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Forest carbon stocks and fluxes are highly dynamic following stand-clearing disturbances from severe fire and
harvest and this presents a significant challenge for continental carbon budget assessments. In this work we
use forest inventory data to parameterize a carbon cyclemodel to represent post-disturbance carbon trajectories
of carbon pools and fluxes for specific forest types growing in high and low site productivity class settings. We
then apply these trajectories to landscapes and regions based on forest age distributions derived from either
the FIA data or from Landsat time series stacks (1985–2006) for 54 representative scenes throughout most of
the conterminousUnited States.We estimate thenet carbon uptake in forests caused bypost-disturbance growth
and decomposition (“regrowth sink”) for forested regions across the country. At the landscape scale, the prevail-
ing condition of positive net ecosystem productivity (NEP) is in stark contrast to local patcheswith large sources,
particularly in the west where fires and clear cuts create contiguous disturbed patches. At the continental scale,
regional differences in disturbance rates reflectmanagement patterns of high disturbance rates in the Southeast-
ern and South Central states, and lower disturbance rates in the Northeast andNorthern Lakes States. Despite low
contemporary disturbance rates in the Northeast and Northern Lakes States (0.61 and 0.74% y−1), the regrowth
sink there remains of moderate to large strength (88 and 57 g C m−2 y−1) owing to the continued legacy from
historical clearing. Large regrowth sinks are also found in the Southeast, South Central, and Pacific Southwest re-
gions (85, 86, and 95 g C m−2 y−1) where disturbance rates also tend to be higher (1.59, 1.38, and 0.93% y−1).
Overall, the Landsat-derived disturbance rates are elevated relative to FIA-derived rates (1.19 versus 0.93% y−1)
particularly for western regions. The differences only modestly adjust regional- and continental-scale carbon
budgets, reducing NEP from forest regrowth by about 8%.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Forest disturbance is a widespread phenomenon across North
America (Goetz et al., 2012) and can have profound impacts on a host
of ecosystem services including carbon storage and uptake. Distur-
bances arise from a wide range of agents including harvests, insects,
pathogens, fires, hurricanes and droughts. Many of these disturbance
processes are episodic and highly variable in space and time, and
there is growing indication of increased rates under the pressure of a
changing climate (e.g. Allen et al., 2010). Thus, large-area monitoring
is needed to identify which areas are being disturbed by what mecha-
nisms, how rates of disturbancemay be changing, and to assess impacts
on a range of important services that forest ecosystems provide.

Satellite imagery is a powerful tool for monitoring disturbance area
and post-disturbance recovery. Given its moderate resolution (~30 m)
and long temporal coverage (since 1985, earlier for the MSS era),
Landsat provides an unparalleled record of forest disturbance and
regrowth dynamics (Cohen, Harmon, Wallin, & Fiorella, 1996; Cohen,
Spies, & Fiorella, 1995; Cohen et al., 2002; Goward et al., 2008;
Kennedy, Cohen, & Schroeder, 2007; Schroeder, Cohen, & Yang, 2007).
This record is of great value for regional to continental assessments of
forest change. For example, Landsat imagery has been used to construct
maps of forest age for single scenes (approximately 180 × 180 km
each) (Binford, Gholz, Starr, & Martin, 2006; Masek & Collatz, 2006) or
even an entire region such as Oregon–California, (Law et al., 2004;
Turner et al., 2007). This priorwork identified challenges from lowaccu-
racy ofmapped stand age and also offered too small a sample to quantify
US or North American rates of change. The Landsat Ecosystem Distur-
bance Adaptive Processing System (LEDAPS) (Masek et al., 2008) offers
a step in the right direction toward a wall-to-wall record of stand-
clearing disturbances across North America though its most recent
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generation offered a 5- to 10-year mapping interval which is too coarse
to identify disturbances and track regrowth where the surface reflec-
tance signal recovers quickly. The recent North American Forest
Dynamics (NAFD) project (Goward et al., 2008) uses a sample of 50
Landsat scenes to quantify annual to biennial rates of forest distur-
bances across the conterminous US over the past two and a half decades
(Fig. 1), with data available for five additional scenes used for algorithm
development and testing. This paper combines the NAFD disturbance
rates with other data to assess carbon impacts of recent disturbances
across the conterminous US.

Forest inventory data can help to quantify the temporal dynamics of
standing stock recovery following disturbance as they record biomass
stocks with stand age. However, inventories have not typically moni-
tored carbon belowground and correspondingly lack information on
soil carbon and heterotrophic respiration, thus presenting an incom-
plete quantification of post-disturbance carbon dynamics. A more com-
plete view can be obtained with ecosystem process models that
simulate litter and soil carbon flows, especially when constrained to
produce stock regrowth that is consistent with age–biomass relation-
ships reported in forest inventories (Masek & Collatz, 2006; Song &
Woodcock, 2003; Williams, Collatz, Masek, & Goward, 2012; Zaehle
et al., 2006). Forest inventory data are also valuable for characterizing
the area of forests in different age classes, particularly for large-scale,
regional applications. However inventories sample only a small fraction
of forested area and may have sizeable biases especially for local appli-
cations. This warrants the use of more complete, fine-resolution
geospatial data, such as from the Landsat record, to expand beyond
plots to regional and continental scales.

The analysis reported here combines strengths of the above ap-
proaches in a manner similar to the work of Cohen et al. (1996), Law
et al. (2004), Masek and Collatz (2006), and Turner et al. (2007) to ar-
rive at a more detailed and comprehensive assessment of the carbon
consequences of past and present forest disturbance and regrowth
across the conterminous United States. It offers one of the first demon-
strations of merging national forest inventory data (and uncertainties)
with a large-area satellite disturbance record and carbon cycle model
to obtain regional and conterminous US estimates of carbon conse-
quences. The basic method builds on our recent work (Williams et al.,
2012) documenting post-disturbance carbon stock and flux trajectories
for specific forest types and regions across the US as derived from an
inventory-constrained carbon cycle model. This study adds another
dimension by applying trajectories to landscapes with forest age maps
obtained from a combination of forest inventory data and a Landsat

disturbance detection product (Goward et al., 2008; Huang, Goward,
Masek, et al., 2009; Huang, Goward, Schleeweis, et al., 2009; Huang
et al., 2010a). Utilizing the disturbance maps of Goward et al. (2008)
(Fig. 1), we apply this methodology to 54 Landsat scenes spread across
the conterminous United States spanning its major forest type and cli-
mate settings. For comparison we apply the same approach using age
distributions derived from the Forest Inventory and Analysis (FIA) data-
base analysis of Williams et al. (2012) in place of the satellite-derived
disturbances. We also apply results to all forestlands across the conter-
minous US to evaluate consistency of carbon balance estimates at the
national level.

2. Methods

2.1. Overview

The core approach involved calculating regional and national distur-
bance rates, carbon fluxes, and carbon stocks based on the product of
characteristic post-disturbance carbon flux and stock (Qafp) specific to
forest age, forest type, and site productivity class strata, with the area
of land in each strata (Aafp), consistent with Williams et al. (2012).
Region-total or national mass fluxes and stocks, as well as their uncer-
tainties (δ, described further below), were calculated by summing
over forest age, forest type, and productivity class strata, as
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The area in each classwas obtained in twoways and results are com-
pared. The first relied solely on FIA data describing the area of forest
land across strata. The second approach used a series of Landsat-based
disturbance maps to estimate the area of land in younger age classes
(b21 years) and then involved adjusting the FIA age histogram to char-
acterize the age distribution of the remaining land classified as undis-
turbed in the Landsat record. Data sources for each step are described
in the following Section 2.2.

In addition to regional and national assessments, we producedmaps
of carbon fluxes and stocks for each Landsat scene on a nominal
1 km × 1 km grid. Each grid cell (x,y) of area Acell (~0.01 × 0.01°) was
assigned a single forest type (e.g. Aspen–Birch) but with proportions

Fig. 1.ConterminousU.S. Forest Type Groups (Ruefenacht et al., 2008) shownwith the distribution of Landsat scenes (squares) inNAFD sample. Thick state boundaries trace Forest Service
regions. Colors loosely differentiate FIA forest type groups.
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