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Abstract

Atmospheric measurements and land-based inventories imply that terrestrial ecosystems
in the northern hemisphere are taking up significant amounts of anthropogenic carbon
dioxide (CO,) emissions; however, there is considerable disagreement about the causes
of this uptake, and its expected future trajectory. In this paper, we use the ecosystem
demography (ED) model to quantify the contributions of disturbance history, CO,
fertilization and climate variability to the past, current, and future terrestrial carbon
fluxes in the Eastern United States. The simulations indicate that forest regrowth
following agricultural abandonment accounts for uptake of 0.11PgCyr ' in the 1980s
and 0.15Pg Cyr ' in the 1990s, and regrowth following forest harvesting accounts for an
additional 0.1PgCyr ' of uptake during both these decades. The addition of CO,
fertilization into the model simulations increases carbon uptake rates to 0.38 PgCyr '
in the 1980s and 0.47PgCyr ' in the 1990s. Comparisons of predicted aboveground
carbon uptake to regional-scale forest inventory measurements indicate that the model’s
predictions in the absence of CO, fertilization are 14% lower than observed, while in the
presence of CO, fertilization, predicted uptake rates are 28% larger than observed.
Comparable results are obtained from comparisons of predicted total Net Ecosystem
Productivity to the carbon fluxes observed at the Harvard Forest flux tower site and in
model simulations free-air CO, enrichment (FACE) experiments. These results imply that
disturbance history is the principal mechanism responsible for current carbon uptake in
the Eastern United States, and that conventional biogeochemical formulations of plant
growth overestimate the response of plants to rising CO, levels. Model projections out to
2100 imply that the carbon uptake arising from forest regrowth will increasingly be
dominated by forest regrowth following harvesting. Consequently, actual carbon storage
declines to near zero by the end of the 21st century as the forest regrowth that has
occurred since agricultural abandonment comes into equilibrium with the landscape’s
new disturbance regime. Incorporating interannual climate variability into the model
simulations gives rise to large interannual variation in regional carbon fluxes, indicating
that long-term measurements are necessary to detect the signature of processes that give
rise to long-term uptake and storage.

Keywords: climate variability, CO, fertilization, CO, fluxes, disturbance history, Eastern United States,
ecosystem demography (ED) model, forest harvesting, land-use history, regional-scale uptake,
terrestrial carbon sink

Received 26 January 2006 and accepted 28 March 2006

Introduction

Atmospheric measurements and land-based inventories
indicate that northern temperate ecosystems are absorb-
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ing a sizeable fraction of the carbon dioxide (CO,)
emitted by fossil fuel burning (Pacala et al., 2001). This
uptake has been attributed to two qualitatively different
sets of mechanisms. The first set of mechanisms attri-
bute carbon uptake to enhanced forest growth arising
from CO, fertilization, nitrogen deposition and climate
change (Schimel, 1995; Cao & Woodward, 1998;
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Kicklighter et al., 1999; Joos et al., 2001, 2002; McGuire
et al., 2001). The second set of mechanisms attribute the
sink to disturbance history — forest regrowth that is
occurring as a result of agricultural land abandonment,
forest harvesting and fire suppression (Houghton et al.,
1999; Caspersen et al., 2000; Schimel et al., 2000; McGuire
et al., 2001; Hurtt et al., 2002; Goodale et al., 2002;
Houghton, 2003; Nabuurs ef al., 2003).

While there is general agreement that the contribu-
tions of enhanced plant growth arising from nitrogen
fertilization and changes in climate to current patterns
of US carbon uptake are relatively small (Schimel et al.,
2001), there is continuing disagreement about whether
CO, fertilization or disturbance history is the dominant
mechanism responsible for carbon uptake by US eco-
systems (Joos et al., 2002; Houghton, 2003). A detailed
study involving four terrestrial biosphere models
(McGuire et al., 2001) emphasized CO, fertilization as
the primary mechanism responsible for carbon uptake
in US ecosystems, as well as the rest of the globe.
Carbon accounting and integrated assessment model
studies (Houghton et al., 1999; Houghton, 2003; Jain and
Yang, 2005) have reached similar conclusions, implying
that CO, fertilization is responsible for up to 80% of
carbon uptake in the United States. In contrast, empiri-
cal analyses of forest inventory data (Birdsey & Heath,
1995; Brown et al., 1997; Caspersen et al., 2000; Pacala
et al., 2004), and modeling studies by Schimel et al.
(2001), Hurtt et al. (2002) have emphasized the role of
forest regrowth arising from agricultural abandonment,
forest harvesting and fire suppression as the dominant
mechanism responsible for carbon uptake (though see
Joos et al., 2002).

Quantifying the contributions of these different me-
chanisms to the patterns of uptake over recent decades
is important as the mechanisms have markedly differ-
ent implications for magnitude of uptake over the
coming decades. In particular, if CO, uptake is arising
primarily from a CO,-related enhancement of plant
growth, this may continue and may even increase as
atmospheric CO, levels continue to rise. In contrast, if
the sink is primarily arising as a result of the legacy of
agricultural abandonment during the late 19th and
early 20th century, the sink will saturate as forests
regain their former biomass and soil carbon. Assessing
the relative contribution of disturbance history and eco-
physiological responses to the current pattern of CO,
fluxes is, therefore, critical to predicting the expected
rates of CO, uptake over the next century (Hurtt et al.,
2002; Houghton, 2003).

In this study, we use a new parameterization of the
ecosystem demography (ED) model for the Eastern
United States in conjunction with a new, high-resolution
land use change dataset and forest-harvesting scenario
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to quantify the relative contributions of land-use
change, forest harvesting, CO, fertilization and climate
variability to the carbon fluxes of the ecosystems of the
Eastern United States. A unique feature of the ED
model is its use of a system of size- and age-structured
partial differential equations to explicitly track the
subgrid scale ecosystem heterogeneity arising from
subgrid scale disturbances such as forest harvesting
and land abandonment (Moorcroft et al., 2001; Hurtt
et al., 2002). In contrast to previous modeling studies,
the model’s predictions of carbon uptake and storage
are directly evaluated against regional measurements of
long-term aboveground carbon accumulation obtained
from the US Forest Service Forest Inventory Analysis
(FIA) program and site-level measurements of CO,
fluxes at the Harvard Forest flux tower.

Materials and methods

ED model

The ED model (Moorcroft et al., 2001; Hurtt et al., 2002)
is a terrestrial ecosystem model that uses the following
system of size- and age-structured partial differential
equations to approximate the behavior of an individual-
based, stochastic gap model:
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Equation (1) describes changing distribution of plant
biomass within each grid cell, where z is the array of
structural (z;) and live biomass (z,) compartment sizes
(units: kgC); C; (z,a,t)dzda is the biomass density
(units: kg C m~32) of plants of type i and size z in places
disturbed a years ago at time f; r is a vector describing
the resource environment (light, water, nitrogen) ex-
perienced by an individual of size z; g(z, 1, 1) is the rate
at which the structural and live biomass of a plant of
size z in environment r increase (units: kg Cyr '); and
pmol, 1, t) is the per capita rate of tree mortality (units:

Journal compilation © 2006 Blackwell Publishing Ltd, Global Change Biology, 12, 2370-2390



2372 M. ALBANTI etal.

year ). Equation (2) describes the changing dynamical
distribution of landscape ages within each grid cell
arising from disturbance events, where p(a)-da is the
fraction of the grid—cell disturbed between a and a + da
years ago, and A(a, ) is the rate of disturbance (units:
year ).

Equations (1) and (2) are linked through boundary
conditions. The recruitment of new seedlings f; (z,a,t)
corresponds to a flux of individuals into the system at
(zo,a). Under the assumption of random dispersal of
seeds between gaps within a grid cell this yields the
following boundary condition:

Ci(Z(), a, t) =
I fzouc f;: Ci(z, a, H)fi(z, a, t)p(a, t) dz, dz; da
Sia(2o, 1, t) + 8is(20, 1, 1)

recruitment

®)

Equation (1) has also a second boundary condition
describing the state of the ecosystem after a disturbance
event

Ci(z, 0, t) = /OOO si(z, a, t)p(a, t)da, 4)

plant community following disturbance event

where the function si(z,a,t) describes the survivorship
of individuals of size z and type i following the dis-
turbance. Equation (2) also has the following boundary
condition describing the formation of newly disturbed
areas within the grid cell

p(0, 1) = /0 " i, 1) pla, t)da. 5)

formation of newly disturbed areas

These equations for aboveground ecosystem dy-
namics are coupled to belowground equations that
track water availability and carbon and nitrogen de-
composition in the soil (see Appendix A). With this
system of equations, the ED model is able to incorporate
both the effects of physiological responses of vegetation
to atmospheric forcing, and the effects of disturbance
history on long-term vegetation dynamics and ecosys-
tem biogeochemistry (Hurtt et al., 1998; Moorcroft,
2003).

The general structure of the ED model used in this
study is the same as that in Moorcroft et al. (2001),
however, a number of modifications were made to
capture (i) the composition and structure of Eastern
North American ecosystems, and (ii) the impact of land-
use transitions and forest harvesting on ecosystem
structure and fluxes.

Plant Functional Types (PFTs)

Seven new PFTs, differing in their leaf physiology,
allometry, mortality and dispersal, were parameterized
from empirical data to represent the range of plant life
histories found within the region: three deciduous,
broad-leaved tree types (early-, mid-, and late-succes-
sional), three coniferous tree types (southern pines,
northern pines and late successional conifers), and a
C; forbs PFT. At the level of leaf physiology, the PFTs
exhibit correlated differences in their specific leaf area
and their photosynthetic rate per unit leaf area (Vm,)
(Table 1). The differences in Vm, determine three im-
portant functional characteristics of the PFTs: the max-
imum rate of photosynthesis per unit leaf area, the PFT
compensation point for light, and the PFI’s density-
dependent mortality rate. The first two derive directly
from the formulation of the Farquhar et al. (1980) model
of leaf photosynthesis; the third is a consequence of the
way mortality is computed in ED, in which a plant’s
mortality varies as a function of its carbon balance.
High Vm, species are shade-intolerant with high rates
of leaf-level gross primary productivity (GPP) in full
light, but have a higher compensation point for light,
and thus higher levels of mortality in the understory;
low Vm, species are shade tolerant, with lower rates of
leaf-level GPP in full light, but have a lower compensa-
tion point for light, and thus a lower mortality rate in
the understory.

The PFTs also varied in their growth, mortality and
recruitment life-history characteristics. height-to-dia-
meter at breast height (DBH), structural biomass-to-
DBH, and leaf biomass-to-DBH relationships for each
PFT were specified from empirical allometry estimates
(Table 2), and density-independent mortality rates for
each PFT were specified from forest inventory measure-
ments. With respect to recruitment, empirical data from
representative species for each PFT used to parameter-
ize differences in seed dispersal characteristics and
the sensitivity of seedlings to frost-induced mortality.
Details of these parameterizations can be found in
Appendix B.

Incorporating disturbance history

A unique feature of the ED model is its ability to track
the changing landscape age structure and associated
subgrid scale heterogeneity in environmental condi-
tions that arises from prior disturbance history of eco-
systems. The original ED formulation used Eqn (2) to
track subgrid scale ecosystem heterogeneity arising
from a single mode of natural disturbance. Here, fol-
lowing the approach of Hurtt et al. (2002), Eqn (2) is
generalized to track ecosystem heterogeneity arising
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Table 1 Ecophysiological and life-history parameters for the plant functional types

Density
Leaf N independent Global
Leaf Vm,g SLA content mortality Minimum dispersal
PFT habit* (umolm?s™)  (m*kgC!) (gCm? rate (year ')  temperature(°C)  (fraction)
C3 Grasses/Forbs (G) DD/CD 18.25 11 3.46 1.0 —80 1.0
Northern pines (NP) E 15.625 3 2.98 0.01 —80 0.78
Southern pines (SP) E 15.625 4.5 2.98 0.01 -5 0.78
Late successional E 6.25 5 1.25 0.005 —60 0.001
conifers (LSC)
Early successional CD 18.25 20 3.46 0.067 —80 1.0
hardwoods (ESD)
Late successional CD 6.25 30 1.26 0.011 —20 0.074
hardwoods (LSD)
Mid successional CD 15.625 15 2.98 0.059 -20 0.32

hardwoods (MSD)

*CD, cold deciduous; DD, drought deciduous; E, Evergreen.

Table 2 Allometric parameters of the six woody plant functional types. Northern pines and southern pines share the same

allometric equations

Leaf Structural
biomass biomass Height-DBH
PFT equation equation equation
Early successional hardwoods (ESD) e.g.: Betula lenta, a = 0.0047 as = 0.0265 by, =22.68
B. papyrifera and Populus spp. by =2.249 bs =2.959 bay, = —0.0653
Northern pines (NP) and southern pines (SP) a; = 0.024 as,=0.147 by, =27.14
e.g.: Pinus strobus, P. banksiana, P. taeda and P. resinosa b =1.899 by =2.238 by, = —0.0388
Late successional conifers (LSC) e.g.: Picea spp., Tsuga canadiensis @ = 0.045 a,=0.1617 by, =22.79
b =1.683 by =2.1536 by, = —0.0445
Late successional hardwoods (LSD) e.g.: Fagus grandifolia and A. saccharum a;=0.017 as=0.235 by, =23.39
b =1.731 b, =2.252 by, = —0.0540
Mid successional hardwoods (MSD) e.g.: Quercus alba and Acer rubrum a =0.024 as=0.148 by, =25.18
b =1.860 bs=2.411 by, = —0.0496

from multiple modes of disturbance

0 0
&p(m t) = —%P(ﬁl, t) —A(Iil, t)P({L t)7
———
——— :
ch.inland class age distribution aging disturbance

(6)

where p(a) is a vector whose elements [p,(a), pj@), . .. pn
(a)] describe the distributions of times since disturbance
for each of the m land-use states represented in the
model, and A(a, t) is a m x m matrix whose elements
describe the disturbance history forcing — the rate at
which land transitions between the different land use
states as function of time and age (time since last
disturbance). Equation (6) has the following boundary
condition describing the formation of new areas
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within each land-use state:

pi (0, t):Z/OC),(a, Hp(a, tyda (=1, ... ,m). (7)
k 0

formation of newly disturbed areas

Equation (6) is also subject to the following integral
constraint:

>. ) wetaas ®)

Further details on the how disturbance forcing sce-
nario is calculated are given in ‘Analysis’.
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Fig. 1 Schematic illustrating how disturbance history forcing is
applied to the ecosystem demography simulations using Eqns
(6)-(9). Land clearing for agricultural uses removes land from
primary and secondary vegetation at rates Aps and Aga, respec-
tively; abandoned agricultural land is colonized by secondary
vegetation at rate 1as, and is transferred to primary vegetation
by natural disturbance at rate 4; forest harvesting affects both
secondary and primary vegetation at rates Asg and Aps, respec-
tively. Harvested patches are colonized by secondary vegetation.

Analysis

The contributions of land-use change, forest harvesting,
and CO, fertilization to the carbon fluxes of the Eastern
United States were quantified by simulating the terres-
trial ecosystem dynamics of the continental United
States east of 100°W for the period 1700-2100, progres-
sively adding the following sources of forcing: (i) his-
torical land-use change, (i) historical and projected
forest harvesting and (iii) historical and projected
changes in atmospheric CO, concentrations. The simu-
lations were repeated imposing variable climate for the
years 1948-2002 to investigate the impact of interannual
variability in climate on the model’s predictions.

Disturbance history forcing

In this analysis, we incorporated three land-use states:
primary vegetation, secondary vegetation and agricul-
tural land, with each land-use state being defined by
last form of disturbance that occurred in a particular
place. The transitions between the three land-use states
were as follows: agricultural clearing converts primary
and secondary vegetation to agricultural land; agricul-
tural abandonment converts agricultural land to sec-
ondary vegetation; forest harvesting of either primary
or secondary vegetation converts harvested areas to
secondary vegetation; and natural disturbance in either
primary or secondary vegetation converts the disturbed
area to primary vegetation (Fig. 1).

Fraction of total area

1700 1800 1900 2000 2100
Simulation time (years)
== Agricultural . = Secondary vegetation, no forestry
—— Secondary vegetation = = Primary vegetation, no forestry

= Primary vegetation

Fig. 2 Land-use changes in the Eastern United States in the
presence of forest harvesting, and when forest harvesting is
neglected (dotted lines). Land-use change is not projected be-
yond the present date, while forest harvesting rates are projected
based on USDA estimates.

Mathematically this corresponds to p(a, t) = [pp(a, 1),
ps@a, b), pala, )], where ppa,t), psa,t) and pa(a,t) are,
respectively, the age distributions of primary, secondary
and agricultural lands at time ¢, and A(a,t) having the
following form:

A A 0
A(a, f) = Zps Jdss Jas |. (9)
ipa  Jsa 0

Where the time and age dependencies of the matrix
elements have been omitted for notational compactness.
The different types of disturbance transitions (4, Aps, Zss,
/as, Zpa and Jgp) differ in both the rates at which they
occur, and in their intensity — the impact of the transi-
tion on the above-ground and belowground ecosystem.
The transitions rates to (ipa, 4sa), and from (1,g), the
agricultural land class were specified from (i) from the
Waisanen & Bliss (2002) historical county-level land-use
dataset for the period 1850-present, and (ii) Ramankutty
& Foley’s (1999) 1° x 1° resolution dataset on the histor-
ical fractions of agricultural land for the period 1700-
1850 (Fig. 2). The rates of forest harvesting (ips, Ass)
were specified to match historical and projected rates of
wood production shown in Fig. 3. The frequency of
natural canopy gap formation on primary and second-
ary lands (2) was 0.01year ' on areas older than 50
years, yielding an average rate of canopy gap formation
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Fig. 3 Total annual harvesting of aboveground biomass by
region: different regions are used for 1700-1959 and 1960-2100.
Most regions show a decline in harvesting in the first half of the
20th century as fossil fuels replace wood as heating source, and
as a larger proportion of the lumber demand is met by western
forests.

of 0.007 year ' — a value consistent with the US Forest
Service’s FIA dataset for the Eastern United States (P. R.
Moorcroft, unpublished results). The disturbance sce-
nario was projected forward to 2100 under the assump-
tion that (i) the fraction of agricultural land will remain
constant (i.e. after 2002, Apa, 4sa and /s =0in Eqn (9)),
and (ii) biomass harvesting rates were projected to 2050
using USDA projection estimates (Haynes, 2003), and
then maintained at these rates until 2100.

The impact of the different disturbance transitions on
ecosystem structure and fluxes is defined by Eqn (4),
which describes the state of the ecosystem following
each type of land-use transition. In areas where natural
canopy-gap formation occurs, the aboveground bio-
mass of the standing vegetation is transferred to the
decomposition model; in areas that transition into agri-
culture, all aboveground structural biomass is removed,
foliar and root biomass is transferred into the decom-
position model, and the areas are planted with C; forbs
and grasses; abandoned agricultural areas that transi-
tion into secondary vegetation are opened to natural
colonization by the different PFTs in the model; in
forested areas that are harvested, all aboveground
structural biomass is removed, foliar and root biomass
is transferred to the decomposition model, and, de-
pending on year and region, harvested areas are either
left open to natural regeneration or planted with pines.
Further details on the disturbance history scenario can
be found in Appendix C.
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Fig. 4 Annual average temperature and precipitation for the
simulation domain in the period 1948-2002 as obtained from
the NCEP 2.5° data grid. Horizontal dotted lines represent the
average for the period. There is substantial temporal autocorre-
lation in the precipitation anomalies, with a wetter decade (1948-
1959) followed by two drier ones (1960-1981) and then two
wetter ones (1982-2002) while temperature is less temporally
autocorrelated.

Environmental forcing

Simulations were performed at both preindustrial at-
mospheric CO, concentrations of 280 ppm, and using
the IPCC 1S92a CO, fertilization scenario (IPCC, 1998).
Hourly temperature, humidity, radiation and precipita-
tion drivers for each grid cell were specified as the
average of the 1948-2002 climate from the nearest 2.5°
resolution NCEP/NCAR Reanalysis 1 data (Kalnay
et al., 1996; Kistler et al., 2001). In the variable climate
model simulations, the yearly NCEP/NCAR Reanalysis
1 data were used for the 1948-2002 period (Fig. 4), and
the average climate for the 1700-1947 and 2003-2100
periods.

All modeling experiments were run from a precolo-
nization equilibrium ‘potential vegetation’ initial con-
dition, obtained by initializing the model with
0.1saplings m~2 of each PFT in every site, and perform-
ing a 700-year model integration under average NCEP
climate and preindustrial CO, concentrations of
280 ppm. Each grid cell was initialized with 2kgm™>
of inorganic nitrogen with no further additions or
losses.

Results

The results of the 700-year model integration to the pre-
colonization potential vegetation equilibrium is shown
in Fig. 5. While forest inventory data are not available
for a detailed evaluation of this precolonization state,
the simulations yielded a reasonable equilibrium spatial
distribution of aboveground biomass (Fig. 5a). The
average aboveground biomass is 103MgCha ' in the
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Fig. 5 Ecosystem demography model prediction of (a) presettlement vegetation aboveground biomass (tC ha™") and (b) fraction of the
aboveground biomass in conifer plant functional types (PFTs) after 700-year initialization run starting from an initial condition of a few
seedlings in each grid cell. The Gulf coast and eastern Texas are dominated by the broad-leaved PFT that are functionally evergreen.
(c) Dynamics of aboveground biomass (tC ha™") during the 700 year initialization run for a grid cell in central Massachusetts.

northeast, 96 MgC ha=! in the Great Lakes region,
104MgCha ' in the southeast and 107MgCha ™' in
the south. Note that these grid-cell level values are the
average over all age classes, and thus do not represent
values that one would expect in old-growth stands, but
rather are the values expected for forested areas subject
to the natural background disturbance. The model also
captures the expected general trend of northern and
southern dominance of coniferous PFTs, with hard-
woods dominating in the central latitudes (Fig. 5b).
This pattern arises from changes in competitive balance
between the PFIs with coniferous trees having an
advantage of winter photosynthesis in the south and
lower frost-induced mortality in the north. Subgrid
heterogeneity in ecosystem composition is maintained
by the gap-age gradient in light availability, with most
sites equilibrating with between two and four PFTs:
early and mid-successional PFTs dominate young gaps,
and mid-or late-successional PFTs dominate in older
gaps. An example of the precolonization subgrid scale
ecosystem composition is shown in Fig. 5c.

Figure 6 shows the spatial patterns of subgrid scale
land use that arise from the dynamics of land-use
transitions and forest harvesting. Up until 1850, agri-
cultural clearing is restricted to the coastal states and
the Ohio valley, and primary vegetation dominates west
of the Missouri river and in most of the south (Fig. 6b).
By 1900, the picture has changed substantially, with
most of the primary vegetation converted to agriculture
in the mid-west and the Lake states, increased agricul-
tural use and forest harvesting in the southern Atlantic
states, and an increase in secondary vegetation in the
northeast due to agricultural abandonment and forest
harvesting (Fig. 6¢). From 1900 to 1950, increased forest
harvesting increases the fraction of secondary vegeta-
tion in the south (Fig. 6d and e), and between 1975 and
2050, historical and projected rates of forest harvesting
increase in all regions, but especially in the south and
south-east (Fig. 6f-i).

The resulting patterns of aboveground biomass in the
year 2000 that arise from this disturbance forcing are
shown in Fig. 7. Aboveground biomass (Fig. 7a) is
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Primary

Secondary  Agricultural

Fig. 6 Subgrid scale distribution of land-use types at selected years under the land-use plus forest-harvesting scenario. The fractions
of primary, secondary and agricultural land within each grid cell are indicated by the intensity of green, blue and red coloration
(see legend). The panels show clearly the western expansion of agriculture between 1850 and 1900, and the subsequent abandonment
of agriculture in New England and in the Atlantic states.
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Fig. 7 Ecosystem demography model predictions of (a) aboveground biomass (tCha™"), and (b) fraction of the aboveground biomass
in coniferous plant functional types in year 2000 after forcing the model with the land-use and forest harvesting history shown in Fig. 6.

substantially lower than it was at the beginning of the
simulation as a consequence of both decreases in forest
area and the reduced average forest age. The fraction of
aboveground biomass in conifers also decreases sub-
stantially throughout the central latitudes, as the aban-
doned agricultural fields and recently disturbed areas
have been occupied by early and mid-successional
hardwoods (Fig. 7b).

Figure 8 shows the spatio-temporal patterns of carbon
uptake (net ecosystem productivity, NEP) that result
from the spatial and temporal patterns of land-use
transitions and forest harvesting shown in Fig. 6. In
1800, the region is in approximate carbon balance
(Fig. 8a), but by 1850, New England, the mid-Atlantic
states, and parts of the Ohio Valley are showing carbon
loss rates of ~1.5tCha 'yr ' as forests are cleared for
agriculture (Fig. 8b). By 1900, the losses of carbon shift
to the mid-west due to the westward migration of
agriculture, with annual loss rates of up to 3tC ha™! yr71
(Fig. 8c). By 1925, New England has switched from
carbon loss to carbon uptake due to the regrowth of
secondary forests on abandoned agricultural land, with
carbon uptake rates between 0.5 and 1.5tCha 'yr '
(Fig. 8d). By 1975, the mid-Atlantic and Southern states
are also taking up carbon due to forest regrowth on
abandoned agricultural lands, and following forest
harvesting with uptake rates in excess of 1.5tCha 'yr !
(Fig. 8f). By 2000, the highest rates of carbon uptake are
in the south reflecting forest regrowth following har-
vesting, but high rates of uptake continue to occur
across the mid-Atlantic region as forest regrowth on
abandoned agricultural lands continues (Fig. 8g). Over
the 21st century, the spatial distribution of uptake shifts
toward the south, as the effects of recovery from agri-
culture decline in the New England and the mid-Atlan-

tic states, and regional uptake is increasingly dominated
by forest regrowth following harvesting (Fig. 8h and i).

Summing the above fluxes across the simulation
domain indicates that the region is a net source of
carbon to the atmosphere for the first 250 years (Fig.
9a), reaching a peak loss rate of carbon uptake of
-0.27 PgCyr*1 in the 1890s, and then switching from
net carbon release to net carbon uptake in the 1950s.
The magnitude of the carbon uptake then increases over
the next decades with an uptake rate of 0.21 PgCyr '
in the 1980s, 0.25PgCyr ' in the 1990s and reaching
a peak uptake rate of 0.26PgCyr " in 2008. Regional
uptake is then maintained throughout the rest of the
21st century, at ~0.25 PgCyrfl.

Excluding the effects of forest harvesting substan-
tially alters the pattern and magnitude of the carbon
fluxes. Before 1900, carbon uptake rates are relatively
unchanged, but after 1900, the absence of forest
harvesting reduces the rates of carbon uptake from
0.21 to 0.11PgCyr ' in the 1980s, and from 0.25 to
0.14PgCyr ' in the 1990s (Fig. 9a). Carbon uptake then
declines over the remainder of the 21st century to
0.05PgCyr " in 2100. This increased carbon uptake
arising from forest harvesting reflects increased rates
of biomass growth that occur following the removal of
aboveground structural material from the ecosystems;
however, it does not account for the loss of above-
ground biomass into forest products and the subse-
quent carbon losses arising from their decay. When
we consider the rate at which carbon is being stored
within forests, the impact of forest harvesting is quite
different (Fig. 9b). Before the 1920s, forest harvesting
increases losses of stored carbon, increasing the peak
loss rate to 0.67 PgC yr ' in the late 1800s. Between 1920
and 1960, forest harvesting increases carbon storage due

© 2006 The Authors
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Fig. 8 Spatial patterns of annual rates of carbon uptake (tCha 'yr ') for selected years under the land-use change and forest-
harvesting scenario (average of 3 years centered on each year shown). Positive values indicate a flux to the biosphere.

to a decline in harvesting rates during this period (see
Fig. 3). After 1960, harvesting rates increase again,
reducing the rate of carbon storage. The rate of carbon
storage for the 1990s under the land-use change and
forest harvesting scenario is 0.11, 0.03PgCyr "' less
than under land-use change alone. During the 21st
century, forest harvesting (Fig. 9b) reduces the rate of
carbon storage to 0.01 PgCyr .

In addition to its effects on net carbon uptake,
forest harvesting has a significant impact on forest
composition and structure. For example, in central

© 2006 The Authors

Massachusetts, recovery from agriculture in the absence
of forest harvesting gives rise to forests comprised
of a mixture of early successional deciduous, mid-
successional deciduous and northern pines with a sig-
nificant amount of the biomass found in large-sized
trees (Fig. 10a). However, when forest harvesting is
included, forest composition shifts towards a larger
fraction of smaller sized, mid-successional deciduous
trees (Fig. 10b) due to the increase in the fraction
of secondary forests with lower mean ages (Fig. 10c
and d).
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The addition of CO, fertilization into the model simu-
lations has a significant impact on both rates of carbon
uptake and carbon storage (Fig. 11). The rate of carbon
uptake during the 1980s increases from 0.21 PgCyr ' in
the absence of CO, fertilization to 0.39 PgCyr ' in the
presence of CO, fertilization, and from 0.25 to
0.47PgCyr " in the 1990s. Similarly, the rate of carbon
storage also increases from 0.10 to 0.25PgCyr " in the
1980s, and from 0.11 to 0.33 PgCyr*1 in the 1990s
(Fig. 11). The effects of CO, fertilization on carbon
uptake then continues to increase throughout the 21st
century, driven by the predicted rise of atmospheric CO,
concentrations, with uptake rates of 0.76 PgCyr ™" in the
2050s and 0.83PgCyr ' by 2100 (Fig. 11).

Regional model-data comparison

The aboveground fraction of regional carbon uptake
and storage predicted by the model simulations can be
compared with measured rates of aboveground carbon

uptake and storage from the USFSFIA program
(Fig. 12). For the 1985-1996 period, which covers most
of the state-wide census periods, the FIA observations
indicate an average aboveground carbon uptake rate
(biomass growth minus natural mortality) of
0.22 Pgyr~". Of this total, 0.09 PgCyr " is stored in above-
ground biomass (dashed lines in Fig. 12), and the
remaining 0.13PgCyr ' is lost as a result of forest
harvesting. Comparison of the model results from the
forest harvesting and land-use scenario (Fig. 12) pre-
dicts a total rate of aboveground uptake of
0.19PgCyr ' for the 1985-1996 period, 0.03 PgCyr '
lower than the FIA estimate. As the figure shows, the
difference is due to a lower rate of carbon storage,
0.06 PgCyr ', as compared with the inventory estimate
of 0.09 PgCyrfl. When CO; forcing is included in the
model simulations, the predictions for carbon uptake
increase to 0.28 PgCyr~' exceeding the observed up-
take by 0.06 PgCyr'. As the figure shows, this value
arises as a result of increased biomass storage,
0.15PgCyr ' as compared with the inventory estimate
of 0.09PgCyr ' (Fig. 12).

Site level model-data comparison

Figure 13 shows the predicted total NEP for the Harvard
Forest grid-cell compared with the observed rate of net
ecosystem exchange (NEE) measured at the Harvard
Forest Eddy-covariance tower (Barford et al., 2001). Con-
sistent with the earlier regional aboveground biomass
growth comparison shown in Fig. 12, in the absence of
CO, fertilization, the model underpredicts NEP
by ~10% during these years (an average of 1.85 vs.
2.05tChayr '), but the variability of predicted NEP is
similar to that seen in NEE observations (solid line in
Fig. 13a). During 1993 and 1994, the predicted NEP is
substantially lower than the measured NEE; however,
this corresponds to a large discrepancy between the
NCEP precipitation data used in the model simulations,
and the precipitation measured at the Harvard Forest
weather station (see Fig. 13b). The addition of CO,
fertilization into the model simulations results in a 28%
over-prediction of NEP (an average of 2.64 vs.
2.05tChayr " for the 1995-2000 period (dashed line in
Fig. 13a).

Interannual climate variability

The incorporation of variable climate for the 1948-2003
period causes marked interannual variability in the net
carbon fluxes from the region (Fig. 14a). Over the whole
1948-2003 period, the region is in positive carbon
balance; however, the annual carbon fluxes fluctuate
betweena +0.5PgCyr 'sink toa —0.6 PgCyr ' source
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(Fig. 14a). Carbon uptake rates are generally below
average uptake during 1948-1980, generally above aver-
age in 1981-1998, and below average in 1999-2003
(Fig. 14a). Comparing the patterns of variability in NEP
(Fig. 14a) with the patterns of temperature and precipita-
tion variability (Fig. 4), reveals that the periods of carbon
loss during the 1960s was caused by anomalously dry
conditions, while the losses that occurred in the late
1990s were due to a combination of reduced precipitation
and anomalously warm temperatures.

As Fig. 14b indicates, the influence of climate varia-
bility on the observed pattern of carbon fluxes is pri-
marily the result of interannual variation in respiration
rates, with warm and dry conditions causing significant
increases in heterotrophic respiration rates. As most of
the interannual variability in uptake arises from varia-
tion in heterotrophic respiration, climate variability has
minimal impact on the decadal-scale patterns of above-
ground carbon uptake and storage shown in Fig. 12. In
the presence of inter-annual variability, the predicted
rates of aboveground carbon uptake and carbon storage
fluxes for the 1985-1996 period arising from forest
harvesting and land-use scenario in climate are 0.19

© 2006 The Authors

and 0.06 PgCyrfl, respectively, values similar to those
obtained under average climate.

Discussion

Our analysis incorporated the two dominant mechan-
isms hypothesized to be responsible for the current
carbon sink in the Eastern United States: CO, fertiliza-
tion and forest regrowth following agricultural
abandonment and forest harvesting. In the absence of
CO, enhancement, the simulations indicate carbon up-
take of 0.21-0.25Pg C yrf1 during the period 1980-2000.
These rates are predicted to be maintained throughout
the 21st century, but become increasingly dominated by
forest regrowth: the predicted rate of actual carbon
storage steadily declines from 0.11PgCyr ' during
the 1990s to under 0.01 PgC yrf1 by 2100. Incorporation
of CO, fertilization yields substantially increased
rates of carbon uptake, contributing an additional
0.17-022PgCyr ' during the period 1980-2000,
and causing uptake to continue to rise during the 21st
century, reaching 0.7PgCyr ' by 2100. By this time,
the effects of land-use recovery have ended, and
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CO, fertilization is responsible for the majority
of carbon uptake, and virtually all carbon storage
(Fig. 11D).

Comparison of the predicted aboveground carbon
uptake rates to regional forest inventory data (Fig. 12)
indicates that in the absence of CO, fertilization, the
model simulations predict aboveground uptake rates
14% lower that the inventory measurements, but when
CO, fertilization is added, the predicted uptake is 27%
higher than is observed. A similar pattern is obtained in
comparisons between the model’s predictions of total
NEP to observations at the Harvard Forest flux tower
site (Fig. 13), with a 10% underestimation of the ob-
served fluxes in the absence of CO, fertilization and
28% overprediction of NEP when CO, fertilization
effects are included. The results of our regional and
site-level comparisons thus suggest that while some
degree of CO, fertilization may be occurring, terrestrial
ecosystem models, including the ED model used in this
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Fig. 12 Comparison of model results with forest inventory
analysis-based estimates of carbon uptake and carbon storage
in aboveground forest biomass (ANEP) in the average climate
case. In the absence of CO, fertilization, the model under
predicts the observed rates of carbon uptake and storage by
0.03PgCyr‘l, while in the presence of CO, fertilization, the
model over-predicts the rates of uptake and storage by
0.06 PgCyr~". Similar results are obtained with variable climate
forcing.

study, require modification to take account of acclima-
tory responses to rising CO, levels.

Simulations of the model’s predicted responses to
CO, fertilization at three free-air CO, enrichment
(FACE) sites located within the simulation domain
further support this conclusion. Figure 15 shows the
magnitude of the growth enhancement (relative in-
crease in aboveground biomass accumulation in ele-
vated CO, vs. ambient conditions) that occurs in ED
model simulations of the Oak Ridge, Duke Forest, and
Aspen FACE experiments. The initial magnitude of the
growth enhancement predicted by the ED model simu-
lations is either similar to (Aspen-FACE and Duke
Forest), or below (Oak Ridge) the observed level of
growth enhancement under elevated CO, conditions.
However, in contrast to the observations, where the
level of growth enhancement declines over time, the
growth enhancement predicted by the ED model is
either maintained (Aspen-FACE and Oak Ridge), or
declines more slowly (Duke Forest) than is observed,
implying that the model over-estimates the long-term
rate of biomass accumulation arising from elevated
levels of CO, (Fig. 15).

The increased growth in response to rising atmo-
spheric CO, levels predicted by the ED model arises
from the leaf physiology submodel developed by
Farquhar, Collatz, Ball, Berry and others (see Appendix
B sections for more details). Physiological studies at
forest FACE sites indicate that leaf-level enhancement

© 2006 The Authors
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of photosynthesis does indeed occur (Blaschke et al.,
2001; Herrick & Thomas, 2001; Sholtis et al., 2004;
Korner et al., 2005); however, it is accompanied by shifts
in allocation away from structural pools toward short-
lived, nonstructural carbon pools that do not signifi-
cantly enhance the total aboveground biomass (Oren
et al., 2001; Norby et al., 2002; Ellsworth et al., 2004;
Nowak et al., 2004; Korner et al., 2005; Finzi et al., 2006;
though see Hamilton et al,, 2002). In contrast, the
patterns of allocation in the ED model are fixed, and
thus the increased CO, uptake predicted by the
Farquhar photosynthesis scheme directly translates into
increased aboveground biomass accumulation. Addi-
tional studies at FACE sites indicate that the inferred
shifts in patterns of plant carbon allocation occurring in
response to elevated CO, are linked to nutrient limita-
tion (Oren et al., 2001; Norby et al., 2002; Ellsworth et al.,
2004; Nowak et al., 2004; Finzi et al., 2006). As the results
of this analysis indicate, there is an urgent need to
develop more realistic biogeochemical formulations of
plant growth, in which patterns of carbon allocation are
linked to nutrient availability.

In assessing the robustness of these results, it is
important to consider the extent to which the findings
may be affected by inaccuracies in the disturbance
history forcing applied in the model simulations. For
example, overestimation of the extent of land clearance
during the 1800s could conceivably result in an over-
estimate of the amount of regional uptake attributable to
disturbance history. Conversely, if, in addition to the
effects of land-use change and forest harvesting, the fire
disturbance rates of forested lands in the East were also
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higher in the past, then the amount of regional carbon
uptake attributable to disturbance history may have been
under-estimated. However, compared with other areas
of the globe, the history of United States land-cover
change and forest harvesting is well known (Hurtt
et al., 2006) and fire suppression is thought to primarily
contribute to carbon uptake in western forests (Pyne,
1982; Williams, 1989; Hurtt et al., 2002; Houghton, 2003).
Moreover, the above issues are unlikely to have affected
the consistent results obtained from the comparison of
NEP at Harvard Forest as the disturbance history of
central Massachusetts is well documented and changes
in fire suppression over the simulation period are un-
likely to be an important factor in this region.

The magnitude of current carbon uptake attributable to
land-use change and forest harvesting obtained from our
model simulations is generally consistent with earlier
estimates of the effects of disturbance history. Our esti-
mate of the effects of land-use change and forest harvest-

ing lies within Pacala ef al’s (2001) range of estimates
for the forest carbon pools and wood products sink of
0.17-0.37 PgCyrfl. Houghton & Hackler (2000) and
Hurtt et al. (2002) reported figures for the entire United
States; however, most of the recovery from past land-use
change in the United States occurred in the Eastern
United States, the area considered in this study. We
estimate a larger terrestrial carbon source during the late
1800s than Houghton & Hackler (2000) and Hurtt et al.
(2002), who estimated peak losses of ~0.4PgC yr_1 for
the entire coterminous United States, compared with our
estimate of ~0.67 PgCyr ™. For the post 1920 period, our
simulations yield a larger land-use and forest harvesting
sink than Houghton & Hackler (2000), 0.11 PgCyr*1
compared with ~0.05PgC yrfl. This difference is likely
due to the differences in the effects of agriculture on soil
carbon stocks. In Houghton & Hackler (2000), soil carbon
losses upon conversion to agriculture are prescribed as
25% of the preexisting soil carbon, while in our simula-
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tions the amount of soil carbon lost is determined by a
process-based decomposition model that predicts sub-
stantially larger losses of soil carbon following agricultur-
al conversion and thus a larger soil carbon sink during
the recovery from past land-use. Excluding the effects of
fire suppression that occur primarily in western regions,
Hurtt et al. (2002) obtained carbon uptake rates arising
from agricultural abandonment and forest harvesting
sink ~0.22PgCyr ' for the 1980s, a value similar to
the 0.21 Pgyr ™' obtained in this analysis.

In evaluating the contributions of the different pro-
cesses to terrestrial carbon uptake, we considered two
distinct carbon fluxes: net carbon uptake (sometimes
referred to as ‘apparent uptake’) and actual carbon
storage. The actual amount of carbon accumulation
occurring at a given time will fall somewhere between
these two measures. The extent to which forest products
contribute to storage is complex, depending on harvest-
ing technique and efficiency, the type of wood products
produced, and their lifetimes. The time-scale at which
wood products re-enter the atmosphere is highly vari-
able, with estimates of product half-life ranging from 1
year for paper to 100 years for construction wood (Skog
& Nicholson, 2000). In addition, global trade in forest
products and their derivates influences the regional
accounting of carbon storage in forest products (Na-
buurs & Sikkema, 2001).

Another significant finding of this study is the sig-
nificant impact of interannual climate variability on
regional carbon uptake rates (Fig. 13). Specifically, the
relatively dry period in the 1960s and the exceptionally
warm years in the late 1990s are correlated with
significant reductions in carbon uptake and storage
(Fig. 4), with this interannual variability being driven
primarily by changes in heterotrophic respiration. The
area considered in this study is smaller than the typical
subregions considered in atmospheric inversions; how-
ever, the existence of significant long-term carbon up-
take in the Eastern United States is consistent with the
findings of recent inversion studies (Rodenbeck et al.,
2003; Peylin et al., 2005; Baker et al., 2006).

With regard to patterns of interannual variability, the
model’s prediction of sustained uptake during the early
1990s was caused in part by the effects of above-average
precipitation on plant growth, but primarily thorough a
reduction in the rate of soil carbon decomposition due
to below-average temperatures (Rodenbeck et al., 2003;
Baker et al., 2006; Peylin et al., 2005). These results thus
reaffirm the importance of incorporating interannual
climate-variability into simulations of the terrestrial
carbon cycle, and the need for long-term observations
of ecosystem fluxes in order to reliably estimate the
magnitude of average long-term uptake (Goulden ef al.,
1996; Potter et al., 1999; Goetz, 2000; Barford et al., 2001).

© 2006 The Authors
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Appendix A: dynamics of belowground
decomposition

The decomposition submodel used in the model simu-
lations was the same as Moorcroft et al. (2001), consist-
ing of five pools: a fast carbon pool (C;), a slow carbon
pool (Cy), associated fast (N;) and slow (Ny) nitrogen
pools, and a pool of mineralized nitrogen (N) available
for plant uptake. Carbon and nitrogen flow into the
belowground pools from the aboveground pools as the

consequence of two processes: tlssue decay and mor-
tality of plants. Ca dead(z a,t) and CS dead(z,a,t) are the
fluxes of carbon into the fast and slow carbon pools due
to the death of individuals of type i, size z in places
w1th1n the grid cell disturbed a years ago, and N o dead
and N) sdead are the corresponding nitrogen inputs into
the fast and slow nitrogen pools. These fluxes are given

by:

(A1)

N ead =1(2, 1, Cs(2, a, 1)/(C:N),.

where u(z, 1, t) is the mortality rate of individuals of type
i, size z experiencing resource conditions r; C, and C;
are, respectively, the living and structural biomass
density of individuals of type i size z in places dis-
turbed a years ago; and (C:N), and (C:N), are the
carbon to nitrogen ratio in living and structural biomass
tissues.

The decomposition rates of the fast and the slow
pools, respectively Ci gecomp(@, t) and Cs, dgecomp(@, b),
have intrinsically different decay times, and are mod-
ified by a common function A(a,t) taken directly from
the CENTURY model that varies between 0 and 1 depend-
ing on soil temperature, moisture and texture, and
potential evapotranspiration (see Parton et al., 1987):

C1.decomp(a, t) =11.0A(a, t) Cy(a, t),

X (A2)
Ca.decomp (4, t) =0.22A(a, t) Ca(a, t) ¢y,

Soil temperature values are specified from the NCEP/
NCAR Reanalysis 1 forcing dataset while soil moisture
availability is modeled using a simple single layer soil
hydrology model (see Moorcroft et al., 2001 Appendices
G and H for further details).

The nitrogen mineralization rates Nj,min(a,t) and
N3 min(a, t) are directly proportional to the carbon de-
composition rates:

Nt min(a, 1) =110A(a, )Ny (a, 1),
Nz,min(ﬂ, i’) :0.22A(¢1, t)Nz(LL t)C?m

The term c},, in Eqns (A2) and (A3) is a (0-1) function of
the immobilization demand for nitrogen relative to the

(A3)

supply (D:S);,,, so that decomposition and nitrogen
mineralization of high C:N structural material are
halted if mineralized nitrogen availability is low:
. 1
Cimzl—i—(D 2 S)im

where D = 0.22 A(a, t) C, x 0.65 is calculated as the ni-
trogen necessary for a reduction in the C: N ratio of the
structural material from 150 to 10, assuming a respira-
tion of 30% (Parton et al., 1987). The supply of nitrogen
S =vN is assumed to be proportional to the mineralized
nitrogen pool N, with v =40 set to a high value relative
to that of plants, under the assumption that microbes
have greater access to available nitrogen than plants.

The system of belowground equations for carbon and
nitrogen is:

(A4)

dC1 a t / Chtter Z 1‘ a t)d
Jzg
+ Z/ Ca,dead(L T, a, t) dz — Cl,decomp(“: t)7
dCy(a, t)
% Z/ C:dead(z T, a, t) dZ_CZdecomp(a t)

(A5)

le([Z, t) o0
3. i s Ly 7t
T Z,:/zo Niitter (2, 1, a, t) dz
+ Z/ Na,dead(zv r, a, t) dz — Nl,min(au t)7
i 20

dNj(a, t -
% - 21: Zo Ns:dead (Z7 r’ ﬂ, t) dZ - N24min(a7 t)’

dN(a, f)

dt :Nl,min(a7 t) + NZ,min(a7 t)

_ Z/ ci(z, a, t)Nyp(z, 1, a, t) dz.
i Ja

where variables Cjjier and Nijyer are the carbon and
nitrogen lost by individuals due to tissue decay and leaf
drop (see Moorcroft et al., 2001), N is the nitrogen
uptake from the plant community, and the other vari-
ables and functions have been described earlier.

(A6)

Appendix B: parameterization of PFTs

Leaf physiology

The physiology submodel of ED model uses the
schemes developed by Farquhar & Sharkey (1982);
Ball et al. (1986); Collatz et al. (1991, 1992) and Leuning
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(1995) for predicting carbon fixation and evapotran-
spiration per unit leaf area from standard climatological
inputs (see Moorcroft et al., 2001, Appendix A). The
seven PFTs in this study were assigned different values
of Vm, that reflecting differences in their maximum rate
of photosynthesis per unit leaf area and light compensa-
tion point (Wullschleger, 1993; Reich et al., 1998b; Ca-
tovsky & Bazzaz, 2000; Catovsky et al., 2002) and shade
tolerance (Burns & Honkala, 1990a,b). Early succes-
sional hardwoods have a Vmg of 18.25pumolm 2s~},
early successional conifers and mid-successional hard-
woods had a Vm, of 15.626 ;,Lmolnf2 s7! while late
successional conifers and late successional hardwoods
have a Vmy of 6.25umolm 2?s~! (Table 1). A second
important leaf physiology characteristic represented in
ED is differences in specific leaf area (SLA), which
controls the leaf area return of the plant’s investment
in leaf biomass, and consequently the rate of GPP per
unit leaf biomass. For a given Vmy, high SLA PFTs have
a higher rate of GPP per unit leaf biomass than low SLA
PFTs. SLA values were assigned based on species-spe-
cific values from Reich et al. (1998a), Villar & Merino
(2001), Bauer et al. (2001) and from values measured at
Harvard Forest (J. Hadley, personal communication)
(see Table 1). Leaf foliar nitrogen content for each PFT
is then determined from the PFT’s Vi, and SLA values
using the linear relationship between night-time respira-
tion and Vm,, and the observed relationship between
per unit area foliar nitrogen content and night-time
respiration (Reich et al., 1998a, b).

Leaf longevity

In a manner identical to the drought-deciduous
phenology scheme described in Moorcroft et al. (2001),
cold-deciduous PFTs lose 50% of their leaf bio-
mass when leaf drop occurs (see ‘Phenology’). Leaf
longevities of the coniferous PFIs were specified
as 3 years, a value consistent with the empirical
SLA-leaf longevity relationship measured by Reich
et al. (1997).

Allometry and allocation

The height-diameter relationships for the PFTs were
specified from Pacala et al. (1996)

H = 1.3 4 by, (1—ePBH), (B1)

where H is the tree’s height in meters, DBH its diameter
at breast height in centimeters. Estimates for by, and by,
for each PFT were obtained by fitting Eqn (B1) to
published height-DBH relationships of canonical
species (Peng, 1999; Donnelly et al., 2001). Equations

© 2006 The Authors

similar to those used in Moorcroft et al. (2001), were
used to describe the relationships between DBH and
structural biomass (Bs), and DBH between and foliar
biomass (B)):

B, = a;,DBH", (B2)
g _ [@mDBH"  if (DBH < DBHpax) (B3)
'~ \@DBH!, if (DBH > DBHjpay).

The values of a, b}, a5 and b in Eqns (B2) and (B3) were
calculated for each PFT from representative species-
specific allometric equations (Ter-Mikaelian & Korzu-
khin (1997) — see Table 2.

As in the original ED formulation, the above empiri-
cal allometric curves are used in conjunction with the
prescribed rates of tissue turnover for each PFT to
determine the size-specific pattern of carbon and
nitrogen allocation between the different biomass
compartments (see Moorcroft et al., 2001, Appendices
D and E).

Phenology

The drought-deciduous phenology scheme used in
the ED implementation for South America (Moorcroft
et al., 2001) was replaced by Botta et al.’s (2000) cold-
deciduous phenology scheme, in which leaf onset
occurs when the thermal sum of growing degree-days
exceeds a threshold determined by an exponential
function of the number of chill days. Leaf offset is
determined by photoperiod and soil temperature:
leaves drop when the day length is less than 655min
and monthly average air temperature is less than
11.15°C, or when monthly average air temperature is
less than 2.0°C independently of photoperiod (White
et al., 1997). In the original model fitting of White et al.
(1997), the temperature trigger was an 11-day running
average of the daily mean temperature. Average tem-
peratures, day lengths, and thermal sums are computed
for each month.

Mortality

Density independent mortality rates for each PFT
were obtained from the USFIA data for trees above
10cm in diameter. Differences in the tolerance of the
PFTs minimum winter air temperatures were captured
by introducing an additional density-independent
mortality term . that increased when the annual
minimum air temperature within a grid cell, Tpn,
specified from the VEMAP2 climatological dataset
(Kittel et al., 1997), fell below PFI-specific temperature
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parameter fni, specified from the measurements of
Saki (1973)

0 if Tonin > (Fmin +5),
He = (1_@) if (tmin + 5) > Tmin» 2 tmin (B4)
1.0 if Tmin < tmin-
Recruitment

As in the original ED formulation, recruitment is gov-
erned by the allocation of fixed carbon to reproduction.
Reflecting the delayed sexual maturity found in forest
trees (Nobel & Slayter, 1980), allocation to reproduction
only occurred in trees larger than 5m in height. Seed
dispersal was partitioned between local (within gap)
and global (all areas within the same grid-cell). The
fractions of local and global seed dispersal for each PFT
(see Table 1) were determined from the dispersal kernel
estimates for relevant canonical species (Pacala et al.,
1996).

Appendix C: land-use and forest harvesting
scenarios

The rates of change in the fraction of agricultural land in
each 1°x1° grid-cell were computed from Waisenen
and Bliss (2002) county level dataset of the fraction of
land in agricultural use between 1760 and 1990. The
data was converted to a 1° x 1° grid by computing area-
weighted averages of the values for each of the counties,
and portions of counties contained within each grid cell.
The rate of change in agricultural fraction was calcu-
lated as the difference in agricultural fraction between
successive time intervals, and thus only clearing or
abandonment happens in a given grid cell within a
given time interval. After 1990, the agricultural fraction
within a grid cell was assumed to be fixed; however, the
relative proportion of primary and secondary vegeta-
tion continues to change as secondary vegetation tran-
sitions to the primary vegetation land-use class through
natural disturbance, and primary vegetation transitions
to secondary vegetation through forest harvesting.

Forest harvesting

The forest harvesting scenario used historical statistics
of the domestic wood production, accounting for both
nonindustrial and industrial wood products using pro-
cedures similar to those used by Houghton & Hackler
(2000) and Hurtt et al. (2002). Fuelwood production in
the period 1630-1920 was specified from Reynolds &
Pierson (1942), while lumber production between 1799
and 1955 was specified from the data of Hair (1958) and
the US Bureau of the Census (1997). For the period
1962-2002 we used national data from FAO (2004) and
using USDA Forest Service data (Haynes 2003) to dis-
aggregate the national total between regions in each
decade. Because of the different data sources, different
supply regions were used for the periods 1700-1960 and
1961-2100. Projections beyond 2002 were based on
Haynes (2003). These datasets were combined to pro-
duce a time series of timber production subdivided into
supply areas and forest product types.

The corresponding removals of aboveground bio-
mass were estimated by converting forest products into
round-wood equivalents, and converting wood vo-
lumes to biomass using an average density of 0.45 for
conifers and 0.65 for hardwoods (Houghton & Hackler,
2000), and assuming an average harvesting efficiency of
0.7 for lumber and 0.9 for pulp and firewood.

The regional biomass harvesting rates were then
disaggregated into time-dependent biomass harvesting
rates for each grid-cell level based on the relative
amount of forest biomass in the different grid-cells
within each supply region. Harvesting targets were
met by preferential harvesting of mature primary vege-
tation (primary vegetation with gap age >50 years),
followed by mature secondary vegetation (area over 50
years of age originating from agricultural abandonment
and plantations over 25 years of age), and finally
immature secondary and primary vegetation. The oc-
currence of plantations was defined by FIA observa-
tions of where plantations currently occur (primarily
southern regions). In these grid-cells, areas abandoned
or harvested after 1960 were planted with southern
pines.
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