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Effects of silvicultural practices on carbon stores
in Douglas-fir - western hemlock forests in the
Pacific Northwest, U.S.A.: results from a
simulation model

Mark E. Harmon and Barbara Marks

Abstract: We used a new model, STANDCARB, to examine effects of various treatments on carbon (C) pools in the
Pacific Northwest forest sector. Simulation experiments, with five replicates of each treatment, were used to investigate
the effects of initial conditions, tree establishment rates, rotation length, tree utilization level, and slash burning on eco
system and forest products C stores. The forest examined was typical of the Cascades of Oregon and dominated by
Douglas-fir Pseudotsuga menziegiirb.) Franco) and western hemlockqguga heterophylldRaf.) Sarg). Simulations

were run unfia C seady state was reached at the landscape level, and results were rescaled relative to the potential
maximum C stored in a landscape. Simulation experiments indicated agricultural fields stored the least (15% of the
maximum) and forests protected from fire stored the greatest amount (93% of the maximum) of landscape-level C.
Conversion of old-growth forests to any other management or disturbance regime resulted in a net loss of C, whereas
conversion of agricultural systems to forest systems had the opposite effect. The three factors, in order of increasing
importance, most crucial in developing an optimum C storage system wWeretdtion length, if) amount of live mass
harvested, andii{) amount of detritus removed by slash burning. Carbon stores increased as rotation length increased
but decreased as fraction of trees harvested and detritus removed increased. Simulations indicate partial harvest and
minimal fire use may provide as many forest products as the traditional clearcut — broadcast-burn system while increas-
ing C stores. Therefore, an adequate supply of wood products may not be incompatible with a system that increases C
stores.

Résumé: Nous avons utilisé un nouveau modele, STANDCARB, pour examiner les effets de différents traitements sur

les réservoirs de carbone (C) dans le secteur forestier du Pacifique Nord-Ouest. Des expériences simulées, avec cing ré-
plications pour chaque traitement, ont été utilisées pour étudier les effets des conditions initiales, du taux

d’'implantation des arbres, de la longueur de la période de révolution, du niveau d'utilisation de I'arbre et du brllage a
plat sur les réserves de C dans I'’écosysteme et dans les produits forestiers. La forét examinée était typique-des Casca
des de I'Oregon et dominée par le douglas de MenZisefdotsuga menzieghirb.) Franco) et la pruche de I'Ouest

(Tsuga heterophyllgRaf.) Sarg.). Les simulations ont été arrétées lorsque le niveau de C atteignait I'état d’équilibre a
I'échelle du paysage. Les résultats ont été exprimés relativement au maximum de C pouvant étre stocké dans un pay
sage. Les expériences simulées indiquent que les terres agricoles stockent le moins (15% du maximum) de C et que les
foréts protégées du feu stockent la plus grande quantité (93% du maxineu@)adléchelle du paysage. La conver

sion des vieilles foréts a tout autre régime d’aménagement ou de perturbation entraine une perte nette de C, alors que
la conversion des systemes agricoles aux systemes forestiers a I'effet opposé. Les trois facteurs les plus importants

pour développer un systeme de stockage optimal de C sont par ordre d'importané lofigueur de la période de

révolution, (i) la quantité de matiere vivante récoltée it) (la quantité de débris éliminés par brilage a plat. Les ré

serves de C augmentent lorsque la longueur de la période de révolution augmente mais diminuent lorsque la proportion
des arbres récoltés et des débris éliminés augmente. Les simulations indiquent que la coupe partielle et I'utilisation mi
nimale du feu peuvent fournir autant de produits forestiers que le systeme traditionnel de coupe a blanc et de brdlis ex
tensif tout en augmentant les réserves de C. Un approvisionnement adéquat en produits forestiers peut donc ne pas étre
incompatible avec un systeme qui augmente les réserves de C.

[Traduit par la Rédaction]
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potential to store and cycle C (Post et al. 1990; Dixon et alal. 1993) with an ecological process model (Harmon et al.
1994). The degree to which this potential is being met, how 1990).

ever, is a long-standing question (Baes et al. 1977; Dale et The following paper briefly describes the STANDCARB
al. 1991; Post et al. 1990; Dixon et al. 1994) that has takemodel and then uses it to examine the effect of various-treat
on increased importance in the wake of the Kyoto Protocoments on C stores in Pacific Northwest forests. Treatments
(UNFCCC 1997). Clearing of forests for agriculture examined include the effect of)(initial conditions, {i) in-
(Houghton et al. 1983; Hall and Uhlig 1991), harvesting forterval between harvestsiii regeneration rates,vj thin-
commercial forest products (Cooper 1983; Houghton et alning, and ¥) partial cutting. While some of these treatments
1983, 1987; Harmon et al. 1990), and the removal of-nonhave been explored in the past, they have been conducted us
commercial products such as fuel wood (Brown et al. 1991jng different modeling approaches. By using a single model,
Houghton 1991) have all reduced the amount of C stored inve can systematically explore potential differences in the
forests. Other management activities such as afforestatiofreatments and not differences in model structure.
fertilization, and protection from fire and insects may have

increased the amount of C stored by forests (Tans et al. .

1990; Kauppi et al. 1992; Cias et al. 1995; Pacala et alModel overview

2001). The effect of other common practices such as-thin . : . .
ning and species replacement is uncertain, as the focus of Detailed documentation of the model including example

past research on those treatments has been on harvestam%m and output files is available from the senior author at
re

. : uest (Harmon et al. 1966 or via Web site (http://
volume and economic value but not C sequestration. wwwi/fsl.orst.edu/Iter/pubs/modelsfr.htm). The object of

There are conflicting results for stand-level analyses onr5TANDCARB is to simulate the accumulation of C over
the optimum strategy to conserve or absorb C. Many ofyccession in mixed-species, mixed-aged forest stands. The
these differences stem from the way woody slash is treateqyrrent version of the model is parameterized for stands in
Studies excluding woody slash and soils have typicallyihe pacific Northwest and can be used to investigate the
found most management treatments such as clear-cutting i9and-level effects of various regeneration strategies, effects
increase C stores (Birdsey 1992), whereas those stud|es_t thinning, patch cutting, tree species replacement by de-
include these pools do not (Harmon et al. 1990; Krankinasjgn or by natural succession, slash burning, and wildfires.
and Harmon 1994). Disagreement over the role of plantaag jn many C models, STANDCARB does not include the
tions in C balances has also occurred in stand level analysegfects of nutrient cycling. This means that we assume that
Conversion of older forest to younger forests has generally trient stores will not be influenced by the treatments
been shown to release C to the atmosphere (Cooper 198§hough to lead to major changes in site productivity.
Cropper and Ewel 1987; Harmon et al. 1990; Dewar 19915TANDCARB provides output on 10 live state variables,
Schulze et al. 2000). On the other hand, intensive managgine “dead” state variables, and three state variables related
ment practices including the creation of plantations are asgy the volume harvested. The state variables are saved as
sumed by many to increase C stores in forests (Johnsen et @heans and standard errors of the mean for each year.
2001; Kauppi et al. 1992; Kershaw et al. 1993; Sedjo and STANDCARB is programmed in € and uses difference
Solomon 1991). These differences stem in part from the Sequations on an annual time step for all variables, except
lection of the initial conditions. Establishing plantationfor ihose used to estimate the effects of climate on tree estab
ests on a site with degraded soil or that has been deforestg¢dyment, growth, and decomposition. These climate-related
can result in a significant uptake of C. Planting the same forygriaples are calculated on a monthly time step. Spatially,
est on site formally occupied by old-growth can result in asTANDCARB is designed to simulate the dynamics of a
significant loss to the atmosphere depending on the type angumper of cells within a stand. Each cell represents the area
age of the forest. occupied by a single, mature tree (in these particular simula

In this paper a new model, STANDCARB, is used te ex tions an area of approximately 0.04 ha), although depending
amine the effects of silvicultural and other treatments on then age a cell can represent either a cohort of trees or a single
dynamics of living and dead pools of C in a forest stand.tree (see below). Within a cell, spatial arrangement of trees
This model avoids many of the problems associated witlis not considered. This approach allows the model to have
past models and analyses. The majority of past models usdkxibility in terms of species mixtures and (or) tree ages,
to examine stand-level C dynamics have been analyticadnd allows the user to estimate the degree of spatial -varia
models (Cooper 1983; Dewar 1991). While these models cation among cells within a simulation.
be used to analyze many general aspects of C dynamics, STANDCARB uses a number of levels of organization to
they have difficulty with complicated or real life situations estimate changes in C stores within a stand (Fig. 1). A stand
such as thinning and slash removal. Ecological process mods composed of a number of cells, each which contains up to
els (Cropper and Ewel 1987), while more realistic in termsfour layers of vegetation, six detritus pools, and a stable soil
of ecosystem processes than analytical models, are also lin€ pool. The four layers of vegetation that can occur in each
ited because they usually simulate a fixed mixture of-specell are upper trees, lower trees, shrubs, and herbs. The two
cies. This means that fundamental processes such as spediese layers can have different species, whereas the shrub and
succession or replacement due to silvicultural activity carherb layers are viewed as single “species”. Each cell can
not be included in these simulations. STANDCARB was de have any combination of layers except that lower trees can
signed to overcome these restrictions by incorporating th@nly occur when upper trees are present. Each of the layers
features of a gap simulation model (Urban 1993; Urban etan potentially have six live partsi) (foliage, (i) fine roots,
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Fig. 1. Overall conceptual structure of the STANDCARB model showing the relationship between the stand, cells, plant layers, layer
parts, and detritus pools.
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(iii) branches,i¢) sapwood, {) heartwood, andvf) coarse Fig. 2. Major modules in the STANDCARB model and the flow
roots. In addition to these parts, bole, abovegroundof information among them.
belowground, and total live mass are derived from combina

tions of these parts. Each of the live parts of each layer con SoIL NEIGHBOR
: i : : TEXTURE
tributes material to a corresponding detritus or dead pool.
Thus, foliage adds material to the dead foliage, fine roots to + +
dead fine, etc. Finally, all the detritus pools in a cell can po .
tentially add material to a stable soil pool. CLIMATE GROWTH | = 7| HARVEST
Module descriptions ><
PLANT MORTALITY | <€ BURNKILL
STANDCARB contains 11 major modules that perform y
specific functions (Fig. 2). The following section describes v v
the purpose and calculations of each module.
DIEOUT DECOMPOSE|~€—>-| SITEPREP

PLANT AND DIEOUT modules

The PLANT and the DIEOUT modules allow
STANDCARB to simulate species replacement during-suc mines which tree species will establish in a cell depending
cession. These modules determine the “birth” and “death”upon the local abundance of species as well as the light,
respectively, of plant layers and are the most analogous temperature, and moisture conditions present as predicted by
those found in a typical gap model (Urban and Shugarthe NEIGHBOR and CLIMATE modules. The DIEOUT
1992). The PLANT module determines when herb, shrubmodule determines when the upper tree layer needs to-be re
upper tree, or lower tree layers establish in a cell and deteplaced given that trees have a finite life-span. Trees are rep
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resented by a cohort of multiple individuals until they reachmatches the values in mature trees of the various tree spe
an age when self-thinning would leave a single tree. This icies (Lassen and Okkonee 1969).

also the age when tree crowns reach their maximum extent. The change in live stores is calculated at annual time steps
Tree mortality at this point means that the upper tree layefrom the rates of allocation to the individual parts minus res

has to be replaced by the PLANT module. piration, litterfall, pruning, and mortality losses from compe
tition, small-scale disturbance (see MORTALITY module),
GROWTH module timber harvest (see HARVEST module), and fire (see

This module calculates the mass of the six live pools of CBURNKILL module).
and is divided into nine functions that perform specific-cal
culations including the absorption of light and foliage NEIGHBOR module
growth; the allocation of production to fine roots and woody The purpose of this module is to simulate the interaction
plant parts; respiration from living parts; heartwood forma among the cells regarding light and is only used when the
tion; losses from mortality, litterfall, and pruning; calcula interactive, multicell mode of the model is run (the mode
tion of live stores; and conversion of bole mass to woodused in our simulations). The main interaction among cells
volume. Each of these functions is invoked for each planis one of interception of diffuse and direct radiation. Diffuse
layer present in a cell. Parameters controlling these functionsadiation can be blocked on all sides, whereas direct radia
are specific to plant layers, and in the case of trees, speciestion is only blocked on the east-, south-, and west-facing di

The growth of each layer is a function of the amount ofrections. The degree of shading is determined by the relative
foliage present in a layer that is, in turn, dependent on thédaeights of trees in cells and the distance among cells. The
amount of light absorbed by them. Light is expressed as aeight is estimated from the age of the upper tree layer in
percentage of full sunlight, and we assume that taller layergach cell, and a Chapman-Richards equation that specified
have a competitive advantage over shorter stature layers; ihe maximum height of a species and the age that maximum
taller layers are present they will absorb light before underwas reached. Given that relative differences in tree heights
lying layers. When the model is run in the cell by cell inter- are used to determine shading, the model is relatively insen-
action mode (as it was in these simulations) the light comingpitive to absolute height. We, therefore, did not vary the
into a cell can be reduced by shading from surrounding cellsnaximum height as a function of site index. Foliage is as-
(see NEIGHBOR module). Layers are able to increase theisumed to extend from the ground to the tree top and is
foliage mass until the light compensation point for that layerevenly distributed over this height. Although this is not the
or species of tree is reached. The amount of light remainingnost realistic depiction of foliage distribution, it does result
below the foliage of each layer is a function of the mass ofin the competitive effects typical of more complex gap mod-
foliage of that layer as defined by a Beer—Lambert equation.els with less of the computational overhead. Cells are ar-

We assume that there is a fixed ratio between the mass ¢énged on rectangular grid and effects of cell to cell shading
fine roots and foliage. This implies that the energy and nutri-are estimated on eight transect lines. Boundary effects, a
ent gathering portions of plants are in balance. This ratio igroblem in all spatially explicit models, were addressed by
life-form specific (herbs, shrubs, and trees) and is assumeassuming the surrounding forest was the same as the simu-
to be highest for herbs, intermediate for shrubs, and lowedated forest.
for trees.

The photosynthate produced by foliage is allocated to thdvlORTALITY module
sapwood, branches, and coarse roots by assuming that pro The mortality rate of foliage, fine roots, branches, and
duction of these parts is proportional to the mass of foliagecoarse roots when entire trees die and (or) when parts are
and that the rates of allocation are fixed. The latter assumppruned is determined by this module. Sapwood and heart
tion is based on the idea that these are structural elementgood are only transferred to detritus pools when entire trees
that need to be in balance to function properly. Allocationdie. Branches and coarse roots are transferred to detritus
rates are set to give the proportions of a tree >50 cm diamepools when both entire trees die and when these parts are
ter at breast height as solved by allometric biomass -equgruned. A major assumption of this module is that as the
tions (Means et al. 1994). We used this diameter rangeamount of light absorbed by the stand increases, pruning of
because the proportions of tree parts become relatively stdranches and coarse roots and the mortality rate for entire
ble at this size. trees increases. The turnover of foliage and fine roots are

Respiration losses are deducted from the allocation addegbnstants based on the longevity of these parts. The mortal
to woody plant parts. Respiration of all plant parts exceptity of upper trees is also dependent upon the time a species
heartwood is estimated from their mass and a respiration rateas occupied a cell given that each tree has a finite life-span
that is aQy, function of mean annual temperature (Ryan(see the DIEOUT module). When a single tree is in the up
1990). For foliage, fine roots, branches, and coarse roots thger tree layer, then mortality is a function of tree longevity
fraction that is alive is constant among species and layers. |land becomes independent of light.
the case of sapwood, adjustments are made to reflect the
varying proportions of the sapwood that is alive (PanshiDECOMPOSE module
and de Zeeuw 1970). This module simulates the input, decomposition, and-stor

The mass transferred from sapwood to heartwood for eachge of C in detritus. The functions contained in this module
tree layer is determined by the rate of heartwood formatiorcalculate the total amount of detritus input from the various
and the mass of sapwood. The rate of heartwood formatiotayers and parts, the effect of substrate quality on decempo
is parameterized so that the proportion of boles in sapwoodition, the rate of decomposition, change in detritus stores,

© 2002 NRC Canada



Harmon and Marks 867

the transfer to a “stable” soil pool, and total detritus and soilonce at the start of each simulation and used for all the cells
stores. All detritus pools are named after the correspondin@ a stand. Interception, evapotranspiration, water stores, and
live plant parts with the prefix “dead” added. Six pools of the effects of climate on decomposition and growth are cal
detritus C are consideredi) (dead foliage, i{) dead fine culated each month on each cell.

roots, (i) dead branchesiv) dead sapwoody) dead heart To estimate the amount of water available for plant
wood, and Yi) dead coarse roots. In addition to these detri growth and decomposition, the interception of the canopy,
tus pools, the model simulates the dynamics of a stable soiloody detritus, and forest floor is calculated. Canopy inter
pool that potentially receives inputs from all six detritus ception increases linearly with increasing foliage mass.

pools. Monthly canopy interception is calculated by multiplying
Inputs of material to the detritus pools comes from fourthis proportion by the monthly precipitation.
potential sourcesi) litterfall, pruning, and mortality;i() the Once canopy interception is accounted for, the intercep

dying out of the upper tree layerii( thinning and harvest tion by dead sapwood, dead heartwood, dead branches, and
ing; and (v) fire-killed plants. For any given year, the input stumps is calculated as a function of their mass, currenat wa
can come from several of these sources. Each year the inputsr store, and the maximum moisture content of the woody
from litterfall and mortality and upper tree die out are calcu material. If the moisture content is below the maximum then
lated first, and then additional inputs from harvesting orinterception is calculated as the product of the projected area
burning are added. The total input to a pool is the sum of albf a detritus pool and the canopy throughfall. If the moisture
the inputs from all the layers in a cell. content of the dead wood pool exceeds the maximum for a
The decomposition rate of each pool is dependent on thdead wood pool, then interception by these pools does not
substrate quality of the inputs to that pool and the currenbccur. The amount added to the forest floor each month as
substrate quality of the pool, that is the overall decomposilog “throughfall” (i.e., the water leaving dead wood) is the
tion rate is a weighted average of the input and currensum of all the woody detritus interception values subtracted
stores. The overall decomposition rate is calculated from thérom the monthly canopy throughfall. The amount of inter
substrate effect and the effects of the abiotic factors, tempeteption by the dead foliage pool as a function of the mass,
ature, solar radiation, and moisture as calculated in the CLleurrent water store, and the maximum moisture content is
MATE module. The balance for each detritus pool is thecalculated in a manner similar to the dead wood pools.
inputs minus the losses from decomposition, consumption Monthly total potential evapotranspiration of the site is
by fire, and transfers to the stable soil pool. calculated using a modification of the Priestly—Taylor
In addition to following the dynamics of detritus pools, method (Bonan 1989; Jensen 1973; Campbell 1977). Total
STANDCARB accounts for changes in a stable soil pool.potential evapotranspiration for a month is assumed to be
Mass is transferred from each detritus pool to the stable sojproportional to the estimated solar irradiance, the monthly
pool as a constant proportion of each detritus pool; climatianean air temperature, and number of days in a month. The
influences on these transfers are not modeled explicitly bugonstants used to solve the Priestly—Taylor method are em-
are included in the calibration stage. In our simulations, in-pirically derived after Jensen and Haise (1963) and Jensen
puts to the stable soil pool were from the dead foliage, dea@1973) from elevation and the mean minimum and mean
fine root, and dead coarse root pools. As with the detritugnaximum daily temperatures for the warmest month of the
pools, the decay rate of stable soil is a function of the-subyear.
strate and abiotic effects. The former is an average rate for To estimate the potential amount of transpiration by
all forms of stable soil material at 10°C and without mois plants, the total potential evapotranspiration is reduced by a
ture limitations and is independent of the species or lifeconstant fraction each month to account for the evaporation
forms occupying a cell (based on the assumption that exterportion of the water loss. This yields a monthly potential
sive decomposition has reduced these differences). The lattganspiration loss assuming that leaf mass and soil water
represents the combined effects of temperature and moistuigores are at a maximum. The actual transpiration losses

calculated by the CLIMATE module. each month are controlled by the soil water stores and the
foliage mass. The effect of foliage mass is linear and deter
SOIL TEXTURE module mined by the ratio of actual foliage mass divided by the

The maximum amount of water storage in a soil is basednaximum foliage mass possible in a cell. The effect of soil
upon the soil texture, depth, and fraction of soil free ofmoisture on transpiration is calculated from a modification
coarse particles. The fraction of the soil volume that carof the relationship developed by Emmingham and Waring
store water between field capacity and the wilting point is(1977). We assume that when soil water potential (WaterPot)
based on soil texture and the fraction of the soil profile withis below —0.3 MPa, the transpiration rate decreases exponen
soil particles <2 mm diameter. The depth of soil that cantially. Volumetric moisture content is converted to water po
store water is calculated by multiplying the soil depth by thetential using a reciprocal function similar to Running and

fraction of the soil that can hold water. Coughlan (1988)
The moisture content of six detritus pools and the mineral
CLIMATE module soil is calculated monthly and represents the balance -of in

The CLIMATE module estimates the effect of tempera puts through precipitation and outputs via evapotrans
ture, precipitation, and solar radiation on the establishmenpiration. For the mineral soil the monthly input is whatever
of tree species, growth of plants, and decomposition of detriwater has not been intercepted by the canopy, dead wood,
tus. Mean monthly daytime temperature and growingand the dead foliage pools. The loss of water from the-min
degree-days (with a base temperature 4.4°C) are calculatedal soil is controlled solely by the transpiration from plants,
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this assumes that evaporative losses from the mineral sollable 1. Model predictions of steady-state C stores of each of

are minimal. The rate that water is lost from detritus pools isthe two species as well as the mixed forest used in the simula

calculated from the monthly evaporative demand (a functioriions.

of radiation received and temperature) multiplied by a pool

specific drying constant. To calculate the effect of water

stores in these detritus layers on decomposition, the valueWestern hemlock ~ 589.8 (17%) 267.1 (3.5) 859.9 (17.1)

of water depth have to be converted to moisture contenDouglas-fir 702.9 (33.8)  208.0 (2.6) 911.0 (31.5)

based on mass. Mixed forest 595.5 (24.9)  265.5 (4.0) 861.1 (24.8)
Moisture controls decomposition in two ways. The first is  ayajues are means with SEs given in parenthedes &).

through matric potential, which makes water unavailable for

decomposers once the fiber saturation point is reached. The . . .
second effect is caused by low oxygen diffusion when th ow to high the fracfuon_ of each of the aboveground detritus
moisture content is too high a significant limitation for pools removed by fire increases. It is assumed that the dead

coarse woody detritus (Harmon et al. 1986). We model th&oarse roots and the stable soil pools do not decrease when

matric potential and diffusion limitation portions separately€re is a fire.

from the minimum and maximum moisture contents that de . ]
composition occurs for a given detritus pool. The overall ef Model calibration
fect of moisture is calculated by multiplying these two

indices. . to predict the relative effects of various treatments on poten

The effect of temperature on the detritus pools also haga| ¢ stores, we calibrated STANDCARB to represent a
two components. The first part is an increase in respiration.,mmon mixed species forest in the Pacific Northwest.
rate with temperature following @y, curve, and the second tperefore, we make no claims that the absolute levels of C

part sn(rjnulates the effec_t _Of a_llﬁthal tfempe_rature limit tlha': Al'stores are being predicted a priori. The stands simulated rep
rests decomposer activity. These functions are calculatefugent 5 mixture of two species, each with different poten-

from the Q, rate and the monthly optimum temperature for i35 15 store C (Table 1). The parameters of these species

decomposition. The combined effects of moisture and temyaphendix A) are based on values estimated for Douglas-fir
perature on decomposition are calculated by multiplying the(Pseudotsuga menzieiMirb.) Franco) and western hem-
two indices. lock (Tsuga heterophyllg§Raf.) Sarg.), with the latter storing
approximately 6% less than the former (Table 1). Therefore,
HARVEST, BURNKILL, AND SITEPREP modules a species with high potential is eventually replaced by one
The HARVEST, BURNKILL, and SITEPREP modules ith lower C stores potential.
determine if a cell is to be disturbed by silvicultural treat- The climate and radiation data used to drive the simula-
ments, timber harvest, or fire and the degree to which thesgons was from the H.J. Andrews Experimental Forest, a typ-
disturbances reallocate the C in the living and dead pools.jcg) Oregon Cascade site. The soil used was a loam, with no
If a harvest activity occurs on a cell in a given simulation ¢garse fragments >2 mm in diameter and a depth of 1 m.
year, then the HARVEST module determines which type and jye hiomass accumulation rates of the species were cali
spatial pattern of activity is to occur. Possible activities in prated to match those predicted from yield tables (McArdle
clude: precommercial thlnnl_n.g., commercial thinning, andgnpg Meyer 1930; Barnes 1962) for highly productive sites
clear-cut harvest. These activities may be performed on therig. 3)." Stores in detritus and soils were calibrated to-pub
upper or lower tree layer separately or together on all thgished data (Grier and Logan 1977) but also match those of

cells or a subset of cells. Once the type and timing of a hargther more recent studies of forests that had been disturbed
vest treatment has been detel’mlned, the HARVEST moduleatastrophica”y by fire 400-500 years ago (Harmon et al.

calculates the amount of bole mass removed, the mass @bog; Smithwick et al. 2002) (Fig. 4).
bole left in tops and stumps, and the mass of other detritus
or slash created by the harvest.

The BURNKILL module determines the timing and Forest products stores
amount of live vegetation killed by natural- or management- Although our primary purpose in these simulation experi
caused fire reducing the amount of live C in the GROWTHments is to examine the potential effect of various practices
module and transferring some to the DECOMPOSE modul®en C stores of forests, some C is stored in forest products
as fire-killed detritus inputs. Not all the live vegetation killed following timber harvest. Therefore, comparisons of natural
by fire is necessarily transferred to detritus; some is-condisturbances versus harvest systems are more valuable if for
sumed by the fire itself. The fraction of plant material that isest products as well as ecosystem level C stores are consid
killed and consumed by fire also increases with fire severityered (Houghton et al. 1983). This approach also allows one
Above- and below-ground plant parts are consumed by fireo track all the C produced by the forest and obeys the law
to different degrees, with below-ground parts having lesof conservation of mass. We used the FORPROD model
material consumed for a given fire severity. (Harmon et al. 1996) to estimate the fraction of harvested

When a natural- or management-caused fire occurs thboles that is initially stored as forest products and to-esti
SITEPREP module determines the degree that detritus in themate the average annual rate of release to the atmosphere.
DECOMPOSE module is reduced. The degree that the-detrBased on current log uses (pulp-, saw-, and veneer-logs),
tus pools are reduced is determined by the user; in this vemanufacturing efficiencies, as well as product and waste
sion we have assumed that as fire severity increases frotifetimes, we estimated that 48% of the harvested logs are

Species Live Dead Total

Given that the purpose of our simulation experiments was

© 2002 NRC Canada



Harmon and Marks 869

initially stored and the rate-constant of release to the atmoFig. 3. Comparison of calibrated model run to yield table for
sphere is 0.0085 yedr(based on semi-logarithmic regres Douglas-fir forest with a site index of 51 m at 100 years
sion of stores predicted by FORPRO#3,= 0.99,N = 10).  (McArdle and Meyer 1930).

These parameters were used to convert the mass ef har

X . 800
vested C to forest products and to estimate decreases as this

material is incinerated and decomposed. In the case of-multi 700, ® Mc Ardle and Meyer L4
ple harvests in a simulation run, we added the new harvests 600/ ~— STANDCARB 1.0

at the appropriate time and calculated subsequent losses. W&
assumed that manufacturing efficiencies would not change 500
in the future and that product uses and longevity would no

change. While these parameters are likely to change in th&
future, this is unlikely to change the ranking of results.

400

a

3004

Bole M

2004

Simulation of managed forests 100l

A series of simulation experiments was conducted to test
the effects of initial conditions, tree regeneration rate, slash 5 50 40 60 80 100 120 140 160
burning, harvest rotation length, and partial harvest. Each of _
these simulation experiments is named after the main effect Time (years)
being examined as described below; however, we ofter con
sidered (_)ther_factors_ in these simulation _experime_nts to_ teﬁig. 4. Comparison of model predictions of distribution of C in
for possible interactions. In each experiment, simulationg,ogias-fir — western hemlock forest to that from field studies
were started from bare ground, with only the stable soil Cgrier and Logan 1977: Harmon et al. 1998; Smithwick et al.
fraction present. The model then was allowed to run 50 002).
years to approach a quasi-steady state before the experimen-
tal treatments were imposed. Five simulations, each with a 100
different random number seed, were run for each experimen-
tal treatment. The processes involving random numbers in-
clude planting of layers and mortality of upper trees. Each 80
simulation consisted of 100 cells that were allowed to inter-
act through shading, and the border was assumed to be th
same age as the stand mean.

[] Total live

[0 woody Detritus
Forest floor

B Mineral soil

[e2]
o
1

Initial conditions

The amount of C uptake and release is a function of the
difference between the starting point and the ending point.
While seemingly obvious, much potential confusion exits in
the literature because the ending point is often emphasized.t
more than the starting point. These simulation experiments 20
were designed to examine the effect of initial conditions
(i.e., the starting point) on changes in C stores. We examined
several common situationsi) (conversion of bare ground to
an old-growth forest (here defined as a forest greater than Smithwick ~ Harmon Grierand STANDCARB
200 years in age),if conversion of bare ground to planta etal. etal. Logan
tions with a 60-year rotation (i.e., the interval between-har Study
vest), (i) conversion of old-growth to plantations with a 60-
year rotation, if) elimination of low severity wildfires, and
(v) elimination of moderate severity wildfires. The latter two eration can occur (Cohen et al. 1996). This regeneration lag
simulation experiments represented stands that were burnedn reduce C accumulation in live C (Turner and Long
once every 40 years with low-severity fire killing 10% of the 1975), as well as reduce stores in woody detritus (Harmon et
upper tree layer mass and moderate-severity fires killingl. 1986). We, therefore, examined the effect of repeatedly
20% of the upper tree layer mass. The amount of detritus rehalving the upper tree establishment rate constant from 0.6
moved by these types of fires was calculated (Table 2). Théo 0.3 to 0.15 to 0.075 to 0.0375 yearThis series of rates
plantation treatment represented high bole utilization (i.e.would correspond to 5, 10, 20, 40, and 80 years for 95% of
100% cut and 95% removed) and a high-severity slash-burrthe simulation cells to have upper trees established in them.

IN
?

action of Total C (5%)

7

ing fire (Table 2). For each of these tree establishment rates, two sets of initial
conditions were examinedi)(bare soil with only stable soil
Tree regeneration rate stores andii) a windthrown old-growth forest, 500 years of

Although rapid tree regeneration is often assumed in Gage with no removal of boles. These represented the range
stores assessments (e.g., Harmon et al. 1990), a considerablenitial conditions regarding detritus amount and they were
lag between disturbance and the establishment of tree tegeselected to examine the interaction between tree regenera
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Table 2. Fraction of detritus pools remaining after Row 1996). While there is nothing inherently wrong with
fire used in various simulation experiments. this approach, it does make comparison of treatments- diffi
cult, especially when the timing of events is not similar. To
make the comparisons as independent of time as possible,

Burn severity

Detritus poot Low Moderate High we have calculated the mean C store over the last rotation or
Dead foliage 75 50 0 disturbance interval being examined (Parks et al. 1997). This
Dead fine roots 100 75 0 eliminates short-term fluctuations but also has the advantage
Dead sapwood 95 75 50 of representing C stores of a theoretical landscape with a
Dead heartwood 100 90 50 uniform age-class distribution (Harmon et al. 1990;

Dead branches 75 50 5 Krankina and Harmon 1994; Harmon 2001). The maximum

Dead coarse roots 100 100 50 age-class of this theoretical landscape is the rotation age or

disturbance interval. This makes it possible to compare the
effect of treatments on a landscape-level steady-state basis,
rather than at particular times. Shifting from a silvicultural

tion rate and the initial amount of detritus. These 10 combj SYStem that stores more to one that stores less on the land

nations were then examined for three disturbances intervafRcaPe Iﬁvel would r_esult, therefore, in a net loss of C to the
(150, 300, and 600 years) to examine if there was an intera@{mosphere (and visa versa).

tion between regeneration rate and disturbance interval, !N @ddition to comparing the amount stored in landscapes
with different treatments, it is important to understand the

Utilization level: slash burning approximate time required to reach new steady-state levels

The type of timber harvest and preparation of the site fo0f C Stores when a change is introduced. To estimate the
planting can potentially have major impacts on the amounfime required for a theoretical landscape to adjust to treat
of C stored in a forest. The fraction of trees cut and prepormemﬁ' V\f/ehcalcglated a moving a}veraghe over time, with the
tion of boles removed during harvest has varied dramaticallyen9th of the window used equal to the rotation or distur
over the last century (Harmon et al. 1296Likewise the ance interval of the experimental treatment. For example, if
type of slash burning has varied from virtually none to hotOn€ iS moving from an old-growth system to a 40-year har-
broadcast burns that removed virtually all the fine and muchY€St rotation, the window used to calculate the average is 40
of the coarse fuels. We examined four combinations of utili-Y&a'S- If the rotation length was 60 years, the window would

zation and slash burningi) (ow utilization, no fire, {i) high ~ P& 60 years, etc. The advantage of this approach is that by
utilization, no fire, {ii) low utilization, followed by a high- the time the end of the first rotation of the new treatment is

severity slash-burning fire, anév/J high utilization, followed reached, the entire theoretical landscape has been converted

by a high-severity slash-burning fire. Low utilization was de- {0 thé new system, and the new uniform age-class distribu-
fined as cutting 80% of the tree mass and removing 80% ofion has been imposed. Although the age structure of the
the felled bole mass, whereas high utilization was defined a§€W landscape is in steady state at this point, the C stores
cutting 100% of the tree mass and removing 100% of then@y not. We, therefore, calculated the time difference be-
bole mass. The no-fire scenario left all detritus on the sitdWeen the time the age structure and C stores steady state
and did not kill any of the vegetation remaining following Was reached. . .

the cutting. The high-severity fire scenario killed all the veg  Finally, the forests we have simulated admittedly repre
etation surviving the cutting and consumed a large fractiors€Nt & particular case and the absolute levels of C stores pre

of the aboveground detritus (Table 2, see high-severity ﬁre)_fmcted wiII.d_iffer from other cases. To eliminate differences
in productivity levels and other factors, we have presented

Rotation length the results in relative terms scaled to the maximum Jand

Increasing the rotation length has often been suggested 8§2P€ stores the model simulated. This maximum from the
a way to increase the live and dead C stores of forests. WICdel was 875 + 5.8 Mg:ha(mean + SEN = 10) for a
examined the effect of increasing the time between harvest@ndscape consisting of entirely 400- to 500-year-old forests
from 40 to 120 years in 20-year increments. These age@nd IS near the Paqﬂc Northwest mean of 773 Mg*lesti
bracket the planned rotation times on industrial and Federd['@t€d by Smithwick et al. (2002). The lower value for

forest lands in the Pacific Northwest, respectively. Two eom >Mithwick et al. (2002) is caused by the fact that their study
binations of timber utilization and slash burning were exam included forests east of the Cascades, and these have far

ined in this set of simulation experimentsi) (high lower C stores than those west of this mountain range. Al
utilization, followed by a hot slash-burning fire anif)fow  though itis unlikely this landscape could be maintained over
utilization without a slash-burning fire. Utilization levels and time because of natural disturbances, it represented a logical
high severity fire effects were the same as those used in tHg€oretical upper bound of C stores. Therefore, it was as

utilization level — slash burning simulation experiments de S'9ned a value of 100%, and all other landscape capacities
scribed above. were standardized by dividing by 8.75.

#The stable soil pool is assumed to lose no C during a
burn.

Presentation of results Results

As our presentation of simulation results differs from Initial conditions
many past papers, an explanation is warranted. In most The potential for a landscape to store C was primarily a
cases, changes in C stores have been presented over time fonction of frequency and severity of disturbance. The {and
individual stands (e.g., Harmon et al. 1990; Dewar 1991scape with the minimum C store (15% of maximum) was an
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Table 3. Effect of treatments on C stores in a landscape with a Fig. 5. Effect of initial conditions on total C stores after conver

uniform age distribution. sion to a 60-year, high-utilization tree plantatiof). ¢onversion
- - from old-growth forest andii() conversion from agricultural row
Fraction of maximum crops.

Treatment C stores (%)
Agricultural row crop 15.0 (0.2) 100
Old growth to plantation 30.8 (0.1) S 901
Agriculture to plantation 30.7 (0.1) E 5o
Agriculture to old growth 82.8 (0.6) £
Low-severity burn 87.7 (0.4) g 707
Low-severity burn to protection 92.9 (1.8) S 604 — 2"#3;?:’::2
Moderate-severity burn 71.8 (0.8) S 504 Al
Moderate-severity burn to protection 91.8 (1.2) '§

aThe maximum was set at 875 Mg C-ha £ 407

bValues are means with SEs given in parentheses 6). g 301 LeemTTTTTTTTTIT T

& 201 7

agricultural row crop system that consisted mostly of stable‘é 10_"
soil stores and minimal live vegetation (Table 3). T_he high 5
est C store was for burned forest protected from either low- 0 100 200 2300 400 00 500

or moderate-severity fire; these landscapes stored between
91.8 and 92.9% of the maximum. Given sufficient time the Time Since Conversion (years)
differences of initial conditions on landscape C stores de
creased. This is most evident for the plantation systemforest products extends this differential even further to eight
which stored similar amounts of C at the landscape scale reotations (480 years).
gardless of starting from an agricultural system or old
growth (Fig. 5). Tree regeneration rate
Differences between landscapes indicate conversion from There was a small but steady decrease in the landscape C
old-growth to an agricultural landscape will release thestores as tree regeneration rate (defined as the time for 95%
greatest amount of C, whereas conversion of a fire-protectedf the cells to be occupied by trees) increased (Fig. 6). The
landscape to a frequent, low-severity fire regime would re-decrease, however, is not as dramatic as expected with about
lease the least. The latter transition is unlikely to be smootha 5% decrease for a disturbance interval of 600 years as the
and an intermediate period of much lower stores at the landime of tree establishment increases from 5 to 80 years. Dis-
scape level would be expected. Although plantations conturbance interval had a larger influence than tree regenera-
verge on a common landscape steady state regardless tfn rate on landscape C stores. Halving the disturbance
origin, this does not mean initial conditions are not impor interval to 300 years decreased landscape storeslbyo. A
tant. Plantations on former agricultural landscapes had dodurther halving of the disturbance interval to 150 years re
ble the stores of an agricultural system. In contrastsulted in an additional decrease-610%. As expected, land
conversion from an old growth dominated system to a planscapes starting with a higher amount of detritus (i.e.,
tation system decreased stores by approximately two-thirdsyindthrow) stored more C than those with less (i.e., bare
depending on the origin of the old-growth stand. The maxi soil).
mum gain in C stores at the landscape level would come
from converting an agricultural to an old growth dominatedUtilization level and slash burning
landscape, which results in a fivefold increase. This is<com Slash burning had a greater effect on landscape C stores
pared to a twofold increase for establishing plantations orthan the fraction of boles harvested and removed (Fig. 7).
agricultural land. The lowest stores were predicted for systems incorporating a
With the exception of agricultural clearing, the rate of high-severity slash-burning fire. The obvious reason is that
transitions between landscape states appears to be a functithis type of fire removes a great deal of detritus, but less ob
of the difference in C stores between landscapes. The landiious is the effect on plant survival. This is most evident in
scape transition with the fastest timing is probably the-conthe low-utilization — high-severity slash fire case where 20%
version of forests (either old growth or plantations) to of the trees were left after cutting but were then killed by the
agricultural use. Although we did not model this changesubsequent fire.
over time, it might occur in as little as a decade for a reason
ably large landscape. The modeled transition from an-agriRotation length
cultural to a plantation landscape was quite rapid, with the Increasing the rotation length or the interval between har
ecosystem and total C stores (i.e., including products) beingests increased the total amourt © a landscape stored
reached in one and three rotations of 60 years, respectivel{fig. 8). In the case of the high utilization, severe slash-
The slowest rate of change was for the transition betweeburning harvest system, increasing the rotation length from
the agricultural system and an old-growth system, which40 to 120 years increased landscape stores more than 2.5-
took 300 or more years. Conversion from old growth tofold. The increase in stores associated with increasing rota
plantations took at least four rotations of 60 years requiredion for the low-utilization — no-fire harvest system was less
for the ecosystem to rea@ C steady state. The inclusion of dramatic, with only a 16% increase as rotation length was
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Fig. 6. Effect of rate of tree establishment, expressed as time forFig. 8. Effect of rotation length on ecosystem C stores, ex
95% of the cells to be established, on C stores, expressed as a pressed as a fraction of the landscape maximum. High-high,
fraction of the landscape maximum. Values in the key are distur high utilization — high-severity fire; low—no, low utilization — no

bance intervals in years. WT, windthrow; OF, old field. fire.
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Fig. 7. Effect of tree-utilization and slash-burning system on C
stores, expressed as a fraction of the landscape maximum. Highrig. 9. Effect of rotation length on forest products stores. High—

high, high utilization — high-severity fire; high-no, high high, high utilization — high-severity fire; low—no, low utilization —
utilization — no fire; low-high, low utilization — high-severity no fire.
fire; low—no, low utilization — no fire.
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varied from 40 to 120 years. In both harvest systems, in

creasing rotation length beyond a certain point marginally pespite the fact the lower utilization system removed a
increased C stores. smaller fraction of the bole mass, for shorter rotations this

In this series of simulation experiments, the largest effectystem resulted in more forest products than the high-
on C stores was associated with the harvest system used. Ratilization system (Fig. 9). The amount of forest products
example, a 40-year rotation, low-utilization — no-burn-sys stores decreased with rotation length for the low-utilization
tem stored 3.4 times more than the same rotation using higtsystem; however, it did not fall below the high-utilization
utilization standards and high-severity slash-burning firessystem until a rotation length of approximately 90 years. For
The difference between systems was less at longer rotationthe high-utilization harvest system, the amount stored in for
but even for a 120-year rotation the difference between harest products increased as rotation age increased but leveled
vest systems is as large or larger than the difference for inout as rotation length approached 100-120 years. These re
creasing rotation length. In part these differences are causeslilts have important implications for the supply of forest
by increases in live and detritus stores associated with thproducts, which is usually assumed to decrease if utilization
low-utilization system. Rather than being burned within astandards (fraction cut and removed) decrease. Ironically,
few years of harvest, detritus is allowed to decomposéhese simulations indicate it may be possible to store more
slowly in place. Moreover, live trees remain in the low- in the ecosystem and in forest products if utilization stan
utilization system, many of which continue to grow. dards are decreased, not increased.

© 2002 NRC Canada



Harmon and Marks 873

In this set of simulation experiments, an old-growth land enough C to avoid a period of negative NEP of at least-a de
scape was converted to a plantation system. The relationshigade.
between rotation length and the time required to create the Although our simulation model predicts stand-level-im
new landscape-level C steady state increased with decregsacts of various treatments, it is extremely useful to present
ing rotation length. This is best seen by comparing the 40these results on a theoretical landscape basis. This is-a non
year rotation, which took almost 10 rotation lengths to reachraditional way to present sequestration results but avoids the
a C steady state to the 120-year rotation, which took two roproblem of mixing short-term trends with longer term trends
tation lengths to redca C steady state. Even in absolutein NEP (Harmon 2001). For most of our simulation experi
years, the shorter rotation system took longer than the longenents there are periods when each treatment had short-term
rotation system (400 vs. 300 years). periods of negative or positive NEP. When the landscape
reachs a C stores steady state these short-term changes in
NEP offset one another. However, when one type of distur
bance regime or management is replaced by another at the

The lack of attention to initial conditions in various-as landscape scale, there is also a long-term trend in NEP that
sessments has lead to considerable confusion in the literatué@n be positive or negative depending on the relative differ
about the effects of various silvicultural and managemengnce between the initial condition and the final state. It is the
treatments. As our simulation experiments show, it is not sdatter trend that is of most interest when interpreting the im
much the effect of the treatment per se that is important bupact of altering management strategies.
how it relates to the initial conditions. Thus, one would ex The time required for transitions from one landscape to
pect that establishing short-rotation plantations on a deanother appears to be dependent on several factors. Firstly,
graded old field will increase C stores and result in a nethe magnitude of change from one state to another is impor
uptake of C from the atmosphere (Row 1996). Establishindant with more time required the greater the change in C
the same system by converting older forests, will, howeverstores. Secondly, the difference between establishing a
have the opposite effect (Harmon et al. 1990). The issue ofteady-state age structure versus steady-state C stores in-
intensity of management also is not particularly relevantcreases as the ability of the new system to maintain detritus
Kurz et al. (1996) indicated that not all management activi-and forest products stores decreases. This is because these
ties lead to a decrease in C stores making their case by cotwo components have the slowest dynamics of the overall
trasting the results of converting old-growth to short-rotationsystem, and if they cannot be maintained, their dynamics
plantations (Harmon et al. 1990) versus the effects of firedominate the long-term changes of the system. For example,
suppression. Our analysis indicates both conclusions arearvesting a hectare of old-growth forest creates 200 Mg C
valid and can be predicted from change from initial condi-of new forest products, but the steady-state amount of forest
tions but not necessarily the intensity of management. products that can be maintained from 1 ha of the plantation

Our simulation experiments also shed light on anothefforest is 74-100 Mg C. The rate constant of 0.0085 Year
area of potential confusion, specifically the effect of detrituscontrolling forest products losses indicates >350 years are
on C stores and flux. Several past modeling studies (e.grequired for this pool to reach steady state. This second
Birdsey 1992) have indicated that NEP (net ecosystem prapoint leads to the final factor controlling the time required to
duction) is always positive regardless of the amount of detrimove from one management system to another: the direction
tus left after disturbances. We found no support for thisof the change. Changing from a system with a minimum of
conclusion in our own simulation experiments or field stud detritus (e.g., agricultural fields) and forest products to one
ies (Janisch and Harmon 2002). Rather, the pattern of NERith higher amounts of these two components may be faster
following disturbance is strongly controlled by the amountthan going the opposite direction. The third factor is likely
of detritus left following disturbance. Although we exam to be modified by the relative difference in stores, with the
ined the most extreme conditions (bare soil and windthrow)fime required increasing as the relative difference increases.
we can estimate the amount of detritus required to have ddrinally, the landscapes we considered were theoretical. Real
composition offset the positive portion of NEP caused bylandscapes have probably not developed with the uniform
plant production. The simulations starting from bare soil inage-class structure presented in our results. Examination of
the tree regeneration simulation experiments indicate thactual landscapes and evaluation of realistic rates as one
maximum possible NEP at various times. The overall detri management system is replaced by another would add addi
tus decomposition rate constant of 0.05 yéaan then be tional insight into the feasibility of changing management
used to calculate the initial mass of detritus required te off systems.
set this positive NEP. The maximum possible NEP at 10 and Forest products stores, while considered in our analysis,
20 years for example would be approximately 1 andwere not a major store of C compared with the ecosystem it
2 Mg C-hal-year?, respectively. The initial amounts of de self comprising 10-25% of the total. Our estimates of prod
tritus required to offset these rates of positive NEP areuct stores are low, in part because they do not include
35 Mg C-ha' to offset the first decade and 100 Mg C-hto  emissions associated with wood waste based fuels. This dif
offset the second decade of positive NEP. These amounts &drs from the approach used by Row and Phelps (1996) who
detritus are surprisingly small (4 and 11% of the maximumassumed most wood-based fuels offset fossil fuel usage and,
potential C stores) and could easily be accounted for by nathus, should be counted as C stores. We feel, however, there
harvesting the branches or roots or by leaving only a portiorare several issues that need to be addressed before one can
of the preharvest detritus in place. Thus, it seems highly unassume these wood fuel emissions are C stores. First, one
likely that commonly used harvest systems could removenust demonstrate that wood-waste fuels are actually effset

Discussion
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ting fossil fuels. The answer to this question depends en relong lived and can establish and grow under high to moder
gional energy sources. For regions with high direct use ofte light levels. Finally, by increasing the amount of detritus
fossil fuels for forest products manufacturing or that generone can increase the C stores of a system. This is also a
ate a large fraction of electrical energy that is used in forestounterintuitive result as the decomposition of this material
products manufacturing, it may be reasonable to assume thiads to a net loss from the ecosystem and in some cases can
burning wood waste offsets use of fossil fuel C. This thenoffset plant production causing NEP to be negative. While it
could be envisioned as a potential store of C. In regionss true that decomposition leads to a loss, alternative -treat
where hydro power is a major source of energy that could benents such as slash-burning fires, use as fuel wood, and
used in forest products manufacturing, the assumption thatven processing into forest products leads to a far more
fossil fuels are saved by the burning of wood waste is potenrapid loss to the atmosphere with a 50% loss to the atmo
tially erroneous. Secondly, if one decides to count burningsphere in 2 years if this material was put through the latter
wood waste a a C store, then one should deduct all the fos process. Keeping this material in the ecosystem might be the
sil fuel costs associated with harvesting, transportation,-marbest option as long as tree regeneration rates are Rot re
ufacture, and disposal of forest products. As a detailedluced. There may be additional benefits as well in terms of
energy analysis of the potential sources of manufacturinguutrient availability, although exceedingly high levels of
energy and the fossil fuel costs of handling harvested woodvoody detritus may temporarily reduce nutrient availability.

was beyond the scope of this paper, we have opted for the Qur model included the effects of changing species-mix
simpler assumption that loss of C by any process (fire,-mantures and age structures on C stores. It accounted, therefore,
ufacturing, or decomposition) is a loss of C to the atmo for changes in these factors brought about by the simulated
sphere. treatments. However, as in many C models, the effects of nu
Selecting the optimum management strategy requires thatient availability were not considered. As long as the treat
C stores be balanced against the production of forest-prodnents did not alter this status, then our results are probably
ucts. Our simulation experiments indicate that if C storesobust. This assumption is likely to be true for most of the
were the only concern, then conversion to an old-growthtreatments we considered with the exception of those involv
dominated landscape would be the best option as this systeimg severe fires. In this case, complete removal of the litter
stores close to 90% of the potential maximum, even with firelayer is likely to reduce the productive capacity of the eco-
or wind disturbance and no timber salvage. This strategysystem (Aber et al. 1979; Kimmins et al. 1990). The net ef-
however, would not supply the wood products needed by sofect of ignoring this process is likely to make the differences
ciety and could lead to higher fossil fuel use in the long runpredicted by STANDCARB to be conservative. That is the
if substitute materials required high energy inputs for manuhigh-utilization — high-severity plantation system resulted in
facture. The best system in terms of balancing C storethe lowest C store of any treatment except an agricultural
against forest products production appears to be either ane. If nutrient availability is reduced in this extreme treat-
partial-cutting system or a 80- to 100-year rotation with ament, then the C store is likely to be lower than we pre-
low-utilization harvest system in which fire use is mini- dicted. Exploration of this hypothesis using a model that
mized. These systems would provide as much or more foreshcludes nutrient limitations (e.g., Kimmins et al. 1999)
products as the short-rotation — high-utilization system inwould be helpful.
common use today and would store at least twice the amount Qur analysis indicates that some nontraditional systems,

of C at the landscape level as short-rotation — highsuch as partial harvest, with minimum use of slash-burning
utilization systems. fires, may provide as much timber harvest as traditional sys
The three factors most important in developing an -opti tems. They also appear to increase C stores to twice the level
mum C sequestration system aré) (rotation length, that can be maintained in a traditional system. Therefore the
(if) amount of live mass harvested, arnid)(amount of detd  issue may not be one trading off C stores versus the supply
tus removed by slash-burning fires. These three factors aref wood products as much as it is one of assessing the eco
not independent but clearly interact. By increasing rotatiomnomic practicality of these nontraditional systems. Given the
length the C stored in live and detritus pools increases aparea occupied by forests in the Pacific Northwest, U.S.A.
proaching that of old-growth forests. Although the benefits(~10’ ha), doubling of the current stores in this region could
of increasing rotation length decrease eventually, intervals o$equester an additional2.5 Pg of C. This would have an
up to 100-120 years increase C stores and supply higaconomic value of $25 to $50 billion given the range of
amounts of forest products. The increase in forest productsrices currently being discussed ($10 to $20-NigThere
is associated with the fact that older forests have more C tfore, the change from the current system to one that
harvest. Gains associated with increasing rotation length inoptimizes C stores may depend more on the timing of the
teract with the utilization standards and use of fire, with theharvest rather than the total amount of harvest or C value
largest gains evident in the high-utilization — high-severityprovided from a landscape (Sedjo et al. 1997). Another con
fire system. Next to rotation length, the largest gain in Csideration is the silvicultural practicality of these nontradi
stores would appear to be associated with low tree utilizatiotional systems. Our simulation experiments indicate there
systems. While counterintuitive, this result make sense aare no obvious problems for an ecosystem that provides a
trees that are not cut continue to grow eventually providingmajor share of the U.S. timber supply. This is despite the po
higher C stores and amounts of forest products. This systeential effects of nontraditional silvicultural systems to shift
may not be possible to maintain if the species is short livedspecies composition and increase competition between age-
or requires high light levels to establish and grow, howeverclasses of trees. Fortunately, experimental treatments-of al
it may be possible for a species such as Douglas-fir, which isernative silvicultural systems are being established in the
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Pacific Northwest (Kolm and Franklin 1997) that can beGrier, C.C.,, and Logan, R.S. 1977. Old-growfPseudotsuga
used to test our model projections. Although it will be many menziesicommunities of a western Oregon watershed: biomass
decades before their effects on C stores can be fully as distribution and production budgets. Ecol. Mono#f. 373-400.
sessed, some of the underlying assumptions and conclusiohigll, C.A.S., and Uhlig, J. 1991. Refining estimates of carbon re
from our model concerning tree establishment and competi |1€3§lsed from tropical land-use change. Can. J. For. Resl18-

tion could be tested in a shorter time period. o .
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Appendix A

Table Al. Parameter values used in the STANDCARB model for the simulation experi

ments.
Species
Western
Parameter (units) Douglas-fir Both hemlock
Tree establishment
Lighty,.« (fraction of full sunlight) 1.00 0. 90
Lighty;, (fraction of full sunlight) 0.15 0.05
Degree-day., (°C) 3095 3095
Degree-day;, (°C) 625 625
Tree soil watey,, (MPa) -0.2 -0.1
Tree soil watey;, (MPa) -2.0 -1.7
Growth
Light compensation point (%) 10 5
Light extinction coefficient (ha-Md) 0.15 0.15
Foliage increase rajg, (dimensionless) 0.5 0.5
Fine root/foliage ratio (dimensionless) 1.0 1.0
Branch/bole ratio (dimensionless) 0.25 0.85
Coarse root/bole ratio (dimensionless) 0.37 0.37
Sapwood alive (% sapwood volume) 7.4 8.8
Live Qo (dimensionless) 2.0 2.0
Woody respiration rate (yed) 0.017
Rate of heartwood formation (yeay 0.059 0.022
Heightya, (M) 90 85
Canopy interception constant (ma§s 0.006
Mortality
Tree mortality;,, (year?) 0.011 0.013
Branch prung,y, (year?) 0.020 0.02
Coarse root prung, (year?) 0.005 0.005
Tree agg.y (years) 1000 700
Foliage turnover rate (yed) 0.2 0.2
Fine root turnover rate (yed) 0.5 0.5
Decomposition
Foliage decay raig (year?)? 0.3 0.3
Fine root decay raig (year?) 0.3 0.3
Branch decay ratg (year?) 0.15 0.15
Coarse root decay ratg(year?) 0.1 0.1
Sapwood decay rajg (year?) 0.15 0.15
Heartwood decay ratg (year ™) 0.1 0.05
Transfer rate to soil (yeal) 0.02
Soil decay ratg, (year?) 0.005
Decay Q,, (dimensionless) 2
Decay temperature optimum (°C) 35
Moisty;, (% mass or volume) 30
Moisty. (% mass or volume) 175-380
Drying constant (crhdegrees-cal?) 0.0007-0.0038
Moist storgy., (% mass) 200-400

“Decay rates are for 10°C with no moisture limitations.

*Two-parameter values depends on detritus pool, with woody detritus having a lower maximum
moisture limit than dead foliage or fine roots.

‘Parameter values depends on detritus pool, with coarse woody detritus having a lower drying rate
constant than dead branches or dead foliage.
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