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What is sequestration in terrestrial
ecosystems?

e Protect, recover, and L
manage existing = T —
resources

e Via direct intervention,
enhance:
— Net primary productivity
— Partitioning to long-lived
pools
— Longevity of pools

Terrestrial ecosystems will not be able to keep up with
with fossil fuel emissions, but offer significant
opportunities to “buy time” and provide other benefits
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How would you enhance the potential?
Must consider finite resources and trade-offs

e Increase Net Primary Productivity
— Biomass pool size
— Inputs to litter & soil
e Fertilize, irrigate, switch species
— Turnover rates are important

e Partition C into long-lived pools
— Long-lived biomass (wood)
— Protected soil organic C (SOC)
— Recalcitrant SOC

e Alter longevity of C pools
— Convert grass-to-wood

— Reduce soil disturbance, alter litter quality, modify soil
metabolic processes

— Create long-lived products




Global potential - What is it?

We know it is uncertain

e Right now, for several decades (10 — 50 years)?
— Maintain current rates 2 GtCly
— Slow land use change 1 Gt Cly
— Reverse land use change:

What is the integrated impact
on Earth’s climate system?

TOTAL 267 Gt Cly
% Total of 50 to 250 Gt C over several decades is significant
% Challenges

> Implementation of near-term options to buy some time
» Uncertain capacity — can we increase rate and capacity?
> Net carbon (GHG) accounting

» Environmental consequences uncertain

» Future behavior of ecosystems



The technology platform (us poe/sciFen)
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Provide Goods
& Services
Manage
Lands & Crops
Improve Soil

Select &
Engineer Species

Understanding Measurement Implementation Assessment
What’s the potential? | How to detect C seq? | How should you do it? | Where are the best sites?
Why will it work? | Can we verify changes?| What does it cost? | What are consequences?




Select & Engineer Species:
Genes Control Carbon for Fuel, Power, Products, Sequestration)

ORNL 2001-00404/abh
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Populus Genomics

e DOE’s Office of Science is
having Populus sequenced at
the Joint Genome Institute

e Important for energy and
ecosystem R&D
— Competition
— C Allocation
— Wood chemistry
— Environmental adaptation

http://www.jgi.doe.gov
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M icrObial Genom i cs Marine sediment Soil

e Understand C & N cycles

— Shift community structure
to promote sequestration
functions
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Potential traits optimized by GTL knowledge base

Protein “machines” dismantling a plant cell wall

¥ Animportant step in producing energy from plant biomass is breaking down the complex
polymers (e.g., lignin and cellulose) in plant cell walls. Optimizing these processes will
W result in more cost-effective ethanol production.

“machines’”

I Synergism

B The figure at left depicts cellobichydrolase protein machines (gray) pulling up and
degrading cellulose strands (red) from a plant cell wall. This protein machine represents
the most efficient cellulose-degrading enzyme known, but it still is too inefficient for
commercial use.

http://IDOEGenomesTolL.ife.org/ _ Himmel, Graham, and others
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Q Improve Soil:
Enhancing soil C sequestration

CO, depends on balance between
inputs and outputs

CO,

Pool 1 Pool 2
MRT =1/k, | co, |MRT=1/k,

‘f‘\

( Soil Organic Matter

DOC Leaching | MRT = f(1/k,, 1/k,, ... 1/k.)

Changes in pool sizes, residence times, and/or fluxes could affect the balance

Jastrow
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Mechanisms to stabilize soil organic C

e Alter root density, depth
— Existing cultivars, redevelop Blechhil
historical ones, or develop new
ones D
Obtimi h : h : | How dtotycl)u
° iImize sicocnhemica expect to live
P A phy off this stuff? @ 8
conditions

— Physical/chemical protection T et El Oﬁj
— Humification redox reactions @ You try!
XCa

— Promote deeper transport of C
ﬂe already arej

e Shift decomposition rates and
products
— Modify chemistry A[Sur\guigk;mty]
— Shift structure and function of , =) '
micrObiaI Communities There'’s gotta ] )
&e a way insidj @ ® {HG)SILJ;P ﬁ]r?hsegsﬂ

Jastrow and Miller
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Can we optimize humification?

Amonette

Redox conditions

— Wetting/drying cycles
Fe/Mn oxide content
— Fertilization

Enzyme activities

— High-phenolic cropping,
green manures,
fungal/bacterial ratios

Humification

Reactivity

"~
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o

______
— LET

O, Levels
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Capacity & Longevity of Soil Organic C

e Deeper subsoils offer
attractive target for
accumulation and
protection of C

— Common soils with large
potential capacity

e Enhance solubilization
and vertical transport of
active C pool

— Selective fertilization

e Organic C stabilized by
minerals (Fe-oxide
coatings)

— Reduced bioavailability
and transport

Anthropogenically Adjacent
enriched nonenriched soil

: ,__...i _._,2-- ,' ;._

Jardine
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What are the consequences of soil C
sequestration strategies?

e Comprehensive tools to model C balance and
environmental consequences
— Nutrient availability and productivity
— Non-CO, greenhouse gases
— Erosion and oxidation of organic C to CO,

Carbon in upper 30 cm of soil at 6 locations in the US Great
Plains and the Canadian Prairie

e Simulation improvements
(EPIC)

O
— Cand N cycles - /
— Testing against land-use

change and cropping systems

Observed (Mg/ha)
@)
@)

0.0 10.0 20.0 30.0 40.0 50.0
Izaurralde et al 2001 Simulated (Mg/ha)



Manage lands and crops

o Shift ecosystems

e Consider full GHG accounting
e How long do the products last?
e Economics are important

L
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Restoration of Tallgrass Prairie at Fermilab

* Restoration of native tallgrass
prairie began inside the main
accelerator ring in 1975

« Annual plantings create a
chronosequence of restorations
encompassing over 400
hectares, both inside and
outside of the ring

» Tallgrass prairie is dominated by C4
grasses, but also includes a
diversity of perennial forbs

 Peak standing crops can be over
1 kg dry wt m-? aboveground and
2 kg dry wt m-2 belowground

Julie Jastrow
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Prairie restoration at FermilLab:
Carbon can accumulate ...

e Accrual occurs without fertilization

o Soil protective capacity not yet exceeded
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Organic C (g kg " soil)

Jastrow et al

1985 + 1999 Whole Soil C
C=33.2 +63.1(1 - e-0-008t)
r2=0.98; MRT = 127 y

100 200 300 400 500
Years since last cultivation

gC kg'1 soil

w
o

— C and N accumulating in organomineral fractions
(silt and clay) with longer residence times

- SILT
MRT =179 y

CLAY

MRT =

137y

_/ Particulate OM
MRT = 70 y
0 100 200 300 400 500

Years Since Last Cultivation
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Full C (GHG) accounting of shift from
conventional- to no-till practices

( ATMOSPHERIC GREENHOUSE GASES >

Nitrogen
fertilizer Farm machinery
and operations

+337 Other inputs
Soil e P and K fertilizer
organic o Pesticides
carbon e Irrigation water
e Seed production
—

K AGRICULTURAL ECOSYSTEM /

West and Marland
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Shifting management practices
makes a difference

100
e - (a)
2 8L o
o O ; ]
-+ e (o)) ©
5855 -100
oL g5 ]
S8 g
9 ) i
§ % EE - Change in SOC
= E e 300 - — Change in C emissions
z 3 '5 ] —— Change in net C flux
-400 ! ! ! ! ! ! ! ! !
x 2 0 7
%z 1 "
—= O -
_g SC -3000 o
Q] q!_) O
o8 e8 6000 -
0 £
c 220 .
2292 9000 -
%5 -
E285  -12000 A
S5 * .
©e
-15000 ! ! ! ! ! ! ! ! !
0 20 40 60 80 100

West and Marland Time (year)



How long do C products last?
e Production and “oxidation” rates important

e Example: US Lumber consumption
— Assume first order decay rate of 40-y half life

— Increase in stocks reaches steady state of ~- rate of
consumption after about 100 y
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Economics matters

e Portfolio of strategies desirable
e Price level can drive strategies

500 |

Carbon price ($/tce)

100

400 |
300 |
200 |

[

Afforestati

Ag-Soil
\iequestration

09

McCarl and Schneider (2001)

20 40 60 &80 100 120 140 160 180 200

Emission reduction (mmtce)
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How much difference can R&D make?

e Near-term opportunity
— Prior estimate of ~5 Gt C/y for several decades
— Global forests now ~3 Gt C/y (Dahiman et al.)
e 300 gC/m?/ly NEP x 10'3 m? forests
e Can we do better?
— R&D will improve our technology
e Humans now use ~20 Gt C/y of photosynthesis

products (Rojstaczer et al.), so we have the
ability to “manage” the terrestrial system

e Crop productivity increases
— 70 to 250% from 1950 through 1999 (USDA)
— 90 to 157% future projection (English and Chuang)

23
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Large-scale tests will be important

ORNL 98-985B/Imh

Dispersed
Co;

p Global Change Field-scale Tests
i * Biomass Plantations
Heat] 'mpact Experiments

* Restoration of degraded lands

-+
CO,
Capture and ' Vi, . OM Transport
Sejrion , Soil Amendments *‘—:%(d and Trapping
/e \ - i
Co, Advanced Chemical |-« [‘Advanced Biological '~
Methods Methods
Soil Carbon Dynamics
Biogeochemistry
Groundwater Transport of
Carbon (DIC, DOC, POC)
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The Bottom Line

e Much is known already

e Don’t expect terrestrial ecosystems to solve the
problem, but potential sequestration is significant,
near-term, and cost effective (with other benefits)

— Land, long-term commitments, and economics constrain

e Technological advances could enhance potential
substantially

— Linking to bioenergy and bioproducts offers complementary
advances

e Integrated evaluations important (as for all options)

— Full accounting of GHG, climate impacts, environmental
conseqguences

e Science, in parallel with test systems, is needed

26



Backup slides
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Soil C Measurement

Laser-induced Breakdown Spectroscopy

» Excellent correlation between LIBS and
soils of known carbon concentration

» Also good correlation with soil nitrogen

Raman Spectroscopy

* Electro-tunable Surface Enhanced Raman

Scattering (SERS) technique for detecting
humic and fulvic acid in soils.

* Working on a novel hybrid electro-SERS
technique also for humic and fulvic acid.

28



Soil C Measurement

N
o

Laser-induced Breakdown Spectroscopy

| _ .
| .  Excellent correlation between LIBS and
e y =2.791x+2.819 soils of known carbon concentration

R? = 0.9652

: » Also good correlation with soil nitrogen

Counts (x1000)
S o

(¢}

o

0 1 2 3 4 5

Soil Carbon (%)

Raman Spectroscopy

 Electro-tunable Surface Enhanced
Raman Scattering (SERS) technique for
detecting humic and fulvic acid in soils

SERS Intensity (Arbitrary Units)

» Working on a novel hybrid electro-SERS
technique also for humic and fulvic acid 200 400 600 800 1000 1200 1400 1600 1800

Raman Shift (cm™)
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CSIiTE Scientific Approach

Understand carbon capture and
sequestration mechanisms in
terrestrial ecosystems across
multiple scales from the
molecular to the landscape

Develop conceptual and
simulation models for
extrapolation of process
understanding across spatial
and temporal scales

Estimate carbon sequestration
potential at various scales

Advance science of assessing
environmental and economic
consequences of sequestration

30
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Carbon Management
Gigaton Carbon Impact of Technology Systems

Global United States
Low-Carbon Fuels Production, Capture, & Sequestration 186 27
BioEnergy 90 15
Soil Sequestration 51 6
Stationary Fossil Power Capture & Sequestration 51 5
Energy Efficiency 42 14
Solar 34 0
Conservation (“Doing with Less”) 17 12
Nuclear 13 0

25,000 e i
> Wﬁ B Low Carbon Fuels Production, Capture, & Seq.

O BioEnergy Production

B Soil Sequestration

O Stationary Fossil Power Capture & Seq.
O End-Use Efficiency & Conservation

O Solar

B Nuclear

0 550ppm

20,000

15,000 ——

10,000 +—— |

Millions of Tonnes of
Carbon per Year

5,000

0
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2020
2035
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Reforestation/Afforestation
(Ballpark Figures)

e Maybe 10 + 5 x 10> m? could be re/afforested
— 3-10% global land area
— Area of Brazil plus Colombia plus Paraguay

e Maybe 250 + 150 g C/m?/y could be stored in wood, litter, and
mineral soils

— For the next 100 years?
e Thus, perhaps 2.5 + 2 Pg C could be sequestered annually
— In addition to present forest C sink activity

Courtesy of Jeff Amthor
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Restore Agricultural Soil Carbon Pools (Ballpark
Figures)

e Cropped soils presently contain 120 + 30 Pg C
— Contained 170 + 40 Pg C before cultivation
— Implies cumulative loss of 50 Pg C

e Recover C through crop management
— Sequester 1.25 £ 0.25 Pg Cly
— Maintain for 40 years?

e With innovative management might even exceed pre-cultivation
C stocks

Courtesy of Jeff Amthor

34



100

‘© -200

-300

— Mean

PR — 95% Confidence Interval |
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a change from conventional tillage to no-till
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The net effect on greenhouse gas emissions following conversion from CT to NT for the average of U.S. crops. A mean value and 95% confidence interval have been
estimated with a Monte Carlo simulation over the range of values described in the text for changes in soil organic carbon, crop yield, CO, and N,O emissions, and land-
use change. 35



Complements of Graham, Davison, Himmel, Walsh
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Complements of Graham, Davison, Himmel, Walsh

Chemical products
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Terrestrial Technology Opportunities:
Sequestration, energy, and products

Assess dynamics of whole ecosystems
Provide Goods
& Services
Manage
Lands & Crops
Improve Soil

Understanding
What’s the potential?
Why will it work?

Select &
Engineer Species

Implementation Assessment
How should you do it? | Where are the best sites?
What does it cost? | What are consequences?

Measurement
How to detect C seq?
Can we verify changes?
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Fermilab Prairie Restorations

4 N

Eleventh year

e Initial years are dominated by species typical

i A WRSERT e of old-field succession (annuals = biennials -
"_:_‘_;_ ] weedy perennials).

Pt e Once litter buildup s sufficient to carry a fire,

co b T s ol prairie grasses and forbs begin to take over.

Second year



Sampling and Analysis Methods

& Rowcrop field, 4 restored prairies, and
virgin prairie remnant on related soil series

U Ten 0.5-m? circular quadrats per plot TR | @
& Clip aboveground plant biomass A\ .;__f“_;;;lg_ L

& Pool three 10-cm soil cores (5-cm diam)
& Remove belowground biomass
U Pass through 2-mm sieve

% C and N determined with Carlo Erba NC2500
(no carbonates)

U Initial samples 1985
& Prairies resampled 1999




Estimated Residence Times of Organic Matter Stored in
Various Measurable Pools of Agricultural Soils

(from Carter, 1996)

Proportion of total Residence
Type of organic matter organic matter (%) time (yr)
Litter — 1-3
Microbial biomass 2-5 0.1-0.4
Particulate * 18-40 5-20
Light fraction ° 10-30 1-15
Inter-microaggregate 20-35 5-50
Intra-microaggregate
Physically sequestered 20-40 50-1000
Chemically sequestered 20-40 1000-3000

“ Isolated by size (sieving)
® Isolated by density (flotation in heavy liquids)
° Within macroaggregates but external to microaggregates.
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Conceptual Model of Microaggregate CSITE Scientists Focus on Measuring and

Turnover and Organic Modeling Soil Fractions Tied to Organic Matter
Matter Stabilization Stabilization Processes

Decomposing roots and detritus > Sgil fractionation procedures developed to isolate |
become encrusted with mineral microaggregates from macroaggregate structure of soil

particles forming microaggregates

o o o

Decomposition continues, but at a
slower rate due to physical
protection; aggregate is stabilized E : Stable C isotopes used to demonstrate:

©

» Microaggregates facilitate creation of chemically

Slowed decomposition and intimate protected organomineral associations (more new

contact with soil minerals in stable l C in microaggregate-associated silt and clay)
aggregate enables organic matter . : : :
i : - » Long residence time of chemically protected silt-
to be humified or chemically protected : ]
T ) and clay-associated C (only 19-49% new C after
by association with mineral fraction

55y in Kansas grassland soils)

Eventually, organic binding agents decompose ©og0
sufficiently for aggregate to be destabilized; @6 O
mineral fraction enriched with new organic matter

70

60 | —— Hydrolyzable C
mmmm Chemically resistant C

50

40 -

30

@ Microaggregates ~ 50-250 um @ Plant and fungal debris

, Particulate organic matter © Fungal or microbial metabolites
colonized by saprophytic fungi

20 -

10 -

0

@ Biochemically recalcitrant organic matter

% New (C3-derived) C in fraction

e t ith microbiall mSilt oSilt mClay oClay

ilt-sized aggregates with microbia : . .

o) _ ggreg: pIOLI @ Clay microstructures m = Microaggregate-associated
derived organomineral associations o = Outside microaggregates
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