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Molecular hydrogen is the second most abundant
reduced gas in the atmosphere with a seasonally de-
pendent mixing ratio averaging ∼ 0.5 ppmv; the bud-
get is thought to be controlled by sources from photo-
oxidation of hydrocarbons, biomass burning and an-
thropogenic emissions and sinks dominated by soil up-
take and oxidation by OH radicals. We are examining
the isotopic signatures of these processes using a new
method of H2 recovery and mass spectrometry on sub-
liter-sized air samples (i.e., < 20 nmoles H2). Our work
is motivated by the need to characterize and monitor
the global H2 cycle before and during the anticipated
rise in anthropogenic emissions associated with a de-
veloping hydrogen fuel cell economy. In addition, since
soil uptake is the principal sink of H2 and since soil
conditions are dependent on climatic influences, par-
ticularly in mid to high latitudes, observations of H2
and δD of H2 hold the potential to serve as proxies for
observing global climate change. We report here the
results of a study of the stable isotope systematics of
H2 in east central Alaskan boreal forests during July
and August of 2001.

Flask samples were collected during nighttime in-
versions in both mature spruce forest and in young
mixed forest; concurrent sampling of CO2 concentra-
tion was performed in the field with a LiCor 6200 IR
analyzer. An additional series of samples was collected
over a period of 24 hours at a tower site in a 14 year old
mixed forest; samples were collected at 4 hour intervals
at ground level (0.8 m) and above canopy (10 m).

Samples collected during nighttime inversions ex-
hibited vigorous H2 uptake and were negatively cor-
related with respiring CO2 (-0.8 to -1.2 ppb H2/ppm
CO2). Decreases in H2 concentration are correlated
with increases in δD, indicating that one or more
steps in the process of hydrogen consumption (pre-
sumably either diffusion into the soil or microbial
utilization) is isotopically fractionating. Based on
these data, we derive a fractionation factor, α =
D/Hresidual/D/Hconsumed = 0.960.01. This value
is within the range of previous flux-chamber experi-
ments [Gerst and Quay, 2001]. Data from the 24 hour
time series yielded a similar nighttime draw down of H2
and elevated CO2 (observable even above canopy) and
comparable fractionation factors for D/H. Unexpect-
edly, samples collected during daylight hours when the
canopy was well flushed (evidenced by background CO2
levels) exhibited a modest positive correlation between
hydrogen concentration and its deuterium content. We
speculate that these enrichments may be the first ob-
servational verification of photochemically induced en-
richment during oxidation of methane and non-methane
hydrocarbons such as that proposed by Gerst and Quay
[2001].

Gerst, S. and P. Quay, J. Geophys. Res., 106, 5021-
5031, 2001.
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The triple isotopic composition of atmospheric O2
is controlled by different signatures of biological and
stratospheric processes. Ultraviolet induced interac-
tions in the stratosphere cause an equal depletion of
17O and 18O of atmospheric O2 (mass-independent
fractionation). This equal lowering is in contrast to
biological processes, and most terrestrial processes, in
which the discrimination against 17O is about half of
the discrimination against 18O relative to 16O (mass-
dependent fractionation). Thus, O2 that was produced

by photosynthesis and was affected only by biological
consumption will have excess 17O relatively to atmo-
spheric O2 with the same delta 18O. In previous in-
terpretations of changes in the triple isotopic compo-
sition, it was assumed that the ratio of discrimination
against 17O to the discrimination against 18O is identi-
cal for all biological processes. In the present study, we
evaluated this ratio, for the first time, for some of the
most important oxygen consumption processes: The cy-
tochrome and alternative pathways of dark respiration,
and photorespiration. The value for the dark respira-
tion processes was evaluated in dark incubation exper-
iments, and inhibitors were used to separate the two
pathways. The value for photorespiration was evalu-
ated from experiments in airtight terrarium containing
soil, plant and water. We have found similar discrim-
ination ratio for the cytochrome and alternative path-
ways, but considerably lower ratio for photorespiration.
One important conclusion derived from this finding is
that much of the change in the atmospheric 17O de-
pletion during the LGM can be related to an increase
in the global rate of photorespiration. The increased
rate of photorespiration during the LGM was the re-
sult of lower atmospheric CO2 concentrations. Previ-
ous interpretations of the 17O depletion change in the
LGM attributed it only to changes in global productiv-
ity, and in stratospheric processes. Another important
conclusion is that the current global rate of photores-
piration can be evaluated from the parameters we pro-
vide, and from published data about the rate of mass-
independent processes in the stratosphere.
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Measurements of the isotopic composition of at-
mospheric carbon dioxide have become a critical tool
for understanding the role of terrestrial ecosystem
processes in the carbon cycle. Photosynthesis and
respiration impart distinct isotopic signatures to the
atmosphere that may be used to constrain carbon
source/sink estimates and partition ecosystem fluxes.
These applications require an understanding of the pro-
cesses that influence isotopic discrimination of whole
canopies and ecosystems. The ”Keeling plot” method
is a common approach used in determining the iso-
topic composition of ecosystem fluxes and estimating
ecosystem discrimination. An increasing amount of in-
formation is becoming available from numerous ecosys-
tems around the world on the isotopic composition
of ecosystem respiration (d13CR) over short and long
time scales. In this presentation we synthesize emer-
gent patterns in d13CR by analyzing 146 Keeling plots
constructed at numerous sites across North and South
America as part of the Biosphere-Atmosphere Stable
Isotope Network (BASIN). We calculated d13CR uni-
formly for all sites in order to analyze the environmen-
tal controls on d13CR temporally and across the land-
scape. We did not find differences in mean d13CR be-
tween tropical, temperate broadleaf, temperate conif-
erous, and boreal forest biomes, indicating that fac-

tors other than species/functional type and tempera-
ture were driving canopy discrimination. Rather, we
found that precipitation was a major driver of both
temporal and spatial variability of d13CR, illustrating
the importance of water availability as a key control of
ecosystem function. These results highlight the poten-
tial of d13CR as a useful tool for integrating environ-
mental effects on dynamic canopy processes.
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We describe a mechanistic model that simulates
H2

18O and CO18O fluxes between ecosystems and the
atmosphere. The model is integrated into the land sur-
face model LSM, which in turn is coupled to a version of

the CCM3 GCM that simulates H2
18O in precipitation

and water vapor to allow transient simulations of veg-
etation, soil, and atmospheric mechanisms important
in ecosystem isotope fluxes. The land surface isotope
model comprises modules to compute canopy vapor,

leaf water, and vertically resolved soil water H2
18O

content; leaf photosynthetic and retro-diffusive fluxes

of CO18O; root and microbial production of CO2; soil

diffusive fluxes of CO2 and CO18O and equilibration of

CO2 with 18O in soil water; and abiotic soil exchanges

of CO18O. Off-line model testing in a C4 dominated
tallgrass prairie in Oklahoma will be presented. We
then apply the model to better understand the impact

on ecosystem CO18O fluxes of the (a) soil abiotic flux;
(b) carbonic anhydrase distribution within the soil; (c)
C3 versus C4 mixtures and variations in carbonic anhy-
drase activity within each photosynthetic type; and (d)

method used to compute surface H2
18O fluxes. Sensi-

tivity analyses of ecosystem H2
18O and CO18O fluxes

to model parameters will also be presented. Prelim-
inary results indicate that the near-surface soil mois-
ture isotopic composition is strongly dependent on the

H2
18O surface flux method used; the opposite is true

for deeper soil layers. The resulting ecosystem CO18O
flux is less dependent on the method of computing the

H2
18O surface flux. The carbonic anhydrase concen-

tration in the soil also impacts the isotopic composition
of the evolved CO2 flux. Finally, we present simulation
results for selected ecosystem types from the coupled
GCM and isotope model and a method to simplify the

CO18O surface flux calculation.
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Models of canopy transport and the fractionation
of isotopes have both matured to a stage in which they
demand to be used in concert. Measured profiles of

δ18O and δ13C of CO2 at a mixed deciduous site near
Willow Creek, Wisconsin, USA are represented by a
three-component mixing model in which soil, vegeta-
tion, and planetary boundary layer (PBL) signals are
each apparent. Profiles are simulated using a second-
order Eulerian closure model with a superposition of
isotopic sources and tracers. The transport model is
informed by micro-meteorological measurements at the
Willow Creek flux tower. This paper presents chal-
lenges to the three-component mixing model and the
Eulerian closure model due to the changing influences
of soil, vegetation, and the PBL. In particular, we find
that the influence of the leaf source on daytime plots of

1/[CO2] vs. δ18O and δ13C is evident in the measure-
ments even under conditions of weak stratification. The
ability of the transport model to represent the influence
of the leaf source on a well-mixed daytime profile is dis-
cussed. The strongest measured signals are those above
the canopy, suggesting that models of ecosystem-level
exchange with the PBL should yield rich information.
The strength of the above-canopy signal, together with
PBL signals measured in the region, point to a need
for future modeling of coupled canopy and PBL mass
budgets.
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The shortgrass steppe ecosystem is ecologically sen-
sitive to climate change due the mixture of C3 and C4
plant species and the semi-arid environment. In or-
der to make reliable predictions about effects of cli-
mate change on plant communities, it is prerequisite
to understand how individual C3 and C4 plant func-
tional groups contribute gross photosynthetic activity
and respiration in the semi-arid grassland. We observed
diurnal and seasonal changes of CO2, CH4 and N2O
fluxes, and associated isotopic signatures of 13C and
18O from air flasks above canopy at 1 and 2m heights,
to estimate changes in activity of C3 andC4 plants and
gross photosynthesis and respiration fluxes during the
growing seasons of 2000 and 2001 in the shortgrass
steppe region of north-eastern Colorado. Flasks were
collected from a tower instrumented with Bowen ratio
equipment, allowing us to evaluate latent heat fluxes si-
multaneously with flask measurements. We partitioned
gross fluxes using the 13C and 18O isotopic mass bal-
ance method outlined by Yakir and Wang (1996). The
results indicated that the grass canopy was a sink for
CO2 during the daytime, as we expected, but peak
times for CO2 uptake varied seasonally. Peak patterns
of daily photosynthesis were attributed microclimatic
variables such as leaf to air vapor pressure deficit re-
lated to stomatal conductance. The diurnal patterns
of gradients for d13 C were similar to those for d18O.
Discrimination against 13 C associated with CO2 fixa-
tion and isotopic exchange with 18O-enriched leaf wa-
ter during daytime may be correlated process in this
ecosystem. Seasonally, gross photosynthesis was posi-
tively correlated to magnitude of depleted d13C of CO2
from all sources, latent heat flux at night, and total
greenness of plants. Seasonal changes in atmospheric
d13C and d18O values, CO2 fluxes and gross photosyn-
thesis reflected changes in plant biomass and its com-
position by functional groups (C3, C4 and CAM) and
environmental variables especially related to hydrolog-
ical cycling such as evapotranspiration. We compared
local-scale (10 to 100 m) flask results with observations
from chambers to assess fine-scale (0.1 to 1 m) differ-
ences in respiration and 13C and 18O values from se-
lected species and bare ground.
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Measurements of stable isotopic ratio of atmo-
spheric CO2 are key elements to constrain interpreta-
tions of terrestrial carbon fluxes between the biosphere
and the atmosphere. The present study focuses on
identifying the photosynthetic and respiratory isotopic
composition of CO2 at four Ameriflux sites Harvard
Forest, Wind River Research Crane, Howland Forest
and Konza Prairie. These sites represent four contrast-
ing ecosystems in terms of both vegetation composition
and seasonal dynamics. An automated sampling system
for atmospheric CO2 was developed to collect and store
air samples at multiple heights within plant canopies
in order to monitor the impact of environmental con-
ditions on the variation of atmospheric isotopic ratios.
Field measurements collected in this study are used to
address both flux partitioning within ecosystems and
to provide useful information for regional and global
scale modeling studies. The long-term objective of this
project is to investigate the mechanistic control of car-
bon gain and loss within an ecosystem, including the
impact of land use history. Preliminary results showed
that the carbon isotope ratio of ecosystem respiration

(13C2) can vary by 2 per mil on time spans as short
as a month. Across different forest ecosystems, we ob-

served that 13C2 values varied as much as 2 per mil
during the summer of 2001.
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Our objective was to measure the stable car-
bon isotope composition of leaf tissue and CO2 re-
leased by respiration (δR), and to use this infor-
mation as an estimate of changes in ecosystem iso-
topic discrimination that occur in response to sea-
sonal and interannual changes in environmental con-
ditions, and land-use change (forest-pasture conver-
sion). We made measurements in primary forest and
pastures in the Amazon Basin of Brazil. At the
Santarem forest site δR values showed a seasonal cy-
cle varying from less than -29o/oo to approximately
26o/oo. The observed seasonal change in δR was cor-
related with variation in the average monthly precipita-
tion. In contrast there was no significant seasonal vari-
ation in δRattheManausforestsite(averageδR ap-
proximately -28o/oo), consistent with a narrower range
of variation in monthly precipitation than occurred in
Santarem. Despite substantial (9o/oo) vertical vari-

ation in leaf δ13C, the average δR values observed

for both forest sites were similar to the δ13C values
of the most exposed, sun foliage of the dominant tree
species. This suggested that the major portion of re-
cently respired carbon dioxide in these forests was me-
tabolized carbohydrate fixed by the sun leaves at the
top of the forest canopy. There was no significant sea-

sonal variation observed in the δ13C values of leaf or-
ganic matter for the forest sites. We sampled in pas-
tures dominated by the C4 grass, Brachiaria spp., which
is planted after forest vegetation has been cleared. The
carbon isotope ratio of respired CO2 in pastures was

enriched in 13C by approximately 10o/oo compared to
forest ecosystems. A significant temporal change oc-
curred in δR after the Manaus pasture was burned.
Burning removed much of the encroaching C3 shrub
vegetation and so allowed an increased dominance of
the C4 pasture grass, which resulted in higher δR val-
ues.
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Isotope ratios of carbon dioxide and leaf organic
matter were measured in 5 neighboring forests of vary-
ing ages: 7, 14, 45, 140, and 160 years. These forests
are composed primarily of black spruce (Picea Mariana)
and quaking aspen (Populus tremuloides) with a shift in
species dominance from aspen to spruce 50 years after
fire disturbance. Research on the carbon isotope ra-
tios of leaf material and CO2 was conducted to look
for influences from species composition, forest age, and

time after most recent burn. Samples of organic δ13C
in whole leaf tissue were collected from the dominant
species of each forest. Concurrent aboveground NPP
measurements allowed us to estimate total ecosystem

δ13C by providing a method for weighting δ13C of in-

dividual species and plant tissues. δ13CO2 and [CO2]
were measured on canopy CO2 to determine the iso-
topic ratio of ecosystem respiration. The atmospheric

results indicated that the δ13C of ecosystem respira-
tion changes with successional stage. Specifically, the

aspen dominating forests showed 13C depleted values
relative to the spruce dominated forests. Organic re-

sults showed more 13C-enriched values with increased
forest age and vegetation functional type. Specifically,
oldest trees within the coniferous species had the most
13C-enriched values in leaf tissues. These results sug-
gest that increases in the disturbance regime of north-

ern boreal forests will lead to a decrease in the δ13C
of ecosystem carbon with consequences for the atmo-

spheric δ13C budget.
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Changes in climate and land use have the poten-
tial to dramatically alter ecosystem physiology and
biosphere-atmosphere interaction through changes in
the partitioning of energy, water, and carbon fluxes
among ecosystem components. Here we present pre-
liminary results from a field study in a mesquite forest
with a C4 grass understory in southeastern Arizona.
One of our primary goals was to use sampling height
and Keeling-plot relationships to distinguish compo-
nent contributions within this two-layered canopy. We
collected air and vapor from ten heights (0.1-14m) in
the vegetation profile, twice during daylight and once
at night during pre-, mid- and post-monsoon field cam-
paigns. We also collected samples for stable isotope
analysis of plant and soil water and plant and soil car-
bon. We used the Keeling plot approach to partition
the net ecosystem CO2 exchange (NEE) and evapotran-
spiration flux (ET) into the relative contributions from
ecosystem components over the summer growing season
of 2001.
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At the University of Michigan Biological Station
Forest Carbon Cycle Research Program, part of the
AmeriFlux network, we are using eddy covariance tech-
niques to measure the net ecosystem exchange (NEE)
of CO2 in a mixed hardwood ecosystem in northern
lower Michigan. NEE is the difference between carbon
assimilated by the forest through gross photosynthesis
and carbon lost through ecosystem respiration. Ecosys-
tem respiration is composed of autotrophic respiration
(Ra) from leaves, boles, and roots, and heterotrophic
respiration (Rh) from microbial decomposition of soil
organic matter, leaf litter, and coarse woody debris.
We expect that climate change will affect Ra and Rh
differently, with important consequences for carbon se-
questration by forest ecosystems. Because eddy covari-
ance techniques measure only the net carbon exchange,
we are using a combination of stable isotope techniques
and chamber flux measurements in coordination with
the eddy covariance measurements to develop a mech-
anistic understanding of the underlying environmental
controls on forest carbon assimilation and respiration.
An initial survey of carbon isotopic signatures of the

forest components yielded δ13C values of -29.3o/oo, -
28.9o/oo, -28.4o/oo, -27.5o/oo, and -24.8o/oo, for the
leaf, leaf litter, root, bole, and soil organic carbon, re-
spectively. Our research indicates that soil moisture
and temperature play critical roles in controlling root
and microbial components of soil respiration. How-
ever, they do not show the same temperature response
curves. This suggests that shifts in temperature likely
will have different effects on the underlying components
of NEE.
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The issue of greenhouse gas budget, in the boreal
forest domain, is still largely open. In Eastern Canada,
where possibilities of additional production of hydro-
electricity exist, the impact of hydroelectric impound-
ment on carbon fluxes, at the scale of large drainage
basins, is not totally elucidated. From this view point,
deeper insights into carbon metabolism and fluxes in
the aquatic environments are needed, notably for the
large hydroelectric reservoirs of the eastern James Bay

area, such as the reservoir Robert-Bourassa (2835 km2)
examined here. Despite many recent studies, uncer-
tainties still exist about carbon fluxes. Carbon isotope
measurements in DOC, POC and DIC, as well as dis-
solved oxygen isotope measurements are used here to
obtain information on carbon metabolism and to put
constraints on the relative rates of production or con-
sumption of carbon compounds. At the study site, in
situ measurements included: water and air tempera-
tures, pH, alkalinity and wind speed. Samples were
collected for the measurement of concentrations and
isotopic compositions of DOC, DIC, dissolved oxygen
(DOX) and air CO2. Sampling was performed in sum-
mer during three consecutive years (1999-2001). Survey
stations were selected according to their bathymetry
(from a shallow 5m-deep site to a ∼150 m-deep site).
At these stations, surface waters were sampled during
two periods of 24 hours, at 1-hour intervals, respec-
tively under low and high wind conditions. At each
station, samples were also collected at several depths,
once during maximum photosynthetic activity (1 PM)
and once in the middle of the night (1 AM). In ad-
dition, a network of stations (from 11 to 18 sites),
provided surface water samples for both calm and ag-

itated conditions. The 13C content of the air CO2,
sampled from 5 cm above the water level, up to 5m
varies between -12.1 and −8.7o/oo (δ units vs V-PDB).

This layer seems to be turbulent and shows isotopic
properties that seem dependant upon wind speed and

CO2-emission rates. δ13C values of dissolved CO2
vary between -20.0 and -11.2o/oo; δ13C values of DOC

vary between -29.9 and -26.8o/oo; and δ18O values of
DOX vary between 20.1 and 22.4o/oo(vs. V-SMOW).
A strong direct relationship is observed between the
water depth at the sampling station and the isotopic
composition of dissolved CO2 in the corresponding sur-

face water layer (R2=0.84). Reverse relationships are
observed respectively between the isotopic composition
of dissolved CO2 and the concentration of DOC, and
the isotopic composition of dissolved CO2 or air−CO2
vs. wind speed. Oxygen isotope values in DOX (as low
as 20o/oo vs. V-SMOW) respond to the photosynthetic
activity in the photic zone (with diffusive isotopic gra-
dients from the overlying air and the underlying water

layer, both showing δ18O − DOX values of approxi-
mately +22.5o/oo). Chemical (i.e., based on pCO2)
and isotopic calculations of CO2 emissions from the

reservoir suggest a mean rate of ∼ 1gC/m2.day during
the survey period. However, discrepancies as high as
40% are observed between the two methods, suggest-
ing that emissions calculated from dissolved pCO2 val-
ues are over-estimated during periods of high photosyn-
thetic activity. The study also suggests that oxydation
of DOC, photochemical as well as microbial, rerpesents
a major source of CO2 in the reservoir.
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The potential to sequester soil carbon will be a ma-
jor driving factor for land-use policies in the future.
Storage of carbon as soil organic matter (SOM) is, in
fact, one of the better long-term options for C stor-
age in terrestrial ecosystem, in particular if C is se-
questered in SOM fractions with a high residence time.
However, the quantification of C sequestration in soils
is often limited by methodological constraints. We
present the results of an experiment in North Eastern
Italy where three mixed deciduous forests plots were
planted 20 years ago on a continuous corn field with
a strong isotopic C signature. This particular land
use history offered the opportunity to compare the im-
pacts on soil C storage and SOM dynamics with the
conventional agricultural management of the site and
with natural grasslands. Soil samples from the forest,
grassland and maize systems were separated in three
aggregate size classes, and inter- versus intra-aggregate
particulate organic matter was isolated. All fractions
were analyzed for their C content and isotopic signa-
ture. The distinct 13C signature of the maize residue
allowed calculating proportions of crop residues incor-
porated in the physically defined fractions. In 20 years,
afforestation significantly increased the total amount
of soil C with respect to agricultural fields but with-
out reaching the SOM levels of the permanent grass-
lands. Aggregate size classes distribution was compa-
rable between afforested and agricultural soils, with a
lower concentration of macro-aggregates as compared
to permanent grassland. Our data suggest afforesta-
tion may result in significant soil carbon sequestration
but the sequestration seems to occur, at least during
the first 20 years, in carbon pools with low residence
time.
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In the shortgrass steppe, a mixed C3/C4 grassland
on the western border of the Great Plains, doubled at-
mospheric CO2 has led to increased soil water con-
tent despite greater biomass growth. We evaluated
whether elevated CO2 led to differences in the two
main pathways of water loss, evaporation and transpi-
ration, using stable isotopes for partitioning. In our
Open-Top Chamber (OTC) experiment, elevated and
ambient chambers (EC and AC) were compared with
non-chambered control plots (NC) for the period May,
1999-October, 2000. All plots received similar rainfall
inputs, but AC plots had significantly lower volumet-
ric water content than EC plots during the entire study
period, and than NC plots during 1999. Changes in the
soil water balance were apparent in the d18O values of
soil CO2. AC plots had significantly higher d18O val-
ues than EC plots during the dry summer of 2000, but
not during the moister summer of 1999. We established
a strong relationship between d18O of soil CO2 and soil
water at the same depths in soils adjacent to the OTC
plots. We used this relationship, together with soil wa-
ter content and known values of precipitation inputs,
in a simple mass-balance model that allowed us to par-
tition evapotranspiration into its components. During
the period October, 1999, to October, 2000, the rela-
tive loss by evaporation averaged 20 percent lower in
EC than AC plots. This reduction of evaporation may
have resulted from increased biomass transpiring more,
drainage of water below the rooting zone, and/or from
reduced vapor diffusion across the more densely vege-
tated soil surface.
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Our objective was to analyze the effects of seasonal
and interannual climate variation on the oxygen iso-
tope composition of carbon dioxide exchanging with the
atmosphere in a temperate grassland ecosystem. On-
line photosynthetic discrimination measurements were
combined with analyses of the oxygen isotope composi-
tion of leaf water and respired carbon dioxide. In addi-
tion, we made continuous measurements of net ecosys-
tem carbon dioxide exchange using the eddy covari-
ance technique. Our study period included a year with
near average precipitation (1999), and a year with be-
low average precipitation (2000). The dry conditions
in the summer of 2000 resulted 4o/oohigher leaf water
isotopic enrichment than was observed in 1999. Re-
duced stomatal conductance caused chloroplast carbon
dioxide concentrations to be 30 ppm lower on average,
so oxygen isotope discrimination during photosynthe-
sis was only moderately higher in 2000 than in 1999.
On-line discrimination during photosynthesis was ap-
proximately 35o/ooin 2000. The oxygen isotope com-
position of ecosystem respired carbon dioxide did not
differ between the study years. The effect of higher
oxygen isotope discrimination during photosynthesis in
2000 was also partly reduced by the lower rates of gross
photosynthesis caused by the drought.
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Stratospheric photochemistry leads to anomalously

enriched CO2 which is defined as ∆17O = δ17O -

0.52 * δ18O �= 0. Since there is no stratospheric sink
for this enrichment, the anomalous stratospheric sig-
nature is not lost until air returns to the troposphere
and the CO2 exchanges oxygen isotopes with liquid
water in soils and chloroplasts of leaves. Therefore,
this anomaly may potentially be used to constrain the
amount of carbon passing through the open stomata
of plants and gross primary productivity. Currently,

δ18O of tropospheric CO2 is used to constrain mod-
els of GPP. Such models require knowledge of a wide
variety of parameters that are difficult to model, such

as the δ18O of leaf and soil water. In contrast, when

modeling the ∆17O anomaly, δ18O does not need to
be known explicitly because equilibration of the oxygen

isotopes with liquid water resets the anomaly to ∆17O
= 0. The GISS-UCB tracer-transport model coupled
to a terrestrial biosphere model was used to investi-
gate the interaction between the rate of transport of the
anomaly from the stratosphere and the rate of destruc-
tion by the terrestrial biosphere. The results will be
presented with a view towards estimating the strength
of the signal and the potential use as a tracer.
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N2O is an important greenhouse gas which con-
centration is increasing in the atmosphere since pre-
industrial times. Mechanisms of production in trop-
ical soils, which is the largest single source of atmo-
spheric N2O, are poorly understood. We combine mea-
surements of N2O mixing ratios, and stable isotopes
with depth to study the seasonal changes in production
and emission of N2O from soils in an evergreen tropical
forest near Paragominas, Par State, Brazil. N2O con-
centrations in soil pore space are always higher than
the atmospheric mixing ratio (314 ppb). In the wet
season, maximum N2O values of 4 to 8 ppm occur at
1m depth, with concentration decreasing above and be-
low. In the dry season, this feature is absent, and over-
all concentrations of N2O in soil pore space are lower
(1ppm). Stable isotope signatures show increases in
15N and 18O of N2O from the surface to 1m depth
in the wet season. Below 1m, isotope values decrease.

A model of N2O production, consumption and diffu-
sion was used to simulate seasonal and depth changes
of soil N2O and stable isotopes signatures. Model re-
sults are compared with measurements of mixing ratio
and isotopic signature with depth. The model suggests
that during the rainy season the N2O production is en-
hanced at approximately 75 to 100 cm depth and that
N2O production occurs only in the upper meter of soil.
High N2O mixing ratios deep in soil profiles are de-
rived from downward diffusion of N2O produced near
the surface, rather than in situ production.
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Methanotrophs (aerobic, obligate methane-
oxidizing bacteria) represent the largest sink for
methane in the terrestrial environment, oxidizing a
significant fraction of methane produced in anoxic
regions of flooded soils and sediments before it reaches
the atmosphere. Two unrelated methane monooxy-
genase (MMO) enzymes observed in methanotrophs
have different kinetics, and have isotope fractionation
effects for methane C which vary by about 12 per mil.
Expression of the two enzymes in methanotroph cell
cultures is controlled by copper, leading to the hypoth-
esis that copper availability in soils could influence
methane isotope fractionation in wetlands and rice
paddies. Soil incubations using added copper chelate
indicate that methanotroph growth and methane oxi-
dation rates in a California rice soil are not limited by
copper. Copper to methanotroph biomass ratios were
in the range predicted for the expression of the partic-
ulate form of MMO (pMMO), the enzyme associated
with the larger isotope fractionation factor (approx.
-25 per mil).
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Understanding the budget of methane is crucial to
predicting climate change and managing earth’s carbon
reservoirs. Methane is responsible for approximately
15% of the anthropogenic greenhouse forcing and has
a large impact on the oxidative capacity of Earth’s at-
mosphere due to its reaction with hydroxyl radical. At
present, many of the sources and sinks of methane are
poorly understood, due in part to the large spatial and
temporal variability of the methane flux.

Model calculations of methane mixing ratios us-
ing most process-based source estimates typically over-
predict the inter-hemispheric gradient of atmospheric
methane. Inverse models, which estimate trace gas
budgets by using observations of atmospheric mixing
ratios and transport models to estimate sources and
sinks, have been used to incorporate features of the at-
mospheric observations into methane budgets. While
inverse models of methane generally tend to find a de-
crease in northern hemisphere sources and an increase
in southern hemisphere sources relative to process-
based estimates,no inverse study has definitively asso-
ciated the inter-hemispheric gradient difference with a
specific source process or group of processes.

In this presentation, observations of isotopic ratios

of 13C in methane and isotopic signatures of methane
source processes are used in conjunction with an inverse
model of methane to further constrain the source esti-
mates of methane. In order to investigate the advan-

tages of incorporating 13C, the TM3 three-dimensional
transport model was used. The methane and carbon

dioxide measurements used are from a cooperative in-
ternational effort, the Cooperative Air Sampling Net-
work, lead by the Climate Monitoring Diagnostics Lab-
oratory (CMDL) at the National Oceanic and Atmo-
spheric Administration (NOAA).

Experiments using model calculations based on
process-based source estimates show that the inter-

hemispheric gradient of δ13CH4 is not reproduced by
these source estimates, showing that the addition of

observations of δ13CH4 should provide unique insight
into the methane problem.
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Bromine radicals contribute significantly to strato-

spheric ozone loss through coupled reactions with ClO,
HO2, and NO2 radicals. Bromine is approximately 40-
100 times more effective, atom for atom, at destroying
ozone than chlorine. For instance, Br coupled reactions
are responsible for 30 to 50% of the total ozone loss
in the polar vortex. The largest source of bromine to
the stratosphere is methyl bromide (CH3Br). CH3Br
has a concentration in the troposphere of about 10
pptv, a total estimated lifetime of 0.6 to 0.9 years,
and has the highest concentration of any long lived
organobromine. Unlike chlorofluorocarbons, which are
produced entirely by humans, methyl bromide is pro-
duced by both anthropogenic and natural processes.

We are developing the use of stable isotopes to con-
strain the budget of CH3Br through quantification of
the source signatures and the isotopic fractionations as-
sociated with sinks. The largest natural sources ap-
pear to be biological production in oceans (∼35%),
biomass burning (∼13%), and salt marshes (∼10%).
Thus far, the only natural emissions to be isotopically
characterized is from salt marsh plants. Carbon iso-
topic ratios of CH3Br emitted from the salt marsh
have a strong diurnal variation from -65o/ooduring
daytime when emission rates are highest to -12o/ooat
night when emissions are ∼13% of the daytime rates.

The δ13C weighted mean of salt marsh emission is -
43o/ooCH3Br.

Anthropogenically produced CH3Br is used for fu-
migation of soils, harvested crops and structures, and
represents approximately 30% of the total source flux.
The fumigation of harvested crops and structures con-
stitutes approximately one third of the anthropogenic
source to the atmosphere and, because the release rate
of applied CH3Br approaches 100%, it should have a
mean isotopic composition equal to industrially man-
ufactured CH3Br, -54.4o/oo. However during soil fu-
migation, some of the CH3Br is consumed insitu caus-
ing isotopic fractionation. Thus the CH3Br that es-
capes to the atmosphere during soil fumigation is iso-
topically heavier (-48.7o/oo) than the CH3Br applied.

The weighted mean δ13C of industrially manufactured
CH3Br emitted to the atmosphere is approximately -
50o/oo.

In order to utilize the stable carbon isotope ap-
proach for constraining the global budget, we still need
to quantify the signatures of biomass burning emissions
and oceanic emissions, investigate the kinetic isotope
effect associated with oxidation by hydroxyl radicals in
the atmosphere, measure the kinetic isotope effects as-
sociated with soil consumption at atmospheric concen-
trations, and begin measurements of the isotopic com-
position of methyl bromide in the atmosphere.
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Fumigation of agricultural soils prior to planting
row crops constitutes the largest anthropogenic source
of methyl bromide (MeBr) to the atmosphere. Typ-
ically, more than 60% of the MeBr added is lost to
the atmosphere during the 5-6 day fumigation period.
The remainder is oxidized by bacteria or otherwise de-
graded in the soil. In experiments using washed cells
of methylotrophic bacteria isolated from agricultural
soil (strain IMB-1), oxidation of MeBr, methyl chlo-
ride (MeCl) and methyl iodide to CO2 resulted in large
(up to 70o/oo) fractionation of stable carbon isotopes
(Miller, et al. 2001). By contrast, fractionation mea-
sured in field soils using both in situ techniques and
bottle incubations with MeBr was less than 35o/oo.
This discrepancy was initially attributed to the large
transportation losses that occur without isotopic frac-
tionation during field fumigation. However, this ratio-
nale cannot explain why bottle incubations with soil
resulted in lower fractionation factors than incubations
with bacterial cultures.

We conducted additional laboratory bottle experi-
ments to examine the biological and chemical controls
of carbon isotope fractionation during degradation of
MeBr and MeCl by soils and bacteria. Soils were col-
lected from a strawberry field in Santa Cruz County,
California within two weeks of the start of each ex-
periment. The rate of removal of methyl halides from
the headspace was greatest during incubations at soil
moisture contents around 8%. Increasing the amount of
soil and hence native bacteria in each bottle minimized
the lag in uptake by up to several days. No lag was
observed during incubations of soils with added IMB-
1. Stable isotope fractionation factors were similar for
degradation by live soil and live soil with added IMB-1.
Heat-killed controls of cell cultures showed little uptake
(<10% over 5 days) and no isotope fractionation. Heat-
killed soil controls, by contrast, demonstrated signifi-
cant loss of MeBr (20-30%) with isotope fractionation
factors comparable to live soil. Loss of MeCl during
the same time was lower (<10%) however isotope frac-
tionation was comparable to live soil.

Our results indicate that bacterial oxidation in soil
rapidly consumes methyl halides but only partly con-
trols the fractionation of carbon isotopes. Two chemi-
cal processes also act to remove MeBr in soil, hydroly-

sis and nucleophilic exchange with Cl−, both of which
result in fractionation of carbon isotopes. Hydrolysis
does not remove MeCl. It seems likely that fraction-
ation in soil could result from a combination of bio-
logical and chemical processes, but since they all have
sizeable fractionation factors associated with the re-
moval of methyl halides, the relative rate of each pro-
cess may not be as important as the total amount of
methyl halide degraded. Attempts to constrain our un-
derstanding of atmospheric methyl halide budgets using
stable isotope signatures of sources and sinks will have
to rely on this type of information regarding the net
isotopic impact of methyl halide uptake by soils.

Miller, L.G., Kalin, R.M., McCauley, S.E., Hamil-
ton, J.T.G., Harper, D.B., Millet, D.B., Oremland,
R.S., and Goldstein, A.H. (2001) Large carbon iso-
tope fractionation associated with oxidation of methyl
halides by methylotrophic bacteria, PNAS, vol. 98,
5833-5837.
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Interannual variations of the global mean atmo-

spheric concentrations of 12CO2 and 13CO2 largely
reflect climate induced year-to-year imbalances of the
carbon fluxes from the different global carbon reser-
voirs and, thus, their climate sensitivity. We employ
the apparent interannual variation of the global ter-
restrial carbon fluxes as inferred from inversion stud-
ies of the atmospheric CO2 concentration to eval-
uate simulations with the integrated soil-vegetation-
atmosphere-transfer and carbon cycle model SCS. The
model, driven by satellite observations and meteorol-
ogy, is designed to be employed as a land surface pa-
rameterization within an atmospheric general circula-
tion model. In addition it simulates complete cycling

of 12C and 13C through the terrestrial biosphere us-
ing ecophysiological approaches. For the simulations
on a global 1x1 degree grid reported here, the model
was forced with NDVI data from satellite observations
and ECMWF reanalysis data for the time period 1983-
1993. We discuss the climate sensitivities of the var-
ious modeled carbon transfers and identify the most
important fluxes on the interannual time scale. Fur-
thermore we examine the isotope fluxes, the climate

induced changes in 13C discrimination of C3 photosyn-
thesis and the variability of the isotopic signature from
resulting from carbon cycling in ecosystems dominated
by C3 or C4 plants. Inversion approaches to the deter-
mination of terrestrial and oceanic carbon sinks depend
partially on assumptions about the isotope signature of
the fluxes. We use our results to evaluate the sensitiv-
ity of those inversion based estimates of the terrestrial
and oceanic carbon sinks on the isotopic signatures of
the fluxes.
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Ocean Drilling Program (ODP) Sites 994, 995, and
997 were drilled into a large gas hydrate deposit on
the crest of the Blake Ridge (southeast U.S. margin)
where upward CH4 fluxes (FOut) quantitatively con-

sume pore water SO4
2− over a narrow interval of sed-

iment through anaerobic methane oxidation. High-

resolution pore water SO4
2− and sediment Ba profiles

have been constructed at these sites to assess present
and past depths of the SMI and (FOut). Pore water

SO4
2− profiles are linear with zero SO4

2− concen-
tration occurring at 21.4, 21.6, and 22.8 mbsf at holes
994A, 995A and 997A, respectively. Using steady state
solutions to diffusion equations with appropriate pa-

rameters, the steep SO4
2− gradients support upward

CH4 fluxes between 7.2 and 8.6 mol/m2ky at present-
day, with the range primarily reflecting different ap-
proaches for incorporating porosity. Taking into ac-
count the generally decreasing porosity with depth and
the high clay content of the sediment, the best esti-

mates for FOut are 7.9, 7.6 and 7.2 mol CH4/m2ky
at sites 994, 995 and 997, respectively. However, non-
steady state solutions to diffusion equations show that

the SO4
2− gradients do not imply steady state condi-

tions. Elevated Ba concentrations (530-1410 ppm) ex-
ist in sediment between 18.23 and 20.65, between 17.31
and 20.31, between 19.40 and 21.80, and between 19.58
and 21.91 mbsf at holes 994A, 994C, 995A, and 997A,
respectively. These Ba fronts coincide with highs in
bulk sediment Ba/Al (to 0.025) and are caused by Ba
cycling just above time averaged depths of the SMI. Be-
cause the Ba fronts lie immediately above the present-

day depths of pore water SO4
2− depletion, because the

Ba fronts contain substantial Ba, and because no other
Ba fronts are found in the upper 25 m at the three sites,
the depth of the SMI beneath the seafloor has been
nearly constant for considerable time (>18,000 years).

Thus, CH4 fluxes can be determined through SO4
2−

gradients and steady state solutions to diffusion equa-
tions. More importantly, FOut through the crest of
the Blake Ridge has not varied significantly across ma-
jor changes in sea level and hydrostatic pressure.

URL: http://www.elsevier.nl:80/inca/publications/
store/2/1/2/
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Methane, the most simple of organic molecules, is
perhaps the most complex in terms of its role in the ex-
ogenic global organic carbon cycle. Sources of methane
at the earths surface are both biologic and geologic,
with activities of humankind adding to the mix of
sources. Of particular interest currently is methane
from geological sources in the surface and shallow litho-
sphere. The amount of geological methane is enor-
mous (likely exceeding 10 million metric tons of car-
bon as methane) with much of it stored in the form of
methane hydrate. Methane hydrate, being both a sink
and source of methane, is a major reservoir that acts
to control the amount of methane that leaks from the
lithosphere into the hydrosphere/atmosphere system.
A second major controlling factor is methane oxida-
tion, both anaerobic and aerobic, which converts leak-
ing methane to carbon dioxide. Anaerobic methane ox-
idation is carried out by a consortia of archaea and bac-
teria, whereas, aerobic oxidation results from methan-
otrophy. Thus methane-hydrate storage and methane
oxidation in sediment and water operate in concert to
limit the amount of methane that escapes from the
lithosphere/hydrosphere into the atmosphere. These
controls have implications for global climate change be-
cause the storage and conversion of geological methane
strongly limit the amount of methane that ever reaches
the atmosphere where its greenhouse-gas properties
could be effective. Only when the rates of methane
oxidation cannot keep up with the rates of methane re-
lease from storage, can methane reach the atmosphere
and become a factor in global climate change.
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Dissolution of synthetic methane and carbon diox-
ide hydrates was monitored after their transport to the
ocean floor at 1000m depth. Cylindrical test specimens
were initially grown in the laboratory by combining ei-
ther cold, pressurized methane gas or pressurized liq-
uid CO2 with sieved granular water ice, then heating
the reactants through the H2O melting point. Sam-
ples were then hydrostatically compacted to near-zero
porosity, with resulting geometry of approximately 2.5
cm in diameter by 3-4 cm in length. Two samples each
of methane and carbon dioxide hydrate were placed in
a custom-made sample display rack having individual
compartments for each sample with a transparent poly-
carbonate front window, and side and back walls of a
flexible fine-mesh screen that permitted seawater flow
around the hydrates. The sample rack was then trans-
ferred to the ocean in a stainless steel transport vessel
pressurized with 10 MPa methane using the (ROV) Ven-
tana.

On the seafloor, the sample display rack was re-
moved from the pressure vessel and secured in a stand
attached to an autonomous underwater video recorder
system using a time-programmable Hi8 video recorder.
The samples were continuously monitored for 2.30 h
using Ventanas HDTV camera system, then followed by
20.75 h observation with the autonomous Hi8 time-
lapse camera system (15 s every 0.25 h), and additional
3.33 h HDTV observation at the end of the experiment.
Loss of volume and dissolution rates of the hydrates
were derived from the measurement of the change of
the projected diameter of the individual samples over
time.


