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Abstract To predict global climate change and to implement the Kyoto Protocol for stabilizing
atmospheric greenhouse gases concentrations require quantifying spatio-temporal variations in
the terrestrial carbon sink accurately. During the past decade multi-scale ecological experiment
and observation networks have been established using various new technologies (e.g. controlied
environmental facilities, eddy covariance techniques and quantitative remote sensing), and have
obtained a large amount of data about terrestrial ecosystem carbon cycle. However, uncertainties
in the magnitude and spatio-temporal variations of the terrestrial carbon sink and in understand-
ing the underlying mechanisms have not been reduced significantly. One of the major reasons is
that the observations and experiments were conducted at individual scales independently, but it
is the interactions of factors and processes at different scales that determine the dynamics of the
terrestrial carbon sink. Since experiments and observations are always conducted at specific
scales, to understand cross-scale interactions requires mechanistic analysis that is best to be
achieved by mechanistic modeling. However, mechanistic ecosystem models are mainly based
on data from single-scale experiments and observations and hence have no capacity to simulate
mechanistic cross-scale interconnection and interactions of ecosystem processes. New-gen-
eration mechanistic ecosystem models based on new ecological theoretical framework are
needed to quantify the mechanisms from micro-level fast eco-physiological responses to
macro-level slow acclimation in the pattern and structure in disturbed ecosystems. Multi-scale
data-model fusion is a recently emerging approach to assimilate multi-scale observational data
into mechanistic, dynamic modeling, in which the structure and parameters of mechanistic mod-
els for simulating cross-scale interactions are optimized using multi-scale observational data. The
models are validated and evaluated at different spatial and temporal scales and real-time ob-
servational data are assimilated continuously into dynamic modeling for predicting and forecast-
ing ecosystem changes realistically. In summary, a breakthrough in terrestrial carbon sink re-
search requires using approaches of multi-scale observations and cross-scale modeling to un-
derstand and quantify interconnections and interactions among ecosystem processes at different
scales and their controls over ecosystem carbon cycle.
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The global terrestrial ecosystems have been tak-
ing up substantial CO, from the atmosphere, offsetting
a part of human-induced increases in atmospheric CO,
concentration and the greenhouse effect''. Being af-
fected by numerous environmental, biological and
human factors, the terrestrial carbon uptake has high
spatial heterogeneity and temporal variations, accurate
quantification of which is essential to realistic predic-
tion of global climate change. The terrestrial carbon
sinks that arise from human activities have been in-
cluded in a legally binding framework in the Kyoto
Protocol for stabilizing atmospheric greenhouse gases
concentrations'”. Effective implementation of the
Kyoto Protocol requires country-based accounting,
monitoring and verifying carbon emissions and se-
questration. The terrestrial carbon sink, therefore, is an
important international political as well as a scientific
issue. Since the late 1990s, many countries and inter-
national organizations have given priority to the ter-
restrial carbon sink in the global change research.

Although extensive and intensive studies have
been conducted, big uncertainties still existed in esti-
mating the magnitude, spatial distribution, and tempo-
ral variation of the terrestrial carbon sink and in un-
derstanding the underlying mechanisms''. In order to
reduce the uncertainties, a new series of international
and national research projects have launched such as
the Global Carbon Project’”, North America Carbon
Program[‘”, and Chinese Terrestrial Ecosystem Carbon
Cycle and its Driven Mechanism Research. To achieve
the designed objectives, to continuously update the
concept framework and research direction is necessary
according to the progress in the global change science
and techniques. In contrast to the previous projects
that are of mostly disciplinary studies, the new pro-
jects employ multi-disciplinary and comprehensive
approaches to study the terrestrial carbon sink as an
integral part of the carbon cycle of the Earth system.
For example, the Global Carbon Project13 ! breaks the
separation of the carbon cycle into terrestrial, atmos-
pheric and oceanic sectors, regarding the Earth carbon
cycle as a whole in a framework of carbon-
climate-human interactions and using approaches that
combines space- and land-based observations, con-
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trolled experiments, mechanistic modeling, and social
science mcthodologiesm. But, these projects have not
put forward a clear solution for understanding, quan-
tifying and predicting multi-scale and cross- scale in-
terconnection and interactions among ecosystem
processes over the terrestrial carbon sink > ¢,

Terrestrial ecosystem carbon cycle depends on
regional climate and ecosystem patterns and on
small-scale environmental conditions and ecophy-
siological characteristics of organisms; is modulated
by long-term changes in climate, biogeochemical cy-
cle and ecosystem structure and by short-term climate
variability and fast eco-physiological responses; and is
affected by both natural and anthropogenic perturba-
tions. As a typical complex system, the function and
behavior of the ecosystems depends on the intercon-
nections of processes at different levels or scales. To
reduce the uncertainties in the terrestrial carbon sink
requires understanding, quantifying and predicting
cross-scale interconnections of ecosystem processes
and their controls over the carbon cyclelS 4 In the past
decade, numerous experimental, observational and
modeling studies on terrestrial ecosystem cycle have
been conducted from site to global scales, however
few cross-scaling studies are available to untangle
ecosystem multi-scale interconnections'’ . The present
paper first overviews experimental and observational
studies at different scales using new techniques and
the consequent progress in understanding the terres-
trial carbon sink in the past decade, then discusses the
development of cross-scale analysis and the new gen-
eration of mechanistic ecosystem models, and finally
gives our perspective on the directions of using the
approaches of multi-scale and cross-scale data-model
fusion in quantifying the terrestrial carbon sink.

1 Multi-scale ecosystem experiment and observa-
tion

Until the early 1990s studies on mechanisms of
ecosystem carbon cycle were limited to short-term
responses of eco-physiological processes (e.g. plant
photosynthesis and respiration) and the growth and
development of individual organisms to changes in
single environmental factors (e.g. increasing atmos-
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pheric CO; and global warming)m. Some studies at
regional scales in that time, for example, on changes in
regional pattern of terrestrial net primary productivity
(NPP) and carbon stock used statistic and survey data
of land cover changes””' and empirical models''*"",
The statistic data were usually lacking geo-referenced
quantitative information, and the empirical models had
no mechanistic description of ecosystem processes.
Therefore, it was imperative to conduct ecosystem-
level experiments, regional quantitative observations
and mechanistic modeling on terrestrial ecosystem
carbon studies. After about a decade, with the devel-
opment of new techniques such as controlled envi-
ronmental facilities, eddy covariance measurement
and quantitative remote sensing, various ecosystem
research networks have been established to study eco-
system carbon cycle across from site to global scales,
obtaining a large amount of data that shed light on the
terrestrial carbon sink. The multi-scale experiments
and observation and the resulting understanding of the
terrestrial carbon sink are introduced as the following.

1.1 Ecosystem-level experiments on the response to
environmental changes

To understand mechanisms of terrestrial carbon
sequestration requires information on ecosystem re-
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sponses to global environmental changes, particularly
to increasing atmospheric CO, concentration and cli-
mate warming. Experimentation is an effective way to
obtain the information. However, traditional experi-
mental facilities (e.g. closed growth chamber) limited
the experimentation to small organisms (e.g. grasses or
tree seedling) and produce biases and artifacts by dis-
turbing the growth of organisms greatly'®. From the
1990s, large environmental controlling facilities'®,
e.g. Open-Top Chamber (OTC) and Free-Air CO, En-
richment (FACE)“zl, have been used to conduct eco-
system-level experiments (fig. 1). Conventional tech-
niques are unable to measure and distinguish carbon
fluxes arising from photosynthesis, autotrophic and
heterotrophic respiration, and hence cannot directly
measure their responses to environmental changes.
Recent development of stable isotope measurement
makes the measurement possible based on the dis-
crimination of those processes on the isotopic compo-
sition of CO,'"!. The ecosystem experiments that use
the large-scale environment controlling facilities and
modern measurement techniques have formed regional
or global networks, e.g. the Elevated CO, Network,
the Network of Ecosystem Warming Studies, (NEWS),
and the Biosphere-Atmosphere Stable Isotope Net-
work (BASIN).

Photosynthesis
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Fig. 1. A large-scale controlled environmental facility Free-Air CO; Enrichment (FACE, a) is used to study the response of forest ecosystem at
natural status to elevated atmosphere CO;. (b) shows the relative increases in forest photosynthesis and soil respiration to elevated atmosphere CO,
concentration by 200 ppmv, indicating that forest carbon sequestration increased substantially in the early stage because of much higher increases in
photosynthesis than soil respiration, but reduced in the later stage with the catching up of soil respiration''*,
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The ecosystem experiments indicated that the ini-
tial responses of ecosystem carbon processes to
environmental changes are set by their direct effects,
but the long-term changes are largely modulated by
indirect, interactive, and feedback effects!'”. For
example, prolonged exposure of plants to elevated
CO; results in down-regulation to the CO, fertilization
to photosynthesis, which includes starch accumulation
inhibition, source-sink limitations, and leaf N concen-
tration and active Rubisco reductions''®'”). The
enhanced photosynthesis by elevated atmospheric CO;
does not necessarily lead to significant increases in
ecosystem carbon sequestration since most of the
increased carbon fixed in photosynthesis is allocated
into the carbon pools that will be decomposed quickly
once getting into soils (e.g. leaves and fine roots)!'®!),
Increasing atmospheric CO; affects ecosystem carbon
cycle through many indirect processes, e.g. increasing
carbon allocation to roots and the C/N ratio of plant
tissues, reducing litter decay rates and soil organic
nitrogen mineralization''®'72**"), affecting ecosystem
carbon uptake both negatively and positively. Atmos-

~ pheric nitrogen deposition may enhance plant growth,
but the increased nitrogen supply may finally reduce
ecosystem carbon storage by decreasing the C/N ratio
of plant biomass and soil organic matter and enhanc-
ing soil respiration'”?), therefore has no significant
contribution to the terrestrial carbon sink'”’'. Climate
warming in cool regions stimulates plant growth and
mineralization of soil organic nitrogen and hence in-
crease NPP'***), The sensitivity of soil respiration to
temperature may decrease with increases in tempera-
tures, indicating the stimulation of global warming to
soil carbon release may be overestimated in previous
studies'”**’!. However, long-term observations showed
that warming has increased soil respiration more than
plant carbon fixation and has turned some ecosystems

at high latitudes from a carbon sink in to a source!™
28]

1.2  Measurements ecosystem-atmosphere carbon
flux using eddy covariance technique

To estimate ecosystem carbon sequestration re-
quires considering the temporal scale over which the
estimate is made because of high variations at differ-
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ent time scales (e.g. diurnal, seasonal and year to year).
Accounting the temporal variations needs to measure
ecosystem-atmosphere carbon fluxes continuously for
a long time period (e.g. for a life cycle of plants) at a
whole ecosystem level. The continuous measurement
has been made possible using the eddy covariance
technique that determines CO, exchange between a
whole ecosystem and the atmosphere through measur-
ing the correlation between CO; concentration and
vertical wind velocity across a spectrum of time scales
from hours to years. Although eddy covariance meas-
urements of CO, started in the early 1970s, it is the
production of commercial infrared spectrometers in
the late 1980s realized the long-term, continuous
measurement of CO, fluxes™. Since a whole-year
continuous measurement in the early 1990s B30 the
technique has been used at over 250 sites globally, in
which about 10 sites are of continuous measurements
over 10 years, forming regional (EuroFlux, AmeriFlux,
AsiaFlux, ChinaFlux, etc.) and a global CO; flux net-
work (FluxNet).

The eddy flux measurements are particularly
adopted as studying environmental and eco-physiolo-
gical mechanisms over diurnal, seasonal, and interan-
nual variations in ecosystem carbon cycle (fig. 2).
Those studies indicated that the factors that modulate
ecosystem carbon sequestration vary at different tem-
poral scales: in the course of a day carbon sequestr-
ation essentially follows solar radiation”'**'; over a
year the length of the growing season that depends
largely upon seasonal variations in temperature and
soil moisture has a major influence on carbon seques-
tration'”**, and decadal variations in ecosystem car-
bon sequestration, particularly of forests, are charac-
terized by changes associated with plant life cycle and
ecosystem succession and often depend on change in
size of long-term carbon pools and their turnover
times"®** ¥, The variations in ecosystem carbon se-
questration between flux sites often have weak corre-
lation to the varying environmental factors but seem
closely related to biological factors such as vegetation
type and carbon pools'”‘ 31 Measured net carbon ex-
change between ecosystem and atmosphere has high

interannual variations up to 2—3 times of the mean
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Fig. 2. Eddy covariance technique (a) has been used in continuous, long-term measurements of ecosystem-atmosphere carbon fluxes, providing a
unique and effective tool for studying ecosystem carbon cycle. The hourly, 10-year eddy flux data obtained in Harvard Forest (b) reveal the character-
istics of the diurnal, seasonal and interannual variations and the mechanisms in terrestrial ecosystem carbon sequestration'*?!.

value resulting from climate variabilities from year to
yearm‘35 I Therefore, short-time measurements cannot
capture temporal characteristics and potential terres-
trial ecosystem carbon sequestration.

Eddy flux measurements also provide new data
for reassessing the spatial pattern and the underlying
mechanisms of the terrestrial carbon sink. Atmos-
pheric-based measurements generally indicated terres-
trial carbon uptake at northern high latitudes"**"! and
carbon release in tropical regionsm], and satellite re-
mote sensing supported the existence of the carbon
sink in the north with detected consistent lengthening
of plant growing season by warmingm'. However,
data from 15 eddy flux sites of the EuroFlux showed
that northern terrestrial ecosystems had low carbon
uptake rates with high interannual variability. Mature
arctic coniferous forests were near carbon-balanced
and the young coniferous forests were carbon sink but
with lower rates than the temperate forests in the
Mediterranean. The forest biomass was increasing at
all the sites, but some sites at high latitudes were a net
carbon source™®!. Those observations found that with
increases in latitude forest photosynthetic rates had
litter change but the sensitivity of soil respiration to
climate warming increased, thus forests at higher lati-
tudes are likely to become a carbon source in response
to ongoing warming. In contrast, eddy flux measure-
ments indicated substantial carbon uptake by undis-
turbed forests in Amazon*®*?!. Studies based on the
measurements estimated undisturbed tropical forests

may take up 0.5—3.0Pg C a1 although net carbon
release was observed at some tropical sites'**!,

Eddy flux measurement provides a unique tool
for understanding eco-physiological mechanisms and
environmental controls of ecosystem carbon processes,
and the regional and global networks using the tech-
nique may reveal the terrestrial carbon sink at a broad
spatial scales. However, the limited number of flux
tower sites is far from capturing high spatial variability,
and the measured results in the specific ecosystems
under specific environmental conditions cannot ex-
trapolate directly to regional scale. Moreover, the eddy
covariance technique has some problems in quantify-
ing ecosystem carbon fluxes. For example, the mea-
surements are often not in energy closure, viz. the sum
of measured sensible and latent heat is less by 10%—
30% than the energy available!*”!, indicating that eddy
flux measurements may underestimate ecosystem
carbon fluxes. The drainage of CO, out of plant can-
opy at night causes the CO, flux from vegetation to
atmosphere boundary less than the amount from res-
piration, thus eddy flux measurements often overesti-
mate ecosystem carbon sequestration'35]. At sites with
complex topography and unstable atmospheric condi-
tion, measured ecosystem carbon uptake with eddy
covariance techniques differ 80% —200% from the
results from other independent measurements such as
carbon stock inventories'*”’. At some sites the average
net ecosystem carbon uptake for several years was as
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high as 500 g C mZa’', 2—3 times higher than the
result from carbon stock inventory'®, Eddy flux
measurement may not an effective, economical way to
measure long-term changes in ecosystem carbon cycle,
the accuracy may be lower than that from conven-
tional ecosystem inventories.

1.3 Satellite observation of ecosystem pattern and
productivity

Development of satellite remote sensing, the data
processing capacity, and relevant eco-physiological
studies make large-scale, continuous quantitative
observations of ecosystem patterns and activities

possible!’~*, Meteorological and resource satel-

lites have had global land observations for 30 years.
New-generation satellite systems (e.g. NASA’s the
Earth Observing System satellites) are providing more
accurate and higher resolution data on changes in
ecosystemn patterns for the next 20 years. Since the
pioneering work of Tucker et al. on the correlation
between remote sensing-derived vegetation index
(e.g. the Normalized Difference Vegetation Index,
NDVI) and photosynthetic activity'*”!, satellite remote
sensing has become a primary source of data on re-
gional ecosystem patterns and productivity'48'49'. Until
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the late 1990s, studies on land use-induced carbon
releases>”! mainly depend on statistical and survey
data of land use for administrative areas (e.g. countries,
provinces or states). Since then, remote sensing data
were used in mapping the spatio-temporal patterns of
regional and global land cover at fine resolution (500
m to 1 km)"®"*?. Remote sensing-derived absorption
of photosynthetically active radiation (PAR) provides
a mechanistic basis to quantify changes in vegetation
productivity and rates of carbon fixation from space
observations, and remote sensing-based ecosystem
models have been developed and used widely in stud-
ies on ecosystem carbon cycle!” 7351 The studies were

initially limited to estimating regional and seasonal
pattern of terrestrial net primary and ecosystem pro-
1537551 now are focused on the interannual

[56—58]
) .

ductivity

variations and long-term trend (fig. 3

Satellite remote sensing provides the first re-
gional-scale, direct observational evidence to the exis-
tence and the increases in the terrestrial carbon sink in
the northem terrestrial ecosystem'3 71 which were usu-
ally estimated based on atmospheric measurements.
Remote sensing data showed that NDVI at latitudes
higher than 45° N increased by 9%, and the growth
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Satellite remote sensing is currently the only means available to monitor change in ecosystem pattern and productivity at regional and

global scales. The figure shows satellite-observed vegetation pattern in the 1980s (a) data derived from ref. [51] and (b) changes in NPP from
the 1980s to the 1990s in China'*®. 1, Evergreen needleleaf forest; 2, evergreen broad-leaf forest; 3, deciduous needleleaf forest: 4. deciduous
broad-leaf forest: 5, mixed forest; 6, woodland: 7, closed shrubland; 8. open shrubland; 9, grassland; 10, cropland; 11, bareland: 12, urban and

built-up; 13, water.
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period started earlier by 6 days in the 1980s; and in the
1990s NDVI increased by 8%, the growth period
started earlier by 2 days[60]. Increases in NDVI and
longer growing season implied higher plant productiv-
ity and more carbon fixation. The vegetation carbon
storage in northern mid and high latitudes was esti-
mated increasing 0.68 Gt per year in the last 20
years, in which 70% and 20% occurred respectively
in Eurasia and North America based on remote
sensing data!®®, According to observed consistent
increases in NDVI, some studies inferred that the
vegetation in the north provided a natural negative
feedback to climate warming by taking up CO; from

the atmosphere!® ™). The NPP estimated using re-

mote sensing-based ecosystem models increased by
0.5%—0.8% per year in the last 20 years and that in
northern tropical regions was higher than in mid and
high latitudes”®”>*, consistent with land-based eddy
flux measurements'**"*?), The NEP of northern bo-

real forests was estimated at 0.2 Pg C a~' for the
1980s and 1990s using an NDVI-driven biogeo-
chemical model'®!. Estimates using statistical data
for land use-induced carbon release in the tropics
was 2.2 Pg C a”' and reduced by 10% in the last 10
years'®, in contrast, remote sensing-based studies
indicated a release of only 0.9 Pg C a™' and an in-
crease of 12%'***®. If the remote sensing-based
estimate was right, the global terrestrial carbon sink
that is derived as a residual of the global carbon
budget (as industrial emission + landuse release —
the oceanic uptake) should be smaller than the value
that was widely believed®, closer to the results of
ecosystem inventories'®”’ and reflecting the increas-
ing trend in the past decades!®®%.

Although it is the only approach available to
continuously and quantitatively observe ecosystem
changes at large scales, remote sensing cannot di-
rectly measure changes in ecosystem carbon fluxes
and carbon storage, which can only be obtained
through a series of inverse analysis, empirical or
process-based modeling from remote sensing data.
The advantage of remote sensing in ecosystem car-
bon cycle studies is in providing quantitative, high

resolution data at regional scales about changes in
environment conditions (such as climate, radiation
and soil moisture), vegetation pattern and activity
(e.g. vegetation distribution, composition, leaf area
index and PAR absorption), and land use (deforesta-
tion, reforestation, and cropping systems). Currently,
the remote sensing data used in studying ecosystem
carbon cycle are mainly from optical satellites, but
data from radar and laser satellites can greatly in-
crease the accuracy of the estimates by providing
information on 3-dimension forest coverage and
structure!’®. For example, the Vegetation Canopy
Lidar satellite that will be launched soon will in-
crease the accuracy of estimating vegetation distri-
bution, height and biomass 5—10 times'™®. Even
though, because of interferences by many factors
(e.g. accuracy of sensors, atmospheric condition,
cloudiness, and satellite orbital drift), remote sens-
ing data and the estimated changes in ecosystem
NPP and carbon stocks have big uncertainties, par-
ticularly, in the estimates of the long-term trend.
Therefore, remote sensing-based estimates of eco-
system carbon cycle should be validated using data
from ground measurements.

1.4 Atmospheric-based estimates of the terrestrial
carbon sink

The global magnitude, regional distribution and
interannual variations of the terrestrial carbon sink that
are cited widely are mainly derived from measure-
ments of atmosphere CO,, carbon and oxygen isotope
concentration and inverse modeling based on the
measurements'°®*%!. Seasonal variability in atmos-
pheric CO, concentration follows the phonological
cycle of plant growth, and the interannual variability
depends largely upon vaiations of terrestrial ecosystem
carbon uptake!'*®. Because of the difference in carbon
and oxygen isotopes composition in terrestrial and
oceanic biological processes, measurements of the
changes in the isotopes composition became a unique
and effective way to distinguish the terrestrial and
oceanic sink'’'!. The networks of atmospheric meas-
urements have been greatly extended, both the sam-
pling site and frequency have a large increase. The
data are used in atmospheric transport models to infer
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Fig. 4. Estimates of the global terrestrial carbon sink and its regional distribution and interannual variations are mainly based on atmospheric meas-
urements and inverse modeling. The figure shows the estimated global (a) and regional (b) net land carbon flux in the past 20 years (the negative

value indicates carbon uptake, and vice versa)'®®.

spatial distribution and temporal variability of carbon
sources and sink through inverse modeling based on
atmospheric circulations and transport mechanisms.

Atmospheric measurements and inverse modeling
have quantified regional distribution, seasonal, inter-
annual variations in the land-atmosphere net carbon
flux. Results”®®®® showed that the net terrestrial car-
bon uptake increased from 0.2—0.4 Pg a' in the
1980s to 0.7—1.4 Pg a™' in the 1990s, and the terres-
trial carbon sink (the net land uptake + carbon release
from land use) varied greatly between 2.0—4.0 Pg
a'th, Early atmospheric inverse modeling indicated
that terrestrial carbon uptake occurred mainly in
northern mid and high latitudes and that tropical ter-
restrial ecosystems were a large carbon source'**’®,
however, recent studies estimated that tropical regions
were carbon balanced or have moderate carbon up-
take!'>7), implying that undisturbed tropical ecosys-
tems were a substantial carbon sink!’* to offset the
carbon release of up to 2.2 Pg a”' from deforesta-
tion'*, The results were supported by eddy flux
measurements' ‘2. According to atmosphere inverse

modeling, the terrestrial carbon sink was 0.8 Pg a~' in
North America, 1.7 Pg a”' in Eurasia, and 0.4 Pg a'in
the tropics and Southern Hemisphere, with no signifi-
cant net carbon uptake or release in East Asia and the

Pacific Ocean'"’.

Atmospheric measurements and inverse modeling
are an effective approach to quantify the terrestrial
carbon sink in global and continental scales. Because
of the rapid movement and mixing of CO, in the
atmosphere and sparse atmospheric measurements, the
method is limited to provide fine-resolution (e.g. at
sub-continental or national scales) distribution of the
terrestrial carbon sink'®®’. At present, the understand-
ing of historical changes in the atmosphere co,
background value is still poor, thus the estimates of
terrestrial carbon uptake based on it have some uncer-
tainties”””!. Moreover, as an indirect approach, atmos-
pheric measurements and inverse modeling has not
any physiological and ecological mechanisms in-
volved in estimating the terrestrial carbon sink, thus
are unable to give mechanic explanation for estimated
changes.

2 Cross-scale mechanistic analysis and quantifi-
cation of ecosystem carbon processes

2.1 Multi-scale
mechanistic analysis

observation and cross-scale

Ecosystem experiments and observations at
multiple scales described above have obtained a
large amount of data about ecosystem carbon cycle
in the past 10 years, but the uncertainties in esti-
mating the terrestrial carbon sink have not been re-
duced much. For example, the estimates of the ter-
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restrial carbon sink and the regional distribution still
vary greatly, and the range of the estimates in-
creased with the emerging of new approaches and
data sources. Atmospheric-based estimates of the
global terrestrial carbon sink are twice of land-
based'”’®. The estimated net ecosystem carbon
uptake or release for a same site using eddy covari-
ance technique and carbon stock inventory differed
by 60%—170%". The studies based on remote

sensing suggested warming has caused increases in
the terrestrial carbon sink'®'~®!, but ecosystem ex-

periments and observations indicated that warming
caused net carbon release™?®!. Land use-induced
carbon release based remote sensing[“‘“] was less
than a half of the estimate based on statistical
data'®!. Partitioning the effect of natural (e.g. cli-
mate change, atmosphere CO; concentration in-
crease and N deposition) and anthropogenic mecha-
nisms (e.g. reforestation, afforestation, and land
management) on the terrestrial carbon sink is essen-
tial to effective implementation of the protocol,
however, there have been clear estimates of their
relative contribution'’¢™"°,

The major cause of the uncertainties is that the
existing estimates were based on the data observed
at individual scales. Few studies have been con-
ducted to investigate interconnections and interac-
tions of ecosystem processes at different scales.
Like in any complex system, the controlling factors
and processes differ at different levels in ecosystems
and their interactions, at a large extent, determine
the whole ecosystem function and behavior™®!. The
spatial heterogeneity in terrestrial ecosystem carbon
cycle depends, on the one hand, on regional climate,
vegetation, hydrology and land use pattern, and on
the other hand, on micro-climate, soil conditions,
land management, and eco-physiological processes.
The temporal variation is affected by both fast
processes from hourly to yearly climate variability
and physiological responses (e.g. stomatal conduc-
tance, photosynthesis, and respiration) and slow
processes {(e.g. climate change, vegetation succes-
sion and species migration at temporal scales from

decades to centuries). Micro-scale eco-physiological
responses, ecosystem pattern shifts, and macro-scale
energy transfer and material cycles jointly deter-
mine spatio-temporal variations in the terrestrial
carbon sink. Individual-scale observations can not
capture the interactions between different scales,
and even cannot provide a full understanding of the
processes at the specific observational scales be-
cause of the effect from the other scales. Therefore,
to estimate spatial and temporal variability in the
terrestrial carbon sink requires mechanistic under-
standing and quantitative analysis of the intercon-
nections and interactions between ecosystem proc-
esses and pattern at different scales.

2.2 Mechanistic modeling of cross-scale ecological
interactions

Experimentation and observation are always
conducted at specific scales, thus they alone cannot
result in understanding of the interconnections and
interactions of ecosystem processes and pattern at
different scales'”", Experiments and observations
at multiple scales provide the necessary data for the
understanding, but to achieve the understanding re-
quires bridging the data obtained at different scales.
At present cross-scaling approaches used in ecosys-
tem carbon studies are the traditional “Bottom Up”
and “Scaling Down” ! The “Bottom Up” approach
is to extrapolate results or mechanisms at small
scales to large scales directly. Limited small-scale
studies, on the one hand, cannot reflect high spatial
and temporal variabilities in ecosystem carbon cycle
and, on the other hand, cannot capture large-scale
mechanisms that often concealed at high small-scale
variabilities. For example, the CO; fertilization ef-
fect observed at plot-scale experi- ments is gener-
ally much higher than that observed at ecosystem
levels'"”). The estimated net ecosystem carbon up-
take or release using micro-level eddy flux meas-
urements is more than twice of that from macro-
level carbon stock measurements'’®’. The “Scale
Down” approach generally use statistical analysis to
link changes in large-scale patterns and activities to
the driving forces. So it is difficult to identify the
underlying mechanisms, even often leading to mis-
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leading results due to the statistical errors and poor
data quality at large scales!"'. For example, remote
sensing-based studies indicated poor correlation of
NPP with precipitation at the north mid and high
latitudes, even in dry regions”>%%% but mecha-
nistic studies showed that increasing precipitation
was a major cause in the terrestrial carbon sink'®"’.

Cross-scale analysis shall reveal mechanistic,
quantitative connection between ecosystem proc-
esses at different scales, e.g. the relationship of
changes in plant stomatal conductance and photo-
synthesis to carbon allocation among plant organs
and plant morphology, the effects of changes in the
relative rates of plant carbon and nitrogen assimila-
tion on C/N ratio of plant biomass and soil organic
matter, litter decay, soil organic mater decomposi-
tion, and the carbon and nitrogen cycles in the
soil-plant system, and shifts in vegetation structure,
composition and distribution resulting from changes
in the relative growth rate among different species
and their competition advantage for limited re-
sources. These cross-scale connections are often
concealed in the processes at specific scales and
hence are difficult to distinguish and quantify using
empirical analysis. Process-based mechanistic mod-
eling is the most effective approach to analyze and
quantify the cross-scale interconnections and inter-
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actions' ",

Mechanistic modeling advanced rapidly during
the last decade. Various mechanistic models have
been developed, which are generally classified into
biogeochemical models and dynamic global vegeta-
tion models (DGVM). The models have been widely
used to estimate impacts of climate and land use
changes on NPP, ecosystem carbon fluxes and stor-
age (fig. 5). For example, Melillo et al. first used a
mechanistic model to estimate global spatial pattern
of terrestrial NPP and predicted a doubled atmos-
pheric CO; concentration and the corresponding
climate change would enhance NPP significantly'®?'.
Cao and Woodward for the first time simulated the
transient, dynamic response of terrestrial net eco-
system productivity to climate change during the
past and future 100 years, and found that the global
terrestrial ecosystem became a carbon sink at the
beginning of the last century, and the sink increased
rapidly during the recent decades but would saturate
in the middle of this centurym'. Mechanistic models
are also used to estimate the effect of land cover
changes on terrestrial ecosystem NPP and carbon
stocks'®!. Cramer et al. used 6 DGVMs to predict
dynamic response of global terrestrial ecosystem
carbon cycle to climate change, estimating the ter-
restrial carbon sink varied from 0.6 to 3.0 Pg C a'

gC m

<

NEP anomalies
-
<.

SCS Is 30 15

Fig. 5. Model-estimated spatial pattern and temporal variations in terrestrial net ecosystem productivity (NEP) in China during the past 20
years '**!. The results show that NEP had high seasonal and inetrannual variability and a decreasing trend because of higher increases in NPP
than in soil respiration (a). The decrease from the 1980s to the 1990s occurred mainly in Northeast and North China where warming and
drying concurred in the 1990s, whereas NEP increased in South and Northwest China because of increases in precipitation (b).
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at present and from 0.3 to 6.6 Pg C a”' in the end of
this century[ssl. Cox"®" and Friedlingstein et al.l’"
used a coupled ecosystem and climate model to
study the feedback between changes in the terres-
trial carbon sink and in climate, predicting the ter-
restrial carbon sink would disappear or turn into a
source in the late of this century.

Although mechanistic modeling has greatly
advanced understanding of ecosystem carbon pro-
cesses, the credibility of and confidence in the
modeled spatial and temporal variations in the ter-
restrial carbon sink are very low. Most of existing
models were established on small-scale experiments
and observations before the middle of the 1990s
when few long-term, large-scale experimental and
observational data were available. The models focus
on eco-physiological responses to environmental
changes at individual plant or patch scales, and few
of them have been validated fully. DGVM is de-
signed to simulate ecosystem structural and func-
tional changes from patch to regional scales, how-
ever those used in ecosystem carbon studies® are
basically a combination of biogeographic and bio-
geochemical models, unable to describe the mecha-
nistic connections between eco-physiological re-
sponses and vegetation patterns and structural shifts.
Therefore, to quantify cross-scale interactions of
ecosystem processes and their controls over carbon
cycle requires new-generation mechanistic ecosys-
tem models.

2.3 New generation of mechanistic ecosystem mod-
els

Development of new-generation mechanistic
ecosystem models requires understanding and quan-
tifying interactions between ecosystem processes at
different spatial and temporal scales. Whereas numer-
ous ecological experiments and observations focus on
micro-scale eco-physiological responses to environ-
mental changes, lacking of quantitative studies of
transient dynamics of ecosystem pattern and structure
prevent development of the new-generation mechanis-
tic ecosystem models. In addition to direct responses,
ecosystems have complex mechanisms to acclimate to

: 16,21 N
environmental changes[ ), Ecosystem acclimation

consists of a series of physiological and ecological
adjustments to offset or adapt to the primary response
to environmental changes[2"87]. It occurs at different
levels from plant physiological processes to morphol-
ogy to community levels but usually manifests at
long-time scales (from years to decades). Acclimation
is the mechanistic basis of ecosystem pattern and
structural changes. Therefore, to develop the new-
eneration models requires understanding the mecha-
nistic transformation from micro-level eco-physiolo-
ical responses to long-term, macro-scale acclimation.

An ecological theoretical framework is needed to
modeling interconnection and interactions among
ecosystem processes at different scales. Classic eco-
logical theories, e.g. resources balance theory[sg’sgl and
optimal allocation hypothesis[go'gn, that are used to
explain ecosystem acclimation are flawed in many
aspects. For example, according to the resource theory,
plant primary responses to environmental changes
disturbs the balance of plant assimilation of different
resources (e.g. carbon assimilation by leaves and water
and nitrogen uptake by roots), the consequent adjust-
ment of resource allocation among plant organs to
keep and recover the balance resulting in changes in
plant morphology and growth rate, which in turn cause
vegetation structural changes and shifts in spatial pat-
tern. Models that are based on the resources balance
theory prescribe that ecosystems shift from an as-
sumed equilibrium status toward another, however
many ecosystems never reaches an equilibrium status,
particularly under the ongoing rapid environmental
changes and intense anthropogenic disturbance, and
their changes are often not toward an equilibrium
status. The optimal allocation theory assumes plants
optimize resource allocation in a way that maximizes
growth®®®!, but the models based on the theory can-
not realistically simulate the carbon allocation among
plant organs and the consequent morphological
changes[92’93]. Therefore, more reasonable ecological
theories should be developed to provide a mechanistic
basis for understanding and simulating ecosystem ac-
climation, particularly for non-equilibrium ecosys-
tems.
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2.4 Multi-scale data-model fusion

Unlike existing ecological models that are estab-
lished mainly based on single-scale, limited experi-
ments and observations, the new-generation ecosystem
models shall be based on a large number experimental
and observational data obtained at different scales
from regional and global ecological research networks.
Appropriate approaches are needed to extract mecha-
nisms and quantitative interconnections from data ob-
tained at different scales for developing ecosystem
models. Multi-scale data-model fusion is a new ap-
proach emerging in studies of ecosystem carbon cy-
cle®7, Firstly, data-model fusion uses data obtained

at multiple scales to optimize model structure and pa-
rameters by combining “forward” and “inverse” mod-
eling approaches[gs’%]. Whereas “forward” modeling
prescribes model structure and parameters from theo-
retical deduction or single-scale experiments directly,
“inverse” modeling determines model structure and
parameters using complex mathematical optimization
methods based on data obtained at different
scales®®>*®). For example, existing models simulated
NPP based on the mechanisms and parameters about
stomatal conductance and photosynthesis derived from
leaf or individual-plant scales, the new-generation
models shall use the mechanisms and parameters in-
ferred multi-scale data, e.g. from ecosystem experi-
ments, landscape eddy flux measurements and re-
gional remote sensing. Second, data-model fusion uses
multi-scale observational data to validate and evaluate
models at different scales. This is particularly impor-
tant to the new-generation models that simulate
cross-scale interconnections and interactions. With
accumulation of data about changes in ecosystem car-
bon flux and stocks, NDVI, leaf area index, and plant
productivity from ecosystem experiments, eddy flux
measurement and remote sensing, the effectiveness of
the models at different scales can be validated and
evaluated. Finally, the long-term observational data
are continuously assimilated in dynamic modeling to
achieve realistic simulation, prediction and forecasting
of ecosystem changes.

Science in China Ser. D Earth Sciences

3 Conclusions

During the past decade regional and global
networks of ecosystem experiments and observa-
tions have been established using new techniques
such as controlled environmental facilities, eddy
covariance technique, stable isotope measurements
and remote sensing, and a large amount of data have
been obtained about ecosystems changes from site
to landscape to regional scales. However, those in-
tensive experiments and observations have not yet
substantially reduced the uncertainties in quantify-
ing and understanding the terrestrial carbon sink,
and the range of the estimates of the sink increases
with using new approaches and data sources. The
major reason is lack of cross-scale mechanistic
analysis of the data obtained from experiments and
observations at individual scales. Uses of data ob-
tained at different scales get different estimates of
the terrestrial carbon sink and the underlying
mechanisms. The ecosystem is a typical complex
system, in which micro-level eco-physiological pro-
cesses and behavior of individual organisms interact
with the macro-level ecological pattern, energy trans-
fer and material cycle to modulate ecosystem carbon
cycle. Therefore, studies at any single scale cannot
result in understanding and accurate quantification of
the terrestrial carbon sink.

Experiments and observations are always con-
ducted on a specific scale. Multi-scale experiments
and observations provide data for but are not necessar-
ily result in understanding interconnections and inter-
actions of ecosystem processes at different scales,
which are best achieved by using mechanistic model-
ing. However, existing ecosystem models mostly focus
on micro-level eco-physiological processes and thus
cannot realistically simulate transient dynamics in the
ecosystem pattern and structure and the acclimation to
long-term environmental changes. Therefore, new-
generation models are needed to analyze and quantify
cross-scale interconnections and interactions of eco-
system processes. Classic ecological theories are
flawed in explaining cross-scale interactions, thus to
understand and quantify the mechanistic transforma-
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Fig. 6. A data-model fusion system based on multi-scale observation and cross-scale mechanistic analysis for studying terrestrial ecosystem carbon

cycle.

tion of micro-scale process responses to macro-scale
structural acclimation, particularly in disturbed eco-
systems, requires new theoretical framework.

New methodologies are needed to use multi-scale
data in developing the new-generation models.
Multi-scale data-model fusion is a new approach re-
cently emerging in ecosystem carbon studies, which
includes optimization of model structure and parame-
ters using multi-scale observational data; model vali-
dation and evaluation at different scales, and continu-
ous data assimilation into dynamic modeling for real-
istically predicting and forecasting ecosystem changes.

In summary, a breakthrough in terrestrial ecosys-
tem carbon cycle research requires understanding, in-
tegrating and quantifying interconnections and inter-
actions between ecosystem processes at different
scales. Cross-scale mechanistic modeling based on
multi-scale experiments and observations is the ap-
proach toward achieving the objective (fig. 6).
Acknowledgements This study was supported by the China’s Minis-

try of Science and Technology (Grant No. G2002CB412507) and the
National Natural Science Foundation of China (Grant No. 40425103).

References

1. Schimel, D. S., House, J. 1., Hibbard, K. A. et al., Recent patterns
and mechanisms of carbon exchange by terrestrial ecosystems,
Nature, 2001, 414: 169—172.

2. IGBP Terrestrial Carbon Working Group, The terrestrial carbon

10.

11.

12.

13.

14.

cycle: implications for the Kyoto Protocol, Science, 1998, 280:
1393—1394.

Canadell, J. G, Dickson, R., Hibbard, k., Raupach, M. et al,
Global Carbon Project (2003) Science framework and Implemen-
tation. Earth System Science Partnership (IGBP, IHDP, WCRP,
DIVERSITAS) Report No. 1, Canberra, 2003.

Wofsy, S. C., Harriss, R. C., The North American Carbon Program
(NACP), Report of the NACP Committee of the U.S. Interagency
Carbon Cycle Science Program,Washington, DC: US Global
Change Research Program, 2002, 1—62.

Tood T L, Schneider S H. Ecology and climate: research sirategies
and implications. Science, 1995, 269: 334—340.

Canadell, J. G, Mooney, H. A., Baldocchi, D. D. et al., Carbon
metabolism of the terrestrial biosphere: a multi-technique ap-
proach for improved understanding, Ecosystems, 2000, 3:
115—130.

Rastetter, E. B., Aber, J. D., Peters, D. P. C. et al., Using Mecha-
nistic Models to Scale Ecological Processes across Space and
Time. BioScience, 2003, 53: 68—76

Lawton, J. H., Ecological experiments with model systems, Sci-
ence, 1995, 269: 328—331.

Houghton, R. A., Tropical deforestation and atmospheric carbon
dioxide, Climate Change, 1991, 19: 99—118.

Dai, A., Fung, L. Y,, Can climate variability contribute to the
“missing” CO, sink? Glob Biogeochem Cycles, 1993, 7:
599—609.

Smith, T. M., Shugart, H. H., The transient response of terrestrial
carbon storage to a perturbed climate, Nature, 1993, 361:
523—526.

Hendrey, G. R., Ellsworth, D. S., Lewin, K. F. et al,, A free-air en-
richment system for exposing tall forest vegetation to elevated
atmospheric CO,, Global Change Biology, 1999, 5: 293—310.
Yakir, D., Sternberg, L. das L., The use of stable isotope to study
ecosystem gas exchange, Oecologia, 2000, 123: 297—311.

Luo, Y., Transient ecosystem responses to free-air CO, enrichment:



30

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

Experimental evidence and methods of analysis, New Phytologist,
2001,152:3—8.

Norby, R. J., Luo, Y., Evaluating ecosystem responses to rising
atmospheric CO; and global warming in a muld-factor world,
New Phytologist, 2004, 162: 281—395.

Wolfe, D. W., Gifford, R. M., Hilbert, D. et al., [ntegration of
photosynthetic acclimation to CO, at the whole-plant level,
Global Change Biology, 1998, 4: 879—893.

Rogers, H., Humphries, S. W., A mechanistic evaluation of the
photosynthetic acclimation at elevated CO,, Global Change Biol-
ogy, 2000, 6: 1005—1011.

Schiesinger, W. H., Lichter, J., Limited carbon storage in soil and
litter of experimental forest plots under increased atmospheric
CO,, Nature, 2001, 411: 466—469.

Norby, R. J., Hanson, P. J., O'Neill, E. G. et al., NPP of a
COz-enriched deciduous forest and the implications for carbon
storage, Ecological Applications, 2002, 12: 1261-1266.

Oren, R. R, Ellsworth, D. S., Johnsen, K. H. et al., Soil fertility
limits carbon sequestration by forest ecosystems in a COs-en-
riched atmosphere, Nature, 2001, 411: 469—472

Pritchard, S. G, Rogers, H. H., Prior, S. A. et al,, Elevated CO,
and plant structure: a review, Global Change Biology, 1999, 5:
807—837.

Wedin, D. A, Tilman, D., Influence of nitrogen loading and spe-
cies composition on the carbon balance of grasslands, Science,
1996, 274: 1720—1723.

Nadelhoffer, K. J., Emmett, B. A., Gundersen, P. et al., Nitrogen
deposition makes a minor contribution to carbon sequestration in
temperate forests, Nature, 1999, 398: 145—148.

Rustad, L. E., Campbell, J. L, Marion, G M. et al, A
meta-analysis of the response of soil respiration, net nitrogen
mineralization, and aboveground plant growth to experimental
ecosystem warming, Oecologia, 2001, 126: 543—562.

Melillo, J. M., Steudler, P. A., Aber, J. D. et al., Soil Warming and
Carbon-Cycle Feedbacks to the Climate System, Science, 2002,
298: 2173—2176.

Giardina, C. P, Ryan, M. G, Evidence that decomposition rates of
organic carbon in mineral soil do not vary with temperature, Na-
ture, 2000, 404: 858—861.

Luo. Y., Wan, S, Hui, D. et al., Acclimation of soil respiration to
warming in a tall grass prairie, Nature, 2001, 413: 622—625.
Oechel, W. C,, Vourlitis, G. L., Hastings, S. J. et al., Acclimation
of ecosystem CO, exchange in the Alaskan Arctic in response to
decadal climate warming, Nature, 2000, 406: 978-981.

Baldocchi, D. D., Assessing the eddy covariance technique for
evaluating carbon dioxide exchange rates of ecosystems: past,
present and future, Global Change Biology, 2003, 9: 479—492.
Wofsy, S. C., Goulden, M. L., Munger, J. W. et al., Net exchange
of CO, in a mid-latitude forest, Science, 1993, 260: 1314—1317.
Berbigier, P, Bonnefond, J. M., Mellmann, P., CO; and water va-
pour fluxes for 2 years above Euroflux forest site, Agricultural
and Forest Meteorology, 2001, 108: 183—197.

Barford, C. C., Wofsy, S. C., Goulden, M. L. et al., Factors con-
trolling long- and short-term sequestration of atmospheric CO; in
a mid-latitnde forest, Science, 2001, 294: 1688—1691.

Law, B. E,, Falge, E., Gu, L. et al., Environmental controls over

34.

3s.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

Science in China Ser. D Earth Sciences

carbon dioxide and water vapor exchange of terrestrial vegetation,
Agricultural and Forest Meteorology, 2002, 113: 97—120.

Chen, J. Q. Kyaw, T. P, Ustin, S. L. et al., Net ecosystem ex-
changes of carbon, water, and energy in young and old-growth
Douglas-Fir forests, Ecosystems, 2004, 7: 534-544.

Anthoni, P. M., Law, B. E., Unsworth, M. H., Carbon and water
vapor exchange of an open-canopied ponderosa pine ecosystem,
Agricultural and Forest Meteorology, 1999, 95: 151—168.
Keeling, R. F, Piper, S. C., Heimann M. Global and hemispheric
CO; sinks deduced from changes in atmospheric O, concentration,
Nature, 1996, 381: 218—221.

Myneni, R. B., Keeling, C. D., Tucker, C. J. et al,, Increased plant
growth in the northemn high latitudes from 1981 to 1991, Nature,
1997, 386: 698—702.

Ciais, P., Tans, P. P, Trolier, M., A large northern hemisphere ter-
restrial CO, sink indicated by the 13C/12C ratio of atmospheric
CO,, Science, 1995, 269: 1098—1102.

Valentini, R., Matteucci, G.,, Dolman, A. J. et al., Respiration as
the main determinant of carbon balance in European forests, Na-
ture, 2000, 404: 861 —864.

Grace, J., Lloyd, J., Mclntyre, J. et al., Carbon dioxide uptake by
an undisturbed tropical rain forest in South-West Amazonia
1992-1993, Science, 1995, 270: 778—780.

Malhi, Y., Nobre, A. D., Grace, J. et al., Carbon dioxide transfer
over a central Amazonian rain forest, Journal of Geophysical Re-
search, 1998, 103: 31593—31612.

Carswell, E E., Costa, A. L., Palheta, M. et al., Seasonality in CO,
and H,O flux at an eastern Amazonian rain forest, Journal of Geo-
physical Research, 2002, 107(D20): 8076, doi: 10.1029/
2000JD000284.

Grace, J., Mahli, Y., Carbon dioxide goes with flow, Nature, 2002,
416: 594—595.

Saleska, S. R., Miller, S. D., Matross, D. M. et al., Carbon in
Amazon Forests: Unexpected Seasonal Fluxes and Distur-
bance-Induced Losses, Science, 2003, 302:1554—1557.

Wilson, K. B., Goldstein, A. H., Falge, E. et al., Energy balance
closure at FLUXNET sites, Agricultural and Forest Meteorology,
2002, 113: 223—243.

Saigusa, N., Yamamoto, S., Murayama, S. et al., Gross primary
production and net ecosystem exchange of a cool-temperate de-
ciduous forest estimated by the eddy covariance method, Agricul-
tural and Forestry, 2003, 112: 203—215.

Tucker, C. J., Townshend, J. R. G., Goff, T. E., African land-cover
classification using satellite data, Science, 1985, 227: 369—375.
Schimel, D. S., Terrestrial biogeochemical cycle: global estimates
with remote sensing. Remote Sensing of Environment, 1995, 51:
49—56.

Field, C. B., Randerson, J. T., Malmstrom, C. M., Global net pri-
mary production: combining ecology and remote sensing, Remote
Sensing of Environment, 1995, 51: 74—88.

Houghton, R. A., The worldwide extent of land-use change, Bio-
Science, 1994, 44: 305~313.

Hansen, M. C., DeFries, R. S., Townshend J. R.G. et al., Global
land cover classification at 1km spatial resolution using a classi-
fication tree approach, International Journal of Remote Sensing,
2000, 21: 1331—1364.



Multi-scale observation and cross-scale mechanistic modeling on terrestrial ecosystem carbon cycle 31

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

DeFries, R. S., Field, C. B., Fung, L et al, Mapping the
land-surface for global atmosphere-biosphere models toward
continuous distributions of vegetations functional-properties,
Journal of Geophysical Research-Atmospheres, 1995, 100:
20867—20882.

Potter, C. S., Randerson, J. T., Field, C. B. et al., Terrestrial eco-
system production: a process model based on global satellite and
surface data, Global Biogeochemical Cycles, 1993, 7: 811—841.
Ruimy, A., Saugier, B., Dedieu, G., Methodology for the estima-
tion of net primary production from remotely sensed data, Journal
of Geophysical Research, 1994, 99, 5263—5283.

Prince, S. D., Goward, S. N., Global primary production: a remote
sensing approach, Journal of Biogeography, 1995, 22: 815—835.
Potter, C. S., Klooster, S. A., Brook, V., Interannual variability in
terrestrial net primary production: exploration of triends and con-
trols on regional to global scales, Ecosystems, 1999, 2: 36—48.
Nemani, R. R, Keeling, C. D., Hashimoto, H. et al., Cli-
mate-driven increases in global terrestrial net primary production
from 1982 to 1999, Science, 2003, 300: 1560—1563.

Cao, M. K., Prince, S. D., Small, J. et al,, Satellite remotely
sensed interannual variability in terrestrial net primary productiv-
ity from 1980 to 2000, Ecosystems, 2004, 7: 233—242.

Cao, M. K., Prince, S. D,, Li, K. R. et al., Response of terrestrial
carbon uptake to climate interannual variability in China, Global
Change Biology, 2003, 9: 536—546.

Tucker, C. J., Slayback, D. A., Prinzon, J. E. et al., Higher north-
ern latitude normalized difference vegetation index and growing
season trends from 1982 to 1999, International Journal of Biome-
teorology, 2001, 45: 184—190.

Myneni, R. B., Dong, J., Tucker, C. J. et al., A large carbon sink in
the woody biomass of Northern forests, Proceedings of the Na-
tional Academy of Sciences (USA), 2001, 98: 14784—14789.
Braswell, B. H., Schimel, D. S., Linder, E. et al., The response of
global terrestrial ecosystems to interannual temperature variability,
Science, 1997, 278, 870—872.

Lucht, W., Prentice, I. C., Myneni, R. B., Climatic control of the
high latitude vegetation greening trend and Pinatubo effect, Sci-
ence, 2002, 296: 1687—1689.

Houghton, R. A., Revised estimates of the annual net flux of car-
bon to the atmosphere from changes in land use and land man-
agement 1850—2000, Tellus B, 2003, 55:378—390.

Achard, F, Eva, H. D., Stibig, H. P. et al., Determination of de-
forestation rates of the world's humid tropical forests, Science,
2002, 297: 999—1002.

DeFries, R. S., Houghton, R. A., Hansen, M. et al., Carbon emis-
sions from tropical deforestation and regrowth based on satellite
observations for the 1980s and 1990s, Proceedings of the National
Academy of Sciences (USA), 2002, 99: 14256—14261.
Houghton, R. A., Why are the estimates of the terrestrial carbon
balance so different? Global Change Biology, 2003, 9: 500—509.
Bousquet, P., Peylin, P, Ciais, P. et al., Regional changes of CO,
fluxes over land and oceans since 1980, Science, 2000, 290:
1342—1346.

Gurney, K. R., Law. R. M., Denning, A. S. et al., Towards robust
regional estimates of CO, sources and sinks using atmospheric
transport models, Nature, 2002, 415: 626—630.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Dubayah, R., Drake, J., Lidar Remote Sensing for For-
estry, Journal of Forestry, 2000, 98: 44—46.

Francey, R. J., Tans, P. P, Allison, C. E., Changes in oceanic and
terrestrial carbon uptake since 1982, Nature, 1995, 373:
326—330.

Rayner, P. J., Enting, L. G., Francey, R. I. et al., Reconstructing the
recent carbon cycle from atmospheric CO,, &'"°C and O2/N2
observations, Tellus, 1999, 51B, 213—232.

Heimann, M., Atmospheric inversion calculations performed for
IPCC third assessment report chapter 3 (The carbon cycle and
atmospheric CO,), Technical Reports-Max-Planck-Institute fiir
Biogeochemie No. 2., Max-Planck-Institute fiisr Biogeochemie,
Jena, 2001.

Malhi, Y., Grace, J., Tropical forests and atmospheric carbon di-
oxide, Trends in Ecology and Evolution, 2000, 15: 332—337.
Pataki, D. E., Ehleringer, Flanagan, L. B. et al., The application
and interpretation of keeling plots in terrestrial carbon cycle re-
search, Global Biogeochemical Cycles, 2003, 1022 doi:
10.1029/2001 GB001850.

Janssens, 1. A, Freibauer, A., Ciais, P. et al., Europe's terrestrial
biosphere absorbs 7 to 12% of european anthropogenic CO; emis-
sions, Science, 2003, 300: 1538—1542.

Friedlingstein, P., Bopp, L., Ciais, P. et al., Positive feedback be-
tween future climate change and the carbon cycle, Geophysical
Research Letter, 2001, 28: 1543 —1546.

Caspersen, J. P, Pacala, S. W,, Jenkins, J. C. et al., Contributions
of land-use history to carbon accumulation in U.S. forests, Sci-
ence, 2000, 290: 1148—1151.

Cao, M. K,, Prince, S. D., Shugart, H. H., Increasing terrestrial
carbon uptake from the 1980s to the 1990s with changes in cli-
mate and atmospheric CO,, Global Biogeochemical Cycles, 2002,
16,1069, doi: 10.1029/2001GB001553.

Goward, S. N., Prince, S. D., Transient effects of climate on
vegetation dynamics: Satellite observations, Journal of Biogeog-
raphy, 1995, 22: 549—564.

Nemani, R., White, M., Thornton, P. et al., Recent trends in hy-
drologic balance have enhanced the terrestrial carbon sink in the
United States, Geophysical Research Letters, 2002, 29:
10.1029/2002GL.014867.

Melillo, J. M., McGuire, A. D., Kicklighter, D. W. et al., Global
climate change and terrestrial net primary production, Nature,
1993, 363: 234—240.

Cao, M. K., Woodward, F. I, Dynamic responses of terrestrial
ecosystem carbon cycling to global climate change, Nature, 1998a.
393: 249252,

DeFries, R. S, Field, C. B., Fung 1. et al., Combining satellite data
and biogeochemical models to estimate global effects of hu-
man-induced land cover change on carbon emissions and primary
productivity, Global Biogeochemical Cycles, 1999, 13: 803—815.
Cramer, W., Bondeau, A., Woodward, F. L. et al., Global responses
of terrestrial ecosystem structure and function to CO; and climate
change: results from six dynamic global vegetation models,
Global Change Biology, 2001, 7: 357—373.

Cox, P. M, Betts, R. A, Jones, C. D. et al., Acceleration of global
warming due to carbon cycle feedbacks in a coupled climate
model, Nature, 2000, 408: 184—187.

]



32

87.

88.

9.

90.

91

92.

93.

© 1995-2005 Tsinghua Tongfang Optical Disc Co., Ltd. All rights reserved.

Rastetter, E. B., Shaver, G. R., A model of multiple-element limi-
tation for acclimating vegetation, Ecology, 1992, 73: 1157—1174.
Chapin, F. §., Integrated responses of plants to stress, Bioscience,
1991, 41: 29—36.

Field, C. B., Chapin, F. S., Matson, P. A. et al., Responses of ter-
restrial ecosystems to the changing atmosphere-a resource-based
approach, Ann. Review of Ecology and Systematics, 1992, 23:
201—235.

Iwasa, Y., Roughgarden, J., Shoot/root balance of plants: optimal
growth of asystem with many vegetative organs, Theoretical
Population Biology, 1984, 25: 78—105.

Hilbert, D. W., Optimization of plant root:shoot ratios and internal
nitrogen concentrations, Annals of Botany, 1990, 66:91—99.
Bernacchi, C. J., Coleman, J. S., Bazzaz, F. A. et al., Biomass al-
location in old-field annual species grown in elevated CO, envi-
ronments: no evidence for optimal partitioning, Global Change
Biology, 2000, 6:855—867.

Curtis, P. S., Wang, X., A meta-analysis of elevated CO, effects on
woody plant mass, form, and physiology, Oecologia, 1998, 113:
299—313.

94.

95.

96.

97.

98.

Science in China Ser. D Earth Sciences

Heimann, M., Kaminski, T., Inverse modeling approaches to infer
surface trace gas fluxes from observed atmospheric mixing ratios,
in Approaches to scaling of trace gas fluxes in ecosystems (ed.
Bouwman, A. F.), Amsterdam: Elsevier, 1999,14: 275—295.

Luo, Y., White, L., Canadell, J. et al., Sustainability of terrestrial
carbon sequestration: A case study in Duke Forest with inversion
approach, Global Biogeochemical Cycles, 2003, 17(1): 1021,
doi:10.1029/2002GB001923.

Rayner, P. J., Scholze, M., Knorr, W. et al., Two decades of terres-
trial Carbon fluxes from a Carbon Cycle Data Assimilation Sys-
tem (CCDAS), Global Biogeochemical Cycle, 2004, in press.
Barrett, D. 1., Xu, H. Y., Parameterization of a large-scale terres-
trial carbon cycle model by a constrained genetic algorithm using
multiple datasets of ecological observations from minimally dis-
turbed sites, Global Biogeochemical Cycles, 2004, in press.
White, L., Luo, Y., Inverse analysis for estimating carbon transfer
coefficients in Duke Forest, Applied Mathematics and Computa-
tion, 2002, 130: 101—120.



