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A conceptual model illustrating the challenges to assessing regional woody
plant cover and dynamics in the context of brush management is presented in Figure 4.
Line I represents woody stand development that might occur in the absence of
disturbance (e.g. elimination of fire due to grazing or active suppression) or
management intervention. Line II represents a stand whose development is intemrpted
by natural (e.g. drought (Archer et a1., 1988; Allen and Breshears, 1998), wildfire (Kurz
and Apps, 1999), pathogenic (McArthur et a1.,1990; Ewing and Dobrowolski, 1992) or
anthropogenic (e.g. brush management (Scifres 1980, Bovey 2001) events that 'reset'

the carbon accumulation process. The magnitude of these setbacks and rates of
recovery vary depending upon the type, intensity and spatial extent ofdisturbance, soil
type, environmental conditions immediately preceding and following the disturbance,
and the growth form (evergreen vs. deciduous) and regenerative haits involved. Some
stands regenerating from these setbacks might receive follow-up brush management
treatments (Line III), but others may not due to financial constraints, availability of
subsidies, and many other factors. Thus, remote sensing observations over large areas
and limited temporal resolution show net changes (A), whereby increases in woody
cover on some landscapes or management units (B and C) are offset by decreases in
others (D).

Regional
Woody

Biomass
or Cover

1937 Aerial Photos 1999 Satellite it

Figure 4. Conceptual model illustrating limitations in tracking regional carbon stock assessments in
managed rangelands using remotely sensed imagery. See text for discussion. (Asner et a1.,2003)

In sum, remote sensing analyses of woodland expansion must be compatible with
the spatial scale of the landscape components and the temporal resolution of the
dynamics driving cover changes. Frequency of data acquisition must keep pace with
disturbance dynamics andlor land use change in order to capture the important
transitional stages associated with management and recovery processes. For example,
measurements with poor temporal resolution of net changes in woody plant cover
across long time periods may insuffrciently estimate rates of carbon cycling and
consequently the source/sink potential ofan area under transformation.
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4.2 REMOTE SENSING-MODELING LINKS

New generations of ecosystem process models that incorporate remote sensing products
as a basis for spatially explicit calculations at large scales are at various stages of
development. Approaches linking dynamic simulations of function and process to
remote sensing of structure and pattern hold promise for assessments of the functional
consequences of changes in land-use/land-cover at unprecedented spatial and temporal
scales. (e.g. Field et al., 1995; Schimel et al., 1997; Wylie et al., 2003). For example, in
models such as the Carnegie-Stanford Approach (CASA), calculations of NPP are
based on remote sensing-estimates of APAR rather than mechanistic details of NPP
(Field et al., 1995). This constrains the calculations to observed heterogeneity and
reduces errors resulting from unrealistic assumptions based on optimum or potential
conditions. This point is particularly important under conditions of woody plant
encroachment, in which fundamental shifts in vegetation form result in profound
functional differences and transitional properties that cannot be easily estimated based
on a steady-state modeling approach. Even a simple modeling exercise exploring
diurnal PAR absorption and carbon uptake in a Texas savanna found that LAI,
vegetation structure, and intercanopy shading (all estimated remotely) are important
controls on carbon fluxes which may scale to affect regional carbon estimates (Asner et
al., 1998a).

In spatially heterogeneous environments, integration of remotely sensed data with
ecosystem models enables us to establish a fundamental connection between the spatial
structure and the manifestation of functional processes at landscape scales, an
association that is difficult to achieve based solely on field measurements under the best
of conditions (Wessman and Asner, 1998). Even if we were able to use field-based
approaches, the sheer vastness and remoteness of the world's drylands would make it
impossible to make such assessments at the frequency and degree of spatial coverage
that would be needed to adequately assess and track land use-land cover changes.
Remote sensing not only provides access to the spatial distribution of vegetation
structure, but also provides some means to bypass our present-day inability to
mechanistically connect principles of allocation to biogeochemistry and ecosystem
function (Wessman and Asner, 1998). Through the integration of remote sensing and
modeling, we can, to some degree of accuracy, calculate and track NPP and both
above- and belowground (e.g. Gill et al., 2002) carbon storage and dynamics under
contrasting land use practices at landscape and regional scales.

5 Conclusions

Although shifts from grass to woody plant domination have been widely reported in the
world's grasslands (Archer et al., 2001), there has been no effort to systematically
quantify the rate or extent ofchange nor to evaluate its biogeochemical consequences at
large scales. Two recently emerging factors add urgency to this particular land cover
change issue: (a) the latest USA carbon budget assessments which implicate
"thickening" of woody vegetation in grasslands as a major (Houghton 2003a) or
perhaps even the single largest sink term (Schimel et al., 2000); and (b) the possibility
of industry or govemment-sponsored "carbon credit" or "carbon offset" programs.
Jackson et al. (2002\ stress that current uncertainties around the net chanse in the
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carbon cycle due to woody encroachment arelarge, as are the uncertainties in regional
extrapolations of the biogeochemical consequences. Indeed, the complexity in such
broad functional shifts in grassland to woodland transitions coupled to socioeconomic
drivers of change are profound and in need of further study.

Our studies of grasslands in the Southwest and Great Plains emphasize the
importance of three factors. First, the encroachment phenomenon is of sufficient
magnitude and extent that synoptic monitoring via remote sensing of the spatial
distribution and temporal dynamics of woody plant abundance is imperative. The
ecosystem impacts of grassland to woodland transitions cannot be captured by ground
measurements alone. However, and second in our list, studies of the biogeochemical
consequences of these transitions must recognize the importance of understanding local
and landscape mechanisms in order to achieve accurate and prognostic regional
assessments. This requires well-designed field studies, documentation and monitoring
of land use practices, and the implementation of ecosystem simulation models to test
our knowledge and build scenarios of change trajectories. We emphasize the
importance of integrating fieldwork into the analysis and interpretation of remote
sensing data and model development to achieve sufficient understanding of these
complex landscapes.

A third important factor is the fact that, traditionally, there has been strong
policy, subsidy and economic incentives for brush clearing on rangelands. Indeed,
brush management is often the greatest single expense in commercial ranching
enterprises (Scifres 1980; Scifres and Hamilton, 1993; Bovey 2001). However, with the
prospect of carbon credit/offset programs, 'brush' may become an income-generating
commodity because of its potential to sequester more carbon above- and belowground
relative to the grasslands it replaced (e.g., Archer et a1.,2001), It is easy to envision
scenarios in the near future, whereby land owners/managers may be paid NOZ to clear
existing woody vegetation. Furthermore, there could be strong economic incentives to
engage in land management practices that promote woody plant encroachment and the
displacement of grasslands. From a carbon sequestration perspective this may be
desirable. However, perverse outcomes with respect to livestock production, wildlife
habitat, grassland biodiversity, aquifer/stream recharge, and NOx and non-methane
hydrocarbon emissions may also result (Archer et a1., 2001). The scientific community
will be uniquely challenged to address the ramifications of these looming issues in lanci
use. We believe that linked remote sensing-modeling approaches will be a critical
underpinning for the types of landscape and regional monitoring and assessments that
will be required by policy makers seeking to make informed decisions.
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