
F340

Cite abstracts as: Eos. Trans. AGU, 84(46), Fall Meet. Suppl., Abstract #####-##, 2003.

2003 Fall Meeting

B52C MCC: 3002 Friday 1340h

Microscopic and Spectroscopic
Analysis of Microbes, Minerals, and
Their Interactions (joint with A, H, OS,
P, V)

Presiding: D Stoner, Idaho National
Engineering and Environmental

Laboratory; J R Scott, Idaho National
Engineering and Environmental
Laboratory

B52C-01 1340h INVITED

Use of MALDI Mass Spectrometry for
Identification of Microbes

Charles L. Wilkins1 (479-575-3160;
cwilkins@uark.edu)

Michael Stump1 (mstump@comp.uark.edu)

Jeffrey Jones1 (jjj11@mail.uark.edu)

Jackson O. Lay1 (jlay@uark.edu)

Richard Fleming1 (rflemin@uark.edu)
1University of Arkansas, Department of Chemistry &

Biochemistry, Fayetteville, AR 72701, United States

Recently, it has been demonstrated that bacteria
can be characterized using whole cells and matrix-
assisted laser desorption/ionization mass spectrometry
(MALDI-MS). However, identification of specific bac-
terial proteins usually requires analysis of cellular frac-
tions or purified extracts. This presentation will dis-
cuss the first application of Fourier transform mass
spectrometry (FTMS) to analysis of bacterial proteins
directly from whole cells. In this research it is seen that
accurate mass MALDI-FTMS can be used to character-
ize specific ribosomal proteins directly from Escherichia
coli cells. Using the high-accuracy mass measurements
and high resolution isotope profile data thus available
it is possible to confirm posttranslational modifica-
tions proposed previously on the basis of low resolution
mass measurements. In our initial work, ribosomal pro-
teins from E. coli whole cells were observed with errors
of less than 27 ppm. This was accomplished directly
from whole cells without fractionation, concentration,
or overt overexpression of characteristic cellular pro-
teins. More recently, by use of carbon and nitrogen
isotopically-depleted growth media additional E. coli
proteins have been identified with even smaller mass
measurement errors. MALDI FTMS also provided in-
formation regarding E. coli lipids in the low-mass re-
gion. Although ions with m/z values below 1000 were
previously observed by FTMS of whole cells, the work
to be presented was the first report of detection of ions
in the 5000 to 10 000 m/z range by MALDI-FTMS using
whole cells. The implications of these results for genus,
species, and strain assignments of such organisms will
be discussed.

B52C-02 1405h INVITED

3-D Raman Imagery and Atomic Force
Microscopy of Ancient Microscopic
Fossils

J. William Schopf ((310) 825-1170;
Schopf@ess.ucla.edu)

Department of Earth and Space Sciences, Institute
of Geophysics and Planetary Physics (Center for
the Study of Evolution and the Origin of Life),
and Molecular Biology Institute, CSEOL - Geology
Building University of California, Los Angeles, Los
Angeles, CA 90095-1567, United States

Investigations of the Precambrian ( 540- to 3,500-
Ma-old) fossil record depend critically on identification
of authentic microbial fossils. Combined with stan-
dard paleontologic studies (e.g., of paleoecologic set-
ting, population structure, cellular morphology, preser-
vational variants), two techniques recently introduced
to such studies – Raman imagery and atomic force
microscopy – can help meet this need. Laser-Raman
imagery is a non-intrusive, non-destructive technique
that can be used to demonstrate a micron-scale one-
to-one correlation between optically discernable mor-
phology and the organic (kerogenous) composition of
individual microbial fossils(1,2), a prime indicator of
biogencity. Such analyses can be used to characterize
the molecular-structural makeup of organic-walled mi-
croscopic fossils both in acid-resistant residues and in
petrographic thin sections, and whether the fossils ana-
lyzed are exposed at the upper surface of, or are embed-
ded within (to depths >65 microns), the section stud-
ied. By providing means to map chemically, in three
dimensions, whole fossils or parts of such fossils(3),

Raman imagery can also show the presence of cell lu-
mina, interior cellular cavities, another prime indica-
tor of biogenicity. Atomic force microscopy (AFM) has
been used to visualize the nanometer-scale structure of
the kerogenous components of single Precambrian mi-
croscopic fossils(4). Capable of analyzing minute frag-
ments of ancient organic matter exposed at the up-
per surface of thin sections (or of kerogen particles de-
posited on flat surfaces), such analyses hold promise
not only for discriminating between biotic and abi-
otic micro-objects but for elucidation of the domain
size – and, thus, the degree of graphitization – of
the graphene subunits of the carbonaceous matter an-
alyzed. These techniques – both new to paleobiology
– can provide useful insight into the biogenicity and
geochemical maturity of ancient organic matter. Ref-
erences: (1) Kudryavtsev, A.B. et al. (2001) Proc. Nat.
Acad. Sci. USA 98: 823-826. (2) Schopf, J.W. et al.
(2002) Nature 416:73-76. (3) Schopf, J.W. (2003) 7th
Exobiol. PI Symp. (NASA Ames): 57. (4) Kempe, A.
et al. (2002) Proc. Nat. Acad. Sci. USA 99: 9117-
9120.
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X-ray Microprobe Investigations of
Elemental Distributions and
Concentrations at Mineral-Microbe
Interfaces

K. M. Kemner1 (630-252-1163; kemner@anl.gov); S.
D. Kelly1 (630-252-1264; skelly@anl.gov); E. J.
O’Loughlin1 (630-252-9902); B. Lai1

(630-252-6405); J. Maser1 (630-252-1091); Z.
Cai1 (630-252-0144); Y. Londer1 (630-252-3887);
M. Schiffer1 (630-252-3883); K. Nealson2

(213-821-2271)

1Argonne National Laboratory, 9700 South Cass Av-
enue, Argonne, IL 60439, United States

2University of Southern California, Science 223, Los
Angeles, CA 90089, United States

Understanding the fate of heavy-metal contami-
nants in the environment is of fundamental importance
in the development and evaluation of effective reme-
diation and sequestration strategies. Bacteria and the
extracellular material associated with them are thought
to play a key role in determining a contaminant’s spe-
ciation and thus its mobility in the environment. Addi-
tionally, the metabolism and surface properties of bac-
teria can be quite different depending upon whether the
bacteria exhibit a planktonic (free-floating) or biofilm
(surface adhered) habit. The microenvironment at
and adjacent to actively metabolizing cells also can
be significantly different from the bulk environment.
Thus, to understand the microscopic physical, geologi-
cal, chemical, and biological interfaces that determine
a contaminant’s macroscopic fate, the spatial distribu-
tion and chemical speciation of contaminants and el-
ements that are key to biological processes must be
characterized at micron and submicron lengthscales for
bacteria in both planktonic and adhered states. Hard
x-ray microimaging is a powerful technique for the
element-specific investigation of complex environmen-
tal samples at the needed micron and submicron res-
olution. An important advantage of these techniques
results from the large penetration depth of hard x-rays
in water. This advantage minimizes the requirements
for sample preparation and allows the detailed study
of hydrated samples. The objectives of the studies to
be presented are (1) to determine the spatial distri-
bution, concentration, and chemical speciation of met-
als at, in, and near bacteria and bacteria-geosurface
interfaces, (2) to use this information to identify the
metabolic processes occurring within the microbes, and
(3) to identify the interactions occurring near these in-
terfaces among the metals, mineral surfaces, and bac-
teria under a variety of conditions. We have used x-
ray fluorescence microscopy to investigate the spatial
distribution of 3d elements in Pseudomonas fluorescens
cells in both planktonic and surface-adhered states. We
have used x-ray fluorescence spectromicroscopy to in-
vestigate the chemical speciation and distribution of Cr
that was introduced to these cells as Cr(VI). Addition-
ally, we have used these techniques to identify the dis-
tribution of an over expressed cytochrome c7 in indi-
vidual E. coli. Finally, we have used x-ray fluorescence
microscopy to investigate Shewanella oneidensis MR-1
cells adhered to iron oxyhydroxide thin films. The zone
plate used in these microscopy experiments produced a
focused beam with a cross section (and hence spatial
resolution) of 100-300 nanometers. Results from x-ray
fluorescence imaging experiments indicate that the dis-
tribution of P, S, Cl, Ca, Fe, Ni, Cu, and Zn can de-
fine the location of the microbe. Additionally, quanti-
tative elemental analysis of individual microbes identi-
fied significant changes in concentration of 3d transi-
tion elements depending on the age of the culture and
the type of electron acceptor presented to the microbes.
These results and a discussion of the use of this tech-
nique for identifying metabolic states of individual mi-
crobes within communities and the chemical speciation
of metal contaminants at the mineral-microbe interface
will be presented.

B52C-04 1455h

Evaluation of Electron Microscopic
Techniques to Observe
Microbe-Mineral Interactions in
Anaerobic Marine Sediments

Virginia Souza-Egipsy1 (213 821 2613;
souzaegi@usc.edu)

Maria Prokopenko2 (213 740 5825;
prokopen@usc.edu)

Douglas E Hammond2 (213 740-5837;
dhammond@usc.edu)

Kenneth H Nealson1 (213 821-2268;
knealson@usc.edu)

1USC Depart Earth Sciences. Geobiology and Astro-
biology, 3651 Trousdale Parkway, Los Angeles, CA
90089-0740, United States

2USC Depart Earth Sciences. Geochemistry and Envi-
ronmental Chemistry, 3651 Trousdale Parkway, Los
Angeles, CA 90089-0740, United States

Marine sediments contain a variety of microorgan-
isms that help determine the local ecosystems and bio-
geochemistry through their metabolic activities. In
anaerobic marine sediments, bacteria use inorganic ac-
ceptors to catalyze the oxidation of organic matter. In
this study we discuss the advantages and disadvantages
of electron microscopic techniques that we have used
to study spatial relationships of the microorganisms as
well as the location of the minerals within anaerobic
sediments from the Santa Barbara Basin, California.
Different microscopic techniques have been used to ex-
amine the spatial relationships of microbes in marine
sediments (1,2,3). Epifluorescence and scanning con-
focal laser microscopy are useful for the identification
and quantification of the living component. However,
the study of microbe-mineral interactions needs more
resolution to describe the contact between minerals and
bacterial cells. To overcome such limitations, we used
scanning electron microscopy with back-scattered elec-
tron imaging (SEM-BSE). This technique involves the
sample preparation to increase the ability of the mi-
croorganisms to emit electrons when they are excited
by a electron beam and the sedimentological method
of embedded the sediments in a resin. The simul-
taneous application of the X-ray microanalytical sys-
tem (EDS) permits undisturbed in situ analysis within
the marine sediments of the interaction between the
microorganisms and the different minerals. The fi-
nal purpose is the integration a whole set of micro-
scopies to provide an insight into the structure, compo-
sition and physical properties of the anaerobic marine
sediments at a scale important for microbial ecology.
1 Bernhard JM, Bowser SS. (1996) Novel Epifluores-
cence Microscopy Method to Determine Life Position of
Foraminifera in Sediments. Journal of Micropalaeon-
tology 15:68 2 Bernhard JM, Buck KR, Farmer MA,
Bowser SS. (2000) The Santa Barbara Basin is a Sym-
biosis Oasis. Nature 403:77-80 3 Bernhard JM, Vis-
sher PT, Bowser SS. (2003) Sub-millimiter Life Posi-
tions of Bacteria, Protist,and Metazoans in Laminated
Sediments of the Santa Barbara Basin. Limnology and
Oceanography 48: 813-828.
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High Spatial Resolution Study of
Microbe-Carbonate-Silicate Interfaces
by FIB and TEM

karim Benzerara1 (33-1-44-27-75-42;
benzerar@lmcp.jussieu.fr)

Nicolas Menguy1 (menguy@lmcp.jussieu.fr)

Francois Guyot1 (guuyot@lmcp.jussieu.fr)

Christian Vanni2 (vanni@univ.u-3mrs.fr)

Philippe Gillet3 (pgillet@ens-lyon.fr)
1LMCP, Case 115 4 Place Jussieu, Paris 75252, France

2CP2M, Faculte Saint Jerome, Marseille 13397,
France

3Laboratoire des sciences de la Terre, ENS Lyon, Lyon
69007, France

High resolution transmission electron microscopy
(HRTEM), chemical micro-analysis (EDX) and electron
energy loss spectroscopy (EELS) are among the most
powerful analytical techniques for studying microbe-
mineral interactions, allowing to observe the microbe-
mineral interface at almost the angstrom scale, to ev-
idence transformations of the mineral structure and
chemical alterations at the nanometer scale. However,
the samples must be very thin and only a small area
can be investigated. A key limitation for using this
technique is thus to prepare natural geomicrobiologi-
cal samples which combine hard minerals, preventing
use of ultramicrotomy, with soft organic matter inad-
equate to ion milling procedures. Additionaly the ar-
eas of interest are usually restricted to few micrometer
large areas which have to be selected from macroscopic



B

2003 Fall Meeting

Cite abstracts as: Eos. Trans. AGU, 84(46), Fall Meet. Suppl., Abstract #####-##, 2003.

F341

samples. In this study we present two procedures : mi-
cromanipulation and FIB (Focused Ion Beam) which al-
low the study of microbe-mineral interfaces with TEM.
The micromanipulation procedure has been presented
in Benzerara et al (2003, PNAS). We have evidenced
nannobacteria-like objects at the surface of the Tata-
houine orthopyroxenite meteorite fallen in the tunisian
desert in 1931. SEM observations suggest a complex
interaction pattern between the nannobacteria-like ob-
jects, the pyroxene and microorganisms which have col-
onized the surface of the meteorite during its seventy
years of residence on Earth. The TEM study on the
very same area shows that the nannobacteria-like rods
are actually well-crystallized nanometric calcite single
crystals surrounded by an amorphous layer of carbon-
ate composition. Those morphologies and structures
are unusual for calcite single crystals. We discuss these
observations in regard to the criteria of biogenicity
i.e. biosignatures. Moreover, we examine the impli-
cations for carbonate production associated to silicate
bio-weathering under aridic conditions. This work is
relevant both to astrobiological and geomicrobiological
issues showing that it is possible to select a microbe-
mineral interface of interest at the micrometer scale,
and then to prepare it for TEM observation.

B52C-06 1525h

Mapping Mineral and Microbe
Interactions using Laser-based Optical
and Chemical Imager (LOCI)

Jill R Scott1 ((208) 526-0429; scotjr@inel.gov);
Daphne L Stoner1 ((208) 526-8786;
dstoner@inel.gov); Timothy R McJunkin1 ((208)
526-7895; mcjutr@inel.gov); Robert D Stedtfeld1

((208) 526-3415; stedrd@inel.gov); Mary E
Kauffman1 ((208) 526-2684; kaufme@inel.gov);
Paul L Tremblay1 ((208) 526-9765; plt@inel.gov)

1Idaho National Engineering and Environmental Lab-
oratory (INEEL), 2525 N. Fremont Ave., Idaho
Falls, ID 83415, United States

Our primary focus has been development of the
laser-based optical and chemical imager (LOCI) that
provides optical and chemical imaging of complex, het-
erogeneous sample surfaces. LOCI combines a Fourier
transform mass spectrometer (FTMS), unique laser-
scanning system, custom optics for surface fluorescence
detection, and software for automated data acquisition
and analysis. A key feature of LOCI is the unique laser-
scanning device that provides high spatial reproducibil-
ity true depth-profiling studies and has been automated
to provide imaging capabilities. The excellent repro-
ducibility and wavelength independence of the laser-
scanning device affords the opportunity to interrogate
the same sample surface via optical spectroscopy prior
to obtaining mass spectra. Interpretation of mass spec-
tra has been automated using a Fuzzy-logic inference
engine, which also produces the surface maps. Our cur-
rent imaging interests include characterizing heteroge-
neous minerals, such as basalt, with and without mi-
crobe present to determine microbial affinities for spe-
cific mineral phases. Additionally, we are interested in
characterizing surface contaminant speciation.

B52D MCC: 3014 Friday 1340h

Estimating Terrestrial Carbon,
Water, and Energy Fluxes From Site
to Region V (joint with A, H)

Presiding: B Law, Oregon State
University; D Baldocchi, University of
California, Berkeley

B52D-01 1340h

Recent Advances in
Ecosystem-Atmosphere Interactions:
an Ecological Perspective

Paul R Moorcroft (6174966744;
paul moorcroft@harvard.edu)

Harvard University, OEB Dept 22 Divinity Ave, Cam-
bridge, MA 02138, United States

The atmosphere and terrestrial ecosystems are fun-
damentally coupled on a variety of time-scales. On
short time-scales, this bi-directional interaction is dom-
inated by the rapid exchange of CO2, water and en-
ergy between the atmosphere and the land surface; on
long time-scales, the interaction involves changes in
ecosystem structure and composition in response to
changes in climate that feed back through biophysi-
cal and biogeochemical mechanisms to influence cli-
mate over decades and centuries. Here, I explore
some of the recent advances in our understanding of

long-term ecosystem-atmosphere interactions then ex-
amine how efforts to assess the stability and resilience
of ecosystem-atmosphere interactions over these long
time-scales using Dynamic Global Vegetation Models
are hampered by the presence of important functional
diversity and heterogeneity within plant communities.
Recent work illustrates how this issue can be addressed
through the use of Structured Ecosystem Models that
more accurately scale between the short-term physi-
ological responses of individual plants and the long-
term, large-scale dynamics of heterogeneous, function-
ally diverse ecosystems.

B52D-02 1400h

Partitioning Direct and Indirect
Human-induced Carbon Sequestration
in Managed Conifer Forests in
Central Europe Using Model
Simulations and Forest Inventories.

Mona Vetter1 (mvetter@bgc-jena.mpg.de); Christian
Wirth1 (cwirth@Princeton.edu); Hannes
Böttcher1 (hannes.boettcher@web.de); Galina
Churkina1 (churkina@bgc-jena.mpg.de); Ernst-
Detlef Schulze1 (dschulze@bgc-jena.mpg.de);
Gesina Schwalbe2 (schwalbg@forst.thueringen.de)

1Max-Planck Institute of Biogeochemistry, Winzer-
laerstr. 10, Jena D-07745, Germany

2Thuringian State Institute for Forestry, Game and
Fishery, Jägerstr. 1, Gotha D-99867, Germany

Forest ecosystems have long been known to be an
important sink in the global carbon budget. The fac-
tors responsible for the strength of the sinks and their
permanence, however, are not so clear. To distinguish
between direct and indirect impact on the carbon se-
questration we have to work on spatial and tempo-
ral scales where humans have a major impact on the
ecosystem. In this paper we contrast the effects of indi-
rect human induced environmental changes and forest
age on carbon sequestration as well as direct human
induced effects on carbon accumulation such as for-
est management of coniferous forests in central Europe
from the end of 19-th century until present. Ecosys-
tem process model BIOME-BGC has been used to study
these effects and results have been corroborated with
forest inventories. We focused on conifer forests of
Thuringia as a study case, because these forests are
representative of central European forests and good for-
est inventories were available. Grouping the forests in
three different strata differing in annual average tem-
peratures and precipitation allowed us also to study
the effect of elevation on carbon sequestration. Forests
in all elevational strata showed an increase in vegeta-
tion carbon accumulation in all age classes as a result
of environmental changes in the last 20 years (1982-
2001). Young and old trees had the highest annual
changes in the vegetation carbon during this period.
Under pre-industrial conditions, trees older than 80
years showed almost no annual increase in vegetation C
carbon accumulation. With industrial climate scenario
those trees were still carbon sinks. Trees older than
100 years in the low elevations were an atmospheric
carbon source in the pre-industrial case, but carbon
sinks in the industrial case. Nitrogen-deposition had
the highest impact on the net ecosystem production
(NEP) for the high and middle elevations, whereas CO2
fertilization was most responsible for NEP changes in
the low elevations. Under current environmental con-
ditions, the total modeled carbon accumulation in the
coniferous forests of Thuringia was estimated at 2.09 t
C ha−1y−1 with an averaged annual NEP of 1.78 t C
ha−1y−1 and net biome production (NBP) of 1.12 t C
ha−1y−1. Once corrected with the actual forest har-
vest statistics, the modeled NBP estimate was reduced
to 0.83 t C ha−1y−1. Under pre-industrial conditions
the NBP estimates were 0.43 and 0.15 t C ha-1 y-1 re-
spectively. The environmental changes led to the sink
strength of 62% or 82% depending on how the harvest
was estimated. Based on the estimates of annual accu-
mulated vegetation carbon (NBPV EG), the forest in-
ventory data gave NBPV EG varying from 0.45 to 2.6

t C ha−1y−1 depending on the method used for esti-
mating the wood increments. The modeled NBPV EG

was estimated at 1.42 t C ha−1y−1. Environmental
changes or indirect human impact resulted in 44% in-
crease in modeled vegetation carbon accumulation of
conifer forest in Thuringia. From the forest inventory
data we estimated the effect of changing area of the
forest age classes, or the direct human impact on the
carbon sequestration, to be approximately 37%.

B52D-03 1420h

The Effects of Shading and Diffuse
Radiation in Estimating Carbon and
Water Fluxes in Tropical and
Midlatitude Sites

Yongkang Xue1 ((310)825-1122;
yxue@geog.ucla.edu)

Fernando de Sales1 (fsales@ucla.edu)

Xiwu Zhan2 (xzhan@hsb.gsfc.nasa.gov)

James Collatz3 (jcollatz@biome.gsfc.nasa.gov)
1UCLA, 1255 Bunch Hall, Department of Geography,

Los Angeles, CA 90095, United States
2UMBC-GEST, Hydrological Branch, GSFC,NASA,

Greenbelt, MD 20771, United States
3GSFC/NASA, Code 923, Greenbelt, MD 20771,

United States
The interactions between radiation, water, and car-

bon are a crucial component in determining terrestrial
carbon and water fluxes. In this paper, we will present
evidence to demonstrate the close relationship between
these processes in an integrated climate system using
the Simplified Simple Biosphere Model (SSiB, Xue et
al., 1991). The SSiB implemented Collatz et al’ (1991,
1992) parameterizations of plant photosynthesis and
stomatal conductance to consider CO2 assimilation of
vegetation. Quasi-analytical solutions of these param-
eterizations were developed (Zhan et al., 2003) to im-
prove the computational efficiency and to produce sta-
ble solutions for long-term simulations in GCMs and
regional models. We tested this enhanced SSiB using
observational data from LBA, Boreal, and AmeriFux
sites. The results indicated that the model in general
produced a higher than normal rate of photosynthesis
which led to an overly large transpiration. We exam-
ined model performance and found that this was mainly
caused by the scaling methodology. In our earlier ap-
proach described above, the sunlit and shaded leaf ar-
eas were not considered. Furthermore, only direct radi-
ation effect was included in the scaling equation, which
was adapted from SiB2. Diffuse radiation, which arises
from atmospheric scattering and from scattering within
the canopy, has been shown to have a crucial role in the
photosynthetic process (e.g., Norman, 1982; Baldocchi,
1997). Therefore, we developed a new parameterization
for shading and scaling to more realistically simulate
the land/atmosphere interaction processes. The shad-
ing parameterization is based on Norman’s approach
(mainly relies on solar zenith angle), but we further
take vegetation properties and solar radiative transfer
property within canopy into consideration. The scaling
method considers the effects of both direct and diffuse
radiations. We have tested the new method using the
observational data from the LBA experiment ( 2000)
and the Boreal experiments (1996). This new method
substantially improved the simulations of daily mean
carbon and water fluxes and their diurnal variations,
especially in the tropical area. For example, in the LBA
experiment, the root-mean-square (RMS) error for the
latent heat flux and the carbon flux are 15.1 w m-2 and
2.9 mmol m-2 s-1, respectively, which are much smaller
than the RMS error 45.4 w m-2 and 12.7 m mol m-2 s-1
in the simulation with the old method. Experiments
are also conducted to comprehensively test the effects
of soil moisture, diffuse radiation, and vegetation prop-
erties in estimating the variability of carbon and water
fluxes.

B52D-04 1440h

Old and Not-So-Old: Examining
Changes in Forest Ecosystem Carbon
Exchange With Stand Age in the
Upper Midwest U.S.

Ankur R Desai1 (814-865-9617;
adesai@essc.psu.edu); Bruce Cook1; Kenneth J
Davis1; Paul Bolstad2; Eileen Carey2; Jon
Martin2; Leslie Kreller2; Weiguo Wang2

1Pennsylvania State University - Department of Mete-
orology, 503 Walker Building, University Park, PA
16802, United States

2University of Minnesota - Department of Forest Re-
sources, 1530 Cleveland Ave N, St Paul, MN 55108,
United States
Forest stand age is an important determinant of

ecosystem carbon uptake. Though there are biomet-
ric measurements and ecological models for forests of
all ages, there are few stand-scale eddy-flux measure-
ments of net carbon exchange in older forests, though
the number is increasing. In order to scale carbon
fluxes from sites to regions, where stands of multiple
ages may exist, it is necessary to measure to the effect
of stand age on carbon exchange. Measuring the ef-
fect of stand age on carbon exchange is also necessary
when trying to predict future or past carbon exchange
(scaling across time). Many researchers have noted that
site disturbance history is the fundamental factor in de-
termining carbon uptake by forests over time scales of


