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Abstract. We developed maps of aboveground production and mortality of woody
biomass for forests of the eastern United States based on data collected from an extensive
network of permanent plots remeasured by the U.S. Forest Service Forest Inventory and
Analysis units (FIA). Forest volume inventory data for growth and mortality were converted
to units of aboveground biomass at the county level for hardwood and softwood forest
types. Aboveground production of woody biomass (APWB) for hardwood forests ranged
from 0.6 to 28 Mg·ha21·yr21 and averaged 5.2 Mg·ha21·yr21. For softwood forests, APWB
ranged from 0.2 to 31 Mg·ha21·yr21 and averaged 4.9 Mg·ha21·yr21. Aboveground production
of woody biomass was generally highest in southeastern and southern counties, mostly
along an arc from southern Virginia to Louisiana and eastern Texas. Although this pattern
is generally the result we would expect from the general climatic gradients of the region,
it was confounded by the effects of different forest management intensities. No clear spatial
pattern of mortality of woody biomass (MWB) existed, except for a distinct area of high
mortality in South Carolina due to Hurricane Hugo in 1989. For hardwood forests, MWB
ranged from 0 to 15 Mg·ha21·yr21 and averaged 1.1 Mg·ha21·yr21. The average MWB for
softwood forests was 0.6 Mg·ha21·yr21 with a range of 0–10 Mg·ha21·yr21. The rate of MWB
on an aboveground biomass basis averaged ,1%/yr for both hardwood and softwood forests.
A first-order carbon budget (the sum of the net change in carbon storage in all live trees,
dead wood, and long-lived wood products) shows that eastern U.S. forests accumulated
;174 Tg C/yr during the late 1980s and early 1990s. Although the root and soil pools are
not included in this budget, it is likely that the forests are accumulating carbon in these
components too, because the eastern forests are for the most part in various stages of
regrowth and recovery from past human land uses and active forest management.
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INTRODUCTION

The global carbon cycle is recognized as one of the
major biogeochemical cycles regulating the concentra-
tion of atmospheric CO2, an important greenhouse gas
(GHG) contributing to climate change (Schimel et al.
1995). Forests in turn play an important role in the
global carbon cycle because they store large quantities
of carbon in vegetation and soil, exchange large quan-
tities of carbon with the atmosphere through photo-
synthesis and respiration, become sources of atmo-
spheric carbon when they are disturbed by human or
natural causes, become atmospheric carbon sinks dur-
ing regrowth after disturbance, and can be managed to
alter the magnitude and direction of their carbon fluxes
(Brown et al. 1996). The Kyoto Protocol, which re-
sulted from the 1997 meeting on climate change, es-
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tablished greenhouse gas (GHG) emission targets and
commitment periods for industrialized countries (An-
nex 1 Parties of the UN Framework Convention on
Climate Change); several forestry activities are being
considered to offset carbon emissions in the commit-
ment period to meet agreed targets. This Protocol clear-
ly affirms the importance of increasing our understand-
ing of forest carbon budgets and the factors that influ-
ence them, particularly at larger scales, to better de-
termine the contribution of forests for meeting national
GHG emissions targets.

The present and potential future role of forests in
national carbon budgets is largely a result of past and
present use and disturbance regimes of forest lands. In
the eastern United States, there has been a long history
of forest clearing, forest management, and disturbance.
Virtually all of the forests in the eastern United States
have been altered by humans to some degree at some
time in the past (Perlin 1991, Whitney 1994). Today,
many of these forests are recovering from past agri-
cultural use and are actively managed. Thus, the re-
sulting forest landscape is dominated by forests at dif-
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ferent stages of recovery (Brown et al. 1997) and with
different carbon budgets.

Two key processes of forest carbon budgets are net
primary production (NPP) and tree mortality. Both NPP
and mortality change over time as stands develop. Net
primary production, the difference between photosyn-
thesis and plant respiration, is largely a function of
growing conditions and age or stage of forest devel-
opment. Net primary production of organic matter is
allocated to aboveground accumulation of wood in
standing live trees, the production of short-lived tissues
such as leaves, fruits, and flowers, and the belowground
accumulation and production of coarse and fine roots.
Mortality depends on the rate and stage of stand de-
velopment and frequency of disturbance (Peet and
Christensen 1987, Harcombe et al. 1990). Trees die for
a variety of complex and interacting reasons, including
competition, suppression, old age, disease, distur-
bances like wind and fire, and other environmental
stressors (Franklin et al. 1987, Lugo and Scatena 1996).
Tree mortality is a key process in nutrient cycling and
the dynamics of organic matter accumulation or loss
(Waring and Schlesinger 1985).

Most estimates of NPP in forests are generally made
for the aboveground components only; very few studies
have included measurements of coarse and fine root
production. Aboveground NPP (ANPP) estimates are
often based on the summation of the net production of
woody biomass (i.e., net increase in biomass of living
trees) and the production of fine litter (Whittaker and
Woodwell 1968). The net production of woody biomass
is estimated from a combination of either tree remea-
surements in permanent plots or from reconstruction
of earlier diameters from tree cores and allometric re-
gression equations. Reliable data on tree death or mor-
tality must be obtained from remeasurements on per-
manent plots over many years because of their random
nature and high year-to-year variability (Harmon et al.
1993). Tree death is then converted to mass estimates
in a manner similar to that used for estimating live
biomass increment.

Ecological studies in temperate forests have focused
mostly on estimating ANPP based on measurements in
relatively few and small (,1 ha) plots, usually located
in mature forests (e.g., Whittaker 1966, DeAngelis et
al. 1981), and not selected in a statistically valid man-
ner from the population of interest. There are few pub-
lished studies of tree mortality, expressed on a mass
basis, for temperate forests (Franklin et al. 1987), and
like NPP studies, these do not reflect forests at the
larger scale. It has been shown for forest biomass stud-
ies that such approaches tend to give an unrealistic
picture of the distribution of actual forest biomass over
larger scales (McCune and Menges 1986, Brown and
Lugo 1992, Brown et al. 1999). We propose that eco-
logical studies of ANPP and mortality follow the same
trend as for biomass, and that our understanding of their

present patterns and magnitude in temperate forests
may be distorted.

Data from ecological studies are not representative
nor numerous enough to provide unbiased estimates of
ANPP and mortality at scales suitable for questions
related to global change. Instead, the ideal approach
for estimating ANPP and mortality would be to use
relevant data from a statistically designed, extensive
system of permanent remeasurement plots. Such data
are collected on a regular basis as part of national forest
inventories of timberland areas and timber volumes by
many countries, particularly industrialized ones. In the
United States, forest inventory data are collected by
the U.S. Forest Service, Forest Inventory and Analysis
units (FIA). Among the data that the FIA reports are
the timber volume of average net annual growth, annual
mortality, and annual removals due to harvesting or
other silvicultural operations over given time periods.
We have developed methods to convert timber volume
to total aboveground biomass (Schroeder et al. 1997)
that can be used with these reported data to estimate
aboveground production and mortality of woody bio-
mass in live trees. Similar forest inventory data have
been used successfully to produce spatially explicit es-
timates of biomass density (biomass per unit area) and
pools (total standing crop) for forests of the eastern
U.S. (Brown et al. 1999).

Geographically referenced analyses of ANPP and
mortality are useful to (1) understand and predict the
consequences of large-scale phenomena like global cli-
mate change, and (2) provide a data base for verifi-
cation of regional and continental-scale ecosystem
models (e.g., CENTURY, Parton et al. 1988; MAPSS,
Neilson et al. 1992; BIOME, Prentice et al. 1992).
However, characterizing important forest attributes at
suitable spatial scales has proven to be difficult. The
use of remote sensing techniques has been investigated
for estimating forest biomass, but as yet this approach
has met with little success for multiage, multispecies
forests, and only with limited success for forests with
few species and age classes (Wu and Strahler 1994,
Hall et al. 1995). Detecting growth or changes in the
size of the forest biomass pool with these techniques
would be even more difficult.

The main goals of this study were to use the exten-
sive FIA data base for the forests of the eastern United
States to (1) determine the magnitude and patterns of
aboveground production of woody biomass (APWB),
which is a key component of ANPP, and mortality of
woody biomass (MWB) for hardwood and softwood
forests, and (2) produce geographically referenced es-
timates of APWB and MWB for hardwood and soft-
wood forests at the county scale of resolution. We focus
on the eastern U.S. forests because the data set for this
part of the country is consistent and complete, and is
readily available from the World Wide Web.



970 S. L. BROWN AND P. E. SCHROEDER Ecological Applications
Vol. 9, No. 3

METHODS

The data base and general approach

Our analysis was based on forest inventory data that
we downloaded directly from the FIA’s World Wide
Web site.4 We acquired data for each county (;1950)
in 28 eastern U.S. states (data for four northeastern
states were not available on-line at the time we con-
ducted our analysis) that consisted of estimates of area
of timberland, growing-stock volume, average net an-
nual growth and mortality of growing-stock volume,
and average annual removal of growing-stock volume
by harvest, all organized by forest type and stand size
class (seedling/sapling, poletimber, and sawtimber
stands).

Timberland is defined by the Forest Service as land
producing or capable of producing in ‘‘excess of 20
cubic feet per acre per year (or ;1.4 m3·ha21·yr21) of
industrial roundwood products.’’ With respect to the
eastern United States, timberland according to this def-
inition accounts for 94% of all forest land (or 145 mil-
lion ha out of a total of 154 million ha; Powell et al.
1993). Of the forest lands not included, about 3% are
wilderness areas, parks, and other lands withdrawn
from use for timber by statute or administrative reg-
ulation (mostly in the states of New York, Pennsyl-
vania, and Minnesota) and 3% are forest lands of low
primary production such as post oak and blackjack oak
forests in Texas and Oklahoma (Powell et al. 1993).
The Forest Service defines growing-stock volume as
the net outside bark volume of growing-stock trees at
least 12.5 cm in diameter to a point where the top
diameter of the central stem is at least 10 cm, or to the
point where the central stem breaks into limbs. Details
of field data collection, subsequent manipulation, and
the FIA data base itself are available at the World Wide
Web site or by referring to Birdsey and Schreuder
(1992) and Hansen et al. (1992).

Once the data were downloaded, our analysis con-
sisted of (1) aggregating the data for all of the forest
types into three broad forest categories (hardwoods,
pines, and spruce–fir) by three stand-size classes (saw-
timber, poletimber, and seedling/sapling), (2) devel-
oping biomass expansion factors (BEFs) to convert vol-
ume to biomass estimates, (3) applying the BEFs to
estimate biomass of the average net annual change in
growing stock and mortality, (4) estimating annual
APWB, a component of ANPP, and MWB, (5) aggre-
gating the pine and spruce–fir results to produce an
estimate for all softwoods that was comparable to the
estimate for all hardwoods, and (6) processing all of
the county-level results within a geographic informa-
tion system (GIS) for mapping.

Development of biomass expansion factors (BEF)

A key step in our approach is the development of
BEFs (units of Mg/m3), where BEFs are calculated as
follows:

4 URL: ^http://www.srsfia.usfs.msstate.edu/scripts/ew.htm&.

BEF 5 [total aboveground biomass of all living trees to
a minimum diameter at breast height of 2.5 cm]
4 [growing-stock volume].

The BEFs make it possible to convert an extensive
forest volume inventory data base to biomass estimates.
We aggregated the data base into three broad forest
categories because it was not practical to attempt to
formulate BEFs for every forest type in the eastern
United States. In a previous study (Schroeder et al.
1997), we developed BEFs for hardwoods that were
based on two forest types: oak–hickory and maple–
beech–birch. Together these two forest types occupy
approximately 70 3 106 ha and account for nearly half
of all hardwood forests in the eastern United States.
Because these forest types are so extensive, and be-
cause there was no significant difference between in-
dividual BEF functions for these two forest types, our
earlier study concluded that a single pooled function
was probably applicable to other hardwood forest types
as well. Pine and spruce–fir forests are dissimilar
enough, however, that we assumed, and subsequent
analysis confirmed, that they should be analyzed sep-
arately.

Our previous study (Schroeder et al. 1997) presented
a general approach to convert growing-stock volume
to total aboveground biomass of all living trees (com-
mercial and noncommercial species) for hardwood for-
ests. Our approach accounted for noncommercial tree
species, nonmerchantable commercial tree species
(e.g., cull trees), noncommercial tree components
(branches, twigs, and leaves), and all trees of diameter
$2.5 and ,12.5 cm, and reliably estimated above-
ground biomass density of the tree component (AGBD,
megagrams per hectare) directly from growing stock
volume density (cubic meters per hectare). For hard-
wood forest types, Schroeder et al. (1997) found that
BEF was a function of growing-stock volume (GSV):

BEF 5 exp{1.912 2 0.344 3 ln GSV} (1)

(r2 5 0.85, n 5 208, 1 SE 5 0.109). Biomass expansion
factors decrease with increasing GSV, a pattern consistent
with theoretical expectations. At high GSV, the slope ap-
proaches zero, beyond which point the BEF approaches
a constant (Brown and Lugo 1992, Schroeder et al. 1997).
We used Eq. 1 in the current study to convert volume
estimates to aboveground biomass for the aggregated
hardwood forest type. For growing-stock volume .200
m3/ha, we used a constant BEF of 1.0.

We used the same methodology as Schroeder et al.
(1997) to develop BEFs for pine and spruce–fir forest
types for the eastern United States. The first step was
to develop two allometric regression equations for es-
timating tree biomass as a function of diameter by pool-
ing data from numerous pine and spruce–fir species.
We assembled data from 11 published studies for east-
ern U.S. pine and spruce–fir forests. These data in-
cluded diameter and aboveground oven-dry biomass
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TABLE 1. Regression equations (untransformed) developed to estimate oven-dry tree biomass (kg) from tree diameter (cm).

Trees
Regression equation

(Biomass 5) R2 n

Diameter (cm)

Minimum Maximum Mean

Pine†
2.8410486dbh

0.887 1
2.84dbh 1 376907

0.98 137 0.6 56.1 18.5

Spruce–fir‡
2.4734185dbh

0.357 1
2.47dbh 1 425676

0.98 83 2.9 71.6 18.4

† Sources: Baker 1962, Clark and Taras 1976, Howard 1973, Monk 1966, Nelson and Switzer 1975, Saucier and Boyd
1982, Vaidya 1961, Williams 1989.

‡ Sources: Sollins and Anderson 1971, Whittaker and Woodwell 1968, Woods et al. 1991.

FIG. 1. Biomass expansion factor (BEF) as
a function of growing-stock volume for loblol-
ly/shortleaf pine and spruce–fir forest types.
The BEF (Mg/m3) is the ratio of aboveground
biomass density (AGBD; megagrams per hect-
are) for all trees with a minimum diameter of
2.5 cm to growing-stock volume (cubic meters
per hectare).

for 137 trees and five pine species, and 83 trees and
three spruce and fir species. Schroeder et al. (1997)
evaluated a variety of regression models commonly
used for biomass data on the basis of prediction errors,
residual analysis, logical behavior of the models, r2,
and simplicity of the models. They found that for both
hardwood and softwood species, log-transformed, non-
linear half-saturation functions performed best. Be-
cause the subsequent models conformed well to the
above criteria, we used the same type of functions in
this study (Table 1).

The two regression equations in Table 1 were applied
to aggregated stock and stand table data (volume per
hectare and number of trees per hectare, respectively,
by 5 cm wide diameter classes) for loblolly/shortleaf
pine and spruce–fir forest types that occur across much
of the eastern United States. The aggregated stand ta-
bles were derived from the FIA forest inventory data
by aggregating tree-level data to the scale of an in-
ventory unit that comprises several counties within a
state. Each inventory unit reported results for three
aggregated stand-size classes: sawtimber, poletimber,
and seedling/sapling. (See Schroeder et al. 1997 for a
detailed description of the compilation of aggregated

stand table data.) For the pine forest type, we assembled
a total of 174 aggregated stock and stand tables, and
for spruce–fir we assembled 49 aggregated stock and
stand tables, both data sets representing a wide range
of geographical distribution. The biomass regression
equations were then used to estimate aboveground bio-
mass of all living trees in each diameter class. Then
volume and aboveground biomass were summed across
all diameter classes, and the ratio of aboveground bio-
mass to volume gave a BEF for each aggregated stock/
stand table (Fig. 1). Because the stock/stand table data
were aggregated from a number of plots over large
areas, these BEFs represent regional factors derived
from regional samples.

The relationship between BEF and GSV for spruce–
fir showed the same type of pattern as observed for
hardwood forest types (Schroeder et al. 1997). The
BEFs ranged from a high of .2.0 Mg/m3 for low grow-
ing-stock volumes (,40 m3/ha) to a low of 1.0 Mg/m3

for the highest growing-stock volume of 158 m3/ha
(Fig. 1). This relationship also conformed to theoretical
expectations and we were able to fit the following func-
tion to it:

BEF 5 exp{1.771 2 0.339 3 ln GSV} (2)
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TABLE 2. Dates of current and previous inventory.

State
Previous
inventory

Current
inventory

Alabama 1981 1990
Arkansas 1988 1995
Delaware 1970 1986
Florida 1987 1995
Georgia 1982 1989
Illinois 1962 1985
Indiana 1966 1986
Iowa 1973 1990
Kentucky 1975 1988
Louisiana 1983 1991
Maine 1979 1995
Maryland 1975 1986
Michigan 1980 1993
Minnesota 1977 1990
Mississippi 1987 1994
Missouri 1971 1989
New Jersey 1971 1987
New York 1978 1993
North Carolina 1983 1990
Ohio 1977 1991
Oklahoma 1986 1993
Pennsylvania 1975 1989
South Carolina 1986 1993
Tennessee 1979 1989
Texas 1986 1992
Virginia 1984 1992
West Virginia 1973 1989
Wisconsin 1983 1996

(r2 5 0.88, n 5 49, 1 SE 5 0.095). As for hardwood
forests, the BEF approaches a constant at higher GSV.
For GSV . 160 m3/ha we used a constant BEF of 1.0.

For the pine forest type, BEFs ranged from 5.7 to
1.3 Mg/m3 for stands with a GSV of ,5 m3/ha, then
decreased rapidly to a range of ,1.3–0.7 Mg/m3 for
stands with GSV . 5 to ;180 m3/ha (Fig. 1). As no
significant relationship was obtained, we used the fol-
lowing median BEFs for the indicated GSV categories:

3 3GSV , 10 m /ha BEF 5 1.68 Mg/m (3a)

(n 5 72, 1 SE 5 0.13),

3GSV 5 10–100 m /ha BEF 5 0.95 (3b)

(n 5 86, 1 SE 5 0.02),

3GSV . 100 m /ha BEF 5 0.81 (3c)

(n 5 16, 1 SE 5 0.03).

We used these BEF constants for all pine forest types.
Because of the general similarity of pine forests in the
eastern United States and their common structural char-
acteristics and branching patterns, we assumed that
they would have similar BEFs. The only other com-
parable analysis of pine data that we are aware of
(Brown 1997) also found no relationship between GSV
and BEF, which further demonstrates the similarity of
pine forests.

Conversion of volumes to biomass

The data on average net annual growth and mortality
in growing stock from the FIA web site were expressed
as annual average wood volumes, in cubic per hectare
per year, for the interval between two inventories, gen-
erally a period of 6–23 yr, and on average 12 yr for
the eastern United States (Table 2). We used Eqs. 1–3
to calculate an average BEF for each forest category
(hardwood, pine, or spruce–fir) by stand-size class for
each county that was based on GSV density at the time
of both the current and previous forest inventories. We
calculated GSV density for the three forest categories
by stand-size class (maximum of nine combinations)
in every county at the time of the current inventory,
by dividing GSV by the area of timberland. The GSV
density at the time of the earlier inventory was not
reported on the web site, so we had to derive this by
simple calculations. We calculated GSV density at the
time of the earlier inventory by multiplying the average
net annual growth and mortality in growing stock by
the number of years between the two inventories, and
then adjusted the current GSV density accordingly. Al-
though the relationship between BEF and GSV was
nonlinear for hardwood and spruce–fir forests (Fig. 1),
the difference between the GSV for the current and
previous inventory for any forest category and stand-
size class combination was sufficiently small that we
believed it was reasonable to assume linearity for that
segment of the relationship, and averaged the two

BEFs. We applied the average BEFs to the net annual
growth and mortality of GSV to convert them to es-
timates of biomass. All estimates of biomass for net
annual growth and mortality of growing stock for the
three stand-size classes were reaggregated, based on
their area distribution, resulting in area-weighted av-
erages for each forest category and county.

Estimation of aboveground production and
mortality of woody biomass

We used the biomass estimates of average net annual
growth and mortality to calculate a major component
of ANPP, i.e., the accumulation of live aboveground
woody biomass over a given time interval or APWB.
Strictly speaking, our estimate of the accumulation of
live aboveground woody biomass based on the BEFs
does include accumulation of biomass in leaves. How-
ever, this is such a small component of the aboveground
production of biomass in closed-canopy forests (,1%
of the total) that for practical purposes we refer to it
as woody biomass. The FIA data base reports the av-
erage net annual growth in GSV for the time between
two successive inventories, that is defined by the U.S.
Forest Service as:

Net annual growth in GSV
5 gross annual growth of GSV

2 annual natural mortality of GSV. (4)

The average gross annual growth of GSV, converted
to units of mass, is the APWB or that component of
ANPP that we need to estimate. The gross annual
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Fig. 2. Map of aboveground production of woody biomass for (a) hardwood and (b) softwood forests of the eastern United
States. Counties with no color are those for which data are missing.

growth of GSV includes growth of surviving trees, in-
growth (volume of trees reaching 12.5 cm dbh during
the period), growth on ingrowth, and growth on mor-
tality and removals (Birdsey and Schreuder 1992). An-
nual growth of mortality and removals is modeled for
that portion of the inventory interval for which they
are estimated to have survived.

Although gross annual growth of GSV is measured
by the U.S. Forest Service, it is not reported on their
web site. We estimated average annual APWB by re-
arranging Eq. 4 as follows, after converting the vol-
umes to biomass (all units in megagrams per hectare
per year):

APWB 5 net annual growth in woody biomass
1 annual mortality of woody biomass. (5)

Aboveground production of woody biomass was es-
timated for all counties and forest categories according
to Eq. 5. No further manipulation of the data was re-
quired for mortality. We then aggregated all results for
pine and spruce–fir forest types to produce overall es-
timates for softwood forest types.

Aboveground production and mortality of woody
biomass were mapped at the county scale of resolution.
The maps were produced and displayed using version
7.0 of ARC/INFO geographic information system soft-
ware from Environmental Systems Research, Incor-

porated, Redlands, California, USA. The Albers conic
equal-area projection was used with standard parallels
of 98309 and 458309, the central meridian at 2968 and
the latitude of origin at 238.

Error estimation

The FIA uses a statistically based sampling scheme
designed to provide growing-stock volume estimates
with a sampling error of 5% for 28.3 3 106 m3, and
forest area estimates with a sampling error of 3% for
0.4 3 ha (N. Cost, U.S. Forest Service, personal com-
munication). Larger forest areas and volumes have
smaller relative standard errors, and vice versa. For the
southeastern United States, for example, analyses of
measurement error, sampling error, and regression error
indicated that the annual change in growing-stock vol-
ume over the 6–8 yr period between inventories had a
95% confidence interval of 610% (D. L. Phillips, S.
L. Brown, P. E. Schroeder, and R. A. Birdsey, unpub-
lished manuscript); we expect that the annual change
in biomass would have a somewhat higher confidence
interval than this due to an increase in the regression
error (Clark et al. 1986). The sampling error was the
largest component of the total error in this example,
accounting for 87% of the total. Analysis of the data
at the county level, as done in this paper, would result
in a larger confidence interval, mostly due to the in-
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FIG. 3. Frequency distribution of aboveground production
of woody biomass (APWB) for (a) hardwood and (b) soft-
wood forests of the eastern United States. The values along
the horizontal axes are the upper limits of the APWB class.

crease in sampling error at this smaller scale. For ex-
ample, the sampling errors for volume growth at the
state level for Virginia and North Carolina (1.3 and
1.2%, respectively), increase by about an eight-fold
factor or more at the county level (Brown 1993,
Thompson and Johnson 1994). How the various sources
of error compound into total error for production and
mortality of woody biomass at the county level is not
known, and clearly indicates an area of research de-
serving more attention.

RESULTS

Aboveground production of woody biomass (APWB)

Highest rates of APWB for hardwood forests (.6
Mg·ha21·yr21) generally occurred in the southeastern
to southern U.S. counties, along an arc from southern
Virginia to Louisiana and east Texas (Fig. 2a). High
rates also occurred in the southern counties of Illi-
nois and several counties of Ohio. Aboveground pro-
duction of woody biomass was generally lowest (,3
Mg·ha21·yr21) for hardwood forests in the midwest-
ern and north-central states of Iowa, Missouri, and
southern Minnesota. And, intermediate APWB (3–6
Mg·ha21·yr21) were found for the northern tier of
states stretching from Minnesota to Maine. This pat-
tern is generally what we would expect resulting
from transitions of more favorable to less favorable
growing conditions along the south to north climatic
gradient; however, the effects of different forest
management intensities appear to confound this gen-
eral climatic gradient.

Aboveground production of woody biomass for
hardwood forests at the county level ranged from 0.6
to 28 Mg·ha21·yr21, with an area-weighted mean of 5.2
Mg·ha21·yr21. About 46% of all counties had an APWB
of .4 to 6 Mg·ha21·yr21 (Fig. 3a). Only about 2.5% of
the counties had biomass increments of .10
Mg·ha21·yr21, and these were located mostly in the
southern part of the region.

The spatial distribution of APWB for softwood for-
ests was generally similar to that for hardwoods, and
once again tends to show the interaction between the
effects of different management intensities and climatic
gradients (Fig. 2b). The highest rates of APWB were
for counties in the south and southeast (.7
Mg·ha21·yr21), again the result of favorable growing
conditions in those regions, as well as forest manage-
ment. Several counties in the northern states had forests
with relatively high APWB. However, softwood forests
were less extensive and their APWB was generally low-
er than for hardwoods. Softwood forests do not occur
in most of the central section of the eastern U.S., from
West Virginia to Missouri, Iowa, and southern Min-
nesota.

For softwood forests, the range of APWB was 0.2–
31 Mg·ha21·yr21 and the area-weighted mean was 4.9
Mg·ha21·yr21. In general, the APWB for softwood for-

ests tended to be lower than that for hardwoods, in that
about 48% of the counties had APWB of .2 to 5
Mg·ha21·yr21 (Fig. 3b). Only 3% of the counties had
APWB of .10 Mg·ha21·yr21, and these were scattered
throughout much of the softwood forest region.

Total APWB, the product of the annual per hectare
values and area for the entire eastern US, was 522 Tg/
yr for hardwood forests and 176 Tg/yr for softwood
forests. The combined total for all forests in the eastern
U.S. was 699 Tg/yr.

Mortality of woody biomass (MWB)

Rates of MWB for eastern hardwood and softwood
forests generally ranged between 0.0 to 3.3
Mg·ha21·yr21, and the rates were less for softwoods than
for hardwoods (Fig. 4). No clear spatial pattern
emerged across the region. The exception was a distinct
area of high MWB (.10 Mg·ha21·yr21) for both hard-
woods and softwoods in South Carolina that undoubt-
edly was caused by Hurricane Hugo in 1989.

For hardwood forests, MWB ranged from 0 to 15
Mg·ha21·yr21 with an area-weighted average of 1.1
Mg·ha21·yr21. The area-weighted average MWB for
softwood forests was 0.7 Mg·ha21·yr21, with a range of
0–10 Mg·ha21·yr21. Almost 60% of the counties had
hardwood forests with MWB between 0.3 and 1.2
Mg·ha21·yr21 (Fig. 5a), whereas 47% of counties had
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Fig. 4. Map of mortality of woody biomass for (a) hardwood and (b) softwood forests of the eastern United States. Counties
with no color are those for which data are missing.

softwood forests with MWB ,0.3 Mg·ha21·yr21 (Fig.
5b). Only 20% of counties had softwood MWB of .0.9
Mg·ha21·yr21, but nearly half of all counties had hard-
wood MWB of that magnitude.

Total MWB for the eastern U.S. was 138 Tg/yr, or
about 20% of the total APWB. Hardwoods accounted
for 81% of the total (112 Tg/yr) and softwoods for the
remaining 19% (26 Tg/yr).

As a percentage of AGBD, MWB varied from 0 to
5%/yr for nearly the entire region, and averaged ,1%/
yr for both hardwood and softwood forests. A total of
16 counties had MWB rates of .5 to 15%/yr. Most of
these were in South Carolina (56%), but some were
also scattered throughout the region.

DISCUSSION

Aboveground production and mortality of woody
biomass in relation to forest development

We have shown in earlier work that for mixed-age
eastern hardwood forests, AGBD is a useful surrogate
measure for stage of forest development (Brown et al.
1997). Forests in a regeneration stage had AGBD of
,75 Mg/ha, those in an intermediate recovery stage of
80 to 150 Mg/ha, those in advanced recovery stage of
150 to 2001 Mg/ha, and those in the mature to old-
growth stage of .250 Mg/ha. To investigate how
APWB and MWB vary with stage of forest develop-

ment, we plotted each of these two variables against
corresponding county-level estimates of AGBD for the
recent inventory (Brown et al. 1999). We first divided
the data set into two zones: cool temperate forests in
the north and warm temperate forests in the south
(based on a life zone map of the United States; Lugo
et al., in press).

Although no significant relationships were obtained
between APWB and AGBD, several trends are evident
(Fig. 6). First, the range in values of APWB for the
cool temperate hardwood and softwood forests are sim-
ilar to each other (;0.5–10 Mg·ha21·yr21, Fig. 6a and
c). Aboveground production of woody biomass is gen-
erally positively related to AGBD for cool temperate
hardwood and softwood forests (Fig. 6a and c), with
some indication of a leveling with increasing AGBD
beyond ;200 Mg/ha. This pattern of APWB vs. stand
development does not fit the classical view of declining
NPP after canopy closure (Waring and Schlesinger
1985). Rather, the aboveground woody component of
NPP for these cool temperate forests appears to be
increasing or at least stable, even at an advanced stage
of recovery. However, inclusion of belowground pro-
duction may change the pattern. Finally, based on the
biomass groupings above, very few of the northern
counties appear to contain mature or old-growth for-
ests. However, we cannot rule out the possibility that
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FIG. 5. Frequency distribution of mortality of woody bio-
mass (MWB) for (a) hardwood and (b) softwood forests of
the eastern United States. The values along the horizontal
axes are the upper limits of the MWB class.

some old-growth forests exist in these northern coun-
ties; reporting of the results at the county level could
mask the existence of some old-growth stands.

The range and variability in APWB for warm tem-
perate hardwood and softwood forests is larger than
for the northern cool temperate forests (Fig. 6b and d).
And, like cool temperate forests, APWB is positively
related to AGBD, with little evidence of a leveling of
APWB, especially for softwood forests. The warm tem-
perate forests are subject to fewer climatic limitations
such as shorter growing season and cooler tempera-
tures, and thus the effects of variability in soil types,
moisture regimes, and management intensity are more
evident. Most of the warm temperate hardwood forests
seem to be in the intermediate stage of recovery, and
to span the full range of APWB estimates (0.6–28 Mg/
ha; Fig. 6b). The most variable pattern between APWB
and AGBD is for warm temperate softwoods (Fig. 6d),
which is most likely related to management intensity.
For instance, many of the counties with forests of low
AGBD (about 50 Mg/ha or less) had rates of APWB
as high as those for more developed forests; over half
of these forests had been harvested during the inven-
tory period. Harvesting during the inventory interval
would reduce AGBD as reported at the end of the in-
terval, while at the same time provide conditions that
enhance growth.

We also examined the relationship between MWB

and AGBD and observed no trends (Fig. 7). As noted
above (Fig. 4 and 5), MWB for softwoods was lower
overall than for hardwoods. Softwood forests generally
contained less biomass than hardwood forests (cf. Fig
7a and b), and were more intensely managed, so it is
understandable that they would also exhibit lower lev-
els of MWB.

Background mortality, that arising from the normal
processes of stand dynamics and competition (Lugo
and Scatena 1996), has been shown to be related to
stand development (Franklin et al. 1987, Harcombe et
al. 1990). Mortality expressed on the basis of number
of stems dying has been shown to decrease with stand
development (Franklin et al. 1987). However, mortality
based on the amount of biomass dying has been shown
to increase with stand age, particularly in the very late
stage (Harcombe et al. 1990). At younger ages, when
the number of trees dying is high, they are generally
small, with little mass. As the forest ages, fewer trees
die, but they are much larger and consequently contain
more mass. We suspect that the lack of a relationship
between background mortality and stand development,
as measured by AGBD (Fig. 7), for eastern U.S. forests,
is due to their relatively young stage of development
and the lack of larger diameter trees (Brown et al.
1997).

Comparison with ecological studies

The APWB that we report is only one part of ANPP;
estimates of the production of leaves, reproductive
parts, and current year twigs, generally measured as
fine litterfall, need to be added. From a summary of
the literature on litterfall (E. Matthews, W. Post, E. A.
Holland, and J. Sulzman, 1998, personal communica-
tion), we obtained the following rates for eastern U.S.
forests: 4.5 6 0.02 Mg·ha21·yr21 (mean 6 1 SE; n 5
75) for hardwood forests, 4.0 6 0.03 Mg·ha21·yr21 (n
5 38) for pine forests, and 3.2 6 0.05 Mg·ha21·yr21 (n
5 12) for spruce–fir forests. We added these to the
most common APWB classes (.3–7 and .2–6
Mg·ha21·yr21, for hardwood and softwood forests, re-
spectively; Fig. 3) to arrive at the following range of
estimates for ANPP: hardwoods, 7.5–11.5 Mg·ha21·yr21

with an area-weighted average of 9.7 Mg·ha21·yr21, and
softwoods, 5.8–9.8 Mg·ha21·yr21 with an area-weighted
average of 8.7 Mg·ha21·yr21. For many of the counties
in the southern states (;13% of all eastern U.S. coun-
ties; cf. Fig. 3a), estimates of ANPP for hardwood for-
ests range from 11.5 to 24.5 Mg·ha21·yr21.

Our estimates of ANPP are generally comparable,
although the range is wider, to other published esti-
mates based on ecological studies. For example, Whit-
taker (1966) and Whittaker et al. (1974) reported ANPP
for nine hardwood forest types in the eastern U.S. (New
Hampshire to Great Smoky Mountains, Tennessee);
their estimates for the tree component ranged from 5.0
to 24.0 Mg·ha21·yr21, with an average of 10.2
Mg·ha21·yr21. Also for forests in the Great Smoky
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FIG. 6. Aboveground production of woody biomass (APWB) vs. aboveground biomass density (AGBD; county-level,
area-weighted average for the most current inventory) for (a) cool temperate and (b) warm temperate hardwood and (c) cool
temperate and (d) warm temperate softwood forests of the eastern United States.

Mountains, Busing et al. (1993) reported that ANPP
averaged 12.2 Mg·ha21·yr21 for young (42–63-yr-old)
hardwood stands, 8.3 Mg·ha21·yr21 for old-growth
hardwood stands, and 8.8 Mg·ha21·yr21 for old-growth
mixed hardwood–softwood stands. Whittaker (1966)
reported ANPP estimates for pine and spruce–fir forests
of 8.2–14.0 Mg·ha21·yr21 in the Great Smoky Moun-
tains.

It is difficult to compare our MWB results with other
studies in temperate forests because most other studies
examined mortality in terms of numbers of stems, not
biomass. For example, typical mortality rates on a tree
density basis for temperate forests are 1–2%/yr (Weav-
er and Ashby 1971, Waring and Schlesinger 1985,
Franklin et al. 1987, Parker 1989). These could be con-
sidered a background level of mortality, as opposed to
catastrophic events like the hurricane that struck South
Carolina, resulting in biomass-based mortality of 5–
15%/yr. For mature, humid tropical forests, Carey et
al. (1994) found that mortality rates based on biomass
(0.1–3.9%/yr) were similar to the rates based on stems
(0.5–3.3%/yr).

Implications for forest carbon budgets

From the above results it is tempting to construct a
carbon budget for the aboveground components of east-

ern U.S. forests. Typically this has been calculated as
the APWB minus MWB and removal of woody biomass
by harvesting (e.g., Birdsey 1992). Performing such a
calculation and converting our values to units of carbon
(1 Mg biomass 5 0.5 Mg C; Birdsey 1992) results in
an estimated net accumulation of 72 Tg C/yr (APWB
5 350 Tg C/yr, MWB 5 69 Tg C/yr, and removal of
woody biomass 5 209 Tg C/yr). (The removal of
woody biomass by harvesting, at the county scale, was
estimated in the same manner as for APWB and MWB
described in Methods.) Most of the net accumulation
of carbon was in hardwood forests (73% of the total)
because of the about three times larger extent of this
forest category. The net accumulation of carbon in the
eastern forests before harvesting was 281 Tg/yr, which
is slightly larger than the 261 Tg/yr reported by Birdsey
(1992) for approximately the same area (excludes the
New England states but includes all of Texas).

There are however, problems with the simple budget
approach, because it only tracks the net change in the
carbon pool of living trees, and it implicitly assumes
that the pool of dead wood and wood products does not
increase during the interval period (i.e., all mortality and
removals are decomposed or oxidized). Dead wood in
temperate forests can in reality, take many decades to
decompose, resulting in increases in the dead wood pool
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FIG. 7. Mortality of woody biomass (MWB) vs. above-
ground biomass density (AGBD; county-level, area-weighted
average for the most current inventory) for (a) hardwood and
(b) softwood forests of the eastern United States.

over time (Harmon et al. 1986). During forest succession
after disturbance, the dead wood pool at first decreases,
and then increases until long after the aboveground veg-
etation matures. Mature vegetation will be composed of
more trees of a larger diameter than at a younger stage.
When these larger diameter trees die they will decom-
pose more slowly because the larger the size of the
woody debris, the slower it decomposes (Harmon et al.
1986). This could be a significant factor for the future
of eastern hardwood forests as a carbon sink, because
the forests are for the most part in younger stages of
development (Brown et al. 1997).

Further, substantial quantities of slash and large debris
that are often left in the forest after harvesting operations
could also take a long time to decompose, depending
upon their size, and other management activities such
as site preparation. For the entire United States in 1990,
Winjum et al. (1998) estimated that 33% of the pre har-
vested biomass was left as slash. Applying the 33% slash
value to the biomass of removals from eastern U.S. for-
ests (209 Tg C/yr) results in 70 Tg C/yr of slash, or
about the same biomass as the natural mortality from
these forests. Although clearly an important component
of forest carbon budgets, it is amazing how poorly dead
wood is treated in such budgets; current global carbon
budgets essentially ignore it (Harmon et al. 1993).

After the wood is harvested, some goes into short-
lived products, some into long-lived products, and some
into waste. Long-lived wood products can be a carbon
sink for the forest sector if the production of the products
is greater than the emissions from the products already
in use, often referred to as inherited emissions (Winjum
et al. 1998). For the entire United States in 1990, Winjum
et al. (1998) estimated that the increase in the long-lived
wood product pool was 40 Tg C/yr.

From the results presented here, we constructed a
first-order carbon budget, for aboveground components
only, for eastern forests. The carbon budget is the sum
of the change in the carbon pool of living trees, change
in the carbon pool of dead wood, and change in the
carbon pool of long-lived wood products. The change
in the carbon pool of living trees is 72 Tg/yr. Of the
total removals of wood by harvesting in the United
States, 80% is from eastern forests (Birdsey 1992). We
assume, therefore, that 80% of the change in the carbon
pool in long-lived wood products, or 32 Tg C/yr, orig-
inates from eastern forests.

The change in the carbon pool of dead wood is the
difference between the inputs of natural mortality and
slash left behind after harvesting, and the outputs of
decomposition of the dead wood pool. The inputs of
natural mortality and slash are 69 Tg C/yr and 70 Tg
C/yr respectively. The decomposition of dead wood is
a function of the quantity of dead wood and its rate of
decomposition. The amount of dead wood in eastern
forests typically ranges from 10 to 20% of the above-
ground biomass (Muller and Liu 1991, Turner et al.
1995). The total aboveground biomass carbon in east-
ern forests estimated from the FIA data base is 7690
Tg C (Brown et al. 1999). Thus, we estimate that the
amount of dead wood in eastern forests is 769–1538
Tg C. Rates of decomposition of dead wood in eastern
forests can range from 4 to 10%/yr or even higher,
depending on how important fire is as a natural dis-
turbance or in site preparation (Harmon et al. 1986,
Turner et al. 1995). For our calculations here, we use
an average rate of 6%/yr. Our estimate of the carbon
flux from wood decomposition is 46–92 Tg C/yr, with
a mid point of 69 Tg C/yr. Therefore, we estimate that
the change in the carbon pool of dead wood is a gain
of 70 Tg C/yr (range of 24 to 108 Tg C/yr). This in-
crease in the dead wood pool is of similar magnitude
to the increase in the live wood pool (i.e., in living
trees). Although the calculation of the change in the
dead wood pool is not as rigorous as the others budget
components, the results suggest that dead wood is an
important pool with respect to carbon storage and that
it deserves more attention from the research and in-
ventory community.

For our first-order carbon budget, we have a change
in the carbon pool of living trees of 72 Tg C/yr. We
have a change in the carbon pool of dead wood of 70
Tg C/yr. We have a change in the carbon pool of long-
lived wood products of 32 Tg C/yr. Together, These
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add up to a total carbon pool change of 174 Tg C/yr.
This net uptake of carbon by eastern forests represents
about 13% of the carbon emissions from fossil fuel and
cement manufacturing in the United States during the
early 1990s (1.3 Pg C/yr; Marland et al. 1994). How-
ever, the net carbon uptake does not include changes
in root and soil carbon pools. As the eastern forests
are for the most part in various stages of regrowth and
recovery from past and present human land uses such
as agriculture and pasture, and forest management, it
is likely that the forests are accumulating carbon in
these missing components too.
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