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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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