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Summary. The CO, flux network, AmeriFlux, aims to quantify and understand the role
of terrestrial ecosystems in the global carbon cycle. The network has grown to over 100
sites, with about 25 cluster sites in different disturbance classes or different vegetation
types within a climate zone. This paper summarizes the network objectives, recent find-
ings of AmeriFlux research, and future directions necessary to meet global climate
change research goals. The information gained from flux sites, multi-factor experiments
on processes, and multi-observation networks can help to improve and parameterize
models that are applied to quantify and understand carbon budgets across regions and
continents.
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1. Introduction

About half of the CO, emitted by human activities accumulates in the atmosphere, and
half is taken up by oceans and land systems. We lack quantitative understanding of
where the sinks are, how they function, and whether there is anything we can do to en-
hance carbon sequestration to counter emissions long enough for technological improve-
ments to have a significant effect by reducing emissions.

The AmeriFlux network was established in 1996 to understand the role of terrestrial
systems in the global carbon cycle (Law et al. 2002; AmeriFlux Strategic Plan;
http://public.ornl.gov/ameriflux/about-strat_plan.shtml). The network consists of over
100 sites (Fig. 1), which make continuous meteorological and micrometeorological
measurements using the eddy covariance method, core biological measurements (e.g.
photosynthesis, respiration) for understanding processes that control fluxes, participate in
intercalibration activities with a roving system to ensure high quality data are collected,
submit their data to a central archive, and participate in synthesis activities across sites.
About 25 of the research teams have cluster sites in different disturbance classes or vege-
tation types within climate zone to examine the effects of disturbance and climate on car-
bon stocks and fluxes. A Science Chair is responsible for leading scientific activities of
the network, such as coordination and quality assurance of measurements across sites,
leading cross-network data analysis and synthesis of results, and communicating
AmeriFlux results to the scientific community and other users. A Steering Committee of
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Fig. 1. Map of active research sites in the AmeriFlux network (as of September 2004). Many of the
sites are clustersin different disturbance classes or vegetation types within a climate zone. Thein-
active sites have datain the AmeriFlux archive (http://public.ornl.gov/ameriflux/).

lead scientists and agency program managers works with the Science Chair by providing
technical and policy advice. The science questions of AmeriFlux are;

e What is the spatial and temporal variability in CO, and H,O exchange and how does
this vary with disturbance history, land use, and climate?

o What is the spatial and temporal variation in continental CO, and how does this vary
with topography, vegetation, and climate?

o What isthe relative effect of these factors?

AmeriFlux plays a key role in the North American Carbon Program (NACP), which
was recently developed to meet goas of the US Global Change Research Program
(USGCRP; http://www.usgcrp.gov). Science questions of the NACP Implementation
Strategy include (1) What is the carbon balance of North America and adjacent oceans?
What are the geographic patterns of fluxes of CO,, CH,4, and CO? How is the balance
changing over time? (Diagnosis); (2) What processes control the sources and sinks of
CO,, CHy4, and CO, and how do the controls change with time? (Attribution/Processes);
(3) Are there potential surprises (changes in sources or sinks)? (Prediction); (4) How can
we enhance and manage long-lived carbon sinks, and provide resources to support deci-
sion makers? (Decision support). AmeriFlux sites are actively participating in the devel-
opment of the NACP, and in developing new approaches to estimating stocks and fluxes
at relevant temporal and spatial scales.
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This chapter describes some recent highlights from AmeriFlux research, and the future
directions of the network in support of global climate change research.

2. Highlights from AmeriFlux research

2.1 Strong correlation between ecosystem exchange of carbon dioxide and
water vapor

Tower flux datafrom 37 AmeriFlux and CarboEurope sites in different biomes showed a
strong correlation between monthly gross photosynthesis and water vapor exchange
(transpiration plus evaporation) at the ecosystem scale, consistent with leaf-level physio-
logical control (Law et a. 2002). The water-use efficiency (WUE = dlope of relation be-
tween GPP and water vapor exchange) was ranked highest to lowest: evergreen conifer-
ous forests (4.2 g CO,/kg H,0) > grasslands (3.4) > deciduous broadlesf forests (3.2) >
crops (3.1) > tundra vegetation (1.5). Thus, evergreen coniferous forests took up more
carbon per unit of water loss than other biomes, and three of the biomes had lower but
similar efficiencies (grasslands, deciduous broadleaf forests, and crops).

2.2 An average of 83% of gross photosynthesis is respired to the
atmosphere

Among 37 sites in different biomes, an average of 83% of the total amount of carbon
taken up by the terrestrial systems in photosynthesis was respired back to the atmosphere
(Law et al. 2002). The ratio of annual ecosystem respiration to gross photosynthesis aver-
aged ranged from 0.55-1.2, with lower values for grasslands, presumably because of less
investment in respiring plant tissue compared with forests. Vaues >1 were observed for
boreal forests (i.e., net loss of CO,), ecotona temperate/boreal forests, some northern
temperate forests, and a cropland. The ratio includes effects of both short- and long-term
processes. Some of the variation is from differences in heterotrophic respiration, which is
strongly influenced by labile carbon pools (Ryan and Law 2004).

2.3 Site water balance and temperature are primary abiotic controls on GPP

Across biomes, mean annual temperature and site water balance explained about 65% of
the variation in gross photosynthesis (Law et al. 2002). Water availability limits leaf area
index over the long term (Waring and Running 1998), and inter-annual climate variability
can limit carbon uptake below the photosynthetic capacity of the ecosystems. The smple
correlations, as well as biome-specific water-use efficiencies may be useful for large-
scale atmospheric modeling of land surface influences on variation in atmospheric CO..
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2.4 Ecosystem net carbon uptake is greater when the diffuse fraction of
incident radiation is high

Volcanic aerosols from the 1991 Mt. Pinatubo eruption greatly increased diffuse radiation
worldwide for the following two years (citation). Long-term flux data in a deciduous for-
est showed that the increase in diffuse radiation enhanced noontime photosynthesis by
23% the year following eruption (1992) and 8% in the second year (Gu et al. 2003). This
finding indicates that the aerosol-induced increase in diffuse radiation contributed to the
enhanced terrestrial carbon sink and the temporary decline in the growth rate of atmos-
pheric carbon dioxide (CO,) following the eruption. It points to the need for investigation
of the roles of variability of cloudiness and aerosol concentrations in global carbon cycle
dynamics.

2.5 Soil respiration is strongly linked with labile pools

Soil respiration is the combination of root and rhizosphere respiration, and microbial res-
piration. It has become the focus of many process studies at flux sites because tower flux
studies have shown that soil respiration accounts for 60 to 70% of ecosystem respiration
(Law et al. 1999; Goulden et al. 1996; Janssens et a. 2001), and it is strongly linked to
photosynthesis (Irvine et al. 2004; Bowling et a. 2002; Janssens et al. 2001), fine root
mass (Campbell et al. 2004), and litterfall (Davidson et al. 2002). Experiments at flux
sites have shown that roots and associated mycorrhizae produce roughly half of soil res-
piration (Law et al. 2001a), with much of the remainder derived from decomposition of
recently produced litter, which confirms a synthesis of earlier work (Hanson et al. 2000).

Recent flux site studies have shown that there is alarge increase in soil respiration fol-
lowing pulse rain events that occur when soils are relatively dry (Lee et al. 2004; Kelliher
et al. 2004). A question iswhether or not this has a significant effect on annual net carbon
uptake by the ecosystem (balance between photosynthesis and respiration).

A synthesis across biomes showed that the lowest to highest rates of soil respiration
averaged over the growing season were grassland and woodland/savanna < deciduous
broadleaf forests < evergreen needleleaf, mixed deciduous/evergreen forests with grow-
ing season soil respiration significantly different between forested and non-forested bi-
omes. This is the inverse of trends in water-use efficiency by biome (Law et al. 2002),
and the results of the synthesis suggest that we need to put more effort into investigating
the effects of seasonal changes in aboveground and belowground |abile pools on soil res-
piration (Ryan and Law 2004; Hibbard et al. 2004). A synthesis of the current state of our
knowledge on soil respiration, and future research needs is presented in Ryan and Law
(2004).

3. A case study on combining measurements and modeling for
regional estimates of carbon stocks and fluxes

The NACP implementation strategy identifies a priority of development of “bottom-up”
designs that use multiple scales of observations and process modeling to quantify carbon
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Fig. 2. A conceptual model of the magjor components of the North American Carbon Program,
which will rely on avariety of data sets, remote sensing data and modeling to map variation in car-
bon stocks and fluxes across North America.

fluxes and understand the influence of climate and disturbance on stocks and
fluxes(Denning et a. 2004). It also recommends top-down approaches to quantify and
spatialy resolve continental CO, fluxes (Fig. 2). The various approaches are to be devel-
oped and compared to reduce uncertainty in estimates of stocks and fluxes.

In Oregon, a regional scaling study was conducted using a spatially nested hierarchy
of observations (flux measurements, inventories, remote sensing data) and a
biogeochemistry model, Biome-BGC, to map carbon stocks and net ecosystem produc-
tion (NEP) across western Oregon (Law et a. 2004a,b). Observations of forest age, LA,
and vegetation type were used to develop and test Landsat ETM+ remote sensing algo-
rithms (Law et a. 2004b). The Biome-BGC model was parameterized with some of the
observations (e.g. foliar C:N, remote sensing LAI), and tested with others (e.g. NEP, GPP
from flux data, NPP from extensive sites, ANPP from inventories) to iteratively improve
model performance before final application of the model. Spectral regressions
with half of the field data and various spectral bands reduced uncertainty in remote
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Fig. 3. Mapped forest biomass and net ecosystem production (NEP) in western Oregon, where a
bottom-up approach was tested for applications of a spatialy nested hierarchy of observations, in-
cluding satellite remote sensing data, and a process model, Biome-BGC to provide redistic esti-
mates of carbon stocks and fluxes across regions (From cover image of September 2004 issue of
Global Change Biology).

sensing estimates of LAI, which were used to control the water balance (soil depth) in the
model for each pixel. Field data were also used to evaluate remote sensing estimates of
stand age and land cover type that are needed for model input. The inventory data were
used to determine changesin carbon allocation to wood with forest age.

Western Oregon forests grow across a strong climatic gradient where annual rainfall
ranges from 2100mm in the coastal forests to 300mm in the eastern Oregon juniper
woodlands. For the forested part of the region (8.2 million hectares), simulated NEP was
168 g C m? yr, with the highest mean uptake in the Coast Range ecoregion (226 g C m*
yrY), and the lowest mean NEP in the Eastern Oregon ecoregion (88 g C m? yr?) (Law et
al. 2004a; Fig. 3). Carbon stocks averaged 33.7 Kg C m?, with wide variability among
ecoregions. This information was combined with harvest records and forest fire informa-
tion to estimate net biome production (NBP) for western Oregon. The study suggested
that averaged over 5 years, the forest NBP of western Oregon offset about 50% of fossil
fuel CO, emissions in the state, and this was reduced by half in the year of a historically-
large and severe wildfire. The estimates will be refined when new data on carbon trans-
formations from the forest fires in the region have been analyzed (Campbell et a. in
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prep.). The study cautions that losses of carbon stocks and fluxes in wildfires are not well
quantified in some regions, and that assumptions of carbon losses and transformations by
modelers will need to be improved with new data where they are currently lacking.

In developing and testing the prognostic version of the model, Biome-BGC, we found
that we need to better characterize the changes in carbon stocks and fluxes following for-
est stand replacing disturbance for parameterizing the model. In terms of ecosystem proc-
esses represented in the model, the dynamics of carbon allocation patterns through forest
stand development should be addressed, and these change with climate zone and biome.
We also need to characterize successional species mixesin forests following stand replac-
ing disturbance, rather than assume that the disturbed areas are solely a uniform regrowth
of the same tree species, and we need better representation of respiration processes (Law
et al. 2001b; Thornton et al. 2002; Law et al. 2003). For other biomes, remote sensing
land cover should distinguish crop type for improving model estimates; this isn't cur-
rently available in commonly used land cover products.

While there is room for improvement in the model and data assimilation approaches,
this demonstrates the value of multiple data sources for model ingestion to ultimately
quantify variation in the carbon balance. Likewise, the information gained from flux
sites, multi-factor experiments on processes, and multi-observation networks can help to
improve and parameterize models that are applied to quantify and understand carbon
budgets across regions and continents.

4. Future directions

AmeriFlux and other flux networks provide multi-year data on half-hourly micrometeo-
rology and meteorology, and they are the focal points of intensive process studies and
thorough carbon accounting (e.g. biometric estimates of multi-annual NEP). These data
should be collected at sites that represent the major biomes and ecoregions of a network
(Hargrove et al. 2003). The data are critical for model development, testing, and parame-
terization.

Process studies are needed to improve modeling of respiration across landscapes. Al-
though temperature and moisture data have been used to model soil respiration within a
site, the relationships do not hold across sites. This requires knowledge about the labile
pools, and flux sites will need to measure these pools more rigorously in the future.
Long-term experimental manipulations at flux sites will also advance understanding of
interactive effects of water, nitrogen and increased atmospheric CO, for improving car-
bon cycle models (e.g. Free Air CO, Enrichment sites that are also measuring whole eco-
system fluxes) (Oren et al. 2001).

Data assimilation methods are relatively new to the flux and biological community,
and there is a need to develop and test such methods for regional and continental esti-
mates of stocks and fluxes. The methods are challenging, and rely on both short-term
(e.g. eddy flux data, seasonal changesin leaf areaindex) and long-term process data (e.g.
soil carbon pools measured every 5 years). Early tests of these approaches show that
more frequent measurements of pools and reduced uncertainty in field biological dataand
eddy flux data are critical for applying these methods (Williams et a. 2004). In the North
American Carbon Program, it is expected that data assimilation methods will be applied
in both top-down and bottom-up approaches, and that the approaches will be iteratively
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compared and improved to reduce uncertainty in carbon balance estimates. To be suc-
cessful, this requires modelers and field researchers to work together to determine the
minimum set of measurements needed with specificity on methods (e.g. soil C pools, ac-
ceptable uncertainty levels) and acceptable temporal frequency of measurements.

There is more emphasis now on quantifying and reducing uncertainty for making pol-
icy decisions that rely on robust estimates of carbon stocks and fluxes. The various net-
works, CarboEurope, AsiaFlux, AmeriFlux, and OzFlux, need to work together to im-
prove data quality, data management and data sharing to advance the science that relies
on flux network data (Baldocchi et al. 2001).

References

Baldocchi D, Falge E, Gu L, Olson R, Hollinger D, Running S, Anthoni P, Bernhofer C, Davis K,
Evans R, Fuentes J, Goldstein A, Katul G, Law B, Lee X, Mahli Y, Meyers T, Munger W,
Oechel W, Paw U K, Pilegaard K, Schmid H, Vaentini R, Verma S, Vesala T, Wilson K,
Wofsy S (2001) FLUXNET: A new tool to study the temporal and spatial variability of
ecosystem-scale carbon dioxide, water vapor and energy flux densities. B Am Meteorol Soc
82:2415-2434

Bowling D, McDowell N, Bond B, Law B, Ehleringer J (2002) **C content of ecosystem respira-
tionislinked to precipitation and vapor pressure deficit. Oecologia 121:113-124

Campbell J, Sun O, Law B (2004) Supply side controls on soil respiration among Oregon forests.
Glob Change Biol (In press)

Davidson E, Savage K, Bolstad P, Clark D, Curtis P, Ellsworth D, Hanson P, Law B, Luo Y,
Pregitzer K, Randolph J, Zak D (2002) Belowground carbon allocation in forest ecosystems
estimated from annua litterfall and IRGA-based chamber measurements of soil respiration.
Agr Forest Meteorol 113:39-51

Denning S, Oren R, McGuire D, Sabine C, Doney S, Paustian K, Torn M, Dilling L, Heath L, Tans
P, Wofsy S, Cook R, Andrews A, Asner G, Baker J, Bakwin P, Birdsey R, Crisp D, DavisK,
Field C, Gerbig C, Hollinger D, Jacob D, Law B, Lin J, Margolis H, Marland G, Mayeus H,
McClain C, McKee B, Miller C, Pawson S, Randerson J, Reilly J, Running S, Saleska S, Stal-
lard R, Sundquist E, Ustin S, Verma S Science Implementation Strategy of the North America
Carbon Program. http://www.carboncyclescience.gov

Goulden M, Munger J, Fan S, Daube B, Wofsy S (1996) Measurements of carbon sequestration by
long-term eddy covariance: methods and a critical evaluation of accuracy. Glob Change Biol
2:169-182

Gu L, Baldocchi D, Wofsy S, Munger J, Michalsky J, Urbanski S, Boden T (2003a) Response of a
Deciduous Forest to the Mount Pinatubo Eruption: Enhanced Photosynthesis. Science
299:2035-2038

Hanson P, Edwards N, Garten C, Andrews J (2000) Separating root and soil microbia contribu-

tions to soil respiration: A review of methods and observations. Biogeochemistry 48: 115-146

Hargrove W, Hoffman F, B Law B (2003) New Analysis Revea s Representativeness of AmeriFlux

Network. Earth Observing System Transactions, American Geophysical Union 84(48):529

Hibbard K, Law B, Reichstien M, Sulzman J (2004) An analysis of soil respiration across northern

hemisphere temperate ecosystems. Biogeochemistry (In press)

Irvine J, Law B, Kurpius M (2004) Coupling of canopy gas exchange with root and rhizosphere

respiration in ponderosa pine: correlations or controls? Biogeochemistry (In press)

Janssens |, Lankreijer H, Matteucci G, Kowalski A, Buchmann N, Epron D, Pilegaard K, Kutsch



Carbon dynamicsin response to climate and disturbance 9

W, Longdoz B, Grunwald T, Montagnani L, Dore S, Rebmann C, Moors E, Grelle A, Rannik
U, Morgenstern K, Oltchev S, Clement R, Gudmundsson J, Minerbi S, Berbigier P, Ibrom A,
Moncrieff J, Aubinet M, Bernhofer C, Jensen N, Vesala T, Granier A, Schulze E, Lindroth A,
Dolman A, Jarvis P, Ceulemans R, Valentini R (2001) Productivity overshadows temperature
in determining soil and ecosystem respiration across European forests. Glob Change Biol 7:
269-278

Kelliher F, Ross D, Law B, Baldocchi D, Rodda N (2004) Carbon and nitrogen mineralization in
litter and mineral soil of young and old ponderosa pine forests during summer drought and af-
ter wetting. Forest Ecol Manag 191:201-213

Law B, Ryan M, Anthoni P (1999) Seasonal and annual respiration of a ponderosa pine ecosystem.
Glob Change Biol 5:169-182

Law B, Kelliher F, Baldocchi D, Anthoni P, Irvine J (2001a) Spatial and temporal variation in res-
piration in a young ponderosa pine forest during a summer drought. Agr Forest Meteorol
110:27-43

Law B, Thornton P, Irvine J, Van Tuyl S, Anthoni P (2001b) Carbon storage and fluxes in ponder-
osa pine forests at different developmental stages. Glob Change Biol 7:755-777

Law B, Fage E, Baldocchi D, Bakwin P, Berbigier P, Davis K, Dolman A, Falk M, Fuentes J,
Goldstein A, Granier A, Grelle A, Hollinger D, Janssens |, Jarvis P, Jensen N, Katul G, Mahli
Y, Matteucci G, Monson R, Munger W, Oechel W, Olson R, Pilegaard K, Paw U K, Thor-
geirsson H, Vaentini R, Verma S, Vesala T, Wilson K, Wofsy S (2002) Environmental con-
trols over carbon dioxide and water vapor exchange of terrestrial vegetation. Agr Forest Mete-
orol 113:97-120

Law B, Sun Campbell J, Van Tuyl S, Thornton P (2003) Changes in carbon storage and fluxesin a
chronosequence of ponderosa pine. Glob Change Biol 9:510-524

Law B, Turner D, Campbell J, Sun O, Van Tuyl S, Ritts W, Cohen W (2004a) Disturbance and
climate effects on carbon stocks and fluxes across western Oregon USA. Glob Change Bial (In
press)

Law B, Turner D, Lefsky M, Campbell J, Guzy M, Sun O, Van Tuyl S, Cohen W (2004b) Carbon
fluxes across regions. Observational constraints at multiple scales. In: Wu J, Jones B, Li H,
Loucks O, (Eds) Scaling and Uncertainty Analysis in Ecology: Methods and Applications.
Columbia University Press, New Y ork, USA (In press)

Lee X, Wu H-J, Sigler J, Oishi C, Siccama T (2004) Rapid and transient response of soil respiration
to rain. Glob Change Biol 10:1017-1026

Oren R, Ellsworth D, Johnson K, Phillips N, Ewers B, Mahr C, Schafer K, McCarthy H, Hendrey
G, McNulty S, Katul G (2001) Soail fertility limits carbon sequestration by forest ecosystemsin
a CO,-enriched atmosphere. Nature 411:469-472

Ryan M, Law B (2004) Interpreting, measuring and modeling soil respiration. Biogeochemistry (In
press)

Thornton P, Law B, Gholz H, Clark K, Falge E, Ellsworth D, Goldstein A, Monson R, Hollinger D,
Falk M, Chen J, Sparks J (2002) Modeling and measuring the effects of disturbance history
and climate on carbon and water budgets in evergreen needleleaf forests. Agr Forest Meteorol
113:185-222

Waring R, Running S (1998) Forest Ecosystems — Analysis at Multiple Scales. Academic Press,
San Diego, USA

Williams M, Schwarz P, Law B, Irvine J, Kurpius M (2004) An improved analysis of forest carbon
dynamics using data assimilation. Glob Change Biol (In press)



