the distance between the centers of grids i and j
c_water 7.0 g�1

Note: Water uptake rate is proportional to 1�exp(c_water·Dr)
where Dr (g cm�2) is local density of fine root
c_conversion 0.10 g g�1

Note: The conversion coefficient from fine root to woody root
number_fake_grid (50, 50)
Note: Number of x- and y-grids for root system
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Survival check

The mortality process of Stem is one of the most difficult
but important parts of PipeTree. Because we have no
information on the event, we employed one of the sim-
plest models, in which the annual mortality of each stem
is independently (i.e. with no correlation to other ob-
jects) determined only by the availability of photosyn-
thate for stem, that is, stem.Qmax defined in Eq. 5. The
functional form is

stem.mortality ¼ exp �c mortality� stem:Qð Þ; ð7Þ
where c_mortality is the coefficient of mortality rate (see
Table 6). At every time step (1 year) for each stem in the
tree, the alive status, stem.alive (2{TRUE, FALSE}), is
evaluated by the Bernoulli process.

After ending the procedure of checking stem survival,
we recursively apply a function that the alive status of
the daughter stem (stemD.alive) is changed by that of the
mother’s status (stemM.alive). This simulates that
the death of a basal part of a branch or a tree kills its
whole distal part. The value of stem.alive is recursively
evaluated from stem0 (the origin stem of tree), that is,
stemD.alive=FALSE if stemM.alive=FALSE. It is
clear that stem0.alive=FALSE indicates the death of the
tree.

Shoot formation and diameter growth

The formation of a shoot module (that is, stem with
stem.foliage) requires PipeTree to solve several equa-
tions that seek the consistent allocation of photosyn-
thate under morphological constraints. The process can
be divided into three steps: setting the number of Bud

class objects for main axes and sub-axes, evaluating
scores for all Bud and Stem objects, and allocating
photosynthate between newly created shoots and radial
growth of preexisting Stem objects. Implicit numerical
solvers are developed to find the best allocation between
elongation growth of the branch and radial growth of
the supporting part.

The branch number of a stem depends only on
stem.length as shown in Fig. 5. This is equal to the
number of Bud objects, primordia of the stem, in Pipe-
Tree. These Bud objects have type (2{main, sub})
property similar to the Stem object. The set of Bud
objects of a stem includes one bud of bud.type=main.
The branching angle for each Bud shown in Table 5
depends on bud.type.

The angles of newly created Stem objects are given by
the angles of ‘‘modifiers’’ in Table 5 with rotate function
applied. The rotate function is defined as follows
(Fig. 6). First, the angles in the global polar coordinates
of a daughter stem are given as a copy of those of mo-
ther stem. Let us represent this as s, a set of azimuth
angles (s.h) and elevation angles (s./). The sets of angles
shown in Table 5 are called modifiers represented as m.
Both s and m are unit vectors in three-dimensional
space. To modify s by m, we prepare two additional unit
vectors, v1 and v2, defined as (v1.h, v1./)=(s.h, s./
+0.5p) and (v2.h, v2./)=(s.h+0.5p, 0), respectively.
The rotation of s can be done by the following trans-
formation (see Fig. 6):

s0 ¼ sinðm:/Þ � sþ cosðm:/Þ
� sinðm:hÞ � v1þ cosðm:hÞ � v2½ �;

where s¢ is the rotated vector. The angles of s are fixed
once the values are set.

The next step in the allocation process is ‘‘scoring’’
the stem and bud using the equations and parameters in
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Fig. 4 Annual change in photosynthate allocation between above-
and below-ground components as defined by Eq. 6. Suppose the
ratio of below- to above-ground components is u at a simulation
time step. The horizontal axis is the ratio of water requirement (Wr)
to realized uptake (Wu) under u. The vertical axis shows the
allocation to below-ground at the next step, unew. The allocation
becomes unew>u if water uptake is insufficient, and unew<u under
conditions of water excess. Note that the curve defined by Eq. 6
always contains the point (1, u) for any u
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stem.type=sub. These values are inferred from literature such as
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Shimagare (unpublished data)
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Table 6. These scores represent the relative intensity of
sink function. The score of the stem is proportional to
the product of the photosynthetic rate of the stem and a
decreasing function of stem.order. The factor of ste-
m.order is a model of apical dominance in PipeTree. In
contrast, the scoring of Bud objects must take into ac-
count the apical dominance at the shoot level. In Abies,
it is well known that resource allocation between main
axes and sub-axes changes depending on the local light
environment (Kohyama 1980). Kohyama (1980)
reported that the crown of Abies becomes ‘‘umbrella-
shaped’’ under dense canopies (i.e. dark environment).
This can be explained by the change in apical dominance
of the leader shoot of an individual tree. In order to

simulate the response to light, we introduced an allo-
cation rule based on local light intensity, shown in
Fig. 7. The allocation to main axis of vertical branch
(=trunk) decreases sharply under dark conditions,
whereas less plasticity to light is assumed for horizontal
branches.

The final step of shoot formation is photosynthate
allocation under morphological constraints. There are
two types of competition for photosynthate: among
Stem objects in the tree and among Bud objects in the
stem. As mentioned above, the scores for each Stem
and Bud object represent the intensity of sink, that is,
the amount of photosynthate allocated to an object is
proportional to the score of the object. The allocation
is subject to the law of conservation of photosynthate.
Photosynthate allocation is also constrained by mor-
phological rules. At Stem level, the rule of the pipe
model (Shinozaki et al. 1964a, b) is applied such that
the law of conservation in the ‘‘alive’’ area of the stem
before and after branching is satisfied at every
branching point in the tree. In order to check whether
the pipe model rule is met at all branching points, the
diameter of newly created Stem objects under a given
photosynthate must be specified. As we defined the
relationship between length and diameter of stem as
shown in Fig. 8 and Table 8 based on literature such
as Kohyama (1980) and the parameters for needle
foliage as in Table 8, the diameter of a newly created
stem under a given amount of photosynthate can be
calculated by implicit numerical method. Taking into
account everything mentioned above, the consistent
allocation of photosynthate for every time step is
established by a trial and error method of numerical
calculation.

Table 5 Angles for newly
created Stem class objects. The
set of (h, /) represents the
angles of azimuth and elevation

Parameter name Value and units

modifier_vertical 0.75p, 0.50p (radian)
modifier_lateral 1.50p, 0.498p (radian)
Note: These vectors of angles of azimuth and elevation determine
the rotation angle between stem of mother and daughter, that is,
the branching angle of the main (non-lateral) shoot. The origin for stemD
rotation is the terminal point of stemM. The three-dimensional angle
for stemD elongation is given by the rotate function as defined in the text
branching_vertical —, 0.15p (radian)
Note: Branching_vertical gives the angles of elevation of lateral branches
of the leader shoot of PipeTree. As the angles of azimuth for these lateral
shoots depend on the number of them, the angle between two adjacent
shoots is always maximized (e.g. 0.5p for four lateral shoots)
branching_lateral 0.03p, 0.10p (radian)
branching_lateral 0.97p, 0.10p (radian)
Note: The branching angles for lateral shoots of lateral stems are given
by these two vectors of angles of azimuth and elevation.
The sets correspond to ‘‘right’’ and ‘‘left’’ side branching, respectively
branching_range_vertical 0.20p, 0.02p (radian)
branching_range_lateral 0.00p, 0.05p (radian)
Note: These vectors of radian indicate the ranges of ‘‘noise’’ in branching
angles of azimuth and elevation. The branching angle is the sum
of branching_X (X in vertical and lateral) and a random variable
from the uniform distribution of ranges of branching_range_X

θ

φ

s

s′v1

v2

m.

m.

O

Fig. 6 Polar coordinates to rotate a daughter stem attached the top
of her mother stem (0). The azimuth and rotation angles of a unit
vector s are equal to those of the mother’s. Vectors v1 and v2 are
both orthogonal to s as defined in the text. Given a modifier defined
by m.h and m./, the rotated vector s¢ is obtained from the
coordinates defined by vectors s, v1 and v2
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Simulation procedure

We ran the PipeTree simulator for three types of situa-
tions: single tree, multiple-tree stand and Pmax

enhancement. In the single-tree situation, a PipeTree
object grows up from a single stem and root. Virtually
no spatial limitations exist. This is done to calibrate
parameters of PipeTree by comparing the data of single
isolates of Abies observed around Mt. Shimagare.

After the parameter calibration in the single-tree sit-
uation, the simulation of a PipeTree population
including 30 individual ‘‘clones’’ was run under the
stand situation. The area of the simulation plot is
approximately 10 m2 (3.2·3.2 m quadrat) as described
in Table 1. It is therefore an overcrowded initial condi-
tion of Abies regeneration compared to what is usually

observed on Mt. Shimagare (Kohyama and Fujita
1981). The distribution of individuals is random on 10-
cm grid points. The range of difference in age among
individuals is 20 years, that is, all Tree objects gradually
appear during the first 20 simulation steps. The age
distribution is uniform. The configuration of tree.age=0
is the same as that of the single-tree situation. The stand
simulation is performed to demonstrate whether the
characteristics of the Abies population observed on Mt.
Shimagare can be generated using PipeTree without
modifying the parameters obtained in the single-tree
situation. For simplicity (and economical considerations
in calculations), we removed PipeTree objects that could
not grow in height during simulation run. This rule
can be translated as a tree that loses its ‘‘leader shoot,’’
that is, the stem at top of the tree (in other words,
stem of stem.type=main and stem.order=0 and
stem.age=0).

The final situation of Pmax enhancement is almost
the same as the stand situation except the maximum
photosynthetic rate, Pmax in Eq. 1, is increased by
50%, caused by, for example, CO2 enrichment for all
individuals. The relationship between local light
intensity and photosynthetic rate under the enhance-
ment situation is shown in Fig. 3. This was done to
evaluate the feasibility of using the functional–struc-
tural model with ecological details under changing
environments.

Simulation results

Snapshots of a simulation underway are shown in
Fig. 9. For the stand situation (Fig. 9b), the pruning up
of the lowest crown is observed, whereas the tree in the
single situation (Fig. 9a) generates a conical crown with
no pruning up of lower branches.

Table 6 Parameters for stem
scoring (for photosynthate
competition between terminal
Stem class objects)

Parameter name Value
and units

order_factor 0.15
Note: This is used in the score evaluation for each stem.
The score is defined as stem:score ¼ stem:PðIÞ � expð�order factor� stem:orderÞ
where stem.P(I) and stem.order are annual net production and branch order
of stem, respectively. Their details are described in the text. The functional
form of stem.score is specified by a trial and error process. Finally, we adopted
the simplest model, in which stem.score depends only on stem.order and not
on other factors (e.g. photosynthetic rate and local light intensity)
dark_inhibition_power 5.0
bud_main_dark_vertical 0.00
bud_main_light_vertical 0.85
bud_main_dark_lateral 0.60
bud_main_light_lateral 0.75
Note: These parameters are used in resource allocation between main buds
and sub-buds for vertical and lateral stems. Let us suppose X2 {vertical, lateral}.
The fraction to main bud of stem of X is defined as
bud main dark Xþ powðI; dark inhibition powerÞ � ðbud main light X� bud main dark XÞ
where pow(a, b) represents ab and I is the local light intensity at stem. The fraction change
dependent on I is shown in Fig. 5
c_mortality 1.5·102 g�1

Note: Coefficient of the available photosynthate for a stem as shown in Eq. 7
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Fig. 7 Relationship between local light intensity of stem (x-axis)
and the fraction of photosynthate allocation to ‘‘main axis’’ at new
shoot formation (y-axis). As photosynthate allocation of Abies is
changed conditionally with light intensity (Kohyama 1980), we
employed a functional form (shown in Table 6) such that the curves
in the figure can be generated
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The results for the single-tree situation are shown in
Fig. 10 using the data of single isolated trees on dwarf-
bamboo grassland around Mt. Shimagare plots. The
trunk diameter is measured at 10% of the height of the
tree both in field observations and in the simulation.
This indicates that the parameters for PipeTree given in
the tables are suitable candidates for reconstructing the
trunk diameter–height relationship.

The results for the stand situation (and the field
measurements that correspond) are shown in Figs. 11
and 12. The relationship between diameter and height
generated for the PipeTree population (Fig. 11b) is
similar to the pattern obtained from field observations
(Fig. 11a; Kohyama and Fujita 1981; Kohyama et al.
1990) in terms of (1) correspondence of diameter–height
change to stand age and (2) plasticity in diameter–height
relationship for single-tree (Fig. 10) and stand
situations. At the same time, we can see some differences

Table 7 Parameters for shoot
formation Parameter name Value and units

d_length_power 1.1
d_length 62.0 cm
c_wp_length 25.0 MPa�1

wp_length50 �0.59 MPa
Note: The length of stem, stem.length,
is given in the following equation including
the above parameters:

L ¼ d length�Dd length power

1þexpð�c wp length�ðW�wp length50ÞÞ where L, D and W,

are stem.length, stem.diameter and stem.W , respectively.
The length of the stem monotonically increases with diameter,
and monotonically decreases with stem.W, as shown in Fig. 7
density_wood 0.4 g cm�3

Note: The value (constant for all Stem objects) is specified based on Kohyama
(1980). This is required to calculate stem.weight from stem.volume
pipe_bundle_min_length 0.5 cm
Note: Lower bound of the length of stem object. All the stems for which
stem.length is smaller than pipe_bundle_min_length are removed before
they grow. This is an ad hoc criterion to decrease the number of shoots

Table 8 Parameters for needle
foliage Parameter name Value and units

area_foliage 25.0 g cm�2

Note: Here the rule of th epipe model (the law of conservation in area)
is applied so that the amount of needle foliage is proportional
to the area of stem. The conversion constant
is derived from Kohyama (1980)
foliage_max_age 3 year
needle_cylinder_radius 1.2 cm
Note: The value of foliage_max_age is based on Kohyama (1980)
in which the age distribution of needles attached to a shoot is given.
We assume foliage_max_age is constant as an approximated model of foliage.
As mentioned in the text, the shape of needle foliage is cylindrical as an
approximation of real needles
eye_rotate_vertical 0.00, 0.50p (radian)
eye_rotate_lateral 0.50p, 0.50p (radian)
Note: These vectors of angles relate to the location of the eye and light
sensor to evaluate local light intensity at each stem.
The first and second values in the vector represent angles
of azimuth and elevation of eye from the root
of stem, respectively
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Fig. 8 Relationship between length and diameter of a newly
created stem depending on water potential at the mother stem.
We assumed that stem.length decreased with decreasing water
potential. The functional form and parameter values are shown in
Table 7
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between observed and simulated patterns. The observed
diameter–height curve in Fig. 11a is slightly convex,
whereas that simulated in Fig. 11b is rather concave.
The time change in total basal area per land area
(m2 m�2) of the PipeTree stand shown in Fig. 12a
slightly underestimates that of a real Abies stand in the
first 40 years, whereas it rather overestimates it after
40 years. Figure 12b plots the relationship between the
time change of tree density and stand biomass. The
phenomenon of the self-thinning rule, corresponding to
the broken line in Fig. 12b, is reproduced in the stand
simulation, as well as in field observations (Kohyama
and Fujita 1981).

The results for the Pmax enhancement situation are
shown in Fig. 13. Figure 13a can be interpreted to mean
that a 50% increase in Pmax doubles the net primary
production (NPP) of the PipeTree stand (baseline rep-

resents stand situation). The NPP of a tree is evaluated
as the difference between total acquired photosynthesis
(gross primary production, GPP) and total respiration.
Therefore NPP is equal to stem0.Q for 1 year in Pipe-
Tree. Figure 13b suggests that doubling NPP is com-
parable to doubling basal area. The enhanced Pmax also
accelerated the growth in height. The height growth in
the Pmax enhancement situation is about 50% faster
than that of the baseline situation.

Discussion

In the present study, we demonstrated the feasibility of
using a functional–structural model (FSM) to evaluate
ecosystem functions at the stand level. The PipeTree
simulator generates patterns similar to what we observed
in the subalpine forest on Mt. Shimagare, such as
diameter–height relationship and time change in basal
area with stand age (Figs. 11, 12).

In comparison with FSMs already proposed (e.g.
Takenaka 1994; Sieväen et al. 1997; Perttunen et al.
1998; Raulier et al. 1999), PipeTree differs in that an
assessment of water availability at every component
changes its functional behavior. Through the trial and
error process for PipeTree development, water dynamics
in the tree are incorporated to suppress the growth of
terminals, that is, the leader shoots of the trunk and
branches, as the length of trunk and branches lengthens.
As this relationship to water stress expressed by water
potential is consistent with recent studies of tree physi-
ology (e.g. Magnani et al. 2000), we suggest that the

Fig. 9 Three-dimensional snapshot of PipeTree growth. a A Pipe-
Tree of tree.age=40 grows up under single-tree situation.
b A PipeTree stand at simulation timestep 44. Note that the
x- and y-boundaries are all periodic
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present model is a natural extension of prior FSMs and
has the potential for scaling-up from single trees to
populations and terrestrial ecosystems.

The present simulator provides a powerful tool for
ecological studies both at the individual and stand
scales. At the individual scale, it proves that ‘‘whole
individual form’’ or the allometric relationship between
trunk diameter and tree height can be reconstructed with
only local interactions of components. The pattern is a
consequence of the integration of resource competition
and allocation under morphological constraints and lo-
cal allometric formulas for the terminal shoots. This
could be true as well at the stand scale because the
simulated stand is just an ensemble of independent

PipeTree objects without any additional population-le-
vel rules for interactions among trees. Therefore, the
present results suggest that higher-scale ecological pat-
terns can emerge slowly from lower-scale patterns, such
as physiological and morphological rules (Levin 1992).
The scale gaps among shoots, individual trees and
populations can be connected by computer-intensive
methodology.

Computer power throws light on multiscale problems
in ecology, but the limitations of computing still matter.
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Fig. 11 Relationship between tree basal trunk diameter and height
in a dense stand. The diameter is measured at 10% of the height of
the tree both in field observations and the simulation. Open and
closed triangles and circles indicate diameter–height relationship of
all trees that are alive at each observation time. a Field
measurements from the research of Mt. Shimagare (Kohyama
and Fujita 1981; Kohyama et al. 1990). b A PipeTree simulation
starting from a population of 30 individuals in a 10-m2 stand
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plot (10 m2), respectively

267



In our PipeTree simulation, we could increase neither
the size of population nor the number of trials. Although
the validity of the parameters and process models must
be checked by many more trials with larger populations,
this is not technically easy. As the most rate-limiting step
of PipeTree is the estimation of local light intensity in
three-dimensional space, which consumes approximately
95% of total simulation time, we may focus on the
improvement of the algorithm of light calculation.

The field measurements and biological/ecological
information to be embedded into PipeTree are not al-
ways sufficiently reliable. One of the most important
processes in PipeTree is the probability of the death of
the stem (at the individual level) and the tree (at the

population level). Whereas the details of the survivor-
ship curve for Abies have already been phenomenolog-
ically revealed (Kohyama and Fujita 1981), the process
models of mortality in PipeTree are far from satisfac-
tory. At the shoot level, more detailed research is re-
quired to detect factors controlling shoot mortality. The
data suggest that the mortality of Abies trees in even-
height stands is still considerable 60 years after estab-
lishment. Although our assumption that a PipeTree
cannot survive after losing its leader shoot works in this
study, more observations on the characteristics of Abies
in self-thinning stands are needed.

The limitations of computer power and available data
cause many simplifications in the modeling of PipeTree.
As the physical environment of simulation is constant
both in day and in year, the annual production of Pipe-
Tree is evaluated as a simple integration of ‘‘averaged’’
production per second. Although the reproduction of
Abies could be of considerable importance in discussing
the problem of resource allocation within a tree, we were
not able tomodel it due to the lack of data. The validation
of these simplifications (both by field and theoretical
research) would be a worthwhile next step in the study.

The limitations of computation bring about another
approximation in the evaluation of local light environ-
ment in PipeTree in that the light intensity at the cur-
rent-year stem is equal to the mother-stem objects. This
could result in the overestimation of the GPP of the tree.
The effect of overestimated GPP may be reflected in time
changes in basal area as shown in Fig. 13b. The results
of the stand or baseline situation show, however, no
extreme violation from observations (Figs. 9, 10, 11, 12).
This suggests that there are other reasons for the over-
estimation of mortality or respiration in above- and
below-ground parts.

The results obtained in the Pmax enhancement situa-
tion (Fig. 13) are interesting because they suggest the
limitations and capabilities of our approach. The dou-
bling in NPP due to 50% increase in photosynthetic rate
(Fig. 13a) could be counterintuitive. Figure 13b gives us
a possible explanation that the doubling of NPP is re-
lated to the doubling of BA that is nearly proportional
to the amount of needle foliage as assumed in the pipe
model (Table 8). This can be simply explained in that
total respiration of a tree is larger than the half of GPP.
What we obtained is

NPP¼GPP� r ðbaseline situationÞ
2NPP¼ 1:5GPP�ðrþDrÞ ðPmax enhancement situationÞ

where r (kg biomass year�1) is total respiration at stand
level and Dr (kg biomass year�1) is the increase in res-
piration in the Pmax enhancement situation. Suppose
r>0 and Dr>0, and these equations are always true if
Dr=r�0.5GPP. The difference, Dr, must be positive,
because the supporting part of the tree increases in the
Pmax enhancement situation as shown in Fig. 11b. For
Dr>0, the condition r>0.5GPP is required. We could,
however, doubt whether the doubled NPP is an artifact
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Fig. 13 Results of Pmax enhancement experiment with 50%
increase in maximum photosynthetic rate (Pmax in Eq. 1) over
baseline simulation (see Fig. 3). a Time change in NPP. Solid and
dashed curves correspond to baseline and Pmax enhancement
simulation, respectively. b Time change in basal area. Closed
circles represent the field measurements on Mt. Shimagare
(Kohyama and Fujita 1981) as in Fig. 12a. Dashed curve indicates
the result of PipeTree simulation under Pmax enhancement
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caused by inadequate assumptions, because no Abies
forest of over 1% BA has ever been reported in Japan.
Fortunately, a sufficiently long research history exists for
subalpine Abies stands, and it is an interesting question
whether BA tends to increase with time when CO2

enrichment proceeds.
Considering all of the above, we conclude that one of

the advantages in using functional–structural models is
the evaluation and validation of the ‘‘scaling-up’’ mod-
eling in the field of plant ecology. Ecologists in the field
of tree ecology have proposed many models which end
at each level, including physiological, shoot, individual
and stand models. Such models work only at the level of
interest. We suspect, however, that such inconsistency
depends on the simplified modeling neglecting the
interactions among other levels. Suppose we make a
phenomenological model for an Abies stand without
physiological and morphological constraints. The mod-
eling would be much easier than that of PipeTree, but at
the same time, it would be difficult to answer questions
on phenomena at different levels, such as the stand
dynamics under Pmax enhancement. The ‘‘reconstruc-
tion’’ strategy of the functional–structural model has the
potential to reveal the processes under unobserved sit-
uations while checking results by comparing piecemeal
knowledge of the physiology and ecology of Abies. In
the quest for models with fewer inconsistencies, we know
this paper is just the starting point of modeling an Abies
forest, hence further improvements by validation in
observed and unobserved situations should be our future
work for PipeTree.
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Abstract I clarified aboveground biomass (AGB), net
biomass increment (NBI) and its spatial heterogeneity
in a cool temperate forest on a landscape scale
(>2,200 ha). The relationships among AGB, NBI, and
the size frequency distribution of trees of each stand
were examined by combining an analysis of vegetation
using aerial photographs, and data from 146 inventory
plots (28.8 ha in total). This area included natural
broad-leaved stands, harvested broad-leaved stands, and
artificial conifer plantations. A �3/2 power distribution
density function was applied to the individual mass
frequency distribution of each plot. Estimated AGB in
carbon (C) equivalent was 480–5,615 g C m�2 (3,130 g C
m�2 on average), and NBI was �98 to 436 g C
m�2 year�1 (83.0 g C m�2 year�1 on average). NBI had
a single significant relationship with the reciprocal of
theoretical maximum individual mass, while NBI was
not significantly related to AGB. My results showed
that, on a landscape scale, AGB and NBI strongly
depend on the size structure of forest stands.

Keywords Aerial photograph Æ Remote sensing Æ MNY
method Æ Distribution density function Æ Broad-leaved
forest

Introduction

Forest ecosystems are thought to be carbon storage on a
global scale (Dixon et al. 1994). Nevertheless, there is
still considerable uncertainty about carbon stocks or
carbon fixation in forest ecosystems and about the
relationships between the carbon fixation ability and

forest structure (Clark and Clark 2000; House et al.
2003). We are aware of the problems involved in
extrapolations from plot data to a landscape or regional
scale. On a landscape scale, forests are composed of
mosaic patches that are at different developmental stages
(Watt 1947), and their spatio-temporal structure is fur-
ther complicated by human impacts such as logging and
plantations. However, good stands with above average
biomass and productivity are often chosen for ecological
studies. Therefore, we have to note that both detailed
plot studies and large-scale inventories take into account
the full range in the variability of forest structure.

Aboveground biomass (AGB) and net biomass
increment (NBI) are two important parts of the carbon
budget of a forest ecosystem (Shibata et al. 2005). There
are various methods for estimating AGB and NBI of
forests, and remote sensing techniques are suitable for
estimating the biomass on a large scale (Lefsky et al.
2002). However, there is some room for improvement
in remote sensing to analyze small-scale patterns and
processes such as stand development and its spatial
heterogeneity (Schimel 1995; Drake et al. 2003). Fur-
thermore, the remote-sensing data have to be ground-
truthed at the landscape scale. It will be possible to
estimate the forest biomass explicitly by combining the
advantages of various methods (Fournier et al. 2003).
To scale up from individual trees to a landscape, it is
crucial to clarify the relationships among AGB, NBI,
and forest structure. The frequency distribution of
individual tree sizes needs to be investigated in relation
to biomass because aboveground carbon stocks are
primarily determined by the distribution of trees
(Hozumi et al. 1968; Kohyama 1991; Kikuzawa 1999).
However, there are still many problems in scaling up
from this approach (Jarvis 1995).

I clarified AGB, NBI and its spatial heterogeneity in a
cool temperate forest, northern Japan, on a landscape
scale (>2,200 ha). The relationships among AGB, NBI,
and the size frequency distribution of trees in each stand
were examined by combining an aerial photograph anal-
ysis of vegetation and data from many inventory plots.

T. Hiura
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Methods

Study area

Tomakomai Experimental Forest (TOEF; 42�40¢N,
141�36¢E) is located on flat land and has an area of
2,715 ha. Mean monthly temperatures range from �3.2
to 19.1�C, and annual precipitation is 1,450 mm. Snow
cover reaches a depth of 50 cm from December to
March. This forest was formed on 2 m-deep volcanic ash
that accumulated after Mt. Tarumae erupted in 1669
and 1739, and has very shallow soil (Igarashi 1987; Sa-
kuma and Sato 1987). About 100 tree species and 300
herbaceous species were recorded in TOEF in 1916
(Kudo and Yoshimi 1916). The dominant tree species
are Quercus crispula Blume, Acer mono Maxim., Sorbus
alnifolia (Sieb. Et Zucc.) C. Koch, and Tilia japonica
(Miq.) Simonkai (Hiura et al. 1998; Hiura 2001). Half
the area of TOEF was disturbed by a catastrophic ty-
phoon in 1954 (Mishima et al. 1958; Osawa 1992). A
part of the disturbed area was replanted with Larix
leptolepsis (Sieb. et Zucc.) Gordon, Abies sachalinensis
(Fr. Schm.) Masters, or Picea glehnii (Fr. Schm.) Mas-
ters. About 1.2 million cubic meters of logs have been
harvested from TOEF in the 100 years since its estab-
lishment (Hiura 2002). As a result of the harvest and the
disturbance, the mature forest stands in TOEF are
fragmented and limited in area.

Field survey

TOEF has around 300 permanent forest plots with areas
ranging from 0.01 to 10 ha. I selected 146 square plots
with areas of 0.1–0.4 ha (mainly 0.2 ha) to keep a spatial
homogeneity and a sufficient number of individuals for
the analysis in each plot. The census area was 28.8 ha in
total. The plots were set up between 1981 and 1991 in
areas that included secondary stands disturbed by a ty-
phoon, mature stands, harvested stands, and planta-
tions. The species names of the trees and diameters at
breast height (DBH) were recorded for all living trees
with DBH>10 cm. Recensus was done at each plot 7 or
8 years after the initial census. The elevation of these
plots is 50–80 m asl, and each plot is on a flat plateau or
a gentle slope (<15� slope).

Analysis

Natural forests were categorized by the combination of
the number of crown layers (one, two, or three), the type
of tree (deciduous broad-leaved, evergreen conifer,
or mixed stand), the tree density (low, intermediate, or
high), the tree height (<5, 5–10, 10–15, 15–20,
or >20 m), and the crown diameter (small, medium, or
large) using aerial photographs taken in 1994 (Table 1).
There were 58 types of vegetation out of a possible 405

combinations. For plantations, I categorized the stands
by tree height (<5, 5–10, 10–15, 15–20, or >20 m), and
four types of vegetation were found. This information
was entered into a geographic information system.

The 146 forest plots were categorized into 26 types of
vegetation out of the 62 types which appeared. The 26
types are the ones listed in Table 1. The area of the 26
vegetation types that were actually sampled using plots
was 2,240.36 ha in total, which corresponded to 92% of
forest cover in TOEF. The plantation type which had the
smallest biomass (A-1, 41.19 ha) was excluded from the
NBI analysis because the tree mortality was extremely
high due to a disturbance during the census period.

Individual tree mass was estimated from DBH using
the following allometric functions.

Tree height (H) for conifers (Hiura et al. 1996),

1=HðmÞ ¼ 1=0:596 �DBHðcmÞ1:202 þ 1=38:5

Tree height for deciduous broad-leaved trees (Hiura
et al. 1998),

Table 1 Area, number of plots, mean basal area (BA), and mean
AGB for each forest type in TOEF

Forest type Area (ha) Number
of plots

Mean BA
(cm2 m�2)

Mean AGB
(g C m�2)

A-1 41.19 4 6.9 1,466
III-M-D-4-l 45.54 4 12.1 2,561
I-B-D-3-s 457.89 39 12.2 2,555
A-2 111.03 9 12.3 2,717
I-B-D-4-m 5.41 1 12.5 2,646
I-B-D-4-l 5.66 1 12.7 2,718
III-C-D-3-s 0.15 1 12.9 2,779
III-B-D-1-s 1.16 1 13.0 2,812
III-B-I-3-m 4.04 1 13.0 2,887
A-3 117.41 3 13.5 2,703
III-M-D-3-m 31.60 1 13.7 2,864
III-B-D-2-m 4.39 1 13.9 2,850
III-B-D-3-l 200.42 5 14.2 3,056
III-M-D-3-l 8.37 3 14.4 3,125
A-4 255.46 27 14.8 3,210
III-B-D-3-m 341.16 17 15.3 3,323
I-B-D-1-s 10.32 1 15.4 3,365
III-B-D-5-l 3.48 1 15.4 3,515
I-B-D-3-m 64.86 4 15.7 3,369
III-M-D-2-m 0.42 1 15.7 3,539
I-M-D-2-s 3.44 1 16.3 3,617
III-B-D-4-m 31.11 2 16.4 3,609
III-B-D-4-l 416.19 14 16.8 3,762
I-B-D-2-s 30.97 2 17.9 3,938
II-M-D-3-m 2.22 1 18.0 4,113
III-B-D-3-s 46.47 1 19.9 4,434
Total 2,240.36 146 (28.8 ha) 14.4 2,661

Forest type: Roman numerals indicate the number of crown layers.
First capital letters indicate the dominant life form: B broad-leaved;
C conifer; M mixed. Second capital letters indicate the tree density:
D high; I intermediate. Arabic numbers indicate the dominant tree
height classes: 1 height <5 m; 2 height 5–10 m; 3 height 10–15 m;
4 height 15–20 m; 5 height >20 m. Small letters indicate the
dominant crown size classes: s small; m medium; l large. A-1, A-2,
A-3, and A-4 indicate artificial plantations which have the domi-
nant height classes 1, 2, 3, and 4, respectively
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1=HðmÞ ¼ 1=2:04 �DBHðcmÞ0:830 þ 1=29:93

Stem mass (Ws), branch mass (Wb), and leaf mass (Wl)
for evergreen conifers (Shidei 1960),

WsðgÞ ¼ 28:47ðD2Hðcm2 mÞÞ0:919
WbðgÞ ¼ 3:938ðD2Hðcm2 mÞÞ0:928
WlðgÞ ¼ 6:117ðD2Hðcm2 mÞÞ0:851

Stem mass, branch mass, and leaf mass for Larix spp.
(Shibuya et al. 2000),

WsðgÞ ¼ 87:498ðD2Hðcm2 mÞÞ0:848
WbðgÞ ¼ 38:994ðD2Hðcm2 mÞÞ0:674
WlðgÞ ¼ 14:355ðD2Hðcm2 mÞÞ0:600

Stem and branch mass (Wc) and leaf mass for broad-
leaved trees (Takahashi et al. 1999),

WcðgÞ ¼ 53:025ðD2Hðcm2 mÞÞ0:893
WlðgÞ ¼ 1:064ðD2Hðcm2 mÞÞ0:904

NBI was determined by the function,

NBIðgC �m�2 year�1Þ ¼ Dy � DD

where y is the increment of biomass of living trees, and
D is dead biomass produced during the census period.
Carbon content was assumed to be 50% of the biomass
although there are minor differences in carbon content
among species (Lamlom and Savidge 2003). The NBI
values of the harvested forest stands were corrected by
the biomass decrement due to harvesting during the

Fig. 1 Vegetation map of Tomakomai Experimental Forest
(TOEF) categorized by tree density, tree height, and dominant
crown size. First capitals indicate the stand density: D dense, I
intermediate, S sparse. Numbers indicate the dominant tree height
classes: 1 height <5 m, 2 height 5–10 m, 3 height 10–15 m, 4
height 15–20 m, 5 height >20 m. Lowercase letters indicate the
dominant crown size classes: s small, m medium, l large. A artificial
forest,Water surface of the water. A horizontal bar indicates a scale
of 1 km
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census period. The biomass decrement was estimated
from the DBH values of the logged trees. Therefore, in
harvested stands, the growth and mortality of har-
vested trees from the time of harvest to the time of the
final census were not included in determining the NBI
values. Thirty-two plots were harvested during the
census period. The total logged biomass was
35,293.78 kg C, which corresponds to an average har-
vest of 83.68 g C m�2 year�1. Spatial distribution of
NBI in TOEF was extrapolated from the vegetation
map and the average NBI value of plots in the same
vegetation type.

The �3/2 power distribution of the MNY method
(Hozumi et al. 1968) was applied to the individual mass
distribution of each plot, and the distribution density
function was determined by the least square method.
Where

Y ¼
R wmax

w
w/ðwÞdw

N ¼
R wmax

w
/ðwÞdw

M ¼ Y =N

Y is apparently the biomass of a partial population
consisting of those trees whose mass is in the range be-
tween the maximum mass of a stand and a given value of
w. N is the density of the partial population stated
above. M is the mean tree mass of the partial popula-
tion. The distribution function is expressed as

/ðwÞ ¼ ð
ffiffiffi
B

p
=2AÞw�3=2

where A and B are constants. The theory gives A as the
reciprocal of the stand biomass and B as the reciprocal
of the maximum individual mass in the plot (Hozumi
et al. 1968). We can be more than 95% sure that the tree
size pattern be expressed successfully with the �3/2
power distribution with tree samples of only the largest
20% in the even-aged stand (Osawa and Abaimov 2001).
Therefore, it is reliable to analyze the tree size distribu-
tion by using trees with DBH>10 cm. All statistical
analysis was carried using SYSTAT ver.5 (1992).

Results

A map of the spatial distribution of the 62 vegetation
types in TOEF (Fig. 1) shows that one-third of the area
was secondary successional stands (S-1-s to D-3-l), one-
third was a plantation (A-1 to A-4), and the rest of the
area was mature forest stands (D-4-m to D-5-l). This
map, made from a high-resolution image, is available
from http://pc3.nrs-unet.ocn.ne.jp/�exfor/Toef/Ecol-
Res2005fig1.pdf. In the146 plots, the initial number of
individuals was 17,451 in total, and the observed maxi-
mum size was 114.0 cm in DBH for T. japonica. Esti-
mated AGB was 480–5,615 g C m�2 (3,130 g C m�2 on
average), NBI was �98 to 436 g C m�2 year�1 (83.0 g C
m�2 year�1 on average), and mean basal area was
6.9–19.9 cm2 m�2 (14.43 cm2 m�2 on average). Both

AGB and NBI of the plots showed normal frequency
distributions (Fig. 2).

The spatial distribution of NBI in TOEF (Fig. 3)
shows that high and low NBI stands create a complex
spatial structure. The average NBI and AGB values by
vegetation type were weakly and negatively correlated
(r=�0.569, P=0.003, n=25).

The goodness of fit for application of the �3/2 power
function to individual mass frequency distributions in
each plot was high [Fig. 4 for representation;
R2=0.961±0.004 (mean ± SE), n=144], although the
goodness of fit was relatively low in two plots in which
the maximum DBH was over 100 cm (R2=0.694 and
0.532). This means that the application of the distribu-
tion density function used in this study was relevant, and
the theoretical value of the maximum individual mass
was very similar to the actual value, especially for young
stands. If the Gompertz function was applied to the data
including broad-leaved stands and plantations, NBI had
a significant relationship to the reciprocal of B (theo-
retical maximum individual mass Tmax) [Fig. 5b,

Fig. 2 Frequency distribution of aboveground biomass (AGB; left
panel) and net biomass increment (NBI; right panel) in TOEF.
Upper, middle, and low panels show unharvested broad-leaved,
harvested broad-leaved, and conifer plantation stands, respectively
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NBI=240.92�30.72 ln(Tmax), F=9.528, P=0.002],
while NBI did not have a significant relationship to
AGB (Fig. 5a, F=0.387, P=0.535). The significant
relationship between NBI and 1/B yields a Tmax of
2,546 kg C when NBI is zero. NBI also had a significant
negative relationship to the actual maximum individual
mass (Rmax) [NBI=205.33�23.40 ln(Rmax), F=5.704,
P=0.018].

Discussion

Several studies have reported AGB values on a landscape
scale for cool temperate or boreal forests in the northern
hemisphere. Those are 2,325–11,689 g C m�2 for 20- to
100-year-old stands of Larix forest in China (Zhou et al.
2002), 1,650–8,900 g C m�2 for broad-leaved and conifer
mixed forest in Canada (Fournier et al. 2003), 4,300 g C
m�2 for coniferous forest in Canada (Banfield et al. 2002),
and 3,650 g C m�2 for boreal forest in Canada (Ranson
et al. 1997). The average AGB of TOEF (3,130 g C m�2;
range 480–5,615 g C m�2) was lower than these values.
TOEF is composed mainly of secondary forests created
after a typhoon in 1954 and young plantations, and small
areas of mature stands (Fig. 1). Most variations in stand
structure, such as variations in biomass or individual size

Fig. 3 Estimated spatial distribution of NBI in TOEF. A horizontal
bar indicates a scale of 1 km

Fig. 4 Some representative examples of the goodness of fit of the
�3/2 power function to the individual mass frequency distribution
of each stand. Y is apparently the biomass of a partial population
which consisted of those trees whose mass is in the range between
the maximum mass of a stand and a given value of w. M is the
mean tree mass of the partial population
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distribution, in mature forests on a landscape scale seem
to be due to differences in soil condition or topography
(Clark and Clark 2000). However, the variation in the
natural forest in TOEF should reflect the disturbance
history because the soil condition is very uniform and the
topography is very flat. Thus, it can be assumed that the
low AGB in TOEF is mainly due to the young age of the
stands. Furthermore, the number of plots in the mature
forest was low, and the basal area of the vegetation type
which had the highest biomass was 19.9 cm2 m�2. This
value is considerably smaller than the value for a 9-ha
forest plot in a mature forest in TOEF (26.3 cm2 m�2)
(Hiura et al. 1998). In addition, trees having DBH values
less than 10 cm were neglected in the present study. Be-
cause the number of plots in the mature forest was low,
and because the small trees were neglected, the given
AGB will be slightly less than its true value.

AGB estimated from inventory plots can be com-
pared with values estimated by remote-sensing tech-
niques such as lidar remote sensing (Lefsky et al. 2002).
NBI at the level of plots had a negative relationship with
the maximum individual size, while NBI was not sig-
nificantly related to AGB (Fig. 5). These results show

that analyses based on the maximum size of individuals
should lead to a better estimate of NBI than analyses
based on AGB in lidar remote sensing. In areas of young
stands where the tree density is high, large trees domi-
nate the light environment in a stand, and inhibit growth
of small trees (Weiner 1984; Kikuzawa 1999). In addi-
tion, if leaf mass of large individuals does not increase
any more (Kira and Shidei 1967), the productivity of an
individual tree should decrease with tree size because the
mass-based photosynthetic rate decreases with tree size
(Thomas and Winner 2002; Nabeshima and Hiura
2004). These appear to be the reasons for the negative
relationship between NBI and the maximum tree size of
stands in TOEF that was dominated by young stands.
Therefore, the maximum size could be thought to be an
index of the stand development.

NBI does not directly correspond to net primary
production; rather it is the difference between net pri-
mary production and mortality. However, the NBI for
TOEF in this study (�98 to 436 g C m�2 year�1, 83 g C
m�2 year�1 on average) was comparable to the NBI for a
deciduous broad-leaved forest in Japan (Maruyama
1977; 113–237 g C m�2 year�1, and the net primary
production in the forest was 292–491 g C m�2 year�1).
The Tmax value when NBI was zero calculated from the
fitted curve in Fig. 5b corresponded to a tree having a
DBH of 120 cm, and this size corresponded to the
maximum tree size observed in this study. This means
that aboveground growth and mortality will be balanced
when the stand development is sufficient. A previous
study assumed that primary production decreases with
stand development, and eventually reaches zero (Kira
and Shidei 1967). However, primary production should
never reach zero even in the most developed old growth
forest, because tree mortality will certainly occur when-
ever the stands develop.

My results show that, on a landscape scale, not only
AGB but also NBI depend strongly on the size structure
of forest stands. In the future, measurements of other
components of carbon budgets in forest ecosystems,
such as litter fall and soil respiration relative to stand
development, will enable the construction of a func-
tional model for estimating the net ecosystem produc-
tivity on a landscape scale.
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Abstract We studied the dynamics of nine tropical rain-
forests on Mount Kinabalu, Borneo, at four elevations
(700, 1,700, 2,700 and 3,100 m) on various edaphic con-
ditions for four 2-year periods over 8 years (1995–2003),
and examined the relationships with above-ground
productivity. Mean growth rate of stem diameter, basal
area turnover rate and estimated recruitment rate (using
growth rate and size distribution) correlated with
productivity among the nine forests in all periods. These
rates based on growth rates of surviving stems appeared
to be good measures of stand turnover. However,
observed recruitment rate and mortality (and turnover
rate as mean of these rates) based on direct observation of
recruits and deaths did not correlate with productivity in
some periods. These rates may not be useful as measures
of stand turnover given small sample size and short
census interval because they were highly influenced by
stochastic fluctuation. A severe drought associated with
the 1997–1998 El Niño event inflated mortality and de-
pressed mean growth rate, recruitment rate and basal
area turnover rate, but had little effect on the correlations
between these rates (except mortality) and productivity.
Across broad elevational and edaphic gradients on
Mount Kinabalu, forest turnover, productivity and
species richness correlated with each other, but the

causal interpretation is difficult given the different
histories and species pools among forests at different
elevations.

Keywords Growth Æ Mortality Æ Productivity Æ
Recruitment Æ Turnover

Introduction

Based on a worldwide analysis of humid tropical forests,
Phillips et al. (1994) showed that tree species richness
correlated with stem turnover rate (mean of recruitment
and mortality rates) and with basal area turnover rate,
and argued that these rates were measures of produc-
tivity. Because turnover rate is far easier to measure than
productivity, research on interesting questions involving
productivity, such as diversity-productivity relationship,
will be greatly facilitated if turnover rate can be used as a
surrogate of productivity. However, the linkage between
turnover and productivity was questioned (Sheil 1996;
Condit 1997), and to our knowledge there has been no
study that directly examined the relationship between
turnover and productivity for tropical forests. Weaver
and Murphy (1990) showed that both above-ground
productivity and turnover rate diminished with
increasing elevation on a subtropical mountain in Puerto
Rico, but this could not be tested statistically because
there were only three plots.

On Mount Kinabalu, Borneo, the highest mountain
in southeast Asia between the Himalayas and New
Guinea, we have been conducting tree censuses at nine
permanent plots every 2 years since 1995. These plots
are established at four elevations and on different
edaphic conditions that reflect diverse geological sub-
strates. A direct estimate of above-ground net primary
productivity is available in these plots because litterfall
was also monitored, and it has been shown that ele-
vation (as a surrogate of temperature) and edaphic
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conditions (as a surrogate of soil nutrient conditions)
synergistically determine productivity (Kitayama and
Aiba 2002; Takyu et al. 2003; Kitayama et al. 2004).
Stand dynamics during 1995–1999 were analysed by
Aiba and Kitayama (2002). In this paper, we study
variation in stand dynamics (turnover rates as well as
growth rates) among the nine plots over 8 years
(1995–2003), and examine the relationship with pro-
ductivity.

On Mount Kinabalu, a severe drought occurred in
1997–1998 in association with the El Niño–Southern
Oscillation event, and growth rates and mortality were
significantly affected by the drought (Aiba and Kitay-
ama 2002). It is necessary to consider the impact of the
drought in order to study stand dynamics (Sheil 1995;
Phillips 1995). We therefore calculated growth and
turnover rates for each of four 2-year census intervals, of
which one (1997–1999) included the drought (drought
period) and the other three (1995–1997, 1999–2001 and
2001–2003) did not (non-drought periods). This is also
because long census intervals underestimate turnover
(recruitment and mortality) rates due to population
heterogeneity within a stand and unrecorded mortality
of recruits (Sheil 1995; Sheil and May 1996; Kohyama
and Takada 1998). We also calculated recruitment rate
and mortality over the entire study period (1995–2003)
because short census intervals, when combined with
small sample sizes, may lead to stochastic fluctuation in
these rates. Finally, we will demonstrate the correlation
between productivity and species richness for our plots,
and discuss the relationships among forest turnover,
productivity and species richness.

Methods

Study sites

The geological substrates of Mount Kinabalu (4,095 m,
6�05¢N, 116�33¢E) are dominated by Tertiary sedimen-

tary rock below c. 3,000 m and by granite above that.
Ultrabasic (or serpentine) rock and unconsolidated
Quaternary sediment are distributed as patches at some
elevations. We selected a total of nine study sites of
primary forests on gentle sideslopes ( £ 27�) at four
common elevations (700, 1,700, 2,700 and 3,100 m) on
these substrates (Table 1). At each elevation, we have a
pair of sites on ultrabasic versus non-ultrabasic sub-
strate (Tertiary sedimentary rock at 700, 1,700 and
2,700 m and granite at 3,100 m), and at 1,700 m we
have an additional site on Quaternary sediment.
Selecting the two (or three) sites on different substrates
at exactly the same elevation was not always possible
due to heterogeneous distribution of the substrate and
precipitous topography. Reflecting diverse geology,
edaphic conditions differ greatly between two (or three)
forests at the same elevation. In short, soil fertility (in
terms of biologically available nitrogen and phospho-
rus) is the lowest on ultrabasic rock, intermediate on
Tertiary sedimentary rock (or granite), and the highest
on Quaternary sediment at each elevation (Kitayama
and Aiba 2002; Takyu et al. 2002; Kitayama et al.
2004). Annual mean temperature (24.3�C at 550 m)
decreases with increasing elevation following a lapse
rate of 0.55�C per 100 m (Kitayama and Aiba 2002).
Mean annual rainfall varies little with elevation, and
was ample (>2,000 mm) everywhere except during the
drought. The El Niño drought occurred from late 1997
to early 1998, and the climatic departure from normal
conditions seemed to become greater with increasing
elevation (Aiba and Kitayama 2002). According to our
measurements using climatic stations at the four ele-
vations, the drought culminated in March to April
1998: the lowest 30-day running totals (the sum of
rainfall of a particular day and the preceding 29 days)
were 14.4 mm at 550 m, 0.9 mm at 1,560 m, 1.0 mm at
2,650 m and 0.6 mm at 3,270 m. Forest structure and
floristic composition of these sites were analysed by
Aiba and Kitayama (1999), Aiba et al. (2002) and
Takyu et al. (2002).

Table 1 Characteristics of the nine study plots, established at four common elevations on different geological substrate of Mount
Kinabalu, Borneo

Common
elevation (m)

Geological
substrate

Abbreviation Exact elevation
(m)

Plot area
(ha)

Basal area
(m2 ha�1)a

Stem density
(ha�1)a

Above-ground net
primary productivity
(kg m�2 year�1)

Litterfall rate
(kg m�2 year�1)

700 T 07S 650 1.00b 36.2 1,064 1.91 1.11
700 U 07U 700 1.00 40.7 1,175 1.72 1.11

1,700 T 17S 1,560 0.50 40.0 1,730 1.22 0.80
1,700 Q 17Q 1,860 1.00 49.3 2,045 1.35 0.94
1,700 U 17U 1,860 0.20 49.9 3,535 0.81 0.63
2,700 T 27S 2,590 0.25 53.5 2,116 0.78 0.53
2,700 U 27U 2,700 0.20 41.5 3,775 0.73 0.59
3,100 G 31S 3,080 0.20 64.0 3,665 0.82 0.63
3,100 U 31U 3,050 0.06 25.1 4,383 0.20 0.16

T Tertiary sedimentary; U ultrabasic; Q Quaternary sedimentary; G granitic rocks
aFor stems ‡4.8 cm dbh
bTrees in a large gap (0.14 ha area) were excluded from analysis

280



Permanent plot censuses

At each of the nine study sites we have established a
permanent plot (Table 1, 0.06–1.00 ha area) and con-
ducted the first tree census from October 1995 to August
1996 (1995 census). The subsequent censuses were con-
ducted biennially (in 1997, 1999, 2001 and 2003) from
September to December. In each tree census, care was
taken to enable correct remeasurement. A point without
any stem irregularities was selected at around breast
height (1.3 m above ground), the girth measured to the
nearest millimetre, and the tree marked with spray paint.
Stem diameter at breast height (dbh cm) was calculated
as the girth divided by p. Multiple stems were measured
separately. Buttressed stems were measured well above
the protrusion. Death of stems, and new recruits, were
recorded in the second and later censuses. In the two
lowland plots (07S and 07U, see Table 1 for the abbre-
viations of the plots), all stems ‡10 cm dbh (31.4 cm
girth) were measured in 1-ha plots; stems
10 cm>dbh‡4.8 cm (15 cm girth) were measured in two
10·100-m (0.1-ha) transects laid within the plots. In the
seven plots at ‡1,700 m, all stems ‡4.8 cm dbh were
measured. In the 07S plot, a large canopy gap (0.14 ha
area) was formed by tree falls between the 1995 and 1997
censuses. Trees in this part of the plot were excluded
from the analysis.

Calculating growth and turnover rates

Growth rate (cm year�1) was calculated as absolute
difference in dbh between two censuses divided by cen-
sus interval (days between census midpoints divided by
365). Mean growth rates were computed for two dbh
classes (4.8–10 and ‡10 cm) separately because stems
<10 cm dbh were measured in subsamples in the two
lowland plots. Mortality (% year�1) was calculated as
percentage of fatalities per year (Sheil et al. 1995).
Recruitment rate (% year�1) was calculated in the
symmetrical form to mortality (Sheil et al. 2000). These
formulations yielded virtually identical values to those
obtained from logarithmic models used by Phillips et al.
(1994). We used both observed and estimated number of
recruits outgrowing the minimum dbhs that were defined
arbitrarily. Estimation of number of recruits was done
by Gf estimation (Kohyama and Takada 1998). The Gf
estimate of the number of recruits per area at the mid-
point (6 and 11 cm) of the minimum size classes (5–7
and 10–12 cm) is the stem density f in the minimum size
class multiplied by average growth rate G of survivors
within the size class divided by the class width (2 cm).
Stem turnover rate (% year�1) was calculated as mean
of mortality and observed recruitment rates (Phillips
et al. 1994). Basal area turnover rate (cm2 m�2 year�1)
was calculated as the increase by the growth of surviving
stems divided by the census interval. These rates were
computed for two minimum dbhs (‡4.8 and ‡10 cm,
except Gf estimate of recruitment rate where minimum

dbhs were ‡6 and ‡11 cm) to take into account the small
sample sizes for stems <10 cm dbh in the two lowland
plots (07S and 07U) and for stems ‡10 cm dbh in the
31U plot. For the two lowland plots, the number of
stems (survivors, fatalities and recruits) for <10 cm dbh
were multiplied by the sample area for ‡10 cm dbh di-
vided by one for <10 cm dbh, and these area-corrected
values were added to values for ‡10 cm dbh to calculate
mortality and recruitment rate for stems ‡4.8 cm (or
‡6 cm for Gf estimate of recruitment rate).

Checking the error

In the second and later censuses, some stems far larger
than the minimum dbh were recorded as recruits. These
stems might have been overlooked in the previous cen-
suses. We determined the valid record of dbh of the
recruit that showed maximal growth rates in each plot
(usually stems of the fast-growing species that showed
high growth rates in successive censuses). We assumed
that a recruit was present (but overlooked) in the pre-
vious censuses if dbh of that recruit was greater than dbh
of the valid recruit, and predicted the dbh in the previ-
ous censuses using mean growth rate of that stem (or
assigned the same dbh if that stem was recorded only
once). Some stems that had been considered as dead in
one or more censuses were found alive in subsequent
censuses. Dbh of such stems was interpolated using
growth rate between the preceding and subsequent
censuses. Stems with dbh predicted by the above-men-
tioned methods, as well as stems that showed negative
growth of >5%, were omitted from the calculation of
mean growth rate (Condit et al. 1993), but were included
in the calculation of observed recruitment rate and basal
area turnover rate.

Productivity and species richness

Litterfall monitoring started in February 1996 in all
plots (April 1996 in the 17Q plot), and ended in July
1999 in the 07U plot (but continued in the other plots).
Above-ground net primary productivity (ANPP) was
estimated by above-ground biomass increment for sur-
viving stems (1995–1997) plus fine litterfall (excluding
branches >2 cm girth) for the period before the culmi-
nation of the drought (before February 1998) (Clark
et al. 2001). Temporal change in productivity was not
considered due to the lack of litterfall data after July
1999 in the 07U plot. The productivity values with lit-
terfall from February 1996 to February 1998 for all plots
except the 17Q plot were cited from Kitayama and Aiba
(2002). Kitayama et al. (2004) reported the productivity
values with litterfall from November 1996 to November
1997 for the 17T and 17Q plots. From the ratio of the
17Q to 17T plots during this period, we estimated the
productivity value of the 17Q plot with litterfall from
February 1996 to February 1998. Small contribution of
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biomass increment by recruits was neglected in these
estimates, and this might produce slight underestimates.

The relationship between productivity and various
rates of forest dynamism (log-transformed when
appropriate) was examined using Pearson correlations
for each of the four census intervals and also for the
entire study period in the case of observed recruitment
and mortality rates. The ANPP may correlate with
mean growth rate, Gf estimate of recruitment rate or
basal area turnover rate simply because all of these
rates were calculated from the same data, i.e. growth
rates of surviving stems. Therefore, we used litterfall
rate as a surrogate of productivity when examining the
correlations involving these rates. It is noted that sim-
ilar results were obtained if we used ANPP, because
ANPP correlated highly with litterfall rates among the
nine plots (r=0.98, P<0.001). Differences in regression
lines for forest dynamics against productivity among
periods were examined by analysis of covariance (AN-
COVA). Differences in intercepts were tested after
homogeneity of slopes was confirmed. We used both
arcsine-transformed and non-transformed values for
recruitment and mortality rates, and obtained similar
results. Only the results using non-transformed values
were reported. Finally, we evaluated species richness of
each plot using Fisher’s a, a diversity index that is
relatively independent of sample size (Rosenzweig 1995;
Condit et al. 1996; Aiba et al. 2002), citing the data
from Aiba et al. (2002).

Results

Among various rates of forest dynamism, mean growth
rates for both dbh classes (4.8–10 and ‡10 cm) and basal

area turnover rates for both minimum dbhs (‡4.8 and
‡10 cm) significantly correlated with productivity
among the nine plots in all of the four census intervals
(Table 2, r‡0.75, all P<0.05, examples for ‡10 cm dbh
in Fig. 1a and b).The Gf estimates of recruitment rate
for both minimum dbhs (‡6 and ‡11 cm) also correlated
with productivity in all intervals (r‡0.59, examples for
‡11 cm dbh in Fig. 1c) although the correlations were
marginally insignificant in one period for each minimum
dbh (1999–2001 for ‡6 cm dbh and 1995–1997 for
‡11 cm dbh). It is noted that all of these rates are based
on growth rates of surviving stems. However, observed
recruitment rates (both ‡4.8 cm and ‡10 cm dbh) only
correlated significantly with productivity in some inter-
vals, and mortalities (both ‡4.8 cm and ‡10 cm dbh) did
not in any of the four intervals (r £ 0.66, all P>0.05)
(examples for ‡10 cm dbh in Fig. 1d, e). Reflecting this,
turnover rates (mean of observed recruitment and
mortality rates) did not necessarily significantly correlate
with productivity in some intervals for both minimum
dbhs.

Periods when observed recruitment rate significantly
correlated with productivity were not consistent between
the two minimum dbhs (1995–1997 for ‡4.8 cm dbh,
and 1997–1999 and 2001–2003 for ‡10 cm dbh). In the
case of observed recruitment rate ‡10 cm dbh, the
insignificant correlations with productivity were partly
because of outlying values from the 31U plot (Fig. 1d).
In this plot, the sample size for ‡10 cm dbh was small
(54–58 stems in each census), and the few recruits ob-
served (two and three stems) resulted in exceptionally
large recruitment rates during 1995–1997 and 1999–
2001. Exclusion of the 31U plot improved the correla-
tion between observed recruitment (and also turnover)
rate (‡10 cm dbh) and productivity among the other

Table 2 Pearson correlation coefficients between productivity (litterfall rate or above-ground net primary productivity) and various rates
of forest dynamism for each of four census intervals (ns P>0.05; * P<0.05; ** P<0.01; *** P<0.001), and the results of ANCOVA for
the difference in the regression lines for forest dynamism against productivity among intervals

Productivity and dynamism Dbh (cm) Census intervals P (ANCOVA)

1995–1997 1997–1999 1999–2001 2001–2003 Slope Intercept

Litterfall rate (kg m�2 year�1)
Mean growth rate (cm year�1)a 4.8–10 0.87** 0.89** 0.82** 0.94*** 0.63 0.16
Mean growth rate (cm year�1)a ‡10 0.93*** 0.94*** 0.92*** 0.94*** 0.55 0.009
Basal area turnover rate (cm2 m�2 year�1) ‡4.8 0.83** 0.81** 0.75* 0.85** 0.89 0.005
Basal area turnover rate (cm2 m�2 year�1) ‡10 0.87** 0.84** 0.82** 0.84** 0.90 0.01
Gf estimate of recruitment rate (% year�1) ‡6 0.75* 0.68* 0.59ns 0.71* 0.90 0.84
Gf estimate of recruitment rate (% year�1) ‡11 0.63ns 0.80** 0.96*** 0.93*** 0.18 0.98

Above-ground net primary productivity (kg m�2 year�1)
Observed recruitment rate (% year�1) ‡4.8 0.69* 0.56ns 0.21ns 0.65ns 0.21 0.002
Observed recruitment rate (% year�1) ‡10 0.20ns 0.93*** 0.15ns 0.94*** 0.04 0.61
Observed recruitment rate (% year�1)b ‡10 0.92** 0.89** 0.62ns 0.94*** 0.07 0.32
Mortality rate (% year�1) ‡4.8 0.35ns �0.03ns 0.53ns 0.20ns 0.68 0.02
Mortality rate (% year�1) ‡10 0.26ns 0.30ns 0.66ns 0.55ns 0.43 0.01
Mortality rate (% year�1)b ‡10 0.50ns 0.52ns 0.57ns 0.25ns 0.58 0.02
Turnover rate (% year�1) ‡4.8 0.68* 0.29ns 0.64ns 0.58ns 0.69 0.23
Turnover rate (% year�1) ‡10 0.24ns 0.65ns 0.59ns 0.85** 0.32 0.33
Turnover rate (% year�1)b ‡10 0.85** 0.72* 0.65ns 0.77* 0.99 0.07

aLog-transformed because this yielded a better fit for the regression
bExcluding the 31U plot that had a small sample size
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eight plots, but the correlations were still insignificant
for 1999–2001 for both recruitment and turnover rates.
It might be that small sample sizes are problematic only
when census intervals are short. We therefore calculated
the observed recruitment rate over all 8 years (1995–
2003). We used cumulative number of recruits by
including stems that had been recruited and died during
this period in order not to underestimate recruitment
rate (and counting only once when a stem was recruited
twice by shrinkage and subsequent growth). Observed
recruitment rates over 8 years significantly correlated
with productivity for both minimum sizes, even when
the 31U plot was included (Fig. 2a, r=0.68 for
‡4.8 cm dbh and r=0.84 for ‡10 cm dbh, both
P<0.05).

The small sample size for ‡10 cm dbh in the 31U plot
also resulted in fluctuation in short-term (2-year) mor-
tality (Fig. 1e). However, exclusion of the 31U plot did
not improve the correlation between mortality
(‡10 cm dbh) and productivity, reflecting unexpectedly
high mortalities in two other plots (27S and 31S). We

calculated mortality over 8 years (1995–2003) to remove
the effects of short census intervals. As for recruitment
rate, we used the cumulative number of fatalities by
including the death of recruits. Mortalities over 8 years
correlated with productivity, but the correlations were
insignificant (Fig. 2b, r=0.32 for ‡4.8 cm dbh and
r=0.58 for ‡10 cm dbh, both P>0.05). We identified
two factors that collapsed the correlations between
mortality over 8 years and productivity. One is unex-
pectedly low mortality in the 07U plot for ‡4.8 cm dbh.
This reflected the small sample size for 4.8–10 cm dbh
(133–152 stems in each census) and few fatalities (only
three stems over 8 years) recorded in this size class. The
other is that mortalities (both ‡4.8 cm and ‡10 cm dbh)
in two plots (27S and 31S) were unexpectedly high.
Close inspection of data (Figs. 1e, 2b) indicated that
mortality became elevated especially at smaller dbh
(<10 cm dbh) during and after the drought period
(1997–1999) in these plots. When these outliers were
excluded, the correlations between mortality over
8 years (1995–2003) and productivity became significant

Fig. 1 The relationships
between above-ground
productivity (litterfall rate or
above-ground net primary
productivity, kg m�2 year�1)
and various rates of tree growth
and stand turnover for stems
‡10 cm dbh during four 2-year
periods among nine plots on
Mount Kinabalu, Borneo. The
1997–1999 period included the
El Niño drought. Outliers
explained in the text were
indicated by plot abbreviations
(Table 1). a Mean growth rates
of dbh (cm year�1); b basal area
turnover rate (cm2 m�2 year�1);
c Gf estimates of recruitment
rates (% year�1); d observed
recruitment rates (%year�1);
e mortality (% year�1)

283



(r=0.93, P<0.01, for ‡4.8 cm dbh, excluding 07U, 27S
and 31S plots; r=0.83, P<0.05, for ‡10 cm dbh,
excluding 27S and 31S plots).

Mean growth rates (‡10 cm dbh), basal area turnover
rates (both ‡4.8 and ‡10 cm dbh), observed recruitment
rates (‡4.8 cm dbh) and mortality (both ‡4.8 and
‡10 cm dbh) differed among four census intervals when
intercepts of the regression lines against productivity
were compared (Table 2, ANCOVA, P<0.05). During
the drought interval (1997–1999), mean growth rates,
basal area turnover rates and observed recruitment rates
were depressed, and mortality was inflated (examples in
Fig. 1). As was pointed out earlier, the drought elevated
mortality in the 27S and 31S plots in particular, and the
effects could be recognized even after the drought. If we
examined temporal patterns in the correlations between
various rates of forest dynamism and productivity
(Table 2), there was no consistent pattern in comparison

between drought period versus non-drought periods.
Therefore, the drought had little effect on the correla-
tions between these rates (except mortality) and pro-
ductivity.

Sample-size adjusted index of species richness (Fish-
er’s a) showed a highly significant correlation with
productivity for both minimum dbhs (Fig. 3, r=0.96,
P<0.001 for both ‡4.8 cm and ‡10 cm dbh, using log-
transformed Fisher’s a). Therefore, forest turnover,
productivity and species richness correlated with each
other across broad elevational and edaphic gradients on
Mount Kinabalu.

Discussion

The present results demonstrated that some measures of
stand dynamics correlated with productivity among
forests across broad elevational and edaphic gradients
on a single tropical humid mountain. Among various
measures tested, mean growth rate and turnover rates
based on growth rates of surviving stems (Gf estimate of
recruitment rate and basal area turnover rate) highly
correlated with productivity. However, turnover rates
based on direct observations of recruits and fatalities did
not necessarily correlate with productivity. So, our re-
sults generally support the argument of Phillips et al.
(1994) on turnover-productivity relationship, but the
stem turnover rate they used (mean of observed
recruitment and mortality rates) may not be universally
useful as a measure of stand dynamics.

Among three measures highly correlated with pro-
ductivity, mean growth rate showed the strongest cor-
relations, and the other two rates (Gf estimate of
recruitment rate and basal area turnover rate) showed
similar magnitudes of correlation with one another.
Mean growth rate may be the best measure of stand
productivity, although it has not been used previously.

Fig. 3 The relationship between productivity (kg m�2 year�1) and
Fisher’s a for stems ‡4.8 cm and ‡10 cm dbh

Fig. 2 The relationships between above-ground net primary pro-
ductivity (kg m�2 year�1) and observed recruitment or mortality
rates over 8 years (1995–2003) for stems ‡4.8 cm and ‡10 cm dbh.
Outliers explained in the text were indicated by plot abbreviations
(Table 1). a Observed recruitment rates (% year�1); b mortality
(% year�1)
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Phillips et al. (1994) stated that basal area turnover rate
was a direct measure of productivity. However, this rate
was unexpectedly small in the two lowland plots (07S
and 07U) during non-drought periods in the present
results (Fig. 1b), reflecting the relatively small basal
areas in these plots (Table 1). Generally, tropical low-
land forests exhibit smaller basal areas than montane
forests (Edwards and Grubb 1977; Tanner 1980; Weaver
and Murphy 1990; Lieberman et al. 1996; Aiba and
Kitayama 1999). So, basal area turnover rate may not be
a good measure of forest productivity when comparing
montane and lowland forests.

Why did mean growth rate and turnover rates based
on growth rates of surviving stems correlate highly with
productivity, while observed rates of recruitment and
mortality did not? The former measures are based on
average values of relatively large samples of observa-
tions, and therefore are likely to yield relatively unbiased
estimates for the populations. By contrast, the latter
ones rest upon relatively rare events that are highly
unpredictable in both space and time, and these rates,
observed in small samples during short time intervals,
fluctuate greatly in a stochastic manner. This was
exemplified by recruitment and mortality rates for
‡10 cm dbh in the 31U plot and by mortality for
‡4.8 cm dbh in the 07U plot in the present results
(Figs. 1d, e, 2b). Phillips et al. (1994) used turnover rates
as the mean of recruitment and mortality rates to
dampen the effects of such fluctuation. However, in our
case, turnover rate as well as observed recruitment and
mortality rates did not always correlate with produc-
tivity. Lengthening the time interval could diminish the
short-term fluctuation for recruitment rate, but did not
make the correlation for mortality significant (Fig. 2).
We noted that the correlations between these rates and
productivity were usually positive, although they were
insignificant. So, increasing the number of plots may
yield significant positive correlations.

Observed recruitment is also affected by an incom-
plete census that results in recruits being overlooked in
one or more censuses and a sudden recruitment of large
stems in subsequent censuses. Although we have tried to
correct for this, errors might still remain especially for
‡4.8 cm dbh. We suggest that direct counts of recruits
and fatalities may not be useful as measures of turnover
rate because they are highly influenced by stochastic
fluctuation and methodological errors, especially when
the sample size is small and the census interval is short.
The Gf estimation of recruitment rate developed by
Kohyama and Takada (1998) is a powerful tool to re-
solve such problems, but there is no appropriate method
for mortality estimation.

Phillips and Gentry (1994), Phillips (1996) and Phil-
lips et al. (2004) suggested that tropical tree populations
experienced increased rates of mortality and recruitment
in the latter part of the 20th century. In our short-term
data set, there was no clear temporal increase in turn-
over rates, the impact of the drought was overriding. As
was pointed out by the present results, as well as our

earlier analysis (Aiba and Kitayama 2002), the severe
1997–1998 El Niño drought inflated mortality, and re-
duced growth rate, recruitment rate and basal area
turnover rate. Long-term mortalities (1995–2003) were
greater than expected in the two high-altitude plots (27S
and 31S) on non-ultrabasic substrates (Fig. 2b), and this
appeared to be partly due to the long-term impact of the
drought. Similar long-term effects could be detected
when temporal correlations in individual stem growth
rates were examined for all nine plots (S. Aiba, unpub-
lished data). However, the present results also indicated
that the drought had little effect on the correlation be-
tween turnover rates (except mortality) and productiv-
ity. The correlation between stand turnover and
productivity appeared to be so strong that even the
impact of a severe drought could not confound it.

The present results also indicated that forest turn-
over, productivity and species richness correlated with
each other. This seems to support a general pattern at
regional to global scales for forest ecosystems (Phillips
et al. 1994; Bellingham et al. 1999; Burslem and Whit-
more 1999; Waide et al. 1999), but the causal interpre-
tation of this pattern is difficult. We could not assume
that forests at different elevations have the same species
pools, because these forests have experienced different
histories (Sheil 1996). Forest zonation has shifted along
the mountain slope during past climatic changes (Mor-
ley 2000), and each forest still might not have reached
equilibrium conditions. Forests at higher elevations may
be less species-rich, simply because they have smaller
species pools reflecting more severe past climatic dis-
turbance. Also, there are circular relationships among
forest turnover, productivity and species richness: for
example, high species richness can be both a cause and a
result of high productivity (Waide et al. 1999). Alter-
natively, apparent correlations among these attributes
may be the product of an unidentified common cause:
for example, both high turnover and species richness
could be ascribed to the early successional status of the
forest (Sheil 1996). Comparing sites with the same spe-
cies pool (at the same elevation on a mountain) at the
same successional stage would be the first step towards
untangling the cause and effect behind these correla-
tions.
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Abstract We examined effects of seasonality of climate
and dominant life form (evergreen/deciduous, broad-
leaf/coniferous) together with energy condition on spe-
cies diversity, forest structure, forest dynamics, and
productivity of forest ecosystems by comparing the
patterns of changes in these ecosystem attributes along
altitudinal gradients in tropical regions without season-
ality and along a latitudinal gradient from tropical to
temperate regions in humid East Asia. We used warmth
index (temperature sum during growing season, WI) as
an index of energy condition common to both altitudinal
and latitudinal gradients. There were apparent differ-
ences in patterns of changes in the ecosystem attributes
in relation to WI among four forest formations that
were classified according to dominant life form and cli-
matic zone (tropical/temperate). Many of the ecosystem
attributes—Fisher’s alpha of species-diversity indices,
maximum tree height and stem density, productivity
[increment rate of aboveground biomass (AGB)], and
population and biomass turnover rates—changed shar-
ply with WI in tropical and temperate evergreen broad-

leaved forests, but did not change linearly or changed
only loosely with WI in temperate deciduous broad-
leaved and evergreen coniferous forests. Values of these
ecosystem attributes in temperate deciduous broad-
leaved and evergreen coniferous forests were higher
(stem density was lower) than those in tropical and
temperate evergreen broad-leaved forests under colder
conditions (WI below 100�C). Present results indicate
that seasonality of climate and resultant change in
dominant life form work to buffer the effects of energy
reduction on ecosystem attributes along latitudinal
gradients.

Keywords Species diversity Æ Aboveground net primary
productivity Æ Forest dynamics Æ Forest structure Æ
Latitude

Introduction

A latitudinal gradient from tropical to boreal regions is
not only an energy gradient but also a gradient of
duration of growing season. As the growing season
shortens and latitude increases, dominant life forms of
forest ecosystems change from evergreen broad-leaved
trees through deciduous broad-leaved trees to coniferous
trees (Holdridge 1947; Kira 1976; Ohsawa 1995). In
tropical regions, evergreen broad-leaved trees dominated
across the altitudinal gradients despite the decline in air
temperature because there was no seasonality in climate
(Whitmore 1990; Kitayama 1992).

Many previous studies on changes in forest eco-
system attributes along latitudinal gradients have
focused on the relationships with energy rather than
on the relationships with seasonality of climate and/or
dominant life forms. Net primary productivity has
been estimated using actual evapotranspiration (e.g.,
Miami model of Lieth 1975; Chikugo model of
Uchijima and Seino 1985). The species–energy
hypothesis explains that energy availability may
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constrain the number of species that can coexist in a
community (Hutchinson 1959; Adams and Woodward
1989; Currie 1991). However, since life form is an
adaptation to seasonality of climate, the pattern of
changes in ecosystem attributes along latitudinal gra-
dients may be affected by dominant life forms of forest
ecosystems. Deciduousness is an adaptive leafing phe-
nology to achieve sufficient productivity during the hot
summer in temperate regions (Kikuzawa 1991). It is
well known that conifers have greater maximum tree
size and lifespan than broad-leaved trees (Waring and
Franklin 1979; Suzuki and Tsukahara 1987). These
differential functions among life forms may work as a
buffer to the effects of energy reduction on produc-
tivity and biomass along a latitudinal gradient, and
ecosystem attributes may be different depending on
forest formations with different dominant life forms.
Accordingly, we have to consider the effects of sea-
sonality of climate and resultant change in dominant
life form on ecosystem attributes to understand lati-
tudinal changes in forest ecosystems.

Recently, many studies have examined patterns in
ecosystem attributes at global scales using databases of
plot-level forest inventory data (Adams and Woodward
1989; Currie 1991; Phillips et al. 1994; Cornelissen 1996;
Reich and Bolstad 2001). However, there are few studies
that have focused on the geographical patterns in East
Asia (Ohsawa 1995; Kohyama 1999). In East Asia, the
humid climate extends continuously from tropical to
boreal regions without deserts at middle latitudes. This
condition provides us good opportunities to examine the
effects of air temperature on ecosystem attributes with-
out considering the effects of seasonality of precipita-
tion. The objectives of this study were to examine the
effects of seasonality of climate and the resultant dif-
ferences in dominant life form on species diversity,
structure, dynamics, and productivity of forest ecosys-
tems along a latitudinal gradient in humid East Asia.

In the present study, in order to distinguish the effects
of seasonality and dominant life forms from the effects
of energy condition, we compared the patterns of
changes in ecosystem attributes along a latitudinal gra-
dient from tropical to boreal regions with the patterns of
changes along altitudinal gradients in tropical regions.

Methods

We collected tree census data by using the database
PlotNet, which includes plot-level forest inventory data
from equatorial regions in Southeast Asia to boreal
regions in East Asia (http://eco1.ees.hokudai.ac.jp/
�plotnet/db/). From the study plots collected, we chose
48 plots that met the following conditions: more than
1,000 mm of annual precipitation, primary forest with
no record of logging, more than 1,000 m2 in plot area
(Appendix 1). We used plots with large areas because
some ecosystem attributes vary depending on plot area,
especially species diversity and forest dynamics. How-
ever, the effects of plot area may not be excluded com-
pletely because half of the plots were less than 1 ha in
area. We used census data collected from 1990–2001 for
trees‡10 cm in diameter at breast height (DBH). Since
seven plots lacked recensus data and 27 plots lacked
litterfall data, sample sizes were different among analy-
ses (Table 1).

For forest structural attributes, maximum DBH and
tree height (H), stem density, and aboveground biomass
(AGB) were calculated. AGB was estimated from allo-
metric regressions between aboveground tree mass and
DBH2·H reported for each forest formation in previous
studies (Appendix 2). For some plots without tree height
data, allometric regressions between aboveground tree
mass and DBH were adopted for the estimation of
AGB. Aboveground net primary production (ANPP)
was calculated as annual increment in AGB of surviving
trees between two censuses (AGB increment rate) plus
mean annual fine litterfall. Fine litterfall included all
organs greater than 2 mm in diameter (leaves and
branches less than about 2 cm in diameter and flowers,
fruits, and dust); it was collected by litter traps that were
made of 1- or 2-mm mesh and were cone- or rectangular-
shaped with a 0.5-m2 opening. Fisher’s alpha and
Shannon-Wiener’s H¢ were calculated as species diver-
sity indices.

Mortality (mt), recruitment (rc), population turnover
(pt), and biomass turnover (bt) rates were calculated as
attributes of forest dynamics from the following equa-
tions:

Table 1 Number of sampled plots for species diversity and attributes of forest structure and dynamics

Formation type Species
diversity

Maximum
tree size

AGB Population
dynamics

AGB
increment

ANPP

Temperate deciduous
broad-leaved forests

11 12 12 8 8 4

Temperate evergreen
coniferous forests

14 15 15 13 14 2

Temperate evergreen
broad-leaved forests

8 9 9 8 8 4

Tropical evergreen
broad-leaved forests

11 12 12 11 11 11

Total 44 48 48 40 41 21
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mt ¼ 100 ln Noð Þ � ln Nsð Þ½ �=t
rc ¼ 100 ln N fð Þ � ln Nsð Þ½ �=t
pt ¼ mt þ rcð Þ=2
bt ¼ annual AGB increment=AGB

where No=number of stems at start, Ns=survived
stems, Nf=final stems (survived stems+recruits), and
t=census span (year).

As an index of energy condition, we used warmth
index (WI, Kira 1948):

WI ¼
X

MMAT� 5ð Þ
where MMAT is monthly mean air temperature for
months with a mean above 5�C. We did not use actual
evapotranspiration (AET) as an index of energy condi-
tion, though many previous studies have. AET explained
well the changes in ANPP along both temperature and
humidity gradients (Lieth 1975), since it is a function of
net radiation and saturation deficit. However, AET is
independent of altitude, and it cannot explain changes in
ecosystem attributes along an altitude gradient, since
solar radiation is generally independent of altitude.
Therefore, we used WI as an index of energy condition
common to both latitudinal and altitudinal gradients.
Since study plots used in this study were located in hu-
mid regions, we did not need to consider the effects of
deficiency of precipitation. For 26 plots below 1,000 m
in altitude, WI significantly correlated with AET when
we estimated AET from monthly mean air temperature
and precipitation following Takahashi (1979) (r2=0.78).
Annual temperature range (mean temperature of the
warmest month minus the coldest month) was used as an
index of seasonality of climate. Although day length
during the growing season may change in relation to
annual temperature range along a latitudinal gradient,
effects of day length could not be distinguished from
effects of annual temperature range in this study.

Figure 1 shows latitudinal changes in WI, annual
temperature range, and relative basal area of evergreen
broad-leaved trees (RBA-EB) for the 48 plots. WI ran-
ged from 20.3�C month in boreal coniferous forests to
261.1�C month in tropical lowland rain forests. As an-
nual temperature range increased above 20�C and WI
fell below 80�C month in temperate regions, RBA-EB
decreased from 100 to 0% abruptly, and deciduous
broad-leaved and evergreen coniferous trees predomi-
nated. In tropical regions, evergreen conifers increased
as WI decreased below 100�C month, but evergreen,
broad-leaved trees predominated in all plots but one.
Therefore, we divided vegetation types into four for-
mations based on the climatic zone and dominant life
form: tropical evergreen broad-leaved forests, temperate
(warm-temperate) evergreen broad-leaved forests, tem-
perate (cool-temperate) deciduous broad-leaved forests,
and temperate (cool-temperate and boreal) evergreen
coniferous forests, and we compared the pattern of

changes for ecosystem attributes along WI among the
four formations in this study.

To compare ecosystem attributes among the four
formations, correlation between ecosystem attributes
and WI in each formation was tested by ANOVA, and
slopes and intercepts of regression lines against WI were
compared by Bonferroni test after ANCOVA. To test
the effects of energy condition, seasonality of climate,
and dominant life forms on ecosystem attributes, mul-
tiple regression analysis was adopted. In this analysis,
three explanatory variables were used: WI as an index of
energy condition, annual temperature range as an index
of seasonality of climate, and RBA-EB as an index of
dominant life form.

Results

The species diversity indices, Fisher’s alpha and Shan-
non-Wiener’s H¢ (data not shown), increased with
increasing WI in each formation (ANOVA, P<0.01;
Fig. 2). For Fisher’s alpha, the slope of the regression
line against WI for temperate deciduous broad-leaved
and evergreen coniferous forests was significantly looser
than for tropical and temperate evergreen broad-leaved
forests (ANCOVA, P<0.01). The slope of the regression
for the temperate deciduous broad-leaved and evergreen
coniferous forests was greater than for the tropical and
temperate evergreen broad-leaved forests at a compar-
able WI under colder conditions (WI<100�C month).
For Shannon-Wiener’s H¢, neither the slopes nor the
intercepts of the regression lines against WI were
significantly different among the four formations.

For forest structural attributes, there were apparent
differences among the four formations. Maximum
DBH increased with increasing WI in each formation
(ANOVA, P<0.01; Fig. 3a), but the slope of the
regression line against WI was greater for the temperate
deciduous broad-leaved and evergreen coniferous forests

Fig. 1 Latitudinal changes in warmth index (WI, open squares),
annual temperature range (open triangles), and relative basal area
of evergreen broad-leaved trees (RBA-EB, closed circles) for the 48
study plots
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than for the tropical and temperate evergreen broad-
leaved forests (ANCOVA, P<0.05). Maximum tree
height increased with increasing WI in tropical and
temperate evergreen broad-leaved forests (ANOVA,
P<0.01), but showed similar values and no significant
relationships with WI in temperate deciduous broad-
leaved and evergreen coniferous forests (ANOVA,
P>0.05; Fig. 3b). Thus, maximum tree height was
higher in temperate deciduous broad-leaved and ever-
green coniferous forests than in tropical and temperate
evergreen broad-leaved forests under colder conditions
(WI<100�C month).

Stem density decreased with increasing WI in tropical
and temperate evergreen broad-leaved forests (ANOVA,
P<0.01) while it varied independently of WI in tempe-
rate deciduous broad-leaved and evergreen coniferous
forests (ANOVA, P>0.05; Fig. 3c). For stem density,
the intercept of the regression line against WI for the
tropical and temperate evergreen broad-leaved forests
was significantly greater than that for the temperate
deciduous broad-leaved and evergreen coniferous forests
(ANCOVA, P<0.01). The low stem density under
colder conditions in temperate deciduous broad-leaved
and evergreen coniferous forests was explained by
the decrease in stem density of small trees
(10 cm £ DBH<15 cm) at low WI (Fig. 4).

Fig. 3 Changes in forest
structural attributes in four
forest formations in relation
to WI. a Maximum DBH.
b Maximum tree height. c Stem
density of trees‡10 cm in DBH.
d Aboveground biomass
(AGB). Symbols are the same
as Fig. 2

Fig. 2 Changes in species diversity (Fisher’s alpha) of four forest
formations in relation to WI
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AGB increased with increasing WI in each formation
(ANOVA, P<0.01; Fig. 3d), and there were no signifi-
cant differences in slopes and intercepts of the regression
lines among the four formations. Accordingly, the dis-
tribution of carbon in biomass differed among the four
formations. Under colder conditions (WI<100�C
month) in temperate deciduous broad-leaved and con-
iferous forests, a greater part of the assimilated carbon
was concentrated in a few large canopy trees rather than
small trees. In contrast, under colder conditions in tro-
pical and temperate evergreen broad-leaved forests, ca-
nopy trees were smaller but had greater stem density,
with assimilated carbon shared among a greater number
of trees.

ANPP was positively correlated with WI for the 21
plots for which ANPP data was available (ANOVA,
P<0.01; Fig. 5a). However, we could not compare
among the four formations due to the small sample size.
Therefore among the four formations, we compared
AGB increment rate, which is recognized to be a good
estimate for ANPP (Clark et al. 2001). AGB increment
rates in temperate deciduous broad-leaved and ever-
green coniferous forests were similar and had no sig-
nificant relationship with WI (ANOVA, P>0.05), while
increment rates in tropical and temperate evergreen
broad-leaved forests increased with WI (ANOVA,
P<0.01; Fig. 5b). AGB increment rates in temperate
deciduous broad-leaved and evergreen coniferous forests
were greater than those in tropical and temperate ever-
green broad-leaved forests at WI below 100�C month.

In tropical and temperate evergreen broad-leaved
forests, mortality, recruitment rate, and population
turnover rates increased with increasing WI, but one plot
showed a high rate below 80�C month of WI (Fig. 6). In
contrast, these attributes of forest dynamics varied
independently of WI in temperate deciduous broad-
leaved and evergreen coniferous forests (ANOVA,

P>0.05). Biomass turnover rate, which was independent
of population turnover rate, showed a pattern similar to
population turnover rates. Values for these four attri-
butes of forest dynamics tended to be higher in temperate
deciduous broad-leaved and evergreen coniferous forests
than in tropical and temperate evergreen broad-leaved
forests under colder conditions (WI<100�C month).

Multiple regression analysis was significant in clari-
fying the variance in 10 of 12 ecosystem attributes. For 6
of the 10 attributes—Fisher’s alpha, maximum tree
height, stem density, AGB increment rate, population
turnover rate, and biomass turnover rate—multiple
regression analysis demonstrated that RBA-EB together
with WI explained a significant amount of the variance
(Table 2). For these six attributes, regression against
WI was not significant or the slopes of the regression
lines were significantly looser for the temperate decidu-
ous broad-leaved and evergreen coniferous forests com-
pared to those for the tropical and temperate evergreen

Fig. 4 Changes in percentage of small trees (10 cm £ DBH
Symbols are the same as Fig. 2

Fig. 5 Changes in a aboveground net primary productivity and
b aboveground biomass increment rate (AGB increment rate) in
four forest formations in relation to WI. Symbols are the same as
Fig. 2
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broad-leaved forests. Annual temperature range played
a significant role in only three attributes—Shannon-
Wiener’s H¢, maximum DBH, and stem density.

Discussion

The pattern of changes in ecosystem attributes in rela-
tion to WI was distinctively different for two groups of

formations. One group included tropical and temperate
evergreen broad-leaved forests, and the other included
temperate deciduous broad-leaved and evergreen conif-
erous forests. Multiple regression analysis demonstrated
that not only energy condition but also seasonality of
climate and dominant life form significantly contributed
to explaining the variance in many ecosystem attributes
in humid East Asia. Dominant life form, especially, af-
fected ecosystem attributes much more than seasonality

Fig. 6 Changes in forest
dynamics in four forest
formations in relation to WI.
a Mortality rate. b Recruitment
rate. c Population turnover
rate=(mortality+recruitment
rate)/2. d Biomass turnover
rate=AGB increment rate/
AGB. Symbols are the same
as Fig. 2

Table 2 Results of multiple regression analysis between forest
ecosystem attributes as criterion variables and three explanatory
variables: warmth index (WI), annual temperature range (Temp
range), and relative basal area of evergreen broad-leaved trees
(RBA-EB). Coefficient of determination (r2) and probability of

significance (P) for the multiple regression and number of samples
(n) are shown for each attribute. Standard regression coefficient
and probability of significance for the three explanatory variables
are also shown

Attribute n r2 P Standard regression coefficient Probability

WI Temp range RBA-EB WI Temp range RBA-EB

Fisher’s alpha 44 0.79 0.00 1.29 �0.17 �0.72 0.00 0.18 0.00
Shannon-Wiener’s H¢ 43 0.82 0.00 0.74 �0.40 �0.19 0.00 0.00 0.18
Max. DBH 48 0.39 0.00 1.04 0.50 �0.17 0.00 0.02 0.48
Max. tree height 35 0.64 0.00 1.40 0.07 �0.82 0.00 0.69 0.00
Stem density 47 0.44 0.00 �1.09 �0.63 0.76 0.00 0.00 0.00
AGB 48 0.50 0.00 0.77 0.17 0.08 0.00 0.34 0.70
ANPP 21 0.62 0.00 0.78 �0.09 �0.07 0.00 0.68 0.81
AGB increment rate 41 0.65 0.00 1.33 0.10 �0.62 0.00 0.53 0.00
Mortality rate 40 0.17 0.09 0.76 0.04 �0.66 0.02 0.87 0.04
Recruitment rate 40 0.13 0.15 0.57 �0.14 �0.47 0.07 0.58 0.13
Population turnover rate 40 0.21 0.03 0.84 �0.04 �0.71 0.01 0.86 0.02
Biomass turnover rate 41 0.23 0.02 0.90 0.16 �0.79 0.00 0.51 0.01
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of climate. These results indicate that seasonality of
climate and resultant changes in dominant life form
work to buffer the effects of energy reduction on eco-
system attributes along a latitudinal gradient. As well,
the effects of dominant life form are more important
than the direct effects of seasonality of climate in many
cases.

AGB increment rates of temperate deciduous broad-
leaved and evergreen coniferous forests did not decrease
with decreasing WI, while those of tropical and tem-
perate evergreen broad-leaved forests did. Reich (1993)
compared net photosynthetic capacity, leaf N concen-
tration, and specific leaf area in relation to leaf lifespan
among some formations, and showed that values for
these three leaf traits were higher in deciduous broad-
leaved trees than in evergreen broad-leaved trees.
Accordingly, deciduous broad-leaved trees achieve high
photosynthetic capacity per unit time by allocating
much N to leaves, which may contribute to the greater
annual productivity of temperate deciduous broad-
leaved forests than tropical and temperate evergreen
broad-leaved forests under colder conditions
(WI<100�C month) despite the shorter growing season.
Although day length during growing season increased
with increasing latitude and may contribute to the high
productivity in forests at high latitudes, we could not
examine the effects of day length on productivity in this
study. The higher concentration of leaf N leads to higher
litter decomposition rates in temperate deciduous broad-
leaved forests compared to tropical and temperate
evergreen broad-leaved forests (Cornelissen 1996). The
high productivity and decomposition rate may provide
the basis for the high biomass turnover rate in temperate
deciduous broad-leaved forests.

Stem density in temperate deciduous broad-leaved
and evergreen coniferous forests was lower than in
tropical and temperate evergreen broad-leaved forests at
a comparable WI due to the low density of small trees,
though stem density varied independently of WI in
temperate deciduous broad-leaved and evergreen conif-
erous forests. This suggests that large canopy trees may
share a greater part of the resources and suppress small
trees in temperate deciduous broad-leaved and evergreen

coniferous forests. Takyu et al. (1994) showed that shrub
species had much higher mortality and recruitment rates
than canopy species in a temperate coniferous forest.
Temperate evergreen conifers generally have a longer
lifespan and greater maximum tree size than deciduous
and evergreen broad-leaved trees (Waring and Franklin
1979; Suzuki and Tsukahara 1987). The high population
turnover rate of temperate evergreen coniferous forests
may result from the high population turnover rate of
shrub species due to severe suppression by large canopy
trees, although we could not compare the differences in
population turnover rates between canopy and shrub
species in our data set. However, we could not deny the
effect of variation in gap formation among study plots
on the forest dynamics in temperate evergreen conifer-
ous forests, since attributes of forest dynamics varied
independently of WI in this forest formation. Since the
death of large canopy trees in coniferous forests may
create large gaps, attributes of forest dynamics may vary
if a study plot includes large gaps. On the other hand,
high productivity due to the exclusive use of resources
and the long lifespan of large canopy trees may result in
the high AGB increment rate of temperate evergreen
coniferous forests under colder conditions.

This study is a preliminary step in examining the ef-
fects of seasonality of climate and resultant changes in
dominant life form using a database of forest inventory
data; however, the database is not yet adequate for data
from East Asia. The development of networks among
forest ecologists and the accumulation of forest inven-
tory data are necessary for understanding patterns and
mechanisms of changes in ecosystem attributes along a
latitudinal gradient and for monitoring changes in eco-
systems in East Asia due to global climatic changes.
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Table 3 List of study plots

Plot name Region/country Latitude Longitude Altitude (m) Plot area (m2) Reference

Pasoh Peninsular
Malaysia/Malaysia

2�59¢N 102�19¢E 100 60,000 Niiyama et al. (2003)

Lambir CBP Sarawak/Malaysia 4�2¢N 113�5¢E 200 80,000 Nakagawa et al. (2000)
Lambir Crane Sarawak/Malaysia 4�2¢N 113�5¢E 200 40,000 Nakagawa et al. (2000)
Kinabalu 07T Sabah/Malaysia 6�03¢N 116�42¢E 650 10,000 Aiba and Kitayama (1999)
Kinabalu 07U Sabah/Malaysia 6�06¢N 116�42¢E 700 10,000 Aiba and Kitayama (1999)
Kinabalu 17T Sabah/Malaysia 6�N 116�32¢E 1,560 10,000 Takyu et al. (2002)
Kinabalu 17Q Sabah/Malaysia 6�01¢N 116�32¢E 1,860 10,000 Takyuet al. (2002)
Kinabalu 17U Sabah/Malaysia 6�03¢N 116�36¢E 1,860 2,000 Aiba and Kitayama (1999)
Kinabalu 27T Sabah/Malaysia 6�03¢N 116�32¢E 2,590 2,500 Aiba and Kitayama (1999)
Kinabalu 27U Sabah/Malaysia 6�03¢N 116�32¢E 2,700 2,000 Aiba and Kitayama (1999)
Kinabalu 31T Sabah/Malaysia 6�05¢N 116�33¢E 3,080 2,000 Aiba and Kitayama (1999)
Mt.Makiling long-term
monitoring plot

Luzon
Island/Philippines

14�08¢N 121�11¢E 400 40,000 Luna et al. (1999)

Yakushima AIK Kagoshima/Japan 30�23¢N 130�38¢E 170 5,000 Aiba (unpublished)
Yakushima KAW Kagoshima/Japan 30�21¢N 130�24¢E 200 2,500 Aiba et al. (unpublished)
Yakushima HAN Kagoshima/Japan 30�22¢N 130�23¢E 280 5,000 Aiba (unpublished)
Yakushima KOY1 Kagoshima/Japan 30�18¢N 130�27¢E 700 2,500 Aiba and Kohyama (1997)
Yakushima KOY2 Kagoshima/Japan 30�18¢N 130�27¢E 540 2,500 Aiba and Kohyama (1997)
Yakushima ANB Kagoshima/Japan 30�19¢N 130�36¢E 570 5,000 Aiba (unpublished)
Yakushima ARA Kagoshima/Japan 30�18¢N 130�34¢E 1,180 5,000 Aiba (unpublished)
Yakushima MIG Kagoshima/Japan 30�19¢N 130�29¢E 1,200 10,000 Akashi et al. (unpublished)
Kirishima Kagoshima/Japan 31�7¢N 130�27¢E 1,140 10,000 Kubota (unpublished)
Aya Miyazaki/Japan 32�04¢N 131�09¢E 400 40,000 Tanouchi

and Yamamoto (1995)
Ohkuchi Kagoshima/Japan 32�8¢N 130�32¢E 490 4,700 Tanouchi et al. (1994)
Mt. Tatera Nagasaki/Japan 34�08¢N 129�13¢E 170 40,000 Miura et al. (2001)
Ohdaigahara Nara/Japan 34�11¢N 136�04¢E 1,450 10,000 Akashi

and Nakashizuka (1999)
Ohdaigahara Belt 1 Nara/Japan 34�N 136�E 1,550 4,000 Nakashizuka (1991)
Ohdaigahara Belt 2 Nara/Japan 34�N 136�E 1,550 2,000 Nakashizuka (1991)
Ohdaigahara Belt 3 Nara/Japan 34�N 136�E 1,550 2,000 Nakashizuka (1991)
Ogawa Ibaraki/Japan 36�54¢N 140�35¢E 555 60,000 Nakashizuka

and Matsumoto (2002)
Kayanodaira Nagano/Japan 36�5¢N 138�3¢E 1,500 10,000 Ida (unpublished)
Kanumazawa Riparian
Research Forest

Iwate/Japan 39�06¢N 141�52¢E 430 47,100 Suzuki et al. (2002)

Shirakami Akaishizawa Aomori/Japan 40�3¢N 140�7¢E 380 10,000 Nakashizuka (unpublished)
Shirakami Kumagera Aomori/Japan 40�3¢N 140�7¢E 520 10,000 Nakashizuka (unpublished)
Shirakami Kushiishione Aomori/Japan 40�3¢N 140�7¢E 624 10,000 Nakashizuka (unpublished)
Tomakomai Horonai Hokkaido/Japan 42�43¢N 141�34¢E 90 12,000 Wada and Ribbens (1997)
Tomakomai Horonai hills Hokkaido/Japan 42�43¢N 141�34¢E 90 6,800 Seino (unpublished)
Tomakomai
Midori-no-tunnnel

Hokkaido/Japan 42�43¢N 141�34¢E 90 10,000 Kohyama et al. (1999)

Nukabira Hokkaido/Japan 43�21¢N 143�09¢E 1,000 22,500 Takahashi (1994)
Taisetsu onsen Hokkaido/Japan 43�21¢N 143�1¢E 1,000 18,000 Kubota et al. (1994)
Nopporo Hokkaido/Japan 43�25¢N 141�32¢E 100 1,200 Seino (unpublished)
Taisetsu nipesotu Hokkaido/Japan 43�29¢N 143�04¢E 1,400 1,200 Kubota (1995)
Taisetsu 13–1 Hokkaido/Japan 43�31¢N 143�12¢E 1,000 2,000 Kubota (1995)
Taisetsu 13–2 Hokkaido/Japan 43�31¢N 143�12¢E 1,000 1,600 Kubota (1995)
Taisetsu mikuni Hokkaido/Japan 43�34¢N 143�08¢E 1,000 2,000 Kubota (1995)
Tokachigawa Hokkaido/Japan 43�39¢N 142�57¢E 1,100 65,000 Kubota and Nagaike

(unpublished)
Shiretoko 1 Hokkaido/Japan 44�04¢N 145�02¢E 200 22,500 Kubota (2000)
Shiretoko 2 Hokkaido/Japan 44�04¢N 145�02¢E 250 1,600 Kubota (unpublished)
Shiretoko 3 Hokkaido/Japan 44�04¢N 145�02¢E 250 1,600 Kubota (unpublished)
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Abstract A spatially explicit tree-based model was used
to demonstrate the effects of a mechanism promoting
multiple-species coexistence on the development of
vegetation zonation and its response to climate change.
Temporal fluctuation in reproduction was incorporated
as the mechanism, which facilitates the persistence of
less competitive species. Four hypothetical tree species
with different temperature dependencies of seed pro-
duction were randomly located over a landscape repre-
sented by 2,000·40 cells. Each cell can sustain a single
tree at most. A zonal distribution pattern emerged cor-
responding to the temperature gradient along the long
axis of the landscape. When there was a temporal vari-
ation in seed production, species became distributed
over a wider range than that when seed production was
constant. When the whole landscape was warmed, the
distribution range of each species shifted towards the
cool end of the landscape. However, the migration was
retarded due to competition for vacant spaces with the
remnant species which had dominated the location be-
fore the warming. Temporal fluctuation in reproduction
facilitated the migration because it enhanced the per-
sistence of minority species and, thus, the invasion and
establishment of new species in the area dominated by
other species.

Keywords Climate change Æ Environmental
gradient Æ Forest Æ Simulation Æ Species coexistence Æ
Temporal fluctuation in reproduction

Introduction

Vegetation zonation is widely observed both along lati-
tudinal and vertical climate gradients (Woodward 1987;
Ohsawa 1993, 1995). Such zonation reflects the absence
of a super-plant species that dominates under all climatic
conditions. Each individual species has a limited range
of conditions for the successful completion of its lifecy-
cle. Such a range, defined in the absence of interspecific
competition, is called a fundamental niche (Silvertown
2004). Generally, plants are not found all over their
fundamental niches. The range of environmental con-
ditions under which a species is actually observed is
called a realized niche. The role of interspecific compe-
tition in the determination of the realized niche is quite
likely to be very important, but has not been quantita-
tively examined many times.

The spatial distribution patterns of individual plant
species are not static. They are known to have shifted in
response to global climate change during the last glacial
period (Webb 1992; Webb and Bartlein 1992; Malanson
1993). The speed of movement of vegetational zones
after the last glacial period has been estimated from
pollen analysis and plant macro fossil data (e.g. Gear
and Huntley 1991; Lavoie and Payette 1996; Müller
et al. 2003). The estimated rate exceeds 100 m year�1 for
many tree genera (Clark 1998). Infrequent long-distance
dispersal is suspected to play an important role in the
rapid movement of the distribution range of tree species
(Clark 1998; Clark et al. 1998; Higgins and Richardson
1999).

The speed of the distribution range shift in response
to climate change is limited not only by seed dispersal
processes, but also by interspecific competition (e.g.
Dullinger et al. 2004). The expansion of the range is
affected by competition with originally dominant species
around the front line. However, again, not many studies
have explicitly examined the effects of competition on
the rate of migration of plant species populations.
Among the few is a study by Kohyama and Shigesada
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(1995) using a size structure model of forest dynamics.
They suggested that resident species which had been
dominant in a local community considerably slow the
rate of invasion of another species which would other-
wise dominate at the equilibrium state. Interspecific
competition retards the growth of local population size
of invading species.

The model by Kohyama and Shigesada does not in-
clude any explicit mechanism for species coexistence. If
some mechanisms give an advantage to locally minor
species, that would accelerate the shift of vegetation
zonation. In addition, the mechanism also widens the
realized niche of individual species because small pop-
ulations of the species around its distribution border are
less likely to go extinct. To understand the development
and dynamics of vegetation zonation, consideration of
among-species competition and the coexistence mecha-
nisms of multiple species are indispensable.

The objective of the present study was to demonstrate
that the processes relevant to the coexistence of multiple
species are closely related to the development of the
realized niche of trees along an environmental gradient,
and also related to the response of the distribution range
to climate change. Various hypotheses have been pro-
posed to explain species diversity and apparent coexis-
tence of trees in a forest community (Tilman 1999;
Hubbell 2001; Nakashizuka 2001). In the present model,
temporal fluctuation of reproduction (Chesson and
Warner 1981) was incorporated as a mechanism of
multiple-species coexistence.

Methods

Model

To simulate the development and dynamics of the spa-
tial distribution pattern of individual tree species, a
spatially explicit tree-based model is used. The landscape
is represented by a 2D lattice. A tree-based model is
better for dealing with stochastic processes and local
interaction among individual trees. The model is not
calibrated using measured data, because the emphasis is
on the demonstration of the close relationships between
species coexistence and species distribution pattern,
rather than predictions from real forests.

The lattice representing the landscape contains 80,000
(2,000·40) cells. Each cell can sustain at most a single
tree. A temperature gradient is assumed along the long
axis of the lattice. The length of the axis, 2,000 cells, is
not long enough to represent an actual latitudinal gra-
dient, but long enough to represent an actual altitudinal
gradient along mountain slopes.

Each tree is characterized by its age and species. The
mortality rate is 2% year�1, irrespective of age. The
maximum longevity is 100 years. Dead trees are imme-
diately removed from the landscape, leaving vacant cells
ready for the establishment of new seedlings. Newly

established seedlings take 20 years to mature and start
seed production.

The number of seeds a tree produces depends on
temperature. The local temperature is represented by a
hypothetical warmth index. The larger the index, the
warmer the climate. The temperature dependency of the
fecundity is represented by a convex second order
function of the warmth index (Fig. 1). Among-species
differences in temperature dependency are represented
by species-specific parameters of the convex function.
No seeds are produced if the function gives a negative
value. Life history processes other than seed production
do not depend on temperature conditions.

Temporal fluctuation in reproduction is incorporated
into the model as a mechanism of species coexistence.
Chesson and Warner (1981) showed that, theoretically,
multiple species of territorial or sessile organisms com-
peting for space coexist stably if reproduction by each
species is temporally variable, individuals are polycarpic,
and the species’ populations have overlapping genera-
tions. Under these conditions, the vacant places formed
after the death of adults are occupied by a species which
happens to reproduce at that time, given that other non-
reproducing species do not interfere. This process is
called winning-by-forfeit (Hurtt and Pacala 1995) or
winning-by-default (Webb and Peart 2001). If the tem-
poral variation in reproduction is large enough, a rare
species can occasionally increase its population size
considerably by winning-by-default.

In the present model, seed production of each tree
species fluctuates annually in an all-or-none manner.
The seed production is synchronized within species. At
every time step representing a year, whether or not a
species will reproduce is determined for each species
randomly based on the probability of reproduction. All
species have the same probability of seed production,
but the masting is mutually independent among species.
The number of seeds a mature tree produces in a
reproductive year is adjusted so that 1,000 seeds are
produced per year on average.

Generally, the density of seeds dispersed from a
parent tree decreases with distance from the tree (Wilson
1993). In this model, the density of seeds dispersed from

Fig. 1 Dependencies of mean annual seed production of four tree
species on a hypothetical warmth index. Different lines represent
different tree species. Lower values on the warmth index indicate
cooler climates
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a parent tree to a given cell over a distance, d, is given
by:

Seed density ¼ k expð�1:2 dÞ;
where k is an adjustable constant. The infinite tail of the
negative exponential function is truncated at a given
cutoff distance, denoted as Dmax. The constant k is ad-
justed so that the total number of dispersed seeds equals
the number of seeds produced by the parent tree. In
addition to seeds dispersed following the above distri-
bution function, some trees disperse 1% of their seeds to
a randomly selected cell over a distance longer than
Dmax. This process is incorporated to simulate rare long-
distance seed dispersal, which is suspected to play an
important role in the migration of vegetation. The
probability of long-distance dispersal is a changeable
parameter.

After determining the number of seeds dispersed to
all cells, their fate is decided. In a cell already occupied
by an established tree, all seeds fail to establish. No
persistent seed bank is formed. In a vacant cell, a single
seed is randomly chosen from all seeds dispersed into the
cell and allowed to establish as a seedling.

Simulation

Initially, four species with different temperature depen-
dencies were distributed over the 2D lattice. All cells
were occupied by mature trees aged from 20 to
100 years. The four species were represented by the same
number of trees, i.e., 20,000 individuals from each, to
occupy the 80,000 cells of the lattice. The 80,000 trees
were located randomly over the landscape, irrespective
of their species and age. The temperature dependencies
of seed production are shown in Fig. 1.

A gradient of warmth index was set along the long
axis of the landscape (Fig. 2). After 2,000 years from the
initiation of the simulation, the warmth index was in-
creased by 0.1 every year over the entire landscape to
simulate global warming. The warming process contin-
ued for 100 years so that the warmth index increased by

10 from the initial condition. After that, the climate was
kept constant for 4,900 years. In total, the simulation
was carried out for 7,000 years. All four species were
able to produce seeds in some part of the landscape both
before and after the warming (Fig. 3).

The effects of the frequency of seed production, seed
dispersal range, and long-distance seed dispersal were
tested. The set of tested parameters is shown in Table 1.
Simulation was carried out on a personal computer
equipped with a 2 GHz CPU. Each run took one to
several hours, depending on the setting of parameters.
For each run, the species and age of tree in each cell were
recorded at 10-year intervals.

Results

Distribution pattern under fixed condition

As each tree species has a limited warmth index range
for seed production, trees outside the range disappeared
soon after the initiation of the simulation because of the
maximum longevity of individual trees. After that, the
distribution range of each species continued to shrink
for several hundred years and then stabilized. At this
time of apparent equilibrium, a clear zonation of species
emerged (Fig. 4). The calculation was repeated several
times for each set of parameters, but no apparent dif-
ferences were observed. In the following, figures repre-
senting a single run are shown (Figs. 4, 5, and 6).

The width of the overlap of neighboring species’
populations was affected by the temporal fluctuation in

Fig. 2 Distribution of hypothetical warmth index along the long
axis of a hypothetical landscape. The left hand side is the cool end.
The solid line represents the initial condition which lasts for
2,000 years and the broken line the warmer conditions from 2,100
to 7,000 years. The warming process takes place at a constant rate
during the period from 2,000 to 2,100 years

Fig. 3 Mean annual seed production of mature trees of four species
along the long axis of the hypothetical landscape. Different lines
represent different species. The left hand side is the cool end. Top,
during the period before warming (from the start to year 2,000);
bottom, during the period after warming (from 2,100 to
7,000 years)
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seed production (Fig. 4). When all mature trees produce
seeds every year (probability of seed production was
1.0 year�1), a distinct border between neighboring
populations emerged, with a narrow transitional zone.
In any area of the landscape, species that showed the
highest fecundity dominated locally and excluded species
less adapted to the local environment. Two species rarely
coexisted at any point in the landscape. Thus, realized
distribution range of individual species was confined to
areas where the species can surpass any other species by
higher seed production (Figs. 3 and 4).

When there was temporal variation in seed produc-
tion (i.e., probability of reproduction was 0.5 or
0.25 year�1), the transitional zone between neighboring
species’ populations was remarkably wide. The com-
petitive exclusion of less-adapted species was hindered.

The distribution range of individual species was closer to
the potential distribution range than in the case when
there was no temporal fluctuation in reproduction.
Local species diversity was higher in most parts of the
landscape.

Irrespective of the frequency of seed production, seed
dispersal distance had scarcely any effect on the width of
the transitional zone. Rare long-distance dispersal did
not have any effect, either.

Response to warming

The response of the distribution range of individual
species to warming is shown in Fig. 5. After the simu-
lated warming, trees located near the warm end of their
distribution range swiftly disappeared because they were
no longer able to reproduce under the new temperature
conditions. The vacant area was then occupied by other
species which can reproduce there. In 3,000 years, zones
of vacant cells among neighboring populations were
observed when there was no fluctuation in seed pro-
duction (Fig. 5, left column). This was because the dis-
appearance of the former population occurred over too
wide an area for instantaneous occupation by other
species. The invasion of the species more adapted to the
new local conditions in the vacant area was limited by
seed dispersal.

As the front of the species population expanded to-
wards the cool end of the landscape, the population met
the warm end of the population of the species more
adapted to cool conditions. Even in the cells where the
invading species was able to produce more seeds than
the remnant, locally less-adapted species, they did not

Table 1 Parameters used for the simulation study. The values given
in the right-hand column apply to all tree species

Constant parameters
Years for tree maturation 20 years
Maximum longevity 100 years
Tree mortality 0.02 year�1

Distance of long seed
dispersal

40 cells’
distance

Percentage of seeds for
long-distance dispersal

1%

Varied parameters
Probability of seed production
in a given year

1.0, 0.5, 0.25
year�1

Dmax (maximum distance that a seed
can disperse from the parent tree)

4, 8 cells

Probability a tree disperse some
of its seeds over a long distance
in a given year

0, 0.5

Fig. 4 Distribution range of the
populations of four tree species
2,000 years after the initiation
of the simulation. The left hand
side is the cool end. The
maximum distance of normal
seed dispersal (Dmax) is four
cells (top), eight cells (middle),
and four-cell dispersal with
long-distance dispersal
(bottom). In the left column,
mature trees of all species
produce seeds every year
(prob=1.0); in the center
column, each species produces
seeds once every 2 years on
average (prob=0.5); in the right
column, each species produce
seeds once every 4 years on
average (prob=0.25). The
abundance is the number of
trees of individual species in a
5·40-cell area across the
landscape
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take over the less adapted one instantly. The invaders
had to wait for the stochastic death of the less-adapted
but not sterile trees. Further, vacant cells left after the
death of trees were not freely available to the invading
species. As long as the remaining trees from the less-
adapted species could produce some seeds, the seeds of
invaders had to compete with them for space. The seeds
from distant parental trees of invaders are likely to be
outnumbered by the currently dominant species. This
process caused delayed expansion of invading species.

The delay of invasion was distinct when all mature
trees reproduced every year, but there was much less

delay when there was temporal fluctuation in seed pro-
duction. In the latter case, the front of the expanding
species swiftly penetrated through the occupying species.
The small number of seeds dispersed from distant parent
trees can occupy available canopy gaps occasionally due
to the winning-by-default mechanism. This penetration
does not cause local exclusion of the original inhabit-
ants. The less-adapted but formerly dominant species
still remains as a minor component of the local com-
munity. Its persistence is also due to the effect of fluc-
tuating reproduction. As a result, wide zones of overlap
between neighboring species appeared again. This

Fig. 5 Distribution range of the
populations of four tree species
after warming. Distribution
from 2,000 to 7,000 years are
shown at 1,000-year intervals
(from top to bottom). The
warming process takes place
during the period 2,000–
2,100 years. The left hand side
is the cool end. The maximum
distance of normal seed
dispersal is four cells. In the left
column, mature trees of all
species produce seeds every
year. In the center column, each
species produces seeds once
every 2 years on average. In the
right column, each species
produces seeds once every
4 years on average. The
abundance is the number of
trees of individual species in a
5·40-cell area across the
landscape
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pattern did not change, even when the simulation
was continued for longer than 7,000 years (data not
shown).

Long-distance seed dispersal accelerated the formation
of the overlap zone when there was temporal fluctuation
in seed production (Fig. 6, right column). When seeds
were produced constantly, the border between neighbor-
ing species remained distinct irrespective of the occur-
rence of long-distance seed dispersal (Fig. 6, left column).

Discussion

When there is no fluctuation in seed production, the
present model produced similar patterns to those re-
ported by Kohyama and Shigesada (1995), who used a
size-structured model of forest dynamics. The transi-
tional zones between the distribution ranges of neigh-
boring populations are narrow, and the realized
distribution ranges along the environmental gradient
hardly cover the ‘‘fundamental niche’’. Further, the
migration rate of vegetational zones in response to cli-
mate change was much slower than that expected when
there is no among-tree competition for space and
expansion is limited only by seed dispersal.

When temporal fluctuation in seed production was
incorporated, however, the behavior of the current
model was different from that of Kohyama and
Shigesada. As less-fecund species can survive by the
winning-by-default mechanism, the realized distribution
range of individual species was closer to the fundamental
niche (Fig. 4). Moreover, the front of expanding species
swiftly penetrated into the population of the originally
resident species (Figs. 5 and 6).

Generally, the most competitive species in a com-
munity is expected to exclude other species competing
for a single limited resource (Levins 1979). The high
tree-species diversity often observed in forest ecosys-
tems is apparently paradoxical. Researchers have pro-
posed various mechanisms for this coexistence of tree
species (Tilman 1999; Nakashizuka 2001). The tempo-
ral fluctuation of the production of propagules by
sessile or territorial organisms is one of those (Chesson
and Warner 1981). The present results are not likely to
depend specifically on the fluctuation of reproduction.
Any mechanism promoting the persistence of minor or
less-adapted tree species is likely to widen the realized
niches, and also facilitate the migration of a species’
distribution range in response to environmental change.
Incorporation of such mechanisms into the size-struc-
tured forest model as used by Kohyama and Shigesada
(1995) is worth testing to validate the generality of the
present results. The major difference between the
present model and that of Kohyama and Shigesada lies
in the implementation of competition. In the present
model, the competition is at the scale of the size of a
single tree and in an all-or-none manner. In the size-
structured model, the competition is among size classes,

and spatially averaged. This may lead to different
behavior when fluctuating reproduction is incorpo-
rated.

The incorporation of fluctuation of seed produc-
tion of trees synchronized within species is justified

Fig. 6 Distribution range of the population of four tree species
after warming when seeds are occasionally dispersed over a long
distance. Distribution from 2,000 to 7,000 years are shown at
1,000-year intervals (from top to bottom). The warming process
takes place during the period 2,000–2,100 years. The left hand side
is the cool end. The maximum distance of normal seed dispersal
(Dmax) is four cells, and rare long-distance dispersal also occurs. In
the left column, mature trees of all species produce seeds every year;
in the right column, each species produces seeds once every 4 years
on average. The abundance is the number of trees of individual
species in a 5·40-cell area across the landscape
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because it is a frequently observed phenomenon (Kelly
1994; Herrera et al. 1998; Shibata et al. 2002). How-
ever, the contribution of this phenomenon to species
coexistence in real forests has not been quantified.
Long-term observation is needed to explore the mech-
anisms responsible for the coexistence of tree species
(Nakashizuka et al. 1995; Clark et al.1999; Connell and
Green 2000).

In recent years, efforts have been made to combine
global climate models with vegetation models consider-
ing interactions between climates and vegetation (Peng
2000). Such models can be used to simulate the distri-
bution of vegetation under varying global climates, and
to predict vegetation responses to climates in the past
and future. As the global carbon budget is predicted to
be much influenced by the migration of vegetation
(Solomon and Kirilenko 1997), the coupling model is
also needed to simulate the global carbon balance. The
correlation between climate and vegetation has been
studied and used to predict the future vegetation pattern
at equilibrium (e.g., Iverson and Prasad 1998, 2001).
However, the predicted rate of climate change in the
near future is too high for vegetation zonation to catch
up without delay. As demonstrated in this study, local
processes affecting species diversity are likely to affect
the transitional dynamics of vegetation zonation in re-
sponse to climate change. For a realistic prediction of
future responses of vegetation to global climate change,
the modes of competition within local community
should be carefully considered.

In the present study, only seed production was as-
sumed to be affected by the climatic condition. In reality,
other processes, such as growth, survival, frequency of
reproduction, successful fertilization, and seedling
establishment, are all likely to be affected by climate
change. Climate dependencies of different life history
processes may affect the dynamics of species’ distribu-
tion ranges in different ways. For example, less frequent
seed production near the border of the potential distri-
bution range will provide more opportunities for other
species to invade by winning-by-default. On the other
hand, McKone et al. (1998) predicted less variance of
seed production in mast-seeding plant species in re-
sponse to the predicted global warming. That may cause
reduced species diversity as a result of weakened effects
of the winning-by-default mechanism. In the under-
standing of migration processes under the changing
climate, we should pay attention to the climatic effects
on interactions among species in various aspects.
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Abstract Shifting-gap mosaic is incorporated into the
dynamic model of size-structured forests along
geographic gradients. In themodel namedSAL (size–age–
location), a forest at a geographic location has a patch-age
structure, which approximates the shifting-gap mosaic,
and a tree-size structure in each patch of the forest.
Growth and recruitment occur in each patch and are
regulated by patch-scale crowding in terms of upper basal
area. Seed production depends on the basal area density
of mother trees at the forest scale. Seeds are dispersed to
neighboring locations of the geographic landscape. After
a century-long ‘‘warming’’ treatment, a resident forest
zone prevented, over several millennia, an invading forest
zone from achieving a steady-state range of geographic
distribution. Introducing the gap mosaic into the model
did not make substantial changes in the response of
latitudinal forest zones to the warming treatment, but
only moderately accelerated the migration speed of
invader species. Temporal fluctuation in seed production
without interspecific synchronization, or the lottery effect,
did not facilitate the migration of invader species at all.

Keywords Gap mosaic Æ Global warming Æ Latitudinal
gradient Æ Simulator Æ Temporal fluctuation

Introduction

Forest ecosystems, with a high capacity for primary
production, provide the major stock of biomass on

earth. Long-term biomass dynamics have been success-
fully described by so-called forest-gap models, which
incorporate the processes of tree physiology and
demography in forest ecosystems (Bugmann 2001). An
aspect for the next generation of forest dynamic models
is to scale models up from the patch scale to the regional
and global scales to allow for the reasonable prediction
of geographic change in vegetation distribution. Though
most gap models keep the spatial scale of interest basi-
cally at a crown size of 100–400 m2, some models deal
with landscape-level, patch-mosaic forest dynamics
(Pacala et al. 1996; Liu and Ashton 1998). Large com-
putational power is required for scaling these models up
to regional and global scales (Friend et al. 1997).

An alternative approach is to derive a model of
partial differential equations from the stochastic gap
model (Kohyama 1993; Hurtt et al. 1998; Kohyama
et al. 2001; Moorcroft et al. 2001), and to apply this
model across large scales. These models approximate the
shifting-patch mosaic of forest landscapes according to
the age distribution of patches with different tree-size
structures, wherein the creation of tree-fall gaps corre-
sponds to the ‘‘death’’ of a patch of a particular age and
the simultaneous ‘‘birth’’ of a gap, resetting the patch
age to zero. Tree-size structure is developed with patch
aging, and the demography of trees in each patch is
regulated by patch-scale tree-size structure. The appli-
cation of this type of model successfully reproduced the
observed structure and dynamics of actual forests.

Geographic-scale models of forest dynamics must
predict the shift of geographic forest zones along lati-
tudinal and altitudinal gradients. With the parameteri-
zation of thermal response of demographic processes of
each species, interaction and competitive exclusion
among species along thermal gradients may be de-
scribed. As seed dispersal is the basis for any species to
migrate to new locations, spatial dispersal of seeds must
be parameterized in this type of model.

As an attempt at modeling forest zone dynamics
along geographic gradients, Kohyama and Shigesada
(1995) proposed a geographically extended model of
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stand-structure dynamics. Geographic landscape is ex-
pressed by spatial location, along which environmental
gradients can be defined. Seed dispersal in geographic
space was formulated as a kind of diffusion process. In
the model, the forest had no patch mosaic feature and
was expressed only according to tree-size structure (or
vertical foliage structure without horizontal heteroge-
neity). Kohyama and Shigesada’s model described the
geographic range of forest zones that had wider poten-
tial thermal adaptation, but were competitively excluded
by better-performing neighboring forest zones. Follow-
ing a century-long warming process, they predicted that
a resident forest type adapted to a cool environment
remarkably prevented the migration of an invasive forest
type adapted to warm environment, over several
millennia after the warming, even allowing for a high
potential of seed dispersal.

This paper proposes the combination of the patch-
mosaic model (Kohyama 1993; Kohyama et al. 2001)
and the geographic distribution model (Kohyama and
Shigesada 1995), and examines whether or not the gap-
mosaic feature of forest landscapes facilitates the
migration rate of species and the shift of forest zones with
climatic change. Gap dynamics may mitigate interspecies
competition, thereby promoting the adaptive shift of
forest zones. A high rate of gap formation may also
suppress the recruitment success of invasive species.
Therefore, it is worth examining the effect of the shifting-
gap mosaic using the gap-mosaic, geographic model.

Takenaka (2005) introduced an individual-tree-based,
lattice model of large-scale forest dynamics, where a unit
cell corresponds to the size of a single tree canopy.
Takenaka assumed thermal gradients in the lattice-
structured landscape. He demonstrated the possible
effect of interspecies asynchronized reproduction (which
was synchronized within species across geographic
scales) on the migration acceleration of an invasive forest
zone into a resident zone through the ‘‘lottery’’ effect
(Chesson and Warner 1981). The lottery effect states that
successful regeneration of less frequent invasive species is
guaranteed on the vacant cell during their mast years
when the abundant resident species produce no seed. In
the real forest landscape, however, a new tree-fall gap
providing a regeneration site for tree species may not
necessarily guarantee the regeneration success of invad-
ers during their mast years because seedlings of invasive
species must compete against the resident seedling pool
communities. The model proposed here can simulate this
situation. Testing Takenaka’s prediction using the pres-
ent model is thus another purpose of this paper.

The model

Tree distribution at a particular time (t) is expressed
along three dimensions reflecting different spatial scales
of forest landscapes: tree size (x), which defines the ver-
tical foliage profile in a patch; patch age (a), which de-
fines the shifting-patch mosaic in a forest at a particular

geographic location; and geographic location (l), which
defines the geographic distribution range of forest spe-
cies. The overall model is composed of two submodels:
one describing the dynamics of tree-size structure specific
to species i at patch of age a at the forest at location l, fi(t,
l, a, x); and the other describing the proportion of pat-
ches of age a within the forest at location l, S(t, l, a). The
model is a combination of the following earlier models:
size-structured population (Suzuki 1966; Sinko and
Streifer 1967), patch-structured population (Levin 1976),
and population dispersal (Skellam 1951), and is the first
attempt at combining all of these ecological processes
(Fig. 1). I name the present model SAL (size–age–loca-
tion). All parameters for the modeling framework and
simulation are listed in Table 1.

Let fi(t, l, a, x) be the density of trees per unit forest
area of species i with size x (trunk diameter of breast
height or any other size dimension) of patch age a, at
geographic location l, at time t. The tree density fi (t, l, a,
x) is defined on a per-forest-area basis; therefore the
integration of fi(t, l, a, x) with respect to patch age a
corresponds to the forest-scale tree-size structure per
unit forest area, at site l. Per-area density at each patch
scale is thus described by fi(t, l, a, x)/S(t, l, a).

The time-dependent change of fi(t, l, a, x) is described
by patch-scale demographic processes, namely tree-size
growth, tree mortality and reproduction, patch aging
and gap formation, and the movement over geographic
location through seed dispersal. We define Gi(t, l, a, x) as
the size growth rate of trees of size x; c(l, a) as the gap
formation rate (or the death rate of the patch of age a
which is reborn at patch age 0), li (t, l, a, x) as the
mortality of trees of size x in the stand of age a inde-
pendent of gap-formation events, and Ri(t, l) as the rate
of mature seed production by mother trees of species i
across a patch-dynamic landscape of the forest at t.
These demographic processes can change with geo-
graphic location l of the forest. Demographic functions
Gi, li, and Ri are time dependent, because they can be
regulated by instantaneous tree-size structure.

The dynamics of tree populations with size structure
and shifting-patch mosaic, along a geographic/environ-
mental gradient, are modeled by the equation
(cf. Kohyama 1993):

@fiðt; l;a;xÞ
@t

¼�@½Giðt; l;a;xÞfiðt; l;a;xÞ�
@x

� @fiðt; l;a;xÞ
@a

� cðl;aÞfiðt; l;a;xÞ�liðt; l;a;xÞfiðt; l;a;xÞ:
ð1Þ

Detail for deriving Eq. 1 (without l dimension) are
shown in Moorcroft et al. (2001). The first term of the
right side of Eq. 1 corresponds to size upgrowth, the
second term describes patch aging, the third and fourth
terms are patch death by gap formation and tree death
without gap formation, respectively.

Let us assume that seed rain of a particular species is
uniformly mixed within a forest, and that seed dispersal
occurs between neighboring locations. This assumption
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will be reasonable because patch mosaic represents
approximately a 10-m-radius resolution (at the scale of
forest-gap models), and the resolution of geographic
locality employed here is 100 km (usual grid size for
dynamic global vegetation models). The boundary con-
dition of Eq. 1 with respect to size x at x=0, or seed
production, is

Giðt; l; a; 0Þfiðt; l; a; 0Þ ¼ eiðt; l; aÞSðt; l; aÞ
�
�
Riðt; lÞ þ mi

@Riðt; lÞ
@l

þ pi
@Riðt; lÞ
@l2

�
; ð2Þ

where

Riðt; lÞ ¼
Z 1

0

Z 1

0

/iðt; l; xÞfiðt; l; a; xÞ dxda: ð3Þ

Kohyama and Shigesada (1995) give a full expla-
nation of the right side of Eq. 2, defining the movement
through seed dispersal along location. They present the
relationship between the diffusion-like expression of
Eq. 2 and the explicit distribution function of seed
dispersal for finer resolution of geographic location.
Equation 2 introduces two parameters to describe seed
dispersal: mi (km) is the average spatial drift of seed
rain from seed source, and pi (km

2) is half of the spatial
variance of seed dispersal of species i, both defined for
a unit seed-production event. The parameter �i (t, l, a)
of Eq. 2 defines the capacity for establishment success
of species i, which can be a function of patch-scale
crowding. Equation 3 formulates the forest-level seed
production over tree size and patch mosaic of species i
in a forest. The parameter /i (t, l, x) expresses the per-
capita fecundity, the instantaneous rate of seed pro-
duction for a tree of size x at location l at time t. In
this paper, temporal fluctuation of seed production is
taken into account in /i (t, l, x), as demonstrated later.

Another boundary condition of Eq. 1 with respect to
patch age a, at a=0, which defines the advance regen-

eration at gap patch, is formulated as in Kohyama
(1993)

fiðt; l; 0; xÞ ¼ niðxÞ
Z 1

0

cðl; aÞfiðt; l; a; xÞ da: ð4Þ

The function ni (x) defines the species-specific prob-
ability of survival of populations beyond the gap-for-
mation event, or advance regeneration, and c(l, a)
expresses the gap-formation rate. Tree mortality at
patch age a was therefore the summation of mortality
related to and not related to gap formation: [1� ni
(x)]c(l, a)+li (t, l, a, x).

The landscape-level patch-age dynamics are ex-
pressed by the usual differential equation for age-struc-
tured populations (Kohyama 1993)

@Sðt; l; aÞ
@t

¼ � @Sðt; l; aÞ
@a

� cðl; aÞSðt; l; aÞ; ð5Þ

where S(t, l, a) is the distribution density function of a
patch at age a at location l at time t; therefore the
primitive of S(t, l, a) is unity, conserving forest-land
area. Patch birth rate, or the rate of gap formation,
corresponds to the summation of patch death as

Sðt; l; 0Þ ¼
Z 1

0

cðl; aÞSðt; l; aÞ da: ð6Þ

The gap formation rate c(l, a) is common to Eqs. 1
and 4 in the submodel describing size-structure dynam-
ics, and Eqs. 5 and 6 in the submodel describing patch-
age dynamics.

Simulation

The same assumption as in Kohyama and Shigesada
(1995) for the simulation was used here, in addition to
the inclusion of gap-mosaic landscape of forests and
temporal fluctuation in reproduction.

The environmental gradient along geographic loca-
tion was set to demonstrate thermal gradient along a
latitudinal transect. A parabolic response of relative
vigor of species i, vi(l), along one-dimensional geo-
graphic location l was set as

viðlÞ ¼ v�i � 4� 10�7ðl� l�i Þ2; ð7Þ
for a non-negative range of vi(l), otherwise vi(l)=0. The
parameter li

* (km) denotes the optimal location of species
i, where the species exhibits its maximum vigor at vi

*.
Three representative dominant species of forest zones
were simulated, representing tropical rain forest species
(i=1), warm-temperate rain forest species (i=2) and
cool-temperate deciduous forest species (i=3). The sets of
optimal location and maximum vigor, (li

* vi
*), were set at

(4,000; 1), (3,000; 0.75), and (2,000; 0.5) for i=1,2, and 3,
respectively, at the initial stable thermal environmental
condition (from t=0 to t=10,000 simulation years).

Fig. 1 Outline of preceding models of structured biological
populations and the present model, which combines all of them
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Relative vigor wasmultiplied by growth and reproductive
rates to characterize location-specific species traits;
otherwise, species parameters were set as described below.

The range of potential geographic niches can be de-
scribed as the range along l with positive vi(l). [Actually
vi(l) should be above the minimum positive value to
compensate for tree mortality, so that population can be
sustained.] At the boundary of identical relative vigor
between two adjacent species vi(l)= vi+1(l); the identical
demographic functions in growth, recruitment and
mortality were realized on the present assumption. At
any location apart from this boundary, one species is
superior to the other in terms of larger vi(l), where the
superior species excludes inferior species through inter-
specific competition in the present model (Kohyama
1993). Therefore, the realized niche is defined by the
range of geographic location l where vi(l) of the target
species is larger than that of the other species. Actually,
tails of distribution beyond this competitive boundary,
caused by regular seed rain from the edge of distribu-

tion, slightly widen the realized distribution range
(Kohyama and Shigesada 1995).

Global warming causes a latitudinal shift in the
thermal environment of a geographic location. The
century-long warming experiment was set between
t=10,000 and t=10,100 simulation years, during which
the optimal location of each species li

* was decreased
7 km every year, resulting in a 700-km shift over
100 years of warming. The maximum vigor vi

* was kept
unchanged. After t=10,100 year, the thermal condition
was set as stable at a new ‘‘warm-earth’’ scenario
until t=30,000. Figure 2 shows the calculated potential
and realized niches from Eq. 7 for species 2, representing
the warm-temperate rain forest during the simulation
period.

The upper basal area of all species above tree size x
(cm2 m�2) for patch-scale tree-size structure,

Bðt; l; a; xÞ ¼ p
4

1

Sðt; l; aÞ
Z 1

x
y2

X
i

fiðt; l; a; yÞ dy; ð8Þ

Table 1 Symbols used in the
model and simulation Symbol Definition Units

Parameters
t Time year
x Tree size in trunk basal

diameter
cm

a Patch age year
l Geographic location km
i Species identifier Dimensionless
Tree-size structure and demography
fi (t, l, a, x) Tree-size structure at patch age a cm�1 m�2 year�1

Gi (t, l,a, x) Growth rate of tree at size
x at patch age a

cm year�1

li (t, l, a, x) Tree mortality not related
to gap formation

year�1

B(t, l, a, x) Upper basal area above
x of all species at patch age a

cm2 m�2

Bi(t, l) Total basal area density
of species I at forest scale

cm2 m�2

Ri (t, l) Recruitment rate at x=0 m�2 year�1

/i(t, l, x) Fecundity of tree at size
x at location l

year�1

�i(t, l, a) Index of recruitment success
at patch age a

Dimensionless

ni(x) Fraction of trees surviving
through gap formation

Dimensionless

ri(t) Multiplier defining mast
and inter-mast years

Dimensionless

Patch-age structure and dynamics
S(t, l, a) Frequency of patch at age

a of the forest at location l
year�1

c(l, a) Gap formation rate year�1

Geographic-scale performance
vi(l) Relative vigor of species

i at location l
Dimensionless

vi* Maximum relative vigor
of species i

Dimensionless

li* Location with maximum
vigor for species i

km

mi Average drift of seed
dispersal

km

pi Half of variance of seed
dispersal

km2
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was employed to describe the degree of patch-scale
crowding on the tree growth rate at size x. Growth-rate
function Gi(t, l, a, x) was

Giðt; l; a; xÞ ¼ viðlÞ0:08x½1� 0:2 ln x� 0:005Bðt; l; a; xÞ�;
ð9Þ

where parameters were based on field observations for
tropical rain forests (Kohyama 1991).

The per-capita seed production, /i (t, l, x), was
assumed to be proportional to tree basal area. There-
fore, the basal area density of target species across a
patch-mosaic landscape,

Biðt; lÞ ¼ p
4

Z 1

0

Z 1

0

x2fiðt; l; a; xÞ dx da; ð10Þ

characterizes the forest-scale annual seed production of
species i (cf. Eq. 3), thus

Riðt; lÞ ¼ riðtÞviðlÞ0:003Biðt; lÞ; ð11Þ
where the parameter 0.003 (cm�2 year�1) was estimated
by Kohyama (1991). To examine the effect of mast-year
phenomena on species distribution shift, the mast-seed-
ing multiplier ri (t) was introduced here, with the dif-
ference approximation of t by Dt=1 (year) in the overall
simulation. For the no-mast-seeding case, ri (t)=1 every
year. In the mast-seeding case, seed year was synchro-
nized across geographic location within species at an
average return interval of 4 years, and asynchronously
among species. Randomly visiting seed year yields
[(interseed-year interval+1) · annual average seed
production.

Dispersal parameters in Eq. 2 were set common
among species in the simulation where mi=0 km,
assuming no directional drift component brought about
by prevailing wind, gravity (along altitudinal gradient)

etc., and pi=100 km2 caused by two-directional seed
dispersal, for every species. The parameter pi corre-
sponds to one half of the variance of the seed-dispersal
function around the seed-source location as stated
above. A variance of 200 km2 in seed dispersal repre-
sents an extreme performance of long-distance seed
dispersal.

The patch-specific establishment success was sup-
pressed by patch-scale basal area density of all species as

eiðt; l; aÞ ¼ exp½�0:06Bðt; l; a; 0Þ�; ð12Þ
where the parameter value 0.06, set common across
species, was estimated by Kohyama (1991).

Gap-formation rate, c(l, a), was set constant at
0.01 year�1, independent of either a or l. Tree mortality
was also set constant at 0.01 year�1 across geographic
location for every species, independent of either crowd-
ing or size. Therefore, li (t, l, a, x)=0 (year�1) and
ni(x)=0 in the gap-dynamic case so that all tree mortality
was linked with gap formation, whereas li (t, l, a,
x)=0.01 year�1 and ni(x)=1 in gap-averaged case (the
same as in Kohyama and Shigesada 1995), so that all
mortality was independent of gap formation, and tree-
size structure at any patch became identical irrespective
of patch age as a dummy variable (Kohyama et al. 2001).

Regulation of demographic processes according to
tree-size structure at patch scale made it impossible to
solve the present model analytically. Simulation with
difference approximation of the SAL model was em-
ployed to predict geographic-scale forest dynamics as
follows. Backward difference approximation was em-
ployed for the differential with respect to x and a in
Eqs. 1 and 5, and bilateral difference approximation
was used for second-order differential with respect to l
in Eq. 2. One-year time interval was used for t, 4-cm
interval for tree size x, 20 years for patch age a, and
100-km interval for location l. Initial condition at t=0
was that all patch conditions were gap or in the youn-
gest patch-age class, and each species was represented
by 0.0001 m�2 trees of the smallest tree size in every
geographic location. The steady-state condition across
geographic scales was independent of initial condition; a
small initial cohort at any location within the potential
distribution niche, defined by Eq. 7, resulted in the
identical steady-state distribution, or realized geo-
graphic niche, of each species. Each simulation (with
and without gap mosaic, with and without mast
seeding) was run over 30,000 years, for pre-warming
(0–10,000 years), warming (10,000–10,100), and
post-warming (10,100–30,000) periods. Source code of
simulation in C++ is available at http://hosho.ees.
hokudai.ac.jp/�kohyama/SAL/.

Results and discussion

The main question of the present simulation is whether
or not the shifting-gap mosaic of landscape (by provid-

Fig. 2 Potential niche, defined for the range with positive v2(l) of
Eq. 7, and realized niche, where v2(l) is larger than that of other
species, for the species representing warm-temperate rain forest
i=2 (where v2

* =0.75 and l2
* =3,000 km and 2,300 km before and

after warming, respectively) under the present global-warming
scenario. The potential niche is the striped zone within broken lines;
the realized niche is the shaded zone within solid lines. These niches
are defined to be steady-state ones, and they can be different from
the simulated temporary pattern in Fig. 3 due to a time-delay effect
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ing vacant sites for regeneration) or mast seeding (by
providing temporarily available regeneration sites)
facilitates the speed of the forest boundary movement in
response to a global-warming treatment. To test this
particular question, results with gap dynamics where no
trees survive over gap formation, ni(x)=0 irrespective of
x, were compared with those without patch dynamics,
where ni(x)=1 irrespective of x. For gap-dynamic for-
ests, both constant annual seed production and mast
seeding with 4-year average return interval were simu-
lated. Here only the results of the intermediate species
representing warm-temperate rain forest (i=2), sur-
rounded by tropical rain forest species (i=1) and cool-
temperate deciduous species (i=3) are shown because
the results apply to any forest zone surrounded by
neighbor zones.

Figure 3 illustrates the response in distribution range
to warming treatment in each simulation. Geographic
distribution was shown in terms of species-specific basal
area density at forest scale, Bi(t, l), for the warm-tem-
perate rain forest species, i=2. In every simulation, the
resident forest responded immediately in basal area
density (and therefore biomass) to warming, with a de-
lay of only another century, irrespective of whether or
not neighboring forest zone species existed.

Compared to the biomass change in resident forests,
the edge shift of forest zones exhibited a longer response
to warming treatment. In neighbor-free situations, it
took another century or so for the warmer edge of the
target species to shift by the failure of reproduction and
vegetative growth. The cooler-edge expansion took more
time due to the limitation of seed-dispersal capacity. The
new cooler edge, however, is exploited within one-half
millennium. There was no visible difference in the dis-
tribution range shift among gap-averaged, gap-mosaic,

and gap-mosaic plus mast-seeding situations (Fig. 3,
upper panels).

When the target species distribution was restricted by
the competitive situation with neighboring species (or
forest zones), the simulation results were different from
those without neighbor species. The distribution edge
movement was retarded along both warmer and cooler
edges. As the resident part responded somewhat imme-
diately to warming, a relatively gentle increase in
abundance along the warmer side (due to the decline in
relative vigor there) and a sharp decline in the abun-
dance along the cooler side (due to improved relative
vigor and failure of migration) characterized the distri-
bution for a long while. Even two millennia after
warming, the target species could not achieve the steady-
state distribution. The difference between gap-averaged
simulation, gap-dynamic one, and gap-dynamic plus
mast-seeding one was not obvious (Fig. 3, lower panels).

To quantify the time delay of the distribution-range
movement, Fig. 4 illustrates the time course of the rel-
ative difference in temporary geographic distribution
from the final state geographic distribution. The relative
difference was defined by

1

2

R 4500

500 Biðt; lÞ � Biðtmax; lÞj jdlR 4500

500 Biðtmax; lÞ dl
where tmax was set at year 30,000, for the geographic
range of l=500–4,500 km, which was wide enough to
cover the entirety of the target-species distribution (cf.
Fig. 2). This index is 1 for perfect separation, and 0 for
perfect coincidence.

Three simulations without neighbor species showed
almost the same time course in Fig. 4, where a 10%
difference from the final-state distribution was achieved

Fig. 3 Time course of the
simulated distribution range of
warm-temperate rain forest
species. Upper panels no
neighbor zones; lower panels
with right-side neighboring
tropical rain forest zone and
left-side cool-temperate
deciduous forest zone (their
distributions not shown). From
left to right, in upper and lower
panels, no gap-mosaic model,
gap-mosaic model, and gap-
mosaic model with temporal
fluctuation in seed production.
Warming treatment during year
10,000–10,100 (shaded belts)
resulting in a 700-km leftward
shift. The distribution is
presented in forest-scale basal
area density, with a contour
interval of 10 cm m�2
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300 years after warming ended, in year 10,100 and a 5%
difference after 700 years. With neighboring species, the
gap-averaged forest simulation (as in Kohyama and
Shigesada 1995) took 5,900 years for the difference to be
decreased to 10% and 8,900 years to 5%. The gap-dy-
namic forest with and without mast seeding showed
almost the same trajectory. The case representing gap-
dynamic and annual seeding took 3,600 years for a 10%
difference and 6,900 years for a 5% difference. The gap-
dynamic, mast-seeding situation required a slightly
longer period toward convergence, 3,700 years for 10%
difference and 7,200 years for 5% difference. Therefore,
forest gap dynamics moderately facilitated migration,
and mast-seeding showed no effect, or slightly retarded
the speed of migration when a neighboring forest zone
species was present.

Takenaka (2005) simulated vegetation change with a
warming scenario similar to this study, applying a lattice
model of multi-species forest dynamics. The model as-
sumed that a single cell corresponded to the space for a
single tree, and that regeneration occurred only on va-
cant cells created by the death of trees. Therefore, the
shifting-gap mosaic feature of forest dynamics was
introduced in a simplified form (either vacant or occu-
pied). In his model, only seed production was the
function of thermal conditions unlike the present model
where rates of seed production and tree growth were
functions of thermal conditions. Takenaka (2005)
showed the millennia-scale delay in the distribution
boundary shift with neighbor species, in response to a
century-long warming, which agrees with the present
results. He also reported, however, that mast-seeding

phenomena with asynchrony among species remarkably
facilitated the migration speed of invasive species into
the zone occupied by resident species. The latter result is
completely contrary to that of this study. This dis-
agreement is caused by the fact that successful estab-
lishment of seedlings in the present model did not
guarantee regeneration and growth to adult tree size
because the patch-scale crowding effect, even at gap
patch, prevented seedling upgrowth. In Takenaka’s
model, on the other hand, random occupancy of vacant
cells resulted in regeneration success into mother trees.
Such simplification of the regeneration process in the
Takenaka lattice model enabled the lottery mechanism
of migration to work. It is doubtful if this mechanism
allows for forest tree species to adapt to rapid environ-
mental change, because a tree must succeed across stages
within a heavily structured forest landscape, as is mod-
eled in this study. To predict the response of forest zones
to environmental change, further examination is needed
through comparison among models of different types.
For instance, the present simulation results, carried out
along a one-dimensional geographic gradient, may be
modified when two-dimensional geographic space is
introduced.

The present model has a wide applicability for a
variety of ecological-scaling questions. At a finer scale
than the present latitudinal zonation aspect, the model
can describe the relationship among species differing in
their geographic optima and distribution ranges. The
gap-dynamic model at the forest scale has successfully
reproduced the dynamics of a warm-temperate rain
forest (Kohyama 1993), a cool-temperate mixed forest
(Hurtt et al. 1998), and tropical rain forests (Kohyama
et al. 2001; Moorcroft 2001). An accumulated database
of permanent plots across geographic gradients will en-
able us to parameterize the demographic performance of
species along gradients. Through the present model de-
scribes demographic processes according to physiologi-
cal parameters as in Moorcroft et al. (2001), it provides a
basis for global-scale functional modeling of vegetation
dynamics.
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Abstract To examine the characteristics of carbon ex-
change in coniferous forests, we analysed the seasonal
and diurnal patterns of CO2 exchange, as measured
using the eddy covariance method, in a Japanese cypress
forest in the Kiryu Experimental Watershed (KEW) in
central Japan. The net CO2 exchange data during peri-
ods of low-friction velocity conditions and during peri-
ods of missing data were interpolated. The daily CO2

uptake was observed throughout the year, with maxi-
mum values occurring in early summer. Periods of low
carbon uptake were seen in late summer owing to high
respiratory CO2 efflux. The diurnal and seasonal pat-
terns of daytime CO2 exchange at KEW were compared
with those in a cool-temperate deciduous forest of the
Tomakomai Experimental Forest (TOEF) in Japan. The
environmental differences between evergreen and

deciduous forests affected the seasonal patterns of car-
bon uptake. Although there were great differences in the
mean monthly air temperatures between the sites, the
mean monthly daytime carbon uptake was almost equal
at both sites during the peak growing period. The car-
bon-uptake values at the same PAR level were greater
before noon than after noon, especially at TOEF, sug-
gesting the stomatal regulation of carbon uptake.

Keywords CO2 exchange Æ Eddy covariance Æ
Photosynthesis Æ Respiration Æ Temperate conifer forest

Introduction

Understanding the characteristics of diurnal and sea-
sonal phasing and the amplitudes of ecosystem flux is
very important for evaluating the roles of forests in the
sequestration of CO2 and related environmental chan-
ges, including global warming. Carbon dioxide exchange
between the atmosphere and an ecosystem is described
by net ecosystem exchange (NEE), which represents the
difference between the uptake of CO2 during photo-
synthesis and the emission of CO2 during ecosystem
respiration. These two components of NEE are large
and are important for understanding the global carbon
budget (Law et al. 1999; Buchmann 2002). Carbon
dioxide fluxes from a forest to the atmosphere, which are
measured by the eddy covariance approach, can provide
direct estimates of the phasing and amplitude of eco-
system processes. The values of NEE have been esti-
mated by the eddy covariance method for various
vegetation types of different ages, including evergreen,
deciduous, broad-leaved, and coniferous vegetation
(e.g., Valentini et al. 2000; Baldocchi et al. 2001). In
Japan, the CO2 flux has also been reported for several
sites (e.g., Yamamoto et al. 1999; Ohtani et al. 2001;
Watanabe et al. 2001; Saigusa et al. 2002; Hirano et al.
2003; Kominami et al. 2003; Nakai et al. 2003).
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However, the analyses and comparisons of diurnal and
seasonal phasing and amplitudes of CO2 fluxes among
various forest types have not been sufficient. Recent
reports have indicated that eddy covariance measure-
ments made under stable nighttime conditions may not
be reliable because of poor mixing (Goulden et al. 1996;
Baldocchi et al. 1997; Law et al. 1999). However, during
daytime under well-mixed conditions, the eddy covari-
ance method is a good tool for analysing changes in
NEE in response to changing environmental conditions
at different time scales, including half-hourly, daily,
monthly, and inter-annually, as well as for the com-
parison of CO2 exchange characteristics of various for-
ests.

Baldocchi and Vogel (1996) compared the CO2 flux
over a period of 2 days in relation to absorbed photo-
synthetically active radiation (PAR) and vapour-pres-
sure deficit in a temperate broad-leaved forest and in a
boreal pine forest. They pointed out the effects of tem-
perature, vapour-pressure deficit, and surface wetness on
the radiation-dependency of forest CO2 exchange. Falge
et al. (2002) analysed seasonal patterns of maximum
daytime uptake and maximum nighttime release using
eddy covariance data of FLUXNET forests and found
remarkable parallels within and between the above
functional vegetation types with regard to their seasonal
patterns of maximum diurnal CO2 uptake and release.
To understand the characteristics of CO2 exchange in
different forests under various environmental condi-
tions, long-term diurnal and seasonal patterns of eddy
CO2 flux at a variety of sites should be precisely analysed
and compared, coupling physiological processes with
major environmental factors.

In this study, we estimated the value of NEE, eco-
system respiration (FRE), and gross primary production
(GPP=NEE+FRE), interpolating nighttime fluxes un-
der low-friction velocity. We also showed the diurnal
and seasonal phasing and amplitudes of daytime CO2

fluxes in relation to responses to changing PAR. We
compared the CO2 exchange in a temperate coniferous
forest with that in a cool-temperate broad-leaved
deciduous forest in order to analyse the CO2 exchange
characteristics of these two forests in relation to the
different environmental conditions.

Materials and methods

Site information

Kiryu Experimental Watershed

Observations were conducted at the Kiryu Experimental
Watershed (KEW) in central Japan (34�58¢N, 135�59¢E;
Fig. 1a). The entire experimental watershed covers
5.99 ha and ranges in elevation from 190–255 m. A
meteorological observation tower is located in a small
catchment (0.68 ha) within the experimental watershed.
The vegetation consists mainly of the evergreen conifer
Chamaecyparis obtusa Sieb. et Zucc. (Japanese cypress)
planted in 1959 (13.9 m average height; 21.1 m maxi-
mum height; 43 m2 ha�1 basal area; 1,853 stems ha�1),
which represents 92% of the total basal area.

Pinus densiflora Sieb. et Zucc., the natural regenera-
tion of afforested trees, and several deciduous broad-
leaved tree species are sparsely present. In recent years,
P. densiflora stands have declined as a result of pine-wilt
disease (Hobara et al. 2001). Eurya japonica Thunb. is
dominant on the forest floor. The total leaf-area index
(LAI), measured using an LAI-2000 (Licor, Lincoln,
NE, USA), ranges between 4.5 and 5.5, with little sea-
sonal fluctuation. The topographic map in Fig. 1b
illustrates the mild inclination of approximately 9.2� to
the north. The area surrounding the observation tower is
national forest, and planted C. obtusa is currently the
dominant species. The daytime wind direction is mainly

Fig. 1 Location of the study
site (a) and topographic map of
the area around the observation
tower in the Kiryu
Experimental Watershed
(KEW) (b). The five grey lines
represent the boundary of the
five fans toward which the sonic
wind vectors u and w were
rotated
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from the north, while the nighttime wind direction is
from the south. The forest fetch in a northwest direction
is approximately 750 m, and those in the other direc-
tions exceed 2,000 m. Based on the model by Schuepp
(1990), the percentages of data for which >80% of the
measured flux can be expected to come from within the
actual forest are 92% during the daytime and 81%
during the nighttime. The mean annual air temperature
from 1997–2001 was 14.0�C, and the mean annual pre-
cipitation from 1972–2001 was 1,645 mm. The climate is
warm temperate with rainfall distributed throughout the
year, peaking in summer, and with little snowfall in
winter.

Tomakomai Experimental Forest

We compared the flux data for the Japanese cypress
forest at KEW with the flux data for a cool-temperate
deciduous broad-leaved forest at Tomakomai Experi-
mental Forest (TOEF) in southwestern Hokkaido, the
northernmost island of the Japanese archipelago
(42�41¢N, 141�34¢E). The dominant species around the
observation tower include Quercus crispula Blume,
Phellodendron amurense Rupr., Acer mono Maxim.,
Cornus controversa Hemsl., and Ostrya japonica Sarg.
The average tree height is approximately 13 m. Dryop-
teris crassirhizoma Nakai is distributed throughout the
forest floor. Fukushima et al. (1998) reported that total
LAI of TOEF, calculated by multiplying the leaf number
of each species by the average leaf area within a 15-m
square plot in a mature forest, was 7.59. Takahashi et al.
(1999) reported that total LAI, estimated by felling all
trees within a 10-m square plot in a secondary forest in
TOEF, was 5.1. LAI measured with a plant canopy
analyser (LAI-2000, Licor) ranged from 5–6 in peak
growing periods. The mean monthly temperatures range
from �3.2 to 19.1�C, and the annual precipitation is
1,450 mm. Snow cover reaches a depth of 50 cm from
December to March (Hiura 2001).

Measurements

Kiryu Experimental Watershed

The CO2 flux above the temperate coniferous forest at
KEW was measured at a height of 28.5 m on the
observation tower. The measurements discussed here
were made from 1 January 2001 to 31 December 2002.
Wind speed and temperature were observed with a three-
axis sonic anemometer (DAT-310 or DA-600T, Kaijo).
The carbon dioxide concentration was monitored with a
closed-path CO2/H2O analyser (LI-6262 or LI-7000,
Licor) or with an open-path CO2/H2O analyser
(LI-7500, Licor) after 30 April 2002. A closed-path
infrared gas analyser (IRGA) was installed on the tower
platform so as to minimise the tube length. Sampled air
was drawn through a Bev-a-line plastic tube (3 m long,

3 mm i.d.) with a pump into the CO2 analyser. The
average time for calculating the CO2 covariance and
friction velocity was 30 min. Based on measurements of
mean vertical wind speed over the long term, we as-
sumed the practical surface to be a complex of five fans
from the observation tower, and rotated the sonic wind
vectors u and w toward the surface (see Fig. 1b). The
time lag for CO2 was determined after every instance of
maintenance and data collection to maximise the
covariance between the vertical wind velocities in the
closed-path system. The median of the optimised time
lag for each 30-min interval was used as a constant for
each period. The linear trend of the CO2 concentration
was removed. Spike data values outside of the ±3.5SD
threshold were replaced with the interpolated values.
When four or more consecutive points were detected,
they were not considered spikes. Data beyond the range
values (e.g., caused by an analogue communication er-
ror) were also replaced. If the number of spikes or data
beyond the range exceeded 1% of the total number of
data points for each element, then the 30-min flux data
were considered unacceptable. The Webb, Pearman, and
Leuning (WPL) correction for the effect of air-density
fluctuation (Webb et al. 1980) was made for data with an
open-path system but not for data with a closed-path
system, as described by Leuning and Moncrieff (1990).
We sampled the fluctuation of CO2 in terms of mole
fractions calculated by IRGA software with a closed-
path system, which includes the dilution correction
owing to water vapour (Aubinet et al. 2000). Based on
cospectral analysis, the tube attenuation at high
frequency in the case of the closed-path system was
corrected.

The downward PAR above the canopy was measured
with a quantum sensor (LI-190SA, Licor) installed at the
observation tower. To interpolate the missing PAR data
during the period from 1 January to 30 June 2001, we
used a regression equation obtained from the relation-
ship between solar radiation and PAR during the second
half of 2001. The observation tower was equipped with
instruments to measure air temperature and air humidity
(HMP45C, VAISALA, Finland), and precipitation was
measured with a tipping bucket rain gauge (RT-5, Ikeda
Keiki) at the meteorological station near the tower. The
periods during which micro-meteorological data were
missing were 12 days in June and 5 days in September
2001. In this study, daytime is defined as having a PAR
value of >5 lmol m�2 s�1, and nighttime as PAR
<5 lmol m�2 s�1.

Tomakomai Experimental Forest

The meteorological observation tower (33 m tall) was
equipped with instruments to measure the downward
PAR above the canopy (ML-020P, Eko), the air tem-
perature at a height of 19 m (TS-801, Ogasawara Keiki),
the air humidity at 19 m (P-HMP-45D, Ogasawara
Keiki), and precipitation (B-011, Yokogawa Dens-
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hikiki). At the flux observation tower (21 m tall), located
in the northwest part of TOEF, the wind speed and
temperature were observed with a three-axis sonic ane-
mometer (DAT-300, Kaijo), and the CO2 concentration
was monitored with a closed-path CO2/H2O analyser
(LI-6262, Licor). Sample air was drawn through a 25-m
tube with a 0.63-cm radius (SYNFLEX, Nitta Moore,
Tokyo, Japan) at a rate of 17 l min�1 and sent through
an external filter and an air dryer (DH-109, Komatsu
Electronics, Tokyo, Japan) to a sample cell of the
IRGA. Turbulence signals were low-pass filtered at a
cut-off frequency of 4 Hz to avoid aliasing and were
recorded at 10 Hz. The double rotation method was
applied to the sonic anemometer velocities (McMillen
1988; Kaimal and Finnigan 1994). The average time for
calculating the CO2 covariance was 30 min. Noise and
spikes in the raw data set were removed using the model
from EUROFLUX (Højstrup 1993; Vickers and Mahrt
1997).

Analyses

Nighttime CO2 fluxes (Fc, night), which directly reflect
ecosystem respiration at night, depend on temperature;
however, Fc, night is probably underestimated during
periods of poor mixing conditions, when the CO2 con-
centration changes or CO2 storage drains down the
sloped terrain below the eddy-flux measurement level
(Goulden et al. 1996; Greco and Baldocchi 1996; Lav-
igne et al. 1997; Law et al. 1999; Saigusa et al. 2002;
Nakai et al. 2003). Therefore, we investigated the rela-
tionship between Fc, night and air temperature at a height

of 20 m for two friction velocity (u*) classes at KEW. In
this study, the low-friction velocity (poor mixing) con-
dition is defined as u*<0.3 m s�1, and the high-friction
velocity condition is defined as u*‡0.3 m s�1. This
threshold value was tentatively determined from the
relationship between CO2 flux and u*, given the available
data, and we analysed the sensitivity of the annual NEE
to different threshold values (see Fig. 5). For these
analyses, we used the nighttime CO2 flux data from 1
May to 31 December 2002, which were measured with
an open-path gas analyser. The percentages of data
under low- and high-friction velocity conditions were 63
and 37%, respectively (Fig. 2).

The values of Fc, night increased exponentially with air
temperature, and the values of Fc, night under low-fric-
tion velocity conditions were smaller than those under
high-friction velocity conditions. The best-fitting lines
are shown in Fig. 2 with the Arrhenius function, which
expresses the temperature dependency of Fc, night as
follows:

Fc; night ¼ f ðTrefÞ exp DHaðTair � 298:15Þ
298:15RTair

� �
ð1Þ

where f(Tref) is the reference value of a given parameter
at a temperature of 25�C (=298.15 K), DHa is the en-
ergy of activation, R is a gas constant, and Tair is the air
temperature at a height of 20 m.

The typical seasonal behaviour of daytime CO2 fluxes
is reflected in the seasonal development of radiation
and temperature for differing biomes (Falge et al. 2002).
By analogy with the light-photosynthesis curve in the
field of plant physiology, a nonrectangular hyperbola

Fig. 2 Relationship between
the air temperature at a height
of 20 m and nighttime CO2

fluxes for two friction velocity
classes. Data were averaged in
the range of 2�C. The number,
averaged value, and standard
error are shown. Lines denote
best-fitting curves based on the
Arrhenius function (Eq. 1)
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(Eq. 2) was fitted to each month (e.g., Johonson and
Thornley 1984; Cannell and Thornley 1998; Caton et al.
1999):

Fc; day ¼
aI þ FGPP;sat �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðaI þ FGPP;satÞ2 � 4haIGPP;sat

q
2h

� FRE; day ð2Þ
where a is the photosynthetic efficiency, I is the incident
PAR on the canopy, FGPP, sat is the gross primary pro-
ductivity at light saturation, h is the convexity of the
function, and FRE, day is ecosystem respiration during
the day. The three parameters for monthly daytime CO2

flux data (FGPP, sat, FRE, day, a) were estimated by non-
linear regression. The value of h was fixed to 0.9. Based
on leaf-level knowledge, the value of h (typically around
0.9 for many leaves, including Japanese cypress;
unpublished data) is only affected by the gradient in
light absorption and photosynthetic capacity within the
leaf and the changes in the photosynthesis rate, which
shifts from electron-transport-limited to Rubisco-limited
at low irradiances (Cannell and Thornley 1998). We
estimated FRE, day with an optimisation procedure, ra-
ther than fixing it with average Fc, night for each month.
One of the reasons for this was that some studies (Lloyd
et al. 1995; Shapiro et al. 2004) have reported that leaf-
level respiration in light conditions is significantly lower
than in the dark. This equation, with parameters for
each month, was used to fill gaps, and seasonal patterns
were analysed.

To interpolate data during missing periods, as well as
under low-friction velocity conditions at nighttime, we
used the following three methods:

1. Gaps not filled: The data of missing daytime periods
(daytime gaps) or missing nighttime periods were not
filled. The raw data during periods of low-friction
velocity conditions at nighttime were used for the
annual CO2 exchange estimation.

2. Nighttime gaps filled: Daytime gaps were not filled,
whereas the data during missing nighttime periods
and under low-friction velocity conditions (nighttime
gaps) were filled by Eq. 1 using parameters for
Fc, night under high-friction velocity.

3. Both daytime and nighttime gaps filled: Using the
parameter sets for each month, daytime gaps were
filled by Eq. 2, and nighttime gaps were filled as in (2)
above.

To estimate the annual CO2 exchange, the daily
totals of CO2 flux (Fc, daily) data were calculated. If
we could obtain data covering more than 80% of a day,
we calculated Fc, daily by multiplying the mean 30-min
CO2 flux of that day by 48. The time periods for which
we could not obtain data covering more than 80% of the
day, including eddy flux, friction velocity, air tempera-
ture, and PAR, using each of the three methods
because of missing data, were (1) 177, (2) 178, and (3)
15 days in 2001, and (1) 90, (2) 84, and (3) 0 days in

2002. These data were filled by the average Fc, daily of the
year.

Results

Micro-meteorological environment in KEW

The seasonal changes in the micro-meteorological and
hydrological environments at KEW in 2001 and 2002
are shown in Fig. 3 (black bars and lines indicate the
data from KEW); the changes in CO2 flux (Fc) are
shown in Fig. 4. PAR for sunny days was recorded as
approximately 2,000 lmol m�2 s�1 in summer and
1,000 lmol m�2 s�1 in winter. No clear differences were
found in the seasonal changes in PAR between the two
years, except in July 2001 when there were more clear
days than in July 2002. The average air temperature at a
height of 20 m was 13.7�C in 2001, with a minimum of
�5.2�C in January and a maximum of 35.3�C in July.
The average air temperature was 14.4�C in 2002, with a
minimum of �3.6�C in January and a maximum of
34.4�C in July. The air temperature in summer was
similar for both years. The differences in the average air
temperatures were caused mainly by the higher tem-
peratures in winter and early spring of 2002 (January,
February, and March). Annual precipitation, which fell
mostly in summer, was 1,438 mm in 2001 and 1,179 mm
in 2002. In this watershed, the precipitation measured in
2002 was the lowest recorded in 31 years, except for
1,030 mm in 1994. Nevertheless, even in the driest years,
a permanent groundwater supply maintains stream
runoff from the experimental watershed (5.99 ha).
During 2001, a rainy June was followed by a dry sum-
mer (July and August) and a rainy September, all of
which represent typical seasonal changes in a normal
year. In 2002, a dry June was followed by a rainy July
and a dry August and September. The vapour-pressure
deficit in June and September in 2002 was higher than
that in 2001. Net CO2 uptake (from the atmosphere to
the ecosystem) was observed throughout the year at this
forest, indicating CO2 sequestration even in winter. In
both years, the maximum values of Fc (approximately
�40 lmol m�2 s�1) were reached in early summer,
similar to PAR; however, periods of low carbon uptake
were observed in late summer because of high respira-
tory CO2 efflux, the maximum values of which reached
approximately 15 lmol m�2 s�1 in August. In summer
2002, the results showed lower soil moisture conditions
than in 2001, but no significant effect on the CO2 flux
above the canopy was found.

The effect of friction velocity on the estimation
of NEE

The annual NEE (for 2001 and 2002 respectively)
estimated by each of the three methods described in the
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analysis section was: (1) (gaps not filled), 700.9 and
746.3 g C m�2 year�1 ; (2) (nighttime gaps filled),
412.2 and 502.3 g C m�2 year�1 ; and (3) (both day-
time and nighttime gaps filled), 477.1 and 480.3 g C
m�2 year�1. The friction velocity threshold values
control the fraction of available nighttime data and
influence the parameters in Eq. 1, thereby influencing
the annual NEE estimation. Therefore, we tested the
sensitivity of the annual NEE for different u* thresh-
olds (Fig. 5). With an increasing u* threshold, the an-
nual carbon uptake decreases, although at a large u*
threshold, the number of available data decreases.
Figure 5 shows that within the range of the previously
reported thresholds for a forest (0.15–0.45 m s�1; e.g.,
Goulden et al. 1996; Lavigne et al. 1997; Falge et al.
2001; Griffis et al. 2003; Hirano et al. 2003; Knohl
et al. 2003; Carrara et al. 2004; Chambers et al. 2004;
Cook et al. 2004), the total annual NEE ranges

between 435 and 592 g C m�2 year�1, but no signifi-
cant differences in the annual NEE were found between
the two years, despite differences in precipitation. We
also estimated the annual FRE for the two study years
as �990.9 g C m�2 year�1 in 2001 and �1,129 g C
m�2 year�1 in 2002, using method 3 (respiration in the
daytime was fixed to FRE, day of each month); the
estimated GPP was 1,468 g C m�2 year�1 in 2001 and
1,609 g C m�2 year�1 in 2002.

Seasonal patterns of daytime CO2 flux compared
with that in a cool-temperate deciduous forest

To compare seasonal patterns and magnitudes of
daytime CO2 flux in a temperate coniferous forest to
those in a cool-temperate deciduous broad-leaved
forest in Japan, the monthly means of total daily

Fig. 3 Monthly seasonal
changes in micro-
meteorological and
hydrological factors in both the
temperate coniferous forest
(KEW) and the cool-temperate
deciduous broad-leaved forest
(TOEF). Monthly means of the
daily sum of PAR and daytime
carbon uptake, daily mean air
temperature, daily mean and
maximum vapour-pressure
deficit, and monthly totals of
rainfall at both sites are shown.
The daily total of runoff at
KEW is also shown
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PAR, daytime carbon uptake, daily mean air temper-
ature, daily mean and maximum vapour-pressure
deficit, and monthly rainfall in KEW and TOEF were
compared, as shown in Fig. 3. The daytime carbon
uptake was calculated with the total daily CO2 flux
data (gaps not filled) during the daytime. The daily
totals of PAR above both sites were similar, except for
the low PAR period owing to fog at TOEF in July
and August. The values of the mean monthly air
temperature at TOEF were approximately 8�C lower
than those at KEW. At KEW, daytime carbon uptake
was observed throughout the year; the peaks were
reached in June or July at approximately 3–4 g C
m�2 year�1. At TOEF, leaves flushed at the beginning
of May and fell at the beginning of October, with
little year-to-year fluctuation based on measurements
of PAR transmittance from the top of the canopy to
the forest floor (unpublished data, Tanaka). During
peak growing periods, the daytime carbon uptake at
TOEF was approximately 3–4 g C m�2 day�1, and
the values in the deciduous season were negative or
close to zero. The differences between the evergreen
conifer and deciduous broad-leaved forests influenced
the seasonal patterns of daytime carbon uptake,
although daytime carbon uptake was almost equal
between the forests during the peak growing period
despite large differences in mean monthly air
temperature.

For a more precise comparison of CO2 fluxes between
the two sites, including diurnal and seasonal changes,
the relationship between PAR and CO2 flux was

determined, as shown in Fig. 6. The seasonal changes in
parameters for the nonrectangular hyperbola function
(Eq. 2, fitted to all the daytime data) are shown in Fig. 7.
The temperate evergreen coniferous forest absorbed
CO2 throughout the year, while the cool-temperate
deciduous broad-leaved forest absorbed CO2 only
during the growing season (June–September). At TOEF,
the scatter in the results for April, May, and October can
be attributed to forest-floor vegetation (Fig. 6b). The
values of FGPP, sat and FRE, day in the evergreen conif-
erous forest were slightly greater than those in the

Fig. 4 Seasonal changes in 30-min CO2 fluxes at KEW. Closed-
path data from 1 January 2001 to 30 April 2002 and open-path
data from 1 May to 31 December 2002 are shown. Negative values
indicate CO2 absorption from the atmosphere to the forest

Fig. 5 Sensitivity of yearly
NEE estimates to different u*
thresholds. The bars indicate
the values of NEE, and the lines
indicate the fraction of
nighttime data under higher
u* than that of the threshold
conditions for all nighttime
data. Frequencies of fitting
data to available nighttime
data are shown at the top
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deciduous broad-leaved forest. The daytime carbon
uptake in the same light environment was greater in the
morning than in the afternoon, especially at TOEF. This
difference in uptake between morning and afternoon was
greater in summer at both sites.

Discussion

The estimated annual NEE in KEW, which is affor-
ested but unmanaged, indicates that this forest has

Fig. 6 Relationship between
incident PAR and daytime CO2

flux (white circles represent
morning data; black circles
represent afternoon data) in the
temperate evergreen coniferous
forest in 2002 (a) and in the
cool-temperate deciduous
broad-leaved forest in 2001
(b). Best-fitting lines (black line
represents morning data; grey
line represents afternoon data)
of the nonrectangular
hyperbola (Eq. 2) are
also shown
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acted as a significant carbon sink, even in a dry year
such as 2002. These values of NEE, which are tentative
because neither CO2 storage nor an advection term
were taken into account, are greater than those re-
ported for other cool-temperate deciduous broad-
leaved forests in Japan (Saigusa et al. 2002; Nakai et al.
2003) and are similar to values seen in European
coniferous forests (Valentini et al. 2000). The sensitivity
test of annual NEE for different u* thresholds revealed
that annual carbon uptake decreases with increasing u*
threshold. However, the uncertainty of the modelled
efflux and the potential risk of ‘double counting’

increase if CO2 is stored within the forest under low-
friction velocity conditions and flushed under high-
friction velocity conditions, which are sometimes
observed in the morning (Aubinet et al. 2000; Knohl
et al. 2003).

We estimated the monthly parameters of the non-
rectangular hyperbola by analogy with the light-pho-
tosynthesis curve in the field of plant physiology. In the
peak growing season, the values of both FGPP, sat and
FRE, day in the coniferous forest were slightly greater
than those in the broad-leaved forest. The absolute
values of FRE, day remain questionable because we did
not evaluate the storage term, which is very sensitive to
CO2 fluxes at low PAR; the storage term is a com-
paratively large part of CO2 exchange at low PAR
(Grace et al. 1996; Saigusa et al. 2002). Therefore,
differences in FRE, day at the two sites may be explained
by including both ecosystem respiration and the stor-
age-capacity term, which reflects canopy structure,
mixing strength, observation height, and other envi-
ronmental factors.

The difference in the CO2 flux between the morning
and afternoon may reflect a difference in the vapour-
pressure deficit between these times (Baldocchi and
Vogel 1996); however, the data were classified by time
rather than by vapour-pressure deficit under light-sat-
urated conditions, especially at TOEF (Fig. 8). These
results suggest that trees control the stomata to main-
tain their leaf water content, such that canopy-level
CO2 absorption is affected by water loss in the after-
noon as opposed to instantly responding to a vapour-
pressure deficit. In mature forest stands, limitations by
leaf water content have been suggested. Komatsu
(2003) showed that the surface conductance for closed
coniferous stands decreased with increasing canopy
height when no limitation of soil moisture and no
significant relationship between the surface conduc-
tance and LAI were observed. Regarding the canopy
maple trees growing at TOEF, Nabeshima and Hiura
(2004) reported that the leaf-level maximum net
assimilation rate per unit dry mass and the nitrogen use
efficiency decreased and the water use efficiency in-
creased with increasing tree size. Whether a vapour-
pressure deficit or a lack of leaf water content is
responsible for lower CO2 absorption during the
afternoon, this hysteresis in the light-response curve
observed at both sites strongly suggests that daytime
CO2 absorption is affected by stomatal regulation.
Therefore, understanding the relationship between wa-
ter and stomatal responses is very important for the
evaluation of carbon balance. For more precise esti-
mates of net ecosystem CO2 sequestration, we should
analyse this hysteresis more precisely by investigating
and integrating the CO2 exchange characteristics of
each component. These components should include
leaf-level photosynthesis and transpiration; linkages
between leaf, trunk, root, and microbial respiration;
and environmental factors, including light, temperature
and water.

Fig. 7 Seasonal changes in the parameters of the nonrectangular
hyperbola function (Eq. 2 fitted to all the daytime data). The
parameters of photosynthetic efficiency (a), the gross primary
productivity at light saturation (FGPP, sat), and ecosystem respira-
tion during the day (FRE, day) are shown
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Conclusions

We investigated the eddy CO2 fluxes above an evergreen
coniferous (Japanese cypress) forest and compared them
with data taken above a cool-temperate deciduous
broad-leaved forest in Japan. Net CO2 uptake was ob-
served throughout the year in the evergreen forest, indi-
cating CO2 sequestration even in winter. The total annual
NEE values were 477 and 480 g C m�2 year�1 in 2001
and 2002 respectively, but no significant differences in
annual NEE were found between the years, despite dif-
ferences in precipitation. However, the absolute values of
NEE remain uncertain because of the uncertainty in the
threshold values of u* controlling the estimation of NEE.

The environmental differences between KEW and
TOEF showed an effect on the seasonal patterns of
carbon uptake. Nevertheless, despite great differences
between the mean monthly air temperatures at the sites,
the mean monthly daytime carbon uptake was almost
equal for the two sites during the peak growing period.
The carbon uptake values at the same PAR level were
greater before noon than after noon, especially at
TOEF, suggesting the stomatal regulation of carbon
uptake.
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Loustau D, Guðmundsson J, Thorgeirsson H, Ibrom A, Mor-
genstern K, Clement R, Moncrieff J, Montagnani L, Minerbi S,
Jarvis PG (2000) Respiration as the main determinant of carbon
balance in European forests. Nature 404:861–865 (DOI
10.1038/35009084)

Vickers D, Mahrt L (1997) Quality control and flux sampling
problems for tower and aircraft data. J Atmos Oceanic Technol
14:512–526

323



Watanabe T, Yasuda Y, Yamanoi K, Ohtani Y, Okano M, Miz-
oguchi Y (2001) Seasonal variations in energy and CO2 fluxes
over a temperate deciduous forest at Kawagoe, Japan. CGER-
Report, Proceedings of the International Workshop for Ad-
vanced Flux Network and Flux Evaluation, M-011, pp 11–17

Webb EK, Pearman GI, Leuning R (1980) Correction of flux
measurements for density effects due to heat and water vapour
transfer. Q J R Meteorol Soc 106:85–100

Yamamoto S, Murayama S, Saigusa N, Kondo H (1999) Seasonal
and inter-annual variation of CO2 flux between a temperate
forest and the atmosphere in Japan. Tellus B 51:402–413 (DOI
10.1034/j.1600-0889.1999.00020.x)

324



ORIGINAL ARTICLE

Hideaki Shibata Æ Tsutom Hiura Æ Yumiko Tanaka

Kentaro Takagi Æ Takayoshi Koike

Carbon cycling and budget in a forested basin
of southwestern Hokkaido, northern Japan

Received: 13 September 2004 / Accepted: 24 November 2004 / Published online: 2 March 2005
� The Ecological Society of Japan 2005

Abstract Quantification of annual carbon sequestration
is very important in order to assess the function of forest
ecosystems in combatting global climate change and the
ecosystem responses to those changes. Annual cycling
and budget of carbon in a forested basin was investi-
gated to quantify the carbon sequestration of a cool-
temperate deciduous forest ecosystem in the Horonai
stream basin, Tomakomai Experimental Forest, north-
ern Japan. Net ecosystem exchange, soil respiration,
biomass increment, litterfall, soil-solution chemistry,
and stream export were observed in the basin from
1999–2001 as a part of IGBP-TEMA project. We found
that 258 g C m�2 year�1 was sequestered annually as net
ecosystem exchange (NEE) in the forested basin. Dis-
charge of carbon to the stream was 4 g C m�2 year�1

(about 2% of NEE) and consisted mainly of dissolved
inorganic carbon (DIC). About 43% of net ecosystem

productivity (NEP) was retained in the vegetation, while
about 57% of NEP was sequestered in soil, suggesting
that the movement of sequestered carbon from above-
ground to belowground vegetation was an important
process for net carbon accumulation in soil. The derived
organic carbon from aboveground vegetation that
moved to the soil mainly accumulated in the solid phase
of the soil, with the result that the export of dissolved
organic carbon to the stream was smaller than that of
dissolved inorganic carbon. Our results indicated that
the aboveground and belowground interaction of car-
bon fluxes was an important process for determining the
rate and retention time of the carbon sequestration in a
cool-temperate deciduous forest ecosystem in the
southwestern part of Hokkaido, northern Japan.

Keywords Carbon biogeochemistry Æ Climate change Æ
Eddy flux Æ Forest ecosystem Æ Net ecosystem
productivity

Introduction

Global climate change and increased levels of atmo-
spheric carbon dioxide (CO2) have motivated the scien-
tific community and the public to ponder questions such
as ‘‘How much carbon can be sequestered by a forest and
where in the forest does this occur?’’ The quantification
of carbon budget and cycling is a useful research tool
with which to assess the role of forest vegetation and soil
in carbon accumulation in the ecosystem. Given the close
relationship that exists between the carbon dynamics of
forest ecosystems and productivity within the ecosys-
tems, the study of carbon dynamics has become a fun-
damental component of the research conducted by
ecosystem ecologists since the international biological
program (IBP) that was conducted late 1960 to the 1970s
(Cole and Rapp 1981). However, quantification of the
actual carbon sequestration rate in forest ecosystems is
complicated by the difficulty associated with measuring
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the rate of CO2 exchange between the atmosphere and
ecosystem. Eddy correlation techniques for assessing
CO2 flux over the forest canopy provide quantitative
information on net photosynthesis and respiration (for
both vegetation and microorganisms), or net ecosystem
exchange (NEE) (Baldocchi et al. 2001).

NEE, measured using eddy flux at the boundary be-
tween the canopy and the atmosphere, corresponds to
the net flux of CO2 (=b+c+d�a, in Fig. 1) including
photosynthesis and respiration and provides an indica-
tion of how much carbon was sequestered in the eco-
system. However, while NEE provides useful
quantitative information on ecosystem functioning
associated with carbon sequestration, it cannot be used
to derive how this sequestered carbon is partitioned in
the terrestrial ecosystem. Given that the difference in
turnover time for carbon in soil and in vegetation is
markedly different (Malhi et al. 1999; Chapin et al.
2002), it is very important to assess the internal cycling
and partitioning of carbon in the vegetation and soil
separately. It is thus essential to compare the carbon
budget (=NEE�h, in Fig. 1) and the internal cycling
(=c, d, e, f and g in Fig. 1) in the same basin over the
same period. In a previous study associated with the
internal partitioning of carbon in ecosystems, Malhi
et al. (1999) indicated that carbon distribution and cy-
cling in forest ecosystems are highly dependent upon
climate and vegetation type. However, studies that have
integrated monitoring of the carbon budget and cycling
in the same basin over the same period of time have
rarely been conducted to date. In Asia particularly,
biogeochemical assessments of eddy CO2 flux and
internal cycling and budget have been particularly lim-
ited (Yamamoto et al. 1999), despite unique climatic and
other environmental characteristics that distinguish the
region from the relatively well-studied forests of the
northeastern US and northwestern Europe.

In addition, the forest studied in this paper has been
recognized as an ecosystem sensitive to environmental
changes and stresses because the forest is located on
infertile, young volcanic soil in a transient zone from
temperate to sub-boreal. Quantitative analysis of the
carbon dynamics will not only provide fundamental
information about the biogeochemical processes of
ecosystems, but will also contribute to our understand-
ing of the impact of carbon sequestration on ecosystem
functioning and the effect that this might have on
global climate change. The objectives of this study
therefore were to (1) quantify the carbon budget and
cycling and (2) understand the quantitative role of the
vegetation and soil in carbon sequestration in a forest
basin.

Methods

Study site

This study was conducted in the Horonai stream basin
in the Tomakomai Experimental Forest (Hokkaido
University), located in southwestern Hokkaido, north-
ern Japan (42�40¢N, 141�36¢E). The Horonai stream is a
first-order stream with a basin area of 9.4 km2. The
mean annual precipitation is approximately 1,200 mm
and the mean annual temperature is 7.1�C. The vege-
tation in the basin is cool-temperate forest, mainly
dominated by secondary deciduous forests that colo-
nized the area after a typhoon in 1954. Approximately
50 tree species co-exist, including Quercus mongolica
var. crispula, Acer mono, Acer palmatum ssp. matsumu-
rae, and Magnolia hyporeuca (Hiura 2001). The
predominant soil type is volcanic Regosols (Andic
Udipsamments) (Soil Survey Staff 1994). The parent
material of the soil is clastic pumice and sand that was
deposited by eruptions of Mt. Tarumae in 1667 and
1739 (Sakuma 1987). Other detailed characteristics of
the vegetation, soil and streams of the area have been
described by Shibata et al. (1998, 2001), Takahashi et al.
(1999) and Hiura (2001).

Net ecosystem exchange (NEE)

CO2 fluxes between atmosphere and canopy (NEE) were
measured from 1999–2001 by applying the eddy corre-
lation method above the canopy layer from a 21-m-high
observation tower (Tanaka et al. 2001). The mean height
of the vegetation around the tower was approximately
13 m. Atmospheric CO2 concentration was measured by
the closed-path system using a nondispersive infrared
carbon dioxide (NDIR-CO2) sensor (LI-COR 6262, Li-
Cor, NE, USA). An ultrasonic anemometer (DAT-600,
Kaijo, Tokyo, Japan) and CO2/H2O fluctuation meter
(AH-300, Kaijo) were used for the measurement of the
fluxes.

Fig. 1 Outline of the carbon budget and cycling in vegetation–soil–
stream ecosystem
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Biomass and litterfall

We used long-term inventory data collected for the
Tomakomai Research Station of Hokkaido University
to calculate the stand volume of various forest stands in
the study area. The investigated plot was 1 ha in area,
and the stand volume and mortality of the aboveground
vegetation were measured at 1-year intervals. Both
aboveground and belowground biomasses of the stand
were estimated by combining the measured stand vol-
ume and applying an allometric growth equation for
each species derived from harvesting research previously
conducted in the study basin (Takahashi et al. 1999). A
more detailed description of the vegetation and the
methods used to estimate biomass at the landscape scale
was described by Hiura (2001, 2005).

Litter traps (1 m2) were used to collect litterfall from
vegetation with 25 replicates in a representative sec-
ondary stand in the study area. These samples were
collected at monthly intervals from 1999–2001, and
dried and weighed (Hiura 2005).

Soil respiration

A closed-chamber system and NDIR sensor (LI-6200,
Licor, NE, USA) were used to measure soil respiration
(Yanagihara et al. 2000). Twelve circular chambers
(71.6 cm2) were installed in forest stands that were
considered representative of the study area. Soil respi-
ration and surface soil temperature (0–10 cm) were
measured using a 10-cm-long sensor at monthly intervals
during periods of no snowfall from 1999–2000. The
relationship between soil respiration and soil tempera-
ture was derived empirically and used to extrapolate
annual soil respiration using the continuous soil surface
temperature data—one of the long-term meteorological
parameters collected at the Tomakomai Experimental
Forest.

Carbon export from soil to stream

We installed tension-free lysimeters under the forest
floor and in mineral soil (1.5 m deep) to collect the soil
gravity water. Four lysimeters were thus installed below
the forest floor and two lysimeters in the mineral soil at
the bank near the middle part of the stream. Stream
water was collected from the upper and lower river
reaches at 2-week intervals and analyzed for dissolved
organic carbon (DOC) and dissolved inorganic carbon
(DIC) concentrations using a TOC analyzer (TOC
5000A, Shimadzu, Kyoto, Japan). Particulate organic
carbon (POC) (particles>0.7 lm) was also measured by
filtering the stream water collected from the lower
stream reaches (Shibata et al. 2001). Total carbon con-
tent of the particulate material was analyzed using a CN
analyzer (Sumigraph Model NC-900, Sumika Analysis
Center, Osaka, Japan).

Stream height was measured continuously using a
pressure transducer and data logger at the weir station
located at the lower stream reaches. Stream discharge
was calculated using an empirical relationship between
stream height and observed discharge (Shibata et al.
2001). Carbon flux in the stream was calculated by
multiplying the carbon concentrations for DOC, DIC
and POC, with discharge. Given that this basin was lo-
cated in a very flat region, and that along its course,
volcanic gravel deposits suggest that the groundwater
inflow from the neighboring basin might affect the
hydrologic budget, differences in the flux between upper
and lower stream reaches were used to quantify net
export of DOC and DIC from soil to stream (Shibata
et al. 2001). We assumed that the influx of POC from the
upper stream reaches was negligible because most of the
POC would have been derived from the riparian canopy
and the riverbank. Throughfall was collected using a
circular funnel (30 cm in diameter) at the riverbank and
analyzed for DOC and DIC concentrations. More de-
tailed methods for calculating the contributions of the
soil and stream on carbon dynamics were reported by
Shibata et al. (2001).

Budget calculation

All carbon-flux measurements were conducted from
1999–2001. Mean fluxes for the 3 years were used in the
budget analysis. We used the steady-state budget for
vegetation and soil as illustrated in Eqs. 1 and 2,
respectively, to analyze the carbon dynamics of the
ecosystem. The letters in parenthesis refer to Fig. 1.

NEE� SR ¼ LFþABþAC ð1Þ
where NEE is net ecosystem exchange (=b+c+d�a),
SR is soil respiration (=d+c), LF is litterfall and
mortality of aboveground vegetation (=e), AB is
aboveground biomass increment and AC is allocation
from aboveground to belowground vegetation (=f).

AC� BBþ LF ¼ SRþDCþ SS ð2Þ
where BB is belowground biomass increment, DC is
discharge to stream (=h), and SS is carbon storage in
organic and mineral soil. Measured carbon fluxes were
NEE, SR, LF, AB, BB, and DC, while the estimated
carbon fluxes based on these equations were AC and SS.
The left side of Eq. 1 (=NEE – SR) corresponds to
gross ecosystem exchange (GEE).

Results

Carbon fluxes in the basin

Figure 2 shows the seasonal fluctuation in monthly NEE
over the canopy from 1999–2001. Negative values for
NEE indicate net CO2 transport from atmosphere to
ecosystem. Atmospheric CO2 was sequestered mainly
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from June to October each year. Maximum estimates of
carbon uptake ranged from �80 to �100 g C m�2

month�1 from June to July (Fig. 2). Annual mean NEE
for 3 years was �258 (±36 SD) g C m�2 year�1.

Soil respiration was observed to fluctuate in response
to changes in soil temperature (Fig. 3). The Q10 value
was 2.7, and the annual flux of soil respiration over
3 years was 592±55 g C m�2 year�1. The annual flux of
soil respiration was approximately two times larger than
the NEE in this studied basin. Given the relationship
between respiration and NEE, GEE (the net flux of
photosynthesis and respiration for the aboveground
vegetation) was 850 g C m�2 year�1.

Litterfall occurred mainly in late summer and fall
(October and November) of each year. Annual mean
litterfall for the 3 years was 118 g C m�2 year�1 in the
secondary forest stands. The increments of aboveground
and belowground biomass and tree mortality measured
in the secondary forest stand were 92, 16, and 79 g C
m�2 year�1, respectively. The annual carbon sequestered
by the vegetation was 108 g C m�2 year�1, approxi-
mately 42% of the NEE. The sum of the litterfall and
mortality for aboveground vegetation was 197 g C m�2

year�1, accounting for the organic carbon input from
the aboveground vegetation to soil surface.

Stream export of DOC, DIC and POC was consid-
ered an output of carbon from the terrestrial ecosystem.
Annual mean export of dissolved and particulate carbon
from soil to stream for 3 years was 4.1±1.8 g C m�2

year�1 (Fig. 4), and DIC, DOC and POC accounted for
68, 13 and 19% of the total carbon export to the stream.
The total export of carbon to the stream corresponded
to only 2% of the NEE flux in this basin. DOC con-
centration was higher in the surface soil water, and
tended to decrease with depth of ground (Fig. 5). DIC
was a major carbon form in stream water collected from
both the upper and lower reaches of the stream.

Carbon budget in the basin

Figure 6 shows the carbon cycling and budget of the
basin in the study. Based on the NEE and export to the

stream, the annual net carbon sequestration rate in this
basin (=NEP) was 254 g C m�2 year�1. The carbon
allocation from the aboveground to belowground vege-
tation calculated using Eq. 1 was 549 g C m�2 year�1,
corresponding to 65% of GEE. The carbon budget in
the soil (Eq. 2) indicated that 146 g C m�2 year�1 was
sequestered in the soil in this basin. The annual carbon
sequestration in vegetation and soil accounted for 43
and 57% of NEP, respectively. The total input of carbon
from the aboveground and belowground vegetation to
the soil was 730 g C m�2 year�1, including the litterfall,
mortality of aboveground vegetation, root detritus and
root respiration.

Fig. 2 Seasonal fluctuation in monthly NEE over the forest canopy
from 1999–2001. Negative values represent net inflow of carbon
from atmosphere to canopy

Fig. 3 Relationship between soil respiration and soil surface
temperature (0–10 cm). Data were obtained in different months
during nonsnowy periods. Bars represent standard deviations

Fig. 4 Annual carbon export from the terrestrial ecosystem to a
stream in the Horonai stream basin. Data are mean values obtained
after 3 years. Bar represents standard deviation
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Discussion

In the forest basin of this study, net carbon sequestered
in the ecosystem is partitioned between the vegetation
and soil almost equally on an annual basis. The total
litterfall and aboveground tree mortality (197 g C m�2

year�1) accounted for 27% of the total carbon input
from the vegetation to soil (730 g C m�2 year�1). Con-
sequently, the movement of carbon through the roots
into the soil was an important pathway for carbon input
to the soil. Since, in annual steady-state conditions (no
net change in the storage of CO2 in soil on annual basis),
CO2 input via root respiration to soil would ordinarily
be balanced by emissions from the soil surface to the
atmosphere, the organic carbon input via root detritus
and exudates could be an important form of carbon for
the net release of carbon from belowground vegetation
to soil. The net increment of root biomass (16 g C m�2

year�1, estimated using the allometric growth equation
obtained from harvesting measurements) suggested
that the increment in very fine root biomass might have
been underestimated in this budget. Detailed measure-
ment and estimation methods will be required to clarify
the extent of fine and very fine root production with
respect to carbon sequestration (Satomura et al. 2003;
Shutou and Nakane 2004). Reich and Bolstad (2001)
reported that the net primary production of below-
ground vegetation accounted for 14–80% of the total
net primary production in various temperate forest
ecosystems.

Raich and Schlesinger (1992) estimated annual soil
respiration rates for the various global biomes. The soil
respiration rate in our study area fell within the range
(647±51 g C m�2 year�1) they gave for temperate
deciduous forests. In the soil system, DOC decreased
with depth of the soil, suggesting that the adsorption
and/or decomposition of DOC was the dominant

mechanism of DOC retention in ground (Shibata et al.
2001). In general, volcanic pumice is considered to
have a relatively high ability to adsorb solutes to the
solid phase of soil. We estimated the total carbon pool
in the organic and mineral soil using previously re-
ported data (Sakuma 1987; Eguchi et al. 1997). The
total carbon pool in soil from the O horizon to 100-cm-
deep mineral soil was approximately 5,500 g C m�2,
corresponding to values approximately 38 times larger
than the annual net carbon sequestration in soil.
Assuming most of the organic carbon accumulates
within the top 100 cm of soil, the mean residence time
of sequestered carbon in soil is approximately 40 years
for this basin. DOC concentration in soil water from
the mineral soil (1.5 m deep) was still significantly
higher than that of stream water (Fig. 5), suggesting
that the depletion of DOC in soil water occurred
deeper in mineral soil. Consequently, the mean
residence time for carbon in soil estimated above could
still be an underestimatation in this study. An analysis
of the quantitative dynamics in the deeper mineral
soil would be a key to understand the buffering
function of the soil system on the temporal fluctuations
of the carbon input from atmosphere–vegetation
system.

Annual mean NEE (�258 g C m�2 year�1) in this
basin is comparable with that reported for a growing
season of similar length (about 150 days) in the world-
wide CO2 flux network (FLUXNET, Baldocchi et al.
2001). However, for the eddy measurements, it should be
noted that several uncertainties regarding the applica-
bility of the techniques still remain, including (1)
difficulties in measuring eddies during periods of

Fig. 5 Mean concentration of DOC and DIC in throughfall (TF),
surface soil water (SSW), deep soil water (DSW), upper stream
(US) and lower stream (LS). Bars represent standard deviations

Fig. 6 Annual carbon budget and cycling (g C m�2 year�1) in the
Horonai stream basin. Delta values (D=) indicate net accumulation
of carbon in aboveground and belowground vegetation and soil.
Allocation of carbon from aboveground to belowground vegeta-
tion and carbon accumulation of soil are estimated values based on
the budget (see details in the text and in Eqs. 1, 2)
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high atmospheric stability and when the canopy surface
is irregular and (2) difficulties measuring the drainage
flow of CO2 across the stream valley (Baldocchi et al.
2001). These uncertainties might affect the estimation
of the unmeasured flux; particularly the allocation of
carbon from the vegetation to the soil. In addition, we
used the compartment model for the carbon budget,
which assumes a steady state on an annual basis. It
should be noted that actual carbon transport some-
times fluctuates and is transient. For example, the
aforementioned buffering function of the soil system
against temporal fluctuations in carbon input could be
transient.

Hiura (2005) indicated that the secondary forest,
which is the dominant vegetation type in this basin,
showed higher net biomass increment than the mature
forest also found in this basin. The higher sequestration
rate of the vegetation and soil in this basin may mean
that the forest in the study area was relatively young and
at an early stage of succession. Since most of the forest
stands in this basin became established after a large
disturbance caused by a by typhoon in 1954, the growth
rate of the vegetation seems to be still increasing. The
soil is also a very young Regosol that developed after the
recent eruption of a volcano within the last several
centuries. These age characteristics of vegetation and
soil would affect the NEP in the basin. Furthermore,
since the study area is located near urban and industrial
areas (Shibata et al. 1998), the forest ecosystem currently
receives slightly elevated amounts of atmospheric
nitrogen (4–5 kg N ha�1 year�1 of bulk deposition,
Shibata et al. 1998). The effect of nitrogen deposition as
a nutrient input on carbon sequestration needs to be
examined more closely to determine if the input of
nitrogen from the atmosphere enhances the uptake of
carbon in the forest (Lloyd 1999; Nadelhoffer et al.
1999).

Our results suggest that the fundamental character-
istics of the parent materials of soil and the chronolog-
ical attributes of the vegetation and soil—including
natural disturbances in the past—were an important
factor affecting the current NEP and the partitioning of
sequestered carbon in the ecosystem. An integrated re-
gional cross-site analysis of carbon biogeochemistry,
including eddy measurements and budgets under the
various environmental conditions, would improve our
understanding of the role of forest ecosystems in global
climate change.
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Abstract This study quantified stomatal conductance in
a CO2-fertilized warm-temperate forest. The study con-
sidered five items: (1) the characteristics of the diurnal
and seasonal variation, (2) simultaneous measurements
of canopy-scale fluxes of heat and CO2 and the nor-
malized difference vegetation index (NDVI), (3) the
stomatal conductance of sunlit and shaded leaves, (4) a
stomatal conductance model, and (5) the effects of leaf
age on stomatal conductance. Sampled plants included
evergreen and deciduous species. Stomatal conductance,
SPAD, and leaf nitrogen content were measured be-
tween March and December 2001. Sunlit leaves had the
largest diurnal and seasonal variation in conductance in
terms of both magnitude and variability. In contrast,
shaded leaves had only low conductance and slight
variation. Stomatal conductance increased sharply in
new shooting leaves of Quercus serrata until reaching a
maximum 2 months after full leaf expansion. The sea-
sonal changes in the canopy-scale heat and CO2 fluxes
were similar to the change in the canopy-scale NDVI of
the upper-canopy plants. These seasonal changes were
correlated with the leaf-level H2O/CO2 exchanges of
upper-canopy plants, although these did not represent
the stomatal conductance in fall completely. Seasonal
variations in the leaf nitrogen content and SPAD were
similar, except leaf foliation, until day 130 of the year,
when the behaviors were completely the opposite. A
Jarvis-type model was used to estimate the stomatal
conductance. We modified it to include SPAD as a
measure of leaf age. The seasonal variation in stomatal
conductance was not as sensitive to SPAD, although
estimates for evergreen species showed improvements.

Keywords Stomatal conductance of water vapor Æ
Sunlit and shaded leaves Æ Jarvis-type model Æ SPAD Æ
Leaf nitrogen content

Introduction

To understand how terrestrial ecosystems respond to
global climate change, several dynamic global vegetation
models (DGVM) have been developed (e.g., Foley et al.
1996; Cox 2001; Watanabe et al. 2004). Foley et al.
(1998) stated that three elements are crucial for a
DGVM: (1) land surface processes [i.e., energy (heat),
water, and CO2 fluxes (balances)], including plant
physiological processes, (2) phenological aspects (sea-
sonality of plants), and (3) transient processes of carbon
balance and vegetation structure. The key function in
the land surface processes is leaf stomatal control. Pur-
suing mechanistic explanations of stomatal behavior is
still an active research target (Watanabe et al. 2004).
However, to better understand phenological behaviors,
more field measurements combining seasonal analyses of
canopy-scale fluxes of heat and CO2 and leaf-level sto-
matal control are required.

Stomata are plant organs on the leaf surface that
form an important interface for H2O/CO2 gas exchange
between plants and the atmosphere. Stomata change
rapidly depending on environmental conditions. Smith
and Hollinger (1991) stated that stomatal behavior is
often the most sensitive indicator of plants from a
physiological perspective.

The leaf exchange of H2O can be considered in terms
of both stomatal conductance and transpiration. How-
ever, the transpiration rates measured in chambers are
not useful parameters in themselves because of the dif-
ficulty in matching the chamber environment to the
outside environment (Jones 1992). Leaf conductance is
defined as the proportionality constant between tran-
spiration and the vapor concentration gradient between
inside the leaf and the leaf surface (Pearcy et al. 1989).
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Stomatal conductance is a part of leaf conductance and
is the reciprocal of stomatal resistance, although the
conductance is usually used rather than the resistance
because the conductance is proportional to the flux, and
it expresses the regulatory control exerted by the sto-
mata on transpiration rates. Stomatal conductance can
be used to deduce transpiration and photosynthetic
activities because they are closely related.

Attempts have been made to improve the accuracy
of estimates of stomatal conductance, as it is an
important variable in many models. Furthermore, it
mirrors plant condition. The most famous and simplest
stomatal conductance model is the experimental model
of Jarvis (1976), which considered several environ-
mental factors, including the photosynthesis photon
flux density (PPFD), air temperature (T), water vapor
pressure deficit of air (VPD), soil water potential,
atmospheric CO2 concentration, CO2 concentration
within the stomata, cuticular conductance, and leaf
water potential. Recently, a limited number of envi-
ronmental variables, such as PPFD, T, VPD, and soil
water potential, have been used to estimate stomatal
conductance based on Jarvis’s (1976) concept. Such
modified models are called Jarvis-type models (Stewart
1988; Ogink-Hendriks 1995). Yu et al. (1998) consid-
ered the Jarvis-type model convenient because it can
estimate stomatal conductance in terms of environ-
mental variables. Such models have been broadly used
for second-generation schemes for land surface model-
ing (Sellers et al. 1997; Pitman 2003). These models
were also developed to improve the estimation of sto-
matal conductance. Here, we use a Jarvis-type model to
quantify stomatal conductance as it relates to envi-
ronmental factors.

When considering physiological activities at canopy
scale, many assumptions are needed to scale-up mea-
surements made at leaf scale. First, second-generation
schemes for land surface modeling, such as SiB2 of
Sellers et al. (1992, 1996), were proposed based on the
assumption that plants of different heights undergo the
same physiological activities. However, this is incorrect
in theory and nature (De Pury and Farquhar 1997).
Plants in the lower canopy are not as active as upper-
canopy plants. Subsequent studies used a multi-layer
approach, such as the Penman-Monteith (Monteith
1965) multi-layer model. This separates a forest into
multiple layers, which are then integrated to represent a
canopy scale. However, multi-layer studies are quite
complex in terms of analyses and measurements. More
recently, a separate approach to modeling sunlit and
shaded leaves was developed. This is an intermediate
concept between a big leaf-type model and a multi-layer
model. This approach separates a forest into two types
of leaves, i.e., sunlit leaves (those exposed to radiation)
and shaded leaves (those not exposed). An outstanding
advantage of the sunlit and shaded leaf approximation is
that it avoids the error due to the rough calculations of
a big-leaf model. Moreover, it is less complex than a
multi-layer model.

Sirisampan et al. (2003) measured the stomatal con-
ductance of six species in a small warm-temperate forest
located within the city of Nagoya, Japan, which has a
population exceeding two million. They focused on both
multi-layer and sunlit and shaded leaf approaches to see
how much in actual measurements each layer or leaf
light condition gave the stomatal conductance. They
used a Jarvis-type model to estimate stomatal conduc-
tance from PPFD, T, VPD, and soil water potential.
Using a sensitivity test, they determined that the soil
water potential had no effect on the stomatal conduc-
tance for each species. In Sirisampan et al. (2003), the
Jarvis-type model overestimated stomatal conductance
when new leaves were developing in the spring. They
suggested that the model might be improved if it
included physiological factors, such as leaf age as a
limiting factor, as well as environmental factors.

It is also interesting to consider how stomatal
behavior differs in different years, especially with a rel-
atively higher atmospheric CO2 concentration (Oguri
and Hiyama 2002). In 2000, the annual mean atmo-
spheric CO2 concentration for this forest was around
395 ppm (Oguri, personal communication). It is also
valuable to compare how canopy-scale data, such as the
heat and CO2 fluxes and NDVI, correspond to leaf-level
stomatal behavior.

Therefore, this study quantified the stomatal con-
ductance of water vapor in the same warm-temperate
forest as Sirisampan et al. (2003). The study considered
five items: (1) the characteristics of the diurnal and
seasonal variation, (2) simultaneous measurements of
the canopy-scale heat and CO2 fluxes and the normal-
ized difference vegetation index (NDVI), (3) the stoma-
tal conductance of sunlit and shaded leaves, (4) a
stomatal conductance model, and (5) the effects of leaf
age on stomatal conductance. We determined the char-
acteristics of stomatal conductance for sunlit and shaded
leaves. Using the sunlit- and shaded-leaf approach,
many studies have considered photosynthesis, while few
have considered transpiration. The analysis of leaf age
was used to delineate the effects of a physiological factor
on stomatal conductance.

Site description

The experimental site was a warm-temperate forest be-
hind the Hydrospheric Atmospheric Research Center
(HyARC) at Nagoya University, Japan (35�10’N,
136�58’E). This forest is in the eastern part of Nagoya
and is surrounded by residences and buildings. The
forest is a secondary warm-temperate forest within an
urban area. Consequently, the forest is exposed to rel-
atively higher atmospheric CO2 concentrations (Oguri
and Hiyama 2002). A map of the site is shown in Fig. 1
of Oguri and Hiyama (2002). Previously, the dominant
vegetation at this forest site was pine (Pinus densiflora)
(Aoki 1997). Currently, the dominant vegetation occu-
pying the upper forest canopy is mostly Quercus serrata,

334



a deciduous species. Most of the middle canopy is
composed of evergreen plants (e.g., Eurya japonica, Ilex
pedunculosa, Ligustrum japonicum, and Vaccinium
bracteatum), with some deciduous trees (e.g., Evodio-
panax innovans). The understory vegetation (hereafter,
the lower canopy) consists mainly of young evergreen
plants of the species listed above and Aucuba japonica.

The mean tree height was 17.8 m in 2001. The leaf
area index (LAI) and plant area index (PAI) were 1.5
and 3.0, respectively, for the middle- and lower-canopy
trees. During the season when Q. serrata was foliated,
the LAI and PAI of the upper canopy trees were 4.4
and 5.3, respectively. LAI and PAI for the entire can-
opy were 1.5 and 3.9 (in the nonfoliated season of
Q. serrata), and 5.9 and 8.3 (in the foliated season),
respectively. These values were obtained from measure-
ments using a fish-eye camera (Hashimoto, personal
communication).

A 21-m-high meteorological tower was installed and
used to measure stomatal conductance, canopy-scale
fluxes, and NDVI (described below). The maximum
fetch (around 500 m) was along the dominant wind
direction (northwestern). The minimum fetch (around
100 m) was perpendicular to the dominant wind direc-
tion. The annual mean air temperature was 15.1�C and
the annual precipitation was 1415 mm (obtained using
tower measurements from January to December 2001).
The annually integrated net ecosystem exchange (NEE)
was 2.3 (t C ha�1 year�1) in 2001 (Muraishi, personal
communication).

Methods

Measuring stomatal conductance

The vegetation was grouped by measurement height into
four groups: 14.6, 6.4, 5.4, and 0.8 m high. Species with
canopies located at 14.6 m were defined as the upper
canopy (Q. serrata), those at 6.4 and 5.4 m were the
middle canopy (E. japonica, I. pedunculosa, and V.
bracteatum), and those located at 0.8 m were the lower
canopy (L. japonicum and A. japonica).

Stomatal conductance of water vapor was measured
using a null-balance porometer (Model LI-6400, Por-
table Photosynthesis System, LI-COR) on a leaf scale. In
most cases, at least six leaves for each species were
measured every hour. Measurements were made from
dawn to dusk, with an earlier start in summer because of
the earlier sunrise. Monthly observations were carried
out from March to December 2001. Note that Q. serrata
is a deciduous plant, and it was not observed from the
end of December until March since there were no ex-
posed leaves on the trees. There are no data for early
April because the Quercus leaves were too small for
measurements.

Stomatal conductance for the upper canopy was
measured on 26 April, 29 May, 26 June, 2 August, 12
September, 13 October, 19 November, and 2 December.

For the middle canopy, we used data obtained on 20
March, 27 April, 4 June, 4 July, 3 August, 13 September,
14 October, 23 November, and 23 December. For the
lower canopy, we used data obtained on 21 March, 28
April, 9 July, 5 August, 17 September, 20 October, 24
November, and 24 December.

Furthermore, measurements of sunlit and shaded Q.
serrata leaves were distinguished because the high crown
density resulted in the self-shading of leaves. Sunlit
leaves were exposed to much greater light intensities
than were shaded leaves, particularly in summer.

Leaf-scale measurements of the PPFD, T, and VPD
within a leaf chamber were made using the inner sensors
in the porometer at the same times as the stomatal
conductance was measured.

All the sampled plants were within 3 m of the
micrometeorological tower. We examined eight trees
belonging to six species, including both deciduous and
evergreen plants. The height, diameter at breast height
(DBH), and crown projection area of the sampled
plants are as described in Table 1 of Sirisampan et al.
(2003).

Observations of microclimate and canopy-scale fluxes
of heat and CO2

Microclimate

Microclimate data measured above the forest canopy
included the incoming solar radiation, net radiation, soil
heat flux, air temperature, relative humidity, and pre-
cipitation; the soil water potential on the forest floor was
also measured. The net radiometer was an MF-11 (Eko)
sensor and the soil heat flux plate was an MF-81 (Eko).
The measurements, except for the soil water potential,
were recorded using an automatic logging system
(CR10X, Campbell) at 10-min intervals. The instru-
ments were mounted at the top of the tower (21 m). Soil
water potential was measured using tensiometers in-
stalled near the tower at depths of 5, 10, 20, 40, and
80 cm. Measurements were generally made during a 1-h
period in the afternoon of the day of measurements.

Precipitation was measured on the upper deck of the
HyARC building, about 120 m from the tower, using a
rain gauge. During instrument failure, precipitation was
taken from the monthly meteorological report recorded
at the Nagoya local meteorological observatory, 1.5 km
from the experimental site.

Canopy-scale fluxes of heat and CO2

The canopy-scale fluxes of sensible heat and CO2 were
determined using the eddy covariance method. From the
residuals of the heat balance equation, the water vapor
(latent heat) flux was obtained simultaneously. Detailed
descriptions of the derivations and method of correction
for the accurate fluxes are given in T. Ohta et al. (per-
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sonal communications). The following is a brief expla-
nation of the flux derivations.

A three-dimensional ultrasonic anemometer-ther-
mometer (DA-600, Kaijo, Japan) was used to measure
the three-dimensional wind speed and temperature
fluctuations, which were recorded at 10-Hz intervals on
a magnetic optical (MO) disk using a digital recorder
(DR-M3, TEAC). A closed-path CO2/H2O gas analyzer
(LI-6262, LI-COR) was used to measure the fluctuations
in the CO2 and H2O densities. The length and inside
diameter of the tube for the air intake were 6 m and
4 mm, respectively. The intake rate was 1 L min�1 . A
temperature/humidity probe (HMP45A, Vaisala) was
set for the flux corrections.

The three-dimensional ultrasonic anemometer-ther-
mometer, closed-path CO2/H2O gas analyzer, and tem-
perature/humidity probe were installed on the tower at
22 m and the digital recorder was set in a hut located on
the forest floor close to the tower.

The equation for the eddy covariance method for
calculating the flux (F) is

F ¼ wc ¼ w0c0 þ �w�c; ð1Þ
where w is the vertical wind speed and c is a scalar, such
as temperature (for the sensible heat flux), H2O density
(for the latent heat flux), or CO2 density (for the CO2

flux). The bars and primes denote the mean values for a
calculation period, and the perturbation from the mean,
respectively.

The three-axis rotation algorithm (Kaimal and
Finnigan 1994) was used to derive w in streamline
coordinates. As we used a closed-path system to measure
the turbulent fluctuation of the CO2/H2O densities, a
time-lag correction was used, but the tube attenuation
(i.e., high-frequency correction of the CO2/H2O fluctu-
ation) was not corrected. Air density fluctuations were
corrected according to Webb et al. (1980).

The CO2 fluxes were averaged when the PPFD ex-
ceeded 50 lmol m�2 s�1. In this study, the latent heat
fluxes were obtained from the residuals of the heat bal-
ance equation. Finally, all of the canopy-scale fluxes
were averaged to obtain daily mean values.

Observing the canopy-scale NDVI

In addition to the microclimate observations, described
in the Microclimate section, we measured the down-
ward/upward shortwave radiation and the downward/
upward PAR (photosynthetically active radiation) at
three different heights using albedo-meters (CM3, Kipp
& Zonen) and PAR sensors (LI-190A, LI-COR), re-
spectively. Sensors were set at 20.75, 10.70, and 0.90 m,
corresponding to the upper, middle, and lower canopies.
The signal output from each sensor was recorded using a
micro-logger (CR23X, Campbell).

The albedo-meter can sense shortwave radiation
(W m�2) ranging from 300–4,000 nm and the PAR
sensors can sense PPFD (lmol photon m�2 s�1) ranging

from 400–700 nm. The PPFD values were converted to
PAR (W m�2) by dividing by 4.4. As PAR equals the
radiation in the visible range, we assume that the
residual (shortwave radiation minus PAR) is the radia-
tion in the near-infrared range. Therefore, this obser-
vation produced the downward/upward radiation over
the entire shortwave (from 300–4,000 nm), visible (from
300–700 nm), and near-infrared (from 700–4,000 nm)
ranges at three heights. We calculated the reflectance
over the entire shortwave (qRs, i.e., the albedo), visible
(qPAR), and near-infrared (qNIR) ranges, as follows:

qRs
¼ Rs "=Rs #; ð2Þ

qPAR ¼ PAR "=PAR #; ð3Þ
qNIR ¼ NIR "=NIR #; ð4Þ
where Rs› is the upward shortwave radiation, Rsfl is the
downward shortwave radiation, PAR› is the upward
visible radiation, PARfl is the downward visible radia-
tion, NIR› is the upward near-infrared radiation, and
NIRfl is the downward near-infrared radiation. The
values of NIR› and NIRfl are derived using the fol-
lowing equations:

NIR # ffi Rs # � PAR #;
NIR " ffi Rs " � PAR " :

ð5Þ

Finally, NDVI can be derived as:

NDVI ¼ qNIR � qPAR

qNIR þ qPAR

: ð6Þ

NDVI ranges from �1 to 1, and the vegetation acti-
vity (or chlorophyll density) increases as NDVI
approaches 1.

The daily mean values of the three reflectance values
(qRs, qPAR, qNIR) for the three heights were averaged
when Rsfl exceeded 400 W m�2 at the upper (20.75 m)
level, 35 W m�2 at the middle (10.70 m) level, and
10 W m�2 at the lower (0.90 m) level.

Measuring SPAD

SPAD is an index representing the relative chlorophyll
density in a leaf. A SPAD sensor (SPAD-502, Minolta)
was used to measure the difference in the absorption
rates at 650 nm (red visible band; maximum absorption
of chlorophyll) and 940 nm (near-infrared band; no
absorption of chlorophyll). The correlation between
SPAD and chlorophyll density is high and is represented
by a second-order polynomial, which differs among tree
species (Hoshino, personal communication). As we
measured stomatal conductance using fixed plant bodies
for the six species, we could detect seasonal variation in
the chlorophyll density of each plant, using the sepa-
rately measured values of SPAD for each plant.

SPAD was measured on the same day as the stomatal
conductance. Additional SPAD measurements were
made on 16, 18, 20, 24 April, 11 May, and 11 December
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for the upper canopy (Q. serrata), 24 January and 26
February for the middle canopy (E. japonica, I. pedun-
culosa, and V. bracteatum), and 28 January and 27
February for the lower canopy (L. japonicum and A.
japonica) to detect precise seasonal variation. Although
different leaves were sampled for the stomatal conduc-
tance and SPAD measurements, both measurements
were carried out on the same trees.

The numbers of sampled leaves were 6 for A. japon-
ica, 8 for L. japonicum, and 9–12 for the other species.
From January to March, only six leaves of evergreen
species were sampled for the SPAD measurements. The
leaves sampled for the SPAD measurements were cut
and used to measure the leaf nitrogen content (described
later). SPAD was measured just after cutting the leaf.
For each leaf, 6–10 measurements were made and the
averaged values were used in the analyses.

Measuring the leaf nitrogen content

The same leaves were used to measure the leaf nitrogen
content and SPAD, although only three leaves of ever-
green trees were measured from January to March. All
the leaves sampled from January to September were
stored frozen (below �40�C) until October 2001, when
the leaf nitrogen content was measured for the first time.

First, the sampled leaves were used to measure leaf
area (cm2). Then, the leaves were dried for 3 days using
a dryer at 60�C, and the dry leaves were weighed (mg).
Finally, the leaves were ground into a powder.

The nitrogen content was preliminarily measured
using an elemental analyzer (NA2500, Thermo-elec-
tron), which burned the powdered leaves and produced
CO2 and N2. The gases were separated in an isolation
column and analyzed using chromatographic techniques
to measure the detection time differences and strength of
each gas. Hippuric acid was used as the standard
material for the nitrogen content analyses. Using the
elemental analyzer, we measured the nitrogen contents
of the samples obtained on 24 January, 26 February,
and 27 April for V. bracteatum; 24 January, 26 Febru-
ary, and 4 June for I. pedunculosa; 24 January, 26 Feb-
ruary, 4 June, 4 July, and 3 August for E. japonica; and
27 February and 9 July for L. japonicum. Unfortunately,
when the carbon content of the leaves was high, the
samples did not combust completely. Therefore, we
could not determine precise nitrogen contents for the
samples obtained on 27 April for V. bracteatum, 26
February for I. pedunculosa, and 4 July and 3 August for
E. japonica.

We measured the nitrogen contents of the other
samples using a CN analyzer (MT-700, Yanaco), which
also burned the powdered leaves and produced CO2 and
N2 separately. This analyzer was capable of burning
materials containing more carbon. The analyzer mea-
sured the difference in the electrical resistance between
completely CO2-absorbed sample gas (containing N2

gas from the samples) and the original sample gas

(non-absorbed CO2 and N2 gas from the samples).
Hippuric acid was also used as the standard material for
the nitrogen content analyses.

Finally, we calculated the leaf nitrogen content per
unit leaf area (area-based leaf nitrogen content; Na) and
that per unit leaf weight (mass-based leaf nitrogen con-
tent; Nm).

Stomatal conductance model

Jarvis-type stomatal conductance model

To quantify how environmental factors affect stomatal
conductance, the experimental stomatal conductance
model introduced by Jarvis (1976) is very useful and
was therefore used here. This Jarvis-type model is a
function of the incident photon flux density of PAR or
PPFD, VPD, T, and soil water potential (Stewart 1988;
Ogink-Hendriks 1995). Sirisampan et al. (2003) con-
cluded that soil water potential could be removed
from consideration at this observation site, since its
effect was insignificant in predicting stomatal conduc-
tance. Therefore, the stomatal conductance model used
here was

gsw ¼ gswmax f ðQÞf ðDÞf ðT Þ; ð7Þ
where gsw is the stomatal conductance of water vapor
(mol H2O m�2 s�1), gswmax is the maximum stomatal
conductance of water vapor (mol H2O m�2 s�1) and
f(Q) is a function of PPFD. f(D) f(T) is the total stress
function, where f(D) is the stress function for VPD and
f(T) is the stress function for T. The total stress function
consists of those environmental factors that reduce the
stomatal conductance below the value of the potential
stomatal conductance at the current PPFD, gswmax f(Q).
The values of the stress functions are between 0 and 1. If
there are no limits on stomatal conductance, the stress
function has a value of 1. When the value approaches 0,
it means that the stress condition for stomatal conduc-
tance is increasing. With no stress factors, gsw is repre-
sented by an original function of stomatal conductance
as

gsw ¼ gswmax f ðQÞ: ð8Þ
An empirical model of Eq. 8 is a hyperbolic function

of the maximum stomatal conductance at the current
PPFD, which is given by

gsw ¼ gswmax Q
Qþ ðgswmax=aÞ ð9Þ

where gswmax and a are fitted parameters representing the
maximum of stomatal conductance and a curvature
constant, respectively. Q is the incident photon flux
density of PAR or PPFD (lmol photon m�2 s�1).

There are several stress functions for f(D), which have
been derived by different scientists and in different years
(Jarvis 1976; Farquhar 1978; Lohammer et al. 1980). We
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used the following equation originally derived from
Kosugi (1996) because it can represent both S-shaped
and declining curves:

f ðDÞ ¼ 1

1þ D=bð Þc : ð10Þ

Here, D is the vapor pressure deficit (kPa), and b and c
are fitted parameters.

The stress function f(T) is represented by

f ðT Þ ¼ T � Tn
To � Tn

� �
Tx � T
Tx � To

� � Tx�To
To�Tnð Þ

; ð11Þ

where T is the air temperature (�C). Tn, To and Tx are
fitted parameters representing the minimum, optimum,
and maximum air temperatures for stomatal conduc-
tance, respectively. Here, we assumed Tn=0�C and
Tx=50�C to reduce the degrees of freedom of the model.

Parameter fitting

The parameters in Eqs. 9, 10 and 11, i.e., gswmax, a, b, c,
and T0 were determined for each of the six species. The
parameters for Q. serrata were separated for sunlit and
shaded leaves, since PPFD differed considerably. Ob-
served hourly values of Q, D, T, and gsw were used to
determine the parameters.

We used nonlinear optimization with the quasi-
Newtonian procedure in Microsoft Excel for parameter
fitting. The observed data for each species were param-
eterized separately using this procedure.

From the parameterization results, the fitted param-
eters for each species were combined with the hourly
averages of the environmental data in the model to
calculate the stomatal conductance at 1-h intervals.
The estimated stomatal conductance for Q. serrata was
separated into sunlit and shaded leaves.

The model was validated by comparing the model
output with variables measured independently (For-
rester 1961; Innis 1974) to evaluate its performance. The
well-known statistical coefficient of determination (R2) is
widely used for validation, and is calculated as

R2 ¼ 1�
P

yi � ŷið Þ2P
yi � �yð Þ2 ; ð12Þ

where yi is the observed value, ŷi is the predicted value of
y for the model, and �y is the average of the observed
values. The model was validated using both R2 and plots
of observed values against the estimated values.

Results

Stomatal conductance

In considering light exposure, the plants were separated
into sunlit and shaded plants. The sunlit plants, i.e., Q.

serrata, had the greatest exposure to radiation, while the
shaded plants were all shaded by sunlit plants, i.e., all
the other species. Moreover, the Q. serrata leaves ex-
posed to irradiance were regarded as sunlit leaves,
whereas all the remaining leaves, including Q. serrata
leaves that were shaded, were referred to as shaded.

Diurnal variation

The diurnal variation in stomatal conductance exhibited
identical phenomena for all of the plant species and
heights studied, with a rise in the morning and a fall in
the afternoon. The diurnal maximum stomatal conduc-
tance was at 1200±3 h each day, although most of the
peaks were from 1000–1100 h for all the species except
Q. serrata. Sunlit leaves of Q. serrata had the largest
diurnal variation in stomatal conductance. The stomatal
conductance in various species differed only slightly
when they were at the same canopy level.

The diurnal variation in PPFD for the sampled leaves
was similar to that for the stomatal conductance and
rose in the morning and declined in the afternoon. The
PPFD of sunlit leaves underwent an extremely large
diurnal change, while the diurnal change of shaded
leaves was small, including the shaded leaves of sunlit Q.
serrata. The shaded lower leaves had an incident PPFD
only 1/15 that of sunlit leaves on average. The mea-
surements showed that leaf position and leaf angle also
affected the PPFD differences, although the measure-
ments were made at the same time and height. PPFD in
the lower canopy underwent greater diurnal variation in
winter when the upper canopy was open (no leaves), as
well as in early spring when the upper-canopy leaves
were still small. Occasional rays of sunlight reached the
lower canopy, producing distinct high PPFD.

The middle canopy V. bracteatum showed large
diurnal variation in stomatal conductance when the Q.
serrata in the upper canopy had no leaves. Once the
upper-canopy leaves fell, this species behaved like an
upper-canopy plant. The high diurnal variation in air
temperature tended to be influenced by the incident
PPFD, since T is dependent on the irradiance.

VPD increased gradually in the morning and began
to decrease rapidly in late afternoon after reaching a
maximum. VPD at the upper-canopy plant, Q. serrata,
reached its maximum earlier in the morning and began
to decline in late afternoon. In other words, VPD in the
upper canopy rose more sharply than in the lower can-
opy. In the understory, VPD was very small, and during
periods of low temperature, the diurnal changes were
stable.

Seasonal variation

The greatest stomatal conductance seen in this study
(0.24 mol H2O m�2 s�1) was for sunlit leaves of Q.
serrata in June, while the greatest conductance of shaded
leaves was less than 0.15 mol H2O m�2 s�1 (see Fig. 7a,
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b). Sirisampan et al. (2003) found that the peak stomatal
conductance occurred in August for sunlit leaves of Q.
serrata and V. bracteatum, and in March for the
remaining shaded leaves. They also found that shaded
leaves had low stomatal conductance and less variability
during the season when Q. serrata was foliated. Those
tendencies matched those obtained here.

Sunlit leaves of Q. serrata had distinctly greater sto-
matal conductance than the shaded leaves throughout
the foliated period. This matched their exposure to light.
The exception was in May, when the leaves of Q. serrata
were very new, and their conductance was small and
insensitive to PPFD. Sirisampan et al. (2003) made
similar observations and postulated that it was caused
by insufficient growth of the stomata. Interestingly, the
stomatal conductance of both sunlit and shaded Q.
serrata observed in November and December was large,
while the transpiration and photosynthesis rates were
small. Sirisampan et al. (2003) measured relatively larger
stomatal conductances for shaded leaves during the leaf-
fall season at this site. Turner and Heichel (1977) and
Abrams (1988) revealed that stomatal conductance
dropped suddenly between the senescence to leaf-fall
seasons after yellow spots appeared on the leaves. Our
results differed from those studies. The greater stomatal
conductance during the fall at this site might be owing to
the ‘‘dull-leaf’’ phenomenon. Other possible reasons are
proposed in the section ‘‘Estimating stomatal conduc-
tance using a Jarvis-type model with SPAD parameter-
ization.’’

The stomatal conductance of shaded leaves of Q.
serrata was as small as that of middle-canopy plants,
although it increased gradually after the beginning of
leaf fall in October (Fig. 7b) with the increased light
transmission. Sirisampan et al. (2003) also observed this
phenomenon. V. bracteatum, a middle- to upper-canopy
plant, was intermediate in terms of the magnitude of the
daily average stomatal conductance and the seasonal
variability, particularly from summer to winter. Like-
wise, the other middle-canopy species (I. pedunculosa
and E. japonica) had the minimum conductance in
summer, when the upper canopy intercepted light
transmissions, and this increased from autumn through
winter. This seasonal variation was caused by the
increasing light transmission owing to the decrease in the
number of leaves (or LAI) of Q. serrata. The seasonal
trend for the lower-canopy trees was similar to that of
I. pedunculosa and E. japonica.

As Sirisampan et al. (2003) pointed out, PPFD affects
stomatal conductance in all species. As with the other
environmental factors, VPD was higher at the upper
canopy than at the lower canopy. How the environ-
mental factors affect stomatal conductance is analyzed
in section ‘‘Estimating stomatal conductance using a
Jarvis-type model’’.

Since the different patterns of leaf age affect the
physiological activities of evergreen and deciduous
plants differently (Mooney and Gulmon 1982), an
analysis of leaf age should be considered separately. For

the deciduous species Q. serrata studied here, the max-
imum stomatal conductance occurred a few months
after full leaf expansion. This result agreed with those of
Turner and Heichel (1977), Abrams (1988), and Siri-
sampan et al. (2003), who found that the maximum
stomatal conductance in Quercus species occured 1 or
2 months after full leaf expansion.

For evergreen plants, Sirisampan et al. (2003) found
little difference in the stomatal conductance of leaves
from various shooting years after full leaf expansion,
except in the early spring. Old leaves exposed to high
light intensities in early spring had higher conductance
than younger leaves. Subsequently, these leaves aged
(turned yellow-brown color) and fell over the next
2 months. New light-green leaves that grew in spring
had lower conductances than older leaves.

Canopy-scale fluxes of heat and CO2

The seasonal variation in the heat balance components
for 2001 is shown in Fig. 1. The daily mean net radiation
(Rn) increased gradually from the beginning of January
through August and decreased from September through
December. The daily mean soil heat fluxes (G) were
constantly low (nearly zero). The daily mean sensible
heat flux was highest while the latent heat flux was still
small in the middle of April [around day 100 of the year
(DOY)], when the upper-canopy trees (Q. serrata) began
to foliate. After foliation of the upper-canopy trees (110
DOY), the latent heat flux increased and was highest in
July. In the beginning of September (245 DOY), the
latent heat flux dipped with the decrease in the net
radiation caused by continuous rainfall.

The seasonal variation in the CO2 flux (NEE) is
shown in Fig. 2. The daily mean NEE was positive (net
source of CO2) in January, February, and December,
and nearly zero with day-to-day fluctuations in March
and April (up to 100 DOY). After the end of April (110
DOY), NEE decreased suddenly (increased uptake) and
was minimal (maximum uptake) in the middle of May.
NEE diminished gradually from the middle of May
through the beginning of November, and then decreased
suddenly. The seasonal trend was similar to that of the
canopy-scale NDVI of the upper-canopy trees (Fig. 3,
described below). Therefore, the canopy-scale values of
NEE were mostly dependent on the upper-canopy trees.
The sudden drop in NEE might be caused by the de-
crease in the chlorophyll density (or SPAD; Fig. 4) or
leaf nitrogen content (Fig. 5). The timing of this sudden
drop in NEE was not synchronized with the decrease in
LAI (i.e., leaf-fall time), which occurred a few weeks
after the drop in NEE.

Canopy-scale NDVI

The seasonal variation in the canopy-scale NDVI is
shown in Fig. 3. There was clear seasonal variation in
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the NDVI for the upper canopy, which corresponded
well with that in the latent heat flux (Fig. 1) and NEE
(Fig. 2). The minimum seen at 100 DOY was due to
silky soft hairs that covered the young leaves just after

Q. serrata foliated. The presence of silky soft hairs on
the Q. serrata leaves matched the peak in qPAR just after
foliation (not shown). Interestingly, qPAR decreased a
few days after the peak. These phenomena might be
correlated with physiological tactics just after the folia-
tion of Q. serrata to prevent PAR absorption (described
in section ‘‘Estimating stomatal conductance using a
Jarvis-type model with SPAD parameterization’’). Sub-
sequently, the NDVI of the upper canopy increased
suddenly owing to leaf expansion (from 110 DOY). It
then deceased gradually until the beginning of Novem-
ber (310 DOY), and then decreased suddenly until 340
DOY. The sudden decrease in November and December
corresponded to the decreases in SPAD (Fig. 4) and leaf
nitrogen content (Fig. 5).

For the middle canopy, NDVI was relatively con-
stant. NDVI decreased from 130 to 140 DOY owing to
new leaf shootings on the evergreen trees. It was difficult
to observe trends in the lower canopy NDVI, because
the reflectance values of qPAR and qNIR were on the
same order of magnitude as the error.

SPAD

The seasonal variation in SPAD for the six species is
shown in Fig. 4. The upper trees (Q. serrata) were sep-
arated into sunlit and shaded leaves. SPAD was higher
for shaded leaves than sunlit leaves for the entire season.
This means that shaded leaves contained much more
chlorophyll than sunlit leaves. Some previous studies
reported that the area-based amount of chlorophyll in
sunlit leaves exceeded that of shaded leaves in most plant
species (Lichtenthaler et al. 1981; Hoflacher and Bauer
1982). However, several studies indicate that shaded
leaves contain more chlorophyll than sunlit leaves.
There was a clear seasonal change in SPAD for Q. ser-
rata: SPAD was low during leaf expansion, high when
the leaves were mature, and dropped suddenly with
senescence. The low SPAD during leaf expansion means
that leaves contain little chlorophyll at this time, making
it difficult to capture PPFD. During the senescence
season, the between-leaf differences in SPAD were rel-
atively large.

For the middle-canopy species, SPAD was highest in
E. japonica, followed by V. bracteatum, and I. pedun-
culosa in turn, and showed similar seasonal changes.
Note that the SPAD for all the middle-canopy
species was lowest in June (around 160 DOY). This is
because new leaves sprouted in this season. The standard
deviations of the measurements were the largest at
this time. As the new leaves changed color, the
SPAD gradually increased, reaching in November the
values seen in the previous January. The large SPAD in
winter, i.e., when Q. serrata is not foliated, might be a
strategy allowing middle-canopy tree species to catch
PPFD.

For the lower-canopy species, SPAD was higher in
L. japonica than in A. japonica year-round. There was no

Fig. 2 Seasonal variation in the daily mean CO2 flux (NEE) over
the canopy. Open circles represent daily mean values and the solid
line shows the 5-day running average of the fluxes. The figure also
shows the daily precipitation

Fig. 3 Seasonal variation in the normalized difference vegetation
indexes (NDVI) of the upper (thick line), middle (gray line), and
lower (thin line) canopies

Fig. 1 Seasonal variation in the daily mean flux densities of the net
radiation (Rn), sensible heat flux (H), latent heat flux (lE), and soil
heat flux (G). The points plotted for each flux represent the daily
mean values of the flux densities. Thick and thin solid lines show the
5-day running averages of the latent and sensible heat fluxes,
respectively. The figure also shows the daily precipitation
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significant seasonal variation in the lower-canopy trees,
although the SPAD in June may have been low, as oc-
curs in the middle canopy (there were no data for June).
Note that we cannot compare the absolute amount of
chlorophyll across species based on the SPAD.

Leaf nitrogen content

The seasonal variation in the area-based leaf nitrogen
content (Na) for the six species is shown in Fig. 5. The
upper trees (Q. serrata) were separated into sunlit and
shaded leaves. For Q. serrata, Na differed from SPAD.
After leaf foliation up to 130 DOY, Na was typically
high. As the majority of leaf nitrogen is in chlorophyll
(Evans 1989), the seasonal variation in Na and SPAD
should be similar. In fact, their behaviors were opposite
from leaf foliation until 130 DOY. Na might be high in

this season owing to the small leaf area of Q. serrata at
this time. From 131 DOY (11 May) to 345 DOY (11
December), the seasonal change in Na was similar to that
of SPAD. For the period when Na was constant, the Na

of sunlit leaves was higher than that of shaded leaves
because the sunlit leaves were thicker than the shaded
leaves, although the leaf area did not differ significantly
(see below).

The seasonal trend in the mass-based leaf nitrogen
content (Nm) was similar to that of Na for Q. serrata. In
particular, Nm was higher from leaf foliation until 130
DOY, after which it remained constant before dropping
in the fall (figures not shown). However, Nm was higher
in shaded leaves than in sunlit leaves, again because the
sunlit leaves were thicker than the shaded leaves, i.e., the
specific leaf area (SLA) of sunlit leaves was smaller than
that of shaded leaves (Fig. 6).

The seasonal changes in Na for the middle-canopy
plants were similar in V. bracteatum, I. pedunculosa, and
E. japonica (Fig. 5). Conversely, although Nm was sim-
ilar in I. pedunculosa and E. japonica, it was higher in
V. bracteatum year-round (figures not shown) because
V. bracteatum leaves are thinner than those of the other
two plants, i.e., the SLA of V. bracteatum leaves was
larger than that of the leaves of I. pedunculosa and
E. japonica (Fig. 6).

There were no significant seasonal trends in Na or Nm

for the lower-canopy plants. A. japonica had a lower Na,
but a higher Nm compared with L. japonica year-round
because A. japonica had a large SLA (Fig. 6).

Discussion

Estimating stomatal conductance using a Jarvis-type
model

Our Jarvis-type model used three environmental func-
tions to predict stomatal conductance: PPFD, T, and
VPD (see sections ‘‘Jarvis-type stomatal conductance
model’’ and ‘‘Parameter fitting’’). The fitted results for
the five parameters with R2 are shown in Table 1. The
maximum R2 was 0.77 (I. pedunculosa), and the mini-
mum was 0.31 (shaded leaves of Q. serrata). To validate
our Jarvis-type model of stomatal conductance, the
observed and estimated stomatal conductances were
compared (figures not shown). The fitted parameters for
the model were substituted into the equations and the
curves were drawn in order to see whether the stomatal
conductance responded to each environmental factor in
various plants.

The stomatal conductance–light response curves dif-
fered considerably between sunlit and shaded species
[Table 1; a and gswmax f(Q)]. With respect to the light
response curves of stomatal conductance, sunlit leaves
had a higher maximum stomatal conductance (gswmax)
than shaded leaves, perhaps because of their greater
response to gas transfer. However, shaded leaves had
low light saturation relative to sunlit leaves. In other

Fig. 4 Seasonal variation in SPAD for the a upper-, b middle-, and
c lower-canopy trees. The upper-canopy trees (Q. serrata) were
divided into sunlit and shaded leaves. The vertical bars represent
standard deviation
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words, shaded leaves could reach their maximum sto-
matal conductance at lower light intensities than sunlit
leaves. Accordingly, the initial slopes (a; quantum yield)
were higher for shaded leaves than for sunlit leaves.
Sirisampan et al. (2003) reached similar conclusions. The
nature of these differences has been studied widely for
photosynthetic approaches, but not for stomatal con-
ductance, and has been studied most thoroughly using
leaves of the same plant that have been produced under
either low or high light intensities. Shaded leaves do not
have the capacity to use up the excess energy via the
xanthophyll cycle, thus the light energy trapped by
shaded leaves under intense light cannot be used fully for
photosynthesis. Moving a shaded leaf directly into the
sun can damage the photosynthetic system (photo-inhi-
bition) (Demmig-Adams and Adams 1992).

These results are similar to the photosynthetic
behavior of sunlit and shaded plants. Sunlit plants have
a higher maximum rate of photosynthesis and light
saturation than shaded plants, while the quantum yield
of sunlit plants is lower than that of shaded plants

(Lüttge 1985). Other studies have found that the quan-
tum yield of photosynthesis of sunlit and shaded leaves
is the same, particularly in the same species (Björkman
et al. 1972; Björkman 1981).

The optimum temperature (To) of sunlit leaves in Q.
serrata and of the middle-canopy plants was higher than
for shaded leaves in Q. serrata and lower-canopy plants.
To of the lower-canopy plants was 10�C lower than for
sunlit leaves in Q. serrata and middle-canopy plants. The
fitted parameters were reasonable for the environmental
conditions.

Note that the model produces overestimates for April
and underestimates for June for almost every species,
probably because it does not include physiological
factors, such as leaf age. Sirisampan et al. (2003) had
similar results, but they found that the overestimation
occurred in May. As described before, from late April to
May, new leaves showed reduced stomatal conductance
compared with other seasons. Larcher (1994) suggested
that stomatal conductance was affected by both
environmental and physiological factors, such as plant

Fig. 6 Seasonal variation in the specific leaf area (SLA) for the a
upper-, b middle-, and c lower-canopy trees. The upper-canopy
trees (Q. serrata) were divided into sunlit and shaded leaves

Fig. 5 Seasonal variation in the leaf nitrogen content based on leaf
area (Na) for the a upper-, b middle-, and c lower-canopy trees. The
upper-canopy trees (Q. serrata) were divided into sunlit and shaded
leaves. The vertical bars represent the standard deviation
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hormones. Although measuring hormone levels is rela-
tively difficult, if the model included a physiological
stress factor for leaf age, this overestimate might not
occur.

Estimating stomatal conductance using a Jarvis-type
model with SPAD parameterization

In this section, we incorporate physiological factors
representing leaf age in the Jarvis-type model in order to
estimate stomatal conductance better. The Jarvis-type
stomatal conductance model includes various environ-
mental factors that are insufficient to explain all the
stomatal conductance behaviors. We hypothesized that
stomatal conductance is also controlled by physiological
factors, such as leaf age.

Based on the results shown in sections ‘‘SPAD’’ and
‘‘Leaf nitrogen content’’, Na or Nm cannot represent
chlorophyll density directly. Conversely, based on the
seasonal variation in the canopy-scale NDVI (see section
‘‘Canopy-scale NDVI’’), SPAD can represent the sea-
sonal variation in chlorophyll density, because SPAD
was low in the leaf-expansion season for almost all of the
species and in the senescence season for the deciduous
plant Q. serrata. Therefore, SPAD was included in the
Jarvis-type model. Fortunately, measuring SPAD is
relatively easy compared with measuring the leaf nitro-
gen content.

As SPAD is a parameter that represents the acquisi-
tion of light at the leaf surface, we incorporated it in the
hyperbolic function for the maximum stomatal con-
ductance at the current PPFD (Eq. 9). A new parameter
SPAD/SPADmax was multiplied by Q in f(Q) to repre-
sent the acquisition intensity of PAR. Therefore, gswmax

f(Q) in Eq. 9 can be recast as

gswmax f ðQÞ ¼ gswmax SPAD=SPADmaxð ÞQ
SPAD=SPADmaxð ÞQþ gswmax=að Þ ;

ð13Þ
where SPAD is the measured value and SPADmax is the
annual maximum value. When SPAD equaled SPADmax

on a given measurement day, the leaves had the maxi-
mum ability to acquire light.

All the data were again fitted in the model using the
same procedures as for the normal Jarvis model, and the
five parameters (gswmax, a, b, c, and To) were again

determined. Using Eq. 13, the estimated results improved
somewhat for sunlit (R2=0.368) and shaded (R2=
0.329) leaves of Q. serrata, V. bracteatum (R2=0.418),
I. pedunculosa (R2=0.778), E. japonica (R2=0.534), and
L. japonica (R2=0.520). However, A. japonica (R2=
0.630) produced somewhat lower results. The five fitted
parameters changed slightly, but the differences were not
pronounced (Table 2).

One possible reason why the estimates for Q. serrata
did not change much is that the observed stomatal
conductance in December was unexpectedly large
(Fig. 7a, b). Turner and Heichel (1977) and Abrams
(1988) found that stomatal conductance dropped sud-
denly from the senescence to the leaf-falling seasons
after yellow spots appeared on the leaf surface. Our re-
sults differed from theirs. In this season, the observed
rates of photosynthesis and transpiration were small,
despite the large stomatal conductance. In addition, the
obtained values of VPD and the difference between the
atmospheric CO2 concentration and the CO2 concen-
tration within the stomata were small. A small difference
between the atmospheric CO2 concentration and the
CO2 concentration within the stomata is reasonable,
owing to the small rate of photosynthesis even with a
large stomatal conductance. This large stomatal con-
ductance might be owing to the dull-leaf phenomenon.
Conversely, the chlorophyll density decreased based on
the SPAD measurements (Fig. 4), and Na decreased
(Fig. 5). Therefore, the physiological activity was low
during this season. The decrease in these physiological
activities is consistent with data obtained for the can-
opy-scale CO2 flux (NEE) and NDVI. Therefore, we
cannot find any reasons not to include the SPAD when
modeling the stomatal conductance to include a leaf-age
effect.

Another possible reason why the estimates for Q.
serrata did not change markedly is that the observed
stomatal conductance in late April was unexpectedly
small (Fig. 7a, b). As described in section ‘‘Canopy-scale
NDVI’’, the qPAR peaked just after foliation, while the
upper-canopy NDVI dropped slightly at the same time
(Fig. 3). This means that the ability of Q. serrata to
absorb PAR was very small in this season. The existence
of silky soft hairs on the Q. serrata leaves might be the
reason; this postulate is supported by the peak in qPAR

just after foliation. These phenomena might be corre-
lated with physiological tactics just after the foliation of
Q. serrata to prevent PAR absorption. These tactics

Table 1 Parameter sets fitted
for the stomatal conductance
model without SPAD
parameterization together with
the coefficient of determination
(R2)

R2 gswmax a b c To

Q. serrata (sunlit) 0.345 0.4627 0.00573 15.090 0.7876 38.82
Q. serrata (shaded) 0.309 0.2335 0.02694 11.974 1.1748 34.01
V. bracteatum 0.415 0.1978 0.01640 26.688 1.6275 39.88
I. pedunculosa 0.774 0.2117 0.01378 14.183 1.6595 38.29
E. japonica 0.530 0.2509 0.02800 14.023 1.6871 38.99
A. japonica 0.632 0.1378 0.04669 10.855 2.2304 31.49
L. japonica 0.514 0.0611 0.06048 16.261 2.4534 27.71
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might be designed to prevent exposure to excess PAR in
order to protect photosynthetic pigments and thylakoid
disks (membrane) (Larcher 1994). Just after foliation,

the photosynthetic system might be damaged if strong
PAR strikes the leaf because the cuticular layer on the
leaf surface is not fully developed. This results in a

Fig. 7a–g Observed (open
circles with thin lines) and
estimated (thick lines) stomatal
conductance using the model
with SPAD parameterization.
The upper-canopy trees (Q.
serrata) were divided into a
sunlit and b shaded leaves

Table 2 Parameter sets fitted
for the stomatal conductance
model with SPAD
parameterization together with
the coefficient of determination
(R2)

R2 ggwmax a b c To

Q. serrata (sunlit) 0.368 0.4299 0.00667 18.956 0.9052 41.26
Q. serrata (shaded) 0.329 0.2771 0.02844 11.283 1.2908 35.87
V. bracteatum 0.418 0.2025 0.01996 26.748 1.5549 39.98
I. pedunculosa 0.778 0.2124 0.01565 14.158 1.6127 38.83
E. japonica 0.534 0.2794 0.03476 11.984 1.5309 39.02
A. japonica 0.630 0.1449 0.05206 10.624 2.2190 32.44
L. japonica 0.520 0.0614 0.06066 16.312 2.4652 27.80
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smaller stomatal conductance. Other possible reasons
for the small stomatal conductance in April might be
insufficient growth of stomata or low activation of
photosynthetic enzymes despite the large amount of
nitrogen in the Q. serrata leaves. As described in the
section ‘‘Leaf nitrogen content’’, most of the leaf nitro-
gen is in chlorophyll (Evans 1989). Therefore, the sea-
sonal variations in Na and SPAD should show similar
tendencies. However, their behaviors were opposite from
leaf foliation until 130 DOY. These opposite tendencies
might arise if there is insufficient growth of stomata or
low activation of photosynthetic enzymes. Under such
conditions, there is no need to open the stomata of Q.
serrata because the ability of CO2 absorption is nearly
zero, while the H2O loss is large. Consequently, the
stomatal conductance might be smaller. These results
correspond well with the canopy-scale data for the latent
heat and CO2 fluxes and NDVI (as described in sections.
‘‘Canopy-scale fluxes of heat and CO2’’ and ‘‘Canopy-
scale NDVI’’).

Strictly speaking, it was difficult for the SPAD meter
to measure the canopy-scale SPAD, including the effect
of silky soft hairs on the leaf surface of Q. serrata, be-
cause the SPAD meter held the leaves tightly. Therefore,
the actual SPAD might be significantly lower than the
measured value, because the upper-canopy qPAR was
large (i.e., the upper-canopy NDVI was small) just after
foliation (Fig. 3).

For the middle- and lower-canopy species, except A.
japonica, inclusion of SPAD in the Jarvis-type model
gave a better estimate of stomatal conductance
(Tables 1, 2). Therefore, SPAD (or chlorophyll density)
appears to be a new measure representing stomatal
conductance in evergreen species.

In the future, in order to better estimate the stomatal
conductance for deciduous species, such as Q. serrata,
other physiological parameters than chlorophyll density
and leaf nitrogen content should be included in the
conductance model. In nature, it is very difficult to dis-
cover which factors influence plant activities because leaf
age changes in parallel with environmental changes. The
most appropriate age is also the most appropriate
environment. At any rate, Larcher (1994) suggested that
stomatal conductance was affected by both environ-
mental and physiological factors, such as plant hor-
mones. Physiological parameters must be included in the
model in the hyperbolic function of the maximum sto-
matal conductance, gswmax.

Conclusions

We tried to quantify stomatal conductance in a CO2-
fertilized warm-temperate forest, using a Jarvis-type
model, while considering both environmental variables
and physiological factors. This study considered (1) the
characteristics of the diurnal and seasonal variation, (2)
simultaneous measurements with the canopy-scale fluxes

of heat and CO2, and NDVI, (3) the stomatal conduc-
tance of sunlit and shaded leaves, (4) a stomatal con-
ductance model, and (5) the effects of leaf age on
stomatal conductance.

Sunlit leaves had the largest stomatal conductance in
terms of both the magnitude and variability of the
diurnal and seasonal variation, whereas shaded leaves
had only a small variation in conductance.

No significant differences in the seasonally observed
stomatal conductance or leaf-level exchange rates of
H2O and CO2 were detected for 1998 and 2001.

The Jarvis-type model overestimated stomatal con-
ductance while new leaves were sprouting in spring.
Therefore, we incorporated SPAD in the model as an
easily measured representative of chlorophyll density.
As SPAD represents the acquisition of light on the
leaf surface, it was used in the hyperbolic function of
the maximum stomatal conductance for the current
PPFD. However, the estimates for Q. serrata did not
change much compared with estimates using only
environmental factors. The negative correlation be-
tween stomatal conductance and SPAD during the
senescence season was thought to be one reason.
Other possible reasons were that the SPAD sensor
could not detect the chlorophyll density owing to the
existence of silky soft hairs covering young leaves just
after the foliation of Q. serrata, or that enzyme acti-
vation was low during this season despite the high
nitrogen content.

Canopy-scale data, such as the heat and CO2 ex-
changes (fluxes) and upper-canopy NDVI, corresponded
with the upper-canopy characteristics of leaves, except
for the stomatal conductance in the leaf-fall season in
this forest.

Although leaves of evergreen plants, which sprouted
in different years have similar stomatal conductances
(Sirisampan et al. 2003), the estimates for evergreen
species using SPAD were slightly better than those using
environmental factors only. Perhaps the model can be
improved if it includes other physiological factors (e.g.,
hormones) as limiting factors in gswmax.
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Abstract Here we review research on the links between
hydrological processes and the biogeochemical envi-
ronment controlling the dynamics of dissolved organic
carbon (DOC) and dissolved inorganic carbon (DIC) in
temperate forested catchments. In addition, we present
the results of original experiments. The spatial and
temporal changes in DIC and DOC concentrations were
investigated in tandem with observations of elementary
belowground hydrological processes for a forested
headwater catchment in central Japan. The soil CO2 gas
concentration, which is the source of DIC, increased
with depth. The hydrological characteristics of ground-
water also affected the spatial variation of partial pres-
sure of dissolved CO2 (pCO2) in groundwater. The
temporal variations in the soil CO2 gas concentration
and the pCO2 values of groundwater suggested that the
dynamics of DIC were strongly affected by biological
activity. However, the geographical differences in DIC
leaching were affected not only by the link between cli-
matological conditions and biological activity, but also
by other factors such as geomorphologic conditions. The
DOC concentrations decreased with selective removal of
hydrophobic acid during vertical infiltration. The major
DOC-removal mechanisms were retention of metal-or-
ganic complexes to soil solids in the upper mineral soil
layer and decomposition of DOC in the lower mineral
soil layer. The responses of the DIC and DOC concen-
trations to changes in discharge during storm events
were explained by the spatial variation in the DIC and
DOC concentrations. Seasonal variation, which repre-
sents a long-term change, in stream water DOC con-
centrations was affected not only by the temporal
variation in DOC concentrations in the topsoil, which
may be affected by biological activity, but also by water

movement, which transports DOC from the topsoil to
stream water. These results indicate that both a bio-
geochemical approach and a method for evaluating the
hydrological effects on carbon dynamics are critical for
clarifying the carbon accumulation-and-release pro-
cesses in forested ecosystems.

Keywords Forest ecosystem Æ DIC Æ DOC Æ
Hydrological processes Æ Biogeochemical processes

Introduction

Since the 1980s, the increasing concentration of atmo-
spheric CO2 caused by human activities such as fossil-
fuel combustion and changes in land use has been a
serious concern not only for the scientific community,
but also for the general public. Therefore, more impor-
tance has been placed on understanding the changes in
carbon storage in forest ecosystems, given that forest
ecosystems act as large carbon reservoirs and are con-
sequently important components of the global carbon
cycle (e.g., Ciais et al. 1995; Fung 2000; Pacala et al.
2001; Schimel et al. 2001).

The CO2 exchange between terrestrial ecosystems and
the atmosphere has been quantified in various biomes and
climate regions (Oakridge National Laboratory 2003).
Assimilated carbon is stored not only in vegetation
(aboveground) but also in roots and soil organic carbon
(belowground). In humid regions, litterfall and the
resulting decomposed material [particulate organic car-
bon (POC)] are exported to aquatic ecosystems by sur-
face-water flow in the stream–river continuum. The
movement of water exports dissolved organic carbon
(DOC) and dissolved inorganic carbon (DIC) from the
root zone. DIC is also released from deeper mineral soils
and bedrock below the root zone. Since the 1980s, studies
have shown that these carbon fluxes through rivers are an
important component in the global carbon cycle (e.g.,
Schlesinger and Melack 1981; Meybeck 1982).
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The leaching of carbon below the soil surface is one
of the decomposition processes involving carbon that
has been assimilated photosynthetically aboveground.
To clarify the mechanisms sustaining the intrasystem
cycles (Bormann and Likens 1967; Likens and Bormann
1972), an analysis of this underground decomposition
process is indispensable. In addition, exported carbon
from forest ecosystems is an important energy source for
downstream ecosystems, such as rivers and lakes (Hynes
1975). Studies of these processes, however, remain
challenging because the occurrence of decomposition
and the pathways of solutes transported by water are
highly heterogeneous, both spatially and temporally.
Moreover, the root zone, where both plants and soil
microorganisms affect carbon dynamics, is only one part
of an active subsurface zone that affects carbon
dynamics (Richter and Markewitz 1995). The carbon
dynamics in the deep soil zone below the root zone are
also affected by chemical weathering from carbonic acid
produced by the dissolution and dissociation of soil CO2

derived from decomposition and root respiration. To
accurately discuss carbon cycles on a watershed scale,
the carbon dynamics in soil zones deeper than those
considered by previous studies must be included.

The discussion of carbon cycles at a watershed scale
must also include hydrological parameters, because
dissolved carbon is primarily transported by the move-
ment of water. The processes affecting DOC quantity
and quality in the soil profile have been examined in
several studies (Neff and Asner 2001), but few have
examined DOC dynamics in the soil–groundwater–
stream continuum (e.g., McDowell and Likens 1988;
Moore 1989; Moore and Jackson 1989). Studies inte-
grating the dynamics of DOC, soil CO2, and DIC are
very limited.

The importance of carbon accumulation and carbon
export processes has been reconsidered in new ap-
proaches to understanding biogeochemical cycles in
forested ecosystems (Kume 2002), but the occurrence
mechanisms for many phenomena are still unclear. Here
we review relatively recent literature on the mechanisms
of carbon export from forested ecosystems and refer to
original results of a catchment-scale experiment in a
forested ecosystem. The changes in DIC and DOC
concentrations coupled with belowground hydrological
processes in a forested headwater catchment are dis-
cussed.

Changes in DIC in relation to hydrological processes
in a forested catchment

We investigated the dynamics of DIC and hydrological
processes in a forested headwater catchment. The study
site was a forested headwater catchment (0.68 ha, Ma-
tsuzawa catchment) in the Kiryu Experimental Wa-
tershed, south of Lake Biwa, central Japan (35�N,
136�E; Fig. 1a). A longitudinal section of the catchment
is illustrated in Fig. 1b. The catchment is underlain by

weathered granitic rock. The soils are predominantly
Cambisols, and the average soil depth is 1.51 m
(Katsuyama 2002). The Matsuzawa catchment has two
different forest types: deciduous trees on the upper
slopes and Japanese cypress on the intermediate and
lower parts of the catchment. Groundwater was sampled
from 13 wells distributed throughout the catchment, and
the water chemistry was analyzed. The wells were
grouped into three categories based on their hydrologi-
cal behavior (Ohte et al. 1991):

1. The saturated zone (type S) is saturated by ground-
water year-round and is adjacent to the stream. The
groundwater flows downward into the perennial
groundwater body and discharges through a spring.
This groundwater is the major source of stream water
during base flow.

2. The unsaturated zone (type U) is characterized by
shallow soils and is located on the hillslope part of
the catchment. This zone is not saturated continu-
ously, but during rainstorms groundwater saturation
may temporarily occur. The groundwater is thought
to be affected by unsaturated flow (soil solution),
which is the major source of temporal lateral flow.

3. The transient saturated zone (type T) is situated at
the edge of the saturated zone. During the wet sea-
son, from spring to fall, the zone is continuously
saturated. During the drier winter, saturation by
groundwater occurs occasionally.

In addition, two plots (G1 and G34) were established
to sample soil gas and soil solution.

DIC concentration was strongly affected by the pH
and partial pressure of dissolved CO2 (pCO2). The pH
ranged from 4.7 in throughfall to 5.7–5.9 for perennial
groundwater (Ohte et al. 1995). The pH of the stream
water exceeded 6.0, which was higher than that of the
springwater and perennial groundwater. Field observa-
tions of the electrical ion balance and direct measure-
ments of the pCO2 indicated that these differences in pH
resulted from the electrical ion balance and the spatial
variation in pCO2 in the soil and groundwater (Ohte
et al. 1995).

The dissolved CO2 in groundwater is produced by
biological activity, such as root and microbial respira-
tion, as there is little geological CO2 in granite rocks.
The dissolved CO2 produced by biological sources is
called soil respiration, and it induces chemical weath-
ering in the soil and weathered bedrock layers and in-
creases the alkalinity and pH.

Figure 2 shows the average pCO2 values of rainfall,
throughfall, groundwater, springwater, and stream wa-
ter during the observation period (Ohte et al. 1995). The
pCO2 values of rainfall and throughfall were similar to
those of atmospheric pCO2, about 1.0·10�3 atm. In
contrast, pCO2 of perennial groundwater was one order
of magnitude greater than that of rainfall and
throughfall. The differences in the pCO2 values of
throughfall, perennial groundwater, and groundwater in
the unsaturated zone indicate that water passed from a
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low CO2 zone in the unsaturated zone to a high CO2

zone in the groundwater zone. The average pCO2 values
in the saturated zone were similar, regardless of the
depth or location of the sampling wells within the

perennial groundwater body. The pCO2 value of
springwater was the same as that of perennial ground-
water and was about one order of magnitude greater
than that of stream water. The pCO2 value of stream
water was slightly higher than the atmospheric level,
indicating that CO2 degassing occurred instantaneously.

Figure 3 shows the seasonal variation in pCO2, pH,
and the water temperatures of groundwater and
springwater (Ohte et al. 1995). The pCO2 values of
groundwater and springwater varied with water tem-
perature, while their pH varied inversely with pCO2.
This pattern is explained by the equilibrium relationship
between pCO2 and pH, i.e., a high pCO2 reduces pH
under conditions of high alkalinity (Reuss et al. 1987).

The spatial and temporal variations in the soil CO2

concentration in the Matsuzawa catchment have been
described by Hamada et al. (1996; Fig. 4). Their results
suggested that temporal variation in the soil CO2 con-
centration was controlled by changes in soil temperature
and soil moisture. The soil CO2 concentration reached a
maximum in July, and the concentration at a depth of
150 cm was more than 10 times higher than that of the

Fig. 2 Average pCO2 values for rainfall, throughfall, springwater,
stream water and U-, T-, and S-types of groundwater (modified
from Ohte et al. 1995). The groundwater data are plotted with the
depth of the well from which the samples were taken on the
horizontal axis

Fig. 1 a Location of the study
site. b Longitudinal section of
the Matsuzawa catchment and
a schematic of the hydrological
processes in the catchment
(modified from Ohte et al.
1995). Three groundwater zones
were distinguished based on
hydrological characteristics
(Ohte et al. 1991). G1 and G34
indicate the locations of
observation points
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atmosphere. The pCO2 of the perennial groundwater
(about 1.0·10�2 atm; Fig. 2) was the same as the soil
CO2 concentration (0.2–1.5·10�2 atm; Fig. 4).

The dissolution and dissociation of CO2 are pro-
moted by chemical weathering. The CO2 dissolution-
dissociation reaction process and a chemical weathering
reaction are expressed by the following equations:

CO2 þH2O $ Hþ þHCO�
3 ð1Þ

NaAlSi3O8ðsÞ þ CO2 þ ð11=2ÞH2O
$ Naþ þHCO�

3 þ 2H4SiO4

þ ð1=2ÞAl2Si2O5ðOHÞ4ðsÞ ð2Þ
The protons supplied by the CO2 dissolution reaction

cause direct dissolution from primary minerals, such as
in the above reaction, where CO2 is consumed and
HCO3

� is produced. Moreover, the release of cations
into the soil solution increases the alkalinity.

Geographical differences in bicarbonate concentration

HCO3
� produced during chemical weathering is the

major form of DIC in stream waters of pH 6–8.4, as in
the Matsuzawa catchment. Chemical weathering reac-
tions are generally controlled by bedrock mineralogy
and various environmental factors (e.g., Berner and
Berner 1996; Schlesinger 1996). Berner (1992) reviewed
studies of global-scale long-term carbon cycles, which
are influenced by chemical weathering and vegetation
changes. White and Blum (1995) evaluated the climatic
effects on chemical weathering using variation in the
SiO2 concentrations in 68 watersheds around the world
that are underlain by granitic bedrock. Ohte and
Tokuchi (1999) examined the factors determining the
geographical variation in HCO3

� leaching in 107
experimental watersheds. Figure 5 shows the relation-
ship between the HCO3

� concentration and the pH of

stream water in vegetated watersheds worldwide. The
HCO3

� leaching can be considered to be the bulk
expression of the acid-buffering status of watersheds.

The HCO3
� concentration and pH of stream water in

Asian forests, including those in Japan, under warm-
humid temperate climates are generally higher than
those in European and northeastern American forests
under cool temperate to subpolar climates. Ohte and
Tokuchi (1999) proposed the hypothesis that, in addition

Fig. 4 Soil CO2 profile at G1 and G34 (modified from Hamada
et al. 1996). The observation period was from May 1994 to January
1995

Fig. 3 Seasonal variation in pCO2, pH and water temperature in
springwater and U- and S-types of groundwater (modified from
Ohte et al. 1995)
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to the effects of precipitation and temperature (White
and Blum 1995), tectonic level topographical variations
cannot be ignored as a controlling factor of weathering
when discussing geographical variation in HCO3

�

leaching. That is, the geographical differences in DIC
leaching are affected not only by the link between cli-
matological conditions and biological activity, but also
by other factors such as geomorphologic conditions.

The change in DOC in relation to hydrological processes
in a forested catchment

In nature, water contains varying amounts of DOC,
which originates from plant litter, soil humus, microbial
biomass, or root exudates. DOC is often defined oper-
ationally as the continuum of organic molecules of
different sizes and structures that can pass through a
0.45-lm filter. Most of what is collectively termed
‘‘dissolved organic carbon’’ in soils consists of complex
molecules of high molecular weight, i.e., humic sub-
stances. As with soil organic carbon, a general chemical
definition of DOC is impossible. Only small proportions
of DOC, mostly low-molecular-weight substances such
as organic acids, sugars, and amino acids, can be iden-
tified chemically (Kalbitz et al. 2000). Herbert and
Bertsch (1995) reviewed fractionation and characteriza-
tion methods for determining DOC.

Here we present a case study describing the dynamics
of DOC in a forested headwater catchment. Figure 6
shows the DOC concentrations and specific UV absor-
bance (SUVA: absorbance at 250 nm/DOC concentra-
tion) of rainfall, throughfall, soil solutions, groundwater,
and stream water. SUVA represents an average absorp-
tivity for all molecules that comprise the DOC in a water
sample, and has been used as a surrogate measurement
for aromaticity. SUVA increases with humification,
suggesting that it is a good indicator of the humic fraction
of DOC (Yonebayashi 1989). In addition, SUVA is well
correlated with the rate of the hydrophobic acid fraction
(Imai et al. 1998). Both DOC concentrations and SUVA
decrease with depth, suggesting that hydrophobic acids

are removed selectively as they pass downwards during
the infiltration process, especially in the upper mineral
soil layer. Figure 7a represents the relationships between
the total dissolved Al concentrations and pH, and also
shows the solubility of amorphous Al(OH)3. While
inorganic Al dissolves in soil solutions, its actual solu-
bility is limited by the solubility of amorphous Al(OH)3
(Bolts and Bruggenwert 1980). If all dissolved Al were
inorganic, then the Al concentration should be lower
than the solubility of amorphous Al(OH)3. This was not
the case, suggesting that most of the total dissolved Al in
soil solution was organic. Figure 7b shows the positive
correlation between DOC concentration and total dis-
solved Al concentration (r=0.872, P<0.01, n=169), a
pattern probably caused by the formation of an organic
complex between DOC and Al. It is generally accepted in
the study of soil formation processes that organic matter
and Al migrate downward from the E to the B horizon in
the form of organic complexes (e.g., Dawson et al. 1978;
Lundström et al. 2000). Cronan and Aiken (1985) re-
ported that the selective removal of the hydrophobic acid
fraction of DOC was related to the precipitation of me-
tal-saturated DOC. While the mechanisms of immobili-
zation of metal-organic complexes have not been
demonstrated, hypotheses propose that metal-organic
complexes increase during the infiltration process, fol-
lowed by precipitation or adsorption caused by the
higher molecular-weight fraction of the DOC or by
neutralization of the initially negatively charged fraction
of DOC (Bolts and Bruggenwert 1980). These mecha-
nisms do not contradict the results that both DOC con-
centration and SUVA decreased with depth. Therefore,
the DOC concentration in the upper mineral soil layer
may be decreased by the retention of metal-organic
complexes to soil solids (Kawasaki et al. 2002a).

After the rapid decrease in DOC concentration
caused by the retention of metal-organic complexes to
soil solids, the change in DOC concentrations was small
at depths of 30–100 cm at G34 (30 cm: 3.93 mg C l�1,
100 cm: 3.79 mg C l�1; Fig. 6). However, DOC con-
centration of G34 groundwater (1.21 mg C l�1) was
lower than these concentrations. The direct adsorption

Fig. 5 Relationship between the
HCO3

� concentration and the
pH of stream water at each site
(modified from Ohte and
Tokuchi 1999). The geographic
areas are Asia, North America
except the southern Blue Ridge
Province (SBRP), SBRP,
Europe except the Spanish
Mediterranean, and the Spanish
Mediterranean. The
geographical characteristics of
each region were detailed by
Ohte and Tokuchi (1999)
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Fig. 6 a DOC concentrations
and b specific UV absorbance
(250 nm) of rainfall, G34
throughfall (TF), soil solution
from G34 soils at six profile
depths (0, 10, 20, 30, 50, and
100 cm), G34 groundwater
(UW), and stream water
(modified from Kawasaki et al.
2002a). The concentrations and
absorbances were calculated
using the volume-weighted
average, except for the rainfall,
groundwater, and stream water
concentrations, which were
calculated using the arithmetic
average

Fig. 7 a Relationship between
pH and Al concentrations in
soil solutions from G34,
including the solubility of
amorphous Al(OH)3. b
Relationship between DOC and
Al concentrations in soil
solutions from G34 (modified
from Kawasaki et al. 2002a)
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of DOC onto soil minerals and the decomposition of
DOC are considered to be DOC-removal mechanisms,
with the exception of the retention of metal-organic
complexes to soil solids. The DOC adsorption efficiency
appeared to be homogeneous from the upper to the
lower soil layers (Fig. 8). In addition, the soil properties
in the Matsuzawa catchment below the C horizon were
homogeneous, suggesting that the DOC adsorption
efficiency may be homogeneous below the C horizon.
However, there were two patterns in the decrease of
DOC concentrations, suggesting that the easily adsorbed
DOC fraction had been removed in the upper mineral
soil layer, and that decomposition contributed to low-
ering the DOC concentrations in the lower mineral soil
layer. The decomposition of DOC is thought to occur in
any location, but the slow rate of decomposition makes
it difficult to detect changes in concentrations during
infiltration from 0- to 100-cm soil depths. On the other
hand, the depth of G34 groundwater exceeds 5 m, and
water reaches G34 groundwater not only through ver-
tical infiltration but also, considering the topography
and soil depths of the Matsuzawa catchment, through
temporal lateral flow (Kim et al. 1988). The long resi-
dence time of G34 groundwater may be sufficient for the
detection of decomposition-related reduction in DOC
concentration (Kawasaki et al. 2002a).

Not only the quantity but also the quality of DOC is
important for evaluating the function of DOC in both
terrestrial and aquatic ecosystems. Some fractionation
and characterization techniques have been developed
(reviewed by Herbert and Bertsch 1995). However, these
methods involve processing large volumes of water and
are labor intensive, making them impractical in studies
involving many sampling sites or many time points
(McKnight et al. 2001). Spectroscopic techniques have
the potential to meet this need. In particular, three-
dimensional fluorescence spectrometry has been useful

for characterizing the different components of DOC
(e.g., Coble et al. 1990; Mopper and Schultz 1993;
McKnight et al. 2001).

Nakanishi et al. (1999) reported the changes in the
fluorescence characteristics of DOC along the hydro-
logical continuum in the Matsuzawa catchment. They
pointed out that the relative fluorescence intensities of
the soil solutions decreased, and their spectroscopic
properties changed with soil depth. To clarify the
mechanisms of these changes, Kawasaki (2002)
compared the fluorescence characteristics of the DOC
component fractionated by the molecular-weight distri-
bution using the gel-filtration technique (Okazaki 2001)
and by the hydrophobicity and acid–base properties
using adsorption chromatography (DAX-8: macro-
reticular nonionic resin) and ion-exchange chromatog-
raphy (Kawasaki 2002). Figure 9 shows the peak posi-
tions of each fraction on the excitation emission matrix
(EEM). The peak emission wavelengths of hydrophobic
and hydrophilic acids were within the range of 470–
305 nm (Fig. 9a). In contrast, the peak emission wave-
lengths of hydrophobic and hydrophilic bases and neu-
trals were within the range of 430–395 nm (Fig. 9a). In
addition, the peak wavelengths of the components
fractionated by the molecular-weight distribution were
also within the range of 440–405 nm (Fig. 9b). These
results suggested that the peak position was affected not
by the hydrophobic/hydrophilic properties and the
molecular weight, but by the acid–base and neutral
properties of the DOC. Therefore, the change in spec-
troscopic properties of soil solutions reported by Nak-
anishi et al. (1999) represented a change in the acid
fraction of DOC. Given that the acid fraction of DOC
forms the organic complex, this does not interfere with
the mechanism of DOC removal which is the retention
of metal-organic complexes to soil solids.

Quantification of carbon flux and accumulation rates
in forest soil

The net annual rate of addition or removal of DOC
along the hydrological continuum was estimated using
the spatial variation in the DOC concentrations and
physical observations of rainfall, soil pore water pres-
sure, and discharge (Fig. 10; Kawasaki 2002). As pre-
cipitation moved through the vegetation and A0 layer,
the net annual addition of DOC was 61.3 and 220.3 kg
C ha�1 year�1, respectively. In the mineral soil layer,
DOC was removed rapidly, especially at soil depths
between 0 and 30 cm; the DOC removal rate was
262.8 kg C ha�1 year�1, which was 87% of the inflow
DOC flux to the mineral soil layer. After passing
through the upper mineral soil layer, no marked
change in the DOC flux was evident, and the net DOC
removal rate from a soil depth of 30 cm to the upper
perennial groundwater was 35.7 kg C ha�1 year�1.
During groundwater flow, the net rate of DOC addition
or removal was low, while the export of DOC

Fig. 8 Freundlich isotherms for DOC adsorption at G34 (modified
from Kawasaki et al. 2002a). The Freundlich isotherm is a function
of the equilibrium DOC concentration (Bolts and Bruggenwert
1980). The results of the adsorption experiment were described by
fitting them to Freundlich isotherms. The experimental procedure
was detailed by Kawasaki et al. (2002a)
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exceeded the DOC flux during groundwater flow owing
to storm events, as described in detail below.

Based on these results, Kawasaki (2002) compared
the DOC removal rate to soil carbon and the total rate
of inorganic carbon production (Fig. 11).

If all the removed DOC were to accumulate as soil
organic carbon in the upper mineral soil layer and
decompose in the lower mineral soil layer, 0.8% of the
soil carbon would be retained from DOC annually and
6.7% of the total production of inorganic carbon (DIC
and CO2) would derive from DOC. While these values
are small, soil organic carbon can accumulate in the
mineral soil layer for a long time (Hakamata et al. 2000),
making the 0.8% of soil carbon retained from DOC
annually an important component of the missing carbon
sink in forest ecosystems.

Factors controlling DIC and DOC export from forested
headwater catchments

The response of DIC and DOC concentrations to
changes in discharge during storm events can be ex-
plained by the spatial variation in DIC and DOC con-
centrations, as described above (Figs. 2, 6). DIC (HCO3)
concentrations decreased with increasing discharge as a
result of dilution, because DIC concentrations in
groundwater are higher than in soil solutions. In con-
trast, DOC concentrations increased with increasing
discharge, because DOC concentrations in groundwater
are lower than in soil solutions (Katsuyama and Ohte
2002; Kawasaki 2002). These trends are illustrated in
Fig. 12, which presents the relationships between DIC
and DOC concentrations and the discharge in Matsuz-
awa catchment from 23–26 June 2003. These trends have

Fig. 9 a Fluorescence peaks of
components fractionated using
adsorption chromatography
with a macro-reticular nonionic
DAX8 resin and ion-exchange
resin. The sampling and
analysis procedures were
detailed by Kawasaki (2002).
b Fluorescence peaks of
components fractionated using
a gel-filtration technique with
Sephadex G-25 [molecular
weight (MW) detection range
1,000–5,000; MW represents the
elution volume]. The void
volume of this experiment was
137.5 ml. The sampling and
analysis procedures were
detailed by Okazaki (2001) and
Kawasaki (2002)

Fig. 10 DOC flux and net DOC addition or removal rates per
stratum or horizon from April 2000 to March 2001 (modified from
Kawasaki 2002)

Fig. 11 Summary comparing the DOC removal rate and soil
carbon in the upper mineral soil layer
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also been observed in southern Hokkaido, North
America, and Europe (e.g., Boyer et al. 1996; Hagedorn
et al. 2000; Shibata et al. 2001).

It is difficult to generalize the response of DIC and
DOC concentrations to long-term changes in the sea-
sonal variation of discharge, because changes in both
hydrological conditions and biological activity, such as
root respiration and microbial activity, affect DIC and
DOC concentrations. Figure 13b shows the temporal
variation in DOC concentrations in G1 soil solutions,
G34 and G1 groundwater, and stream water. In summer
1999, an increase in the stream water DOC concentration
was found, but this was not the case in 2000; nevertheless,
the DOC concentration in the topsoil increased in both
years. The temporal variation in the hydraulic gradient in
G1, calculated as the lower minus the upper piezometric

head value divided by the distance between the two
points, is shown in Fig. 13a. The positive hydraulic
gradient value represents a downward water flux. The
difference in summer rainfall amount between 1999 and
2000 caused the different water flux at G1 (Fig. 13a).
These results suggest that the temporal variation in DOC
concentration in the topsoil, which may be affected by
biological activity, is important to the temporal variation
in stream water DOC concentrations. However, water
movement, which transports DOC from the topsoil to
stream water, is also important (Kawasaki et al. 2003).

Properties of DOC from forested headwater catchments

In the Fudoji catchment (8 km south of the Matsuzawa
catchment), fluorescence intensity representing amino
acids or proteins in bedrock groundwater was several
times higher than that of fulvic or humic acid (Table 1).
Recent studies have demonstrated the importance of

Fig. 12 Relationship between the dissolved carbon concentrations
(DIC and DOC) and discharge in Matsuzawa catchment from 23–
26 June 2003. During this period, the total rainfall was 128.3 mm
and the maximum rainfall was 19.9 mm h�1. The sampling and
analysis procedures were detailed by Okazaki (2001)

Table 1 Mean specific fluorescence intensities of amino acids or
protein-like peaks and humic or fluvic acid peaks in bedrock
groundwater sampled from 24 October 2000 to 17 January 2001
(n=5)

Amino acid or
protein-like

Humic acid or
fluvic acid

Excitation wavelength (nm) 225–270 320–360
Emission wavelength (nm) 300–350 410–450
Mean specific fluorescence
intensity (QSU/mg C l�1)

13.4 (n=5) 2.3 (n=5)

The average areas of each standard material (amino acids or pro-
tein-like materials, and humic or fluvic acids) in the EEM were
defined by Yoshioka et al. (1999). The sampling procedure was
detailed by Kawasaki et al. (2002b), and the fluorescence analysis
procedure was detailed by Nakanishi et al. (1999). QSU (quinine
sulfate unit): a standardized unit of fluorescence intensity using
quinine sulfate (Mopper and Schultz 1993)

Fig. 13 a Hyetograph and temporal variations in hydraulic
gradient in G1. The positive hydraulic gradient value represents a
downward water flux. b Temporal variations in the DOC
concentrations in the G1 soil solutions, G34 and G1 groundwater,
and stream water (modified from Kawasaki et al. 2003)
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water movement through the bedrock in the rainfall-
runoff process on steep slopes (e.g., Mulholland 1993;
Montgomery et al. 1997). Uchida et al. (2003) also
demonstrated that the contribution of bedrock ground-
water was considerable (50–95% of stream flow) in the
Fudoji catchment. These results suggest that fulvic and
humic acids, considered a major fraction of the allo-
chthonous DOC in aquatic ecosystems, are not the main
components of DOC from a forested headwater catch-
ment during base flow. Conversely, Katsuyama and
Ohte (2002) found that the intensity of fulvic acid fluo-
rescence increased with increasing discharge during
storm events in the Matsuzawa catchment. These results
suggest that changes to the hydrological flow path
control both the quantity and quality of DOC export
from forested headwater catchments.

Stream fluxes of DIC, DOC and POC

Fluxes of DIC and DOC in the stream flowing in the
Matsuzawa catchment have been estimated by Okazaki
(2001). Based on the relationships between DIC and
DOC fluxes and discharge, DIC and DOC exports from
the catchment have been estimated to be 2.4–9.4 and
7.6–26.1 kg C ha�1 year�1, respectively (Okazaki 2001;
Kawasaki 2002).

We have not discussed the mechanisms of particulate
organic carbon (POC) leaching and consider it more
useful to examine the POC formation processes sepa-
rately, because in-stream processes influence POC for-
mation more strongly than the biogeochemical processes
in forest soils do. However, we cannot ignore POC,
because 14–19% of the total carbon export in the
Matsuzawa catchment is POC (Okazaki 2001).

Shibata et al. (2001) reported that a high DIC con-
centration and DIC/DOC ratio were observed in the
Horonai River because of the relatively high discharge
during base flow. This result indicates that the hydro-
logical characteristics of a catchment may affect the
dissolved carbon flux and DIC/DOC ratios in streams. It
is difficult to generalize these results because of the lack
of environmental information for each catchment. In
addition, we must emphasize that few such observa-
tional data sets are available for Japan. Hope et al.
(1994) also pointed out the paucity of available data for
POC and dissolved CO2.

Conclusion

Based on original catchment-scale experiments for a
forested ecosystem, we have discussed the changes in
DIC and DOC concentrations coupled to belowground
hydrological processes in a forested headwater catch-
ment. The soil CO2 concentration, which is the source of
DIC, increased with depth. The hydrological charac-
teristics of groundwater also affected the groundwater
pCO2 values. The temporal variation in soil CO2 gas

concentrations and groundwater pCO2 values suggested
that the dynamics of DIC were strongly affected by
biological activity. However, the geographical differ-
ences in DIC leaching patterns are affected not only by
the link between climatological conditions and biologi-
cal activity, but also by other factors, such as geomor-
phological conditions.

DOC concentrations decreased with the selective re-
moval of hydrophobic acid during vertical infiltration.
The major mechanisms of DOC removal were retention
of metal-organic complexes to soil solids in the upper
mineral soil layer and decomposition of DOC in the
lower mineral soil layer. The response of DIC and DOC
concentrations to changes in discharge during storm
events was explained by the spatial variation in DIC and
DOC concentrations. On the other hand, seasonal var-
iation, which represents a long-term change, in stream
water DOC concentrations was affected by the temporal
variation in DOC concentrations in the topsoil, which
may be affected by biological activity, and also by water
movement, which transports DOC from the topsoil to
stream water.

Both a biogeochemical approach and methods for
evaluating hydrological effects on carbon dynamics are
necessary to better understand the carbon accumulation
and release processes in forested ecosystems, and few
such observational data sets are available for Japan.
Therefore, more field experiments based on the soil–
groundwater–stream continuum for DOC and DIC
dynamics are required.

Acknowledgements We thank Drs. Makoto Tani, Ken’ichiro
Kosugi, Naoko Tokuchi, Takahito Yoshioka, Yuko Asano, and
Taro Uchida for their valuable suggestions. We also thank Mr.
Ryota Okazaki and Dr. Su-Jin Kim for helping with our fieldwork
and laboratory analysis. We thank Dr. Takashi Kohyama and two
anonymous reviewers for helpful insights. This study was sup-
ported by grants from the Ministry of Education, Culture, Sport,
Science and Technology, Japan, for scientific research (IGBP-
MESSC and JSPS Research Fellow).

References

Berner RA (1992) Weathering, plants, and the long-term carbon-
cycle. Geochim Cosmochim Acta 56:3225–3231

Berner EK, Berner RA (1996) Global environment: water, air, and
geochemical cycles. Prentice Hall, Englewood Cliffs, NJ, pp 376

Bolts GH, Bruggenwert MGM (1980) Soil chemistry. Elsevier,
Amsterdam

Bormann FH, Likens GE (1967) Nutrient cycling. Science 155:424–
439

Boyer EW, Hornberger GM, Bencala KE, McKnight D (1996)
Overview of a simple model describing variation of dissolved
organic carbon in an upland catchment. Ecol Model 86:183–188

Ciais P, Tans PP, Trolier M, White JWC, Francey RJ (1995) A
large northern hemisphere terrestrial CO2 sink indicated by the
13C/12C ratio of atmospheric CO2. Science 269:1098–1102

Coble PG, Green SA, Blough NV, Gagosian RB (1990) Charac-
terization of dissolved organic matter in the Black Sea by
fluorescence spectroscopy. Nature 348:432–435

Cronan CS, Aiken GR (1985) Chemistry and transport of soluble
humic substances in forested watersheds of the Adirondack
Park, New York. Geochim Cosmochim Acta 49:1697–1705

356



Dawson HJ, Ugolini FC, Hrutfiord BF, Zachara J (1978) Role of
soluble organics in the soil processes of a Podozol, Central
Cascades, Washington. Soil Sci 126:290–296

Fung I (2000) Climate change—variable carbon sinks. Science
290:1313–1313

Hagedorn F, Schleppi P, Waldner P, Fluhler H (2000) Export of
dissolved organic carbon and nitrogen from Gleysol dominated
catchments—the significance of water flow paths. Biogeo-
chemistry 50:137–161

Hakamata T, Hatano R, Kimura M, Takahashi M, Sakamoto K
(2000) Interaction between greenhouse gases and soil ecosystem
1 (in Japanese). Jpn J Soil Sci Plant Nutr 71:263–274

Hamada M, Ohte N, Kobashi S (1996) A measurement of soil CO2

profile in a forest watershed (in Japanese with English sum-
mary). J Jpn For Soc 78:376–383

Herbert BE, Bertsch PM (1995) Characterization of dissolved
and colloidal organic matter in soil solution: a review. In: McFee
WW, Kelly JM (eds) Carbon forms and functions in forest soils.
Soil Science Society of America, Madison, WI, pp 63–88

Hope D, Billett MF, Cresser MS (1994) A review of the export of
carbon in river water—fluxes and processes. Env Pollut 84:
301–324

Hynes HBN (1975) Edgardo Baldi memorial lecture. The stream
and its valley. Verh Int Ver Theor Angew Limnol 19:1–15

Imai A, Fukushima T, Matsushige K, Inoue T, Ishibashi T (1998)
Fractionation of dissolved organic carbon from the waters of
Lake Biwa and its inflowing rivers (in Japanese with English
summary). Jpn J Limnol 59:53–68

Kalbitz K, Solinger S, Park JH, Michalzik B, Matzner E (2000)
Controls on the dynamics of dissolved organic matter in soils: a
review. Soil Sci 165:277–304

Katsuyama M (2002) Study on hydrochemical dynamics of
groundwater and streamwater in forested headwater catch-
ments. PhD Thesis, Kyoto University, Kyoto

KatsuyamaM, Ohte N (2002) Determining the sources of stormflow
from the fluorescence properties of dissolved organic carbon in a
forested headwater catchment. J Hydrol 268:192–202

Kawasaki M (2002) Study on the dissolved organic carbon
dynamics in the forested catchments (in Japanese). MS Thesis,
Kyoto University, Kyoto

Kawasaki M, Ohte N, Nambu K, Hobara S, Okazaki R, Katsuy-
ama M, Kim SJ (2002a) The dynamics of DOC in the hydro-
logical process in a forested watershed (in Japanese with
English summary). Jpn J Limnol 63:31–45

Kawasaki M, Ohte N, Asano Y, Uchida T (2002b) Dynamics of
DOC through vadose-saturated zones at a forested headwater
catchment (in Japanese). Jpn J Ecol 52:119–123

Kawasaki M, Ohte N, Okazaki R, Katsuyama M (2003) Seasonal
variation of DOC export from a forested headwater catchment,
pp 69–70. In: Yoh M, Yoshioka T (eds) Biogeochemistry in
watersheds—importance and outlook (in Japanese). Jpn J
Limnol 64:49–79

Kim J, Kubota J, Suzuki M, Fukushima Y (1988) Variations of soil
moisture and groundwater table at a gentle hillslope in the
Kiryu watershed (in Japanese with English summary). Bull
Kyoto Univ For 60:174–189

Kume A (2002) Importance of below ground parts on the matter
flow process: comparisons of physical and biological process
between above and below ground (in Japanese). Jpn J Ecol
52:101–106

Likens GE, Bormann FH (1972) Nutrient cycling in ecosystems. In:
Wiens J (ed) Ecosystem structure and function. Oregon State
University Press, Corvallis, OR, pp 25–67

Lundström US, van Breemen N, Bain D (2000) The podzolization
process. A review. Geoderma 94:91–107

McDowell WH, Likens GE (1988) Origin, composition, and flux of
dissolved organic carbon in the Hubbard Brook valley. Ecol
Monogr 58:177–195

McKnight DM, Boyer EW, Westerhoff PK, Doran PT, Kulbe T,
Andersen DT (2001) Spectrofluorometric characterization of
dissolved organic matter for indication of precursor organic
material and aromaticity. Limnol Oceanogr 46:38–48

Meybeck M (1982) Carbon, nitrogen, and phosphorus transport by
world rivers. Am J Sci 282:401–450

Mitani T, Kosugi Y, Tani M, Takanashi S, Katayama T, Wada T
(2003) Spatial and temporal variation of soil respiration rate in
an artificial forest of Hinoki (Chamaecyparis obtusa) (in Japa-
nese with English summary). J Jpn Soc Reveget Tech 29:153–
158

Montgomery DR, Dietrich WE, Torres R, Anderson SP, Heffner
JT, Loague K (1997) Hydrologic response of a steep, unchan-
neled valley to natural and applied rainfall. Water Resour Res
33:91–109

Moore TR (1989) Dynamics of dissolved organic carbon in for-
ested and disturbed catchments, Westland, New Zealand.1.
Maimai. Water Resour Res 25:1321–1330

Moore TR, Jackson RJ (1989) Dynamics of dissolved organic
carbon in forested and disturbed catchments, Westland, New
Zealand. 2. Larry River. Water Resour Res 25:1331–1339

Mopper K, Schultz CA (1993) Fluorescence as a possible tool for
studying the nature and water column distribution of DOC
components. Mar Chem 41:229–238

Mulholland PJ (1993) Hydrometric and stream chemistry evidence
of three storm flowpaths in Walker Branch watershed. J Hydrol
151:291–316

Nakanishi A, Tokuchi N, Katsuyama M (1999) Change of fluo-
rescence characteristics of dissolved organic carbon down
through the forest soil (in Japanese with English summary).
Appl For Sci 8:95–102

Neff JC, Asner GP (2001) Dissolved organic carbon in terrestrial
ecosystems: synthesis and a model. Ecosystems 4:29–48

Oakridge National Laboratory (2003) FLUXNET. Integrating
worldwide CO2 flux measurements. http://www-eos-
dis.ornl.gov/FLUXNET/

Ohte N, Tokuchi N (1999) Geographical variation of the acid
buffering of vegetated catchments: factors determining the
bicarbonate leaching. Global Biogeochem Cycles 13:969–996

Ohte N, Tokuchi N, Suzuki M (1991) Variations in qualities of
groundwater and streamwater corresponding to hydrological
cycle in a forested watershed (in Japanese with English sum-
mary). Bull Kyoto Univ For 63:69–81

Ohte N, Tokuchi N, Suzuki M (1995) Biogeochemical influences on
the determination of water chemistry in a temperate forest
basin—factors determining the pH value. Water Resour Res
31:2823–2834

Okazaki R (2001) Study on the export of organic carbon from a
forested catchment (in Japanese). MS Thesis, Kyoto University,
Kyoto

Pacala SW, Hurtt GC, Baker D, Peylin P, Houghton RA, Birdsey
RA, Heath L, Sundquist ET, Stallard RF, Ciais P, Moorcroft
P, Caspersen JP, Shevliakova E, Moore B, Kohlmaier G,
Holland E, Gloor M, Harmon ME, Fan SM, Sarmiento JL,
Goodale CL, Schimel D, Field CB (2001) Consistent land-based
and atmosphere-based US carbon sink estimates. Science
292:2316–2320

Reuss JO, Cosby BJ, Wright RF (1987) Chemical processes gov-
erning soil and water acidification. Nature 329:27–32

Richter DD, Markewitz D (1995) How deep is soil? Bioscience
45:600–609

Schimel DS, House JI, Hibbard KA, Bousquet P, Ciais P, Peylin P,
Braswell BH, Apps MJ, Baker D, Bondeau A, Canadell J,
Churkina G, Cramer W, Denning AS, Field CB, Friedlingstein
P, Goodale C, Heimann M, Houghton RA, Melillo JM, Moore
B, Murdiyarso D, Noble I, Pacala SW, Prentice IC, Raupach
MR, Rayner PJ, Scholes RJ, Steffen WL, Wirth C (2001) Re-
cent patterns and mechanisms of carbon exchange by terrestrial
ecosystems. Nature 414:169–172

Schlesinger WH (1996) Biogeochemistry: an analysis of global
change. Academic Press, San Diego, pp 588

Schlesinger WH, Melack JM (1981) Transport of organic carbon in
the world’s rivers. Tellus 33:172–181

Shibata H, Mitsuhashi H, Miyake Y, Nakano S (2001) Dissolved
and particulate carbon dynamics in a cool-temperate forested
basin in northern Japan. Hydrol Process 15:1817–1828

357



Tanaka H (1999) Study on CO2 and H2O transfer processes in
forest (in Japanese). PhD Thesis, Kyoto University, Kyoto

Uchida T, Asano Y, Ohte N, Mizuyama T (2003) Seepage area and
rate of bedrock groundwater discharge at a granitic unchan-
neled hillslope. Water Resour Res 39:1018 DOI 10.1029/
2002WR001298

White AF, Blum AE (1995) Effects of climate on chemical weath-
ering in watersheds. Geochim Cosmochim Acta 59:1729–1747

Yonebayashi K (1989) Research procedure for humic substances 2
(in Japanese). Pedologist 33:37–48

Yoshioka T, Tanoue E, Ohta K, Konohira E, Nakanishi A (1999)
Comprehension of fluorescence characteristics of dissolved or-
ganic carbon as an index of matter cycle in forest ecosystems
(in Japanese). In: Wada E (ed) Report of the research project on
response of terrestrial watershed ecosystems to global change in
the fiscal year 1999, pp 96–111

358



ORIGINAL ARTICLE

Eiichi Konohira Æ Takahito Yoshioka

Dissolved organic carbon and nitrate concentrations
in streams: a useful index indicating carbon and nitrogen
availability in catchments

Received: 15 September 2004 / Accepted: 12 November 2004 / Published online: 9 March 2005
� The Ecological Society of Japan 2005

Abstract Dissolved organic carbon (DOC) and NO3
� are

important forms of C and N in stream water. Hypoth-
eses concerning relationships between DOC and NO3

�

concentrations have been proposed, but there are no
reports demonstrating a relationship between them in
stream water. We observed 35 natural streams in the
Lake Biwa watershed, central Japan, and found an in-
verse relationship between DOC and NO3

� concentra-
tions. This relationship was also found in observations
of their seasonal variations in the Lake Biwa watershed.
Moreover, this relationship was also found to apply to
watersheds in other regions in Japan. These results
suggest that forest biogeochemical processes which
control DOC and NO3

� concentrations in Japanese
streams are closely related. Excess N availability to-
gether with a C (energy) deficit in a soil environment
may explain this relationship. DOC and NO3

� concen-
trations in streams will thus be a useful index indicating
C and N availability in catchments.

Keywords Dissolved organic carbon Æ Nitrate Æ
Stream Æ Forest Æ Lake Biwa watershed

Introduction

Dissolved organic carbon (DOC) and NO3
� are impor-

tant forms of C and N in streams. StreamDOC and NO3
�

both originate from soil organic matter in forested eco-
systems, and a hypothesis has been proposed regarding

their relationship (Aber 1992). Recently, Aitkenhead and
McDowell (2000) showed that an increase in riverine
DOC flux occurs with increased soil C/N ratio on a
global scale. This result suggests that DOC in rivers is
controlled by both C and N biogeochemical cycling in
the catchment, implying that riverine DOC concentra-
tions are related to the NO3

� levels. However, there has
been no report demonstrating a clear relationship be-
tween DOC and NO3

� concentrations in stream water.
Although observations on DOC concentrations in

Japanese stream water are scarce, an annual mean DOC
concentration of 127 lM was reported for a Japanese
stream (Shibata et al. 2001). This is a lower DOC level
than in North American streams (Sedell and Dahm
1990). A large regional variation of stream NO3

� con-
centration has been observed in Japan, and some
streams showed levels exceeding 100 lM (Yoh et al.
2001). High NO3

� concentrations in Japanese streams
are a result of excess N availability caused by high
atmospheric N deposition (Ohrui and Mitchell 1997;
Yoh et al. 2001).

We carried out intensive observations of stream DOC
and NO3

� concentrations in the Lake Biwa watershed in
central Japan. Lake Biwa is the biggest lake in Japan,
and an important water resource for the Kansai region
including the cities of Kyoto and Osaka. We discuss the
relationship between DOC and NO3

� concentrations in
these streams and the potential mechanisms responsible
for the observed relationship.

Materials and methods

Stream water samples were collected in the Lake Biwa
watershed located in central Japan (35�10¢N, 136�10¢E).
Annual precipitation ranged from <1,600 mm in the
southern region to >2,400 mm in the northern region of
the watershed (Lake Biwa Research Institute, 1986). It
snows in the winter, but the southern part of the wa-
tershed is usually free from snow cover. The annual
average temperature is 14.1�C in the city of Hikone near
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Lake Biwa. Elevation ranges from 86 m a.s.l. at the lake
surface to >1,000 m in the mountainous area. Sampling
sites are located in the steep mountainous area (slopes
range from 0.10 to 0.53; average 0.22). The catchment
areas of the sampling sites are covered by forest and free
from human dwellings or activity such as cultivation of
paddy fields and croplands. Vegetation type varies
among sites, but the coniferous plantation tree species,
Cryptomeria japonica and Chamaecyparis obtusa are
usually predominant.

Samples from 35 streams were collected in the sum-
mer of 1998 (26–30 July and 3–5 September) to study the
regional variation. Thirteen of the 35 streams were also
sampled in November 1998, and in February, April and
June 1999 to monitor the seasonal variations. All sam-
ples were collected during the base flow period.

Collected samples were filtered (Whatman GF/F fil-
ters, pore size 0.7 lm) in the field. Samples for DOC
analysis were placed in brown glass bottles and 25 ll of
purified 6 M HCl was added per 15 ml of sample. These
bottles were sealed with a rubber cap coated inside with
Teflon. Glass bottles and filters had been pre-burned at
450�C for 2 h to prevent contamination. Samples for
NO3

� analysis were collected in clean polyethylene bot-
tles. These samples were cooled by ice during transport
to the laboratory, and stored at �40�C until analysis.

DOC concentration was measured using the high-
temperature catalytic oxidation method (TOC5000A;
Shimadzu., Kyoto). The injection volume was 200 ll,
and a high-sensitivity catalyst was used. NO3

� concen-
tration was measured by ion chromatography (QIC
analyser; Dionex Japan., Osaka).

To examine the regional variability of DOC and NO3
�

concentrations on a larger scale in Japan, we collected
stream water samples in two other regions: Okutama
(35�50¢N, 139�00¢E) near Tokyo, where high NO3

� con-
centrations in streams have been reported by Yoh et al.
(2001); and Uryu (44�20¢N, 142�10¢E) in Hokkaido lo-
cated in the northern part of Japan. This latter region
receives a great deal of snow in winter and has a much
cooler climate than the Lake Biwa watershed and
Okutama. The streams in Okutama and Uryu are also
free from human activity. Detailed information about
these areas can be found in Yoh et al. (2001) for the
Okutama region and in Ozawa et al. (2001) for the Uryu
region. Collected samples were treated and measured in
the same way as described above.

We also sampled soil and the soil organic layer at
four catchments in the Lake Biwa watershed (Azusa,

Itanago, Kakagawa, Shigaraki) in order to consider
mechanisms responsible for differences in DOC and
NO3

� concentrations in streams. Soil organic layer and
surface soil (0–10 cm depth) were collected on 23–24
October 2001. These soil sampling sites (from four to
eight for each catchment) were located in the valley area
near the streams (within 100 m of streams) (Table 1).

Soil organic layers were dried (60�C, 2 days) and
milled, and the C/N ratio was measured by elemental
analyser (NA2500; Thermo Quest, Italy). Fifty milliliters
of pure water was added to the 10-g soil samples and
shaken for 30 min to extract soil solutions. These ex-
tracts were centrifuged and filtered (Whatman GF/F
filters). DOC and NO3

� concentrations in soil extracts
were measured in the same way as for stream waters.

Results

Regional distribution of NO3
� and DOC

concentrations in stream water in the Lake
Biwa watershed

NO3
� concentrations in stream water ranged from

4.7 lM to 60 lM (Fig. 1), and the average concentra-
tion of the 35 streams was 22 lM. NO3

� concentrations
were high in the eastern part of the watershed (>30 lM)
and low in the southern part (<10 lM). The DOC
concentration ranged from 12 lM to 280 lM, and the
average concentration was 57 lM (Fig. 1), with con-
siderable regional variations; high in the southern part
of the watershed (>80 lM) and low in the eastern part
(<40 lM). As a result, an inverse relationship was
found between NO3

� and DOC concentrations in stream
waters (Fig. 2).

Seasonal variations of NO3
� and DOC concentrations

in stream water in the Lake Biwa watershed

To monitor the seasonal variation of DOC and NO3
�, we

chose four streams where the DOC concentrations in the
summer of 1998 were >80 lM (C-type streams), five
where NO3

� concentrations were >30 lM (N-type
streams) and four streams where the DOC concentra-
tions were <80 lM, and NO3

� concentrations were also
<30 lM (M-type streams).

NO3
� concentrations in C-type streams were always

low (usually <10 lM) and showed little seasonal vari-

Table 1 Soil sampling sitesa

Site no. Latitude, longitude Altitude (m) Vegetation Soil type

Azusa 35 N35�18¢56¢¢, E136�22¢34¢¢ 270 Cryptomeria japonica, plantation Brown forest soil
Itanago 22 N35�26¢5¢¢, E136�23¢52¢¢ 320 C. japonica, plantation Brown forest soil
Kakagawa 10 N34�54¢21¢¢, E135�59¢3¢¢ 370 C. japonica, plantation Brown forest soil
Shigaraki 12 N34�55¢10¢¢, E136�6¢22¢¢ 350 C. japonica and broadleaf forest Brown forest soil

aThe location of each soil sampling site (site no.) is shown in Fig. 1
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ation (Fig. 3). On the other hand, DOC concentrations
in C-type streams were considerably higher in summer
and lower in winter. However, DOC levels in C-type
streams were higher than in other types of streams
throughout the year. N-type streams maintained a low
DOC concentration (usually <30 lM), while NO3

�

concentrations fluctuated (Fig. 3). Although a clear
seasonal trend in NO3

� concentration was not found, the
concentrations were higher than in the other types of
stream. M-type streams showed minimal seasonal vari-
ations in both DOC and NO3

� . The inverse relationship
between DOC and NO3

� concentrations found in the
regional distribution (Fig. 2) was conserved when sea-
sonal variation data were included.

NO3
� and DOC relationship in stream water

in other regions in Japan

Stream water in the Okutama region showed a large
variation in NO3

� concentration, ranging from 2.8 lM

to 262 lM (Fig. 4). The maximum concentration in the
Okutama region greatly exceeded that of the Lake Biwa
watershed. The high NO3

� levels in the Okutama region
are mainly due to the high atmospheric N deposition
from the Tokyo metropolitan area (Yoh et al. 2001).
However, DOC concentrations in the Okutama region
were low and showed small variation, ranging from
14 lM to 62 lM. These concentrations were in the low
end of the range of DOC found in the Lake Biwa wa-
tershed. Stream water in the Uryu region showed higher
and variable DOC concentrations ranging from 80 lM
to 230 lM and showed a low NO3

� concentration
(<10 lM). Even though the range of NO3

� concentra-
tions was much higher in the Okutama region, the
inverse relationship between DOC and NO3

� concen-
tration in streams persisted when the streams from all
regions were analysed.

C/N ratio of soil organic layers and DOC and NO3
�

concentrations in soil extracts in the Lake Biwa
watershed

We selected two C-type streams and two N-type streams.
The C/N ratio in soil organic layers and DOC and NO3

�

concentrations in soil extracts of these catchments were
measured (Fig. 5).

C/N ratios in soil organic layers ranged from 43 to
53. Since the variation within a catchment is quite large,
we could not detect differences in C/N ratios between C-
type and N-type catchments. Gundersen et al. (1998)
showed that N leaching was mainly controlled by C/N
ratios of soil organic layers, but no relationship was
found between C/N ratios in soil organic layers and
stream NO3

� in the Lake Biwa watershed.
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Fig. 2 Relationship between DOC and NO3
� concentrations in

stream water in the Lake Biwa watershed (summer 1998)

Fig. 1 Regional distribution of
NO3

� and dissolved organic C
(DOC) concentrations of
stream water in the Lake Biwa
watershed (summer 1998). The
circles show the sampling site,
and the size of circles shows the
concentration. The numbers
next to the circles are the site
number
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DOC concentrations in soil extracts were higher in
the C-type than N-type catchments (Fig. 5). Although
the variation within a catchment was also large, we

detected differences in DOC concentrations between
C-type and N-type catchments (P<0.01, t-test). NO3

�

concentrations in soil extracts were higher in N-type
catchments, and NO3

� was not detected in Shigaraki
(C-type catchment). A clear difference in NO3

� concen-
trations was also observed between C-type and N-type
catchments (P<0.01, t-test).

Discussion

An inverse relationship between DOC and NO3
� con-

centrations was found and persisted throughout the
seasons in the Lake Biwa watershed. Moreover, this
inverse relationship was found for watersheds in other
regions of Japan. These results suggest that forest bio-
geochemical processes which control DOC and NO3

�

concentrations in Japanese streams are closely related.
Biogeochemical processes that control NO3

� leaching
from forests have been intensively studied recently in
association with N saturation in forest ecosystems (Aber
et al. 1989). Gundersen et al. (1998) showed that N
concentrations and transformation rates in forest eco-
systems were closely related to N leaching below the
rooting zone and subsequently into streams. An in-
creased N concentration and N transformation rate in
forests (increased N availability) were thought to be
responsible for N leaching to streams. On the other
hand, several factors in stream and riparian processes
have been discussed as the main factors controlling
DOC in streams (Meyer 1990; Dillon and Molot 1997;
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Fig. 4 Relationship between DOC and NO3
� concentrations of

stream water in Okutama, Uryu and the Lake Biwa watershed.
Filled squares Streams in the Okutama region, filled triangles
streams in the Uryu region, circles streams in the Lake Biwa
watershed (the same data are presented in Fig. 2). Stream water in
the Okutama and Uryu regions was collected within a month after
sampling in the Lake Biwa watershed

Fig. 3 Seasonal variation of DOC and NO3
� concentrations in

stream water in the Lake Biwa watershed. C-type streams DOC
concentrations >80 lM; N-type streams NO3

� concentrations
>30 lM; M-type streams DOC concentrations <80 lM, NO3

�

concentrations <30 lM; NOV. November, FEV. February, APR.
April, JUN. June, 98 1998, 99 1999
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Ekhardt and Moore 1990). The biogeochemical pro-
cesses controlling stream DOC are not as clear as those
for NO3

�, and DOC concentrations in streams may be
controlled by different factors depending on the site.

In-stream and riparian processes determining DOC

In-stream processes are important factors for the regu-
lation of DOC concentrations in streams (Meyer 1990).
These processes include leaching of stored organic
matter from the stream bed into the water and autoch-
thonous production of DOC by algae and macrophytes.
However, these in-stream processes are probably not
important for DOC in the Lake Biwa watershed. The
effects of autochthonous production would be minimum
in the Lake Biwa watershed because most of the streams
are shaded by dense forests surrounding the streams. We
found a great deal of leaf litter in and around the
streams especially in the litterfall season in autumn, but
an increase in DOC was not detected in this season
(Fig. 3; November samples). The very steep slope of
each catchment (high flow velocity) and very small
catchment area (short stream length to the sampling site)

reduces the contact of water with potential DOC sources
in the streams.

Riparian wetlands contribute considerably to stream
DOC (Dillon and Molot 1997; Eckhardt and Moore
1990). Eckhardt and Moore (1990) observed that the
DOC concentration in 42 streams in Canada ranged
from 3.5 mgC/l to 40 mgC/l (290–3,300 lM), and
showed that these concentrations were related to the
wetland area in each catchment. However, these DOC
concentrations were much higher than those in the Lake
Biwa watershed (Fig. 2; 12–280 lM). The steep slopes
resulted in a lack of wetland area and explain the low
DOC concentrations in the Lake Biwa watershed.

The steep slopes and small catchment area in the Lake
Biwa watershed minimize in-stream and riparian effects
on DOC concentrations in streams. These topography of
the Lake Biwa watershed also minimizes in-stream and
riparian effects on NO3

� concentrations in the streams.

Upland processes for DOC and NO3
�

Whereas in-stream and riparian effects on stream DOC
and NO3

� are minimal in the Lake Biwa watershed,
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upland processes are likely to be important both for
DOC and NO3

� in the streams.
Nitrification produces NO3

� that is leached into
streams and also produces protons that can acidify the
soil environment. This potential change in soil pH may
affect the DOC concentration through biotic or abiotic
processes. However, the pH of the stream water was
close to neutral, ranging from 6.3 to 8.5 in the Lake
Biwa watershed (data not shown). Thus acidification by
nitrification probably does not affect the DOC concen-
tration in the streams.

Soil inorganic N is produced by the decomposition of
organic N and consumed byN-immobilization processes.
A decrease in N immobilization generated from a deficit
in available C could explain the increase in NO3

� in the
soil environment (Hart et al. 1994). C (energy) deficit in a
soil environment causes an increase in the NO3

� concen-
tration, and will cause DOC consumption. DOC and
NO3

� concentrations in soil extracts corresponded to
those in streams (Fig. 5). The soil environment is spa-
tially and temporally variable, and our measurements are
not sufficient to detect differences between catchments,
but qualitative differences detected in soil extracts sug-
gested that the inverse relationship in DOC and NO3

� in
streams could be attributed to the decomposition of or-
ganic matter in the surface soil layer. Thus, the C (energy)
deficit in the soil environment may be the best explana-
tion for the observed inverse relationship between DOC
and NO3

� concentrations in-stream.
Denitrification is another possible mechanism that

affects both DOC and NO3
� concentrations because

denitrification reduces NO3
� to other N forms using

DOC as the energy source (Hedin et al. 1998). The
importance of riparian denitrification was reported in
some Japanese catchments (Konohira et al. 2001; Koba
et al. 1997). However, the denitrification processes can-
not explain the depletion of DOC with the increase in
NO3

� concentration, because it consumes both DOC and
NO3

� . Moreover, decomposition processes of organic
matter generate different levels of DOC and NO3

� in
surface soil, and denitrification in riparian areas reduces
DOC and NO3

� until DOC or NO3
� are completely

consumed. This combined mechanism can explain the
DOC and NO3

� relationship in streams, but minor effects
of riparian processes due to the steep slopes of Lake
Biwa watershed suggest that denitrification does not
contribute to stream DOC and NO3

� concentrations.

Stream DOC and NO3
� as an index of forest

C and N cycling

The inverse relationship between DOC and NO3
� con-

centrations in the Lake Biwa watershed suggests an ex-
cess N availability and C (energy) deficit in the soil
environment. Our results support Aber’s (1992)
hypothesis that there would be DOC depletion in an
excess N environment. This also implies that the stream
DOC and NO3

� concentrations could be an index indi-

cating C and N availability in the catchment. This index
may be applicable to other steep-slope catchments where
in-stream and riparian processes did not contribute to
stream DOC and NO3

� concentrations.
Effects of N addition on DOC concentration were

tested by plot-scale observations (Gundersen et al. 1998;
McDowell et al. 1998) and catchment-scale observations
(David et al. 1999). However, no change in DOC con-
centration was detected in these studies. DOC depletion
following an increase in N availability may be too slow
to be detected in short-term experiments. Alternately,
since the change in DOC concentration will be very
small, it may be detected only in the lower range of the
DOC concentration (e.g. <80 lM).

Furthermore, DOC in streams and soil percolates is
mainly composed of refractory C (Yano et al. 2000;
Buffam et al. 2001). In any case, information about the
bioavailability of DOC in forest soils and streams is
limited, and the biological production and utilization of
DOC must be studied in detail.
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Abstract Production-to-respiration (P:R) ratio was esti-
mated at an offshore site of Lake Biwa in order to
examine whether the plankton and benthic community is
subsidized with allochthonous organic carbon, and to
clarify the role of this lake as potential source or sink of
carbon dioxide. The respiration rate of protozoan and
metazoan plankton was calculated from their biomass
and empirical equations of oxygen consumption rates,
and that of bacterioplankton was derived from their
production rate and growth efficiency. In addition, the
carbon mineralization rate in the lake sediments was
estimated from the accumulation rate of organic carbon,

which was determined using a 210Pb dating technique. On
an annual basis, the sum of respiration rates of hetero-
trophic plankton was comparable to net primary pro-
duction rate measured by the 13C method. However,
when the mineralization rate in the lake sediments was
included, the areal P:R ratio was 0.89, suggesting that
Lake Biwa is net heterotrophic at the offshore site with
the community being subsidized with allochthonous or-
ganic carbon. Such a view was supported by the surface
water pCO2 that was on average higher than that of the
atmosphere. However, the estimate of net CO2 release
rate was close to that of carbon burial rate in the sedi-
ments. The result suggests that the role of Lake Biwa in
relation to atmospheric carbon is almost null at the off-
shore site, although the community is supported partially
by organic carbon released from the surrounding areas.

Keywords Carbon budget Æ Heterotrophs Æ Lake
metabolism Æ pCO2 Æ P:R ratio

Introduction

Recently, growing evidence shows that many ecosys-
tems or habitats are subsidized with often heavy
amounts of organic carbon derived from surrounding
ecosystems or habitats (Nakano and Murakami 2001;
Polis et al. 2004). The fact suggests that a community
in a given ecosystem processes and respires more or-
ganic carbon than is fixed within that ecosystem.
However, it is often difficult to track material flows in
all conduits across ecosystems, and more specifically, to
quantify to what degree a community in a given eco-
system relies on other ecosystems with regard to its
energetic base.

One way to quantify the degree is to measure the
balance between production and community respiration
rates, expressed by the production-to-respiration (P:R)
ratio. It is defined as
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P : R ¼ GPP

CRR

where GPP and CRR are gross primary production and
community respiration rates, respectively. This ratio can
be rewritten as

P : R ¼ NPP

HRR

where NPP is the net primary production rate or the
fraction of GPP not respired by the autotrophs them-
selves, and HRR is respiration or mineralization rates by
heterotrophic organisms. P:R>1 implies that a given
ecosystem is net autotrophic—communities are pro-
ducing an amount of organic carbon sufficient to sustain
themselves. P:R<1 implies that a given ecosystem is net
heterotrophic and organic carbon derived from other
ecosystems supports, at least in some part, communities
in that ecosystem. In addition, P:R<1 implies that a
given ecosystem vents carbon brought in from other
ecosystems into the atmosphere. As such, the P:R ratio
can provide useful insights into the material bases sus-
taining communities and the roles of ecosystems in the
production of atmospheric carbon.

In lake ecosystems, a number of studies have exam-
ined the P:R ratio (Schindler et al. 1972; del Giorgio and
Peters 1994; Cole et al. 2000). Some studies have shown
that P:R<1 is common, especially in unproductive oli-
gotrophic lakes (del Giorgio and Peters 1994; Hanson
et al. 2003), while others have failed to observe a P:R
ratio<1, even in such lakes (Carignan et al. 2000). It is
suggested that this discrepancy stems from differences in
the geographical area where the lakes were located
(Prairie et al. 2002) as well as from methods for mea-
suring primary production and community respiration
rates (Cole et al. 2000; Hanson et al. 2003). More
importantly, most previous studies have examined the
P:R ratio in limited seasons at the surface layer or epi-
limnion, focusing on activities of plankton alone. In
aquatic ecosystems, phytoplankton fix organic carbon at
the surface layer where light is available for photosyn-
thesis, but consumption of organic carbon takes place
not only through the water column but also in the lake
sediments. In addition, time-lag is common in ecological
processes: organic carbon fixed by autotrophs in one
season may be processed by heterotrophs in different
seasons. Thus, to examine whether a lake is subsidized
with organic carbon derived from the drainage basin, it
is essential to measure the P:R ratio per unit of area over
an ecologically relevant time scale, such as a year (Cole
et al. 2000).

Lake Biwa is the largest lake in Japan, with a surface
area of 674 km2, a mean depth of 41 m, a drainage basin
of 3,848 km2 and water residence time of ca. 6 years. In
the present study, P:R ratio was estimated at an offshore
site of Lake Biwa, in order to examine whether or not
the community (plankton + benthic organisms) is sub-
sidized with allochthonous organic carbon. Since the
details of the primary production rate in this lake have

been previously reported (Urabe et al. 1999;Yoshimizu
2001), we mainly estimated the respiration rate of
planktonic heterotrophs and carbon mineralization rate
in the lake sediments. The respiration rates were calcu-
lated based on weekly data of plankton biomass using
production-to-biomass ratio and growth efficiencies (in
the case of bacterioplankton), and empirical equations
of size-specific oxygen consumption rates (in the case of
protozoan and metazoan plankton). In these proce-
dures, we chose to underestimate the respiration rates.
This is because, if P:R<1 in spite of the underestimated
values of the respiration rates, we can safely conclude
that the Lake Biwa ecosystem is net heterotrophic. To
verify such a conclusion, partial pressure of carbon
dioxide (pCO2) in the lake surface water was also
measured in different seasons as in del Giorgio et al.
(1999) and Kelly et al. (2001).

Note that ‘‘net heterotrophic’’ does not mean that the
lake is a net source of atmospheric carbon (Hanson et al.
2004). Even if P:R<1, the lake functions as a net sink of
atmospheric carbon if net CO2 release rate (R�P) is
smaller than the burial rate of carbon in the sediment.
Therefore, we also examined the burial rate of organic
carbon in the Lake Biwa sediments to determine the role
of this lake in relation to atmospheric carbon. The car-
bon mineralization rate and burial rate in the lake sed-
iments were calculated from a decadal time profile of the
organic carbon accumulation rate, measured using a
210Pb dating technique.

Materials and methods

Sampling, enumeration and biomass estimation
of heterotrophic plankton

Sampling was performed during the period from April
1997 to June 1998 at a pelagic site 3-km off Wani (50-m
deep). Plankton was collected at weekly intervals, except
from December 1997 to March 1998 when sampling was
performed biweekly. For each sampling date, thermal
profiles were obtained with a multiple vertical profiler
(SBE 25, Sea-Bird Electronics) at 1-m intervals, and lake
water was collected using a 10-l modified Van Dorn
sampler at eight fixed depths (0, 2.5, 5, 10, 15, 20, 30 and
45 m). For each depth, metazoans (rotifers and crusta-
ceans) and protozoans (mainly ciliates) in 10-l lake water
were concentrated using a 20-lm mesh net, killed by
0.4% Lugol’s solution, and fixed with 2% sugar-buf-
fered formalin. At the same time water samples from
each depth were fixed with 2% cold glutaraldehyde for
enumeration of protozoans [mainly heterotrophic
nanoflagellates (HNF)] and bacteria.

Since details of the methods for enumeration and
biomass estimation are shown elsewhere (Yoshida et al.
2001; Gurung et al. 2001, 2002), we describe them here
briefly. For crustacean species, individual counts were
made according to developmental stages (copepods) or
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size classes (cladocerans) under a dissecting microscope.
The individual dry weights were estimated using length–
mass equations from Kawabata and Urabe (1998) and
McCauley (1984) and converted to carbon mass using a
carbon-to-dry weight ratio of 0.45 (Urabe and Watan-
abe 1990). Rotifers and large ciliates were enumerated
under a compound microscope at 100–400·. Their spe-
cies- or size-specific biovolumes were measured accord-
ing to Ruttner-Kolisko (1977) for rotifers and Foissner
and Berger (1996) for ciliates. Carbon biomass of roti-
fers and ciliates was then calculated assuming a carbon-
to-volume ratio of 0.05 (Latja and Salonen 1978) and
0.14 (Putt and Stoecker 1989), respectively. HNF and
small ciliates were enumerated with epifluorescence
microscopy by the method described in Sherr and Sherr
(1983). The carbon biomass of HNF was calculated
assuming an average cell volume of 33 lm and a carbon-
to-volume ratio of 0.15 as in Nagata et al. (1996). Note
that cell volumes of protozoans applied in the present
study were not corrected for any potential shrinkage due
to preservation. Thus, the present estimates of the bio-
mass and subsequent metabolic rates of HNF may have
been underestimated (see below). Bacteria were enu-
merated according to Hobbie et al. (1977) and their cell
sizes were measured by the method in Lee (1993). The
carbon biomass of the bacteria was then calculated using
a conversion factor of 106 fg C lm�3, an average value
measured during various seasons in Lake Biwa (Nagata
1986).

Respiration rate of heterotrophic plankton

For estimating the respiration rate of metazoan plank-
ton (crustacean and rotifers), we applied the equation of
oxygen consumption rate to body weight described by
Lampert (1984). This equation was established by
compiling oxygen consumption rates of various fresh-
water metazoan plankton without food at 20�C. The
effect of water temperature was corrected using Krogh’s
normal curve, which represents metabolic activities of
various aquatic invertebrates at different water temper-
atures (Winberg 1971; Lampert 1984). Oxygen con-
sumption rate was converted to CO2 production rate
assuming that RQ was 0.9. Note that the equation used
here likely underestimated the in-situ respiration rate
because, in general, weight-specific respiration rates of
metazoan plankton individuals were 20–50% lower in
the absence of food than in the presence of food
(Lampert 1986; Urabe and Watanabe 1990).

Respiration rates of protozoan plankton were derived
from an equation describing the relationship between
oxygen consumption rates and biovolumes of various
planktonic protozoan species (Caron et al. 1990). This
equation was established for protozoans that are well
fed, and that are therefore growing well. In nature,
however, protozoans are not necessarily in prime
growing conditions (Fenchel 1987; Caron et al. 1990).
Indeed, the growth rate of HNF populations in Lake

Biwa has been found to be food limited at times
(Gurung et al. 2000). According to Caron et al. (1990),
oxygen consumption rates under starved conditions are,
on average, 75% lower for heterotrophic flagellates and
50% lower for ciliates than under well-fed conditions.
Therefore, assuming half of the protozoan cells were
under starved conditions, we used 65% lower values
than those derived from the equation by Caron et al.
(1990). Conversion from oxygen consumption to CO2

production with the correction for water temperature
was made as for metazoans. Since we did not correct for
any shrinkage of protozoan cells due to preservation, the
estimated respiration rate would again likely be an
underestimated value.

To our knowledge, there is no reliable empirical
equation for respiration rate that can be applied to
natural bacteria under a wide range of environmental
conditions. Therefore, we estimated bacterial respiration
(RB) from the biomass (BB), production (PB) and growth
efficiency (GEB). The GEB in terms of carbon is ex-
pressed as

GEB ¼ PB
PB þ RB

Thus, RB can be calculated as

RB ¼ 1� GEB

GEB
� PB

Gurung et al. (2000) have already measured the
bacterial growth rate at different depths and seasons in
the north basin of Lake Biwa. According to their
data, lB is highly related to water temperature (Fig. 1).
Using this relationship, we estimated bacterial produc-
tion rate (PB) as

PB ¼ lB � BB

This rate is an underestimated value of the finite daily
production rate calculated as BBexp(lB�1)/lB. In nat-

Fig. 1 The relationship between water temperature and growth
rate (l) of bacterioplankton in Lake Biwa (data presented in
Gurung et al. 2000)
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ure, the GEB of bacteria varies widely from 0.01–0.6 but
tends to approach 0.5–0.6 when bacterial production is
higher than 10 mg C m�3 d�1 (del Giorgio and Cole
1998). Therefore, we fixed the GEB value at 0.5 in the
present study. In the north basin of Lake Biwa, however,
the PB did not necessarily exceed 10 mg C m�3 d�1

(Nagata 1987; Nakano 1992; Gurung et al. 2002). In
addition, we did not quantify bacteria attached to large
suspended particles, which are known to contribute
2–15% of bacterial production in the water column of
Lake Biwa (Nagata 1987). Thus, the present calculations
of bacterial respiration rates are underestimations at
least for some seasons.

Zooplankton such as crustaceans and rotifers change
their vertical position more or less within a day. In the
present study, therefore, we divided the water column
into three layers, surface (<12.5 m), middle (12.5–
25 m), and deep (>25 m). The respiration rate was then
calculated using average abundance of heterotrophic
plankton and water temperature within each layer. Areal
respiration rate through the water column was estimated
by vertically integrating the data.

Carbon mineralization and accumulation rates
in the lake sediments

Annual carbon mineralization rate in the lake sediment
was estimated from the accumulation rate of organic
carbon (g C m�2 year�1) in the lake sediment. The
accumulation rate was calculated as organic carbon
content per unit volume of sediment (g C m�3 year�3)
multiplied by sedimentation rate (m year�1). In contrast
to some preserved components in the sediment such as
metals and minerals, a fraction of organic carbon is
subjected to aerobic and anaerobic decomposition
within the sediment. If deposition rate of organic carbon
onto the surface of a lake bottom is constant for an
extended period, the accumulation rate of organic car-
bon calculated as above must decrease with increasing
age of sediments (those buried at deeper sediment
depths) due to decomposition, and would reach a certain
value at sediment depths where there is no longer any
biologically available organic carbon. Under an equi-
librium where vertical profiles of the accumulation rate
within sediments remain unchanged for a long period,
the amount of organic carbon that is mineralized within
the sediment would correspond to the difference in the
accumulation rate of organic carbon at the surface and
in the deep sediments. We applied this assumption to
estimate carbon mineralization rate in the sediment.

To estimate accumulation rate of organic carbon at
various sediment depths, a 26-cm-long sediment core
was collected at a pelagic site in the north basin of Lake
Biwa with a gravity corer (inside diameter 10 cm) on 16
April 2001. The site was 17 km away from where
plankton samples were collected. We chose this site be-
cause the sediment was not disturbed vertically (Tsugeki
et al. 2003). The sediment core was sliced into 1-cm

intervals, and several subsamples were collected from
each slice. One series of subsamples was used to measure
210Pb for determining the age of the lake sediments.
Then, sedimentation rate was calculated from the esti-
mated calendar year and the thickness of the sediment
samples. Another series of subsamples was used to
determine organic carbon using a CN analyzer
(PE2400II, Perkin Elmer). More details on the radio-
lead dating method and results of the sediment dating
with the validity check with the peak of 137Cs impulse
are provided elsewhere (Tsugeki et al. 2003).

Primary production rate and pCO2

Primary production rate and pCO2 at the lake surface
were examined 13 times during the period from June
1996 to October 1997 at the same pelagic site where the
heterotrophic plankton were collected. Although the
examined period was not exactly the same, it largely
overlapped the period of plankton collection. Details on
the method and results of primary production rates are
presented elsewhere (Urabe et al. 1999; Yoshimizu et al.
2001; Gurung et al. 2002). In short, they were measured
using the 13C method by incubating lake water for 4 h
starting at 10:00 a.m. at the same depth at which the
water had been collected. We used the measured rate as
the net primary production rate. Strictly, however, the
measured rate is not the net rate but somewhere between
net and gross production rates, because a fraction of 13C
which had been fixed by algae and had entered into the
metabolic pool is respired after the incubation. Thus, the
primary production rates used here were apparently
overestimations of the net rates.

The pCO2 at the lake surface was calculated from
temperature, pH and dissolved inorganic carbon (DIC)
with corrections for known ionic strength according to
Zeebe and Wolf-Gladrow (2001). Temperature and pH
were measured by the multiple vertical profiler. DIC was
determined by a Shimazu TOC-500. Major anions and
cations were measured by a DIONEX AQ-1110 sup-
pression ion chromatography system and a Tehermo
Jarrel Ash IRIS-AP ICP-AES spectrometer system.
Data on these anions and cations at each sampling date
are available upon request.

Results

Total biomass of heterotrophic plankton ranged from
1.8–6.5 g C m�2 and showed three distinct peaks, early
spring, midsummer and late fall (Fig. 2). In most cases,
these peaks were due to an increase in abundance of
crustacean plankton, especially Daphnia galeata. How-
ever, Eodiatomus japonicus was the most dominant
crustacean species because they were abundant regard-
less of season (Yoshida et al. 2001). A number of rotifer
species were present but their biomass was limited, ex-
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cept in winter and spring when their abundance in-
creased somewhat. Similarly, contribution of protozoans
to the total biomass was consistently low except in
winter when ciliate occurrence was widespread (Yoshida
et al. 2001). In contrast to these heterotrophs, bacterial
biomass did not largely change and was seasonally sta-
ble. On average, crustaceans and bacteria comprised 47
and 45% of the total biomass, respectively, while rotifers
and protozoans composed only 3 and 5% of the bio-
mass, respectively.

Due to the temperature dependency of metabolic
rates, community respiration rate of the heterotrophic
plankton showed a clear seasonal pattern and ranged
from 0.45 g C m�2 day�1 in winter to 1.6 g
C m�2 day�1 in fall (Fig. 3d). During the period from
May to September when the thermocline developed at
10–15 m deep (Gurung et al. 2002), the amount of re-
spired organic carbon reached 0.7–1.0 g C m�2 day�1

within the surface layer (0–12.5 m) (Fig. 3a) because the
heterotrophs were abundant and the water temperature
was high. In the middle layer (12.5–25 m), the respira-
tion rate increased to a level equal to the surface layer
only in mid-October when vertical mixing of the warm
surface water extended into this layer (Fig. 3b). As a
result, the highest areal community respiration rate oc-
curred in mid-October. Compared to these layers, the
respiration rate in the deep layer was consistently low,
although it tended to increase somewhat in winter when
the lake water was vertically isothermal due to holo-
mixing (Fig. 3c). Among heterotrophic plankton, bac-
teria were the most important contributors to the total
respiration rate, followed by protozoans. Although the
biomass of metazoan plankton was comparable to that
of bacteria and higher than that of protozoans, the
metazoans contributed much less to the community
respiration rate because of a lower weight-specific oxy-
gen consumption rate. In summary, the annual respira-
tion rate of the heterotrophic plankton estimated using
data from May 1997 to April 1998 was 339 g
C m�2 year�1 (Table 1).

Sedimentation rate estimated from calendar years
based on 210Pb activity and the thickness of the lake
sediment varied between 1.1 and 0.18 cm year�1. The
accumulation rate of organic carbon in the sediment was
52 g C m�2 year�1 in the upper most layer but, as ex-
pected, decreased gradually with the sediment depth
(Fig. 4). According to Ogawa et al. (2001) and Tsugeki
et al. (2003), Lake Biwa was eutrophicated rapidly in the
1960s, but the trophic condition seems to have stabilized
since 1980. Indeed, the accumulation rate did not change
substantially among the sediments dated from 1980–
1985. The accumulation rate in the sediment dated 1980
was 28 g C m�2 year�1. If organic carbon was no longer
mineralized in sediments deeper than 10 cm (dated at
1980), organic carbon was buried at this rate. Further-
more, if the vertical profiles of the accumulation rate in
the sediment have not changed significantly for the past
25 years, the annual rate of carbon mineralization in the
sediments can be estimated as the difference between the

Fig. 3A–D Seasonal changes in the areal respiration rate of
heterotrophic plankton in A the surface, B middle and C deep
layers and D the whole water column in the north basin of Lake
Biwa

Fig. 2 Seasonal changes in biomass of heterotrophic plankton in
the north basin of Lake Biwa
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accumulation rates in the sediments dated between 2000
and 1980. This was 24 g C m�2 year�1. Thus, hetero-
trophs in the lake water and sediment respired organic
matter corresponding to 363 g C m�2 year�1.

The primary production rate varied seasonally, and
was low in winter but exceeded 1 g C m�2 d�1 in sum-
mer (Fig. 5a). In contrast, pCO2 at the lake surface was
high in winter but decreased to <360 ppmv in summer
(Fig. 5b), indicating net efflux of CO2 from the lake in
winter and net influx into the lake in summer. To esti-
mate annual net primary production, we divided a year
into four periods according to the state of thermal
stratification; April to May (thermocline was devel-
oped), June to August (stable thermocline was estab-

lished), September to November (thermocline moved to
deep depths) and December to March (holomixing). We
then calculated average values for each period and
integrated the data for a year. Similarly, annual average
pCO2 at the lake surface was calculated from the aver-
aged values and durations of each period. The estimated
annual net primary production rate was 323 g
C m�2 year�1 and average pCO2 was 424 ppmv.

From these values, the P:R ratio at the offshore site in
the north basin was calculated as 0.95 when plankton
alone was considered and 0.89 when carbon minerali-
zation at the lake sediments was included (Table 1).

Discussion

The present study suggests that the Lake Biwa ecosys-
tem is, if anything, net heterotrophic at the offshore
area. To estimate bacterial respiration rate, which was
48% of the areal respiration rate of heterotrophs (both
in the water column and sediments), we set the growth
efficiency to 0.5 in the equation. However, this number is
almost at the upper limit of the bacterial growth effi-
ciency found in nature (del Giorgio and Cole 1998). If,
for example, the efficiency is 0.25, which is a mean value
found in various lakes (del Giorgio and Cole 1998), the
bacterial respiration rate becomes three times higher
than that estimated at an efficiency of 0.5. In addition,
we set a number of assumptions or conditions that
resulted in underestimates of the respiration rate of
heterotrophic plankton (see Methods and materials).
Moreover, we utilized the primary production rate esti-
mated by the 13C method as net production rate. It is
likely, therefore, that the areal P:R ratio would be lower
than the present estimation.

Nonetheless, the present estimate of community res-
piration rate in the lake water is higher than that esti-
mated by Yoshimizu et al. (2002), who examined the

Table 1 Summary of respiration rates of heterotrophs in water
column and sediments, net primary production rate and P:R ratio
at an offshore site (50-m deep) in the north basin of Lake Biwa

This study Yoshimizu et al. (2002)

Respiration rate of heterotrophs (g C m�2 year�1)
Water column
0–12.5 m layer 183
12.5–25 m layer 94
25–50 m layer 62
Total 339 262
Sediments 24
Total 363
Net primary production
rate (g C m�2 year�1)

323

P:R ratio
Water column 0.95
Water column + sediments 0.89

Fig. 5A, B Seasonal changes in A net primary production rate and
B pCO2 in the surface water in the north basin of Lake Biwa

Fig. 4 Depth and time profiles of accumulation rate of organic
carbon in the sediments at an offshore site in the north basin of
Lake Biwa
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carbon budget in the north basin of Lake Biwa using
water mass balance, primary production rate and sink-
ing flux of organic carbon (Table 1). Since the respira-
tion rate in Yoshimizu et al. (2002) was also estimated
indirectly, it probably includes varying degrees of errors
associated with assumptions. Considering such potential
artifacts, the estimates of community respiration rate by
Yoshimizu et al. (2002) seem not to differ largely from
the corresponding estimate in the present study.

To confirm that the Lake Biwa ecosystem is indeed
net heterotrophic, we examined CO2 concentration at
the lake surface, as in del Giorgio et al. (1999). The
exchange of CO2 in lakes occurs across the air–water
interface. The direction of this exchange is determined
by the CO2 concentration gradient between the air and
the surface water. Thus, it is most likely that the pCO2 is
higher in the surface water than in the air for net het-
erotrophic lakes (Schindler et al. 1972; Cole et al. 2000;
Hanson et al. 2003). In Lake Biwa, the surface water
pCO2 showed clear seasonal changes as found in other
lakes (Cole and Caraco 1998; Kelly et al. 2001): it
decreased to a low level when the lake was thermally
stratified. Although the pCO2 was <360 ppmv in sum-
mer, the annual average was higher than the atmo-
spheric pCO2, suggesting net release of CO2 from the
lake water in agreement with the areal P:R<1.

Strictly, to judge whether a given lake ecosystem
vents CO2 to the atmosphere, estimation of CO2 flux is
needed. Other than the concentration gradient, the
magnitude of CO2 exchange across the air–water inter-
face depends on the gas exchange coefficient. We have
no data on this coefficient that would be applicable to
various seasons in Lake Biwa. However, it is well known
that the gas exchange coefficient is mainly affected by
wind velocity (Cole and Caraco 1998). In Lake Biwa,
summer is less windy than other seasons. For example,
according to the meteorological records at the Minam-
ikomatsu Station of Japan Meteorological Agency, lo-
cated 15 km from our sampling station, a daily average
wind speed above 1.5 m s�1 occurred only 4–5 days per
month from May to August, but 9–15 days in other
months during the period from 1997 to 1998. In addi-
tion, solubility of CO2 is higher at lower temperatures.
Thus, total CO2 influx into the lake during the period
from May to August seems to be lower than total CO2

efflux to the atmosphere during the remaining period in
the year.

Other than respiration, there are two CO2 sources in
lake ecosystems: CO2 carried by the inflowing ground-
water and CO2 generated by the difference in alkalinity
between the inflow and lake waters. Since water resi-
dence time of Lake Biwa is �6 years, the role of these
sources in CO2 flux would be probably minor. Indeed,
although pCO2 in the groundwater in the Lake Biwa
watershed is 100 times higher than that in the atmo-
sphere (Ohte et al. 1995), annual inflow of groundwater
to Lake Biwa corresponds to only 1.4% of the lake
water volume (Endo, unpublished data). This implies
that CO2 brought by groundwater is, at most, 11 g

C m�2 in a 50-m-thick water column, which is �3% of
the present estimate of the community respiration rate.
In addition, alkalinity in the water of major rivers
flowing into Lake Biwa was on average 629 leq l�1 (A.
Konohira, unpublished data), which did not differ lar-
gely from the seasonal average of alkalinity in the lake
surface water (611 le l�1; J. Urabe, unpublished data).
These data suggest that heterotrophic metabolisms are a
major source of CO2 in Lake Biwa.

Moreover, it is hard to imagine that direct inputs of
inorganic carbon create the clear seasonal patterns of the
lake surface pCO2 found here. In Lake Biwa, CO2 fix-
ation by photosynthesis took place at the top 10–15 m
(Urabe et al. 1999) and exceeded 1 g C m2 day�1 in
summer (Fig. 5). However, the respiration rate of het-
erotrophic plankton at a depth of 0–12.5 m was less than
1 g C m�2 day�1 (Fig. 3). During summer, the lake
water body is physically separated into shallow and deep
layers by the thermocline, typically at 10–15 m depths.
Thus, the surface water pCO2 in summer seems to reflect
well the carbon balance above the thermocline where the
production of organic carbon exceeded the consumption
of organic carbon. Leftover production from the organic
carbon produced in the shallow layer sinks to the deep
layer (hypolimnion) and is utilized in heterotrophic
metabolism. The respired CO2, however, must be accu-
mulated within the deep layer during summer because
the thermal stratification creates an obstacle to CO2

diffusion toward the upper layer. Together with the
higher community respiration rate relative to the pri-
mary production rate, the accumulated CO2 would
cause high pCO2 in the lake water in successive seasons
when the thermal stratification is weakened or disap-
pears.

The present study showed that the mineralization rate
in the lake sediments contributed less than 10% of the
areal respiration rate of heterotrophs. According to
Murase (personal communication), oxygen consumption
rate in the lake sediments was as high as 70 g
O2 m

�2 year�1. The rate corresponds to 27 g
C m�2 year�1 under aerobic respiration with RQ=1.
Thus the present estimate is in surprisingly strong
agreement with the measured mineralization rate. Note
that, in the lake sediments, organic carbon is mineralized
not only through aerobic microbial metabolism but also
through anaerobic metabolism. Murase and Sugimoto
(2002) showed that at a deep offshore site in Lake Biwa,
methane corresponding to 2.2–8 g C m�2 was produced
annually in sediments deeper than a few centimeters
from the lake bottom. This amount corresponds to 8–
30% of the mineralization rate in the lake sediments.
However, the majority of methane is oxidized when it
diffuses into the lake water, although the biological or
chemical processes are unclear (Murase et al. 2005).
Therefore, we regarded the breakdown of organic car-
bon in the sediments to result in production of CO2.

As mentioned above, CO2 released in the deep layer
and the lake sediments is accumulated in that layer
during the period from May to September due to the
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thermal stratification. From the daily respiration rate in
the deep layer of the water column and the mineraliza-
tion rate in the lake sediments, it is expected that CO2

corresponding to �42 g C m�2 will accumulate below
the thermocline during this period. This value means
that �4.5 g O2 m

�3 was consumed in the deep layer with
25 m of thickness if RQ=1. In agreement with this
estimate, �4–6 g O2 m

�3 has been consumed every year
during the thermally stratified period at deep depths in
Lake Biwa since 1970 (i.e., Ishikawa et al. 2004). Thus,
although the carbon mineralization rate is much lower in
the deep layer compared with the surface layer, further
increases in the rate would result in serious impacts on
the chemical environments at deep depths in Lake Biwa
(see also Murase et al. 2005).

Murase and Sakamoto (2000) showed that allochth-
onous organic carbon is preferentially preserved in the
Lake Biwa sediments. Assuming that organic carbon is
not mineralized in sediments deeper than 10 cm, we
estimated that the lake has permanently buried organic
carbon into the lake bottom at a rate of 28 g
C m�2 year�1 for the past 20 years (Fig. 4). This burial
rate is smaller than rates in lakes with a surface area
<500 km2 but larger than those in larger lakes such as
Lake Michigan and Lake Baikal (e.g., Dean and Gor-
ham 1998; Einsele et al. 2001). From our estimates of the
respiration and net primary production rates, net CO2

release (R�P) from the lake is calculated to be 40 g
C m�2 year�1. This value falls well within the expected
range of CO2 efflux in various lakes (Hanson et al. 2004)
and is close to the burial rate above. Thus, although the
Lake Biwa ecosystem vents carbon to the atmosphere, it
buries similar amount of carbon. This implies that the
role of this lake in the production of atmospheric carbon
is almost null. Note, however, that the present estimate
of the burial rate is uncertain because it is not clear to
what sediment depth organic carbon is mineralized.
Apparently, further study is needed to determine whe-
ther the Lake Biwa ecosystem acts as a net source or sink
of atmospheric carbon.

In summary, the present study indicates that the Lake
Biwa ecosystem is, if anything, net heterotrophic at the
offshore area. Such a view is supported by the annual
mean of the surface water pCO2. The result suggests that
at the offshore area Lake Biwa receives a substantial
amount of organic carbon from the littoral area drain-
age basin and vents CO2 to the atmosphere through
decomposition. However, the role of the lake as a net
source of atmospheric carbon should be discounted be-
cause similar amount of carbon is buried in the lake
sediments. According to del Giorgio and Peters (1994),
P:R varies from <0.5 in oligotrophic lakes to >1.5 in
eutrophic lakes. Given this wide range, the P:R ratio in
Lake Biwa does not deviate largely from 1, suggesting
that this lake is situated on the edge between net het-
erotrophic and net autotrophic. Recently, Konohira and
Yoshioka (2005) found an inverse relationship between
organic carbon and nutrient concentrations in the
river water inflowing to Lake Biwa. Considering the

nutrient limitation on primary production (Urabe et al.
1999), an increase in nutrient loading may push Lake
Biwa toward net autotrophy and a role as a C sink
through an increase in autochthonous production
(Hanson et al. 2004). In contrast, an increase in the
discharge rate of biologically available organic carbon
from the surrounding area would likely push this lake
toward net heterotrophy and a role as a C source
through an increase in the community respiration rate.
In either case, the Lake Biwa ecosystem would be sub-
jected to serious impacts through an increase in oxygen
consumption rate in the deep layer and the lake sediment
that may result in accelerating eutrophication (Carpen-
ter et al. 1999).
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Abstract As a part of a core project of IGBP (Inter-
national Geosphere-Biosphere Programme), distribu-
tion, production, oxidation and transport processes of
methane in bottom sediments and lake water in a
mesotrophic lake (Lake Biwa) have been studied with
special reference to the spatial heterogeneity of each
process. In this study, we attempted to synthesize
previously reported results with newly obtained ones
to depict the methane dynamics in the entire lake. The
pelagic water column exhibited subsurface maxima of
dissolved methane during a stratified period. Transect
observation at the littoral zone suggested that hori-
zontal transportation may be a reason for the high
methane concentration in epilimnion and thermocline
at the offshore area. Tributary rivers and littoral
sediments were suggested to be the source. Observa-
tions also showed that the internal wave caused
resuspension of the bottom sediment and release of
methane from the sediment into the lake water. The
impact of the internal waves was pronounced in the
late stage of a stratified period. The littoral sediment
showed much higher methanogenic activity than the
profundal sediments, and the bottom water of the

littoral sediments had little methanotrophic activity. In
the profundal sediment, most of the methane that
diffused up from the deeper part was oxidized when it
passed through the oxic layer. Active methane oxida-
tion was also observed in the hypolimnetic water,
while the lake water in the epilimnion and thermocline
showed very low methane oxidation, probably due to
the inhibitory effect of light. These results mean a
longer residence time for methane in the epilimnion
than in the hypolimnion. Horizontal inflow of dis-
solved methane from the river and/or littoral sedi-
ment, together with the longer residence time in the
surface water, may cause the subsurface maxima,
which have also been observed in other lakes and in
the ocean.

Keywords Methane Æ Mesotrophic lake Æ
Resuspension Æ Seiche Æ Subsurface maximum

Introduction

Methane is a terminal product of anaerobic carbon
metabolism, and methanogenesis is a dominant bio-
geochemical process in anaerobic freshwater environ-
ments (Zehnder and Stumm 1988). Methane production
and emission from various anaerobic ecosystems have
been studied since methane is the most important
greenhouse gas after CO2 and adsorption of infrared
radiation by methane is more effective than by CO2 on a
per-mol basis (e.g., Cicerone and Oremland 1988;
Mitchell 1989).

Methane release from a lake depends on the bal-
ance between methane production and oxidation (e.g.,
Reeburgh et al. 1991). A decrease in oxygen supply
and an increase in supply of organic matter on the
surface of the bottom sediment in a lake both stimu-
late methane production, and both also diminish the
oxic layer at the surface of the lake sediment. Methane
produced in the sediment also contributes to oxygen
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consumption through its oxidation (Gelda et al. 1995).
Methane release from a lake is, therefore, sensitive to
the redox condition at the surface of the sediment.
Eutrophication of the lake also accelerates methane
release from lake sediment by increasing the supply of
organic matter on the surface of the lake sediment. It
can be said that methane release from the lake-bottom
sediment is also an indicator of the trophic condition
of the lake.

Research on carbon flow in the watershed of Lake
Biwa, the largest freshwater lake in Japan, has been
carried out as a part of the core project TEMA
(Terrestrial Ecosystem in Monsoon Asia) under IGBP
(International Geosphere-Biosphere Programme). Var-
ious studies on methane dynamics in this lake have
also been carried out. The spatial distribution of
methane concentration and its carbon isotope ratio
(Murase and Sugimoto 2001), the temporal variations
in concentration and isotopic composition of dissolved
methane in the lake and tributaries (Murase et al.
2003), and the rate of production of methane in the
bottom sediment (Murase and Sugimoto 2002) have
been previously reported. Many interesting results,
such as photoinhibition of methane oxidation in the
water column of the lake (J. Murase and A. Sugimoto,
submitted), methane release from the sediment by an
internal seiche (Sakai et al. 2002), and storage of
methane on the surface of the sediment particles by
adsorption (Sugimoto et al. 2003), have also been
reported.

In order to discuss methane dynamics in the entire
lake, mechanisms of methane production, oxidation,
and release at each part of the lake should be taken into
consideration. We have already reported most of them
except for the oxidation process at the surface of the
sediment and the release mechanism of methane from
the sediment by the internal wave. In this article, we
show the observational and experimental results for
these remaining problems, and discuss the methane
dynamics in the entire lake together with the previously
reported results.

There are many studies on methane dynamics in
eutrophic lakes (Kiene 1991), while oligotrophic and
mesotrophic lakes have been studied much less so far.
Limited studies (Schmidt and Conrad 1993; Miyajima
et al. 1997; Schulz et al. 2001) showed that, in a
mesotrophic lake, methane concentration is higher in
the upper layer of the water column than in the lower
layer. This is in contrast to the eutrophic lake, where
the bottom sediment is the most important source of
methane in water, and the highest methane concen-
tration is generally observed in the bottom water
(Kiene 1991). The subsurface maxima of methane have
also been observed in the sea and open ocean (Dafner
et al. 1998; Seifert et al. 1999), but the mechanism is
poorly understood. A diagnostic synthesis of our work
on methane in mesotrophic Lake Biwa will be at-
tempted in this study to elucidate the mechanism for
subsurface maxima of dissolved methane in the lake.

Materials and methods

The series of studies on methane dynamics was con-
ducted in Lake Biwa, in Japan. The sampling and
observation sites are indicated in Fig. 1.

To determine the oxidation rate of methane diffused
from sediment at the surface, sediment core samples
were collected from the profundal zone (Station A) using
a gravity corer (i.d. 5 cm). The surface part (0–10 cm) of
the sediment was transferred to an acrylic tube (length
15 cm; i.d. 5 cm) keeping the structure of the sediment.
Overlying water was removed with a syringe until 5 mm
of water film was left on the sediment. The top of the
tube was capped with a rubber stopper with a port for
gas sampling. The headspace of the core was exchanged
with N2 for anaerobic incubation by flushing through
the port. The core samples were incubated at the in situ
temperature (8�C), and methane concentration in the
headspace was monitored. Rate of methane oxidation at
the surface layer of the sediment was estimated by
comparing the rate of methane release from the sediment
under oxic and anoxic conditions.

A microcosm experiment was done to estimate the
impact of water current through the bottom water on
release of methane from the sediments. Core samples
were collected from Station A using a gravity corer (i.d.
5 cm), and the surface part (0–6 cm) of the core samples
were transferred together with overlying water (5 cm
deep) to an acrylic tube (i.d. 5 cm; length 20 cm) that

Fig. 1 Map of Lake Biwa
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had holes on the side. The overlying water was removed
with a syringe and the filtered (<95 lm) surface water
(10-m depth) collected in Station A was gently added
above the sediment. The top of the tube was capped with
a rubber stopper excluding bubbles inside the tube.
Different rates (5.7 and 30 cm s�1) of horizontal water
flow were applied to the bottom part of the overlying
water for 10 s from the side of the tube by a water pump.
Concentration in the water was immediately determined
by the headspace method (Kimura et al. 1992).

The temporal change in the depth profiles of the
water temperature was observed to determine the
amplitude and frequency of internal waves in the lake.
Measurement of water temperature was conducted in
the late stage of a stratified period (from 29 November
to 20 December in 2000) offshore of Hikone (Station H,
water depth of 50 m; Fig. 1). A thermistor chain that
had 22 thermistors at intervals of 3.5–4.5 m for epilim-
nion and 1.5 m for the deeper layer was set, and water
temperature was measured at intervals of 30 min.

Observations which have been already published
elsewhere are used for the discussion on the dynamics
of methane in the entire lake. Spatial distribution of
methane concentration and its stable carbon isotope
ratio in the bottom sediment were obtained from the
top-10-cm layer (Murase and Sugimoto 2001). Methane
production rates of sediments were measured from the
surface to 23 cm deep for the profundal area and from
2–8 cm for the littoral area (Murase and Sugimoto
2002). The amount of methane retained in the sediment
(surface to 10 cm) were analyzed by Sugimoto et al.
(2003) and Dan et al. (2004). Methane concentrations in
the lake and tributary rivers were observed by Murase
et al. (2003). Oxidation of the in situ methane in the lake
water was determined by an incubation experiment, and
the effect of light on methane oxidation was also
examined (J. Murase and A. Sugimoto, submitted).
Briefly, lake water samples, which were collected from
the different depths of the pelagic area and from the
bottom of the littoral area, were incubated in serum
bottles at 15�C under dark and light conditions
(57 lmol m�2 s�1 for 12 h day�1), and temporal change
in methane concentration was monitored.

Results

Methane oxidation in the surface layer
of the sediment

Methane concentration in the headspace of the sediment
core linearly increased with time when the headspace
was exchanged with nitrogen (Fig. 2). The cores that
were incubated with air in the headspace released much
less methane into the headspace. The carbon isotopic
composition of methane in the headspace was �70&
under anaerobic conditions and �48& under aerobic
conditions, suggesting that methane was oxidized in the
oxic layer of the sediment under aerobic conditions.

Based on the difference in release rate of methane from
the sediment under oxic and anoxic conditions,
approximately 90% of methane diffused from the deeper
part of the sediment was considered to be oxidized when
passing through the oxic layer of the surface sediment.
High methane oxidation rates in the surface sediment of
a mesotrophic lake have also been reported by Frenzel
et al. (1990).

The effect of water current on release of methane
from the sediment

Water current applied to the overlying water of the
sediment core at 30 cm s�1 for 10 s resulted in a
remarkable increase in methane concentration in the
overlying water (Fig. 3). A water current of 30 cm s�1 is
as high as the field data, and water currents higher than
200 cm s�1 have been observed in the lake (Endo,
personal communication). Thus, our results reflect the
impact of water current on release of methane from
sediment. In the field, a rapid downward shift of the
thermocline (5 m in depth in 3 h), probably due to an
internal wave, was observed (Sakai et al. 2002). Tur-
bidity and methane concentration synchronistically
increased in the thermocline after the downward move-
ment, suggesting that the water current of the internal
wave caused resuspension of bottom sediment and
release of dissolved methane (Sakai et al. 2002).

It is recognized that internal wave causes resuspen-
sion of bottom sediments of the lake (Shteinman et al.
1997). However, little attention has been given to the
fact that considerable amounts of methane are released
by an internal wave. Our observation is the first showing
methane release caused by an internal wave.

Frequency and amplitude of internal waves

The amplitude and frequency of internal waves in the
lake were studied by monitoring the temporal change in
the depth profiles of water temperature. Water temper-

Fig. 2 Release of methane from profundal (Station A) sediment
cores under oxic and anoxic atmospheres. Bars represent the error
in duplicate
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ature in the epilimnion decreased from 14.0 to 11.4�C
during the observation period (Fig. 4). Internal waves
with amplitudes higher than 5 m were observed more
than once a day on average, with a higher frequency in
the late period. Internal waves with high amplitude
(>20 m) occurred in a short time especially at the late
stage, when the water temperature in the epilimnion
decreased.

The amplitude of the internal waves was large. It is
highly possible that considerable methane is released
when the internal wave hits the bottom sediment.
Actually, in the late stage of a stratified period (in
December and January 2000), a high concentration of
dissolved methane (100–140 nM) was observed in the
bottom water of the site (Station B) where the thermo-
cline was situated around the lake bottom (Murase et al.
2003).

Discussion

There are few studies on methane dynamics in oligo- to
mesotrophic lakes, and little attention has been paid to
the spatial heterogeneity of methane dynamics in an
entire lake ecosystem. Our series of studies demonstrates
that transport, production, and oxidation processes of
methane differ among the subsystems of the lake; water
versus sediment, littoral area versus pelagic area, and
epilimnion versus hypolimnion, and the spatial hetero-

geneities characterize the methane dynamics of the entire
lake. Methane dynamics in the subsystems of Lake Biwa
are discussed below.

Methane production and release
from the lake sediments

Methane content in the surface (0–10 cm) sediments of
the north basin of the lake ranged from 0.06–2.4 mmol
l�1 (Table 1). The carbon isotopic ratio of methane
ranged from �71 to �80&, and the apparent carbon
fractionations between methane and inorganic carbon
ranged from 1.064–1.084 (Murase and Sugimoto 2001),
suggesting that CO2 reduction is the major pathway of
methanogenesis (Whiticar et al. 1986; Sugimoto and
Wada 1993).

The littoral sediments showed much higher methane
production rates than the profundal sediments
(Table 2). One of the main reasons for the high activity
of methanognesis in the littoral sediments was the high
summer temperatures. Other factors such as quality of
organic matter deposited may be also responsible, since
the littoral sediment in winter showed a higher metha-
nogenic activity than the profundal sediments (Murase
and Sugimoto 2002).

The profundal sediments showed apparent methane
production even in the deeper layers (23 cm depth) upon
anaerobic incubation (Murase and Sugimoto 2002).
However, part of the methane released by incubation
may have been produced earlier by methanogenic bac-
teria and stored in adsorbed form in the sediment
particles (Sugimoto et al. 2003). Dan et al. (2004)
investigated the methane release and found that methane
is released biotically and abiotically as well from the
sediment slurry. Methane stored on the sediment parti-
cles can be desorped by release of hydrostatic pressure or
decrease in the concentration of dissolved methane in

Fig. 4 Temporal change in depth profile of water temperature (�C)
at the late stage of a stratified period offshore of Hikone at a water
depth of 50 m (Station H)

Fig. 3 The effect of water current on methane concentration in
bottom water. The bottom water of the sediment core sample was
circulated using a pump to provide water currents at the indicated
speeds (see the illustration). Bars indicate the error of duplicate
measurements
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the pore water. The amount of methane stored on the
clay minerals in the Lake Biwa sediment was small
compared to the total amount of methane in the sedi-
ment (Sugimoto et al. 2003). However, we should pay
attention to the adsorption of methane on the surface of
the sediment particles because clay minerals are univer-
sally observed in lake and ocean sediments, and high
adsorption ability may be expected in some cases.

Methane in the sediment is the potential source of
dissolved methane in the lake water, since the methane
contents in the sediment were higher than those in lake
water by 2–5 orders of magnitude (Table 1). However,
the surface of the sediment is oxic in the mesotrophic
lake, and active oxidation at the surface layer is a strong
sink for methane produced in the deeper layer of the
sediment. Consequently, only a small amount of meth-
ane is released to the lake water (Fig. 2). Rate of oxygen
consumption by methane oxidation at the sediment
surface was comparable to that by decomposition of
organic matter in the surface layer of the sediment
(0–5 mm) (A. Kametani, unpublished data). The active
methane oxidation at the surface layer of the sediments
implies that methane-oxidizing bacteria may significantly
contribute to carbon flow in the sediment. Extremely low
values of carbon isotope ratio observed in chironomid
larvae suggest ingestion of microbial biomass of met-
hanotrophs and flow of methane-derived carbon in the
bottom sediment in Lake Biwa (Kiyashko et al. 2001).

Methane dynamics in the littoral zone

The lake water in the near-shore area contained much
higher amounts of methane than the pelagic water
(Table 1) (Murase et al. 2003). The transect observation
indicated that high concentrations of dissolved methane
in the littoral zone were horizontally transported off-
shore (Fig. 5).

All the river waters examined were replete with dis-
solved oxygen, but were oversaturated with dissolved
methane to the atmospheric concentration of methane
(Murase et al. 2003). The water samples of the rivers
located on the eastern side of the lake (Echi, Hino, and
Yasu Rivers) contained much higher amounts of dis-
solved methane than the pelagic water column of the
lake (Table 1). Thus, transportation from the tributary
rivers may be a source of the dissolved methane in the
lake water as reported in the coastal area (de Angelis
and Lilley 1987; Jones and Mulholland 1998). River
water can transport high concentrations of methane into
the different depths of the water column in the lake
according to seasonal changes in density current. That

Table 1 Methane content and its carbon stable isotopic ratio in lake water, sediment, and tributary rivers of Lake Biwa

Site Methane content
(lmol l�1)

d13C (&) Remarks Reference

Lake water
Pelagic 0.004–0.17 �62.6 to �21.8 Station A Murase et al. (2003)
Littoral 0.49–3.04 �57.3 to �47.6 Stations Y5 and Y10

(22 July 2000)
Murase et al. (2003)

Sediments
North basin 60–2,400 �78.8 to �70.9 12–100 m

in water depth
Murase and Sugimoto (2001)

South basin 40–710 �79.7 to �60.7 Murase and Sugimoto (2001)

Tributary rivers Distance from the river
mouth (km)

Echi 0.33–2.03 �54.4 to �46.8 1.2 Murase et al. (2003)
Hino 0.24–2.17 �59.5 to �47.6 1.8 Murase et al. (2003)
Yasu 0.24–3.43 �64.0 to �49.3 1.2 Murase et al. (2003)
Ado 0.014–2.29 ND 1.2 Murase et al. (2003)
Ane 0.015–0.26 ND 1.2 Murase et al. (2003)

ND no data

Table 2 Production rates of methane in the bottom sediments of
Lake Biwa (Murase and Sugimoto 2002)

Site Production rate
(lmol l�1 day�1)

d13C (&)

Profundal sediment
Station A 0.02–12.3 �72.3 to �69.3
Station B 0.04–9.82 �78.0 to �73.3

Littoral sediments
In situ temperature 11.4–88.0 �68.7 to �60.1
10�C 9.87–14.3 �69.8 to �67.4

Fig. 5 Transect observation of distribution of dissolved methane
(nmol l�1) in the offshore of Yasu River (redrawn from Murase
et al. 2003)
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is, in the early stage of the thermal stratification period,
when the water temperature of the river water is higher
than that of the surface water of the lake, the river water
is discharged onto the surface of the lake water and may
contribute to the high methane concentration in the
surface water. This was observed offshore of the Yasu
River in July 1999 (Fig. 5). In the late stage of a strati-
fied period, the temperature of the river water becomes
lower than that of the surface water and the river water
intrudes into the water column of the lake, probably
onto the thermocline.

The high levels of microbial activities due to the high
temperature in the littoral sediments and the diurnal
thermal stratification of the lake water may cause de-
pleted oxygen concentration in the bottom water in the
littoral zone. Although methanotrophs may oxidize
methane even at low O2 concentrations (Rudd et al.
1974), some part of the methane diffused from the dee-
per sediment can diffuse into the lake water, passing
through the less oxic surface layer of sediments without
being oxidized. Decreased oxygen and increased meth-
ane concentrations were observed in the bottom water of
the littoral zone of Lake Biwa in summer (Murase et al.
2003). The transect observations demonstrated that
methane diffused from the littoral sediments was hori-
zontally transported to the offshore of the lake like river
water. This suggests that methane diffused from the lit-
toral sediment is another potential source of methane in
the epilimnion and thermocline of the pelagic water
column.

Because the bottom sediments contain high
amounts of methane compared to the lake water as
described above, resuspension of the surface sediment
causes release of methane from the sediment, which
may be a source of methane in the lake water.
Resuspension of the littoral sediments is induced by a
surface wave, while an internal wave induces resus-
pension of the deeper sediments (Bloesch 1995). Our
results demonstrate the potential importance of inter-
nal waves in release of methane from the ‘‘sub-littor-
al’’ sediments. The water depth of the thermocline
seasonally shifts according to the change in the
structure of water temperature. In the early to middle
stage of a stratified period, the thermocline is situated
at a depth of around 15–20 m in Lake Biwa. In the
late stage, the thermocline moves down to 30–40 m
accompanied by a decrease in the water temperature
of the epilimnion until the lake water is overturned.
The internal waves can cause resuspension of the
bottom sediments over broad depths due to the ver-
tical shift of the thermocline. Especially in the late
stage of a stratified period, differences in the water
temperature between the epilimnion and hypolimnion
become smaller, and the amplitude of the internal
wave consequently becomes larger (Fig. 4). The strong
seasonal winds in winter may induce frequent occur-
rence of internal waves, which may also cause the
resuspension of the sediment and release of methane
from the sediment.

Dynamics of dissolved methane in the water column
in the pelagic zone

Methane concentration in the pelagic water column
ranged from 4.3–166 nmol l�1 (Table 1). During the
stratified period, methane concentration was higher in
the epilimnion and thermocline than in the hypolimnion
(Murase et al. 2003). The peaks in methane concentra-
tion were observed in the thermocline in the middle of a
stratified period. The transportation of dissolved meth-
ane from the littoral and sub-littoral zones described
above may be the most important source of dissolved
methane. The highest methane concentration in the pe-
lagic water column was recorded during the late stage of
a stratified period (Murase et al. 2003). The river inflows
may not explain this maximum methane content because
no significant increase in methane concentration in the
major river waters was observed in this period (Murase
et al. 2003), nor in the amount of water discharge (data
not shown). The littoral sediment had a lower methane
production activity in winter than in summer (Murase
and Sugimoto 2002). Therefore, release of methane from
sediment resuspended by internal waves is the possible
source of the increased methane. This conclusion is
supported by the observational result that the maximum
methane content in the pelagic water column was ob-
served just before the overturn of the lake water in the
late stage of the stratified period, when the bottom water
of the sub-littoral zone (30-m depth) showed the highest
methane concentration probably due to the internal
waves (Murase et al. 2003).

Active oxidation of dissolved methane was observed
in the hypolimnion of the pelagic area (Fig. 6). This is in
agreement with the stable carbon isotope data of
methane which showed a seasonal increase in the

Fig. 6 Methane oxidation in lake water collected from different
depths of the pelagic water column [Station T (Sta T)] and bottom
water in the littoral zone [Station B (Sta B), 10 m depth]. Water
depths of 5, 15, and 70 m in the pelagic water column correspond
to epilimnion, thermocline, and hypolimnion, respectively
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hypolimnion during a stratified period (Murase et al.
2003). Methane in the water column has been reported
to be a carbon source for the lake pelagic food webs
(Bastviken et al. 2003). Methane oxidation in the water
samples from the epilimnion and thermocline (Station T,
5 and 15 m depth) was insignificant. Methane oxidation
in the hypolimnetic water was insignificant when the
water was incubated under light. Epilimnion water
incubated under dark conditions showed methane oxi-
dation after a long-term incubation period (>1 month).
These results indicate the inhibitory effect of light on
methane oxidation in the lake water (J. Murase and A.
Sugimoto, submitted).

The bottom water of the littoral area (Station B) also
showed little methane oxidation (Fig. 6) (J. Murase,
unpublished data). Because of the low methane oxida-
tion and the high methane production rate in the sedi-
ment, the concentration of dissolved methane may be
high in the littoral zone. This may be one of the strong
sources of dissolved methane in the pelagic water col-
umn.

Methane dynamics in the entire lake

Based on data obtained, the dynamics of methane in the
lake are summarized in Fig. 7. The horizontal inflow of
dissolved methane from the river and littoral sediment is
an important source of dissolved methane in the epi-
limnion and thermocline. Release of methane from the
sub-littoral sediment caused by internal waves is another
important source, especially at the end of a stratified
period. Profundal sediment may be a minor source of
methane in the hypolimnion because of the active oxi-
dation of diffused methane in the sediment surface.

Methane oxidation is very low in the epilimnion and
thermocline due to the inhibitory effect of light. Meth-
ane in the surface water is oversaturated to the atmo-
spheric methane level and released to the atmosphere
without oxidation in water. In contrast, methane is ac-
tively oxidized in the hypolimnion. The high loading and
inactive oxidation of methane cause higher methane
concentration in the epilimnion and thermocline than in
the hypolimnion with the low loading and active oxi-
dation of methane. This may be a mechanism for sub-
surface maxima of dissolved methane in the lake water,
which have been observed in other lakes and in the
ocean.

Other possible sources of dissolved methane
in the lake water

A correlation between biomass of zooplankton and
methane concentration has been observed in the near
surface of marine environments (Traganza et al. 1979;
Brooks et al. 1981; Conrad and Seiler 1988), and
methane production by zooplankton (copepods) during
grazing on marine phytoplankton has been reported (de
Angelis and Lee 1994). However, methane production
by zooplankton in freshwater environments has still not
been clarified. Miyajima et al. (1997) detected no
methane production by copepods in Lake Biwa. We also
found no correlation between methane concentration
and abundance of zooplankton (J. Murase, unpublished
data). de Angelis and Lee (1994) reported methane
production by zooplankton was species specific.

The presence of methane in the oxic open ocean is
often explained by methanogensis in the anaerobic mi-
crosites inside particulate organic matter such as fecal
pellets of copepods or marine snow. Karl and Tilbrook
(1994) reported that the sinking particles released
methane to seawater, explaining in part the in situ pro-
duction of methane in the oxic seawater. Evidence of
methanogenic archaea was revealed by analyses of lipid
(King et al. 1998) and 16S rRNA genes (van der Maarel
et al. 1999). The significance of methanogenesis from
particulate matter in the methane budget of lakes re-
mains to be studied.

Submarine groundwater discharge is often reported
as a significant source of dissolved methane in the
coastal oceans (e.g., Bugna et al. 1996; Bussmann and
Suess 1998; Corbett et al. 2000). There is no study on the
effect of groundwater discharge on methane budget in a
lake. However, groundwater may be a possible source of
dissolved methane in the lake water, because Taniguchi
(2001) reported that the internal seiche enhanced the
groundwater seepage in Lake Biwa.

Concluding remarks

Oxygen uptake by microbial metabolisms including
methane oxidation in the profundal sediments may be

Fig. 7 A schematic model of the dynamics of methane in Lake
Biwa. Methane in the lake water is supplied from the subsystems of
the lake (rivers, littoral and profundal sediments) at different
strengths (indicated with arrows). Dissolved methane is oxidized in
the hypolimnion but not in the epilimnion because of the inhibitory
effect of light
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accelerated by an increase in temperature at the lake
bottom due to global warming (Hayami and Fujiwara
1999). Excessive depletion of benthic oxygen may release
much more methane from the sediment to the lake wa-
ter. Phosphorus can be also released from the sediment
to the lake water due to oxygen depletion. Accelerated
eutrophication of the lake by release of phosphorus may
cause a catastrophic change in the methane dynamics in
the lake.

The fact that methane is produced/released from the
deeper layer (>20 cm from the surface) of the profundal
sediments suggests that the methane originated from
organic matter deposited in the past (more than
100 years ago if the sedimentation rate is assumed to be
2 mm year�1), and that this ‘‘old’’ methane contributes
to the present carbon flow and oxygen budget of the
sediments. The organic matter in the deeper layer of the
profundal sediments as well as the littoral sediments is
suggested to be relatively dominated by the allochtho-
nous (terrestrial) origin in comparison to the surface
layer of the profundal sediments (Murase and Sakamoto
2000). Further study is needed to elucidate the link be-
tween terrestrial organic matter and methane dynamics
in lake sediments.
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global climate change 59
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internal cycling 90
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leaf canopy 7
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leaf mass ratio 5
leaf nitrogen 7
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life form 54
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light-use efficiency 10
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local light intensity 18
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specific UV absorbance (SUVA) 117
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Stream discharge 91
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vegetation map 33
vegetation responses 65
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warming experiment 70
warming process 61
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