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Introduction. The purpose of this report is to provide a finga® related to supplying
information needed for the Oregon Indicator of Sumtble Forest Management G.a.., “Carbon
stocks on forestlands and in wood products.” Tle¢hads and results of a preliminary analysis
based on remotely sensed forest age and disturiatad¢ayers and the LandCarb simulation are
presented. In addition to this report, the spakmbhbases compatible with ArcMap have been
provided for the stores and fluxes (i.e., net clearig time) of major carbon pools including,

live, dead, soil, and forest products, as welloéal$ of all these pools. We anticipate that
additional work will be required to check all thergrated databases against inventory and other
field data to improve model parameterizations al$ ageto improve the pre-1970 land-use and
disturbance history that required to “spin-up” #i@ulations. This work will continue under a
NASA funded effort over the upcoming year. Nonetlss| the work described here produced the
final products outlined in the agreement betweek@8d ODF.

Background. Management of carbon storage in forest ecosystam®ecome a major concern

of resource agencies at all levels of governmeminyagencies are being asked to inventory and
account for their forest carbon stores and biogeniissions as well as to project the expected
changes given current and alternative future managesystems. Unfortunately few of these
agencies have the expertise or analytical toogdane to routinely perform this crucial task. This
is the case for the Oregon. The state has addpeelddntreal Process Criteria and Indicators
structure to assess forest sustainability throwgthogical, economic, and social dimensions. As
part of that structure, the Carbon Indicator wasigteed to track the status of carbon stocks in
various pools and their changes within the foresmasystems of Oregon. The Oregon
Department of Forestry is tasked with reportingseweral indicators including carbon.

In this project we have integrated remote sensimthc@mputer simulations to monitor trends in
actual carbon dynamics in Oregon’s forests. Thishvelp meet Oregon’s commitment to carbon
accounting and reporting through the Montreal Psec&his work will eventually be used to
detect and quantify changes in forest carbon stéinkkiding fine-scale changes) on all
forestland, assist in tracking changes in carb&seoprojects, and allow Oregon to examine the
potential for alternative management systems tease carbon sequestration. This report
describes the first phase of using this system.

Products Provided. The following products are provided in this repant associated databases:

1. A set of raster databases for each of four regnatien Oregon in the form of Arc ADF
files. Each raster database represents a 50 krfd kynzarea (30 mile by 30 mile). Each
raster is 100 m by 100 m, (328 feet by 328 feet) the data are presented metric tons
per hectare of carbon matter for stores and mieinis of carbon per hectare per year for
the fluxes.
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2. Each set of rasters consist of layers represetitmyistoric maps of carbon stores,
sources, and sinks from 1960 to 2010 at yearlyvats. The specific pools output were
total live carbon (trees, shrubs, herbs, and gsast#al dead carbon (foliage, wood,
roots, above- and belowground), total soil or sadwols (duff and mineral soil), forest
products in use, harvested carbon, and total dhalforest pools (this version does not
include forest products). Although the forest pradistores are depicted on these
databases, it really represents the stores assdaidth the harvest from a given site and
not the store of forest products on the site. Blo¢hstores at a given year and the average
change in these stores (i.e., the flux) is presente

3. This report describes the state of software, mettaod assumptions used, and the state
project development.

4. A analysis of general conclusions for each of the fegions regarding current
conditions and recent trends for carbon storagesagdestration and on the quality and
limitations of the available information to formatbe conclusions.

5. Recommendations for next steps to develop compsaherepeatable statewide
condition and trend monitoring of carbon stock©megon forestlands and forest
products.

Study Areas. Since we were using this system for the first timeeconcentrated our efforts on
four study areas that reflect the diversity of &rgystems in Oregon (Figure 1). This included
Landsat scenes in: 1) the Klamath region of sousteve Oregon where mixed conifer forests
dominate and there has been a recent increasddfires; 2) the Central Western Cascades
region, which holds significant carbon-sequestrapotential, and which is a major timber
producing area dominated by Douglas-fir/westernlbeky 3) the high Cascades and Eastern
Cascades, which are dominated by true firs, Dotilasnd ponderosa pine, and which have
seen significant insect and fire-related mortaltyhe Landsat era, and 4) the Blue Mountains of
eastern Oregon, which include a range of forestdytgpical of the interior west, with a similar
mix of fire and insect activity and a diversityludrvest intensities and goals.
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Remote Sensing Databases. Although Landsat data are not direct measuresutifon, Landsat-
derived landcover and disturbance products provadedtraints on both starting carbon
condition and on the spatial and temporal pattefrehange in carbon initiated by disturbance.
Three products derived from Landsat data were aktatthis effort. The first a GNN-derived

age maps for the 2001 era. The GNN (Gradient Neateighbor) approach integrates Landsat
data with a variety of environmental variablesrgpute FIA-plot data across an entire landscape
(Ohmann and Gregory 2002). This database allowdd areate a disturbance history prior to
1972 that was used to allow the LandCarb mode$pin“up” to the period of interest. The
second product was a 5-year periodic disturbantabeae for the 1972-1982 period based on a
change detection comparison of Landsat imagesroughly 5 year intervals. In the Blue
Mountains region this product was used for thereh€i72-2008 period. To create an annual
disturbance database from the 5 —year intervalgliwded each region into XX subregions and
for each year selected a proportion to have diatweb in that year. The proportion was a
function of the interval length (e.qg., if the intal was 5 years, then 20% were selected each
year). If a selected subregion did not happerat@la disturbance in the 5-year interval, then
disturbance did not occur in the subregion evérwhs selected. The third product, an annual
disturbance database for the 1982-2008 period gdeaged for the western and eastern Cascades
as well as the Klamath region using LandTrendr rdsat Detection of Trends in Disturbance
and Recovery (Kennedy et al. 2007). In this castidbances occurred in the year they were
detected. All spatial databases were rescaled finhenoriginal 30 m by 30 m raster cells to 100 m
by 100 m.

The Simulation Model. Simulation modeling used the LANDCARB 3.0 modeliethsimulates
the accumulation of carbon over time in a landsaeaitie mixed species/mixed aged forest stands
and spatially variable climate, soil, topographyd &istory. The model can be used to
investigate the landscape level effects of varregeneration strategies, harvesting, herbicide
application, salvage, patch cutting, tree spe@pkacement by design or by natural succession,
site preparation, and wildfires. However, in thislysis we focused on stand-replacing
disturbances and assumed that these all resutieddither a stand-replacing wildfire or a
clearcut harvest.

LANDCARB 3.0 has a number of levels of organizatibases to estimate changes in carbon
stores within a landscape. At the highest levetdhs a landscape comprised of stand grid cells,
which in these simulations were 100 m by 100 mchestand grid cell potentially contained a
number of cohorts that represent different episadessturbance and colonization, although
because we only addressed stand-replacing disttebaiis likely that only one cohort existed
per stand grid cell. Each cohort contained foyeta of vegetation each having up to seven live
parts, eight dead pools, three stable pools reptiegehighly decomposed material, and two
pools representing charcoal. The four layers getation that occurred in each cohort were
upper trees, lower trees, shrubs, and herbs. agehof plants had an age-class structure
reflecting gradual colonization of each cohort. licachort has seven live parts: 1) foliage, 2)
fine roots, 3) branches, 4) sapwood, 5) heartwépdparse roots, and 7) heart-rot. Each of the
live parts of each layer contributed material tmaresponding dead pool. Thus foliage added
material to the dead foliage, etc. All the deadlp@aolded material to one of three stable pools
(stable foliage, stable wood, and stable soiljhaHy, fires created surface charcoal from live
parts or dead pools. Surface charcoal were incatpdiinto the mineral soil and became
protected from future fires as buried charcoal, iwhe surface charcoal was lost during
subsequent fires. In addition to these forest estegy pools, we programmed the model to track
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the stores of forest products resulting from timharnvest. We assumed that 50% of the
harvested carbon was lost during processing atidlinse, and that 1% was lost per year when
forest products were in use.

Simulation Runs. Each region was divided into 3 climatic/seed/pithity zones based on
elevation. Forest productivity was assumed toigkdst in the western Cascade region
(Appendix 1), 30% lower in the east-side Cascafey Bwer in the Klamath, and 50% lower in
the Blue Mountain regions. This was based on &-stade spatial database created by Swenson
et al (2005). Within regions we altered the levidionest productivity by elevation, with the
lowest elevation zone having 10% less productitiign the middle elevation zone assuming
there was a moisture limitation. The highest elievetone had 15% less productivity than the
middle elevation zone assuming there was a tempefgtowing season limitatiokVe used
different species mixtures among forest regionsedadation zones (Appendix 2).

In these simulation runs we used a simplified tiredt history prior to 1960 and had “spin-up”
prior to the period of analysis of 500 years. Thae if a forest was disturbed in 1960, we
assumed that it was 500 years of age (the peritiiea$pin-up) when it was disturbed. If the
forest was disturbed before 1960, as indicatedhbyage-class data layer, then we assumed an
age less than 500 years when it was disturbedelfdrest was disturbed after 1960 it was
assumed to be 500 plus years of age when distulftied.example the forest was 100 years of
age in 1960, then we assumed the forest was destunbyear 400 of the spin-up. We assumed
that all stand-replacing disturbances prior to 18@0e associated with wildfire and after that
point with clear-cut harvesting.

Results of Preliminary Analysis of the Four Regions. An example of a stores grid for 2005
for the west Cascades region is illustrated in Fédl Areas in white are lands without forest
(i.e., agricultural lands or water). Maximum camnlstores in this area are estimated to be 834
MgC/ha, whereas the minimum was estimated to beV&j@/ha. The average for the image is
approximately 481 MgC/ha, which is within the ramge might expect for this relatively
productive forest region, with major old-growth neamts remaining.

An example of flux grid is shown in Figure 3 foettvestern Cascades for the 2004-2005 period.
The majority of the area appears to be a carbdq bt a few areas have a very high carbon
source value to the atmosphere (<100 MgC/ha/ysagaated with recent timber harvest. The
average landscape flux for the forest ecosystemestmated to be -0.808 MgC/ha/year. When
the fluxes associated with wood products are atssidered the average flux for this landscape
was estimated to be -0.381 MgC/ha/year. The I@w@arce was due to the fact that some of the
losses from the ecosystem were being stored in ywomdlicts. Examining the distribution of
sources and sinks, it is clear that cuts from sd\dcades ago are the locations with the highest
carbon sink potential, which was as high as 8 MwpG/ear (a positive flux).

Changes in each of the areas from 1961 to 200Bdieated in Table 1. With the exception of
the Blue Mountains there appears to have beenexgesecline in carbon stores in the forest
sector over this period in all regions. Regardtddhe time period, average carbon stores are
highest in the west Cascades, a result of the giiyéigher level of productivity. West
Cascades appears to be the only region thatlia sirbon source by the 2004 to 2008 period,
although this is likely to change in the next decddeduced harvesting continues in that region.
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Tablel. Averagestoresand fluxesof all forest associated carbon for the four test regions
examined at the start and end of the monitoring period.

Region Total Store 1961 Total Store 2008 Flux 1882- | Flux 2004-08
Mg C/ha Mg C/ha Mg C/halyear Mg C/halyear

Klamath 315 308 -0.09 0.03

West Cascades 567 529 -0.14 -0.42

East Cascades 357 347 -0.11 0.23

Blue Mountains | 310 310 0.15 0.28

The Klamath region appears to currently be in @a@abalance, whereas the East Cascades and
Blue Mountains are likely weak carbon sinks.

The trend over time for the western Cascadesustitited in Figures 4 and 5. The simulations
indicate that there has been a decline in avegedarbon stores until 2005. These changes
have largely been driven by a decline in the liagbon stores and occurred even when stores in
wood products were considered. The carbon stordead material, wood products, and stable
forms (e.g., mineral soil) increased over this @&rbut not sufficiently to offset the losses in

live carbon. Until recently the ecosystem andltfatigest sector (including wood products)

fluxes was generally negative corresponding tadi@ease in carbon stores. The negative fluxes
greatly increased in the 1970’s reaching the highasies in the 1980 to 1990 period. From
1990 to the current period, the size of the negdtiwx has gradually declined and this forest
may be coming into a balance. Without any furttisturbances, this area is likely to become a
carbon sink during the 2008-2010 period. Howevst is extremely unlikely to happen.

One behavior that bears additional analysis isg&ed at which the landscape carbon flux can
switch from positive to negative and vice versa. Wgkeve this is caused by the fact that very
small areas of sources are required to offset lege areas of sinks. This is because on per area
basis, sources are much larger than sinks. Therefslight change in the area in sources has a
very large impact on the average landscape catbgn f

Extrapolation to the State L evel

We extrapolated to the state-wide level by avemgthe results from the four regions and
multiplying by the total area of productive forémtd in Oregon (9.56 million ha) reported by
Bolsinger and Wadell (1993). We weighted the rasolithe four regions by the area they
represented of Oregon’s forests. A major regionexaimined in our analysis was the Coast
Range, which was assumed to be similar to the @astades region. However, the proportion
of private lands is likely higher in the Coast Raragd the productivity is higher.

Our analysis indicates that Oregon’s forest semtorently stores approximately 3,744 Tg'@0
The trend since 1960 has generally been downwagdr@-6), although there may have been
some stabilization in most recent years of bothett@system and total forest sector-related
carbon stores. Carbon fluxes for the forest ecesystand the combined forest sector appears to
have been negative most of the 1970 to 2005 pendd;ating that the Oregon forest sector has
been a net source of carbon to the atmospheree 8iat time fluxes have been neutral to
slightly positive, indicating the system may betshing to a sink from the atmosphere. Over the
1961-2008 period, the average flux was -3.55 Tg&y That amount is about 20% of the value
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of Oregon’s greenhouse gas emissions which toie8etg C/year in 2000. If the fluxes
observed in the 2004 to 2008 period continue, Diwgyon’s forests are now offsetting about
0.14 Tg Clyear or less than 1% of the State’s dreese gas emissions expressed as carbon
equivalents.

Recommendationsfor Improvements. There are several areas for improvements basedron o
experience.

1.

Climatic variability within the regions is an imgant factor controlling carbon stores and
fluxes. We used 3 climatic zones divided alonglamation gradient to represent
differences in temperature and precipitation. Wthis stratified the regions, it created
obvious zonation that was not realistic. In futsimulations variation in soil properties
(i.e., water holding capacity) and solar radiafidependent largely on slope and aspect)
should also be considered. This would greatly iaseethe number of climate zones and
the results would appear more continuous.

The effects of climate were largely restricteddspiration losses in this set of
simulations. We reduced productivity of the loweévation zone to account for water
limitations. We also reduced productivity of thglmer elevation zone to account for
temperature limitations. In the future the dirdaohate effects on photosynthesis via
temperature and water availability should be inetiid

Variation in the abundances of tree species witheregions was included by
subdividing by elevation zones in to seed zonesoke realistic depiction of seed zones
could be developed using potential vegetation nragisad of only elevation zones.

The impact of historical legacies on carbon stesextremely important. Using a 500
versus 300 year period for the model to spin-uptanécreate the forest disturbance
history improved the realism of the simulationse Ttext step will be to create a more
realistic spin-up based on spatial databases ofdpgtsrbance history.

Historical variation in the manufacturing efficignand longevity of wood products
should be considered. In these simulations, we aseal’erage manufacturing efficiency
of 50%, but that has likely varied from 40 to 08€€6 in the last century. In addition,
wood products are likely longer lived after the Q%nhan before, largely due to the
advent of landfills for waste and product dispoPaior to this time, much of the waste
was incinerated or consumed in fires associateld egen dumps.

Other forest regions within Oregon, such as théheon Coastal Range should be run.
Eventually all forest lands within Oregon shoulddoasidered. Perhaps the most limiting
issue at this point is a spatial database recastsiguthe history of disturbance within
Oregon. Based on the current processing tinveouid likely take 4 weeks to produce a
wall-to-wall state-level analysis assuming all thgturbance, climate, soil, and forest
history datasets were ready.
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Future Plans. Work on the project will continue as part of a NASponsored grant, which in
addition to the improvements noted above, will alsmlve comparisons of simulation

predictions to FIA databases. This project wilcatlevelop a system to project future changes in
wildfire and timber harvest that will allow onepooject future changes in carbon stores and
fluxes associated with Oregon’s forests.
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West Cascades, Total Mass, 2005
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Figure 2. Example of total carbon stores for thetenen Cascades scene
in 2005. Areas in white were classified as noregbrMaximum

carbon stores in this area were estimated to bévBf&/ha, whereas

the minimum was estimated to be 212 MgC/ha. Tlesame for the
image was approximately 481 MgC/ha
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West Cascades, Total Flux, 2005
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Figure 3. Total carbon flux (MgC/ha/year) in west@ascade
test area for 2005. Areas in white were classifigshon-forest.
Yellow to red areas indicate sources to the atmasptBlue areas
represent sinks relative to the atmosphere. Naitetliis
landscape was estimated to be a carbon source airtftosphere
of -0.8 MgC/halyear. This implies that a very snaa#a in
sources can offset an extremely large area of sinks
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Figure 4. Change in carbon stores in western Cadsestl area between 1960 and 2010.

12



December 8, 2009

West Cascades flux — ecosystem

= = wood products
3 —o—total

_{1960 197 1980 1 010

Mean C Flux (MgC/halyear)

Year

Figure 5. Change in average total carbon fluxesastern Cascade test area between 1960 and
2010.
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Oregon-wide stores
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Figure 6. The estimated trend in carbon storeslfddregon forest area between 1960 and
2010.
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Figure 7. Estimated changes in carbon fluxes fegoOn forests from 1961-2010.
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Appendix 1. Values of bole growth efficiency (BGE) assumed for the different forest
regionsin the middle elevation zone. BGE isthe amount of bole organic matter produced

per metric ton of foliage.

Region BGE
Western Cascades 0.59
Eastern Cascades 0.42
Klamath 0.38
Blue Mountains 0.29

16

Site Index for Douglas-fir
medium 3
medium 4

low 4

medium 5



December 8, 2009

Appendix 2. Treespresent in the seed zonesfor the four forest regions considered in thisanalysis

Region Zone 1 Zone 2 Zone 3
West Cascades Psme, Tshe Psme, Tshe, Thpl Abzm, Psme, Tshe
Klamath Abco, Pila, Pipo Abco, Abma, Psme Abconr) Psme
Psme, Quga
East Cascades Abgr, Pico, Pipo Abgr, Cade, Alddopr, Pico, Tsme
Pipo, Psme
Blue Mountains Pipo, Psme Abco, Pico, Psme Abdxa APico, Pien
Psme
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Appendix 3. Timetrendsin storesfor the other forest regions (East Cascades, Klamath
and Blue Mountains).

East Cascades stores
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Carbon stores for the ecosystem and total forespisen the East Cascade region have declined
through the mid-1980’s. Since that time carbomestdor the ecosystem and total forest sector

have gradually increased. Note that as with otbgions, when live stores decline the dead and
wood products stores increase and vice versa.
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Klamath stores
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Forest sector carbon stores for the ecosystemataldfdrest sector in the Klamath region have
slightly declined through the 1961-2008 period.ofstem carbon stores declined from 1961 to
1990 and seem to have remained relatively constaoé then. Note that as with other regions,
when live stores decline the dead and wood prodiiotss increase and vice versa.
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Blue Mountains stores
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Carbon stores for the ecosystem and total foresoisa the Blue Mountain region have stayed
relatively stable over the 1961-2008 period. Nbtg &is with other regions, when live stores
decline the dead and wood products stores incaad®ice versa. An exception is the early
2000 period, when fire caused an increase in deaess but not wood products stores.
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Appendix 4. Timetrendsin carbon fluxesfor the other forest regions (east Cascades,
Klamath and Blue Mountains).

East Cascades flux
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Carbon fluxes for the ecosystem and total forestiosen the East Cascade region were generally
negative (indicating a source to the atmosphert) the early 1990’s. Since that time fluxes
have generally been positive (indicating a sinkrfithe atmosphere). The negative flux in 2002
was associated with wildfires. The negative spik&985 appears to be associated with a
particularly high annual harvest that year.
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Klamath flux
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Carbon fluxes for the ecosystem and total forestiosen the Klamath region were generally
negative (indicating a source to the atmosphersl) 1805. Since 1995 it appears that this
region has been in carbon balance, with some yemyative (a source) and some years positive
(a sink). The negative spike in 1985 appears tadseciated with a particularly high annual

harvest that year.
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Carbon fluxes for the ecosystem and total forestiosen the Blue Mountain region were
generally positive (indicating a sink from the aspbere) until the early 1980’s. During the
1980 to 2000 period, increased harvests causedadive flux (indicating a source to the
atmosphere). Since 2001 this landscape appategdlpecome a carbon sink, despite the net
losses from wood products caused by a reductioimiper harvest.
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Appendix 5. LandCarb Metadata Description

File Format

The spatial data generated by LandCarb is storsih@ie band raster files, in ERDAS IMAGINE imagerhat.
These images can be readily displayed and renderaEMap.

Each image has a cell size of 100m x 100m (reptegpl hectare on the ground) and dimensions 6frb@/s by
500 columns (representing 50kom the ground).

There is one image for each combination of stutly gear (1961 to 2010) and store/flux type (etaltmass, live
flux). Images are grouped by study site into fokd&estCascades/, EastCascades/, Klamath/ and Blughins/.

File Naming Convention

File names include the store/flux type and year tiiiaimage represents. For example, LiveMass_1888ds the
live mass for the year 1988. The ‘c’ suffix indiesithat the values in the image represent carlzoapj@osed to
organic matter).

Study site is not an attribute of image file nantes,rather is specified by the folder images &veesl in.

Cell Values and Units of Measure

The cell values of the rasters represent eithestitie (mass) or flux at that location in the lavag®. Values are
stored as continuous floating points.

The stores files are: TotalMass, LiveMass, DeadMa&sbleMass, HarvestMass and ForestProductMasts afn
measure are Mg C Ha

The flux files are: TotalFlux, LiveFlux, DeadFIu&tableFlux and ForestProductFlux. Units of measueeMg C
ha' year'.

NoData Values

NoData values occur where water, settlement, raadsother non-productive forest areas exist inahdscape.
Cells with NoData values were excluded from LandiQaodelling and subsequent analysis.
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