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I ntroduction

Carbon emissions and atmospheric concentrations are expected to continue to
increase through the next century unless mgor changes are made in the way carbon is
managed. Managing carbon has emerged as a pressing nationa energy and
environmenta need that will drive nationd policies and tregties through the coming
decades. Addressing carbon management is now amajor priority for DOE and the nation.



One way to manage carbon is to use energy more efficiently to reduce our need for mgjor
energy and carbon source-fossil fud combustion. Another way is to increase our use of
low-carbon and carbon free fuels and technologies. A third way, and the focus of this
proposd, is carbon sequestration, in which carbon is captured and stored thereby
mitigating carbon emissons.

Sequestration of carbon in the terrestria biosphere has emerged as the principle
means by which the US will meet its near-term internationa and economic requirements
for reducing net carbon emissons (DOE Carbon Sequestration: State of the Science.
1999; IGBP 1998). Terrestria carbon sequestration provides three mgor advantages.
Firgt, terrestria carbon pools and fluxes are of sufficient magnitude to effectively
mitigete nationa and even globa carbon emissions. The terrestrid biosphere stores
~2060 GigaTons of carbon and transfers approximately 120 GigaTons of carbon per year
between the atmosphere and the earth’ s surface, whereas the current globa annua
emissons are about 6 GigaTons. Second, we can rapidly and reedily modify existing
management practices to increase carbon sequestration in our extensive forest, range, and
croplands. Third, increasing soil carbon is without negative environment consequences
and indeed positively impacts land productivity.

Theterrestria carbon cycle is dependent on severd interrel ationships between
plants and soils. Because the soil carbon pool (~1500 Giga Tons) is gpproximetely three
times that in terrestria vegetation (~560 GigaT ons), the principal focus of terrestrid
Sequedtration effortsis to increase soil carbon. But soil carbon ultimately derives from
vegetation and therefore must be managed indirectly through aboveground management
of vegetation and nutrients. Hence, the response of whole ecosystems must be
considered in terrestria carbon sequesiration strategies.

Objective

The complex interre ationships between plants and soils in the environment are
not well understood. Our current understanding is based on an unsatisfactory combination
of incomplete scientific knowledge and sound but often Ste-specific empirica
obsarvations. A better understanding of the basic principles governing the interrdations
are needed to support the development of practical field approaches thet are less Site-
specific and more generdizable from one Site to another. Several knowledge gaps must
be advanced to dlow this better scientific understanding: (1) a better understanding of
plant growth and associated fluxes of carbon from plantsto soilsis required and (2) a
better understanding of the interrelationships between plant growth and soil qudity
improvement.

Approach

The effectiveness of terrestrid carbon sequestrated has been demonstrated on
each of the continents, usudly in the context of improving the land management and
particularly by reducing the cultivation of croplands. Less work has addressed the
improvement of carbon in abroad class of lands that can be termed grazing lands. This



term reflects the end use of alarge fraction of the lands dated for re mediation and dso
reflects the current use of lands being grazed. Collectively these grazing lands are
characterized by having the potentia for improved carbon sequestration or storage where
better management practices or inputs such as fertilizer or improved species can be used.

Many approaches to increasing terrestrid carbon storage are focusing upon the
goas of increasing the carbon in the vegetation as well as the carbon in the sail.
Accomplishing these god's depends upon fixing and storing greater amounts of
atmospheric carbon. Fixing an increased amount of carbon can be most reedily
accomplished by increasing the biomass produced by increasing the vegetation growing
a adte. Examination of the practical requirements for increasing biomass production
reveds a postive, sdf-reinforcing cyclica process between the amount of biomass
produced and the soilS' capacity to support biomass production. Or re-stated the soils
capacity for plant growth (its fertility) is profoundly impacted by the amount and type of
plant life growing in the soil. The soil organic matter is derived from the vegetation
grown & agte. The soil organic matter is a sirong determinant of many of the properties
that dictate the amount and type of plant life that can grow in a soil. These include the
soil pH, the avallahility of plant nutrients, the soil’ s water holding capacity, and the
extent to which water can infiltrate.

Re vegetation of reclaimed lands presents an excellent opportunity to optimize the
carbon sequestration on these lands. An ditractive re vegetation strategy for extreme
environments is the use of native vegetation or vegetation that iswell adapted for smilar
environments. The potentid of native plant species for land reclamation isbeing
recognized by those atempting to reclam mine Stesin regions with chalenging dimetic
conditions and limiting soil quality. Workers at mine Stesin Colorado (Long, 1999),
Arizona (Pfannengtie, 1999) and Utah (Danids, 1999) dl reported successful
gpplications of native species. They reported the need to use an ecosystemn approach.
Prannenstid’s (1999) work had spanned the longest period of time and thus hed
devel oped a more advanced understanding of successful practices. He noted the
importance of including multiple types of plant species, growing sufficient ground cover
to increase soil water, using natural associations between native species and matching
s0il with plant species. Thus he articulated key dements of an initial understanding of re
vegetation with native species. The plant surviva rates were acceptable but needed
improvement to increase practicaity and the number of types of plants used was limited.

Project Description (or Technology)

The factors that dictate the degree to which native or adapted species succeed at a
gte are not well understood; and this lack of understanding hampers our gbility to
efficiently re vegetate Steswhile optimizing carbon sequestration. Studies have been
initiated to address mgjor key technica issuesincluding (1) key plant growth conditions
and (2) influences of soil organic matter on soil qudlity.



1. Key plant growth conditions: Effectiveness of amendmentsto native plant surviva
and establishment in native soils.

Recent work at LANL led to the discovery of akey molecular level nutrient
monitoring and management system used by plants to regulate carbon fixation; this
system is focused upon the nutrient, nitrogen (Knight and Langston-Unkefer, 1988,
Unkefer et. d., 2000). Nitrogen isthe growthtlimiting nutrient for essentidly al well
watered plantsin their naturd environments. Plants have grown and reproduced for eons
in an environment with uncertain supply of water and nutrients; surviva has dictated a
consarvative assessment and husbanding of nutrients. Plants must dso regulate their
acquisition and metabolism of carbon and nitrogen to provide adegquate amounts of these
nutrients in the proper stoichiometry required to synthesize their various component
proteins, carbohydrates, lipids, etc. The discovery of this resource-based regulatory
system governing plant metabolic rate, growth rate and overdl accumulation of biomass,
provides a much greater biochemica understanding of plant growth and is directly related
to assessing plant carbon pools and fluxes.

Thiswork has provided a means to increase the nitrogen use efficiency of plants
which isastrongly linked with water use efficiency. This rdationship will be explored in
an atempt to find a practical means of enhancing the effectiveness of establishing greeter
vegetation on lands.

2. Influences of soil organic matter on soil quality

A mgor gep in modernizing land management has been the recognition that the soil
carbon content is an integral component of productive soils (agenerd reference, Ld et.
d., 1998b). Soil carbon content is directly and positively correlated with such recognized
characterigtics of soil qudity as bulk dengty, cation exchange capacity, pH, aggregeate
Sze, moisture holding capacity, the soil macrobes (earthworms, etc.) and the availability
of plant nutrients because it increases the microbid activities mohilizing these nutrients.
Previous investigations of these effects have been hampered by the limitations generated
by the complexity of the processes and often by alack of suitable experimenta
framework in which these processes can be addressed (Lal et. a., 1998b). We have
found away to overcome at least partidly, these limitations.

A more suitable experimental framework is now availableto us. Recent
advancements in our understanding of ecosystems have provided alonger term
conceptua model of the changes in these ecosystems as characterized by changesin their
vegetation. Researchers such as Archer and Stokes (2000) have articulated four states of
ecosystems and have begun to assess the potentia for the effects of chronic and episodic
stresses and disturbance to cause transitions from one state to another. These four Sates
are asfollows. Steady-date fluctuations, Suppressed re generation; Accentuated
degeneration; and Recovery. Work at Los Alamos by Breshears and coworkers has
complimented and extended this work and as such provides additiond sites for study (see
ref’sin Breshears et. d thisvolume). The recognition of these four states of ecosystem
hedlth or status and the existence of well characterized study Sites provides the



opportunity to examine the changes in the soil qudity that accompany these changesin
ecosystem vegetation. The changesin vegetation are linked to the changesin the soil.

Thusto study soil quaity we will choose Sites that represent these ecosystem
dates. Others have recognized the existence of and experimentd utility of such statesin
s0il status (Tongway and Hindley, 2000). Thus we will use sets of research Stes that
represent these four ecosystem states at various locations (mesic and semi arid) with
different climates (colder and warmer) and will different soils. We can use gradients of
climate (dlevation) to provide trangtions that can be sudied. Such gradients exist within
the Los Alamos Ecological Research Park and for which extensve data sets are available
on climate, carbon inventory and vegetation (see refsin Breshears et. d., this volume).
Badic gte and soil characterization has ether been done or will be done as a part of this
work. This characterization includes such parameters as Site plant biomass and plant
community and soil carbon, pH, moisture, plant nutrients, and fundamenta soil physica
properties.

All of thiswork will be done within the larger scientific context of broader
ecologicd investigations currently underway at these (Breshears et. d., 2001; Ebinger et.
al., 2001) and other Sitesto be sdlected using these same criteria

2A Microbial capability for decomposition of biomass: the fuel source for soil microbes
and their soil building functions.

The decompasition of biomassisavita component of hedthy and fertile soil.
This decomposition of biomass fuels the various microbid activitiesin the soil, induding
the essentid microbid mobilization of nutrients. Thismicrobid activity isakey
determining factor in the availability of the plant nutrients nitrogen and phosphorous.
Decomposition of biomass can also be expected to fuel other microbid activities asthe
deposition of carbonates. Thus understanding better the microbial decomposition of
biomassis akey to a better understanding of soil quaity and its management.

At stes where the decomposition rates for woody and herbaceous biomass have
been determined, we will examine the microbid potentia for this decompostion. Sites
will be selected from the above mentioned gradients to allow us to examine the
development of soil quality over timeframes extending far beyond the length of the studly.
The woody biomass has much greater proportion of lignin rdative to cellulose while
grassy biomassis more cdlulosc in composition. Different microbid capabilities are
needed to decompose these two genera types of materials. Expect to be able to monitor
he changesin the microbid capability as the vegetation changes & a Ste. For example as
the soils microbia population changes to adapt to the decompaosition of woody biomass
in soils previoudy growing grass and then invaded by woody species. Thisinformation
will tell us a what rate the soils are adapting.

2B Microbial capability for improving available N: a growth-limiting plant nutrient.

The microbia converson of plant liter to energy and other nutrients feeds the
microbia mobilization of plant nutrients from the soil. Thus the release of some carbon



from the s0il is necessary in order to improve a soil’ s capability to grow more biomass.
These are cycles that must be enhanced together.

Severa basic dements of microbid community structure and diversity are
important in soil quality and ecosystem stability. Robust ecosystems with abundant
nutrients are contrasted with stressed ecosystems with shortages of nutrients by the
relative degrees of microbid diversty (Atlas and Bartha, 1997). More diverse microbia
communities are often characterized by very efficient energy usage which to say thet they
are expected to use less energy per unit of microbid biomass. Thisdifferencein
efficiency and diversity may aso be expected to be manifested when comparing the
improved vs. degraded soils. Relatively diverse microbia communities provide
redundancy in functiond capability and thus may well provide a degree of resliency for
community to be able to sustain itself when subjected to changesin environmenta
conditions or stresses. Because the availability of the key plant nutrient, nitrogen, is
dependent upon microbid components of the soil we are examining the microbid
function divergty with repect to its function of sustaining availability of nitrogen

2C A new and simplified approach to soil microbial functions:

Existing methodologies for examining the soil microbes are inadequate to address
such acomplex system. The thousands of different types of microbes present in the soil
present more complexity than can be addressed with existing tools. We will develop a
smple method of assessing the microbid potentid for carrying out specific functions.
Specidly we will develop toolsfor examining the key activities of biomass
decomposition and mobilization of nitrogen usng modern molecular biology techniques
whose effectiveness was demonstrated in soil bioremediation studies (Clement et. d.,
1998).

Severd microbia activities carry out the decomposition of lignin and cdllulose,
These are distinguished as ligninase and cdlulase activities. Severd bacterid activities
areinvolved in controlling the availability of nitrogen to plants. These ectivities are
nitrogen fixation which increases available nitrogen and denitrification, which converts
nitrogen from forms useful to the plant to nitrogen gas which is not useful to plants and
which escapes to the atmosphere.

We will use the PCR-based DNA techniques with a different set of DNA probes
to examine the functiondities of decompostion and nitrogen cyding in these soils. The
laboratory at Cdifornia Polytechnic State University is very experienced and expert in
these studies, having pioneered the development of some of these techniques. The TRF
patterns will be analyzed using three different pattern searchv/data display methods:
hierarchica cluster andysis, principa component andysis and canonical correlation
andyss.

Application (or Benefits)



Improving our science-based methods for increasing the vegetation on lands can
be expected to have net positive benefit on over terrestrid carbon sequestration. La and
co authors (1998) estimated that a strong net gain in carbon sequestration is possible with
improved soil management practicesin the U. S. croplands. This group has more
recently (Follett, et.d. 2001) estimated asmilar strong net gain in carbon sequestration in
the privately owned US grazing lands. They estimated that improved management
practices for these lands would result in anincrease of 70-205 MMT of carbon
sequestered annudly. They limited their estimates to the 212 Mhaof privately owned
grazing land and, as such, did not include the 124 Mha of publicly owned grazing lands.
Furthermore they assumed only modest improvementsin land management practices and
assumed these improvements would actualy be implemented on only afraction of the
lands. Thusther estimate was quite conservative.

Developing better science-based methods for establishing and increasing biomass
production (or vegetation) on lands being reclaimed or improved will improve the carbon
sequedtration at these Sites. Science-based methods can help practitioners to generdize
and interpret results obtained at different gtes, in different regions, climates, soils etc.
Thiswork will help to develop technologies is such a fashion that they can be more
readily implemented. In order to atechnology to be useful it must be implemented. If a
technica approach isto beimplemented it must meet certain criteria: it must be effective;
it must be developed to such an extent that it can be practiced by those in the field; and it
must be attractive to the practitioner by providing a vauable set of benefits. Other
workers have demonstrated the effectiveness of re vegetating sites with native plants.
Thiswork will help to develop it for practical implementation and will help to document
its expected benefits; the principle of which will be increased carbon sequestration and
the consequentid improvement of soil productivity.

The Department of Energy has established aggressive targets for low cost carbon
sequestration (<$10/ T of C) technica approachesto avoid catastrophic increasesin the
nation’s energy costs. Mesting this target cost range requires a technology that can be
implemented ingde an exigting industry and thus gain cost leverage. The emerging
carbon credits market in the US and Canada has established bio sequestered carbon
values wdl within thisrange. Thus the DOE target cost range can be met using terrestria
bio sequestration of carbon.
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