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To understand human impacts on earth system
function, we must develop internally consistent models
for the biogeochemical cycle of major elements. We will
show approaches to this challenge using, as an example,
our recent attempt to synthesize the global boron cycle,
using the few data currently available. The global B
cycle is primarily driven by a large flux (1.38 TgB/yr)
through the atmosphere derived from seasalt aerosols.
Other significant sources of atmospheric boron include
emissions during the combustion of biomass (0.26-0.43
TgB/yr) and coal, which adds 0.19 TgB/yr as an an-
thropogenic contribution. These known inputs to the
atmosphere cannot account for the boron removed from
the atmosphere in rainfall (3.8 TgB/yr), estimated dry
deposition (0.8 to 2.2 TgB/yr) and the gaseous ab-
sorption of B by the oceans (1.2 TgB/yr). In addi-
tion to atmospheric deposition, rock weathering is a
source of boron (0.19 TgB/yr) for terrestrial ecosys-
tems, and humans mine about 0.31 TgB/yr from the
Earth’s crust. More than 4.8 TgB/yr circulates in the
biogeochemical cycle of land plants, and about 0.51 to
0.61 TgB/yr is carried from land to sea by rivers. The
biogeochemical cycle of boron in the sea includes 4.4
TgB/yr circulating in the marine biosphere, and an an-
nual loss of 0.47 TgB/yr to the oceanic crust via a va-
riety of sedimentary processes that collectively remove
only a small fraction of the total annual inputs to the
oceans. Thus, with our current understanding of the
global biogeochemistry of B, the atmospheric budget
shows outputs>inputs, while the marine compartments
show inputs>outputs. Despite these uncertainties, it is
clear that the human perturbation of the global B cycle
has more than doubled the mobilization of B from the
crust and contributes significantly to the B transport
in rivers.
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The processes of photosynthesis, respiration, and

transpiration may be observed on the scale of a region
or continent by measuring the changes in atmospheric
CO2 and H2O from an aircraft platform. This paper re-
views atmospheric measurements from a number of air-
craft campaigns that allow diagnostic determination of
large-scale fluxes of CO2 from tropical and midlatitude
ecosystems. The signal of large-scale ecosystem pro-
cesses is shown to provide clear, quantitative informa-
tion on the largest scales of aggregation. We give sev-
eral examples to show that the emergent properties of
ecosystems are quantitatively and qualitatively differ-
ent than small-scale properties. Mechanistic models of
ecosystems on large scales must account for landscape-
scale processes such as transport and deposition of or-
ganic matter, nutrients, and pollutants, as well as land
use and fire history.
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Models of biophysical and biogeochemical proceses
are being used -either offline or in coupled climate-
carbon cycle (C4) models-to assess climate- and CO2-
induced feedbacks on atmospheric CO2. Observations
of atmospheric CO2 concentration, and supplementary
tracers including O2 concentrations and isotopes, of-
fer unique opportunities to evaluate the large-scale be-
haviour of models. Global patterns, temporal trends,
and interannual variability of the atmospheric CO2
concentration and its seasonal cycle provide crucial
benchmarks for simulations of regionally-integrated net
ecosystem exchange; flux measurements by eddy cor-
relation allow a far more demanding model test at
the ecosystem scale than conventional indicators, such
as measurements of annual net primary production;
and large-scale manipulations, such as the Duke For-
est Free Air Carbon Enrichment (FACE) experiment,
give a standard to evaluate modelled phenomena such
as ecosystem-level CO2 fertilization. Model runs in-
cluding historical changes of CO2, climate and land
use allow comparison with regional-scale monthly CO2
balances as inferred from atmospheric measurements.
Such comparisons are providing grounds for some con-
fidence in current models, while pointing to processes
that may still be inadequately treated. Current plans
focus on (1) continued benchmarking of land process
models against flux measurements across ecosystems
and experimental findings on the ecosystem-level ef-
fects of enhanced CO2, reactive N inputs and temper-
ature; (2) improved representation of land use, forest
management and crop metabolism in models; and (3) a
strategy for the evaluation of C4 models in a historical
observational context.
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The problem of predicting the future trajectory of
terrestrial carbon sinks has five components. These are
(1) the attribution of current sinks among causal mech-
anisms, (2) the intrinsic trajectory of the sink resulting
from each mechanism, (3) the future trajectory of en-
vironmental conditions, (4) the sensitivity of sinks to
future environmental conditions, and (5) the prospect
for future sinks due to novel mechanisms. This analysis
of sinks must be placed in the broader context of car-
bon balance, including not only sinks, but also sources.

The attribution problem is central to the question of
the future of carbon sinks because each of the potential
mechanisms has different intrinsic dynamics, responds
differently to environmental changes, and is influenced
by a different set of human actions. Until recently,
most analyses assumed that the past and future tra-
jectory of terrestrial carbon sinks could be understood
as a function of climate and atmospheric composition
alone, without a major contribution of direct effects of
human actions. Increasingly, it is clear that this per-
spective is too limited. In many settings, current sinks
are probably dominated by the history of land manage-
ment. Interactions among these major regulators may
be as important as the single-factor effects.

As emphasis on CO2 and climate as the sole or
dominant explanation for terrestrial sinks has faded,
a number of new potential mechanisms have emerged,
including, (1) climate change, (2) CO2 fertilization,
(3) nitrogen fertilization, (4) the regrowth of previ-
ously harvested forests, (5) the abandonment of agri-
cultural land, (6) changes in agricultural management,
(7) increasing woodiness of grassland and savanna veg-
etation, (8) fire suppression, (9) accumulation in land-
falls, and (10) accumulation in durable products. None
of these mechanisms produces an indefinite sink. For
some mechanisms, the potential is influenced primar-
ily by the interaction between ecosystem processes and
the trajectory of climate and atmospheric change. For
others, the historical pattern of human actions is the
dominant influence. These two classes of regulators in-
teract for all of the mechanisms.
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Major questions for the biogeosciences concern the
consequences of human transformation of landscapes
for biogeochemical cycling and other ecosystem func-
tions. While it is clear that the footprint of humans ex-
tends to almost all corners of the world, there is no sin-
gle measure of the anthropogenic effect on ecosystems.
Unlike the ”Keeling curve” representing anthropogenic
carbon dioxide emissions in a single atmospheric mea-
surement, the spatial and temporal heterogeneity of
ecosystems and the patchy nature of human activities
on the landscape make such a measurement impossible.
Here we present two approaches for assessing the con-
sequences of human modification of the landscape on
ecosystem processes: the effects of past and future land
use change on net primary production at the global
scale and analysis of satellite observations over the past
18 years to quantify the carbon dioxide emissions from
tropical land use change. Key issues for quantifying hu-
man influences on ecosystem function include account-
ing for natural variability on a variety of time scales
and incorporating spatial heterogeneity in landscape-
level analysis.
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As we take a more complete and synthetic view of
the biosphere, we must also recognize the important hu-
man dimensions affecting the planets ecosystems. The
use of ecosystems as sources of food, fiber, freshwater,
and other ecosystem services has radically transformed
the nature of the biosphere.

In this presentation, I will attempt to review some
of the human activities affecting ecosystem processes
on regional and global scales. In addition, examples of
how human activities can be directly incorporated with
ecological models will be illustrated.
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The concentration of atmospheric CO2 over the
North Atlantic basin, downwind from the continent of
North America, is on average somewhat lower than over
the North Pacific basin. The reason could be unex-
pectedly large uptake of CO2 on the North American
continent, larger ”local” uptake of CO2 by the North
Atlantic than by the North Pacific, or some combina-
tion of the two. Our analysis of these hypotheses is
strongly data-oriented. Use is made of spatial gradi-
ents of other atmospheric species, namely the isotopic
ratio 13C/12C of CO2, CO, SF6 in order to arrive at an
estimate of a sink in North America. The 13C/12C ra-
tio of CO2 is enriched over the North Atlantic relative
to the Pacific, suggesting the presence of a biological
sink upwind of the Atlantic. Sampling stations in both
basins are not located at the same latitudes, so that
the contamination of the (small) east-west differences
by the (larger) north-south gradient has to be removed.
Statistical uncertainty of the concentration differences
is estimated by a Monte Carlo technique in which ob-
servation stations are added and removed.
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Atmospheric inverse modeling and direct invento-

ries of the carbon on the ground indicated that North-
ern America is a substantial carbon sink, however, the
sink size, spatio-temporal variation, and causes remain
uncertain. In this study, we used two models - a bio-
geochemical model, CEVSA, driven with ground me-
teorological data and a production efficiency model,
GLO-PEM, driving with remotely sensed NDVI and cli-
mate variables from NOAA/NASA AVHRR satellites-
to quantify the changes in net primary productivity
(NPP), heterotrophic respiration, carbon stocks in veg-
etation and soils, and net ecosystem production (NEP)
in North America between 1981 and 1998. The results
show NPP and NEP fluctuated interannually in re-
sponse to the climate variability associated with the El
Ni?o Southern Oscillation (ENSO) cycle, particularly
in the middle and southwestern United States. Despite
the high variability, both NPP and NEP increased con-
sistently during the 1980s and 1990s, but the estimated
annual carbon sink was much smaller than that esti-
mated with atmospheric inverse modeling and the car-
bon accumulation occurred mainly in vegetation with
litter changes in the carbon stocks in soils. The changes
in NPP were closely correlated with climate variability,
but the increasing trend seems to be driven mainly by
the fertilization effect of increasing atmospheric CO2.
The estimates with the two independent methods agree
generally well, but the biogeochemical model predicted
larger increases in NPP and weaker responses to the
ENSO cycle than the production efficiency model did.
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To make direct assessments of terrestrial ecosys-

tem exchange of carbon for North America, we sim-
ulated net primary production (NPP) and soil het-
erotrophic respiration (Rh) for the years 1982-1998 us-
ing the NASA-CASA (Carnegie-Ames-Stanford) Bio-
sphere model. This model is driven by observed surface

climate and monthly estimates of vegetation leaf area
index (LAI) and fraction of absorbed PAR (FPAR) gen-
erated at 0.5 degree spatial resolution from the NOAA
satellite Advanced Very High Resolution Radiometer
(AVHRR). Land surface AVHRR data processing using
modified MODIS (Moderate-resolution Imaging Spec-
troradiometer) radiative transfer algorithms includes
improved calibration for intra- and inter-sensor vari-
ations, partial atmospheric correction for gaseous ab-
sorption and scattering, and correction for strato-
spheric aerosol effects associated with volcanic erup-
tions. Our NASA-CASA model results for net ecosys-
tem carbon fluxes (NPP-Rh) suggest that large areas
of the western United States and Mexico, northwest-
ern Canada, and interior Alaska have acted as fairly
consistent sinks for atmospheric carbon dioxide over
the past 17 years, whereas much of the mid-western
United States and eastern Canada were more variable
as interannual source-sink areas. We estimate that the
sink from net ecosystem exchange of atmospheric car-
bon dioxide in North American has been on the order of
0.1 to 0.2 Pg C annually, in comparison to our separate
estimate of the forest regrowth sink in North America
of 0.09 Pg C annually.

URL: http://geo.arc.nasa.gov/sge/casa
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There is no abstract available for this presentation.
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Major forest disturbance includes fires, inset-
induced mortality, and timber harvest. The direct re-
lease of carbon from Canadas forests due to disturbance
amounts to 150 Mt/y in some years, which is about 1.5
percent of the net primary productivity (NPP) of all
Canadas forests ( 420 Mha.). The mean carbon release
due to disturbance in 1990-1998 was about 60 percent
of net ecosystem productivity (NEP) of all undisturbed
Canadas forests. The disturbance effects have been es-
timated in previous studies, either based on eco-region

disturbance statistics in 5 year time steps, or Canada-
mean values in annual time steps. However, large im-
provements in the estimation are still possible when
spatially explicit information is used. For this purpose,
10-day cloud-free synthesis images of VEGETATION
onboard SPOT-4, acquired in June-August, 1998, are
used to derive a Canada-wide fire scar age distribution
for up to 25 years. The spatial resolution of the fire
scars is 1 km. This information is combined with grid-
ded forest inventory of forest stand age at 10 km resolu-
tion to complete the age distribution at 1998. Forest re-
generation is assumed to start 1 year after disturbance,
but the regrowth is slower at locations with lower an-
nual temperatures. An ecosystem model, named In-
TEC, is used to assimilate satellite-derived land cover
and leaf area index maps, gridded climate (1901-1998)
and soil data, and this forest stand age map, and to cal-
culate NPP, NEP and net biome productivity (NBP)
for each 1 km pixel at annual time steps. Both di-
rect carbon release and forest regrowth after distur-
bance are modeled. The NBP maps of Canada in re-
cent years show: (i) large spatial variations correspond-
ing to patterns of recent fire scars and forest types,
and (ii) a general south-to-north gradient of decreas-
ing sink strength and increasing source strength. This
gradient results mostly from different effects of temper-
ature increase on growing season length, nutrient min-
eralizaton, and heteorotrophic respiration at different
latitudes and the uneven nitrogen deposition. These
data sets and the modeling framework produced new
statistics of the disturbance effects and carbon balance
in Canadas forests.
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Soil organic matter (SOM) stocks reflect a complex
milieu of inputs from leaf litter, root litter, and woody
debris that have turnover times ranging from days to
millennia. Knowledge of C stock sizes and their average
cycling rates allows for evaluation of the potential for
SOM to accumulate or lose C over the coming centuries
under potentially different climate change scenarios.

Using the amount of bomb −14 C incorporated into
SOM pools in three temperate forests along a latitudi-
nal gradient from Maine to Tennessee, USA, we calcu-

late current soil C storage rates of 5-50 gCm−2yr−1.
Storage is occurring primarily in low density, non-

mineral associated SOM in the O and A horizons, which
contain significant C stocks cycling on decadal and cen-
tennial times scales. The deeper B horizons, which
are dominated by high density carbon stocks with low
input rates and long turnover times (200-2000 years)
can store significant amount of C (hundreds of grams

Cm−2) only over several centuries. Future increases
in net primary productivity potentially associated with
climate change would increase current C storage rates

only on the order of tens of gCm−2yr−1.


