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will change the landscape carbon balance. We will determine the current carbon balance for the Yellowstone
National Park (YNP) landscape and how much carbon was lost in the 1988 fires by (a) mapping the current
distribution of forest age and tree density for the YNP landscape, (b) measuring how annual net carbon storage
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was removed from the landscape by the 1988 fires through direct combustion, and (d) extrapolating stocks and
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climate-induced changes in the disturbance regime will affect landscape age and stand structure and NEP
for the landscape. Because we will examine the entire C budget we will also tightly link fuels (litter, CWD,
foliage, etc.) with overstory characteristics on a landscape scale.
Investigator: ___________________________ RMRS Representative:____________________________
Michael G. Ryan, Research Ecologist
Janine Powell, Assistant Director
Institutional Contact: Carolyn Lumar, USDA Forest Service RMRS, 240 West Prospect Rd, Fort Collins, CO
80526, Phone: 970.498.1172, Fax: 970.498.1396, clumar@fs.fed.us

INTRODUCTION
Understanding the interactions between climate, fire behavior, and forest characteristics is an
important challenge. Despite tremendous advances in understanding ecosystem processes in relatively
small study areas, little theory exists for predicting variability in ecosystem processes across broader
spatial scales, because the interactions are complicated. For example, forest structure affects fire intensity
locally and spread across the landscape—but, fire intensity, prior stand structure, and climate will affect
the developmental trajectory and structure of the new forest. Our proposed research would contribute to
progress in understanding these areas by focusing on the interactions of climate, fire, and landscape
structure and how these interactions affect the carbon balance of the landscape. Our previous work has
shown that fires create tremendous spatial heterogeneity within this landscape, especially with respect to
tree density and leaf area index (LAI), and that this structural heterogeneity is associated with substantial
variability in ecosystem processes such as productivity, carbon allocation, and carbon storage. We
propose to build upon this previous work to determine how initial post-fire structural heterogeneity
controls carbon dynamics over the full life cycle of individual forest stands, and how climatemediated changes in the fire regime could potentially alter the behavior of the entire Yellowstone
ecosystem as a net sink or source of carbon in the global carbon cycle. This proposal addresses Task 1
of RFP 2003-1. We propose using a combination of measurements and modeling to determine how
changes in climate and fire frequency will change landscape patterns of stand age and tree density, and
how these landscape patterns alter carbon storage for the landscape.
A fire oxidizes biomass almost instantaneously and sends a large pulse of carbon into the
atmosphere, but longer-term processes after the fire are equally important in controlling carbon cycling
(Auclair and Carter 1993). Immediately after severe fire, primary productivity is reduced or eliminated,
formerly live roots become available for decomposition, litter quantity and quality changes, soils and litter
become warmer, and soils are wetter for longer periods as transpiration and interception decrease. These
changes can lead to increased decomposition and soil respiration (Burke et al. 1997), which release up to
three times as much carbon (C) into the atmosphere as the initial fire (Auclair and Carter 1993). Over
longer times, however, assimilation of atmospheric carbon by new plant growth may entirely compensate
for the C released into the atmosphere by the fire and immediate post-fire processes (Crutzen and
Goldhammer 1993). In addition, a significant amount of stable C, in the form of charcoal, is left behind
after a fire and may persist for centuries as a long-term C sink (Seiler and Crutzen 1980, Schulze et al.
1999, 2000; Tinker and Knight 2000).
Fires also create a mosaic of different stand ages across a landscape (Anderson and Romme 1991,
MG Turner et al. 1997a and b, Foster et al. 1998). Carbon pools (e.g., live biomass) and fluxes (e.g.,
respiration) may differ substantially among stands of different ages (Kurz and Apps 1999). By summing
the components of C pools and fluxes in all of the individual stands that comprise a forested landscape, we
can characterize the C budget of the landscape system as a whole. For example, a landscape dominated by
recently burned forests probably functions as a net C source, whereas a landscape of mature forests may
be a C sink (Kasischke 2000b). Future changes in fire frequency and extent, as forecast by current climate
models (e.g., Dale et al. 2001), therefore, could have substantial impacts on global C cycling (Bonan et al.
1990, Moreno and Oechel 1994, Overpeck et al. 1990, Romme and Turner 1991, Crutzen and
Goldhammer 1993, Swetnam 1993, Leenhouts 1998). Quantifying the important components of the C
cycle during ecosystem recovery from fire is a fundamental need for determining how changes in fire
regimes may alter local, regional, and global C budgets and net C storage in biomass (Auclair and Carter
1993, Houghton 1996, Burke et al. 1997, Amiro et al. 2000).
Changes in productivity over the life of a stand are relatively well understood (Ryan et al. 1997),
but information about changes in the complete C balance and ecosystem C storage over the same time
span is limited (Kurz and Apps 1999). Productivity represents C input, but to understand the complete C
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balance, we must also understand how decomposition and the change of C stocks in long-term pools
(coarse woody debris and soil C) are regulated (DP Turner et al. 1995, Kurz and Apps 1999, Tilman et al.
2000). Net ecosystem production (NEP) is the annual net change in C stored in an ecosystem—the
difference between net primary productivity (NPP) and heterotrophic respiration. NEP thus follows a
different trajectory than NPP over stand development after fire, because NEP represents the net balance of
NPP, decomposition, and the slow change in C stored in soil (Slaughter et al. 1998, Kurz and Apps 1999).
A major research effort is under way to quantify the major pools and fluxes in the global C cycle
and to project likely changes in C cycling during the next century (e.g., DP Turner et al. 1995, Schulze et
al. 2000, Harmon 2001, Murray et al. 2001). Much of the work to date has focused on mature, stable
ecosystems, and has not adequately incorporated the effects of fire and other disturbances (French et al.
2000, Kasischke 2000a,b). In the work proposed here, we will develop a detailed analysis of all the key
ecosystem processes involved in C cycling and determine the overall C budget within a large Rocky
Mountain coniferous forest landscape. We also will test specific hypotheses about effects of variability in
fire frequency and post-fire stand development on C cycling in this system.
Much current work in C cycling is focused on high frequency measurements of net carbon
exchange with the atmosphere using eddy covariance methods (Baldocchi et al. 1988, Mahli et al. 1999,
Law et al. 1999). These measurements contribute greatly to our understanding of the environmental
controls over net carbon exchange (Goulden et al. 1996, 1998; Valentini et al. 2000), but—because of the
expense and micrometeorological constraints on sample location—this technique is impractical for
examining C flux where the landscape consists of a complex mosaic of stand ages and tree densities, and
the average size of a stand is too small to be measured cleanly. Understanding how NEP varies with
landscape variability in structure and forest development requires a different approach. Therefore, we
propose to use a C balance approach to measure the components of NEP within 75 or more stands
distributed across the large, heterogeneous Yellowstone landscape. The C balance approach estimates
NEP from annual changes in C stocks: live biomass, dead wood, forest floor, and soil. For components
that change rapidly (e.g., aboveground biomass), we can measure the changes directly. For other
components that change slowly (e.g., soil C), we will use a replicated chronosequence combined with onsite measurements to estimate annual changes. This combined approach will allow us to estimate NEP for
a wide diversity of stand structures and stand ages and will enable us to account for landscape
heterogeneity when extrapolating to the YNP landscape.
The lodgepole pine (Pinus contorta var. latifolia) forests that cover the subalpine plateaus of YNP
are ideal for this kind of research. Because of the gentle topography, spatial variation in soils and
microclimate is minimal compared with many other Rocky Mountain landscapes. Also, the forests are
dominated by a single overstory species. However, disturbance has created a complex mosaic of stand
structure and ecosystem processes within this uniform background. Structural characteristics (stand age,
tree density, the amount and size of dead wood) vary in response to fire size, fire severity, fire return
interval, and characteristics of the prior stand (cone serotiny, tree age and stem density, and dead wood).
The mosaic of lodgepole pine stands in YNP, created by the large fires of 1988 as well as earlier fires that
occurred up to 400 years ago, provides a wide range of stand structures within similar topographic and
climatic conditions. This relative uniformity in background environmental conditions allows us to use a
replicated chronosequence approach effectively, and we already have considerable information about
these forests from previous studies.
PRELIMINARY RESULTS
The carbon cycling research that we propose builds directly upon our previous and current
research on interactions among spatial pattern, disturbance, and ecosystem function in YNP. Our current
NSF-funded research focuses on causes and consequences of spatial variation in lodgepole pine sapling
density throughout the areas burned in the 1988 Yellowstone fires. We have mapped the distribution of
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stands representing various density classes (ranging
from <100 to >100,000 stems/ha) from highresolution aerial photographs (Tinker et al.
Submitted), and have correlated local sapling
density with pre-fire serotiny, fire severity, and fire
size (Tinker et al. 1994, Turner et al. Submitted).
Highest sapling densities are in areas of high
serotiny and moderate fire severity, whereas lowest
densities are in large patches of crown fire where
serotiny is low. The spatial pattern of post-fire
sapling density is relatively fine-grained, with most
patches being 1-5 ha in size.
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Fig. 1. Hypothesized changes in C stocks in biomass
and CWD, and NEP and cumulative NEP for two
stands with high and low tree density. Cumulative
NEP > 2000 g C m-2 will replace C lost in the
fire.
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We also sampled two key indicators of
ecosystem function—ANPP and LAI—across a
wide range of variation in sapling density,
elevation, and soil type and found that both were
positively correlated with sapling density (Reed et
al. 1999, Turner et al. Submitted). Thus, ANPP
and LAI during the first decade after fire appear to
be controlled primarily by the density of lodgepole
pine saplings that become established soon after
the fire. In 12-yr-old stands of the highest density
class that we measured, ANPP was ~200 g C m-2
-1
yr , equal to the peak production measured for a
lodgepole pine chronosequence by Smith and Resh
(1999). This high post-fire ANPP suggests that
rapid canopy closure and high production can
occur in young lodgepole pine stands developing
after fire. However, many stands with low sapling
density have not yet formed a closed canopy, and
they have substantially lower ANPP and LAI than
the very dense stands.
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Fig. 1 presents two scenarios of long-term
tends in NEP and its components, derived from our previous work on ANPP in post-fire stands, literature
on C stocks in a lodgepole pine chronosequence (Smith and Resh 1999) and our unpublished data on dead
wood (CWD, including standing dead trees). These scenarios show that: (1) return to positive NEP after
fire can vary strongly with the density of the new forest, (2) recovery of ecosystem C lost in the fire can
take > 100 years, and (3) that the interplay between establishment of the new forest, wood left by the
burned stand, and length of the fire cycle will be factors important in determining NEP for individual
stands and the landscape. Critical uncertainties in constructing these NEP estimates are: (1) the amount
and decomposition of standing and down dead wood, (2) the addition of new dead wood in older stands,
(3) biomass accumulation or decline in old stands, and (4) the role of soil C. Our major objective is to
obtain the empirical values needed to correct and complete the trends depicted in Fig. 1 so we can make
accurate landscape extrapolations.
QUESTIONS AND HYPOTHESES
Our proposed research has three components. First (question 1 below), we will quantify the key
components of NEP as functions of stand age and density for the life cycle of any individual forest stand
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(Fig. 1). This work will emphasize field measurements in 75 or more stands. Second (question 2), we will
use our stand-level data and our maps of stand age and structure to extrapolate to the entire Yellowstone
landscape to determine whether the landscape is a source or sink of C before and after the 1988 fires.
Third, (question 2) using a modeling approach, we will examine how the C budget of the Yellowstone
landscape would function under projected future fire regimes, to determine the conditions under which the
extensive coniferous forests of YNP would function as a net carbon sink or source within the global C
cycle.
1. Spatial and Temporal Variability: How does NEP vary across space and with stand
development?
H1: Tree density, tree age, and the amount of dead wood remaining from the prior stand and
produced in the developing stand will control NEP.
Rationale: NEP is largely controlled by the balance between the accumulation of live biomass and
the loss of dead woody biomass through decomposition, which vary with stand age and tree density.
Tree density will determine LAI and live biomass accumulation, at least until canopy closure (Turner
et al. Submitted), and biomass accumulation will decline with stand age after canopy closure (Ryan et
al. 1997; Smith and Resh 1999). The amount of dead wood will vary with stand age as the wood
remaining after the fire decomposes, and as mortality later in a stand’s life produces additional dead
wood. The amount, size distribution, and decomposition of dead wood may also be related to stand
density (see H3 below).
H2: The trajectory of NEP varies with tree density. Specifically, stands having initially high sapling
densities shift from negative to positive NEP at an earlier point in long-term stand development than
stands having initially low sapling densities.
High initial sapling density promotes rapid canopy closure, which is associated with high leaf area
and high ANPP, whereas stands with initially low tree stocking densities take longer to reach canopy
closure (Fig. 1), and may have low LAI and ANPP throughout the open-canopy period (Reed et al.
1999, Turner et al. Submitted).
H3: C stocks in dead wood after a fire and decomposition rates for dead wood will co-vary with
stand density.
Rationale: Our previous work has shown that stand density may perpetuate itself, and impact the
diameter of dead wood. For example, dense stands occur where the prior stand had large numbers of
serotinous cones (cones that open only after heating), which tend to be stands with high density and
small stems. Similarly, regeneration after a fire in a sparse stand will yield a future sparse stand with
large stems. Decomposition of dead wood will decrease as stem diameter decreases, so we expect
that both the amount and decomposition of dead wood will vary with stand density.
2. Interactions: How do disturbance interval, disturbance size, and post-disturbance stand
development patterns (e.g., high vs. low initial sapling densities) interact to control overall NEP
across the entire landscape, i.e., to determine whether the Yellowstone subalpine landscape is a net
sink or source of carbon?
H4: Despite recovery of ANPP in many stands since the extensive fires in 1988, the Yellowstone
subalpine landscape as a whole still functions as a net carbon source.
Rationale: Despite the recovery of ANPP in many of the postfire stands, NEP likely remains
negative in all postfire stands because loss of C from dead wood remains high. The majority of the
remaining forest is older than 100 years and its slightly positive NEP cannot yet offset losses from the
postfire stands.
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H5: Under the disturbance regime of the last 300 years, the Yellowstone landscape generally
functioned as a net carbon sink, i.e., more stands had positive than negative NEP.
Rationale: Yellowstone’s subalpine fire regime during the last 300 years has been characterized by
infrequent but sometimes large and severe fires. Except for periods immediately after extensive fires
in the early 1700s and the recent fires of 1988, the landscape was dominated by mature forests
(Romme 1982, Romme and Despain 1989, Tinker et al. submitted). Based on the relationship
between stand age and NEP, we expect an overall positive C budget when NEP of all individual
stands is summed across the landscape (Kasischke 2000b).
H6: Under the disturbance regime anticipated for the next century, the Yellowstone landscape will
shift from being a net carbon sink to a net carbon source, i.e., more stands will have negative than
positive NEP because of more frequent fires.
Rationale: Climate simulations project increasing frequency and extent of fires in the next century
(Stocks et al. 2000, Dale et al. 2001). Although it is likely that the Yellowstone landscape functioned
mostly as a net C sink in the recent past (H5 above), we do not know how sensitive this area’s C
budget may be to alterations in the fire regime. More frequent fires may simply reduce the magnitude
of annual net C storage in the system without causing a qualitative shift from sink to source, i.e.,
more individual stands may have negative NEP at any given time but stands with positive NEP still
predominate. Alternatively, if the system already is close to the break-point between an overall
positive vs. negative C budget, then even a small increase in fire frequency or extent could shift the
Yellowstone landscape from functioning as a net C sink to a net C source (Kasischke 2000b). A drier
climate that will accompany increased fire frequency may also lower NEP for each stand if ANPP is
more sensitive to the lack of summer moisture than decomposition.
METHODS
Answers to question 1 (above), dealing with stand-level variation of NEP in space and time, will
come from field measurements in 75 or more stands ~2 ha in size. We will estimate NEP as the sum of
the annual change in C stored in aboveground live biomass (CW), belowground live biomass (CR), dead
aboveground wood, standing and down (CDW), dead coarse roots (CCR), forest floor (CL) and soil (CS):
NEP = ∆[CW + CR + CDW + CCR + CL + CS] /∆t

[1]

Answers to question 2 (above), dealing with C budgets for the entire Yellowstone landscape, will come
from (1) extrapolations of current conditions using a GIS approach, (2) modeling experiments that
integrate the field measurements of NEP with a biogeochemical model (Century), and (3) linking our
previous work on fire history, fire behavior, and the fire/climate interactions with (1) and (2) to estimate
landscape NEP under future climates and fire return intervals.
Methods for Stand-Level Sampling
We will sample all of the components of NEP in 75 stands, stratified by age and density of
lodgepole pine. Our intent is to develop three replicated chronosequences, each with a different tree
density. Our sampling matrix will have five age classes (< 25, 40-70, 80-130, 170-230, and >250 yr old)
and three density classes (low, medium, and high). The actual number of stems in each class will vary
with stand age, so that the size classes reflect the trajectory of stem density that would be found with an
initial density of < 103, 103 – 104, and > 104 stems/ha. We will sample five replicate stands in each
age/density class. Stand density and dead wood (CWD, standing and down) from the prior stand may not
vary in concert (although we hypothesize that it will). If variability in CWD within a given age/density
class is too large, we will establish a separate classification for CWD with stand age and, if necessary,
sample additional stands for CWD. Because the YNP landscape is large, minor differences in soils and
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variation in microclimate along an elevational gradient may add additional variation to our
chronosequences. However, in prior work, these variables contributed very little to explaining ANPP and
LAI in stands developing after the 1988 fires. Consequently, we will include these variables in our
analysis, but we do not expect them to be important.
In each stand, we will directly measure all C stocks in Eq. 1, using five 50 m transects in each
stand as subsamples (transect width will vary with stem density). We will estimate the annual change in C
stocks using several approaches for each component. Primarily, we will directly measure annual changes
in rapidly changing C stocks: aboveground live vegetation (foliage and wood of trees, shrubs, and herbs),
live roots (coarse and fine), and litter, and will use our chronosequence to develop simple models of
annual changes through time of the slowly-changing components of the C cycle—soil C, dead coarse
woody roots, and CWD. C stocks will be calculated from the biomass estimates after determining the C
content of each component. Additionally, we will measure ANPP and N availability to assist with
calibration of the Century model.
Annual changes in C stocks in live vegetation: stands <25 yr old: We will sample aboveground biomass
in living tree saplings by measuring basal diameter and height of all saplings in the transects in each stand,
and then apply allometric equations that relate foliage, branch, stem, and coarse root biomass to basal
diameter and height. These equations were developed under our current NSF funding (Tinker et al.
Submitted, Litton et al. In Press). Fine-root biomass will be estimated from 15 cores (6 cm diameter) per
stand (3 per transect) to 30 cm. Additional cores will be taken if variance is very high. The cores will be
washed within 48 hours of sampling, live roots will be separated from dead roots by visual examination,
the live roots will be dried and weighed, and a subsample will be ashed. We will estimate biomass of
shrubs and herbs from visual estimates of percent cover in subplots of each transect using relationships
developed under current NSF funding. Subsamples of each component will be analyzed for C and N
content.
The annual change in live tree biomass in the young stands will be estimated by measuring the
height and diameter of each stem for the current and prior year, applying the allometric equations, and
subtracting biomass in year 1 from that in year 2. Height for the prior year will be measured for each tree.
Diameter for the prior year will be estimated by harvesting 30 trees per stand, measuring diameter
increment on the harvested trees, and using double sampling techniques (Cochran 1977) to estimate
diameter growth for all sampled trees. Annual change in shrub, herb, and fine root biomass will be
derived from the difference in biomass between samples in years 1 and 2.
Annual changes in C stocks in live vegetation: stands >40 yr old: We have evaluated several allometric
models for aboveground tree biomass and found that none currently fit all components well. Therefore,
we will develop YNP allometrics for aboveground wood, foliage, and roots > 2 mm, using 30-50 trees. To
estimate tree biomass, we will measure the diameter of every tree in the transects, and use the allometric
equations. The annual change in live tree biomass will be estimated from the 5-year mean radial
increment measured on 30 trees that span the size range in the stand and applied to the population using
double sampling (Cochran 1977). Fine root, herb, and shrub biomass and annual increment will be
estimated with the same techniques described above for stands < 25 yr old.
Annual changes in C stocks in CWD: In each stand (young or mature), CWD will be estimated
separately for standing-dead trees, downed trees not yet touching the ground, and downed wood in contact
with the ground, with diameter measured for all samples. Nearly all standing-dead trees are in decay class
I, or sound wood (Maser et al. 1979), but downed wood may range from decay class I to V (highly
decayed, elliptical logs incorporated into the forest floor). The mass of CWD in standing-dead trees and in
fallen trees not yet touching the ground will be estimated by measuring the diameter at 1.4 m and applying
Pearson et al.’s (1984) allometric equations, which we tested for YNP in a previous study (Tinker and
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Knight 2000). Biomass of CWD in fallen trees in contact with the ground will be estimated by decay class
using the planar intercept method (Brown 1974). Annual changes in CWD C will be estimated by two
methods. First, we will develop site-specific decay coefficients for different sizes and classes of CWD,
using techniques similar to those in Fahey (1983), and apply these to the standing crop of downed CWD in
each decay class. Second, we will measure CWD biomass in each decay class throughout our
chronosequence and estimate the annual rate of change from change in biomass over time.
Annual change in C stocks in litter: In each transect of each stand, we will measure the mass of each
component of the litter layer (fine litter, charcoal, and woody material <7.5 cm) by removing all material
down to mineral soil within three randomly located 50 x 50 cm plots (15 plots/stand). The three samples
will be composited, and then a subsample of the composite will be separated into litter components,
weighed, and dried. A subsample of fine litter will be measured for ash content to correct for any
contamination by mineral soil. The annual change in C stocks in litter will be estimated by measuring
litter mass for our three replicated chronosequences along our chronosequence of stands, and estimating
the annual rate of change from change in biomass over time.
Annual change in C stocks in soil: The challenge in assessing soil C, and especially the rate of change in
soil C, is the large point-to-point variability in both C concentration and bulk density. However, a precise
estimate can be obtained with a large sample. We will use compositing to gain the benefits of large
samples without the analytical costs. Changes in soil C over time, if any, are concentrated in the upper
soil (e.g., Richter et al. 1999). Therefore, we will partition our soil samples to enhance detection of
changes in the upper layer. We will sample mineral soil from 0-10 cm and 10-50 cm depth at 5 locations
per transect in each stand, giving 25 sample locations per stand. Cores from a stand will be composited,
sieved to pass 2 mm screen, mixed, and three subsamples dried, weighed, and analyzed for C. Bulk
density will be estimated as soil dry weight (root and rock free)/volume. Because changes in soil C are
slow relative to the size of stocks and difficult to estimate over short time periods, we will estimate annual
changes in soil C by measuring soil C along our chronosequence, and estimate the annual rate of change
from change in soil C over time. A preliminary study of changes in soil C using 12 stands burned in 1988
-1
(sampled in 2000) paired with adjacent unburned stands yielded annual soil change of 5 g C m-2 yr with a
-1
95% CI of ± 25 g C m-2 yr .
Annual change in C stocks in dead coarse roots: Dead coarse tree roots are a large pool of C in recently
burned forests – a pool that decreases relatively rapidly through time. We will estimate the mass of dead
coarse tree roots produced by the 1988 fires by measuring dbh of all trees that were alive in 1988 (still
easily recognizable) in each transect, correcting for loss of bark, and then estimating the biomass of coarse
roots (root crowns, lateral roots > 10 mm, and lateral roots 2-10 mm) using allometric equations developed
with this proposal. We will estimate how much of this root biomass has decomposed since 1988, as well
as the annual decomposition for the fire-created dead roots, by developing site-specific root decay
coefficients using methods described in Yavitt and Fahey (1982) and applying these coefficients to 1988
biomass for each stand.
C loss in fire: To complete the C balance for our chronosequences, we will estimate the C lost from the
ecosystem in the 1988 fires for each of the stands in the youngest age class. Biomass is lost through
combustion from five compartments within lodgepole pine stands: live trees, standing-dead trees, down
wood, fine woody debris (twigs and branches <7.5 cm diameter plus forest floor litter), and herbaceous
and shrubby biomass (Tinker and Knight 2000). We will estimate biomass in the trees that were alive in
1988 by measuring dbh for each tree in each transect, correcting for loss of bark, and then estimating the
biomass using allometric equations developed with this proposal. Down and standing dead wood that
existed prior to 1988 will be identified in sampling. Litter and herb and shrub biomass will be estimated
from values in stands in our chronosequences of the same age as the burned stand. Depending on fire
intensity, all or a portion of each of these compartments is consumed or converted in a fire. Based on field
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measurements in stands that burned in 1988, Tinker and Knight (2000) and Tinker (unpublished data)
developed equations for predicting C loss from each of these sources. We will apply these equations to
our biomass estimates in each stand to estimate the C loss associated with the stand-replacing fire.
ANPP and additional data needed for modeling. To facilitate calibration of the Century model, we will
collect litterfall (needed to estimate ANPP from biomass increment + litterfall) and N availability for each
stand. We will collect litterfall using three 50 x 50 cm litter traps for each of the 5 transects in each plot.
N availability will be assessed using resin bags inserted between mineral soil and the O horizon for a year
(3/transect). Additionally, we will establish 2 weather stations on the Yellowstone plateau to measure
radiation (PAR), temperature, relative humidity, and precipitation.
Measurement uncertainty and error propagation in our stand-level estimates of NEP: We recognize
that variability will complicate detection of differences. However, prior studies on these sites have shown
that variability among replicate stands is considerably less than variability within a stand. For example,
the coefficient of variation (CV) for C in forest floor is ~100% within a stand, but only ~25% among
replicate stands (of the same age and density). CV for C in biomass, dead wood, and soil among replicate
stands at our sites (again from prior studies) is 20-30%. Therefore, given our sample size, we will have
an 95% probability of detecting a 20% difference in NEP among age classes and 80% probability of
detecting a 20% difference in NEP among density classes. We expect the differences in NEP to be
substantially greater than ±20% for most age classes (Fig. 1). Additionally, annual rates of changes in C
stocks (and associated error) are well constrained because of the many years between age classes. Finally,
Giardina and Ryan (2002) have recently shown that the variance estimated from plot-level estimates of the
components contains all available information on subsampling error and ‘cumulative’ error. Using this C
balance method of measuring NEP, Ryan et al. (in preparation) successfully detected differences in NEP
with stand age, tree density, and fertility.
Testing hypotheses related to question 1 (spatial and temporal variability in stand-level NEP): We will
test H1 by analysis of variance of NEP and its components with age and density as the independent
variables. We will test H2 by fitting a non-linear model to NEP over time and comparing models among
density classes, and by comparing cumulative NEP. We will test H3 comparing the wood from the prior
stand among tree density classes with analysis of variance.
Methods for Landscape Analyses (Question 2)
Once we have good estimates of NEP and the key components of NEP for individual stands as a
function of stand age and density (based on the field work described above for question 1), we will scale
up to the entire Yellowstone landscape by depicting the forest mosaic as a grid of individual stands
(pixels) within a GIS environment, assigning appropriate NEP values to each pixel, and then summing the
values of all individual stands. We will execute this procedure for the actual mosaic of stand ages and
densities that characterize the current YNP landscape, and for a wide range of experimental scenarios of
landscape structure, i.e., varying relative proportions of stands of different age and density classes. The
experimental scenarios will be derived from simulations of fire frequency, fire spread, and postfire
succession under alternative climatic conditions, using models developed in our previous NSF-funded
research (Gardner et al. 1996, 1999; Hargrove et al. 2000).
This work will have four components. First, we will develop a map of current forest structure
(stand age and tree density) for all of the forested portions of the Yellowstone Plateau. We have a finescale map of tree density for the areas that burned in 1988, from our previous work, but we do not yet have
this information for the areas that did not burn in 1988. Using the 1:30,000 color infrared aerial photos
that we used to produce the map of burned areas (flown in 1998), we will interpret stand structure for all
of the remaining areas that did not burn in 1988 (details below). Then, we will sum the values of NEP
from all individual stands to evaluate the current C budget of the entire Yellowstone subalpine ecosystem
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(hypothesis H4 above). Third, we will calibrate the Century model to current climate, and use the model
to estimate how NEP will change for each stand age and density class under different climate scenarios.
Finally, we will evaluate the C budget of the entire Yellowstone ecosystem under alternative
climate/disturbance scenarios to test hypotheses H5 and H6. To accomplish this we will predict the
proportion of the landscape in each age/density class using our simulations of fire and succession under
contrasting climate scenarios (Gardner et al. 1996, 1999, Hargrove et al. 2000), and sum the values of
NEP (adjusted for differences in climate using Century) for the different scenarios.
Mapping tree density and stand age of unburned forests on the Yellowstone plateau. We will develop
maps of tree density and stand age using the 1:30,000 color infrared aerial photographs that were flown in
August 1998 with our previous NSF funding. Mapping procedures will follow those used for mapping
post-1988 sapling density (Turner et al. Submitted). Each photo in each flight line has been scanned at
high resolution (5m) and transformed into a digital orthophoto using the new program OrthoMapper©
(Scarpace et al. 2000), and a 30-m digital elevation model of YNP. Multiple orthophotos will be joined
using the mosaic function in ERDAS Imagine (ERDAS, Inc. 1991). We will use supervised classification
methods to produce the maps of tree density and stand age at a resolution of 50 x 50 m. Digital
classification is usually done on satellite imagery, but we have adapted the methods to the aerial photos
and found that the method produces the most accurate maps.
An existing set of stand structural data (n = 64 stands, D. R. Kashian, doctoral dissertation research) will
be used to develop spectral signature files for stands of age and density. We will supplement these data
with sites selected from a detailed stand age map that we developed with previous NSF funding for a
125,000-ha portion of the subalpine plateau (Romme and Despain 1989 and Tinker et al. submitted). Each
grid cell in the image is then compared to the values in the signature file and assigned the value to which it
is most similar. Accuracy assessment will be completed using independent data from 50 stands sampled
in the field during years 1 and 2. Classification error will be assessed by computing the K-hat statistic
(Lillesand and Kiefer 1994).
Estimating NEP for the entire Yellowstone landscape: We will use empirically based modeling in a
GIS environment to characterize the current state of the Yellowstone landscape for C stocks, loss of C in
the 1988 fires, and net annual C uptake. A variety of studies have explored variation in ecosystem
processes at regional scales (Zak et al. 1986, 1989, Running et al. 1989, Sala 1988, Groffman et al. 1992,
CL Turner et al. 1997), and GIS-based extrapolations have been used successfully to characterize entire
landscapes (Burke et al. 1991a, Fan et al. 1998, Hansen et al. 2000). Fits of a non-linear model to NEP
over the chronosequence (for each density class) will be used to predict field measurements of C stocks
and NEP based on stand age and tree density (question 1) and then be applied to each cell in a GIS
(ARC/INFO). The coefficient of variation in predicted C stocks and NEP will also be mapped in the GIS
so that the spatial trend in variability in model predictions can be assessed (e.g., Hansen et al. 2000).
Predicted values of NEP in each grid cell will be summed for the subalpine plateau to determine whether
the current landscape is a source or a sink for C.
Biogeochemical modeling: Changes in climate that alter fire frequency may also change NEP. To adjust
our measurements of NEP to reflect the wetter or drier climate that will generate changes in fire
frequency, we will use the Century model (Parton et al. 1987, 1988; Burke et al. 1991b; Schimel et al.
1996, 1997). For the model calibration we will use ANPP, C and N stocks in wood, branches, twigs,
leaves, coarse roots, fine roots, soil, litter, and dead wood, and N availability. We will also have sitespecific information on soil type and depth, and climate data from 2 stations on the Yellowstone plateau.
We will calibrate the model using current climate, and use the model to simulate how a drier or wetter
climate would change the components of NEP for chronosequences of different density. We will validate
the model using data from lodgepole pine chronosequences in drier climates (Ryan and Waring 1992,
Smith and Resh 1999).
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Assessing alternative disturbance regimes and impacts on overall carbon budgets: Our experimental
modeling approach is somewhat similar to that of Kasischke et al. (1995) and Kasischke (2000b), who
varied the expected stand age distribution in response to a changing fire return interval, and then summed
resulting carbon values from all individual stands in a simulated boreal forest landscape. A simplified
preliminary example of our modeling approach is as follows: In our previous NSF-supported work
(Gardner et al. 1996) we simulated 1000 years of fire and post-fire succession in a 78,389 ha portion of
YNP under three climate scenarios: (1) current climate (20th century), (2) a wetter climate, and (3) a drier
climate. The average number of
pixels in each of four stand age
Table 1. A simplified, preliminary analysis of the carbon budget for
classes during the simulated 1000
the Yellowstone landscape, derived from a simulation of fire and
years under the wetter scenario is
landscape structure under a wet climate scenario (Gardner et al. 1996)
plus preliminary estimates of NEP within individual stands (Fig. 1).
shown in the left two columns of
Table 1. The third column contains
Average NEP per
Landscape
Stand
Average
estimates of NEP for individual
-2
hectare (g C m
NEP
age
number of
stands (pixels) of each age class,
(kg C yr-1)
hectares
yr-1)simulation
derived from the preliminary
during a
(assume 50% sparse,
estimates in Figure 1 and assuming
1000-year
50% dense)
that half the stands are high density
25
8,738
- 40
- 349,520
and half are low density (hence the
75
14,568
+ 20
+ 291,360
numbers in the table are the mean of
150
24,832
+ 10
+ 248,320
high and low density stands in the
third panel of Figure 1). The fourth
250
30,250
+5
+ 151,250
column in the table is the product of
Totals
78,389
-+ 341,410
NEP per pixel times the number of
pixels. The sum of all values for all pixels (lower right cell in the table) indicates that this landscape has a
net positive NEP. Indeed, these numbers suggest a substantial net carbon sink of 341,410 kg C yr-1. A
similar analysis for the drier climate scenario (not shown), again using the preliminary values in Figure 1
but assuming that 90% of stands are low density, suggests that more frequent fires, resulting in a greater
proportion of very young stands, and less dense postfire stands would cause the landscape to switch to
become a net carbon source with an annual loss of 25,830 kg C yr-1. The landscape analyses we conduct
for this proposed research will incorporate improved values for individual stands, derived from our field
work (question 1), plus additional simulations to test the effects of varying stand density and age class
distribution. We will conduct an extensive set of simulations of fire regimes in which the return interval
and size of fires are varied independently, and we will determine whether the landscape was a net source
or sink of carbon during a 1000-yr simulation and also the proportion of simulation years in which the
landscape was a carbon source.
SIGNIFICANCE
The response of carbon cycling and C storage to different disturbance regimes and the interaction
of disturbance, climate, and landscape structure are a critical research issues today, because of concerns
about changes in the global C cycle and attendant climatic, ecological, economic, and political
implications. The research that we propose will provide a detailed case study of C dynamics from the
scale of individual forest stands to a large (ca 500,000 ha ) landscape dominated by coniferous forest. We
will describe changes in all of the major pools and fluxes of the C cycle at temporal scales ranging from
years to centuries, as influenced by periodic fires and successional patterns within a landscape where fire
is a key ecological process. Because fire regimes are extremely sensitive to climate, changes in fire
frequency will likely accompany changes in global climate, and can potentially alter C cycling
dramatically. Indeed, changes in C uptake and release under an altered disturbance regime could be great
enough to qualitatively shift the overall landscape from functioning as a C sink to a C source in the global
C cycle. By directly and indirectly quantifying all of the stocks and rates of change in the major
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components of the C cycle in the Yellowstone subalpine landscape, we will contribute to understanding
how changes in disturbance regimes may produce qualitatively different patterns of C release and storage
in coniferous forests worldwide.
In addition to providing information valuable in assessing global climate change, this research will
contribute to answering some of the most interesting, basic questions in ecology – questions related to the
interactions of ecological pattern and process within large, heterogeneous ecosystems, and how those
interactions are affected by natural disturbance processes. We will build upon and integrate all of our
previous work in YNP. From our initial interests in disturbance history (Romme 1982), and recovery of
community composition after fire (Tinker et al. 1994, Turner et al. 1997, Romme and Turner In Press,
Romme et al. Submitted), we have increasingly focused our research on the heterogeneity of ecosystem
processes in the subalpine landscape. Our recent work has dealt with patterns of aboveground biomass
accumulation (Reed et al. 1999, Tinker et al. Submitted, Turner et al. Submitted) and soil respiration
(Litton Submitted). We also have just initiated a study of spatial and temporal heterogeneity in nitrogen
dynamics, with funding from the Andrew W. Mellon Foundation. With the research proposed here, we
will develop a comprehensive understanding of C dynamics in the Yellowstone subalpine landscape, and
will eventually be able to link the patterns in C dynamics with long-term patterns in fire regime, plant
community recovery, and nitrogen cycling after fire.
PROJECT DURATION, MANAGEMENT, AND SCHEDULE
This is a three-year project. Because this project makes use of much previous and on-going work, we
wish to be clear about the tasks to be performed, what data will be derived from currently funded work,
and which tasks are to be funded with this proposal.
Task
∆ Live biomass, < 25yr old
∆ Live biomass > 25 year old
Allometric equation for wood, branches,
bark, foliage, and coarse roots
Sampling diameter change
Sampling fine roots
∆ Understory biomass 25 yr old
∆ Dead aboveground biomass (CWD), all ages
∆ Litter C
Litterfall
∆ Soil C
∆ Dead belowground biomass
High resolution map of stand density for
landscape, < 25 yr old
High resolution map of stand density & stand
age, > 25 yr old
Landscape NEP
Simulations of patterns of stand age distribution
with different fire frequencies

Source
This proposal, using allometric equations
developed in Previous NSFa & Litton thesis
This proposal
This proposal
This proposal
This proposal, using allometric equations
developed in Previous NSFa & Litton thesis
This proposal
This proposal
On-going Mellond
This proposal, plus re-sampling plots from
Litton thesis
This proposal
Previous NSFa
This proposal using imagery collected with
Previous NSFc
This proposal
This proposal, applying models developed
in Previous NSFb
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Calibration/validation of Biogeochemistry
models
Simulations of changed climate on NEP with
Biogeochemistry models
Landscape NEP for different fire frequencies

This proposal
This proposal
This proposal

Previous NSFa = Turner, M.G., W.H. Romme, and D. H. Knight. Causes and consequences of multiple successional
pathways following the 1988 Yellowstone fires. National Science Foundation, 7/98-9/02.
Previous NSFb = Romme, W.H., M.G. Turner, and R.H. Gardner. Causes and Consequences of Large-Scale Fires in
Yellowstone National Park. National Science Foundation, 2/91-12/94.
Previous NSFc = Romme, W.H., and D.G. Despain. Fire and landscape dynamics in Yellowstone National Park.
National Science Foundation, 8/84-5/88.
On-going Mellond = Turner, M. G., W. H. Romme, and D. B. Tinker. Postfire landscape heterogeneity and
ecosystem processes in subalpine forests of Yellowstone National Park. Mellon Foundation, 6/2001 – 9/2006

All four PIs will be involved in every aspect of the research. For purposes of organization and
administration, however, individual PIs will take the lead on individual components of the study:
• Ryan will have overall leadership of the project. Ryan and a PhD student at CSU directed by Ryan
and Romme will take the lead on measuring the ground-based NEP in the field, calibrating the
Century model, and assessing the effect of changes in climate on NEP.
• Romme will co-direct the PhD student at CSU and take the lead on simulating alternative disturbance
regimes.
• Turner and a PhD student at UW will take the lead on mapping tree density and biomass in unburned
forests from aerial photographs, and scaling up to the landscape.
• Tinker will take the lead on measuring CWD and aboveground biomass in the field.
The PIs have all worked together very effectively on previous large-scale research projects. We
will confer regularly about field season logistics, scheduling, data sharing, presentations at annual
meetings, and manuscript preparation. Most of the fieldwork will be done in the first two years, while
landscape extrapolations and manuscript submission will occur in the third year.
TECHNOLOGY TRANSFER
Studies funded under this proposal will lead to (1) a better understanding of how forest age, stand
density, and the legacy from the prior stand affect net storage of carbon in the ecosystem, (2) a landscape
assessment of how differences in climate and fire regimes will effect the distribution of age classes and
stand structure, and (3) how differences in climate and fire regimes will therefore affect carbon storage at
the landscape level. We will teach managers and policymakers what we have learned about these
processes by holding a workshop in year 3 (either at the University of Wyoming’s field camp or Fraser
Experimental Forest). The workshop will provide the underlying information and provide a toolkit for
managers to assess how different fire and land management strategies alter landscape carbon balance. We
will also summarize our work and the workshop in a RMRS GTR.
DELIVERABLES
The project will result in several papers in peer-reviewed journals, a concept/synthesis paper to be sent
to Bio Science, a toolkit (spreadsheet programs) for assessing how different current and prior stand
conditions alter stand carbon storage over a fire cycle, a workshop explaining our work to land managers,
and a RMRS GTR summarizing our work and the workshop. Proposed titles and dates for deliverables are
given in the Appendix .
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