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Abstract

Quantifying net carbon (C) storage by forests is a necessary step in the validation of carbon sequestration estimates and in
assessing the possible role of these ecosystems in offsetting fossil fuel emissions. In eastern North America, five sites were
established in deciduous forests to provide measurements of net ecosysiexoé@nge (NEE) using micro-meteorological
methods, and measures of major carbon pools and fluxes, using a combination of forest mensurational, eco-physiological,
and other biometric methods. The five study sites, part of the AmeriFlux network, ranged acra$satibude and 18 of
longitude, but were all of similar age, canopy height, and stand basal area. Here we present a cross-site synthesis of annual
carbon storage estimates, comparing meteorological and biometric approaches, and also comparing biometric estimates base
on analyses of autotrophic carbon pools and heterotrophic carbon fluxes (net ecosystem production, NEP) versus those basec
on measurements of change in two major carbon pa®®)(Annual above-ground net primary production (ANPP) varied
nearly two-fold among sites and was strongly correlated with average annual temperature and with annual soil nitrogen
mineralization Nimin). Estimates of NEP ranged from 0.7 Mg C per hectare per year in northern lower Michigan to 3.5Mg C
per hectare per year in central Indiana, and were also well correlateNwithThere was less variation among sites in estimates
of AC (range, 1.8-3.2 Mg C per hectare per year). In gen&r@ more closely matched NEE than did NEP, but there was
no systematic pattern among sites in over- versus under-estimation of the biometric compared to the meteorologically based
measures. Root and soil carbon dynamics were significant sources of uncertainty in our biometric measures and represent a
prerequisite area of study needed for accurate estimates of forest carbon storage.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Temperate deciduous forests are an important and
* Corresponding author. Fax:1-614-292-2030. much altered component of the Northern Hemisphere.
E-mail addresscurtis.7@osu.edu (P.S. Curtis). Absent human disturbance, deciduous forests are the
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dominant vegetation type over most of temperate large trees Baskerville, 1972 and harvest methods
eastern North America. Much of the region was con- for other ecosystem components. That is
verted to agricultural land use, effectively removing _ .
more than 95% of the above-ground carbon from Pnp=Pep—Ra=L+D+H )
these systems. Tillage also resulted in carbon losseswhere for some unit of time (typically a yeab)s the
from soils (al et al., 1995; Compton and Boone, incrementin live plant mas§) the increment in dead
2000. Much of these agricultural lands have since plant mass (detritus), anid is the increment lost to
been abandoned, and a substantial portion of the herbivory Varing and Schlesinger, 1988n princi-
eastern deciduous forest region contains trees lessple, each variable includes above- and below-ground
than a century old. However, these forests represent aprocesses. For simplicity we define these and other
substantial and growing carbon po8lirdsey (1992) plant- or soil-based approaches as ‘biometric’ mea-
estimated from forest inventory data an average net surements and note that all terms can be expressed on
accrual in the eastern deciduous forest region of from either a tissue dry mass or carbon mass basis.
1 to 2.4 Mg C per hectare per year, 45% of US forest  Biometric NPP estimates commonly ignore volatile
carbon storage. Carbon is accruing in these forests notorganic compounds which may be lost from ecosys-
only in standing live wood, but also in other above- tems Hanson and Hoffman, 1994; Isebrands et al.,
and below-ground carbon pools, including standing 1999 as well as the loss of dissolved organic carbon
dead wood, forest floor litter, coarse woody debris, with water flow. Carbon transport by vertebrates (i.e.
roots, and soil organic matter. seed movements by birds and squirrels) is assumed
Because forests have substantially higher growth to be random and losses from a particular area are
rates and hence carbon storage than most other nabalanced by gains from other locations. There are
tive vegetation types, their importance in continental additional NPP components (e.g. nectar and pollen
and global carbon cycling and storage is magnified. production) that commonly are not accounted for and
Temperate forests average from twice to 20 times are assumed to be small (but selark et al., 2001
higher productivities than desert, grassland, or shrub- It follows that NEP can be expressed as the differ-
land vegetation Whittaker and Likens, 1975and ence between NPP arfj:
store up to several orders of magnitude more carbon _
above-ground than do these other vegetation types. Pne = (L+D+H) — Rn )
Consequently, much recent attention has focused onor the summed increment of all autotrophic carbon
the status of temperate deciduous forests as sourcegools less heterotrophic respiratory losses. Soil mi-
or sinks in the global carbon cycl&4gn et al., 1998;  crobial respiration, usually measured as the differ-
Canadell et al., 2000 The net gain, or loss, of car- ence between total soil respiration and root respiration
bon from an ecosystem is defined as net ecosystem(Hanson et al., 20QQis the main contributor t&;,.
production (NEP, oPng) and results from the gain If mass losses frorhl, volatile organic compounds,
of carbon from autotrophic organisms (gross pri- or other processes are small, and the annual increment
mary productivity, GPP, oPgp) minus its loss from in foliar and fine root mass is approximately zero,

autotrophic Ry) and heterotrophicR},) respiration: forest annual carbon storage can also be expressed as
the annual increment in woodlj plus soil § carbon
Pne = Pop— Ra— Rn (1) pools:

AC = 4
The difference between GPP aij, or net pri- C=W+3§ 4)

mary production (NPP, oPnp), has been of interest  since S is the difference betweeB and R,. While

to ecologists for several decades (dRgichle, 1970; NEP and AC are not independentAC does not
Lieth and Whittaker, 1975; US National Committee require measurement of below-grouBdor Ry, vari-

for the International Biological Program, 1975 ables which cannot be easily measured directly.
Forest NPP estimates have been based primarily upon With improvements in micro-meteorological ins-
measurements of stem, branch, woody root, and fo- trument technology, the eddy-covariance technique
liage mass gain using allometric relationships for has been applied to the measurement of energy and
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mass exchange over forest canopies, enhancing ourwithin the eastern deciduous forest biome of North
understanding of soil-vegetation—atmosphere car- America and compare them with eddy-covariance
bon exchangesWofsy et al., 1993; Baldocchi et al., based estimates of NEE from the same sites. These
1996; Goulden et al.,, 1996, 1998; Baldocchi and sites are part of the AmeriFlux carbon cycle research
Meyers, 1998 Net ecosystem Cfexchange (NEE), program Wofsy and Hollinger, 1998 Our objective
measured using eddy-covariance methods, integratesvas to conduct a cross-site comparison of biometric
vegetation and soil COfluxes, and can provide a estimates of annual carbon storage and to evaluate
measure of net carbon exchange on a sub-hourly ba-whether such a synthesis could provide an indepen-
sis. However, eddy-covariance measurements becomedent constraint on meteorologically based estimates
unreliable or unavailable during precipitation, icing, of the same variable. We also hoped to gain insight
or very weak turbulence, as sometimes occurs at night into the major sources of uncertainty in our ecosystem
(Lee, 1998; Baldocchi et al., 20D variety of mod- carbon budgets.
eling techniqgueschmid et al., 2000and references
in this volume) are used to make corrections for the
estimation of annual NEE. Conceptually, NEE and 2. Methods
NEP are equivalent in that both constitute the differ-
ence between GPP and total ecosystem respiration At each of the five sites, efforts have been made to
(Riotal = Ra—+ Rp). Methodogically, however, they are  derive biometric estimates of annual carbon storage
independent, having unrelated measurement errors.by measurement of major carbon pools and fluxes
As such, their comparison helps constrain estimates as presented iffable 1 and to measure annual NEE
of forest carbon storage and may provide insight into using eddy-covariance methods. Given their ecolog-
the causes of withinBarford et al., 200Land among ical similarities and their use of standard methods
site differences in annual carbon sequestrativof§y for quantifying many carbon cycle components, there
and Hollinger, 1998 was considerable overlap among sites in the details
In this paper we describe the estimation of annual of their biometric and meteorological measurements.
carbon storage using biometric methods at five sites However, differences among sites in programmatic

Table 1

Components of NPP, ecosystem respiration, and soil carbon dynamics needed to derive a biometric estimate of annual NEP. Methods
available for estimating each component and among which of the five study sites they are applied are shown (site abbreviations are as in
Fig. 1)

Item Method Application

NPP components
Stem increment Allometry All sites

Branch increment Allometry All sites
Leaf production Litter baskets All sites
Stump increment Allometry All sites
Flower and fruit production Litter baskets All sites
Fine root production Coring, minnirhizotrons WB, MMSF, HF

Coarse root production
Herbivory losses

Allometry
Leaf/litter assessments

MMSF, HF, UMBS, WC
WB, MMSF, UMBS

VOCs Chambers/modeling WB
Nonstructural carbohydrates Tissue analysis/allometry No sites
Pollen and trichomes Micro-litter baskets No sites
Respiration
Total soil respiration Chambers/modeling All sites
Above-ground heterotrophs Chamber experiments No sites
Soil carbon
Soil surface Soil pits/coresC WB, MMSF, HF, UMBS
Subsurface 14C, resampling WB, HF
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objectives, expertise, measurement period, and intrin- America Fig. 1, Table 9. Mean annual temperatures
sic features of the ecosystems led to variation in sam- vary more than three-fold, from a high of 13@ in
pling design and to the precision with which some eastern Tennessee, to a low of 4CBin central Wis-
carbon cycle components were measured. Here weconsin. Annual precipitation follows a similar pattern,
present an overview of the important biogeographical with the most southern site receiving almost twice the
features of each site and of the methods employed torainfall as the most northern. Soils reflect differences

quantify annual carbon storage.
2.1. Study sites

The five forest sites are distributed across’ 10
of latitude and 18 of longitude in eastern North

in glacial history and parent material of these sites,
from fine textured silty loams in the south to very
sandy soils in the Great Lakes region.

The Walker Branch (WB) forest is in the ridge and
valley province of eastern Tennessee. Local topogra-
phy is represented by a series of repeating parallel

500 kilometers
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Fig. 1. Location within the eastern North American deciduous forest biome of the five study sites: Walker Branch (WB), in eastern
Tennessee; Morgan Monroe State Forest (MMSF), in south—central Indiana; Harvard Forest (HF), in north—central Massachusetts; University
of Michigan Biological Station (UMBS), in northern lower Michigan; and Willow Creek (WC), in north—central Wisconsin.
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Table 2
Climate, stand, and soil characteristics of five eastern North American forests: WB, MMSF, HF, UMBS, and WC (site abbreviations are
as inFig. 1)
Site
Descriptor WB MMSF HF UMBS wC
Location and climate
Latitude 3557N 39°53N 42°32N 45°35N 45°47N
Longitude 8417W 86°25W 7210W 84°42W 9I°5W
Mean annual temperaturéQ) 13.8 11.1 7.1 6.2 4.8
Annual precipitation (mm) 1352 1012 1066 750 776
Stand characteristics
Stand age (year) 50-120 80 60 90 66
Canopy height (m) 25 27 26 20 24
LAI 6.2 4.9 4.0 3.7 4.2
Basal area (fper hectare) 25 26 32 24 25
Maximum dbh (cm) 86 86 67 62 48
Mean dbh (cm) 22 22 23 14 19
Soil characteristics
Percent of sand, silt, cldy 34, 3, 63 34, 26, 40 - 9, 6, 1 -
Classification Typic Mesic typic Typic Entic Entic
paleudult dystrochrept dystrochrept haplorthod haplorthod
pH 3.5-4.6 ~5.2 ~3.8 4.8 5.1
Annual Nmin (kg per hectare per yedr) 96 122 34 11 28

aSoil A horizon.
b Annual net nitrogen mineralization.

ridges and valleys oriented from southwest to north- wind, lightning, and occasional ice storms are the
east, and elevation ranges from 270 to 340 m. Soils most common forms of disturbance.

are fairly acidic ultisols with depth to bedrock ap- Morgan Monroe State Forest (MMSF) is located
proximately 30 m. The forest canopy surrounding the in south—central Indiana, just south of the limit of
eddy-covariance tower is dominated by white oak the late Wisconsinian glaciation and is dominated by
(Quercus alba..), chestnut oakQuercus prinud..), ridge/ravine topography. Soils are well drained incep-
red maple Acer rubrumL.) and sugar mapleAcer tisols, formed in residuum from sandstone, siltstone,
saccharumMarshall.) with yellow poplar I{irioden- and shale. The region is covered primarily by late sec-
dron tulipiferaL.) also a canopy dominant on lower ondary successional broadleaf forests located within
slope positions or mesic settings. Black tupéliy¢sa the maple-beech to oak-hickory transition zone of the
sylvatica Marsh.) and sourwoodQxydendrum ar- eastern deciduous forest. Twenty-nine tree species oc-
boreumL.) are the predominant mid-canopy species. cur in MMSF; dominant species (about 75% of total
Understory saplings are predominantly red maple and basal area) are sugar maple, yellow poplar, sassafras
dogwood Cornus floridaL.) with scattered individ- (Sassafras albidunNutt.), white oak, and black oak
uals of less common species. In some locations pine (Quercus velutindam.). Common understory species
species contribute up to one-third of total stand basal include pawpawAsimina trilobal.), spicebushl(in-
area, but hardwoods are out-competing most pines atdera benzoirl.), and sweet cicley@smorhiza clay-

the current stage of stand development. Prior to 1940, tonii Michx.), as well as seedlings and saplings of the
closed forests were limited to ridge top locations with dominant tree species. Most of Indiana was deforested
widespread subsistence farming and grazing taking by the early 1900s, but afforestation has occurred in
place in the valleys and many side slope locations. much of central and southern Indiana after abandon-
Since 1940, natural successional processes have goviment of marginally productive agricultural land. Tim-
erned stand development. Periodic insect infestations, ber harvests have not occurred in the source area of
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the flux tower recently except in one small seed-tree and wetlands, with aspeRdgpulusspp.) and northern
area. Wind, lightning, and ice storms are the most hardwoods the most common upland types. The study
common types of natural disturbances. Fires occur oc- site is occupied by an uneven-aged, closed-canopy
casionally but are uncommon and never widespread. forest dominated by sugar maple with significant
Harvard Forest (HF) is in the central uplands of American basswoodT{lia americanal.), green ash
New England, an area of broad north—south oriented (Fraxinus pennsylvanicdarsh.), and red oak. The
hills, with elevation ranging from 150 to 300 m. Soils understory consists primarily of a mix of herba-
are mostly inceptisols, developed from thin glacial till ceous species, including aquilinum with scattered
and are well drained, acidic sandy loams of relatively seedlings and saplings of the overstory species. The
poor nutrient status, with poorly drained peat soils site has never been farmed, but has been logged at
in a few low-lying areas. The vegetation assemblage least twice. US Forest Service records indicate there
is transitional hardwood, primarily red oalQ@ercus was a second growth stand logged during the 1920s.
rubra L.), black oak, and red maple, together with Since then the stand has been periodically thinned,
some hemlock {suga canadensik.) stands, white  the last thinning occurring in the early 1970s.
pine (Pinus strobud..), and red pine Rinus resinosa
Aiton.) plantations. The relatively sparse understory 2.2. Biometric measurements
contains saplings of the dominant trees plus woody
shrubs such as blueberrygcciniumspp.), Viburnum 2.2.1. Above-ground net primary productivity
spp., and witch hazelHamamelis virginianal.). Above-ground carbon stored in wood was estimated
Most of the trees within the dominant fetch of the at all sites by allometric equations relating diameter
eddy-covariance tower were downed by a 1938 hur- at breast height (dbh) to bole, branch, and stump
ricane and salvaged. The canopy and understory arebiomass. Annual wood increment was estimated by

now relatively open and free of coarse woody debris.

The University of Michigan Biological Station
(UMBS) lies on lake-border plains in northern lower
Michigan, in the transition zone between the mixed
hardwood and boreal forests. The study site lies on
level to gently sloping high outwash plain derived
from glacial drift, 1.3km south and 3.5km north-
west of two large lakes, with the gradually ascending
slope of an interlobate moraine lying approximately
1km to the south. Soils are predominantly exces-
sively drained spodosols. Bigtooth aspdPogulus
grandidentataMichx.) and trembling asperPfpulus
tremuloidesMichx.) dominate within a 1 km radius
of the eddy-covariance tower, but with significant
representation by red oak, beedfagus grandifolia
Ehrh.), sugar maple, white pine, and hemlock as well.
The understory is dominated by bracken feptefid-
ium aquilinumL.) and saplings of red maple, red oak,
beech, and white pine. The presettlement white pine,
red pine, hemlock forest was cut around 1880, and
the area disturbed repeatedly by fire until 1923.

The Willow Creek (WC) study site is in the
Chequamegon National Forest in north—central
Wisconsin. The area is flat with a slope less than 2%,

and soils are fine sand to loamy fine sand spodosols.

The surrounding region is a mix of upland forests

measuring change in dbh using band dendrometers. At
WB, wood increment was determined as the average
across a 7-year record of tree and sapling stem growth
(1993-1999) conducted as a part of a multi-year
throughfall displacement experiment (TDBopslin

et al., 2000; Hanson et al., 200IThe TDE exper-
imental site lies on the edge of the eddy-covariance
tower footprint, but species composition, stand age,
and biomass distributions are comparable. Allometric
relationships for canopy treesidérris et al., 1978
and saplings follins and Anderson, 19 lvere de-
veloped from local tree harvests. At MMSF, wood
increment measurements were averaged across two
years (1998-1999) from plots located randomly
within three topographic categoriesl km from the
eddy-covariance tower. Species-specific allometric
equations Ter-Mikaelian and Korzukhin, 1997or
those for general hardwoodddrris et al., 197Bwere
employed. At HF and UMBS, measurements were re-
ported for a single year (1999) from plots arrayed on
transects in the dominant fetch of the eddy-covariance
tower. Allometric equations were developed from on
site harvests (UMBSCooper, 1981 or from general
allometries for northeastern trees (UMBSbung

et al., 1980; Perala and Alban, 1994F: Tritton and
Hornbeck, 1982 At WC, measurements were made
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in plots northwest, northeast, southwest, and south- WB from direct observation of root turnover using
east of the eddy-covariance tower. In addition to band minirhizotron cameraslfslin et al., 2000 and at HF
dendrometer data, diameter growth from 1989 to 1999 from estimates of fine root mass, annual production,
at WC was measured from increment cores. Annual and decomposition ratevicClaugherty et al., 1982;
wood increment was estimated as the average of theseGaudinski et al., 2000 At these sites fine roots were
10 years growth using general allometric equations considered those with diamete2.0 mm. At MMSF,
for northeastern treeSér-Mikaelian and Korzukhin, = UMBS, and WC fine root production was estimated
1997. Limited harvests were conducted at some sites after the method of\ber et al. (1985)n which annual
(WB, UMBS) to confirm older site-specific or general soil N mineralization Nmin) was related empirically
allometric relationships but in many cases published to the fine root pool fraction cycling annually. The
equations were used without further validation from fine root carbon pool was measured from soil cores
current harvest data. at MMSF, UMBS, WB, and WC, and defined at these
Annual production of fine litter (leaves, flowers, sites as roots with diameter0.5 mm.
fruits, etc.) was estimated at all sites using baskets
placed on the forest floor which were emptied peri- 2.2.3. Soil respiration
odically and their contents dried and weighed. Mea-  Soil respiration measurements at WB were con-
surement periods were the same as for annual woodductedin situ at periodic intervals from 1992 to 1998
increment. Understory and herbaceous contributions using a static chamber infra-red gas analysis sys-
to ANPP were estimated by allometric equations for tem (LiCor 6200 and 6000-09 soil chamber, LiCor
woody vegetation (all sites) and biomass harvest of Inc., Lincoln Nebraska). Annual estimates were de-
herbaceous vegetation at MMSF, HF, UMBS, and rived from the relationship between soil respiration,
WC. Loss of leaf carbon to herbivores was estimated soil temperature and soil water potential following
by collecting leaves prior to abscission and comparing the modeling approach dflanson et al. (1993)At
their remaining area to that of undamaged leaves of MMSF, total soil CQ fluxes were measured using
the same size. Herbivore losses for WB were reported two static chamber infra-red gas analysis methods:
as the mean of that measured in 1992, 1993, and 1994bi-weekly measurements to assess spatial variation
(Shure et al., 1998 for MMSF as that measured in  (LiCor LI-6200 and 6000-09 soil chamber), and con-
1998 and 1999, and for UMBS as that measured in tinuous measurements in one location to assess tem-
2000. Herbivore losses have not been estimated at HFporal variation (LiCor LI-6262 and eight automated

and WC. chambers). Soil respiration at HF was measured using
chambers and by monitoring GQas profiles on a
2.2.2. Below-ground net primary productivity separate set of plots within the study ar@ayidson

The amount of carbon stored below-ground as wood et al., 1998. At UMBS and WC, total soil respiration
(i.e. stumps and very large lateral roots) was derived was measured periodically within the flux footprint
from allometric equations relating dbh to woody root using static chambers (LiCor LI-6400 soil GQlux
mass. For most tree species only general relationshipschamber) with linear interpolation between measure-
are available, in which below-ground wood mass is ment points to yield annual flux estimates. In all
set at a fixed fraction of above-ground wood mass casesR, was calculated as 50% of total soil respira-
(generally~20%, e.g.Perala and Alban, 1994This tion (Rs) (Hanson et al., 2000 Coarse woody debris
simple scaling of below- to above-ground wood mass was quantified within subplots at each site using the
was employed at HF while more species-specific re- methods ofHarmon and Sexton (1996put respi-
lationships were used at MMSF, WBH4rris et al., ration from this pool was estimated only at MMSF,
1973, and UMBS. Estimates made at WC did not using a relationship developed Bgpdd et al. (1976)
include the below-ground portion of the stump mass.

Annual increment in woody root carbon was estimated 2.2.4. Soil carbon and nitrogen dynamics

from annual change in dbh (MMSF, HF, UMBS) or At MMSF, the soil carbon pool and its change over
scaled as 20% of the above-ground wood increment time was quantified from multiple forest floor litter
(WB, WC). Fine root production was estimated at samples and soil excavated to 1 m within multiple
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Table 3
Eddy-covariance and below-canopy carbon storage measurement locations, period of measurement, and the equipment used at each of tf
five study sites (site abbreviations are ag-ig. 1)

Site
wB MMSF HF UMBS wcC

Eddy-covariance measurement 37 (10) 34 (7), 46 (19) 30 (4) 34 (14), 46 (26) 30 (6)

heights (height above canopy) (m)
Sonic anemometer ATI “K” probe CSAT-3 ATI “K” probe CSAT-3 CSAT-3
CQO; analyzer Open path LI-6262 LI-6262 LI-6262 LI-6262
Number of below-canopy storage 4 8 8 8 7

measurement heights
Period of NEE measurement 1995-present 1997-present 1990-present 1998-present 1998-present

subplots. Soil carbon dynamics at HF were estimated active radiation and soil heat flux. The details of
from soil carbon and*C inventories Gaudinski et al., data processing and gap-filling also varied some-
2000, at WB from a 21-year study of soil carbon pools what among sites and were describedviiyson and
(Trettin et al., 1999 and at UMBS from an analysis of  Baldocchi (2001)for WB, Schmid et al. (2000jor
surface O and upper A horizons across a successionaMMSF and UMBS, Goulden et al. (1996for HF,
chronosequenceésthaetzl, 1994 At WC annual soil and Berger et al. (2001for WC. Annual net NEE
carbon change was assumed to be near zero based oreported here is the mean value from 1995 to 1999 at
stand age and successional status. AnnualNagt WB, from 1998 to 1999 at MMSF, and for 1999 at
was estimated at MMSF, HF, and UMBS from HF, UMBS, and WC.

situ anaerobic incubations in the upper 10cm using

the buried bag techniqu&ébertson et al., 1999At

MMSF and UMBS, analyses were made on a monthly 3. Results

basis during the 1999 growing season and over 3—6

months during the winter, while at HF values are the  Annual soil netNmyin varied more than 10-fold
average obtained in control plots of a soil warming among sites but with two distinct groups evident: two
experiment from 1991 to 1997 (J. Mellilo, unpub- southern sites on fine textured soils with hitykin,
lished data). Estimates dfnin at WB were based on  and three northern sites on sandy soils with much
aerobic laboratory incubations as outlined ®grten lower Nmin (Table 3. Climatic and edaphic differ-

et al. (1994) At WC, Nmin was set as the average of ences notwithstanding, the five sites are quite similar
two northern Wisconsin conifer stands growing on in stand age and structure. All are late secondary suc-

similar soils reported byreich et al. (1997) cessional forests of comparable height and stand basal
area, having regrown following widespread distur-
2.3. Micro-meteorological methods bance in the late 19th or early 20th century. Leaf area

index and maximum tree dbh did vary among sites,

All sites used similar approaches to measuring me- however, with the largest trees and densest canopies
teorological variables above and within the canopy occurring on the more productive, southern sites.
(Table 3. Mixing ratios of CQ and HO were mea- Above-ground carbon stored in wood was greatest
sured with either closed or open path infra-red gas at HF and least at UMBS, reflecting variation among
analyzers, and wind and temperature using three- sitesin stand basal areBaples 2 and ¥since bole and
dimensional sonic anemometers. The height at which branch biomass estimates were derived from individ-
eddy-covariance measurements were made variedual tree dbh measurements. Annual wood increment
among sites, from:5 to >20 m above the canopy. Ver- and leaf litter fall, which represent the annual carbon
tical COy profiles below the canopy were measured fluxes into wood and fine litter, respectively, more
at all sites, as was net radiation, photosynthetically closely reflected differences in climate and site fertil-
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Table 4

Pools (Mg C per hectare) and fluxes (Mg C per hectare per year) of the major components of NPP and net ecosystem carbon storage for
five eastern North American deciduous forests. Annual net carbon storage was calculated both as NEP and as the change in carbon pool
size (AC). Net ecosystem exchange was derived from eddy-covariance data (site abbreviations dfegyas)in

C budget component Site
WB MMSF HF UMBS wcC

Pool Flux Pool Flux Pool Flux Pool Flux Pool Flux
(a) Wood 91.1 2.20 83.5 2.92 99.0 1.30 62.6 1.85 73.5 1.55
(b) Leaves 2.3 2.26 3.7 2.13 fha 1.30 na 1.33 1.4 1.35
(c) Understory/herbivory 3.9 0.93 14.7 0.24 6.0 0.60 na 0.20 3.7 0.10
(d) Woody roots 9.4 0.44 9.5 0.28 20.0 0.25 9.9 0.26 2.7 0.31
(e) Fine roots 3.6 1.44 6.8 4.92 3.6 2.20 6.1 2.75 4.0 1.80
(f) NPP (@a+b+c+d+e) - 7.27 - 10.49 - 5.65 - 6.39 - 5.11
(g) Total soil respiration - 9.50 - 12.07 - 8.00 - 11.32 - 8.10
(h) Heterotrophic respiration (0:%9) - 4.75 - 6.04 - 4.00 - 5.66 - 4.05
(i) Woody debris/other respiration - na - 0.92 - na - na - na
(i) Soil carbon 78.9 0.0 108.0 0.0 88.0 0.20 na 0.01 216.0 0.0
NEP (f — h — i) 2.52 3.54 1.65 0.73 1.06
AC(a+d+])) 2.64 3.20 1.75 2.12 1.86
NEE 5.77 2.36 2.00 1.67 2.20

aData not available.
bInferred from successional stage.

ity, with WB and MMSF on average producing more always less than 1 Mg C per hectare, but nonetheless
than 60% more carbon annually in these above-ground constituted more than 15% of ANPP at WB and HF.
tissues than did the three northern sites. The size of The sum of wood, leaf, and understory plus her-
the understory carbon pool varied considerably among bivory carbon fluxes, or ANPP, was positively related
sites, with no obvious relation to site fertility or other to mean annual temperature andigi, across our five
carbon pools. Annual carbon fluxes into this compo- sites Fig. 2), with the two southern sites clustering at
nent combined with carbon losses to herbivores were one end of these relationships and the three northern
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Fig. 2. Above-ground net primary productivity (ANPP, Bgnp) for five North American deciduous forests compared to their mean annual
temperature Ta) (A) and their annual net nitrogen mineralization rabéng) (B). Solid lines are linear regressions across the five sites
(Panp = 1.4+ 0.3047T,, 2 = 0.92; Panp = 2.7 + 0.023Nmin, 2 = 0.88), while the dashed line is the relationship betwém, and
ANPP for 50 forest stands in the north—central US reportedRbich et al. (1997ssuming a 49% carbon content in woody biomass
(Panp = 2.0 + 0.026Nnin) (site abbreviations are as Fig. 1).
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sites at the other. The range Nfyin in our sites was
similar to that reported byReich et al. (1997or

50 forest plots in Wisconsin and Minnesota including
both deciduous and coniferous stanélig)(2B). Three

of our sites fell very close to the regression line cal-
culated byReich et al. (1997)while UMBS and WB
were both more productive than would be predicted
from their relationship. However, neither the slope nor
the intercept of the linear relationship calculated for
our five sites was significantly different from that of
the Reich et al. (1997data set (analysis of covari-
ance).

Woody root carbon pools are difficult to measure
directly and our estimates were made using a num-
ber of approaches, from a simple proportion of the
above-ground wood carbon pool to species-specific
allometric equations accounting for stump wood and

P.S. Curtis et al./Agricultural and Forest Meteorology 113 (2002) 3-19

debris were only estimated at MMSF. Total soil car-
bon pool was estimated at all sites except UMBS
and varied over five-fold, with WC having the largest
pool. Annual net change in the soil carbon pool was
only directly measured at WB, MMSF and HF, and
was very small in all three cases. At UMBS and WC
work in similar forest stands suggested little or no
change in soil carbon over a 1-year period.
Combining the annual increment in all measured
autotrophic carbon pools with heterotrophic respi-
ratory carbon fluxes to calculate NEP yielded esti-
mates of ecosystem net carbon storage ranging from
0.7 Mg C per hectare per year at UMBS to 3.5MgC
per hectare per year at MMSHgble 4. Net ecosys-
tem production showed a strong positive relationship
to site Nmin (Fig. 3A), with a slope similar to that
found for ANPP versudNmin (Fig. 2). Summing the

recoverable large roots. Consequently, estimates ofannual increments in wood and soil carbon pools

this pool ranged from a high of 20 Mg C per hectare at
HF to less than 3 Mg C per hectare at Wtale 4.
Woody root carbon fluxes, based on allometric scal-
ing against change in dbh (MMSF, HF, UMBS) or
as a fixed proportion of annual above-ground wood
increment (WB, WC), were relatively small and quite
uniform across sites. Quantifying the size of the fine
root pool and the annual carbon fluxes through it

presented similar challenges and our estimates again

came from a variety of methods, including direct ob-
servation of root turnover and modeling based on leaf
litter N fluxes. In contrast to the pattern seen in leaf
carbon flux, annual fine root carbon flux did not sepa-
rate distinctly according to site fertilityTeble 4. The
most fertile site (MMSF) had almost twice the fine
root carbon flux as any other site, yet WB, the next
most fertile site, had the lowest estimated flux. The
sum of annual above- and below-ground carbon fluxes
represents annual net primary productivity (NPP),
which varied more than two-fold from our least (WC)
to our most (MMSF) productive site. The three north-
ern sites were all quite similar in NPP, while WB was
intermediate between that group and MMSF.

Total soil respiration was by far the single great-

est carbon flux measured, exceeding NPP at all sites

(Table 4. Two of the northern sites (WC and HF) had
similar soil carbon fluxes, but the third site (UMBS)
was intermediate between WB and MMSF. Soil het-
erotrophic respirationR};) was estimated in each case
as 50% ofRs. Respiratory losses from coarse woody

(AC) produced similar estimates of ecosystem carbon
storage for WB and HF, a small reduction in estimated
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Fig. 3. (A) Net ecosystem production (NEP Bgg) and (B) an-
nual increment in carbon stocka C) for five North American de-
ciduous forests compared to their annual net nitrogen mineraliza-
tion rate (Nmin). Solid lines are linear regressions across the sites
(Pne = 0.54+ 0.023Nmin, 2 = 0.96, AC = 1.654 0.011Nmin,

r? = 0.83) (site abbreviations are as Fig. 1).
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carbon storage for MMSF, and sizable increases for showed fairly good agreement among the two mea-

UMBS and WC Table 4. Variation in carbon stor-

sures, while MMSF showed 36% greater and WB 54%

age among sites was consequently less, ranging fromlower estimates of annual carbon storage fror@
1.7 Mg C per hectare per year at HF to 3.2MgC per than from NEE Fig. 4B).

hectare per year at MMSFAC was also positively
related toNmin (Fig. 3B), but this relationship was

weaker than was found for NEP and with a shallower 4. Discussion

slope, due primarily to the increased estimates of

annual carbon storage at UMBS and WC.

Above-ground net primary productivity at these

Net ecosystem exchange estimated by eddy-covari- five AmeriFlux sites fell within the range expected
ance methods ranged from 1.7 Mg C per hectare perfor eastern North American deciduous forests. We
year at UMBS to 5.8 Mg C per hectare per year at WB found in the more productive, southern sites annual
(Table 4. There was no clear relationship between carbon accumulation ef5 Mg C per hectare per year,

NEE andNmin (2 = 0.17, NS), and four of the five

comparable to that reported for similar aged stands in

sites were separated by less than 1 Mg C per hectareNew Hampshire \(Vhittaker et al., 1978 Wisconsin

per year. Comparing NEP to NEE, WC, UMBS and
WB showed >50% lower NEP relative to NEE, and
MMSF 50% higher NEP than NEEF{g. 4A). The two
estimates agreed well at HF (i.e. only 17% lower).
ComparingAC and NEE, WC, UMBS, and HF all
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Fig. 4. (A) Net ecosystem production (NEP), and (B) annual in-

crement in carbon stock\C) for five North American deciduous

(Pastor and Bockheim, 198Jand Kentucky I(iu and
Muller, 1993. Our northern sites, growing on poorer
soils and experiencing colder temperatures, had very
similar ANPP (3MgC per hectare per year) as
mesic hardwood stands of Wisconsin and Minnesota
(Reich et al., 199rand an upper-elevation gray beech
forest in Tennessed&\(hittaker et al., 1974

Although our sites differed in many ways, including
local climate, soil characteristics, species composition,
land use history, and measurement period, variation
among sites in ANPP followed a pattern observed by
many others in which soil N availability and growing
season length are important determinants of produc-
tivity (Pastor et al., 1984; Nadelhoffer et al., 1985;
Zak et al., 1989 Indeed, the relationship we observed
between ANPP andlyi, was the same as that found
by Reich et al. (1997across 50 deciduous and conif-
erous stands. Inaccuracies in allometric equations are
a potential source of error in our estimates, because
the equations are highly nonlinear and small errors in
the measurements of large trees could have a large
impact on our estimates of annual growth. However,
these comparisons and relationships to environmental
variables provide assurance that these AmeriFlux sites
are typical of others in the eastern deciduous forest in
their above-ground growth characteristics.

Below-ground growth estimates are more difficult
to evaluate as far less attention has been paid by
forest ecologists to this component of NPP. Root
wood increment estimates, based on allometric equa-
tions derived from limited numbers of whole tree

forests compared to their net ecosystem exchange of carbon (NEE) . .
calculated from eddy-covariance data. Dashed lines represent the harvests, suggest that this growth component is gen-
1:1 relationship (site abbreviations are asFig. 1). erally a fairly small £20%) fraction of above-ground



14

wood incrementRerala and Alban, 1994A larger,
and probably much more variable, component of
below-ground productivity is the fine root carbon pool
and its turnover. However, below-ground detritus pro-
duction is not well estimated using allometrics, and is
difficult to measure directlyBurton et al. (200Q)us-
ing direct observation of fine roots with minirhizotron

cameras, found higher root standing crop and higher

root turnover in low compared to higher fertility

P.S. Curtis et al./Agricultural and Forest Meteorology 113 (2002) 3-19

masks seasonal variation in the relative contribution
of Ry and R, to Rs. Therefore, given the magnitude
of soil CO, efflux, this simplistic partitioning oRs is
a major source of uncertainty in our NEP estimates.
Decomposition of coarse woody debris also releases
CO, to the atmosphere, but where this flux has been
measuredEhman et al., 2002it was only~7% of R.

Soil C, excluding surface litter, is generally consid-
ered to be relatively stable in late-successional forests

northern hardwood forests, a pattern at variance with such as ours (WBTrettin et al., 1999 Change in

that reported byAber et al. (1985from a review of
predominantly soil coring studies. In oak dominated
systemsGaudinski et al. (2000applied'“C isotopic

the mineral soil carbon pool size was estimated using
14C (Gaudinski et al., 2000at WB and HF and by
mass balance at MMSF and this was indeed found

signature methods and found considerably longer fine to be the case. Surface litter, however, may be quite
root lifespans (i.e. >2 years) than had previously been dynamic: at HF, the mean age (turnover time) of O

reported from coring or minirhizotron based studies.
Clearly, more work is needed to resolve site-to-site
differences in fine root carbon pools and fluxes.

horizon carbon was 4 years. Although soil carbon
pools at WC and UMBS were inferred as in steady
state based on successional status or on previous

Previous biometric estimates of NPP for temperate work from soil chronosequences, it is unlikely in the
deciduous forests which consider both above- and absence of major disturbance that this carbon pool

below-ground production provide a useful compara-
tive context for our results. Summarizing the interna-
tional biosphere program (IBP) efforts of the 1960s
and 1970sEdwards et al. (1980)eported a range

in NPP from 5.4MgC per hectare per year for an
oak-pine forest in New York to 19.2 Mg C per hectare
per year for an oak forest in Britain. A complete

would be very dynamic over the 1- or 2-year time
period of our studies. Thus, while more work needs
to be done at most of our sites to better characterize
this carbon pool, particularly the surface layers, this
is probably not a major source of error in our overall
carbon budget estimates. Th&tmeasured directly
rarely equaled the difference between measubed

summary of the IBP woodlands data set is described and R, reflects the substantial uncertainties involved

by Deangelis et al. (198%nd can be found as a part

of the web based NPP summary compiled by R.J.

Olson and others hftp://www-eosdis.ornl.gov/npp/
npp.home.htm). More recentlyJenkins et al. (2000)

in the latter estimates and the differing time scales

over which these measurements generally were made.
Our biometric estimates of NEP varied from

0.7 Mg C per hectare per year at UMBS to 3.5MgC

predicted northern forest NPP using the mechanistic per hectare per year at MMSF, with an overall aver-

models PnET-Il and TEM 4.0. These two models,
which differ fundamentally in their construction,

age of 1.9MgC per hectare per year. These values
are quite comparable to earlier IBP estimates made

showed remarkable agreement in their prediction of using similar techniques which ranged from OMgC

NPP under contemporary conditions, with an aver-

per hectare per year for a beech forest in Denmark,

age of 6.6 Mg C per hectare per year for hardwood to 3.5MgC per hectare per year for a British oak
and hardwood/pine forests. Our biometric estimate forest Edwards et al., 1980 Differences among our
of average NPP across the five AmeriFlux sites was sites were less when carbon storage was estimated

7.0 Mg C per hectare per year.
Our primary interest inRs was as a means to
estimateR,, that fraction of Rs contributed by soil

heterotrophs. Lacking convincing data suggesting oth-

erwise, we applied the average valueRyfRs (0.50)
obtained byHanson et al. (2000fyom a review of 37
forest studies. Such a simple partitioning coefficient
is unlikely to be correct for all five sites and it also

from AC (low of 1.8 and a high of 3.2MgC per
hectare per year), and the average was slightly higher
(2.2 Mg C per hectare per year). These two estimates
of annual carbon storage were most different for WC
and UMBS, in both cases storage based\@hbeing
larger than that based on NEP. This appeared to be
driven by a relatively large estimatdg}, relative to
above- and below-ground litter inputs at these two
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sites, which reduced NEP but was not considered hectare per year. The results from these sites fell into
in AC calculations. Neither WC nor UMBS have at a general pattern of dependence of NEE on growing
present direct estimates of fine root production, mak- season length.
ing it difficult to evaluate which estimate of carbon No systematic difference between NEP and NEE es-
storage is more accurate. In general, SiZo€ in- timates was found across all five sites. NEP estimates
volves fewer measurements than does NEP, we mightfor WB, UMBS and WC were lower than annual NEE,
expect greater confidence in measures of annual car-NEP, HF was similar to its NEE, and NEP for MMSF
bon storage based ofC. One trade-off is in a lack  was higher than its NEE. Lacking a systematic differ-
of information on mechanisms of carbon exchange ence between NEP and NEE across sites, it was not
that might prove important to interpreting spatial or clear why biometric data would underestimate NEE at
temporal variation in carbon storage. Most compa- some sites, but overestimate NEE at others. One obvi-
rable estimates of annual carbon storage in northern ous difference among sites is the time over which bio-
US forests have been based on analysis of changeametric and meteorological data were collected. Data
in carbon pools over time. For examplnhnson and  from these two approaches that have been averaged
Strimbeck (1995found an average gain of 0.9MgC over multiple years, such as was true for WB (7 years)
per hectare per year across 33 years in 23 sugarand MMSF (2 years) might be expected to correspond
maple stands in Vermont, while intensively managed, more closely than comparisons based on single year
rapidly growing hardwood stands in the Great Lakes observations (HF, UMBS, WC). This is because of
region gained as much as 9 Mg C per hectare annually the differing temporal dynamics of the carbon cycle
(Strong, 199Y. Based on a broad regional analysis of processes measured by biometric compared to meteo-
forest stocks, harvests, and carbon storage in soil andrological methodsHarford et al., 2001l For example,
forest productsBirdsey and Heath (199%stimated soil respiratory carbon losses may lag significantly be-
an average carbon sequestration rate of 2.3 Mg C perhind carbon inputs to soil organic matter, particularly
hectare per year across the northern US forests, veryin colder and/or drier sites. Similarly, stress affecting
similar to the averag@ C across our five sites. GPP in 1 year may only be expressed as altered wood
We found a significant linear relationship between increment the following yearQrwig and Abrams,
NEP andNpmin, similar in slope but with a different  1997; Pedersen, 199But seeHanson et al., 2001
intercept, as was found for the ANPR;yin relation- The largest deviation between NEP &C and
ship. There was also a relationship betwe®@ and NEE occurred at WB. Errors in both the biometric
Nmin, @lthough not as strong. The specifics of the func- and the eddy-covariance methods likely contributed
tional relationship reported here, however, should be to this difference. Because of commonly occurring
viewed with caution, since not all components of the low wind velocities, staghant night conditions, and

NEP estimates at all sites are independeniNgfy. possible cold air drainage of GQout of the mea-
For example, the annual fine root turnover fraction at surement footprint at WB, NEE measurements by
UMBS was estimated based on the modelAdfer eddy-covariance are difficult and the derivation of

et al. (1985) which usesNyi, as an input variable.  definitive annual sums requires a combination of
Nonetheless, the relative ranking of carbon storage es-integration and modeling\Wilson and Baldocchi,
timates based on soil N availability is consistent with 2001), as is the case at all five sites. Potential errors
our understanding of environmental controls over car- in biometric estimates of woody carbon increment
bon cycling in forest ecosystems and again provides at WB are also possible, because measurable growth
an important comparative context for evaluating the does not accumulate throughout the growing season
accuracy of these estimates. (Hanson and Weltzin, 2000; Hanson et al., 2001
Our eddy-covariance based estimates of annual car-During late season periods (August—October) when
bon storage (NEE) fall well within the range reported above-ground growth has ceased and below-ground
for temperate forest®aldocchi et al. (20013umma- growth is very slow, substantial carbon gain continues
rized results from 10 temperate deciduous broadleaf and is apparently distributed to stored carbohydrate
sites in North America, Europe, and Japan, and re- reserves. Biometric estimates of NEP for WB would
ported NEE values between 0.7 and 7.4MgC per be increased and come closer to estimated NEE if
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nonstructural carbohydrate pools accumulating late in deciduous forest productivity. Annual carbon storage
the growing season were accounted for. Dissolved or- differed by as much as 2.8 Mg C per hectare per year
ganic carbon losses from leaching of water below the between the most and least productive sites, with
rooting zone Jardine et al., 1990represent another  the greatest uncertainty in NEP being in the mag-
unquantified pathway of carbon transport that might nitude of below-ground detritus production and soil
help resolve differences in NEP and NEE within sites. heterotrophic respiration. There were no systematic,
Potential problems contributing to differences be- cross-site differences between biometric and mete-
tween NEE and NEP at MMSF and HF are similar to orologically based estimates of annual carbon stor-
those at WB. Gaps in the eddy-covariance data-streamage, but agreement was generally better when fewer
occur due to precipitation events, icing in winter, below-ground processes were explicitly incorporated
lightning damage, and other equipment failure. Such into the biometric estimates. Where discrepancies
gaps are typically filled by parametric models that among estimates were large, our synthesis provided a
relate soil temperatures to ecosystem respiration, andvaluable comparative context from which to explore
radiation to GPP (se&oulden et al., 1996; Schmid errors and uncertainties in either approach.
et al., 2000. The spatial scale to which these pa-
rameterizations refer is different from that of the
eddy-fluxes, and different again from that of the mea- Acknowledgements
surements contributing to the NEP estimates. In the
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