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Forests are a critical component of the global carbon
(C) cycle, storing more than 1 × 1015 metric tons of

carbon in biomass, detritus, and soils (Dixon et al. 1994).
Forest C storage is an important ecosystem service, locking
upC thatmight otherwise exist in the atmosphere as carbon
dioxide (CO2), a potent greenhouse gas. In the northern
hemisphere, forests are estimated to sequester up to 7 × 108

metric tons of C annually (Goodale et al. 2002), or nearly 10%
of current global fossil fuel C emissions (IPCC 2007). How-
ever, there is a great deal of variation in the capacity of indi-
vidual forest ecosystems to take up and store C.Annual rates
of forest C storage vary across latitudes because of broad
gradients in community composition, growing season length,
precipitation, temperature, and solar radiation (figure 1a).On
average, boreal forests are close to C neutral, whereas those
atmidlatitudes store approximately fourmetric tons of C per
hectare (ha) per year, but with substantial variation in annual
C storage recorded at all latitudes. The difference between
maximum and average annual C storage, often exceeding
100%, suggests that forests generally storeC at rates below their
potential (figure 1). The broad flexibility in forest C storage
rates offers opportunities as well as challenges for those
considering forests as an important component of strategies
to mitigate rising atmospheric CO2.

Multiyear empirical observations of forest C fluxes at the
ecosystem scale help provide a quantitative understanding of
the biotic and abiotic constraints on C uptake and loss. For
example, the broadly distributed terrestrial C cycling research
network of theAmericas,AmeriFlux,has supported long-term
observations of forest C storage to determine how climate, land
use, management, disturbance, and forest-stand structure
influence rates of C sequestration (http://public.ornl.gov/
ameriflux).AmeriFlux is a partner in the worldwide network
of C cycling research sites called FLUXNET,which coordinates
global syntheses of observations from an extensive array of
ecosystems (Baldocchi et al. 2001).Understanding how vari-
ation in annual C storage is controlled at the ecosystem scale
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The temperate forests of North America may play an important role in future carbon (C) sequestration strategies. New, multiyear, ecosystem-scale
C cycling studies are providing a process-level understanding of the factors controlling annual forest C storage. Using a combination of ecological
and meteorological methods, we quantified the response of annual C storage to historically widespread disturbances, forest succession, and climate
variation in a common forest type of the upper Great Lakes region. At our study site in Michigan, repeated clear-cut harvesting and fire disturbance
resulted in a lasting decrease in annual forest C storage. However, climate variation exerts a strong control on C storage as well, and future climate
change may substantially reduce annual C storage by these forests. Annual C storage varies through ecological succession by rising to a maximum
and then slowly declining in old-growth stands. Effective forest C sequestration requires the management of all C pools, including traditionally
managed pools such as bole wood and also harvest residues and soils.
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is central to any approach that employs forest C sequestration
to mitigate anthropogenic CO2 emissions (Birdsey et al.
2006).

In this article,we demonstrate howmultiyear observations
of forest C fluxes provide critical insight into the constraints
on annual C storage rates. Using the University of Michigan
Biological Station (UMBS) AmeriFlux site (45°35.5'N
84°43'W) as a case example, we examine how climate,
disturbance, and forest succession simultaneously influence
annual forest C storage. We also describe how foresters and
land managers can use knowledge gained from long-term
ecosystem-scale studies to better manage forests for C
sequestration.

Empirical methods for quantifying
annual forest carbon storage
Ecological and meteorological measurements of C fluxes
between forests and the atmosphere play complementary
roles in quantifying spatial and temporal patterns of eco-

system C storage. Ecological methods offer spatially extensive
estimates of individual C pools and fluxes, whereas meteo-
rological methods provide continuous measurements of
whole-ecosystem C fluxes, allowing for high temporal res-
olution of ecosystem C dynamics. Ecological estimates of
C storage require the quantification of C gains and losses (i.e.,
fluxes) for every C-containing pool within a forest. Typi-
cally, this approach includes direct or inferred estimates of
wood, leaf litter, woody debris, and root mass production or
loss;mass losses to herbivory; and respiratory C losses by soil
decomposers or soil heterotrophic respiration. The spatially
integrated sum of all C gains and losses over a year is the
ecological estimate of annual forest C storage. Applied at a
similar spatial scale,meteorologicalmethods canmeasure the
C exchange between forest and atmosphere at time intervals
of less than one hour (Schmid et al. 2000).This approach pro-
vides an integratedmeasure of net ecosystemCuptake or loss
that represents the sum of individual C fluxes occurring
within an ecosystem, including those from multiple photo-
synthetic and respiratory components.The cumulative net ex-
change of C between the forest and the atmosphere over one
year is themeteorological estimate of annual forest C storage.
In principle, these independent approaches should yield
identical estimates of annual C storage when applied to the
same forested area.

Concurrent ecological and meteorological measurements
allow independent assessments of ecosystem C storage rates
and are important for gauging the accuracy of annual C stor-
age estimates, since multiple sources of uncertainty are as-
sociated with both approaches (Schmid et al. 2003, Curtis et
al. 2005). Throughout this article, annual C storage is syn-
onymouswith net ecosystemproduction as defined byChapin
and colleagues (2006), and refers to the imbalance between
gross primary production and ecosystem respiration. Several
publications provide in-depth presentations of ecological
and meteorological methods for measuring annual C storage
(Clark et al. 2001, Baldocchi et al. 2003). Here, we present a
brief introduction to bothmethods and provide references for
those interested in more detailed theory and methodology.

Ecological methods. Ecological estimates of C storage rely on
direct and indirect measurements of C gains and losses by
ecosystem C pools (box 1). Aboveground wood, including
stems and branches, is not readily measured directly at the
ecosystem scale. Thus, species-specific aboveground wood
mass is generally inferred fromequations relating tree diameter
to wood mass (e.g., Ter-Michaelian and Korzukhinn 1997).
Belowground wood, or coarse root mass, can be estimated as
a function of tree diameter, or soil cores can be collected and
root mass scaled to the whole ecosystem (Gough et al. 2008).
Wood production is the incremental change inmass between
two measurement periods. Leaf and fine woody debris pro-
duction is measured directly using litter traps positioned on
the forest floor to collect fallen leaves and debris (Gough et
al. 2008).Coarse woody debris production often is measured
from field surveys of dead wood volume and density (Gough
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Figure 1. Average annual carbon (C) storage (a) and
maximum annual C storage (b), in metric tons C per
hectare per year, across boreal and temperate latitudes in
the Northern Hemisphere estimated for 33 forested sites
reporting three or more site years of data (see online sup-
plement at http://hdl.handle.net/1811/31687). The dif-
ference between maximum and average annual C storage
(gray-shaded area) is an indication of flexibility in forest
C sequestration rates. Regression functions were selected
on the basis of highest goodness of fit.



et al. 2007a). Fine root (< 2 millimeters [mm] in diameter)
production is measured directly or as the product of stand-
ing fine root mass and fine root turnover. This flux is diffi-
cult to measure accurately, and thus has been quantified by
several differentmeans.Root production can bemeasured di-
rectly using in-growth cores, in whichmesh cores containing
root-free soil are inserted into the ground and fine root in-
growth is quantified. Standing fine rootmass is generally es-
timated from soil cores. Fine root turnover can be estimated
from equations relating turnover to soil nitrogen (N) avail-
ability (Raich and Nadelhoffer 1989) or soil temperature
(Gough et al. 2008), and fromminirhizotron analyses, an ap-
proach in which turnover is tracked using digital imagery of
soil profiles by inserting a specialized camera into clear plas-
tic soil tubes (Johnson et al. 2001).Annual foliar losses to her-
bivory can be estimated through themeasurement of damage
to green leaves, through collection of insect feces below the
canopy, and through herbivore feeding trials relating leaf
mass loss to feces production (Gough et al. 2008).Dryweight
biomass often is converted to C mass by assuming a C frac-
tion of 0.5.However, species- and tissue-specific C fractions
can be obtained from publications (Turner et al. 1995, Lam-
lom and Savidge 2003) or through tissue elemental analysis.
Carbon loss from soil heterotrophic respiration, part of the

decomposition of soil organic matter, must also be accu-
rately estimated.Numerousmethods have been developed to
estimate this sizable C flux, but a thorough presentation of all
methods is beyond the scope of this article (seeHanson et al.

[2000] for a review). In brief, respiratory C losses from soil
heterotrophs are usually estimated by measuring soil sur-
face CO2 efflux and partitioning this flux into respiration
derived from heterotrophic and plant sources (Gough et al.
2008). Partitioning is achieved by (a) separating roots from
soil and independently measuring their respiration; (b)
using stable isotope analyses of respired CO2 and of bulk
roots and soil to determine the fraction of respiration con-
tributed by each respiratory source (Rochette et al. 1999); or
(c) amass balance approach in which C losses from soil het-
erotrophic respiration is assumed to be equivalent to the
amount of labile C substrate (i.e., leaf and root litter) produced
annually (Gough et al. 2007b). Annual forest C storage is
the sumof C growth of all biomass pools less respiration from
soil organic matter decomposition.

Meteorological methods. Meteorological methods for esti-
mating annual forest C storage require continuous, high fre-
quency (10 per second)measurements of three-dimensional
wind speed andCO2 concentrations above the forest canopy
using a sonic anemometer and infrared gas analyzer, respec-
tively. The eddy-covariance statistical method is used to
estimate forest C fluxes fromwind andCO2 data (see, e.g.,Bal-
docchi 2003, Schmid et al. 2003). In this approach the verti-
cal transport of air packets, or eddies, covaries with the flux
of CO2 into or out of the forest canopy. The net movement
of CO2 into the forest indicates that ecosystemphotosynthesis
is greater than respiration; CO2 transport from the forest to
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Independent ecological and meteorological
methods are used to derive estimates of annual
forest carbon (C) storage. Ecological C storage is
the sum of annual live (L; wood) and dead (D;
leaf, wood, and fine root litter) mass production,
and annual herbivory losses (H), less annual
heterotrophic respiration (Rh). Ecological
estimates of L, D, H, Rh, and annual C storage for
the UMBS (University of Michigan Biological
Station) forest in 2000 are shown in boxes.
Meteorological annual C storage is the difference
between annual gross photosynthesis (Pg) and
ecosystem respiration (Re) estimated using the
eddy-covariance technique in which ecosystem
carbon dioxide (CO2) fluxes are correlated with
the upward and downward motion of air. In this
approach, short-term ecosystem C fluxes (F) are
calculated as the average covariance between
fluctuations in vertical wind speed (w) and the
CO2 mixing ratio (c), plus changes in c integrated across vertical height (h) above the forest floor over time (t). Meteorological annual C
storage is the cumulative sum of CO2 exchange over one year between forest and atmosphere. Meteorological estimates of Pg, Re, and
annual C storage for UMBS in 2000 are circled. During the day, Pg and Re occur simultaneously and are separated via modeling. In 2000,
ecological annual C storage was 13% greater than that estimated from meteorological methods (Curtis et al. 2005, Gough et al. 2008).
Agreement between methods generally improves with multiple years of C storage data because there is a lag between photosynthetic C
uptake, estimated meteorologically, and growth, estimated ecologically. Mean ecological and meteorological estimates of annual C
storage at UMBS converged to within 1% of each other over five years (1999–2003) (Gough et al. 2008).

Box 1. Ecological and meteorological approaches to measuring annual forest carbon storage.



the atmosphere signifies that respiration exceeds photosyn-
thesis. Depending on the height at which instruments are po-
sitioned,meteorologicalmethods canmeasure forest C fluxes
integrated from over several hectares to many square kilo-
meters. The area of forest that is measured, or the C flux
footprint, also varies with weather conditions because wind
speed affects the distance CO2 travels before it is sampled by
instruments on themeteorological tower. The yearlong sum
of C fluxes into and out of the forest is the annual forest C stor-
age. Occasionally, instrument failure, heavy rain, or light
winds cause gaps in otherwise continuous measurements of
wind speed and CO2 concentrations. Filling data gaps re-
quires simulatingC fluxes during these periods.Particular cau-
tion must be taken when measuring C fluxes over complex
terrain because CO2 can drain into and out of these systems
and consequently fail to be detected by instruments positioned
above the plant canopy (Schmid et al. 2000).

Case study: Forest carbon cycling
in northern lower Michigan
Mixed-deciduous forests, such as those at UMBS, represent
a dominant ecosystem in the upperMidwest, encompassing
102,000 square kilometers (km2) (USDAForest Service 2002).
Widespread establishment of these forests a century ago has
made this region a likely contributor to the terrestrial North
American C sink (Birdsey et al. 2006). At UMBS, a diverse
array of forest ages and disturbance histories are represented
and considerable variation in climate exists from year to year,
making this amodel landscape for investigating biotic and abi-
otic controls on whole-ecosystem C cycling. Moreover, the
well-studied forested landscape at UMBS encapsulatesmuch
of the variation in age and disturbance history present across
the region.
We used ecological andmeteorological approaches tomea-

sure annual forest C storage from 1999 to 2005 (Schmid et al.
2003,Gough et al. 2007b, 2008). The secondary successional
mixed northern hardwood forest averages 85 years old, but
includes stands from 6 to 90 years old.More than half of the
standing live tree mass consists of bigtooth aspen (Populus
grandidentataMichx.) and trembling aspen (Populus tremu-
loides Michx.). Other common overstory species include
northern red oak (Quercus rubra L.), paper birch (Betula
papyriferaMarsh.),American beech (Fagus grandifoliaEhrh.),
sugarmaple (Acer saccharumMarsh.), redmaple (Acer rubrum
L.), andwhite pine (Pinus strobes L.). The understory is dom-
inated by bracken fern (Pteridium aquilinum L.) and by red
maple, red oak,American beech, andwhite pine seedlings and
saplings. The canopy height is approximately 22 meters.We
made ecological C cycling measurements in 60 plots located
along transects that radiate froma continuously operatingme-
teorological tower, and in an experimental disturbance
chronosequence 1 km away (Gough et al. 2007b). Transects
were located 20° apart, from 225° to 15°, toward the pre-
vailing northwest winds and themeteorological tower source
footprint. Themean annual temperature (1942–2003) is 5.5
degrees Celsius (°C) and themean annual precipitation is 817

mm.Old-growthwhite pine, red pine (Pinus resinosaAit.), and
eastern hemlock (Tsuga canadensis [L.] Carr.) were harvested
in the late 19th century, and subsequent cutting and patchy
burns were a source of repeated disturbance in the area un-
til the early 20th century.

Where is carbon stored within the forest?
Carbonwithin theUMBS forest is located primarily in wood
mass and soil organic matter, with above- and belowground
pools containing 42% and 58%, respectively, of the 180
metric tons C per ha stored in the ecosystem (figure 2a). Soil
organic matter was the largest C pool, emphasizing the
importance of underground C reservoirs to terrestrial C
budgets (Dixon et al. 1994). The amount of C stored in
forest soils varies depending on climate and forest type. In a
review of the literature, Pregitzer and Euskirchen (2004)
reported that soil C stocks in boreal forests averaged ap-
proximately twice as much as C stocks in more southern
temperate forests. Very high soil C stores of 703 metric tons
C per ha were reported for a Canadian boreal black spruce
(Piceamariana) forest growing onwaterlogged soils, a system
in which oxygen-poor environments have inhibited the de-
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Figure 2. Forest carbon (C) pools (a) and fluxes (a) at the
University of Michigan Biological Station (UMBS). The
largest storage pool for C is soil organic matter, followed
by stem wood (a). Annual C storage in the forest is the
small difference between two large fluxes: photosynthetic
C gains and respiratory C losses from decomposers or
heterotrophs in the soil. The UMBS forest is a moderate
C sink, storing an average (1999–2005) of 1.5 metric tons
C per hectare per year (b).



composition of organic matter (Rapalee et al. 1998). The
quantity of C stored in forest soils is also a function of species
composition (Gower et al. 1997), suggesting that different for-
est types (e.g., conifer versus deciduous) affect the processes
controlling soil C accrual and retention. Stem wood is also a
large C store in the UMBS forest, accounting for 95% of all
abovegroundC.The contribution of this pool to total ecosys-
temC varies in accordance with forest age,with older stands
storing relativelymore C in wood (Pregitzer and Euskirchen
2004).

How much carbon does the forest store annually?
Annual forest C storage is the small difference between two
large opposing fluxes: ecosystem photosynthetic C gains and
respiratory C losses. At UMBS, photosynthetic C gains allo-
cated to plant growth averaged 6.5 metric tons C per ha per
year (1999–2005), with growth aboveground only slightly
exceeding that belowground (figure 2b). More than 40% of
total photosynthetic C gain was invested in fine roots; stem
wood and leaves also were substantial components of forest
growth. The UMBS soil is nutrient poor, which may explain
the notably large annual contribution of C to fine root
production.Nutrient limitations affect the partitioning of C
between above- and belowground biomass components,with
plants often investing more C in root growth when soils are
poor to enhance nutrient acquisition (Nadelhoffer and Raich
1992). EcosystemC losses fromheterotrophic soil respiration
at UMBS average 5 metric tons C per ha per year. The dif-
ference between C gains and losses amounts to an annual C
storage rate of 1.5 metric tons C per ha per year. This rate of
annual C sequestration is within the range reported for other
aspen-dominated forests (Gough et al. 2008), although it is
slightly lower than the general relationship shown in figure
1a would predict for forests at 45°N latitude (figure 1a).

Uncertainty of annual carbon storage estimates
Ecological andmeteorological estimates of annual C storage
are not free of uncertainty.Here,we report uncertainty as the
95% confidence interval expressed as a percentage of the C
flux estimate.Uncertainty in ecological C storage arises in part
from spatial variability associated with C fluxes; moreover,
many C fluxes are not directly measured but estimated from
modeled relationships, also giving rise to uncertainty (Clark
et al. 2001,Gough et al. 2008).While the statistical confidence
in our ecological C flux estimates was variable (± 11%–
682%), levels of uncertainty were comparable with those re-
ported for other forests (e.g, Clark et al. 2001, Ehman et al.
2002).On average, confidence in stem and coarse root wood
mass production (± 11%)was higher than for other pools, in
part because allometric equations used to infermass were de-
veloped onsite or in similar forests. Uncertainty in leaf litter
production (± 17%) and herbivory (± 8%)was fairly low, re-
flecting low variability among plots in the case of leaf litter and
among methodologies in the case of herbivory. The uncer-
tainty in woody debris production was very high (± 682%),
resulting from high variability among coarse debris sam-

pling plots.Methodological constraints and high spatial vari-
ation often limit the certainty of woody debris and below-
ground C fluxes (Clark et al. 2001). Our fine-root litter
production and soil heterotrophic respiration uncertainties
weremodest (± 34% each), resulting fromuncertainty in fine
root turnover and in empirical models used to estimate con-
tinuous soil respiration and partition this flux into auto-
trophic and heterotrophic components. Aggregated
uncertainty in ecological C fluxes (1999–2004) yielded a
broad 95% confidence interval formean annual C storage of
–0.75 to 3.75 metric tons C per ha per year.
Uncertainty in meteorological estimates of annual C

storage is a result of filling data gaps, randommeasurement
error, and spatial heterogeneity of the C flux footprint. The
filling of data gaps withmodeled C fluxes contributedmod-
erately to uncertainty inmeteorological annual C storage for
our site in 2004 (± 11%).Confidence in annual C storage de-
clines as the number of missing observations increases because
of the uncertainty inmodels used for filling gaps inC fluxmea-
surements. Carbon fluxes that were estimated from models
rather thanmeasured directly because of inadequate climate
conditions or instrument failure averaged 33% at our site, a
value that is in the low range for forests (Richardson and
Hollinger 2007). We used equations from Richardson and
Hollinger (2007) to estimate uncertainty inmeteorological an-
nual C storage due to random measurement error. This
source of uncertainty, which is slightly higher than that due
to the filling of data gaps (± 17%), is caused by instrument
and calculation errors (Hollinger andRichardson 2005). Spa-
tial heterogeneity of the C flux footprint may be a substan-
tial source of uncertainty whenmeteorological methods are
applied to patchy landscapes that encompass different plant
functional or structural types (Oren et al. 2006). This uncer-
tainty can be quantified using paired meteorological towers
by comparing C fluxes from identically equipped towers
sampling different areas of vegetation under the same climate
conditions. Although we have not quantified uncertainty
resulting from spatial variation, we expect that it would be
low at our site because of the broad distribution of even-aged,
aspen-dominated forest across themeteorological tower foot-
print (Schmid et al. 2003). Aggregated uncertainties in
meteorological annual C storage (1999–2004) produced a
95% confidence interval of 1.2 to 1.8metric tons C per ha per
year.
AlthoughC fluxes aremeasuredwith high uncertainty, close

long-term agreement between ecological andmeteorological
estimates of annual C storage at our site provides an essen-
tial cross-validation of these independently derived estimates.
Bothmethods yielded a five-year (1999–2003)mean annual
C storage estimate of 1.5 metric tons C per ha per year
(Gough et al. 2008).

Constraints on annual forest carbon storage
Annual rates of C storage in northern Michigan forests
are simultaneously constrained by present climate, past
disturbance, and forest successional status (figure 3).
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Climate exerts a strong influence on the two C metabolic
processes that determine annual rates of forest C storage:
photosynthesis and respiration. Disturbance by clear-cut
harvesting and wildfire during the early 20th century fun-
damentally reshaped the landscape across the upperMidwest.
The region’s forests were rapidly transformed from old-
growth conifer ecosystems to young,mixed deciduous forests,
abruptly changing their successional status. We now con-
sider the mechanisms by which climate, disturbance, and
successional status affect forest C storage.

Climate. In temperate forests, the balance between ecosystem
photosynthesis and respiration changes seasonally, and is
largely a function of climate and leaf phenology (Barr et al.
2004). TheUMBS forest is a C source to the atmosphere un-
til the late spring, when leaf expansion begins (figure 4).
Conversely, the forest is a net C sink during the growing sea-
son, when ecosystem photosynthesis exceeds respiration.
This seasonal pattern of net C uptake and loss has been well
documented in temperate deciduous forests (Schmid et al.
2000) and in evergreen forests, where winter temperatures
inhibit photosynthesis (Kolari et al. 2004).
At UMBS, temperature and solar radiation exert strong

controls over C storage, but the specific constraints vary

seasonally, depending on leaf phenological period. As
expected, we observed a strong correlation between
ecosystem respiratory C losses and air temperature
fromOctober toApril,when the canopywas leafless (i.e.,
during leaf-off) and when photosynthetic C uptake
was near zero (figure 5a). Respiratory C losses are cor-
relatedwith temperature at the tissue, plant, and ecosys-
tem scales (Raich et al. 2002).However, we found that
temperature had the opposite effect on ecosystem C
losses during May, when leaf expansion occurs and
the balance between ecosystem photosynthesis and
respiration is in transition.During this phenological pe-
riod, higher temperaturesmarkedly increased the rate
of leaf expansion and hence C uptake through photo-
synthesis (figure 5b). The onset and rate of canopy de-
velopment in the spring is correlated with annual C
storage rates in other temperate forests (Barr et al.
2004, Baldocchi et al. 2005). At UMBS, there is a 150-
day period of full canopy development (i.e., the leaf-on
period) that is dominated by C gains. From June
through September, photosynthesis was the dominant
Cmetabolic process in the ecosystem,andwe found that
C gains increased linearly with mean monthly solar
radiation (figure 5c).The differences inmonthly canopy
photosynthesis we observed were due to progressive
changes in day length and to variation in cloud cover.
Numerous other studies have shown a strong linear or
curvilinear relationship between the intensity of solar
radiation and themagnitude of forest Cuptake (Granier
et al. 2002, Law et al. 2002).
The collective effects of climate on forest C cycling

during the three distinct temperate zone phenological
periods of leaf-off, leaf expansion, and leaf-on resulted in
variation in C storage rates greater than 100% over six years,
although the forest was always a net C sink. Long-term
ecosystemC cycling studies conductedwithin FLUXNEThave
been instrumental in quantifying the effects of climate on
interannual variation in C storage (Goulden et al. 1998, Law
et al. 2003, Barr et al. 2004). In 2001, the UMBS forest stored
0.80 metric tons C per ha per year, less than half what was
gained in the high year of 2003 and 52% of the six-year
average of 1.54metric tons C per ha per year.ReducedC stor-
age in 2001 was due to unusually high respiratory C losses
during leaf-off and low photosynthetic C gains during leaf-
on. Our meteorological data show that winter air tempera-
tures were 1°C warmer, and respiratory C losses from the
forest were 10% higher than normal (figure 5a).During the
second half of the 2001 growing season, lowmeanmonthly
solar radiation resulted in 16% lower photosynthetic C gains
compared with the six-year average (figure 5c). Interannual
variation in air temperature and radiation has caused very
high year-to-year fluctuations in annual C storage of up to
580% in other aspen-dominated forests (Barr et al. 2004).
Rates of C storage in boreal and temperate pine forests
are similarly constrained by temperature and radiation
(Luyssaert et al. 2007).
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Figure 3. Historical reconstruction of annual forest carbon (C) stor-
age at the University of Michigan Biological Station, 1900–2004.
Annual forest C storage is simultaneously constrained by forest suc-
cession or stand age, past disturbance, and climate. The quantity of
variation in annual C storage attributed to these variables is illus-
trated by vertical gray shading. Forest stands were harvested and
burned at different frequencies and times in the early 20th century,
changing their successional status. Disturbance frequency also had a
direct effect on annual forest C storage, with more frequently dis-
turbed forests having lower annual C storage rates. Climate is the
major determinant of current shorter-term, interannual variation in
annual C storage. Closed circles are ecological estimates of annual C
storage for a disturbance chronosequence that was experimentally
harvested and burned, and open circles are meteorological estimates
of annual C storage for a nearby control forest (Gough et al. 2007b).
Predisturbance annual C storage is fromDesai and colleagues (2005)
for an old-growth forest inWisconsin.



Disturbance. The effects of past disturbance are often ignored
in studies of forest C cycling, despite a general consensus
that historical legacies of land use and disturbance have
played major roles in shaping current ecosystem function
and forming the modern fragmented landscape (Foster et al.
2003). This is partly because detailed disturbance records
from events such as fire, harvesting, wind, flooding, and ice
are not readily available for most forests.However, a full un-
derstanding of the constraints on forest C sequestration at the
landscape scale requires knowledge of prior land use and
human activity because nearly all ecosystems have beenmod-
ified by humans (Foster et al. 2003, Chen et al. 2004, Pregit-
zer and Euskirchen 2004, Magnani et al. 2007). In North
America, many landscapes were shaped by widespread de-
forestation that occurred through the early 20th century as the
nation expanded westward (Birdsey et al. 2006). Ironically,
postdisturbance regrowth is responsible in part for the
current North American terrestrial C sink (Gaudinski et al.
2000, Birdsey et al. 2006).

Natural and human-induced disturbances can have long-
term, often negative effects on forest C storage capacity.
At UMBS, we were able to study the consequences of late
19th- and early 20th-century forest harvest and burning
on present-day C storage through the use of a series of dis-
turbance chronosequences (Gough et al. 2007b). We found
that experimental forest stands that had been clear-cut and
burned twice stored significantly less C than stands disturbed
only once (figure 6).Reduced C storage was due to decreased
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Figure 4. Cumulative carbon (C) storage by the University
of Michigan Biological Station forest, estimated from
meteorological methods, 1999–2004. The forest loses C
because of respiration in winter, when the deciduous
canopy is leafless. Shortly after leaf expansion in the
spring, the forest begins to store C because ecosystem
photosynthesis is greater than respiration. This upward
trajectory of C storage continues until leaf senescence in
the autumn. Year-end cumulative C storage equals an-
nual C storage. Annual C storage averaged 1.54 metric
tons C per hectare per year, but varied by more than
100% (1999–2003 data from Gough et al. [2007a]).

Figure 5. Climate constraints on monthly carbon (C)
storage by the University of Michigan Biological Station
forest, 1999–2004, during three leaf phenological periods:
leaf-off (a), leaf expansion (b), and leaf-on (c). Filled cir-
cles are data for 2001, when annual C storage reached a
six-year low. During the leaf-off period (a), ecosystem res-
piratory C losses increased with increasing temperature
(inset, mean leaf-off temperature in 2001 compared with
all other years). Temperature had the opposite effect on
respiratory C losses during leaf expansion (b). The forest
transitioned more rapidly from a C source to a C sink
when meanMay temperatures were higher because
warmer temperatures accelerated the rate of canopy
greening, expressed as the leaf-expansion rate (inset;
LAI = leaf area index, square meter [m2] leaf area per m2

ground surface area). Mean monthly solar radiation is
positively correlated with forest C gains during the leaf-
on (c) period (inset; mean monthly solar radiation in
2001 compared with all other years). Functions were se-
lected based on goodness of fit. P < 0.01 for all regressions.



site productivity, expressed as the site index, which is the es-
timated height of the forest canopy at a reference age of 50
years (Gough et al. 2007b). The combined effects of logging
and fire have resulted in reduced soil fertility (Latty et al. 2004)
and, in other forests, decreased C sequestration rates (Berg-
eron and Harvey 1997). Soils, which are often the largest C
reservoir in forests (figure 2),may be particularly vulnerable
to these disturbances (Latty et al. 2004).The legacy of past land
use at UMBS has persisted for more than half a century,
demonstrating that poor forest management can have se-
vere and long-lasting effects onC sequestration (Gough et al.
2007b). Fire-adapted ecosystems and infertile sitesmay be less
susceptible to sustained reductions inC storage following fire,
but the long-term consequences of fire on productivity are not
known formost forest types.Although harvest and fire are be-
coming less common in the upperMidwest, these disturbances
are increasing in the westernUnited States and in tropical re-
gions (Toma et al. 2005, Running 2006). The persistent lega-
cies of poor management practices on forest C storage in
northern Michigan should serve as a caution to contempo-
rary forest managers elsewhere.
Sustainable management practices can help maintain

forest soil fertility and productivity following harvest. For
example, even clear-cut harvesting may have little negative
effect on soil C andN content when unmerchantable biomass
residues, such as leaves and twigs, are left onsite (Johnson and
Curtis 2001).Disturbance effects attributed to diminished soil
fertility alsomay be ameliorated by adding limiting nutrients
to the ecosystem. Fertilizer is routinely applied to forest
plantations to increase wood production. For example, nu-
trient amendments are applied annually to nearly 5000 km2

of pine plantations in the southeastern United States alone

(Fox et al. 2007).However, forest fertilization has C costs as-
sociated with its manufacturing and application (Sonne
2006).

Succession. A forest’s position along the trajectory of eco-
logical succession is an important determinant of C storage
potential (Magnani et al. 2007). In 1969, E. P. Odum hy-
pothesized that forests experience an initial reduction in C
storage following initiation because of a low ratio of photo-
synthesis to respiration,with rates of C storage increasing to
amaximum as canopy photosynthesis peaks and slowly de-
clining to near zero thereafter (Odum 1969). This hypoth-
esis was not easily tested in forests at the time because
instrumentation and techniques formeasuring large-scale C
fluxes were not available. Our studies at UMBS support
Odum’s hypothesis that the shifting balance between ecosys-
tem photosynthesis and respiration over time is amechanism
for this successional pattern of C storage (Gough et al.
2007b). The UMBS forest was a moderate C sink of 0.5
metric tons C per ha per year within six years after experi-
mental clear-cutting and burning (figure 3). In young stands,
low annual C storage was due to high annual heterotrophic
respiration and low annual photosynthetic C gains. This
pattern was reversed in a 50-year-old standwith peak annual
growth rates and relatively low C losses from heterotrophic
respiration. To examine whether Odum’s hypothesis is sup-
ported by FLUXNET observations, we compiled above-
canopy C flux data and detailed ecological measurements
from 33 forested study sites, with results extending three or
more site years (see the supplemental material online at
http://hdl.handle.net/1811/31687). For the analysis, annual
C storage rates were corrected for differences attributable
to latitude. This research synthesis shows that, following
establishment, forests transition rapidly fromC source to C
sink, and annual C storage rates decline gradually to near zero
in old-growth stands. Although considerable variation in
annual C storage exists in intermediate-aged forests, results
frommodernC-cycling research support Odum’s prediction.
It is important to note that the magnitude and timing of

changes in annual C storage through ecological succession
vary considerably among ecosystems, and our analysis of
annual forest C storage over time (shown in figure 7) illus-
trates a generalized response. For example, some forests have
been shown to be strong C sources to the atmosphere up to
four decades following stand-replacing disturbance (Law et
al. 2003, Campbell et al. 2004). Despite confirmation of
Odum’s hypothesis, our understanding of how annual
forest C storage changes over time is based on relatively few
studies. Our assessment of annual C storage in old-growth
forests (mean age = 400 years) includes only two coniferous
forest types in the western United States (Law et al. 2003,
Campbell et al. 2004).Regional appraisals of terrestrial C stor-
age require quantitative knowledge of how annual C storage
changes through ecological succession because most land-
scapes encompass forest stands of varying age (Chen et al.
2004).
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Figure 6. The effects of clear-cut harvesting and fire on
annual carbon (C) storage and site index, a metric of site
productivity, at the University of Michigan Biological
Station. Repeated disturbance reduced annual C storage
by decreasing forest productivity. For the analysis, eco-
logical measurements of annual forest C storage were
conducted in 30 stands disturbed once and in 5 stands
disturbed twice.



Global change and forest carbon storage
How will changes in climate and disturbance regimes to-
gether with continued ecological succession constrain future
forest C storage in the upper Midwest? Climate records at
UMBS over the past 25 years indicate risingmean
annual air temperatures and decreasing solar ra-
diation in the growing season—trends that, should
they continue,will negatively affect this forest’s rate
of C storage (figure 8, table 1). Air temperatures
rose by an average of approximately 1°C over 25
years while growing-season solar radiation de-
creased by 5%,with high interannual variation in
both climate parameters.On the basis of our un-
derstanding of C cycling in northern forests, cli-
mate change at the current rate would reduce
the existing forest’s mean annual C storage by
28% in 25 years, from 1.5 to 1.1metric tons C per
ha per year, primarily through reduced solar ra-
diation and a resulting 10% decrease in photo-
synthetic C uptake. However, if solar radiation
stabilized at current levels, annual C storage losses
would be negligible, amounting to a 1%decrease
relative to current rates.Although there would be

higher respiration during leaf-off, the rate of canopy green-
ing would increase by more than 50% in response to higher
May temperatures. This more rapid transition from forest C
source to sink during the spring would offset the higher
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Figure 7. The general pattern of annual forest C storage
through ecological succession constructed from pooled
data for 33 forested sites comprising a total of 184 site
years (see the online supplement at http://hdl.handle.
net/1811/31687). Ecosystem-scale studies of annual forest
C storage have supported E. P. Odum’s hypothesis (Odum
1969), which predicted that ecosystems would transition
from C source to sink following establishment as respira-
tion from decomposers (or heterotrophs) declines and
photosynthesis increases with expansion of the forest
canopy. Odum predicted a gradual decline in annual C
storage as the photosynthetic capacity of the forest de-
clines upon maturity. Annual C storage rates for each
forested site and site year were corrected for differences
due to latitude (figure 1a) and pooled into 5-year (< 100
years) and 75-year (≥ 100 years) increments for the analy-
sis. Bars illustrate one standard error.

Figure 8. Mean growing season solar radiation (a) and
mean annual air temperatures (b) at the University of
Michigan Biological Station, 1980–2005. On average,
mean growing season net radiation decreased by 5% and
mean annual air temperature increased by 1.1 degree
Celsius over 25 years.

Table 1. Recent (1999–2004 mean) and projected (2030) rates of carbon
gain and loss for the UMBS forest during three phenological periods.

Annual carbon gain or loss (metric tons
carbon per hectare per year)

2030

Radiation and Temperature
Phenological period 1999–2004 temperature only

Leaf-off (October–April) –2.50 (0.06) –2.63 (0.06) –2.63 (0.06)

Leaf expansion (May) –0.22 (0.07) –0.11 (0.11) –0.11 (0.11)

Leaf-on (June–September) 4.26 (0.15) 3.84 (0.23) 4.26 (0.15)

Annual carbon storage 1.54 (0.28) 1.10 (0.34) 1.52 (0.32)

Percentage change — –28.5 –1.3

Note: Forest gains and losses in 2030 were estimated from monthly ecosystem carbon
(C) flux equations in figure 5, parameterized with 25-year projections for climate linearly
extrapolated from figure 8, which indicate a 1 degree Celsius increase in air temperature and
a 5% decrease in solar radiation. Effects of radiation and temperature changes and tempera-
ture only on forest C gain and loss were examined. Standard errors are in parentheses.



wintertime C losses.Our extrapolated estimate of +1°C over
25 years is within the range predicted by the Intergovernmental
Panel on Climate Change (IPCC 2007), but changes in solar
radiation over the next quarter century aremuch less certain
(Wild et al. 2005).
Whole-ecosystem approaches are required to gain a com-

prehensive understanding of the relationships between climate
change and total forest C storage, especially if forests are
managed forC sequestration.Most studies have examinedhow
climate change affects one component of forest C storage, such
as wood growth. Boisvenue and Running (2006) found that
wood growth rates increased globally in amajority of forests
(n = 49) over the past 55 years, possibly because of warmer
air temperatures and rising CO2. In general, there is a posi-
tive relationship betweenmean annual temperature and an-
nual C storage rates,with higher temperatures extending the
leaf-on period and consequently increasing annual photo-
synthetic C gains (Baldocchi et al. 2005).However, rising air
temperatures also increase ecosystem respiratory C losses,
often exponentially (Law et al. 2002,Curtis et al. 2005).Thus,
rates of C loss from forestsmay be accelerated withmore ex-
tremewarming. In addition to changes in air temperature and
solar radiation, global changes that include rising atmos-
pheric CO2 and ozone, increasing atmospheric N deposi-
tion, and changes in precipitationmay affect annual forest C
storage both as primary drivers and in interaction with each
other (Boisvenue and Running 2006, Hyvonen et al. 2007,
Magnani et al. 2007). Experimental approaches that examine
the effects of multiple forms of climate change on whole-
ecosystem C storage, combined with long-term monitoring
programs, are essential to understand how forest C-cycling
processes realistically will respond to a changing environ-
ment. In addition, processmodels are essential tools for syn-
thesizing empirical C cycling data and examining themultiple,
interacting effects of global change.
Future forest C storage also will depend on ecological

changes that result from ongoing forest disturbance and suc-
cession.While severe disturbance is common in fire-prone and
intensivelymanaged ecosystems,manymaturing forests of the
upperMidwest and easternUnited States are likely to undergo
a less severe and subtler successional transition that includes
the emergence of a more species-diverse and structurally
complex forest, but does not involve complete canopy re-
placement (Frelich andReich 1995).Although the successional
dynamics likely to occur in these forests are well understood,
the C cycling processes in the emerging ecosystem are not.At
UMBS and throughout the surrounding region,many forests
that were established following disturbance at the beginning
of the 20th century are undergoing a major successional
transition in which aspen, the dominant canopy species, is
senescing and being replaced by other deciduous and ever-
green species (USDA Forest Service 2002). This subtler tran-
sition to a heterogeneous secondary forest is likely to be
much more common because fire suppression and less ag-
gressive forest harvesting have greatly reduced catastrophic
stand replacement (Caspersen et al. 2000).However, fire fre-

quency in the upperMidwest is predicted to increase by 20%
to 40% over the next 50 years because of climate change, so
future fire regimesmay be different from those today.Under-
standing how ecological succession and future disturbance
regimes will affect the permanence of C stored in forest
reservoirs is essential when managing ecosystems for long-
term C sequestration. This is especially true in unmanaged
low-productivity forests of the upper Midwest because
these ecosystems have the potential to serve as long-term C
reservoirs.

Putting knowledge to work: Translating
ecosystem-scale research into management
for carbon sequestration
Managing forests for C sequestration is consistently sup-
ported by international scientists and policymakers as a strat-
egy formitigating anthropogenicCO2 emissions (IPCC2007).
Although a robustmarket for C trading as an approach to sta-
bilize greenhouse gas emissions has not yet emerged in the
United States, several major industrial forestry corporations
have voluntarily enlisted in pilot greenhouse gas emission re-
duction and trading programs, including theChicagoClimate
Exchange (www.chicagoclimatex.com). Thus, this approach
could be employed immediately.Multiyear assessments of an-
nual C storage, such as those conductedwithin FLUXNET, are
helping to evaluate the potential for different ecosystems to
sequester C, and they are providing estimates that eventually
could be used in C accounting efforts. Here, we conclude by
briefly discussing challenges associated with the manage-
ment of forests for C sequestration, and we describe how
ecosystem studies of forest C cycling may be used to inform
forest and land managers.
The high variation inC storage at all latitudes (figure 1) sug-

gests that forests often storeC at rateswell below their potential
and thus could be responsive to management for enhanced
C sequestration. However, forests at lower latitudes may
offer greater potential since longer growing seasons support
higher average C storage rates (figure 1a), and because larger
differences between average andmaximumC storage suggest
that there is greater flexibility to improveC sequestration rates
through management (figure 1b). Global remote sensing
andmodeling studies suggest that abiotic enhancements have
amore pronounced effect on plant growth at lower latitudes
(Nemani et al. 2003). Distinct regional differences in timber
management intensity also will influence how forests are
managed for C sequestration. As forest management inten-
sifies and becomesmore concentrated in the southeastern and
northwesternUnited States, low-productivity forests that are
not managed for timber, such as some forests in the upper
Midwest,may serve as long-term terrestrial C reservoirs.Al-
ternatively, industrial timberlandsmay bemanaged both for
forest products and C sequestration to offset anthropogenic
CO2 emissions (Birdsey et al. 2006). In forests wherewoodwill
be harvested, management for long-term C sequestration
must center on augmenting belowground C pools and in-
creasing the residence time of C stored in harvest residues and
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soils.Contemporary forest management practices emphasize
sustainability of wood production and site quality (Frelich and
Reich 1995, Houghton et al. 1999), but generally disregard
other pools that contribute to forest C sequestration.

A quantitative understanding of how forest management
practices may simultaneously enhance wood production and
C sequestration is lacking for most forest types because few
whole-ecosystem C storage studies have been conducted in
managed forests. In our survey of 33 sites reporting annual
C storage for three or more site years, only 5 were managed
forests (see http://hdl.handle.net/1811/31687). Nonetheless,
some general recommendations for enhancing soil and residue
C pools can be made on the basis of these few studies that
focus explicitly on C storage in managed ecosystems. For
example, many of the techniques established in agricultural
systems to conserve organic matter apply to C conservation
and enhancement efforts in forest soils.These include (a) crop-
ping intensification to enhance belowgroundC allocation, (b)
conservation tillage to reduce erosion and minimize the
disruption of soil aggregates containing C, (c) applying
organic amendments to soils to increase soil C content, and
(d) replanting following harvesting to minimize the transi-
tion time from C source to C sink (Post et al. 2004).

Many of these agricultural practices are already used in
common silvicultural applications.Cropping intensification
(e.g., fertilization, pest management) is widely employed in
intensively managed forests, and the benefits of this practice
on above- and belowground growth are well documented
(Maier and Kress 2000). Logging residues can be left onsite,
providing organic amendments that increase soil C (Johnson
and Curtis 2001). Common silvicultural practices such as
forest thinning can enhance total wood yield over a rotation
and augment soil C pools (Selig et al. 2008). Other silvi-
cultural practices may require modification to enhance
forest soil C storage. For example, tillage prior to plantingmay
increase forest soil C emissions (Gough et al. 2005) and lower
the soil C pool. Forest canopies are commonly manipulated
tomaintain an age structure that is within thewindowof peak

wood production, but the effects of these practices on other
Cpools have not been quantified formost forested ecosystems.
Very little is known about the effects of repeated, short-
rotation harvesting on soil C storage, despite an increase in
intensive plantation management worldwide (FAO 2005).
Clearly, experimental studies in managed forests are required
to provide ecosystem-specific management guidelines for C
sequestration without compromising wood production.Ad-
ditionally, it is essential to quantify theC costs of management
and to consider how such practices may compromise other
ecosystem goods and services (Sonne 2006).

Ecosystem-specific C sequestration management is nec-
essary because of the broad range in annual C storage among
forest types. For example, simple empirical relationships
developed fromecosystemC cycling studies such as those con-
ducted at UMBS can help land managers predict landscape-
level C storage (box 2). We developed a predictive model
that mathematically expresses our understanding of how
stand successional status (age) and integrated site productivity
(site index) constrain current annual C storage in aspen-
dominated forests of northern Michigan (figure 3):

Annual C storage (metric tons C per ha per year) = (1)
0.4366 × e0.0143 × (ln [age] × site index)

(n=35, r2 = 0.51,P<0.0001),where age (> 5 yrs) is expressed
in years, and site index is canopy height (meters) at 50 years.
It can be employed by foresters to estimate annual C storage
using two parameters easily obtained from routine fieldmea-
surements and publishedmaterials (e.g., Lundgren andDolid
1970).

In addition to simple ecosystem-specific empirical mod-
els, more sophisticated forest growth and yield models and
process-based models developed for both wood and C
sequestration management are now available. For example,
the USDA Forest Service’s Forest Vegetation Simulator
(FVS) predicts forest stand-level changes in plant and woody
debris C stocks over time and in response to common
management practices (www.fs.fed.us/fmsc/fvs/). The model
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Easily parameterized ecosystem-specific models for
predicting annual forest C storage are essential to
carbon (C) accounting. Site index, a metric of
forest productivity, and stand age are two predictors
of annual forest C storage in deciduous forests of
northern lower Michigan (equation 1) and are
routinely measured by foresters. Equation 1 can be
parameterized to make regional predictions of
forest C sequestration using USDA Forest Inventory and Analysis (FIA) data, which are available for all 50 states (USDA 2002). We
estimated annual forest C storage by 2400 square kilometers of deciduous forests in the four northern counties of lower Michigan
(Charlevoix, Emmet, Cheboygan, and Presque Isle) by parameterizing equation 1 with forest site index and age distribution data from the
FIA database (n = 567 plots; http://ncrs2.fs.fed.us/4801/fiadb). In this heavily forested region, deciduous forests (41% of the total land area)
store an average of 1.32 ± 2.25 metric tons C per hectare per year, or a total of 320,000 metric tons of C per year. The US Energy
Information Administration (EIA 2007) estimates that people living in this area emit 520,000 metric tons of C per year. Thus, these forests
currently sequester 62% of the region’s anthropogenic C emissions, or the equivalent annual C emissions from 225,000 cars (EPA 2007).

Box 2. Estimating regional forest carbon storage using an ecosystem-specific empirical model.



is parameterized using readily obtained forest inventory data.
One major limitation of the current FVS model is its in-
ability to predict changes in soil C stocks. Continued devel-
opment of easily parameterizedmodels is essential for low-cost
assessments of annual forest C storage (Birdsey et al. 2006).
Multiyear, spatially extensive measurements of C storage at
FLUXNET research sites such as UMBS are helping to refine
and improve the precision of these predictive models. Ulti-
mately, models developed and tested using ecosystem C
cycling data will inform forest managers how best to achieve
maximum rates of annual C storage across an array of eco-
systems varying in disturbance history, successional status, and
climate.

Conclusions
Recent ecosystem-scale forest C cycling studies have tested sev-
eral fundamental hypotheses about the controls on annual C
storage.Wenowhave a quantitative understanding of how cli-
mate, past disturbance, and ecological succession constrain
annual C storage for several forest types.Our results show that
at UMBS, solar radiation and air temperature are important
regulators of short-term forest C uptake and loss, respec-
tively, causing interannual variation in annual C storage that
exceeds 100%. Harvest and fire disturbance in northern
Michigan during the early 20th century continues to exert a
negative effect on annual C storage, indicating that the legacy
of disturbance in the region is severe and long lasting.We have
also shown that annual C storage changes over ecological
succession, as hypothesized by ecologists decades ago.
Whole-ecosystem C storage studies provide quantitative

information that can be applied to C sequestrationmanage-
ment. Ecosystem-specific models for predicting annual C
storage will be essential if forests are to be managed for C
sequestration. Many questions remain unanswered about
how whole-ecosystem C storage responds to contemporary
forest management practices and to treatments that may
enhanceC sequestration.Moreover,we know very little about
how annual C storage will respond to future changes in
climate, new disturbance regimes, and altered forest com-
position and structure. Ecosystem-scale forest C cycling
studies have provided many answers about how past and
present conditions constrain current annualC storage.As port-
folios for offsetting greenhouse gas emissions are likely to
include forest C sequestration, ecosystem-scale studiesmust
now anticipate how natural and anthropogenic forces will
diminish or enhance annual C storage in forests of the future.
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