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Carbon sequestration is increasingly recognized as an ecosystem service, and forest management has a 
large potential to alter regional carbon fluxes - notably by way of harvest removals and related impacts 
on net ecosystem production (NEP). In the Pacific Northwest region of the US, the implementation of the 
Northwest Forest Plan (NWFP) in 1993 established a regional socioecological system focused on forest 
management The NWFP resulted in a large ( 82%) decrease in the rate of harvest removals on public forest 
land, thus significantly impacting the regional carbon balance. Here we use a combination of remote 
sensing and ecosystem modeling to examine the trends in NEP and net ecosystem carbon balance (NECB) 
in this region over the 1985-2007 period, with particular attention to land ownership since management 
now differs widely between public and private forestland. In the late 1980s, forestland in both ownership 
classes was subject to high rates of harvesting, and consequently the land was a carbon source (i.e. had a 
negative NECB). After the policy driven reduction in the harvest level, public forestland became a large 
carbon sink - driven in part by increasing NEP - whereas private forestland was close to carbon neutral. 
In the 2003-2007 period, the trend towards carbon accumulation on public lands continued despite a 
moderate increase in the extent of wildfire. The NWFP was originally implemented in the context of bio­
diversity conservation, but its consequences in terms of carbon sequestration are also of societal interest 
Ultimately, management within the NWFP socioecological system will have to consider trade-offs among 
these and other ecosystem services. 

1. Introduction 

Forest carbon flux is an important component of the global car­
bon cycle, and is believed to account for a sustained land based 
sink for carbon dioxide (C02 ) in recent decades (Bousquet et al., 
2000; CanadelJ et al., 2007; Le Quere eta!., 2009). Because of wide­
spread interest in quantifying greenhouse gas emissions and 
potentialJy managing forests to increase the rate of C02 sequestra­
tion (Pacala and Socolow, 2004), there is strong incentive to quan­
tify current patterns of forest carbon sources and sinks, especialJy 
as they relate to forest management. Forest carbon sequestration is 
increasingly recognized as an ecosystem service and it has begun 
to be included among indices of sustainability and in modeling 
exercises that seek to examine interactions among multiple eco­
system services (McDonald and Lane. 2004: Nelson et al., 2009). 
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The concept of a socioecological system captures the realization 
that there are nearly always significant interactions between a soci­
ety and its environment (Berkes and Falke, 1998; Liu et al., 2007: 
Carpenter et al., 2009). In the Pacific Northwest region of the US, 
the social subsystem requires that forest lands be managed in a man­
ner consistent with the Endangered Species Act. That requirement 
has meant the emergence of a socioecological system, i.e. the enact­
ment of the Northwest Forest Plan (NWFP) in 1993 created a region­
wide forest management regime. The intent of the NWFP was to con­
serve species such as the northern spotted owl (Strix occidentalis) 
that had been put at risk from extensive harvesting of older forests 
on both private and public land (USDA, 1994). An unintended conse­
quence of the NWFP has been a change in the regional forest carbon 
balance associated with a reduction in harvests. Because carbon flux 
has become so important in the context of climate change, this 
change in carbon flux adds a new dimension to the regional socio­
ecological system, and region-wide information on carbon flux -
and how it relates to other ecosystem services -is needed to inform 
management deliberations. Here, we evaluate the forest sector car­
bon budget of the NWFP region over the 1985-2007 period with 
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special attention to patterns associated with land ownership since 
management now varies strongly with ownership. 

The Pacific Northwest supports large areas of highly productive 
coniferous forests and much of the forested area has historically 
been managed for timber production. However, rates of harvest 
have varied widely in response to economic and socio-political fac­
tors (Garman et al., 1999; Cohen et al.. 2002). Previous estimates of 
forest carbon balance in the region have suggested a significant 
loss of carbon stocks for the 1953-1987 period (before the NWFP) 
in association with high rates of harvesting (Cohen et a!.. 1996; 
Smith et al., 2004; Alig et al., 2006). Implementation of the NWFP 
in 1993 resulted in a sharp decrease in harvesting on public lands 
(Thomas eta!., 2006), thus a reduction in the ecosystem service of 
providing wood, but a gain in terms of conservation of biodiversity 
and in carbon sequestration. These tradeoffs must optimally be 
evaluated in a common framework and the modeling effort here 
is a step in that direction. 

Our approach to quantifying net ecosystem carbon balance 
(NECB) relied on spatially- and temporally-explicit simulations of 
net ecosystem production (NEP, the balance of net primary produc­
tion and heterotrophic respiration), harvest removals, and direct 
fire emissions. The simulation approach incorporates spatial infor­
mation on soil properties, climate data, and forest distribution and 
disturbance history. Integration is achieved by application of a car­
bon cycle process model (Biome-BGC). Opportunities for assess­
ment of uncertainty on our regional flux estimates come from 
evaluation of carbon stock changes based on forest inventory data. 

2. Methods 

2.1. Overview 

Our carbon flux analysis focused on three terms: ( 1) net ecosys­
tem production (NEP ~net primary production- heterotrophic res­
piration), (2) the harvest removals (HR). and (3) direct emissions 
from forest fires (FE). Summary results are expressed as net ecosys­
tem carbon balance (NECB ~ NEP-HR-FE) which amounts to the 
net change of carbon stocks on the land base. The carbon balance 
of private lands was distinguished from that on public lands based 
on mapped land ownership (Fig. I). Estimates for each of these 
three terms were made for each year of the 1970-2007 period, 
with results aggregated to 5 year means for three intervals: 
1985-1989 (the period of maximum harvesting in the region), 
1995-1999 (the period after major harvest reductions associated 
with the Northwest Forest Plan), and 2003-2007 (the most recent 
period for which all relevant input data was available). 

2.2. Mapping net ecosystem production (NEP) 

The primary NEP scaling tool in this analysis was the Biome­
BGC process-based carbon cycle model (Thornton et al., 2002). De­
tails of our previous applications and uncertainty assessments are 
documented in several publications (Turner et al., 2003a, 2007, 
2011; Law et al., 2004, 2006). Generally, we used spatially-explicit 
model simulations to produce estimates of carbon stocks. annual 
net primary production, heterotrophic respiration, and direct fire 
emissions for each year from 1980 to 2007 over the forested areas 
in the NWFP domain (Fig. 1 ). Model inputs include daily climate 
data, soil texture and depth, land cover type, and stand disturbance 
history. This data was augmented with reports of harvest removals 
developed from state level agencies. 

Our forest/non-forest coverage was from the National Land 
Cover Database (NLCD, Vogelmann eta!., 2001) which used Land­
sat (~30m spatial resolution) imagery. Cases in which disturbed 
areas (which had formerly been forests based on Landsat data) 
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Fig. 1. Forest ownership over the Northwest Forest Plan area. 

were classified as Open or Shrubland by NLCD were reclassified 
to forest. Within the forest class, forest type was originally desig­
nated as evergreen conifer, deciduous broadleaf, and mixed. We 
reclassified the mixed class as conifer because a mixed class is 
not supported in the Biome-BGC process model and conifer is the 
dominant forest type in our region. The final cover type data layer 
was resampled to the 25 m resolution for ease of overlay with the 
1 km resolution climate data (see below). The ownership coverage 
for Washington and Oregon was from the Bureau of Land Manage­
ment (BLM, 2011 ), and for California from the University of Califor­
nia at Santa Barbara (UCSB, 1998 ). The public ownership class 
included federal, state, and county lands. 

We established a stand age and near term disturbance history 
for each 25 m grid cell. These disturbance histories consisted of 
one or two disturbance events that were specified by year and type 
(fire or clear-cut harvest). Recent (1970-2007) disturbance history 
on forested pixels was from Landsat-based change detection anal­
ysis (Cohen eta!., 2002; Kennedy et al., 2010). The only exception 
was wildfire in the period from 1985-2007 which was from the 
Monitoring Trends in Burn Severity (MTBS, 2009) database 
(Eidenshink et al., 2007), also Landsat-based. In that data set (Sch­
wind, 2008 ). the year of the fire is specified and fire intensity is 
classified as high, medium, or low. 

Disturbances previous to 1972 were prescribed on the basis of 
estimated stand age, again based on Landsat imagery. Stand age 
for all pixels not disturbed since 1970 was initially mapped as a 
continuous variable that was derived from ecoregion-specific rela­
tionships between stand age and Landsat spectral data at a set of 
US Department of Agriculture (USDA) Forest Service Inventory 
and Analysis plots (Cohen eta!., 1995; Duane et al.. 2010). Tore­
duce the number of forest type by disturbance history combina­
tions in each 1 km cell, the continuous ages were binned into 
young (30-75). mature (76-150), old (151-250), and old-growth 
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(>250) age bins and assigned the bin interval midpoint for stand 
age. Effective fire suppression in our region began about the same 
time as increased logging (e.g. Hessburg and Agee, 2003 ). Thus, 
stands less than 80 years old were assumed to have originated 
with a clear-cut harvest, and stands greater or equal to 80 years 
old were assumed to have originated with a stand-replacing fire. 

2.3. Climate inputs 

The meteorological inputs to Biome-BGC are daily minimum 
and maximum temperature, precipitation, humidity, and solar 
radiation. We used a 28-year (1980-2007) time series at 1 km res­
olution developed with the Daymet model (Thornton et al., 1997; 
Thornton and Running, 1999). These data are based on interpola­
tions of meteorological station observations using a digital eleva­
tion model and general meteorological principles. 

2.4. Soil inputs 

Coverages for soil texture and depth (CONUS, 2007) were ob­
tained from the Soil Information for Environmental Modeling and 
Ecosystem Management group at Penn State University (Miller 
and White, 1998). These surfaces of soil characteristics were based 
on the USDA/NRCS State Soil Geographic Database (STATSGO). 

2.5. Biome-BGC parameterization and application 

The parameterization of ecophysiological constants in Biome­
BGC is cover type and ecoregion specific. Our values were from 
the literature (White et al., 2000) and our field measurements 
(Law et al., 2006). Representative values are given in Turner 
et al., (2007). For the conifer cover class (89% of forests in our final 
cover map), a final parameter optimization was performed at the 
ecoregion scale to minimize bias in the age-specific patterns in 
wood mass relative to USDA Forest Inventory and Analysis (FIA) 
plot data (Hudiburg et al., 2009; Turner et al., 2011 ). Two parame­
ters - the fraction of leaf nitrogen as rub is co (FLNR) and the annual 
mortality (%) - were optimized simultaneously by comparing ob­
served and predicted woodmass at all FIA plot locations using a 
plausible range of parameter values. FLNR has been used previ­
ously in optimization exercises with Biome-BGC because the mod­
el net primary production is sensitive to it, and its value is poorly 
constrained by measurements (Thornton et al., 2002; Turner 
et al., 2003b). Mortality is likewise poorly constrained and it has 
a strong influence on simulated woodmass. 

Our analysis is specifically aimed at accounting for disturbance 
effects on carbon budgets, thus we specified the fate of all biomass 
pools at the time of a simulated disturbance. In the case of clear­
cut harvest, the ratio of removals to residues was based on Turner 
et al.. ( 1995 ), and for fire, the proportions of each carbon pool that 
were combusted were from Campbell et al. (2007). 

To run the model at a given point, there is an initial "spin-up" 
for approximately 1000 years to bring the slow turnover soil car­
bon pools into near equilibrium with the local climate. The 
28 years of climate data were recycled as needed for that purpose. 
The model then simulates one or two prescribed disturbances in 
specific years as the simulation is brought up to 2007. 

Our earlier studies in this region have shown that the scale of 
the spatial heterogeneity associated with land management is sig­
nificantly less than 1 km (Turner et al., 2000). However, because of 
the computational demands of the model spin-ups, it was not pos­
sible to do an individual model run for each 25 m resolution grid 
cell in the study area. Thus, the model was run once in each 
1 km cell for each of the 5 most common combinations of cover 
type and disturbance history. Following that procedure, 92% of 
1 km cells in the study had greater than 80% of their area directly 

accounted for. For mapping the carbon stocks and fluxes, an area­
weighted mean value across the cover type by disturbance history 
classes was calculated for each 1 km cell. 

2.6. Harvest removals 

Harvest removals in terms of volume are tracked at the county 
level in Washington by the Department of Revenue (DOR, 2009), 
in Oregon by the Oregon Department of Forestry (ODF, 2006), in 
California by the California State Board of Equalization (CSBE, 
2008). Data not on line was obtained directly from these agencies. 
These values in terms of volume were converted to carbon mass 
using the carbon densities in Turner et al. (1995) and the assump­
tion that biomass is 50% carbon. County-level averages were area 
weighted in cases where county boundaries crossed NWFP 
boundaries. 

2. 7. Fire emissions 

Estimates of direct emissions from forest fire were based on (1) 
our remote sensing analysis for area burned and fire severity, (2) 
carbon stocks (i.e. fuel loads) in the burned areas from the 
Biome-BGC simulations, and (3) transfer coefficients that quanti­
fied the proportion of each carbon stock that burned based on 
our post-fire field studies in the region (Campbell et al.. 2007). 

2.8. Uncertainty assessment 

Previous studies have examined uncertainty in our Landsat­
based change detection (Cohen et al., 2002,201 0) and stand age 
mapping (Duane et al., 2010), in the DAYMET climate interpola­
tions (Thornton et al., 2000; Daly et al., 2008), in Biome-BGC 
parameterization (Thornton et al., 2002; White eta!., 2000; Wang 
et al., 2009; Mitchell eta!., 2009), and in the effects of including fire 
intensity in the fire emissions estimate (Meigs et al., in press). Here 
we focus on comparisons of region wide flux estimates with 
changes in stocks based on forest inventory data. 

3. Results 

Forests cover 73% of the study area and the ratio of private to 
public forestland (Fig. 1) is approximately one to one (52-48%). 
The age class distribution of the forests in 2000 differs between 
ownership classes, with a larger proportion of older forests on pub­
lic lands (Fig. 2). 

The most conspicuous feature of the record of harvest removals 
is the sharp drop between the late 1980s and the mid 1990s 
(Fig. 3). The peak harvest years over our 27-year record were in 

50 
(/} 

Q) 
40 X a: -30 0 

Q) 
0> 
ro 20 ..... 
c 
Q) 
(.) 

10 .... 
Q) 

a. 
0 

1-15 16-45 46-100 101-200 > 200 

Age Class 

Fig. 2. Forest age class distribution in 2000 by ownership class. 
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Fig. 3. Annual harvest removals (A) and direct fire emissions (B) for the NWFP area 
1985-2007. 

the mid to late 1980s when especially large volumes were associ­
ated with logging of old-growth forests on public lands. Harvest 
removals on public lands fell from a high of 10.8 TgC year- 1 in 
1988 to a low of 1.5 TgC year- 1 in 2000. Removals on private land 
were nearly stable, averaging 11.3 (SD 1.3) TgC year-·1 over that 
period. In the 2003-2007 interval, there was a small increase in 
the harvest level on private lands because of high wood demand 
associated with an economic upturn. 

Direct emissions from forest fires showed strong interannual 
variation (Fig. 3), with highest emissions in relalively warm years, 
as has been reported for the western US as a whole (Westerling 
et al., 2006). Fire emissions were predominantly on public lands 
(95%) of all area burned), reflecting in part their remoteness. Cur­
rent polices on federal land calls for suppressing all fires except 
in Wilderness areas, but success in fire suppression varies widely. 
The magnitude of direct fire emissions during the study period was 
not large relative to logging removals (Fig. 3 ). We estimated that 
the extraordinarily large Biscuit Fire in southern Oregon in 2002 
released 4.9 TgC directly into the atmosphere, still considerably 
less than annual logging removals in Oregon. 

Mean NEP for the 2003-2007 interval (Fig. 4) showed a general 
pattern of decrease in moving from the mesic heavily managed 

coastal ecoregion to the cooler, mostly public ownership forestland 
in the Cascade Mountains. That spatial pattern reflects both a cli­
matically driven gradient in potential forest productivity (Latta 
et al., 2009) and the larger proportion of private forestland in the 
Coast Range, which is managed for high productivity. Mean NEP 
(2003-2007) tended to be higher on public than private land 
( 163 vs. 138 gC m- 2 year- 1

) reflecting the significantly smaller 
proportion of the area with negative NEPs (Fig. 5 ). These post­
disturbance stands are typically a large carbon source because of 
reduced NPP and increased heterotrophic respiration associated 
with decomposition of logging or fire residues (Campbell et al., 
2004; Amiro et al., 2010) . 

Both private and public lands were a NECB source in the late 
1980s because of the high rate of harvest removals (Fig. 6). The big­
gest difference in pre- and post-NWFP carbon flux was the increase 
in public land NECB (Fig. 6), rising from an -48 gC m-2 year- 1 

source in the late 1980s to an 141 gC m-2 year- 1 sink in the late 
1990s and 136 gC m-2 year- 1 sink in the 2003-2007 interval. A 
carbon source is expected during periods when harvest removals 
exceed wood production. The primary factor driving the change 
in NECB was the large decrease in timber removals (Fig. 3). A small 
proportion of the increase in mean NEP on public lands for the 
1995-1999 interval relative to the 1985-1989 interval was due 
to a more favorable climate for NEP (Potter et al., 2003; Turner 
et al., 2007), which is also reflected on private lands, and a change 
in the age class distribution such that fewer stands were in the 
0-10 year age class with large negative NEP. On private land, NECB 
increased from -76 gC m-2 year- 1 in the late 1980s to 
29 gC m - 2 year- 1 in the late 1990s and 16 gC m - 2 year- 1 in the 
2003-2007 interval, driven by both the more favorable NEP and 
a small reduction in harvest level. 
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Fig. 4. Net ecosystem production for the NWFP area (2003-2007 mean). 
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4. Discussion 

4.1. The response of regional carbon sequestration to management 

At the time of the arrival of settlers to the Pacific Northwest in 
the mid 19th century, it is estimated that about two thirds of the 
forested area was old conifer forest, i.e. greater than 150 years of 
age (Strittholt eta!., 2006). This large carbon stock had accumulated 
over a period of centuries against a background of infrequent stand 
replacing disturbances, notably fire (Garman eta!., 1999). Since the 
late 19th Century, these stocks have been significantly drawn down 
by intensive harvesting. A small proportion of that harvested car­
bon remains as products still in use or in landfills (Harmon et al., 
1996), while the remainder has been returned to the atmosphere. 

Previous to the implementation of the NWFP, harvest rates on 
both public and private forestland were high enough that NECB 
was negative. Essentially, the volume of harvest removals was 
greater that the volume of net growth. However, by the late 
1990s, the large harvest reduction on public forest land resulted 
in a gradually increasing NEP as the proportion of the land base 
that was very young, hence with highly negative NEP, decreased. 
Also, the large area that had been harvested in previous decades 
was coming into a period of strong carbon accumulation. Because 
most of the stem carbon from forest growth remained in the forest, 
the NECB became increasingly positive. 

On private forest land in the study area, there was a small de­
crease in harvest level by the late 1990s relative to the pre-NWFP 
period. That harvest rate approximated the rate of net ecosystem 
production, thus NECB came close to zero. NECB is expected to tend 
towards zero in a managed land base with an even age class distri­
bution maintained by a level of clear-cut harvesting that matches 
net growth of merchantable wood (Smithwick et al., 2007). The 
mean NEP in that case is a balance of mostly young to mature 
stands with strongly positive NEP and smaller areas of recently 
harvest stands with negative NEPs (Fig. 5 ). 

Direct fire emissions in the study area have generally been 
small relative to NEP and harvest removals. Mean emissions for 
the 1995-1999 period were 0.2 TgC year- 1 compared to a mean 
NEP of 27 TgC year- 1 and mean harvest removals of 
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12.6 TgC year- 1. The fire emissions on public land did increase in 
the 2002-2006 period, but that included the anomalously large 
Biscuit fire in southwest Oregon (the largest contiguous fire in Ore­
gon's history). The slow decomposition of dead wood left after the 
Biscuit fire will exert a downward influence on regional NEP for an­
other decade or more (Amiro et al., 2010; Meigs et al., in press) but 
as the stock of woody debris declines and regrowth increase, NEP 
in the disturbed area will become strongly positive. 

4.2. Uncertainty in flux estimates 

Our simulation of carbon loss from the land base for 1985-1989 
period is supported by retrospective forest inventory analyses. 
Donnegan et a\. (2008, Fig. 31) and Campbell et a!. (201 0, Fig. 28) 
reported decreases in the volume of growing stock on timberland 
in Oregon and Washington in the late 1980s. The comparable re­
port for California (Christensen et al. (2008, Fig. 28) suggests a 
modest increase during that period. Inventory based estimates of 
changes in wood volume also suggest an increase in wood volume 
on public lands for western Oregon and Washington after 1990, 
whereas the volume on forest industry lands was stable (Smith 
and Heath, 2004; Alig et a\., 2006). A USDA Forest Service analysis 
that included all carbon stocks found a positive NECB for all three 
states in recent years. but there is not a break out by public vs. pri­
vate land (Woodbury et al., 2007). 

Uncertainty on the estimated direct fire emissions is improved 
here over our previous analyses (Turner et al., 2007) because we 
used the MTBS estimates for fire extent and severity (Meigs 
eta!., in press). Our estimate of direct C emissions for the 2002 Bis­
cuit Fire in Oregon here was 4.9 TgC, which compares to 3.8 TgC in 
a detailed study by Campbell et al. (2007) and 5.3 TgC in the na­
tionallevel study of Weidinmyer and Neff (2007). 

Given the significant area of older forests that remain on public 
lands, there is strong interest in understanding the degree to which 
relatively old forests continue to accumulate carbon. Eddy 
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covariance measurements in the study region and elsewhere (Law 
eta!., 2001; Luyssaert eta!., 2008) tend to suggest continuing sinks, 
as do chronosequence studies of forest inventory data (Lichstein 
eta!., 2009; Hudiburg eta!., 2009). However, Monte Carlo analysis 
of modeled NEP based on individual flux measurements did not 
support a significant carbon sink at the Wind River flux tower in 
our study region (Harmon eta!., 2004) and a multiyear record of 
eddy covariance measurements at the site found an average sink 
of only -49 gC m-2 year- 1 (Falk eta!., 2008). The Biome-BGC mod­
el runs here generally simulated small sinks in old growth forests, 
with significant interannual variation associated with climate. 

The accurate mapping of stand age is a key issue in reducing 
uncertainty in regional simulations of forest carbon flux in western 
coniferous forests. Here we used a time series of Landsat images at 
intervals of 3-5 years in the early Landsat record, and an annual 
interval in the more recent years, to capture stand replacing distur­
bance. We did not account for partial disturbance events such as 
insect outbreaks and thinning. These events are beginning to con­
stitute an increasing proportion of disturbance events in this re­
gion, and as our skill in detecting them with Landsat data 
increases (Kennedy eta!., 2010), they can begin to be incorporated 
in the carbon cycle simulations. Field studies of thinning and insect 
outbreaks suggested that NPP and NEP decrease for over a decade 
after these non-stand replacing disturbances (Campbell et a!., 
2009; Pfeifer et al., 2010; Brown et al., 201 0). 

Stands over 30 years of age were mapped here using spectral 
data from Landsat and reference plot data from FIA (Duane eta!., 
201 0). Relationships of stand age to spectral data were relatively 
weak, and alternative approaches such as gradient nearest neigh­
bor analysis (Ohmann and Gregory, 2002) that incorporate addi­
tional information such as slope and aspect may improve the 
stand age mapping process. Application of lidar and radar (Kelln­
dorfer eta!., 2011) could also help in this regard. Coarse resolution 
( 1 km or greater) mapping of stand age (Pan et al., 2011) is prob­
lematic for detailed carbon cycle simulation in our study region be­
cause the scale of the heterogeneity in stand age is generally finer 
than 1 km (Turner et al.. 2000). 

4.3. Management for multiple ecosystem services 

The ecosystem services paradigm aims to take into consider­
ation multiple services and stakeholders (de Groot et al., 2010). It 
is particularly relevant in the case of managing public forestland 
because there are likely to be significant trade-offs among wood 
production, carbon sequestration, and conservation of biodiversity 
associated with different management strategies. Modeling efforts 
that incorporate one or more ecosystem services are beginning to 
be developed (e.g. Nelson et al., 2009) but they are difficult to 
implement, in part because of extensive data requirements. Re­
mote sensing of land cover, land use, and disturbance (Masek 
et al., 2011) offers the opportunity to study ecosystem services in 
a spatially-explicit manner over large areas, which can be impor­
tant when management varies in space and time. The use of simu­
lation models to quantify ecosystem services is also desirable 
because it clarifies the mechanisms involved. In this study, we 
established a remote sensing/modeling framework for assessing 
the ecosystem service of carbon sequestration within a regional 
socioecological system in which the additional ecosystem service 
of maintaining biodiversity was of interest. The management re­
gime devised to conserve biodiversity meant a reduction in har­
vests. We were able to isolate the relative importance of harvest 
intensity, fire, and climatically-driven gradients in forest produc­
tivity on the rate of carbon sequestration. Future deliberations 
within the NWFP socioecological system can thus take into account 
this additional ecosystem service. 

Efforts to monetize ecosystem services opens the possibility of 
explicitly evaluating trade-offs among them (Daily et a!., 2000). 
Multiple studies have evaluated the carbon sequestration potential 
of forests in the Pacific Northwest and how it relates in economic 
terms to the value of timber harvests (Depro et al., 2008; lm 
et a!., 201 0). The economic valuation of biodiversity conservation 
is more difficult and will rely in part on assessing the vulnerability 
of a given species to extinction (Edwards and Abivardi, 1998). Spa­
tially-explicit analyses that track habitat availability and popula­
tion structure could be juxtaposed with spatially-explicit 
simulation of carbon flux to estimate a net benefit. As the scale re­
quired to effectively manage multiple ecosystem services contin­
ues to expand (Peters et al., 2009), a spatially-explicitly approach 
based on remote sensing becomes more essential both in terms 
of reconstructing historical change and monitoring responses to 
management. Spatially-explicit simulation of responses to differ­
ent policy scenarios is also beginning to be employed for manage­
ment purposes and may provide a means of communication among 
stakeholders (Carpenter et al., 2006) and for integrated analysis of 
ecosystem services across spatial scales (Hein et al., 2006). 

5. Summary and Conclusions 

The implementation of the Northwest Forest Plan in 1993 cre­
ated a socioecological system framework for natural resource man­
agement in the region. Carbon sequestration is one among multiple 
ecosystem services that are provided by forests, and the combina­
tion of remote sensing and carbon cycle modeling offers the oppor­
tunity to quantify its magnitude and trends in a spatially-explicit 
manner. Here we found that previous to the NWFP, the NECB of 
forest land in the study area was generally negative (i.e. losing car­
bon). By the late 1990s and into the following decade, a harvest 
reduction on public lands driven by the implementation of the 
NWFP had resulted in a large carbon sink. On private forest land, 
subject to a much smaller harvest reduction, the NECB approached 
zero. Direct losses of carbon from fire emissions were generally 
small relative to NECB. The spatially and temporally explicit nature 
of our carbon balance monitoring framework permits the ecosys­
tem service of carbon sequestration to be juxtaposed with 
co-occurring ecosystem services such as wood production and 
conservation of biodiversity. This type of framework can move 
:>ociety in the direction of examining trade-offs among multiple 
ecosystem services. 

Acknowledgements 

This research was supported by the (1) Office of Science (BER), 
US Department of Energy (DOE, Grant No. DE-FG02-06ER63917), 
for the North American Carbon Program study, "Integrating 
Remote Sensing, Field Observations, and Models to Understand 
Disturbance and Climate Effects on the Carbon Balance ofthe West 
Coast US", and (2) Office of Science (BER), US Department of Energy 
contract No. DE-ACOS-OOOR22725 to Oak Ridge National Labora­
tory (managed by UT-Battelle, LLC for the US Department of 
Energy). 

References 

Alig, R.J., Krankina, O.N., Yost, A., Kuzminykh,J., 2006. Forest carbon dynamics in the 
Pacific Northwest (USA) and the St. Petersburg region of Russia: comparisons 
and policy implications. Clim. Change 79, 335-360. 

Amiro, B.D., Barr, A. G., Barr, J.G., Black, T.A., Bracho, R., Brown, M .. et al., 2010. 
Ecosystem carbon dioxide nuxes after disturbance in forests of North America. J. 
Geophys. Res.-Biogeosci. 115, GOOK02. 

Berkes, F., Folke, C., 1998. Linking Social and Ecological Systems: Management 
Practices and Social Mechanisms for Building Resilience. Cambridge University 
Press, Cambridge, UK. 



1324 D.P. Turner et al./ Forest Ecology and Management 262 (2011) 1318-1325 

BLM. 2011. Bureau of Land Management. Oregon/Washington Surface Management 
Ownership. <http://www.blm.govjorfgis/data-details.php?data=dsOOOOll >. 
Accessed April 2011. 

Bousquet, P., Peylin, P., Ciais, P., Quere, C.L., Friedlingstein, P., Tans, P.P., 2000. 
Regional changes in carbon dioxide fluxes of land and oceans since 1980. 
Science 290, 1342-1346. 

Brown, M., Black, T.A., Nesic, Z., Foard, V.N., Spittlehouse, D.L., Fredeen, A.L., Grant, 
N.j.. Burton, P.j., Trofymow,j.A., 2010.1mpact of mountain pine beetle on the net 
ecosystem production of lodgepole pine stands in British Columbia. Agric. For. 
Meteorol. ISO, 254-264. 

Campbell, j., Donato, D., Azuma, D.L., Law, B., 2007. Pyrogenic carbon emission from 
a large wildfire in Oregon, United States. j. Geophys. Res.-Biogeosci. 12, G04014. 

Campbell, j., Sun, O.j., Law, B.E., 2004. Disturbance and net ecosystem production 
across three climatically distinct forest landscapes. Glob. Biogeochem. Cycl. 18, 
GB4017, doi:401 0.1 029/2004GB002236. 

Campbell, j., Alberti, G., Martin, j., Law, B.E., 2009. Carbon dynamics of a ponderosa 
pine plantation following a thinning treatment in the northern Sierra Nevada. 
For. Ecol. Manage. 2S7, 453-463. 

Campbell, S., Waddell, K.L., Gray, A., 2010. Washington's Forest Resources, 2002-
2006: Five Year Forest Inventory and Analysis Report. US Department of 
Agriculture Forest Service. Pacific Northwest Experimental Station, Portland OR. 

Canadell, j.G., Le Quere, C., Raupach, M.R., Field, C.B., Buitenhuis, E.T., Ciais, P., 
Conway, T.j., Gillett, N.P., Houghton, R.A., Marland, G., 2007. Contributions to 
accelerating atmospheric C02 growth from economic activity, carbon intensity, 
and efficiency of natural sinks. Pro c. Nat!. Acad. Sci. USA I 04, 18866-18870. 

Carpenter, S.R., Bennett, E.M., Peterson, G.D., 2006. Special feature on scenarios for 
ecosystem services. Ecol. Soc. II, 4. 

Carpenter, S.R., Mooney, H.A., Agard, j., Capistrano, D., Defries, R.S., Diaz, S., Dietz, T., 
Duraiappah, A.K., Oteng-Yeboah, A., Pereira, H.M., Perrings, C., Reid, W.V., 
Sarukhan, j., Scholes, R.j., Whyte, A., 2009. Science for managing ecosystem 
services: beyond the millennium ecosystem assessment. Proc. Nat!. Acad. Sci. 
USA 106, 1305-1312. 

Christensen, G.A., Campbell, S.j., Fried, j.S., 2008. California's Forest Resources, 
2001-200S: Five-year Forest Inventory and Analysis Report. US Department of 
Agriculture, Forest Service, Pacific Northwest Research Station, Portland OR, p. 
183 p. 

Cohen, W.B., Spies, T.A., Fiorella, M., 1995. Estimating the age and structure of 
forests in a multi-ownership landscape of Western Oregon. USA Internat. j. Rem. 
Sens. 16,721-746. 

Cohen, W.B., Harmon, M.E., Wallin, D.O., Fiorella, M., 1996. Two decades of carbon 
flux from forests of the Pacific Northwest. BioScience 46, 836-844. 

Cohen, W.B., Spies, T.A., Alig, R.j., Getter, D.R., Maiersperger, T.K., Fiorella, M., 2002. 
Characterizing 23 years ( 1972-9S) of stand replacement disturbance in western 
Oregon forests with Landsat imagery. Ecosystems S, 122-137. 

Cohen, W.B., Yang, Z.G., Kennedy, R., 2010. Detecting trends in forest disturbance 
and recovery using yearly Landsat time series: 2 TimeSync - Tools for 
calibration and validation. Remote Sens. Environ. 114, 2911-2924. 

CONUS, 2007. Conterminous United States multi-layer soil characteristics data set 
for regional climate and hydrology modeling. <http:ffwww.soilinfo.psu.edu/ 
index.cgi?soil_data&conus>. Accessed April 2011. 

CSBE. 2008. California State Bureau of Equalization. <http:jjwww.boe.ca.gov/ 
proptaxes/timbertax.htm>. Accessed April 2010. 

Daily, G.C., Soderqvist, T., Aniyar, S., Arrow, K., Dasgupta, P., Ehrlich, P.R., Falke, C., 
Jansson, A., Jansson, B.O., Kautsky, N., Levin, S., Lubchenco, j., Maler, K.G., 
Simpson, D., Starrett, D., Tilman, D., Walker, B., 2000. Ecology - The value of 
nature and the nature of value. Science 289, 395-396. 

Daly, C., Halbleib, M., Smith, j.l., Gibson, W.P., Doggett, M.K., Taylor. G.H., Curtis, j., 
Pasteris, P.P., 2008. Physiographically sensitive mapping of climatological 
temperature and precipitation across the conterminous United States. Int. j. 
Climatol. 28, 2031-2064. 

de Groot, R.S., Alkemade, R., Braat, L., Hein, L., Willemen, L., 2010. Challenges in 
integrating the concept of ecosystem services and values in landscape planning, 
management and decision making. Ecol. Complex 7, 260-272. 

Depro, B.M., Murray, B.C., Alig, R.j., Shanks, A., 2008. Public land, timber harvests, 
and climate mitigation: Quantifying carbon sequestration potential on US 
public timberlands. For. Ecol. Manage. 2SS, 1122-1134. 

Donnegan, j., Campbell, S., Azuma, D., 2008. Oregon Forest Resources, 2001-2005: 
Five Year Forest Inventory and Analysis report in US Department of Agriculture 
Forest Service. Pacific Northwest Research Station, Portland OR. 

DOR. 2009. Washington Department of Revenue. <http://dor.wa.govjcontcnt/ 
FindTaxesAndRatesjOtherfaxesjTimberjforst_stat.aspx>. Accessed April 201 I. 

Duane, M.V., Cohen, W.B., Campbell, j.L., Hudiburg, T., Weyermann, D., Turner, D.P., 
2010. Implications of two different field-sampling designs on landsat-based 
forest age maps used to model carbon in Oregon forests. For. Sci. 65, 40S-416. 

Edwards, P.j., Abivardi. C., 1998. The value of biodiversity: where ecology and 
economy blend. Bioi. Conserv. 83, 239-246. 

Eidenshink, j., Schwind, B., Brewer, K., Zhu, Z.L., Quayle, B., Howard, S.M., 2007. A 
project for monitoring trends in burn severity. Fire Ecol. 3, 3-21. 

Falk, M., Wharton, S., Schroeder, M., Us tin, S.L., Paw, U., 2008. Flux partitioning in an 
old-growth forest: seasonal and interannual dynamics. Tree Physiol. 28, 509-
520. 

Garman, S.L., Swanson, F.j., Spies, T.A., 1999. Past, Present, Future Landscape 
Patterns in the Douglas-fir Region of the Pacific Northwest. In: Rochelle, j.A., 
Lehmann, L.A., Wisniewski, j. (Eds.), Forest Fragmentation: Wildlife and 
Management Implications. Brill Academic Publishing, The Netherlands, pp. 
61-86. 

Harmon, M.E., Harmon, j.M., Ferrell, W.K., Brooks, D., 1996. Modeling carbon stores 
in Oregon and Washington forest products: 1900-1992. Climatic Change 33, 
S21-SSO. 

Harmon, M.E., Bible, K., Ryan, M.G .. Shaw, D.C., Chen, H., Klopatek, j., Li, X., 2004. 
Production, respiration, and overall carbon balance in an old-growth 
Pseudotsuga forest ecosystem. Ecosystems 7, 498-512. 

Hein, L., van Koppen, K., de Groot, R.S., van lerland, E.C., 2006. Spatial scales, 
stakeholders and the valuation of ecosystem services. Ecol. Econ. 57, 209-228. 

Hess burg, P.F., Agee, j.K., 2003. An environmental narrative of Inland Northwest 
United States forests, 1800-2000. For. Ecol. Manage. 178, 133-302. 

Hudiburg, T .. Law, B., Turner, D.P., Campbell, j., Donato, D., Duane, M., 2009. Carbon 
dynamics of Oregon and Northern California forests and potential land-based 
carbon storage. Ecol. Appl. 19, 163-180. 

lm, E. H., Adams, D.M., Latta, G.S., 2010. The impacts of changes in federal timber 
harvest on forest carbon sequestration in western Oregon. Can. j. For. Res. 40, 
1710-1723. 

Kellndorfer,j., Walker, W., LaPoint, L., Bishop,]., Cormier, T., Fiske, G., Kirsch, K., "The 
National Biomass and Carbon Dataset - A hectare-scale dataset of vegetation 
height, aboveground biomass and carbon stock of the conterminous United 
States." Data published by The Woods Hole Research Center, 2011. <http:// 
whrc.org/nbcd>. Accessed April 2011. 

Kennedy, R.E., Yang, Z.G., Cohen, W.B., 2010. Detecting trends in forest disturbance 
and recovery using yearly Landsat time series: I LandTrendr - Temporal 
segmentation algorithms. Remote Sens. Environ. 114, 2897-2910. 

Latta, G., Temesgen, H., Barrett, T.M., 2009. Mapping and imputing potential 
productivity of Pacific Northwest forests using climate variables. Can. j. For. Res. 
39, 1197-1207, 

Law, B. E., Thornton, P.E., Irvine, j., Anthoni, P.M., VanTuyl, S., 2001. Carbon storage 
and fluxes in ponderosa pine forests at different development stages. Glob. 
Change Bioi. 7, 1-23. 

Law, B.E., Turner, D., Campbell, j., Van Tuyl, S., Ritts, W.D., Cohen, W.B., 2004. 
Disturbance and climate effects on carbon stocks and nuxes across Western 
Oregon USA. Glob. Change Bioi. 10, 1429-1444. 

Law, B. E., Turner, D.P., Lefsky, M., Campbell, j., Guzy, M., Sun, 0., VanTuyl, S., Cohen, 
W.B., 2006. Carbon Fluxes Across Regions: Observational Constraints at 
Multiple Scales. In: Wu, j., jones, B., Li, H .. Loucks, 0. (Eds.), Scaling and 
Uncertainty Analysis in Ecology: Methods and Applications. Columbia 
University Press, New York, pp. 167-190. 

Le Quere, C., Raupach, M.R., Canadell, j.G., Marland, G., Bopp, L., Cia is, P., Conway, 
T.j., Doney, S.C., Feely, R.A., Foster, P., Friedlingstein, P., Gurney, K., Houghton, 
R.A., House, j.l., Huntingford, C., Levy, P.E., Lomas, M.R., Majkut, j., Metzl, N., 
Ometto, J.P., Peters, G.P., Prentice, I. C., Randerson, j.T., Running, S.W., Sarmiento, 
j.L, Schuster, U., Sitch, S., Takahashi, T., Viovy, N., van derWerf, G.R., Woodward, 
F. I., 2009. Trends in the sources and sinks of carbon dioxide. Nat. Geosci. 2, 831-
836. 

Lichstein,j.W., Wirth, C., Horn, H.S., Pacala, S.W., 2009. Biomass Chronosequences of 
United States forests: Implications for Carbon Storage and Forest Management. 
In: Wirth, C. et al. (Eds.), Old-Growth Forests. Springer-Verlag, Berlin. 

Liu, j.G., Dietz, T., Carpenter, S.R., Falke, C., Alberti, M., Redman, C.L., Schneider, S.H., 
Ostrom, E., Pell, A.N., Lubchenco, j., Taylor, W.W., Ouyang, Z.Y., Deadman, P., 
Kratz, T., Provencher, W., 2007. Coupled human and natural systems. Ambia 36, 
639-649. 

Luyssaert, S., Schulze, E.D., Borner, A., Knohl, A., Hessenmoller, D., Law, B.E., Ciais, 
P., Grace, j., 2008. Old-growth forests as global carbon sinks. Nature 4SS, 213-
21S. 

Masek, j.G., Cohen, W.B., Leckie, D., Wulder, M.A., Vargas, R., Dejong, B., Healey, S., 
Law, B., Birdsey, R., Houghton, R.A., Mildrexler, D., Goward. S., Smith, W.B., 2011. 
Recent rates of forest harvest and conversion in North America. j. Geophys. 
Res.-Biogeosci. 116, doi: 10.1029/2010jg00l471. 

Mcdonald, G.T., Lane, M.B., 2004. Converging global indicators for sustainable forest 
management. For. Pol. Econ. 6, 63-70. 

Meigs, G.W .. Turner, D.P .. Ritts, W.D., Yang. Z .. Law, B.E., 2011. Detection and 
simulation of heterogeneous fire effects on pyrogenic carbon emissions. tree 
mortality, and net ecosystem production. Ecosystems, doi: I 0.1007 fs 1002 I-
0 I I -9444-8. 

Miller, D.A .. White, R.A., 1998. A Conterminous United States Multi-Layer Soil 
Characteristics Data Set for Regional Climate and Hydrology Modeling. Earth 
Interactions 2. 

MTBS. 2009. Monitoring Trends in Burn Severity. Report on the Pacific Northwest 
and Pacific Southwest fires. <http://mtbs.gov/>. Accessed April 2011. 

Mitchell, S., Beven, K., Freer, j., 2009. Multiple sources of predictive uncertainty in 
modeled estimates of net ecosystem C02 exchange. Ecol. Model. 220, 3259-
3270. 

Nelson, E., Mendoza, G., Regetz, j., Polasky, S., Tallis, H., Cameron, D.R., Chan, K.M.A., 
Daily, G.C., Goldstein, j., Kareiva, P.M., Lonsdorf, E., Naidoo, R., Ricketts, T.H., 
Shaw, M.R., 2009. Modeling multiple ecosystem services, biodiversity 
conservation, commodity production, and tradeoffs at landscape scales. Front. 
Ecol. Environ. 7, 4-11. 

ODF, 2006. Oregon Department of Forestry, Complete Harvest Data 1962-Present. 
<http:/ fwww .ad f.s tate .or.u s /DIVISIONS I resource _policy jresou rce _pia nning/ 
Annuai_Reports/>. Accessed April 2011. 

Ohmann, j.L, Gregory, M.j., 2002. Predictive mapping of forest composition and 
structure with direct gradient analysis and nearest-neighbor imputation in 
coastal Oregon. USA Can. j. For. Res. 32,725-741. 

Pacala, S., Socolow, R., 2004. Stabilization wedges: Solving the climate problem for 
the next SO years with current technologies. Science 30S, 968-972. 



D.P. Turner et a/.( Forest Ecology and Management 262 (2011) 1318-1325 1325 

Pan, Y., Chen, J.M., Birdsey, R., McCullough, K., He, L., Deng, F., 2011. Age structure 
and disturbance legacy of North American forests. Biogeosciences 8, 715-732. 

Peters, G.P., Marland, G., Hertwich, E.G., Saikku, L., Rautiainen, A., Kauppi, P.E., 2009. 
Trade, transport, and sinks extend the carbon dioxide responsibility of 
countries: an editorial essay. Clim. Change 97, 379-388. 

Pfeifer, E.M., Hicke, ].A., Meddens, A.J.H., 2010. Observations and modeling of 
aboveground tree carbon stocks and fluxes following a bark beetle outbreak in 
the western United States. Glob. Change Bioi. 17, 339-350. 

Potter, C., Klooster, S., Myneni, R., Genovese, V., Tan, P., Kumar, V., 2003. Continental 
scale comparisons of terrestrial carbon sinks estimated from satellite data and 
ecosystem modeling 1982-98. Glob. Planet Change 39, 201-213. 

Schwind, B.C., 2008. Monitoring Trends in Burn Severity. Report on the Pacific 
Northwest and Pacific Southwest Fires- 1984-2005. http://mtbs.gov. Accessed 
April 2011. 

Smith, ].E., Heath, L.S., 2004. Carbon stocks and projections on public forestlands in 
the United States, 1952-2040. Environ. Man. 33, 433-442. 

Smith. W.B., Miles, P.O .. Vissage,j.S., Pugh, S.A., 2004. Forest Resources of the United 
States, 2002. General Technical Report NC-241. US Department of Agriculture, 
Forest Service, North Central Research Station. St. Paul, MN. 

Smithwick, E.A.H .. Harmon, M.E .. Domingo, j.B., 2007. Changing temporal patterns 
of forest carbon stores and net ecosystem carbon balance: The stand to 
landscape transformation. Land. Ecol. 22, 77-94. 

Strittholt, j.R .. DellaSala, D.A .. Jiang, H .. 2006. Status of mature and old-growth 
forests in the Pacific Northwest. Conser. Bioi. 20, 363-374. 

Thomas, j.W .. Franklin, j.F .. Gordon, j., johnson, K.N., 2006. The northwest forest 
plan: origins, components. implementation experience, and suggestions for 
change. Conser. Bioi. 20, 277-287. 

Thornton, P.E., Running, S.W., White, M.A .. 1997. Generating surfaces of daily 
meteorological variables over large regions of complex terrain. j. Hydro!. 190, 
214-251. 

Thornton, P.E .. Running, S.W., 1999. An improved algorithm for estimating incident 
daily solar radiation from measurements of temperature, humidity, and 
precipitation. Agric. For. Meteorol. 93,211-228. 

Thornton, P.E .. Hasenauer, H .. White, M.A .. 2000. Simultaneous estimation of daily 
solar radiation and humidity from observed temperature and precipitation: an 
application over complex terrain in Austria. Agric. For. Meteorol. 104,255-271. 

Thornton, P.E., Law, B.E .. Gholz, H.L., Clark, K.L., Falge, E., Ellsworth, D.S., Goldstein, 
A.H .. Monson, R.K., Hollinger, D .. Falk, M., Chen, j .. Sparks, J.P., 2002. Modeling 
and measuring the effects of disturbance history and climate on carbon and 
water budgets in evergreen needle leaf forests. Agric. For. Meteorol. 113, 185-
222. 

Turner, D.P., Koerper, G.j., Harmon, M.E .. Lee,j.j., 1995. A carbon budget for forests of 
the conterminous United States. Ecol. Appli. 5, 421-436. 

Turner, D.P .. Cohen, W.B., Kennedy, R.E .. 2000. Alternative spatial resolutions and 
estimation of carbon flux over a managed forest landscape in Western Oregon. 
Land. Ecol. 15,441-452. 

Turner, D.P .. Guzy, M., Lefsky, M.A., Van Tuyl, S .. Sun, 0., Daly, C., Law, B.E., 2003a. 
Effects of land use and fine-scale environmental heterogeneity on net 
ecosystem production over a temperate coniferous forest landscape. Tellus 
558, 657-668. 

Turner, D.P .. Ritts, W.D., Cohen, W.B., Gower, S.T., Zhao, M., Running, S.W .. Wofsy, 
S.C., Urbanski, S., Dunn, A., Munger, j.W .. 2003b. Scaling gross primary 
production (GPP) over boreal and deciduous forest landscapes in support of 
MODIS GPP product validation. Remote Sens. Environ. 88, 256-270. 

Turner, D.P .. Ritts, W.O., Law, B. E., Cohen, W.B., Yang, z .. Hudiburg, T., Campbell, j.L., 
Duane, M., 2007. Scaling net ecosystem production and net biome production 
over a heterogeneous region in the western United States. Biogeosciences 4, 
597-612. 

Turner, D.P., Gockede, M .. Law, B.E .. Ritts, W.O .. Cohen, W.B., Yang, Z., Hudiburg, T., 
Kennedy, R.E., Duane, M .. 2011. Multiple constraint analysis of regional land­
surface carbon flux. Tellus 63B, 207-221. 

UCSB, 1998. California Land Ownership/Management Status. <http:ffwww. 
biogeog.ucsb.edufprojectsfgapfgap_data.html>. Accessed April 2011. 

USDA. 1994. Record of Decision for Amendments to Forest Service and Bureau of 
Land Management planning documents within the range of the northern 
spotted owl. 74 p. (plus Attachment A: Standards and guidelines). US 
Department of Agriculture. 

Vogel mann, j.E., Howard, S.M., Yang, L., Larson, C.R .. Wylie. B.K .. Van Oriel, N., 2001. 
Completion of the 1990s National Land Cover Data Set for the conterminous 
United States from Landsat Thematic Mapper data and ancillary data sources. 
Photo. Eng. Rem. Sens. 67, 650-652. 

Wang, W .. lchii, K., Hashimoto, H .. Michaelis, A.R .. Thornton, P.E., Law, B.E .. Nemani, 
R.R., 2009. A hierarchical analysis of terrestrial ecosystem model Biome-BGC: 
equilibrium analysis and model calibration. Ecol. Model. 220, 2009-2023. 

Weidinmyer, C., Neff, j.C., 2007. Estimates of C02 from fires in the United States: 
implications for carbon management. Carbon Bal. Manag. 2, 1-12. 

Westerling, A.L., Hidalgo, H.G., Cayan, D.R., Swetnam, T.W., 2006. Warming and 
earlier spring increases western US forest wildfire activity. Science 313, 940-
943. 

White, M.A., Thornton, P.E., Running, S.W., Nemani, R.R .. 2000. Parameterization and 
sensitivity analysis of the BIOME-BGC terrestrial ecosystem model: net primary 
production controls. Earth Inter. 4, 1-85. 

Woodbury, P.B .. Smith, j.E., Heath, L.S., 2007. Carbon sequestration in the US forest 
sector from 1990 to 2010. For. Ecol. Manage. 241, 14-27. 

- --- . - - - -----------


	Statement: 


