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ABSTRACT  46 

 47 

The management of federal forest lands in the Pacific Northwest (PNW) region changed in early 1990s when the 48 

Northwest Forest Plan (NWFP) was adopted with the primary goal to protect old-growth forest and associated 49 

species. A major decline in timber harvest followed, extending an earlier downward trend. The historic and 50 

projected future change in carbon (C) stores and balance on federally managed forest lands in Western Oregon (OR) 51 

and Western Washington (WA) was examined using the LANDCARB 3.0 simulation model. The projections 52 

include C stores on-site, in harvested wood products and disposal and reflect a set of contrasting visions of future 53 

forest management in the region formulated as 5 alternative management scenarios that extend to year 2100.  A 54 

significant and long-lasting net increase in total C stores on federal forest lands relative to early 1990s level was 55 

projected for both OR and WA under all examined management scenarios except the Industry Scenario which 56 

envisioned a return to historic high levels of timber harvest. In comparison with the Industry Scenario, the low 57 

levels of timber harvest under the NWFP between 1993 and 2010 were estimated to increase total C stores by 86.0 58 

TgC (5.1 TgC yr
-1

 or 2.16 MgC ha
-1 

yr
-1

) in OR; in WA the respective values were 45.2 TgC (2.66 TgC yr
-1

 or 1.33 59 

MgCha
-1 

yr
-1

).  The projected annual rate of C accumulation, reached a maximum between 2005 and 2020 60 

approaching 4 TgC yr
-1

 in OR and 2.3 TgC yr
-1

 in WA, then gradually declined towards the end of projection period 61 

in 2100. Although not the original intent, the NWFP has led to a considerable increase in C stores on federal forest 62 

lands within the first decade of plan implementation and this trend can be expected to continue for several decades 63 

into the future if the limits on timber harvest set under the NWFP are maintained. The primary goal of the NWFP to 64 

protect and restore old-growth forest may take several decades to achieve in WA whereas in OR the area protected 65 

from clearcut harvest may be insufficient to meet this goal before the end of projection period in 2100.  66 

 67 

Keywords 68 

Forest management; landscape carbon stores; timber harvest; old-growth conservation; Pacific Northwest 69 

 70 

Highlights  71 

- Model projected forest carbon stores in Oregon and Washington to year 2100 72 

- Carbon stores and patterns of change over time differed under alternative management scenarios 73 

- Continuation of the Northwest Forest Plan was projected to increase carbon stores  74 

- Return to high levels of timber harvest was projected to reduce carbon stores 75 

- Current management allows conservation of old-growth forest in Washington but not in Oregon  76 

 77 

 78 
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1. Introduction 79 

Forests are a critical part of the global biological carbon (C) cycle and their management may 80 

contribute to stabilizing the concentration of the greenhouse gas C dioxide in the atmosphere 81 

(Pacala and Sokolow 2004).  The potential of forest ecosystems to store C is well established 82 

(e.g., Post et al. 1990, Nabuurs et al. 2007, Keith et al. 2009), but the degree to which this 83 

potential is being met under different management systems is uncertain.  The conversion of older 84 

forests to younger forests has generally been shown to release C to the atmosphere (Cooper 1983, 85 

Harmon et al. 1990, Dewar 1991, Harmon and Marks 2002, Trofymow et al. 2008) and 86 

management decisions regarding remaining older forest stands is an important factor in 87 

determining how the C balance of forest landscapes changes over time.  This is especially 88 

important in the Pacific Northwest (PNW) where forests have some of the highest biological 89 

potential to store C (Harmon et al. 1990, Smithwick et al. 2002, Birdsey et al. 2007).  The PNW 90 

is also the region where substantial remnants of productive, high-biomass old-growth forests 91 

have survived (DellaSala 2011) whereas in other temperate forest regions they have been 92 

eliminated for centuries. Carbon inventories in the productive high-biomass old-growth forests of 93 

the PNW provide a robust measure of the upper limit of C storage (Smithwick et al. 2002) which 94 

is rarely available to assess the full potential of C sequestration associated with restoring late-95 

successional forests.  96 

 97 

The PNW region has recently experienced major changes in forest management. The adoption of 98 

the Northwest Forest Plan (NWFP) in 1994 resulted in a significant decline in timber harvest on 99 

federal forest lands extending an earlier downward trend (e.g., Alig et al. 2006).  For example, in 100 

Oregon (OR) during the peak harvests in the 1970s and 1980s, over 5 billion board feet (BBF, 101 

Scribner scale)
 1

 per year were removed from federal forest lands; in the early 1990s timber 102 

removals were about half that amount and in early 2000s the harvest fell below 0.5 BBF (Warren 103 

2008). This recent period of low timber harvests can be expected to cause significant changes in 104 

forest C stores at present and for many decades into the future if the provisions of the NWFP are 105 

maintained.  106 

 107 

                                                           
1
 Approximately 24 million m

3
. The conversion factor from thousand board feet (MBF, Scribner long-log scale) to 

cubic meters increased from approximately 4 to 4.5 in the 1970s to greater than 7 by 1998 (Spelter 2002). In early 

2000s 0.5 BBF was approximately 3.6 million m
3
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The NWFP assumed that forests in 0.7 percent of the Plan area would be lost to stand-replacing 108 

wildfire per decade, and that 1 percent of the entire Plan area (or 3 percent of total late-109 

successional forest area) would be harvested per decade (i.e., a 0.17% yr
-1

 combined annual rate 110 

of disturbance). Monitoring results, albeit short-term, suggest that during the first 10 years of the 111 

Plan estimated gains of older forest far outpaced losses, resulting in a net increase of between 112 

1.25 and 1.5 million acres (500-600 thousand ha) of older forest on federally managed land. This 113 

rate of gain was about twice the first decadal gain expected under the Plan (Mouer et al. 2005). 114 

 115 

Several regional studies used different methods to examine recent changes in the C balance of  116 

PNW forests.  Following peak timber harvest of the 1980s, forests of the PNW were losing C 117 

(Cohen et al. 1996, Song and Woodcock 2003) with losses of coarse woody debris representing a 118 

significant permanent loss not compensated by regrowth (Harmon et al. 1990). A net uptake of 119 

13.8 TgC yr
-1

 (1.68 MgC ha
-1 

yr
-1

) was estimated using Biome-BGC model for forests of western 120 

OR in 1995-2000; after accounting for harvest removals and fire emissions the regional net 121 

biome production (NBP) was reported at 8.2 TgC yr
-1

 (1.00 MgC ha
-1 

yr
-1

, Law et al. 2004). An 122 

expanded state-wide assessment by Turner et al. (2007) estimated NBP in 1996-2000 at 6.110.2 123 

TgC yr 
-1

with climate fluctuations responsible for significant interannual variation. Most of the 124 

reported C sink was associated with public forest lands in western OR.  Net C uptake in OR 125 

forests in 2000-2005 estimated from Biome-BGC simulations (1.10 MgC ha
-1 

yr
-1

) was 126 

consistent with the estimate derived from forest inventory data (1.330.29 MgC ha
-1 

yr
-1

; Turner 127 

et al. 2011). While there is a general consensus that the forests managed under the NWFP have 128 

been net sinks of C in recent years and that declining timber harvests contributed to this sink, 129 

there is little agreement on expected future changes in the C balance of these forests and the role 130 

of management decisions in historic and future C dynamics. Furthermore, it is unclear how long 131 

into the future the provisions of the NWFP will be maintained as alternative approaches to the 132 

management of federal forest lands are being proposed, including a return to higher timber 133 

harvest levels (e.g., BLM 2008). 134 

 135 

Climate change is generally expected to reduce C uptake and increase losses to the atmosphere in 136 

PNW forests through decline in forest productivity and increased intensity and frequency of 137 

wildfires (e.g., Law et al. 2004, Lenihan et al. 2008, Crookston et al. 2010). Other studies project 138 
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regional C sinks for decades into the future even with timber harvests exceeding the planned 139 

NWFP levels (Smith and Heath 2004, Alig et al. 2006, Im et al. 2010). The contradictory 140 

conclusions regarding the impact of management decisions on C balance of PNW forests (e.g., 141 

Mitchell et al. 2012, Trofymow et al. 2008, Perez-Garcia et al. 2005, Harmon and Marks 2002) 142 

have contributed to confusion among stakeholders and decision-makers and stifled the 143 

development of effective climate change mitigation measures in the forest sector (Maness 2009).  144 

 145 

The main objective of this study was to analyze the effect on forest sector C stores of varying 146 

levels of timber harvest in federally managed forest lands within the NWFP area of OR and 147 

Washington (WA). The LANDCARB Model (Mitchell et al. 2012) was used to simulate historic 148 

change in C stores on federal forest lands since the onset of wide-spread clear-cut logging in the 149 

1950s up to the present time and to project future change for a set of forest management 150 

scenarios representing a broad range of alternatives that are under consideration. The analysis of 151 

results focused on assessment of change in forest sector C balance as a result of the NWFP and 152 

alternative management scenarios.   153 

 154 

2. Methods 155 

2.1 Study Area 156 

The study area includes federally managed lands in the NWFP area of western OR (Coast Range, 157 

Willamette Valley, and Western Cascades) and western WA (Olympic Peninsula, Western 158 

Lowlands and Western Cascades; Fig. 1) where federal forest lands represent 39% and 33% of 159 

the total forest area, respectively (Mouer et al. 2005). The total study area is 4.3 million ha or 160 

44% of the entire land area covered by the Plan (9.9 million ha total in OR, WA and Northern 161 

California).  According to Mouer et al. (2005), at the start of the Plan older forest occupied 162 

between 30 and 34 percent (depending on the definition) of forest-capable public lands managed 163 

by the Forest Service, Bureau of Land Management, and National Park Service that were in the 164 

range of the northern spotted owl. Forests meeting the most strict definition of old-growth -- 165 

―Large, multistoried older forest‖ -- occupied about 12 percent of forest-capable public land. 166 

Conservation of these older forests was among the primary goals of the NWFP. 167 

 168 
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The NWFP record of decision divided federal land into seven land-use allocations; Mouer et al. 169 

(2005) combined or further split some allocations. Specifically,  three categories of late-170 

successional reserves were grouped together; lands with overlapping late-successional reserve 171 

and adaptive management area designations were treated as late-successional reserves (LSR). 172 

Administratively withdrawn and congressionally reserved lands were grouped together (AW/CR).  173 

Matrix and adaptive management areas were the  land allocations where scheduled timber 174 

harvest activities may take place; these were grouped together as well as riparian reserves, which 175 

were never mapped separately from Matrix lands at the scale of the entire Northwest Forest Plan. 176 

We used these generalized land-use categories and associated area estimates for our study area in 177 

western OR and WA (Table 1). 178 

 179 

The distribution of stands by age groups within each state and land allocation in the early 1990s 180 

(Table 1) was approximated by the proportion of different stand categories reported in Mouer et 181 

al. (2005). This report combined ―Potentially forested but presently nonstocked‖ (PF) and 182 

―Seedling and sapling‖ (SS)  categories into ―very young‖ forest category (<10 inch diameter at 183 

breast height (DBH) and <20 years old); the small-sized trees (10-20 inch DBH) were labeled 184 

―young‖ and assigned stand age 21-60 years old; the old-growth area estimate was based on 185 

zone-indexed definition (and assigned age >150 years old) and the balance of area was presumed 186 

to be in the mature category (61-150 years old). Note that the range of stand ages included in 187 

each of these four age groups varies from about 20 years in the ―Very Young‖ group to >300 188 

years in the ―Old-Growth‖ age group. 189 

 190 

2.2 LANDCARB Model 191 

The simulation model used for this analysis was LANDCARB 3.0, which builds on earlier 192 

modeling work (e.g., Harmon and Marks 2002) and simulates the accumulation and loss of C 193 

over time in a landscape where forest stands are represented by a set of grid cells (Mitchell et al. 194 

2012, http://landcarb.forestry.oregonstate.edu/tutorial-modules.aspx, last visited March 24, 195 

2012). Model simulations were run for a grid of 20 by 20 cells (400 cells total), with a cell size 196 

of 100 x 100 meters (1 hectare). In this analysis we assumed that all forested cells were initiated 197 

by either a stand-replacing wildfire or a clearcut harvest. In each year of the simulation, 198 

disturbance was assigned to a sub-set of cells and for all other cells the successional change of C 199 

http://landcarb.forestry.oregonstate.edu/tutorial-modules.aspx
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stores was projected. The count of age of tree stands (cells) begins from zero in the year of 200 

disturbance and continues until the cell is disturbed again. The proportion of cells thus assigned 201 

to different stand ages approximates the age-class structure of a forest landscape. The number of 202 

grid cells in model runs was selected to be sufficient to prevent the output fluctuations from 203 

randomly prescribed natural disturbance events (fire) from obscuring the trends in C stock 204 

change over time without excessive computation time to run the model.   205 

 206 

The proportion of landscape disturbed annually by wildfire and clearcut harvest was defined 207 

based on fire return interval and harvest rotation, respectively. The proportion of stands (cells) 208 

disturbed annually by fire is the inverse of fire return interval: e.g., 200-year fire return interval 209 

means that on average 1/200 or 0.5% of the total forest area or an average of 2 random grid cells 210 

out of 400 is disturbed per year in LANDCARB simulations. The proportion of the landscape 211 

affected annually by timber harvest relates to the harvest rotation length in a similar fashion. To 212 

approximate the variability of the area disturbed annually we modeled the probability of 213 

disturbance using the Poisson distribution. This probability distribution is used when the process 214 

being represented is discrete in time and/or space. The mean and variance of this distribution are 215 

represented by the parameter λ, which is the average number of occurrences of a certain event 216 

per unit of time. Since we are assuming that in model simulations cells would be disturbed each 217 

year based on rotation length and fire return interval, λ = (1/rotation length) or λ = (1/fire return 218 

interval), for timber harvest and fire, respectively. The model was run for 1200 years, but only 219 

the last 250-year period between 1850 and 2100 was used in the analysis and reported. 220 

 221 

Each stand grid cell contained four layers of vegetation (upper trees, lower trees, shrubs, and 222 

herbs), each having up to seven live biomass components (C pools), eight dead pools, three 223 

stable (soil) pools representing highly decomposed material, and two pools representing 224 

charcoal.  The live parts included: 1) foliage, 2) fine roots, 3) branches, 4) sapwood, 5) 225 

heartwood, 6) coarse roots, and 7) heart-rot. Each of the live parts of each layer contributed 226 

material to a corresponding dead pool. Thus foliage added material to the dead foliage, etc. All 227 

of the dead pools added material to one of three stable pools (stable foliage, stable wood, and 228 

stable soil) and fires created surface charcoal from live parts or dead pools. Sub-surface charcoal 229 
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was formed from surface charcoal incorporated into the mineral soil and became protected from 230 

future fires, whereas surface charcoal was lost during subsequent fires.   231 

 232 

The part of the LANDCARB model tracking forest products is patterned after the FORPROD 233 

model (Harmon et al. 1996).  Harvested wood is processed into products that are either in-use or 234 

disposed.  C stores in wood products and disposal vary according to their inputs and losses on an 235 

annual basis.  In a manufacturing step, harvested wood C produces inputs for the different 236 

product C stores such as long-term structures (life-span >30 years), short-term structures (life-237 

span <30 years), paper, and mulch.  Once the new product inputs as well as losses due to 238 

combustion, decomposition, and disposal have been computed, product stores are updated each 239 

year.  Disposed products can be either sent to open dumps (high combustion and decomposition 240 

rates), landfills (no combustion and very low decomposition rates), incinerated (instantaneous 241 

loss) or recycled into the original product.  Stores in disposal are also updated annually after 242 

inputs and losses from decomposition and combustion are computed.  The parameters used in 243 

manufacturing, product use, and disposal can vary over time to reflect changes in efficiency, 244 

uses, and disposal practices. These and other LANDCARB 3.0 model parameters are in 245 

Appendix; module structure and calculation procedures are at 246 

http://landcarb.forestry.oregonstate.edu/tutorial-modules.aspx last visited March 24, 2012.  247 

 248 

The model outputs used in this analysis included landscape-level average C stores (total and by 249 

component: live biomass, dead, stable, products, and disposal) in each simulation year, annual 250 

net change in C stores (C balance; positive for net increases, negative for net losses), and the 251 

proportion of cells in different age groups.  Five repeated runs of each management treatment 252 

were performed to allow for calculation of model output averages and standard errors. 253 

 254 

2.3 Model Calibration 255 

The LANDCARB model was parameterized to represent the successional change in C stores for 256 

the environmental conditions representative of western OR and WA. The model used constant 257 

monthly climate inputs that represent historic averages for selected counties in OR and WA 258 

(separately; Fig. 1). To approximate average forest growth patterns we calibrated the model 259 

projections of live tree biomass over stand age to be consistent with the average values of forest 260 

http://landcarb.forestry.oregonstate.edu/tutorial-modules.aspx
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biomass by stand age derived from USDA Forest Inventory and Analysis plots (FIA data). We 261 

generated the reference data set using the Carbon Online Estimator (COLE,  Van Deusen and 262 

Heath 2010, http://www.ncasi2.org/COLE/index.html) for a set of counties within the NWFP 263 

area of western OR (current as of August 28, 2009) and western WA (current as of October 23, 264 

2009; Fig. 1). 265 

 266 

We used COLE results for the Douglas-fir (Pseudotsuga menziesii) forest type which is 267 

dominant in our study region and is better represented in FIA dataset than other forest types. 268 

Within the study area this type is dominated by Douglas-fir and western hemlock (Tsuga 269 

heterophylla) and these two species were included in LANDCARB simulations (Appendix Table 270 

1). Other tree species were not simulated as they account for <3% of total live tree C in Douglas-271 

fir forest type within the study area (http://www.ncasi2.org/COLE/index.html; last visited 272 

February 29, 2012). The COLE report provided estimates for a full set of forest C pools but we 273 

used only live tree C because it is expected to be more robust than other reported estimates. The 274 

calibration of LANDCARB focused on younger age classes (<100 years old) because older 275 

forests are poorly represented in the FIA dataset with too few stands to provide robust averages. 276 

The calibration resulted in a very close alignment of live tree biomass predictions by 277 

LANDCARB and the averages of FIA plot measurements in both states (Fig. 2).  278 

 279 

2.4 Simulation of initial conditions circa 1993  280 

The regional fire history was represented in two different intervals: 281 

1) prior to year 1910 a natural wildfire regime was simulated with a return interval of 200 years, 282 

2) to represent the effects of fire suppression from 1910 onward the wildfire return interval was 283 

doubled on 50% of the cells.  284 

 285 

This historic fire regime was simulated by LANDCARB for all three land-use allocations under 286 

the NWFP (AW/CR, LSR, and Matrix); in addition, historic timber harvest was simulated for 287 

each land-use allocation separately. The simulated distribution of cells by age classes in 1993 288 

was compared to observed area distributions in the early 1990s (Table 1) and adjustments were 289 

made to historic logging assumptions (described below) to approximate the observations more 290 

closely.   291 

http://www.ncasi2.org/COLE/index.html
http://www.ncasi2.org/COLE/index.html
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 292 

For AW/CR lands no logging was assumed initially but simulations of the historic fire regime 293 

alone resulted in a low proportion of cells in younger age classes in 1993 as compared to 294 

observations: 19.0% of the cells were projected to be younger than 60 years by LANDCARB, 295 

while the observed proportion of stands in this age group on AW/CR lands was 55.1% in OR and 296 

47.9% in WA (combined ―very young‖ and ―young‖ from Table 1). With harvests placed in 40% 297 

of grid cells in OR and 31%  in WA between 1934 and 1993, the simulated proportion of 298 

younger forests was brought closer to that observed in AW/CR lands: 55.3% in OR and 47.9% in 299 

WA.  300 

  301 

For LSR and Matrix lands the logging history was represented in 3 different periods: 302 

1) from 1950 to 1960 logging was simulated assuming an average harvest rotation of 120 303 

years and timber removal of 85% of stem wood to account for the fact that during this 304 

period harvests were limited by road access and utilization standards of harvest were 305 

generally low;  306 

2) an intensification of logging was modeled from 1960 to 1965 using a 60-year rotation 307 

and timber removal of 90% of stem wood; 308 

3) from 1966 to 1993 rotation ages varied from 50 to 100 years to approximate the 309 

reported pattern of change in harvest on federal lands (Warren 2008) and the observed 310 

stand distribution by age groups in early 1990s (Table 1). Timber removal was assumed to 311 

be 90% of stem wood. 312 

 313 

The final simulated proportions of land area in various age groups in 1993 matched closely the 314 

observed values across all three land-use allocations in the two states (Table 1) with deviations < 315 

0.6% in all cases.   316 

 317 

2.3 Post-1993 Scenarios 318 

Five post-1993 management scenarios were developed to represent contrasting visions of future 319 

forest management in the region in a generalized form, similar to the story-line scenarios used by 320 

the Intergovernmental Panel on Climate Change to project future fossil fuel emissions (IPCC 321 

2000). These scenarios reflected a broad spectrum of management alternatives proposed for the 322 
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federal lands by different interest groups, ranging from maximizing timber harvest with 323 

clearcutting to eliminating clearcutting completely and restricting timber harvest to thinning of 324 

young stands.  Each scenario included a set of simple treatments for the three land-use 325 

allocations on federally managed lands in the NWFP area (Table 2).  Scenarios 1-4 assumed that 326 

the fire suppression regime described above was extended to 2100 on all federal forest lands and 327 

Scenario 5 assumed no fire suppression so that the pre-1910 fire regime was restored (Table 2). 328 

In all scenarios no timber harvest was projected for AW/CR lands; for LSR and Matrix lands 329 

harvest was projected as follows: 330 

(1)Industrial Harvest Scenario (Industry)
2
 331 

Logging was modeled assuming a harvest rotation length of 60 years until 2100 on both LSR and 332 

Matrix lands.  333 

(2)NWFP-planned Scenario (NWFP-p) 334 

Logging on Matrix lands was modeled assuming a 120-year harvest rotation length until 2100, in 335 

line with the expected level of timber harvest under the NWFP (Mouer et al. 2005).  The LSR 336 

lands had no timber harvest. 337 

 (3)NWFP-implemented Scenario (NWFP-i) 338 

Logging was modeled assuming a 200-year rotation length until 2100 on Matrix lands in line 339 

with the harvest level from 1994-2004 which was below that initially planned under the NWFP 340 

(Warren et al. 2008).  The LSR lands had no harvest. 341 

(4) Conservation with Suppression of Fire Scenario (Cons – fire) 342 

Logging was modeled in the Matrix lands assuming 50% of the stands were thinned at ages 20 343 

and 40 years old. At each thinning 40% of the stem volume was cut; of the trees cut, 90% of the 344 

stem wood was harvested and moved off-site. This thinning plan resulted in 35% of all cells 345 

thinned (many of them twice) between 1994 and 2100. LSR lands had no timber harvest.   346 

(5) Conservation with Fire Restoration Scenario (Cons + fire) 347 

The logging regime in this scenario is the same as in the Cons – fire Scenario above but the fire 348 

regime was projected to return to the pre-suppression level (200-year fire return interval) starting 349 

in 1994.  This scenario was designed to assess the impact of restoring the natural/pre-settlement 350 

fire regime as part of conservation-oriented forest management. 351 

 352 

                                                           
2
 Abbreviated name of scenario in parenthesis 
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These five management scenarios involved ten different disturbance treatments across three 353 

land-use allocations (Table 2). Fire restoration was included in all three treatments of the 354 

Cons+fire Scenario, whereas fire suppression was applied in all other treatments. Therefore in 355 

further narrative different treatments were generally identified by harvest prescriptions only, with 356 

fire suppression mentioned as needed for clarity. For each treatment, the LANDCARB model 357 

output represented average per-ha C stores in all simulated C pools in each year of simulation 358 

between 1850 and 2100 in a landscape composed of 400 individual stands (cells) where historic 359 

disturbance and appropriate future fire and harvest treatments were applied (Table 2, Fig. 4, 6). 360 

Landscape-level net C balance was calculated as the change in total C store between two 361 

consecutive years of the simulation (Fig. 5). The landscape-level average values of C store and 362 

net C balance were multiplied by land area in respective land-use allocations in OR and WA 363 

(Table 1) and summed across all allocations to calculate state-level and regional (OR+WA) totals 364 

of C stores and annual net C balance for each scenario (Fig. 7-9, Table 3). The state and 365 

regional-level averages (Fig. 10 and in text) are the LANDCARB simulation results weighted by 366 

the areas of relevant land-use allocations in OR and WA (Table 1). All C totals and averages 367 

include C in wood products and in disposal (landfills) unless a sub-set of C pools is specified.  368 

 369 

3. Results 370 

Future dynamics of landscape-level average C stores on different land use allocations varied by 371 

treatment (Table 2, Fig. 4). On AW/CR lands, C stores increased over time and fire suppression 372 

led to higher average C stores than fire restoration (Fig. 4). The difference between the two 373 

treatments was small, but it increased over time and in 2100 reached 14.0 and 14.6 MgC ha
-1

 in 374 

OR and WA, respectively. On LSR lands the no-harvest treatment with and without fire 375 

suppression resulted in a similar pattern of increase in C stores over time, whereas the 60-year 376 

rotation treatment caused the average C stores to decline by 84 MgC ha
-1

 between 1993 and 2100 377 

(Fig. 4). Most of the loss under the 60-year rotation treatment occurred early in the projection 378 

period; after 2060 in OR and after 2040 in WA C stores became relatively stable. The difference 379 

in average C stores on LSR lands between the 60-year rotation treatment and the no-harvest 380 

treatment became stable by year 2100 at 175 MgC ha
-1

 in OR and 185 MgC ha
-1

 in WA.  381 

 382 
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On Matrix lands (Fig. 4), combined fire suppression and thinning treatments resulted in greater 383 

increase of the average C store by year 2100 than all other treatments: from 323 to 451 MgC ha
-1

 384 

in OR and from 339 to 481 MgC ha
-1

 in WA. Harvest on a 200-year rotation with fire 385 

suppression produced a smaller increase in C stores (from 323 to 391 MgC ha
-1

 in OR and from 386 

339 to 417 MgC ha
-1

 in WA by 2100) while the 120-year rotation increased C stores on Matrix 387 

lands only slightly (from 323 to 340 MgC ha
-1

  in OR and from 339 to 362 MgC ha
-1

 in WA) 388 

after a small initial decline. Of the 5 treatments considered for Matrix lands (Table 2), harvest on 389 

a 60-year rotation led to the lowest C stores on Matrix lands (284 MgC ha
-1

 in OR and 302 MgC 390 

ha
-1

 in WA by 2100). Thus, Matrix lands were a net sink of C over the entire projection period 391 

under treatments that included thinning (with and without fire suppression) or harvest at 200-392 

year rotation with fire suppression. If the harvest were conducted on a 120-year rotation then the 393 

net C balance on Matrix lands would remain close to zero and under a 60-year rotation Matrix 394 

lands were projected to be a net source of C for several decades, then approach zero net C 395 

balance around year 2060 (Fig. 5).  396 

 397 

The composition of C stores differed substantially among treatments with differences increasing 398 

over the projection time. The greatest differences were on Matrix lands (Fig. 6): by year 2100 399 

under the 200-year rotation treatment live tree biomass on Matrix lands averaged 156 MgC ha
-1

 400 

in OR and 162 MgC ha
-1

 in WA (38-39% of the total C store) whereas under the 60-year rotation 401 

treatment live biomass averaged ~67 MgC ha
-1

 (both in OR and WA; 22-24% of total C store). 402 

The highest C store in wood products and disposal (53 and 54 MgC ha
-1

 in OR and WA, 403 

respectively) resulted from the 60-year harvest rotation on Matrix lands (Fig. 6). This was a 404 

significant proportion of total C store associated with each hectare of Matrix lands (about 18% in 405 

2100), while other scenarios resulted in much lower C store in wood products and disposal. C 406 

accumulation in wood products and disposal pools under 60-year rotation treatment on Matrix 407 

lands made up for only a small fraction of C lost from live and dead biomass pools resulting in a 408 

lower total C store by 2100 than under other treatments (Fig. 6). 409 

 410 

Changes in state-level total C stores in western OR and WA under different management 411 

scenarios (Fig. 7) reflected the combined effect of changes in per-ha average C stores described 412 

above and the forest land area in each land-use allocation (AW/CR, LSR and Matrix) within the 413 
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states (Table 1). The total C store was higher in OR in part because the total forest area included 414 

was 18% (437 thousand ha) greater than in WA (Table 1). The differences among scenarios were 415 

also greater in OR because future timber harvest prescriptions applied only to LSR and Matrix 416 

lands which together accounted for 81% of federal forest land area in OR but only 47% in WA.  417 

The federal forest lands transitioned from a net source to a net sink of C in the early 1990s in OR 418 

and in the late 1990s in WA and remained a net sink in both states through 2100 for all examined 419 

scenarios except the Industry Scenario (Fig. 8). The Industry Scenario was projected to extend 420 

the duration of the historic C source until nearly 2060 in OR and 2020 in WA.  421 

 422 

The role of different C pools in the overall state-level net C balance changed over time and the 423 

differences among scenarios were substantial (Fig. 9). The live biomass pool was initially 424 

responsible for most of the C sink under the NWFP and Conservation scenarios, while there were 425 

small net losses in dead mass and products/disposal pools. For example, in the NWFP-i Scenario  426 

(Fig. 9), the role of live biomass declined over time while the role of dead, stable, and 427 

products/disposal pools increased. This demonstrates the importance of adequate accounting for 428 

all these C pools, not just live biomass. Towards the end of the projection period, the net gains in 429 

live biomass represent less than half of the estimated total C sink. The pattern of net C gains and 430 

losses was very different in the Industry Scenario where net gains in products/disposal pools 431 

declined over time and net losses were initially associated mainly with live biomass, but dead C 432 

store eventually declined as well (Fig. 9).  433 

  434 

Implementation of the NWFP was projected to result in a significant and long-lasting net 435 

increase in total C stores on federal forest lands relative to the 1993 level (Table 3). This 436 

increase was projected for all land-use allocations but it was relatively small on AW/CR lands 437 

where management prescriptions were not changed by the plan, and was much greater on LSR 438 

and Matrix lands (Fig. 4). If the low initial levels of timber harvest on lands under the NWFP 439 

were extended into the future (NWFP-i Scenario), a significant net increase in C stores is 440 

projected for both OR and WA (Table 3). If intensive timber harvest continued as projected 441 

under the Industry Scenario, the total C stores on federal forest lands would have remained lower 442 

than in 1993 throughout the projection period in OR whereas in WA C stores would have 443 

returned to the initial (1993) level towards the end of the projection period in 2100 (Table 3, Fig. 444 
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7). Between 1993 and 2100 the net changes in C stores in wood products and disposal were 445 

generally smaller than changes on-site (Table 3). The net increase in wood products C was 446 

projected only for the Industry Scenario in OR while in all other scenarios C stores in disposal 447 

(landfils) increased between 1993 and 2100. In all scenarios except the Industry Scenario the 448 

annual rate of C accumulation increased in the beginning of the projection period, reached 449 

maximum between 2005 and 2020 approaching 4 TgC yr
-1

 in OR and 2.3 TgC yr
-1

 in WA, then 450 

gradually declined (Fig. 8).   451 

 452 

If the Industry Scenario (rather than initial C store in 1993) was used as a baseline for evaluating 453 

forest management alternatives, then the effect of the NWFP and Conservation scenarios was 454 

greater, especially in the beginning of the projection period (Fig. 7-9). In comparison with the 455 

Industry Scenario, the impact of the NWFP-i Scenario on total C stores between 1993 and 2010 456 

was 86.0 TgC (5.1 TgC yr
-1

 or 2.16 MgC ha
-1

yr
-1

) in OR; in WA the respective values are 45.2 457 

TgC (2.66 TgC yr
-1

 or 1.33 MgC ha
-1 

yr
-1

; from Table 3).  458 

 459 

Scenario selection had a large impact on C removal with timber harvest: Conservation scenarios 460 

generated 2-4% and NWFP scenarios 17-40% of the timber removals under the Industry 461 

Scenario over the entire projection period (Table 3). The differences in these and other state-462 

level impacts of alternative management scenarios were moderated in WA by a relatively large 463 

proportion of forest lands in AW/CR land use allocation (Table 1).  464 

 465 

The area of old-growth forest in OR is projected to decline under the NWFP from nearly 32% in 466 

the early 1990s to 22-25% by 2050 and remain fairly stable in the subsequent 50 years (Tables 467 

1,3;  Fig. 3). The Industry Scenario reduced old-growth area in OR even further (to 7.6%) and 468 

only Conservation scenarios were projected to maintain the 1990s area of old-growth in OR. In 469 

WA however, the NWFP (both as implemented and as planned) and the Cons+fire scenario 470 

maintained the initial proportion of old-growth, while the Cons-fire Scenario moderately 471 

increased old-growth area by 2100 (Table 3). Interestingly, the proportion of old-growth on 472 

federal forest lands maintained by the Industry Scenario in WA was similar to that achieved by 473 

the NWFP in OR. 474 

 475 
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4. Discussion 476 

The scenarios examined represent, in a generalized form, different visions of future management 477 

of forests in the PNW. These scenarios allow one to gauge the range of possible outcomes 478 

associated with a set of diverse management paradigms. The five scenarios applied to two states 479 

with very similar forest types, broadly comparable land use histories and small but significant 480 

differences in allocation of federal forest lands to different land-use categories produced distinct 481 

patterns of change in C stores and net C balance with clear differences among scenarios (Fig. 7-482 

9). The NWFP represented a major shift in management of federal forest lands and over time it 483 

appears to have increased C stores dramatically in comparison to 1993 and even more so relative 484 

to a baseline of reverting to higher timber harvests of the 1980s (Table 3, Fig. 7-9). The reduced 485 

levels of timber harvest on federal forest lands in the early 1990s ended the period of net losses 486 

of C from federal forests that was estimated to last over 50 years. At the start of the NWFP these 487 

forests were close to a point of balance in C exchange between forests and the atmosphere in OR 488 

whereas in WA the point of balance was reached a few years later (Fig. 8).  In WA, the relatively 489 

large proportion of lands in the AW/CR category (Table 1) where the management prescriptions 490 

of the NWFP did not apply diminished the differences in state-level impacts among alternative 491 

management scenarios (Fig. 7-9). In both states the difference between the Industry Scenario and 492 

the four other scenarios was far greater than the differences among the remaining four scenarios 493 

(two NWFP and two Conservation scenarios) that restricted timber harvest to varying degrees.  494 

 495 

Comparison with other published estimates of C pools and flux in OR and WA is difficult 496 

because of differences in land base and C pools considered. For 8.2 million ha of forest land in 497 

western OR, Law et al. (2004) estimated a net C sink of 8.2 TgC yr
-1

 or 1.0 MgC ha
-1 

yr
-1

 in 498 

1995-2000 with C accumulation in forest products responsible for 17% of this sink. The state-499 

wide estimate by Turner et al. (2011) for 2000-2005 is 1.10 MgC ha
-1 

yr
-1

 and includes only on-500 

site C (no forest products or disposal).  Our estimate of an average annual rate for OR of 0.91 501 

MgC ha
-1 

yr
-1

 in 1994-2010 (Table 3) is generally in line with the above estimates but our 502 

simulations indicate that during this period forest products were losing (Fig. 9) rather than 503 

accumulating C as reported by Law et al. (2004). By accounting only for the fate of C harvested 504 

during 1995-2000, the Law et. al (2004) study ignores losses from the wood products pool that 505 

was in large part generated by peak harvests in earlier years. The LANDCARB model used in 506 
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this study tracks the legacies of past forest disturbance including C in products and disposal.  507 

This likely explains the difference in the assessment of the role of forest product pools.  508 

 509 

To better align the scope of C estimates based on Biome-BGC modeling (Law et al. 2004, Turner 510 

et al. 2007, 2011) and our results we compared our estimate for net change in C pools on-site 511 

(excluding products/disposal) during 1996-2000 with a sub-set of NBP estimates used in Turner 512 

et al. (2007) for the same land base and time interval (D. Turner, pers. comm., Fig. 10): the 513 

average LANDCARB estimate is 0.74 MgC ha
-1

yr
-1

 vs. 1.24 MgC ha
-1 

yr
-1

 estimated by Biome-514 

BGC. Interestingly, in the LANDCARB estimation the net increase in live forest biomass C of 515 

1.01 MgC ha
-1 

yr
-1

 is partially offset by 0.25 MgC ha
-1 

yr
-1

 losses from dead plant material and 516 

soil C. The disagreement between the two models likely stems from difference in model 517 

treatment of C in dead and soil pools: Biome-BGC outputs suggest that those components are 518 

changing in proportion to live biomass (e.g., Turner et al. 2007) whereas in LANDCARB live 519 

and dead biomass pools are not synchronized – they are linked functionally and often change out 520 

of phase with each other reflecting the legacies of past disturbances (Fig. 9). Furthermore, the 521 

two models represent different aspects of C dynamics on forest lands – Biome-BGC outputs 522 

clearly reflect year-to-year fluctuations in C flux driven by weather variations while 523 

LANDCARB outputs reflect change in C stores over years and decades in response to changing 524 

management and natural disturbance regimes (Fig. 10).   525 

 526 

Conservation and restoration of old-growth forest and associated species in the PNW was the 527 

primary objective of the NWFP and initial analysis of its effects concluded that the goals set for 528 

the plan were met or exceeded (Mouer et al. 2005, Rapp et al. 2008), even though there was 529 

evidence of net decline in old-growth forest area (Davis et al. 2011, Ohmann et al. 2012). Our 530 

analysis examined longer-term trends and therefore is not directly comparable but it suggests that 531 

over the long term the protections under the NWFP are sufficient to maintain and in part restore 532 

old-growth forest in WA but not in OR (Table 3). Several factors contribute to differences in the 533 

impact of NWFP scenarios on old-growth area in OR and WA and the high proportion of Matrix 534 

lands in OR is a major factor – they occupy 41.5% of federal forest lands, a proportion 2.6 times 535 

greater than in WA. The planned harvest approximated by rotation of 120 years (NWFP-p 536 

Scenario) can over time virtually eliminate the old-growth on Matrix lands in both OR and WA. 537 
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The projected losses are especially great in OR where Matrix lands contained a large area of old-538 

growth forest at the start of the NWFP (267.1 thousand ha or 27.4% of all old-growth in OR; 539 

Table 1).  The forest land area protected from clearcut harvest under the NWFP (AW/CR plus 540 

LSR) is too small in OR to maintain the early 1990s area of old-growth in this state but in WA 541 

the protected area is large enough (84.1%, Table 1) to compensate for the loss of old-growth on 542 

Matrix lands. In addition, the area of forest in the Mature age group is very small on AW/CR and 543 

LSR lands in OR (Table 1) and this limits the recruitment of old-growth forest during most of the 544 

~100 year projection period.  545 

 546 

The management of federal forest lands under the NWFP was not intended to increase C stores, 547 

yet this outcome was achieved very quickly and effectively (Fig. 7). Other publications also 548 

conclude that the potential of forests in the PNW to store additional C is exceptionally high (e.g., 549 

Harmon et al. 2004, Foley et al. 2009, Pan et al. 2011). Longer harvest rotations on Matrix lands 550 

combined with no harvest on other land-use allocations can be expected to maintain high rates of 551 

C sequestration on federal forest lands for many decades (Table 3, Fig. 8-9). In comparison to 552 

the two NWFP scenarios the additional C sequestration under Conservation scenarios is either 553 

moderate in OR or small to non–existent in WA (Fig. 7, 8). However, clearcut harvest even at 554 

the low rate allowed under the NWFP can essentially eliminate old-growth from forest lands 555 

allocated to rotation-based management (e.g., Thompson et al. 2006). To offset this loss and 556 

maintain old-growth at the state level a very large set-aside area is required (e.g., 84% in WA). 557 

Thus,  forest management for timber production with long harvest rotations appears to be 558 

generally compatible with the goal of C sequestration on forest lands, but old-growth 559 

conservation may not be possible on the same land base.  560 

 561 

Conservation scenarios for both states, with and without fire restoration, are projected to 562 

maintain and slightly increase the area of old-growth by approximately 2050 (Fig. 3, Table 3). 563 

The management aimed at old-growth restoration represented by the Conservation scenarios is 564 

fully compatible with the goal of C sequestration at the time-scale of decades examined in this 565 

study, but there is a major difference in time needed for achieve these goals. Old-growth 566 

restoration takes much longer: in our simulations for the Conservation scenarios the peak 567 
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increases in C stores occurred within a few years after the change in management while the area 568 

increase of old-growth age class only began in the 2050-2100 time period (Fig. 7-9). 569 

  570 

The potential role of forest management in state-level climate change mitigation efforts is greater 571 

in the PNW than in most other regions. Considering that the annual fossil fuel emissions in OR 572 

are about 15 TgC yr
-1

 573 

(http://oregon.gov/energy/GBLWRM/Pages/Oregon_Gross_GhG_Inventory_1990-2008.aspx, 574 

last visited April 27, 2012), the average estimated net increase in total C stores on federal forest 575 

lands between 2010 and 2025 under NWFP-i Scenario (2.49 TgC yr
-1

, Fig. 9) is equivalent to 576 

16.6% of state fossil fuel emissions. The average estimated net losses of C from forest lands 577 

under the Industry Scenario during this time interval are equivalent to adding 2.17 TgC yr
-1

 or 578 

14.5% to state-level fossil fuel emissions. Current state-level accounting of C emissions does not 579 

include forests and other ecosystems even though forest management policies in OR control a 580 

substantial portion of state-level C emissions. Greater timber production under Industry Scenario 581 

(Table 3) is unlikely to substitute alternative energy-intensive materials because the ability (or 582 

willingness) of consumers to substitute softwood lumber in response to restricted supply proved 583 

to be very limited (Adams et al. 1992). However, increased timber production elsewhere is likely 584 

(Alig. et al. 2006, Wear and Murray 2004) and this ―leakeage‖ needs to be addressed in 585 

designing climate change mitigation policies (Nabuurs et al. 2007). 586 

 587 

Over time the annual net C balance values converge at zero for all management scenarios (Fig. 588 

8) as can be expected if management remains constant (Krankina and Harmon 2006). However, 589 

this does not indicate a similarity of outcomes for atmospheric C: state-level C stores are much 590 

lower under the Industry Scenario than under both NWFP scenarios (Fig. 7, Table 3) and this 591 

difference reflects the amount of C that has been removed from the atmosphere and remains 592 

sequestered on land as a result of change in forest management under the NWFP.  593 

 594 

5. Uncertainties and Limitations 595 

This study exploits the strength of LANDCARB in assessing change in forest C stores given past 596 

disturbance regime and future management scenarios. The impact of product substitution or the 597 

use of wood for bioenergy on C balance was not simulated and was not included in scenario 598 

http://oregon.gov/energy/GBLWRM/Pages/Oregon_Gross_GhG_Inventory_1990-2008.aspx
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comparisons.  Many of the currently available and commonly used methods for calculating the 599 

substitution effect cause overestimates (O’Hare et al. 2009, Law and Harmon 2011, Mitchell et 600 

al. 2012). Recent research improved methods of estimating the effect of wood-based bioenergy 601 

on atmospheric C  and showed the need to re-assess the earlier estimates that did not fully 602 

account for C emissions associated with biofuels and therefore were overly optimistic (e.g., 603 

O'Hare et al. 2009, Hudiburg et al. 2011). The effect of product substitution is commonly 604 

estimated by applying a  ―displacement factor‖ to the amount of C transferred to wood products 605 

when they are used in place of other more energy-intensive materials (e.g., Hennigar et al. 2008). 606 

However, the use of displacement factors as a measure of C emission reduction resulting from 607 

each and every piece of wood used is potentially a misrepresentation of substitution effect 608 

(Sathre and O’Connor 2010).  The extent of wood substitution for other materials in response to 609 

future changes in timber harvest on federal forest lands in the NWFP area is likely low because 610 

during similar past reductions in timber supply and associated price increases the consumers 611 

were unwilling to substitute softwood lumber (the main wood product in the region) for other 612 

products (Adams et al. 1992). Thus, including product substitution is unlikely to influence our 613 

overall assessment of differences among management scenarios. The impact on forest 614 

management in other land ownerships in the PNW region and other timber-producing regions is 615 

likely (e.g., Alig et al. 2006, Wear and Murray 2004) but was not examined in this study.  616 

 617 

The LANDCARB model projections represent average values of C stores in forest stands of 618 

different ages within the NWFP area in two states and do not reflect ecological complexities and 619 

variability within the study area or possible adaptation of management prectices to diverse site 620 

conditions. No socio-economic drivers or climate change impacts are considered either and 621 

therefore the results are to be interpreted as a comparative assessment of changes in C stores in 622 

response to different forest management paradigms rather than likely future dynamics. More 623 

realistic quantitative  projections of future C balance that reflect the diverse impacts of climate 624 

change on forest ecosystems and socio-economic factors that shape the land-use policies in the 625 

region require a new research effort to integrate the available forest models.  626 
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Table 1. Area of aggregated land use allocations and age groups of forest stands on federally managed 

lands in the Northwest Forest Plan area in early 1990s (after Mouer et al. 2005; thousand ha) 

 

Land use allocations
1
 Age groups Total (%) 

 Very Young Young Mature  Old-Growth 

Western Oregon      

AW/CR 74.6 166.7 32.1 164.7 438.1 (18.7) 

LSR 280.8 173.3 141.4 337.2 932.7 (39.8) 

Matrix 346.6 229.2 131.8 267.1 974.7 (41.5) 

Total (%) 702.0 (29.9) 569.2 (24.3) 305.3 (13.0) 769.0 (32.8) 2345.5 (100) 

      

Western Washington      

AW/CR 334.9 173.0 173.3 377.9 1059.0 (53.0) 

LSR 188.4 137.7 97.0 197.6 620.7 (31.1) 

Matrix 129.9 82.9 43.5 62.7 318.9 (15.9) 

Total (%) 653.2 (32.7) 393.6 (19.7) 313.8 (15.7) 638.2 (31.9) 1998.6 (100) 

 
1 
Administratively Withdrawn/ Congressionally Reserved (AW/CR); Late-Successional Reserves (LSR) 
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Table 2. Management scenarios for federal forest lands in the Northwest Forest Plan area (see descriptions in text for details). 

 

# Land use 

allocation
1
 

Treatments Management scenarios 

Harvest Fire 

suppression 

1. Industry 2. NWFP-

plan 

3. NWFP-

implemented 

4. Conservation 

with fire 

suppression 

5. Conservation 

with fire 

restoration 

1 AW/CR no yes X X X X  

2  no no     X 

 

3 LSR 60-yr rotation yes X     

4  no yes  X X X  

5  no no     X 

 

6 Matrix 60-yr rotation yes X     

7  120-yr rotation yes  X    

8  200-yr rotation yes   X   

9  thinning only yes    X  

10  thinning only no     X 
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Table 3. Selected metrics of projected impact of management scenarios on C stores and area of old-growth forest. 

 

Scenario Change in total C store
1
 since 1993, 

TgC 

Average annual rate 

in 1994-2010, 

MgC ha
-1

yr
-1

 

Wood harvested in 

1994-2100, 

TgC 

 Change between 1993-2100, TgC % old-

growth area 

in 2100 

 2010 2025 2050 2100   On-site Products in use Disposal  

Western Oregon    

Industry -49.7 -82.2 -96.3 -87.0 -1.25 307.5 -155.2 21.7 46.4 7.6 

NWFP-p 22.5 46.8 84.5 129.3 0.56 121.9 113.0 -3.2 19.4 21.7 

NWFP-i 36.3 73.5 123.3 179.0 0.91 74.7 176.4 -10.1 12.6 22.1 

Cons-fire 49.8 101.9 169.4 237.6 1.25 6.8 256.1 -21.6 3.0 33.3 

Cons+fire 46.1 94.6 152.4 205.8 1.16 7.3 224.2 -21.5 3.1 30.2 

           

Western Washington  

Industry -26.9 -28.8 -18.0 5.4 -0.79 154.0 -17.4 -2.0 24.8 21.6 

NWFP-p 13.4 44.6 89.5 139.0 0.39 41.8 148.4 -17.9 8.5 31.5 

NWFP-i 18.3 53.5 102.4 156.7 0.54 26.3 170.6 -20.2 6.3 31.7 

Cons-fire 22.8 63.3 118.1 176.8 0.67 5.7 197.1 -23.7 3.4 35.1 

Cons+fire 19.3 56.6 103.0 148.0 0.57 5.9 168.3 -23.7 3.4 31.9 

 
1 
Total store includes C on-site, in wood products and disposal.
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Figure captions. 

 

Figure 1. Study area in Western Oregon and Western Washington with boundaries of counties. FIA data 

from shaded counties were used to calibrate the LANDCARB model.  

 

Figure 2. Results of LANDCARB model calibration with FIA data for Western Oregon (OR) and Western 

Washington (WA): live biomass change with age of forest stands. 

 

Figure 3. Proportions of federal forest area in different age groups: at the start of NWFP (early 1990’s; 

Observed) and projected to 2050 under different management scenarios for Western Oregon (OR) and 

Western Washington (WA). 

 

Figure 4. Historic and projected future carbon stores under different management treatments on NWFP land 

use allocations in Western Oregon: AW/CR, LSR, and Matrix (see treatment specifications in Table 2 and 

Methods text). 

 

Figure 5. Historic and projected future annual net carbon balance on Matrix lands under different 

management treatments in Western Oregon and Western Washington (positive values represent net gains; 

negative values represent net losses of carbon to the atmosphere). 

 

Figure 6. Composition of carbon stores on Matrix lands in Western Oregon under three management 

treatments. 

 

Figure 7. Historic and projected future change in C stores under alternative management scenarios – totals 

for all land-use allocations combined in Western Oregon (OR) and Washington (WA). 

 

Figure 8. Annual net carbon balance on federal forest lands between 1900 and 2100 under different 

management scenarios in Western Oregon and Western Washington (positive values represent net gains; 

negative values represent net losses of carbon to the atmosphere). 

 

Figure 9.  Average periodic rate of total C stock change (line) and change in different C pools (vertical 

bars) under NWFP-i Scenario and Industry Scenario in Western Oregon and Western Washington. Positive 

values represent net gains; negative values represent net losses. 

 

Figure 10. Comparison of annual C balance estimates for federal forest lands in Western Oregon by two 

models: LANDCARB and Biome-BGC. LANDCARB estimates are net annual changes in total C store on 

site; Biome-BGC estimates are Net Biome Production (simulated NEP adjusted for wildfire emissions and 

timber harvest; Turner et al. 2007; data subset – Turner, pers. comm.). 



 

 

 

 

29 

Appendix: Key Parameters of LANDCARB Model 

Appendix Table 1. Parameter values for tree establishment, growth, mortality and decomposition. 

 

--------------------------------------------------------------------------------------------------------------------------------- 

           Western 

Parameters (units)     Douglas-fir          Hemlock 

--------------------------------------------------------------------------------------------------------------------------------- 

Tree Establishment 

 LightMax (fraction of full sunlight) 1.00  0.90 

 LightMin (fraction of full sunlight) 0.90  0.02 

 Soil waterMax (Mpa) -0.1  -0.05 

 Soil waterMin (Mpa) -2.0  -1.7 

 

Growth 

 Light compensation point (%) 5  2 

 Light extinction coefficient (haMg
-1

) 0.15  0.20 

 Foliage increase rateMax (dimensionless) 1.00  0.60 

 Fine root/foliage ratio (dimensionless) 0.33  0.33 

 Branch/bole ratio (dimensionless) 0.50  0.50 

 Coarse root/bole ratio (dimensionless) 0.496  0.52 

 Wood respiration rateMax (year
-1

)
 A

 0.017  0.017 

 Rate of heartwood formation (year
-1

) 0.05  0.02 

 HeightMax (m) 90  85 

  

Mortality 

 Tree mortality Max (year
-1

) 0.015  0.015 

 Branch prune Max (year
-1

) 0.020  0.020 

 Coarse root prune Max (year
-1

) 0.005  0.005 

 Tree age Max (year
-1

) 800  700 

 Foliage turnover rate (year
-1

) 0.20  0.25 

 Fine root turnover rate Max (year
-1

) 0.50  0.50 

 

Decay Rates
 B

 

 Foliage (year
-1

) 0.20  0.17 

 Fine root (year
-1

) 0.15  0.15 

 Branch (year
-1

) 0.07  0.08 

 Coarse root (year
-1

) 0.07  0.10 

 Sapwood (year
-1

) 0.05  0.05 

 Heartwood (year
-1

) 0.02  0.05 

 

Transfer rates to stable pools (both species)
 C

       

 Dead foliage (year
-1

)       0.0490 

 Dead fine root (year
-1

)       0.0731 

 Dead branch (year
-1

)       0.0099 

 Dead coarse root (year
-1

)      0.0342 

 Snag sapwood (year
-1

)       0.0430 

 Snag heartwood (year
-1

)      0.0240 

 Log sapwood (year
-1

)       0.0277 

 Log heartwood (year
-1

)      0.0148 

--------------------------------------------------------------------------------------------------------------------------------- 
A 

Optimum respiration temperature is 45°C;  Q10 is 2.0 (dimensionless) 
B 

Base rates at 10°C;  Q10 is 2.0 (dimensionless) 
C 

Decay rates for stable foliage, wood, soil, and buried charcoal are 0.100, 0.25o, 0.007, 0.002 (year-1), 

respectively. 
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Appendix Table 2. Forest product parameter values (range in values reflects changes in parameter values 

over time). 

 

--------------------------------------------------------------------------------------------------------------------------------- 

Parameters (units)     

----------------------------------------------------------------------------------------------------------------- ---------------- 

Manufacturing                                    Structural Wood                External  Bioenergy          Pulp Wood 

Log allocation (%)                                    93 – 99                                      0 – 2                             1 – 5 

  

Product Use                Allocation (%)      Disposal (year
-1

)       Decomposition (year
-1

)    Recycling (%) 

Long term structure 75 0.010 – 0.015 0.010 – 0.015 1 – 10  

Short term structure 25 0.10 – 0.20 0.10 0 – 10 

Paper n/a 0.30 – 0.40 0.30 0 – 30 

Mulch n/a n/a 0.10 n/a 

 

Disposal                                              Allocation (%)     Combustion (year
-1

)     Decomposition (year
-1

) 

Open dump  1 – 100 0.3 0.30  

Landfill 0 – 89 0.0 0.005 

Incineration without energy recovery 0 – 10 1.0 n/a 

Incineration for energy recovery 0 – 5 1.0 n/a 

---------------------------------------------------------------------------------------------------------------------------------  

 

 

Appendix Table 3. Fire impact on live mass: percent of live mass that is killed by fire (%Killed); percent of 

the %Killed that is burned off (lost to the atmosphere; %Burned); percent of the %Killed that is converted 

to charcoal (%Charcoal). Above refers to above ground mass, Below refers to below ground mass. LTree is 

lower tree; UTree is upper tree. Note: all wildfires were assummed to be hot (high severity)  

 

--------------------------------------------------------------------------------------------------  

Layer          %Killed      %Burned    %Charcoal  

  Above Below Above Below Above Below  

--------------------------------------------------------------------------------------------------   

Herb 100 100 99.5 50 0.5 1.0  

Shrub 100 100 99 10 1.0 1.0  

LTree 100 100 10 5 2.0 1.0  

Utree          100   100    5   2     4.0   1.0 

--------------------------------------------------------------------------------------------------   
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Appendix Table 4. Fire impact on dead mass. Note: all wildfires were assummed to be hot (high severity); 

the severity of prescribed burning of dead material left after clearcut harvest varied.  

 
-------------------------------------------------------------------------------------------------------- 

Detrital  Fire Severity 

Pool Light Medium Hot             

-------------------------------------------------------------------------------------------------------- 

Percent of dead mass remaining after fire                                 

Dead foliage 75.0 50.0 0.0  

Dead fine roots 100.0 75.0 25.0  

Snag sapwood 100.0 85.0 50.0  

Log sapwood 95.0 75.0 10.0  

Snag heartwood 100.0 95.0 75.0  

Log heartwood 100.0 90.0 50.0  

Dead branches 75.0 50.0 5.0  

Dead coarse roots 100.0 90.0 50.0  

Stable soil 100.0 100.0 100.0  

Stable foliage 100.0 50.0 5.0  

Stable wood 100.0 50.0 5.0  

Charcoal 10.0 5.0 0.0  

 

Percent of dead mass converted to charcoal by fire 

Dead foliage 2.0 3.0  0.0 

Dead fine roots 1.0 2.0  0.0 

Snag sapwood 1.0 1.7  2.5 

Log sapwood 2.0 3.5  5.0 

Snag heartwood 0.0 0.0  1.2 

Log heartwood 0.0 0.4  1.5 

Dead branches 5.0 10.0  1.0 

Dead coarse roots 0.5 1.0  2.0 

Stable soil 0.0 0.0  0.0 

Stable foliage 2.0 3.0  1.0 

Stable wood 2.0 3.0  1.0 

-------------------------------------------------------------------------------------------------------- 
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Highlights  

Highlights  

- Model projected forest carbon stores in Oregon and Washington to year 2100 

- Carbon stores and patterns of change over time differed under alternative management scenarios 

- Continuation of the Northwest Forest Plan was projected to increase carbon stores  

- Return to high levels of timber harvest was projected to reduce carbon stores 

- Current management allows conservation of old-growth forest in Washington but not in Oregon  

*Highlights (for review)
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