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ABSTRACT

Annual spatial distributions of carbon sources and sinks in Canada’s forests at 1 km resolution are
computed for the period from 1901 to 1998 using ecosystem models that integrate remote sensing
images, gridded climate, soils and forest inventory data. GIS-based fire scar maps for most regions of
Canada are used to develop a remote sensing algorithm for mapping and dating forest burned areas in
the 25 yr prior to 1998. These mapped and dated burned areas are used in combination with inventory
data to produce a complete image of forest stand age in 1998. Empirical NPP age relationships were
used to simulate the annual variations of forest growth and carbon balance in 1 km pixels, each treated
as a homogeneous forest stand. Annual CO, flux data from four sites were used for model validation.
Averaged over the period 1990-1998, the carbon source and sink map for Canada’s forests show
the following features: (i) large spatial variations corresponding to the patchiness of recent fire scars
and productive forests and (ii) a general south-to-north gradient of decreasing carbon sink strength
and increasing source strength. This gradient results mostly from differential effects of temperature
increase on growing season length, nutrient mineralization and heterotrophic respiration at different
latitudes as well as from uneven nitrogen deposition. The results from the present study are compared
with those of two previous studies. The comparison suggests that the overall positive effects of non-
disturbance factors (climate, CO, and nitrogen) outweighed the effects of increased disturbances in the
last two decades, making Canada’s forests a carbon sink in the 1980s and 1990s. Comparisons of the
modeled results with tower-based eddy covariance measurements of net ecosystem exchange at four

forest stands indicate that the sink values from the present study may be underestimated.

1. Introduction

There has been increasing confidence among scien-
tists that the land surface is acting as a carbon sink from
the improved estimation of the global carbon budget
(Houghton, 1999) and from the partition between the
ocean and land in the carbon cycle using inverse meth-
ods (Battle et al., 2000; Schimel et al., 2001; Gurney
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et al., 2002). However, the spatial distribution of car-
bon sources and sinks between and within continents is
not yet clear, with different studies indicating different
results (Fan et al., 1998; Bousquet et al., 2000; Gurney
et al., 2002). Knowledge of the distribution of carbon
sources and sinks and their changes over time is criti-
cal for understanding the mechanisms controlling the
global terrestrial carbon cycle and the sustainability of
current carbon sinks. Different ecosystems have differ-
ent carbon residence times, with northern ecosystems
having much longer carbon residence times than those
of tropical and temperature ecosystems (Thompson
et al., 1996). The relative magnitudes of the carbon
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sinks and sources in various ecosystems, therefore,
bear significance in estimating the global sink sustain-
ability and in projecting the global atmospheric CO,
concentration and climate in the near future. More ac-
curate partitioning of sources and sinks among conti-
nents and latitudinal bands may be possible in the near
future with improved atmospheric inverse modeling
and a denser network of atmospheric CO, concentra-
tion sampling stations. For the present, however, the
use of satellite remote sensing and ecosystem mod-
els can be the most effective way to quantify detailed
spatial distribution patterns. The first purpose of this
paper is to demonstrate, through an example of high-
resolution Canada-wide spatial modeling, the useful-
ness of satellite remote sensing data for mapping the
distributions of carbon sources and sinks.

Spatially explicit calculations of the carbon cycle
would also be a necessary step in increasing the confi-
dence in regional or global carbon balance estimation.
Regarding the carbon balance of Canada’s forests,
there have been two sets of published results. One ob-
tained from forest inventory (Kurz and Apps, 1999)
showed that Canada’s forests were a carbon source
in the last two decades due to increases in the areas
disturbed by forest fires and stand-destroying insect
attacks. More recently, results obtained from pro-
cess modeling considered both disturbance and non-
disturbance effects (Chen et al., 2000b) and suggested
that Canada’s forests were a small carbon sink for
the period 1980-2000 because the non-disturbance ef-
fects, including climate change, nitrogen (N) deposi-
tion and CO, fertilization, outweighed the effects of
increased disturbance. In Chen et al. (2000b), satel-
lite remote sensing was used to obtain the fractions
of forest cover types and the mean density for each
type, but the carbon cycle estimation was based on
forest conditions, climatology and N deposition data
averaged across the entire forested area of Canada.
The second purpose of the present study is to improve
these previous estimates through spatially explicit cal-
culations with the integration of both disturbance and
non-disturbance effects.

2. Theories and modeling methodology

2.1. Carbon budget

Net primary productivity (NPP) is a measure of car-
bon absorption by vegetation per unit time and space,
usually expressed in units of g C m? yr~! or t C ha™"
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yr~!. In process-based estimation, NPP is taken as
the difference between the gross primary productiv-
ity (GPP), i.e., the gross canopy level photosynthesis,
and autotrophic respiration (R,), i.e.,

NPP = GPP — R,. (1

Net ecosystem productivity (NEP) determines the
net exchange of carbon between the land surface (veg-
etated or non-vegetated) and the atmosphere, without
considering the direct carbon release due to distur-
bance. It is calculated as the difference between NPP
and heterotrophic respiration (Ry), i.e.,

NEP = NPP — R;,. 2

Ry, results from the decomposition of dead organic ma-
terial in soils, the litter layer above mineral soils and
wetland areas. By this definition, when NEP > 0, the
land surface is a sink, i.e., it absorbs more carbon than
is released. In micrometeorological measurements of
carbon fluxes, the term net ecosystem exchange (NEE)
is often used (Black et al., 1996). NEE and NEP have
the same absolute values but opposite signs, if lat-
eral carbon exchange, e.g., dissolved organic mater in
runoff water, is ignored. These definitions of NEE and
NEP typically require both an extensive area (such as
the footprint of an eddy covariance system) and a sig-
nificant time period (normally a year or several years).

Net biome productivity (NBP) is used to account
for carbon losses due to disturbance at the biome level
(Walker and Steffen, 1997). In the study reported here,
NBP is estimated for 1 km pixels as:

NBP = NEP — D 3)

where D is direct carbon release at the time of distur-
bance. It usually has three components:

D = Dy + Dipsect + Dlog 4)

where Diire, Dingect and Dy, are the amounts of carbon
release due to forest fire, insect-induced forest mortal-
ity and timber removal, respectively. In our previous
work (Chen et al., 2000b), all three components were
estimated as the annual national mean values. As spa-
tially explicit data for these three disturbance types are
not yet available, we have treated all disturbances as
fire, and estimate the C emissions as:

Dyre = By +0.25B,, + Lot (5)

where By and B, are biomass densities of foliage
and woody components, respectively, and L g is the
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detritus from foliage. It states that a fire disturbance
would release to the atmosphere 100% of the carbon
contained in foliage, 25% of that in above-ground
woody material and all fine fuel (foliage detritus).
Equation (5) is a simplified form of the model by Kasis-
chkeetal. (2000). The coefficient of 0.25 for the woody
material is used to account for the loss of secondary
and primary branches during normal burning and a
fraction of boles lost during severe burning (Kasischke
et al., 2000). This coefficient of 0.25 for the consump-
tion of woody material is found through adjustment so
that the total emission agrees with estimates of Amiro
et al. (1999) and Stocks (1991). All components of
biomass and detritus vary spatially and are simulated
by an ecosystem model named Integrated Terrestrial
Ecosystem Carbon model (InTEC), which integrates
the effects of disturbance and non-disturbance factors
on ecosystem carbon balance (Chen et al., 2000a). The
modeled Dy, values range from O to over 2000 g C
m~2 with a mean value of about 1210 g C m~2, which
is slightly smaller than value of ~1300 g C m~2 re-
ported as the average for all forest fires in Canada in
the period 1959-1999 (Amiro et al., 2001), but slightly
higher than the estimate of ~1200 g C m~2 for circum-
polar forests by Stocks (1991). The effect of severity
of burns on carbon release (Kasischke et al., 2000)
has not been considered in this study due to lack of
data. After a stand is burned all remaining biomass
is assumed to be killed and transferred to the detritus
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pools. This includes fine and coarse roots and remain-
ing stems. The decomposition of these increased dead
organic matter pools is considered in the subsequent
years.

2.2. Model description

The overall methodology of satellite-based carbon
balance mapping is summarized in Fig. 1. Satellite re-
mote sensing provides three key inputs: (i) land cover
types (Cihlar et al., 1998), (ii) biophysical parameters,
such as leaf area index (LAI) (Chen et al., 2002a),
and (iii) approximate dates of forest burns (Amiro and
Chen, 2003). The information on land cover and LAI,
in combination with soil texture and meteorological
data, allows us to estimate the spatial distribution of
NPP (Liu et al., 1999 and 2002). Date of the last dis-
turbance is also critical for pixel-based simulations
of forest carbon dynamics because forest NPP typi-
cally varies with stand age. The potential for deriving
such information from remote sensing is explored by
Anmiro et al. (2002) and the remote sensing algorithm
derived by them is used in this study. An annual NPP
value in each pixel estimated for 1994 in daily steps
(Liu et al., 2002, see below) was used to compute NPP
for the same pixel retrospectively or progressively in
yearly steps for the period 1901-1998 using climate
and forest stand age information. The accuracy of cal-
culated NPP time series depends on the NPP and age in
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Fig. 1. Major steps in estimating the full carbon cycle in terrestrial ecosystems. Remote sensing provides spectral reflectance
data used to obtain the basic state variables (leaf area index, land cover, burn area and date), while the dynamic short-term
and long-term processes of the carbon cycle within plants and soils are modeled using the additional inputs of climate, forest
stand age from inventory and disturbance data. The end product is an estimate of net biome productivity.
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Table 1. Input datasets, sources, error estimates and impacts of the errors on NEP and NBP in the 1990-1998
period
Dataset Sources Error estimate Impact on NBP Impact on NEP
LAI Chen et al., 2002 25% 0.04% 0.03%
Land cover Cihlar et al., 1998 20% 2% 0.5%
NPP in 1994 Liu et al., 2002 25% 42-52% 23-28%
ET in 1996 Liu et al., 1999 25% 2.8% 2.6%
Climate New et al., 1999, 2000 unknown
Fire polygon Amiro et al., 2001 <3% <3% <1%
Fire scar map from Amiro et al., 2002 +7 yr 16-28% 7-12%

remote sensing
AWC Shields et al., 1991; unknown

Schut et al. 1994

Nitrogen deposition Roet al., 1995a 10% 6-7% 1-2%
Biomass (inventory) Penner et al., 1997 25% 2-5% 6-7%
Forest age Penner et al., 1997 +5yr 12-22% 5-9%
1994, NPP-age relationship, and physiological func- Non-distarbance Distarbance
tions that described the response of NPP with climate. | = Factors Fore o ctorS
The most important errors are caused by NPP and age Drecpliaion o Insect-induced mortality
in 1994. The impact of the errors is analyzed in Sec- Nitrogen deposition
tion 3 (Table 1). Forest stand age for each 1 km pixel
was obtained by combining remote sensing methods
for the last 25 yr with forest inventory data for stands y
that were not disturbed in the last 25 yr prior to 1998 Historical NA"“.“a'
. C . . NPP Variation > et Biome
image acquisition. Changes in NPP estimated for each Productivity

pixel over this 98-yr period provides the key informa-
tion for tracking soil carbon dynamics in the same pixel
and quantifying heterotrophic respiration. In this way,
the net ecosystem productivity (NEP) can be mapped
based on remote sensing. Age—class statistics obtained
from ground-based forest inventory data were used to
supplement the remote sensing record for the last 25 yr,
allowing NBP to be estimated for each pixel.

An ecosystem model, the Boreal Ecosystem Pro-
ductivity Simulator (BEPS), was developed to sim-
ulate NPP in 1994 in daily time steps (Liu et al.,
1999; 2002). The Integrated Terrestrial Carbon Cy-
cle Model (InTEC) (Chen et al., 2000a) was modified
and adapted for pixel-based long-term simulations of
NPP, NEP and NBP. The major components of In-
TEC model are shown in Fig. 2. InTEC is a combi-
nation of: the CENTURY model of soil carbon and
nutrient dynamics (Parton et al., 1987; Schimel et al.,
1994); Farquhar’s leaf biochemical model (Farquhar
et al., 1980) for simulating canopy-level annual pho-
tosynthesis implemented with a temporal and spatial
scaling scheme; and empirical NPP-age relationships
(Chen et al., 2002b). It incorporates representations
of the known effects on the forest carbon cycle of
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Fig. 2. The major components of the Integrated Terrestrial
Ecosystem Carbon Cycle (INTEC) model applied to each
1 km pixel. The historical variation in NPP is central for
estimating the amounts of dead organic matter in nine pools
(Table 2).

climate change (temperature and precipitation), at-
mospheric change (CO, concentration and nitrogen
deposition) and disturbances (fire, insects and harvest-
ing). The interaction between disturbance and non-
disturbance factors in carbon cycle processes is also
considered in InTEC. Due to the limitations in com-
puting resources, INTEC was applied in annual time
steps for all of Canada’s forests at 1 km resolution
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(approximately 5 million pixels). Coefficients in CEN-
TURY were therefore adjusted to represent annual
time steps (Table 2). CENTURY was also modified
slightly to include more forest detritus pools, i.e., fo-
liage, fine root, coarse root and wood (Chen et al.,
2000a).

InTEC employs a constraining strategy to reduce er-
rors in NEP estimates due to uncertainties in NPP and
R, estimates. The strategy is implemented through the
assumption of dynamic equilibrium between NPP and
Ry, in the pre-industrial period (Chen et al., 2000b).
In such a way, the carbon balance estimated for re-
cent years results from the accumulated effects of all
changes since the pre-industrial period. Errors due to
the equilibrium assumption are therefore additive to
the total error due to other factors. However, after sim-
ulations for 98 yr, which is about twice the mean car-
bon residence time for boreal ecosystems, any error in
the initial years caused by the equilibrium assumption
is much reduced for the current years. As the initial
error due to deviation from equilibrium would dimin-
ish exponentially with time, after two time constants,
it would be reduced by a factor of about e*> = 8, i.e.,
e'/* when t = 27, where ¢ is time since the assumed
equilibrium and 7 is the carbon residence time. Such
an error estimate shows the importance of performing
long-term historical simulations of the forest carbon
cycle. To implement InTEC at the pixel level, this as-
sumption is used in two different ways for forest stands
of different ages. For stands older than 100 yr, the dy-
namic equilibrium is assumed to operate before the
last disturbance but the net carbon exchange deviates
from the neutral condition immediately after the year
of disturbance. For stands younger than 100 yr, the
equilibrium condition is assumed to exist until 1901,
after which the effects of climate change, CO, concen-
tration increase and N deposition on the carbon cycle
are considered. For a given pixel, stand age increases
with time and NPP changes correspondingly with age
using a generalized, temperature-dependent empirical
NPP-age relationship (see section 3.6). It becomes
necessary to find a representative age at which the
equilibrium between NPP and R;, before the last dis-
turbance can be assumed to operate. This is particu-
larly important for forest stands younger than 100 yr,
because no information is generally available for the
stand age at which the last disturbance occurred. For
the time span between 1901 and the year of distur-
bance, therefore, the forest age is assumed to remain
unchanged at an “equilibrium age” at which other ef-
fects of climate and atmospheric changes are consid-
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ered. The equilibrium age is defined as the age at which
NPP reduces to a level equal or close to heterotrophic
respiration. Generally, as a mature forest stand grows
older, NPP decreases while heterotrophic respiration
may increase slightly due to the accumulation of de-
tritus and soil organic matter from earlier production.
As a result of these changes, site-level NEP should
generally approach zero or become negative at some
stage in the development of the stand. Using InNTEC to
simulate these dynamics suggests the zero-NEP stage
generally occurs in the range from 80 to 150 yr de-
pending on the growth conditions. In cold climates,
forests grow slowly and the equilibrium age arrives
late. Hence, under conditions of slow growth in north-
ern areas, NEP remains positive at very old ages, and
the equilibrium age is found from the rate of change
in NEP. Under such conditions, when the change in
total carbon (including vegetation and soil carbon) is
smaller than a preset threshold value of 1% of NPP,
equilibrium is assumed.

In addition to determining the total heterotrophic
respiration under the pre-industrial equilibrium con-
ditions for each pixel, it is also necessary to estimate
the sizes of various soil carbon pools under equilib-
rium, because these pools would change in size during
a forest life cycle or under changing climate and affect
carbon balance in the subsequent non-equilibrium yr.
Although this is of second-order importance in terms
of NBP when pre-industrial equilibrium is assumed,
it is a critical step in validating the components of the
model using available data. The sizes of the various
pools are found by solving a set of differential equa-
tions that consider the interaction among the various
pools under the equilibrium condition. The equations
contain temperature- and moisture-dependent respira-
tion coefficients for the different pools, corresponding
to the general truth that for the same NPP, the sub-
strates in colder regions will contain more carbon than
warmer regions. Mathematically, the respiration coef-
ficient for the ith pool (K;) is calculated as (Parton
etal., 1993):

P+Ww
E

K; = Ki_maxfT(Ts)fP ( ) [le(Lv)fSl(Ts(.)]

(6)
where K; n.x is the maximum respiration rate co-
efficient for the ith pool; T, P, W and E are the
annual mean soil temperature, precipitation, stored
soil water and evapotranspiration, respectively;
L, is the structural lignin content of surface litter
and in soils; and T represents the silt and clay
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fractions of mineral soil. fr, fp, fr; and fg are
functions of the designated variable in parentheses.
The subscript i in the last two functions indicates
that they are pool dependent. L, is estimated from
biomass components using methods and coefficients
suggested by Peng et al. (1998), Gholz et al. (2000)
and Trofymow et al. (1998). T is obtained from
the GIS database of Soil Landscapes of Canada
(Shields et al., 1991; Schut et al., 1994, see also
http://sis.agr.gc.ca/cansis/references/1994ss_a.html).
In our pixel-based modeling, the equations used in
CENTURY (Parton et al., 1993) were adopted to
evaluate the influence of soil moisture, lignin content
and soil texture on organic carbon decomposition
rates of the various pools.

Under the assumption that decomposition reaches a
maximum at 35 °C (Chen et al., 2000a) the temperature
response function is

F(T) = % sswiom ~ o), (7)

This equation is reliable for the mean annual temper-
ature 7'y < 35 °C. All of Canada’s forests satisfy this
condition.

The function f[(P + W)/E] is an adjustment of
heterotrophic respiration for changes in soil water
regime (Parton et al., 1993). This adjustment is impor-
tant for lowland areas, where P is consistently much
larger than E, but produces only a second-order effect
for about 86% of the forested area in which the fraction
of low land area is negligible. A simple approximation
to this adjustment was made using data from an evapo-
transportaion map of Canada in 1994 calculated using
BEPS (Liu et al., 1999) and annual gridded P data.

Methods for estimating the growing season length
using the mean spring temperature, the effects of CO,
and nitrogen fertilization, and nitrogen mineralization
and uptake are all reported in Chen et al. (2000a and
2000b).

3. Data sets used

To consider all the major effects of disturbance and
non-disturbance factors on carbon balance in each
pixel,the following data sets were produced and com-
piled from various sources. All spatial data were made
compatible with remote sensing imagery on a 1 km
resolution grid of 5700 x 4800 pixels. All grids use a
standard Lambert conformal conic (LCC) projection
with 49° and 77° N standard parallels and a 95 °W
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meridian. All input data are processed into this resolu-
tion and projection before or during model execution.

3.1. Leaf area index

Canada-wide LAI maps in 1994 were produced
from 10-d cloud-free composite images of the NOAA-
11 AVHRR sensor during the growing season (defined
as April 11 to October 31, supplemented by 1993 data
to replace missing data after September). The compos-
ites of AVHRR channels 1 (red) and 2 (NIR) were pro-
duced using the maximum NDVI criterion and were
corrected for the atmospheric effects using the Simple
Model for Atmospheric Correction (Rahman and
Dedieu, 1994). After the correction, the radiance data
were converted into reflectance and were normalized
to a common geometry, i.e., nadir view and 45° so-
lar zenith angle (Cihlar et al., 1997), using a modified
Roujean model (Roujean et al., 1992; Chen and Cihlar,
1997). The algorithms for LAl retrieval and the deriva-
tion and validation of AVHRR LAI maps are described
in Chen et al. (2002a). The accuracy of LAI in indi-
vidual AVHRR pixels was found to be about 75% in
general (in cases of insufficient data for atmospheric
correction in far north, the accuracy reduces to 50%),
but the accuracy for the average LAI value would in-
crease with increasing area because most errors are
random due to unknown mixture ratios of cover types
within individual pixels. As the area size increases, the
mixture ratio between deciduous and conifer would be
less variable.

3.2. Land cover

Aland cover map was produced from 20 10-d cloud-
free AVHRR composites acquired during the 1995
growing season using methods described by Cihlar
et al. (1998). There are 31 cover types in the map, of
which 15 are forest cover types. All forest cover types
are included in this study. In the long-term simulation
of NBP, the cover types are assumed to be unchanged,
but disturbances would reset the age to zero while the
cover types remain the same.

3.3. Net primary productivity (NPP)
and evapotranspiration (ET)

Using the LAI and land cover maps of Canada de-
scribed above, daily NPP and ET in 1994 were esti-
mated at 1 km resolution using BEPS (Liu et al., 1999;
2002). Gridded daily meteorological data from the
National Center of Atmospheric Research and
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available soil water holding capacity data from the
Soil Landscapes of Canada database (see section 3.8)
were used in these calculations.

3.4. GIS-based fire scar data

The Canadian Large-Fire Data Base (LFDB) was
compiled from datasets maintained by provincial, ter-
ritorial and federal agencies (Amiro et al., 2001). The
dataset provides polygons mapped in a Geographi-
cal Information System (GIS), which delineates the
outline of the fire and attribute information, such as
fire start date, year of fire, fire number and final area
burned. It includes 8880 polygons of fire scars larger
than 200 ha distributed across much of the boreal and
taiga ecozones, going back as far as 1945 in some areas
(Stocks et al., 2002). The LFDB includes fire records
for the 1959-1995 period. These fire polygons were
co-registered with remote sensing images and used
to estimate the forest stand age in pixels that over-
lap with the polygons. The data-sets were also used
to develop the remote sensing algorithm to detect and
date fire scars that were not included in LFDB (see
section 3.5).

3.5. Satellite-based fire scar area and date

Satellite imagery was used to supplement data from
inventory and LFDB to complete a Canada-wide for-
est stand age map in 1998. Satellite imagery is useful
for purposes of extending the fire record from 1995 to
1998 and discovering fire scars that are not included
in the LFDB. Fire scar maps for the 25 yr prior to
1998 were produced using data from the VEGETA-
TION sensor onboard the SPOT4 satellite. Nine 10-d
cloud-free Canada-wide composites from 1 June to
30 August 1998 were ordered from the VITO center
in Belgium. The maximum NDVI criterion was also
used in producing the composites from daily cloudy
images. The angular normalization scheme developed
for AVHRR (Chen and Cihlar, 1997) was applied to the
VEGETATION data set. Ratios of shortwave infrared
(SWIR) to NIR in these nine images were averaged
for each pixel to produce a single ratio image for the
mid-summer. The averaging process was necessary as
SWIR signals are sensitive to rainfall events. The rela-
tionship found by Amiro and Chen (2003) between the
mean SWIR/NIR ratio in the summer and the number
of yr since the last burn was used to develop an algo-
rithm for mapping the fire scar areas of the individual
yrbetween 1973 to 1998. The r? values of the relation-
ship range from 0.57 to 0.80 for 16 of 18 ecoregions.

J. M. CHEN ET AL.

In the algorithm, the difference between the various
types of disturbance, i.e., fires, insect-induced mortal-
ity and timber harvest, cannot yet be easily differen-
tiated by remote sensing. We have therefore treated
all remotely detected disturbed areas as burned areas.
The difference between burned and insect-killed or
harvested stands in terms of the carbon cycle is the
temporal dynamics of carbon release. Burned stands
release about 30% of C in biomass directly to the atmo-
sphere at the time of burning and the rest of biomass
is assumed to be killed and transferred to dead or-
ganic matter (DOM) pools, while insect-infested and
harvested stands transfer part (or, in the case of unsal-
vaged stands killed by insects) all of biomass material
to DOM pools. Our simple treatment of disturbance
due to the lack of spatially explicit data for the dif-
ferent types of disturbance will therefore affect the
interannual variability of national NBP, but its effect
on the decadal average is estimated to be small (<10%
in NBP) through sensitivity analysis. The dating algo-
rithms have accuracy of +7 yr for scar ages smaller
than 25 yr (Amiro and Chen, 2003), and the total dis-
turbed area in any 5-yr period is within 10% of the
total reported by Kurz and Apps (1995).

3.6. NPP-age relationship

Relationships between NPP and stand age were es-
tablished from analysis of stand yield data for black
spruce in Ontario (Chen et al., 2002b). These rela-
tionships vary with site conditions quantified using a
site index in terms of height above water-logged areas
(Fig. 3). For application of the relationships to large
areas, a general semi-empirical mathematical function

was developed:
d
b(%) -1
c

—me
exp (—)

c
where the parameters A, b, ¢ and d are dependent on
the site index. In large-area applications of the relation-
ship, however, the site index is replaced with a “dom-
inant factor influencing forest growth”, taken as the
mean annual air temperature (7,). The co-registered
maps of NPP and T, in 1994 were used to adjust
these parameters in terms of 7',. The corresponding
average values of NPP and T, of each sub-region
(100 km x 100 km) were first calculated. The aver-
aged NPP was taken as that at the mean age in the
sub-region, which was generally found to be close
to the approximate mean forest age of 80 yr. These

NPP(age) = A | 1 + ©)
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Fig. 3. Simulation of the relationships between NPP and stand age derived from black spruce stand yield data (Chen et al.,
2002b) using a semi-empirical function [eq. (7)]. The curves are separated using a site index which is the height in meters

above waterlogged areas.

corresponding data for 7', and NPP at a known age
then allowed the derivation of the parameters in eq. (7)
as functions of T',. In the Canada-wide application, the
NPP-age curve was normalized against the maximum
NPP in aforest life cycle, so that the maximum is unity,
appearing at different stand ages depending on temper-
ature. After the normalization, all coefficients become
sole functions of the mean annual temperature, and a
normalized curve is determined when the mean annual
temperature is known at each location. The normalized
curve was then used for each pixel with the knowledge
of age and NPP in 1994, to simulate the historical stand
dynamics either under a scenario of no climate and no
atmospheric change (baseline case) or using historical
climate and atmospheric data (see section 4.4). NPP
differs among various forest types in absolute magni-
tude, while the general shapes of its variation with age
are similar. The normalization procedure significantly
reduces errors resulting from using the black spruce
curves for other species or cover types. The use of a
family of curves depending on temperature is a large
improvement over a fixed NPP-age relationship used
in previous work of Chen et al. (2000b).

3.7. Climate

Monthly data of mean air temperature and precip-
itation for Canada in the period 1901-1998 were ob-
tained from the 0.5° global data set interpolated by
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the UK Climate Research Unit from available station
observations using the methods of New et al. (1999;
2000). For annual calculations, the monthly precipita-
tion data were summed, and the monthly temperature
data averaged to obtain spring (March-May), growing
season (June—August) and the annual means. The total
precipitation and average temperature data in 0.5° grid
cells were then applied to the 1 km remote sensing im-
ages using a bilinear interpolation scheme (Liu et al.,
1999).

3.8. Soil texture and carbon

Data on available soil water holding capacity
(AWC), total soil DOM, and silt and clay fraction were
obtained from the Soil Landscapes of Canada (SLC)
database, the best soil database currently available for
the country (Shields et al., 1991; Schut et al., 1994,
Tarnocai, 1996; Lacelle, 1998). AWC is available in
SLC version 1.0 only, with missing values in some ar-
eas of the country. To fill the gaps, the relationship with
soil texture given by De Jong et al. (1984) was used
to estimate AWC from the dominant soil texture in
each polygon in the SLC version 2.0. The texture data
were complete for all areas of Canada. Data for DOM
and silt and clay fraction were obtained directly from
SLC version 2.0. To generate these data layers with the
same projection and resolution as for other data lay-
ers, the original vector data in SLC were mosaicked,
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reprojected and rasterized using the ARC/INFO geo-
graphic information system.

3.9. Nitrogen deposition

Nitrogen deposition data for Canada’s forests dur-
ing 1983-1994 were obtained from measurements
made by the Canadian Air and Precipitation Monitor-
ing Network (CAPMoN) (Ro et al., 1995). By 1990,
CAPMOoN operated 29 sites across the country, many
of which were located in forested areas. Wet de-
position rates of NO, and NH] were measured at
these sites, and dry deposition and droplet deposition
rates (i.e., cloud impact on elevated terrain and fog
in non-mountainous terrain) were estimated following
Shannon and Sisterson (1992). Since 1980, the N de-
position rates have been stable in Canada (Ro et al.,
1995). Therefore, an average rate for each station was
used for the period 1980-1996, while the rates before
1980 are extrapolated by decreasing the rate exponen-
tially toward a background value in 1895 (Dignon and
Hameed, 1989). The station data were interpolated and
extrapolated to all forested areas in Canada using in-
verse distance interpolation (Burrough and McDon-
nell, 1998). As a national average, N deposition was
estimated to have increased from 0.05 to 0.25 g N m~2
yr~! between 1895 and 1996.

3.10. Inventory

Gridded data of estimated biomass contained in
stems, branches and foliage were derived from the
Canadian forest biomass inventory of Penner et al.
(1997), which was originally compiled from Canada’s
Forest Inventory (CanFI) 1991 (1994 version) (Lowe
et al., 1996). Penner et al. applied previously pub-
lished regional equations for relationships between
standing merchantable wood volume and total above-
ground biomass. These data were reported using a GIS
polygon coverage of nominal 10 km square cells. The
gridded data used here were obtained by allocating the
10 km cell data proportionately to the 1 km pixels on
the LCC projection. An inland water mask was over-
laid on this 1 km grid to exclude all pixels known to be
dominantly water covered (about 10% of the Canadian
land surface). The remaining pixels were then aggre-
gated into 10 km grid cells on aregular raster (i.e., quite
different from the 10 km polygons used in CanFI). The
data used in the present study were of inventoried ar-
eas (in hectares) for each of 11 age-classes, in each
grid cell.
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Based on some local-scale assessments, concerns
have been expressed about the reliability of the data
contained in the Penner et al. (1997) Canadian forest
biomass inventory. These concerns suggest that the
inventoried biomass and area data reported for indi-
vidual 10 km grid cells, particularly in central north-
ern regions, may have considerable errors. However,
there is little doubt that at the national scale, the broad
distribution of forest biomass attributes provided in
this data set is correct. While several initiatives are
in progress to develop better national biomass assess-
ments, these data are presently the best available for
Canadian forests.

3.11. Tower flux data

Annual net fluxes of CO, measured at four forest
sites using the eddy correlation method corrected for
underestimates of respiratory fluxes on calm nights
were compared with model estimates of NEP. These
sites included a 73-yr-old aspen site (53.628 °N,
106.198 °W) in the Prince Albert National Park,
Saskatchewan (Black et al., 1996), a 123-yr-old black
spruce site (55.880 °N, 98.481 °W) near Thompson,
Manitoba (Goulden et al., 1998), a 121-year-old black
spruce site (53.987 °N, 105.118 °W) near Candle Lake,
Saskatchewan (Jarvis et al., 1997; Arain et al., 2002),
and a 53-yr-old Douglas-fir (49.850 °N, 125.317 °W),
Vancouver Island, BC (Humphreys et al., 2002). All
stand ages are reported as of 2001.

All input datasets are summarized in Table 1 with
their sources, error estimates and the impacts of these
errors on NEP and NBP in the 1990-1998 period. The
impact assessment was done by executing InTEC for
all forest pixels with an error treated as a constant
fraction of change in the tested parameter. The direct
effect of errors in LAI on NEP is small through small
changes in the C/Nratio in leaves, but errors in LAl are
the main cause of the errors in NPP. The impact of NPP
errors on NEP has about the same relative magnitudes
as the NPP errors because of the use of the assumption
of the dynamic equilibrium in the pre-industrial period
(Chen et al., 2000a). The impacts on NBP have rela-
tively larger magnitudes than those on NEP because
the absolute value of NBP is smaller than NEP for the
period. Errors in forest fire polygon, forest age maps
and nitrogen deposition all have considerable effects
on NEP and NBP. The impacts of errors in land cover
on NEP and NBP are complex but are estimated simply
here by randomly replacing 20% of conifer pixels with
deciduous pixels. The impacts appear to be very small
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(1-2%) under the equilibrium assumption. As the two
forest types have the largest difference in NPP, the im-
pact estimate caps the entire range of impacts of errors
in other cover types.

4. Results and discussion

For the purpose of computing the spatial distribu-
tion of NBP, several intermediate products were first
produced from the available input data. These products
included a map of mean forest stand age in 1998, maps
of modeled aboveground and belowground biomass,
and a map of modeled total soil dead organic matter
(DOM). The stand age map was the essential input to
the model for spatially explicit calculations of NEP
and NBP, while the biomass and DOM maps provided
additional information for model parameterization and
constraint. Model simulations of the historical changes
in the carbon balance for individual pixels were com-
pared with measured annual total NEE in recent yr
at four tower flux sites. Finally, the computed mean
annual NBP values during 1901-1998 for Canada’s
forests are compared with previous studies.

4.1. Forest stand age map of Canada

A map of forest stand age for 1998 was created us-
ing the combined information from forest inventory,
fire polygon data and remote sensing. Forest inven-
tory was available as gridded data at 10 km resolution
(derived from Penner et al., 1997), with the forested
area-fractions provided for various age classes (0-20,
21-40, 41-60, 61-80, 81-100, 101-120, 121-140,
141-160 and older). The inventory was compiled in
1991 and 1994 with the most recent data in the late
1980s, and is therefore outdated for carbon model-
ing for recent decades. The inventory only includes
the commercial forests and has no data for northern
boreal regions, which occupies about 50% of total
Canada’s forested area. Fire polygons in the LFDB
provided data the northern boreal regions, but only in-
cluded large fires in the period from 1959 to 1995.
For some provinces and territories, the polygon data
records were only about 20 yr. Remote sensing im-
agery was used to fill in the data gaps in both space
and time. Annual forest burned area maps in the yr
between 1973 and 1998 were constructed using the
fire scar dating algorithm developed by Amiro et al.
(2002). These maps were then used to replace the age
data in the gridded inventory data while the older age
classes in the inventory are unchanged, i.e., we as-
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sumed that the inventory age-class data were correct
for all grid cells that were not disturbed after 1973.
In the combination of these three types of data, a 10
km x 10 km grid cell in the forest inventory was di-
vided into 100 pixels at 1 km resolution. Pixels of dif-
ferent age classes were randomly distributed within
the grid cell and were replaced by fire polygons of
known dates or by recent fire scars if detected by re-
mote sensing. For simplicity, forest regrowth is as-
sumed to start immediately after disturbance, so the
age of forest in a burned area is assumed to equal
the time since the date the fire scar was detected by re-
mote sensing. For non-commercial forests, areas with
fire scars younger than 25 yr were considered to be
reliable, and the other areas are randomly assigned
an age in the range from 26 to 110 yr, based on the
area fractions in each age class reported for the in-
ventoried regions. Figure 4 shows the Canada-wide
distribution of forest stand age. Many recent fires oc-
curred on the Canadian shield in the provinces of Al-
berta, Saskatchewan and Manitoba. In northern On-
tario and Quebec, considerable areas burned in the
last two decades were also detected. Forests in British
Columbia are mostly older than 100 yr, with some
scattered small disturbed areas detected. These spa-
tial distribution patterns of forest stand age have pro-
nounced effects on the spatial distribution of NBP. The
use of remote sensing data for recently burned areas
has improved the spatial and temporal coverage of the
gridded forest inventory data. Due to a lack of more
detailed spatial data, this Canada-wide stand age map
represents the best of currently available data, although
itis likely that further improvements will occur as more
remote sensing data and ground-based inventory data
become available in the near future.

4.2. Comparison of modeled dead organic matter
distribution with Soil Landscape of Canada

Total soil dead organic matter (DOM), including
detritus and soil organic carbon (SOC), was modeled
pixel-by-pixel based on the modeled NPP history, veg-
etation carbon turnover rates to detritus, and decompo-
sition rates of various SOC pools. To test the reliability
of the calculated heterotrophic respiration, the mod-
eled DOM map was compared with a GIS polygon
map of the Soil Landscapes of Canada (SLC, Schut
et al., 1994). DOM in wetland polygons identified
in SLC is excluded from the comparison because In-
TEC does not simulate anaerobic decomposition pro-
cesses. The outcome of the comparison is summarized
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Fig. 4. The distribution of forest stand age derived using a combination of available forest inventory data gridded at 10 km
resolution, fire polygons in the period 1959-1995, and remote sensing for the last 25 yr at 1 km resolution.

Average dead organic carbon in different types of Canada's forests
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Fig. 5. Comparison of modeled soil dead organic matter with data available from the Soil Landscapes of Canada database
for all 15 forest cover types in five groups.

in Fig. 5, with the results grouped into several ma-  sity for the 15 forest cover types, the model achieved
jor forest cover types. The modeled DOM distribution ~ 86% of the variance among the cover types. As NPP
captures the general spatial variation patterns reported  and heterotrophic respiration were assumed to be in
in the SLC database. In terms of the mean DOM den-  equilibrium before 1901 or before the last disturbance
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Table2. Carbon allocation coefficients, turnover rates and decomposition rates of the vegetation and soil

carbon components®

Mean cover type

Symbol Description Conifer  Deciduous  Mixed forest ~ Open land Unit

Vegetation carbon
fw NPP allocation coefficient to wood 0.3010 0.4624 0.3817 0.3817 Unitless
fer NPP allocation coefficient to coarse root 0.1483 0.1190 0.1536 0.1536 Unitless
fi NPP allocation coefficient to leaf 0.2128 0.2226 0.2077 0.2077 Unitless
fir NPP allocation coefficient to fine root 0.3479 0.1960 0.2570 0.2570 Unitless
Ky Wood turnover rate 0.0279 0.0288 0.0279 0.0139 yr‘I
K¢ Coarse root turnover rate 0.0269 0.0448 0.0268 0.0268 yr’l
K Leaf turnover rate 0.1925 1.0000 0.3945 0.3945 yr~!
Ky Fine root turnover rate 0.5948 0.5948 0.5948 0.3000 yr‘l

Soil carbon
K Surface structural leaf litter decomposition rate 39L.A yr‘I
Kmi Surface metabolic leaf litter decomposition rate 14.8A yr’l
Ky Soil structural litter decomposition rate 4.8L.A yr’l
K tmi Soil metabolic litter decomposition rate 18.5A yr‘I
Ky Woody litter decomposition rate 2.88L.A yr~!
Ksm Surface microbe decomposition rate 6.0A yr~!
Kn Soil microbe decomposition rate 7.3ATn yr!
K Slow carbon decomposition rate 0.2A yr!
Ky Passive carbon decomposition rate 0.0045A yr~!

#A is the combined abiotic impact of soil moisture and soil temperature on the decomposition rate, based on Century model
and its adaptation to annual step calculations (Chen et al., 2000a). L. quantifies the impact of lignin content of structural
materials on decomposition. Ty, is the effect of soil texture on soil microbe carbon decomposition. Corresponding to Eq. 6,

Le= fri(Ls), A= fT(TS)f(%) and Ty, = fsi(Tsc)-

for forests older than 100 yr, any errors in the soil car-
bon calculation should have only second-order effects
on the final NBP estimate. This is because biases in
the modeled soil carbon are compensated by the ad-
justments to the decomposition coefficients of the var-
ious pools. As soil carbon estimation and validation
is the most difficult part of the terrestrial carbon cycle
modeling, the close agreement between the modeled
DOM and the available data for all forest cover types
in all regions of Canada indicates that the model is well
constrained and the model parameterization scheme is
effective.

4.3. Comparison of modeled biomass distribution
with forest inventory data

Forest biomass in each pixel is also calculated as the
accumulated carbon in stems, roots and foliage since
the last disturbance. The total C accumulation in veg-
etation depends on the NPP history, coefficients of C
allocation to the various vegetation components, and
turnover rates of these components. The use of forest
inventory of aboveground biomass allowed us to check
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whether these allocation coefficients were reasonable
for the various cover types. The final coefficients for
the major forest cover types are also given in Table 2.
Figure 6 shows the comparison of the modeled C in
aboveground biomass with the forest inventory data.
Modeled aboveground biomass values for mixed and
deciduous forest types are about 30% larger than the
inventory data. This may indicate that the allocation
of NPP to wood, shown in Table 2, is too large, al-
though the coefficient we used is within one standard
deviation of the ground measurement at an aspen site
(Goweretal., 1997). The model values of aboveground
biomass in sparse forests are considerably smaller
than those in the inventory, but the inventory data
for this cover type are insufficient and therefore may
not be reliable. The best agreement between modeled
and inventory values was obtained for conifer forests,
which occupy about 53% of Canada’s forested ar-
eas. Inaccuracies in aboveground biomass estimation
have the second-order importance in NBP estimation
under the pre-industrial equilibrium assumption (see
Table 1), because NBP is driven mainly by changes
in carbon storage resulting from disturbance, DOM
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Average aboveground biomass carbon in different types of Canada's forests
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Fig. 6. Comparison of modeled aboveground biomass with data from forest inventories representing 15 major forest cover
types across Canada. The major forest types were grouped into the five classes identified in the legend.

accumulation and nutrient cycling. Clearly, significant
improvements can still be made in the relative alloca-
tions to aboveground and belowground biomass com-
ponents once more field data become available.

4.4. Validation of NEP results using tower flux data

Net CO, exchanges measured using eddy covari-
ance systems mounted on micrometeorological towers
provide independent data for checking modeled NEP.
Modeled C dynamics in the four pixels containing the
tower flux sites also provide an opportunity to inter-
pret the measured flux from the historical perspective
based on stand dynamics. The model is used to esti-
mate, at each site, the individual and combined effects
on the carbon balance of various factors including cli-
mate change, N deposition and CO, fertilization. The
results are summarized in Figs. 7a—d. In each of these
figures, three sets of modeled results are presented.
One is the baseline when climate (temperature and
precipitation) and atmospheric compositions (N and
CO,) are assumed to be unchanged for the entire mod-
eling period, while the forest was allowed to become
progressively older. The second set of simulations is
made when historical climate data interpolated to the
tower locations were used but changes in atmospheric
composition were ignored. The third set accounted for
all environmental factors including climate and atmo-
spheric changes. In the cases of stands younger than

100 yr (Figs. 7a and b), modelled NEP was zero for
the period prior to the last disturbance in the base-
line simulations, i.e., the forest remained in dynamic
equilibrium throughout the period before the last dis-
turbance. This is achieved using the concept of equilib-
rium age described in section 2 to ensure that the model
is properly constrained. In the year of disturbance, a
large amount of carbon is released directly (not shown
in the figures due to the large scales). Following the
results of Amiro et al. (2000), the forest regrowth is
assumed to start immediately after disturbance. In the
early yr of regrowth, heterotrophic respiration exceeds
NPP, resulting in negative NEP, i.e., the system is los-
ing carbon to the atmosphere. As NPP increases in the
subsequent years, NEP becomes positive and reaches
a maximum. Thereafter, the NPP decreases with age,
and as does NEP.

In general, modeled NEP agreed with measured val-
ues in magnitude, but in some cases the model under-
estimates the measured values. The largest difference
was for the Douglas fir stand in BC (Fig. 7a). The
stand was fertilized by air in 1995 with about 200 kg
N ha™!, and this local fertilization effect has not yet
been included in the model simulation. In the INTEC
model, an absorption of 30 kg N ha~! yr~! by the
stand can increase NEP by about 2000 kg C ha=! yr~!
or 200 g C m~2 yr~!. For the 73-yr-old aspen stand
in Saskatchewan (Fig. 7b), modeled NEP values agree
with measurements in some years but are smaller than
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Temporal variation of NEP in 53 year old Donglas-fir stand
BC (49.850°N, 125.317°W)
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Fig. 7. Interpretation of CO; flux measurements in recent years from the historical change perspective based on stand dynamics
as affected by changes in age, climate and CO, and nitrogen deposition (last two factors are included in “All effects”). The
“baseline” case only includes changes in age. (a) 53-yr-old Douglas fir stand; (b) 77-yr-old aspen stand; (c) 121-yr-old black
spruce stand; and (d) 123-yr-old black spruce stand.

measured values in most years, indicating a possible  value for the year 1994 was smaller than the mea-
negative bias of the model. The results for the two ma-  sured value in the same year. In the 123-yr-old stand in
ture black spruce stands (Figs. 7c and d) are similar. ~Manitoba, the overall magnitudes of modeled and
In the 121-yr-old stand in Saskatchewan, the modeled measured NEP agree in the period 1994-1997,
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Temporal variation of NEP in 121 year old black spruce stand
Saskatchewan (53.987°0 N, 105.118° W)
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Fig. 7. (cont’d).

although the interannual variations are different be-
tween modeled and measured results. Two points can
be made from these comparisons: (1) the model tends
to underestimate NEP at these tower flux sites, imply-
ing that the simulated national NBP statistics shown in
section 4.5 below may be slightly underestimated; and
(2) the annual time step used for the NEP calculations
may be too coarse to simulate inter-annual variabil-
ity at given sites because it cannot capture well the

Year

seasonal variation patterns. In our annual time step
Canada-wide pixel-base simulations, the first-order
seasonal variability has been considered through the
use of spring and growing season temperatures in ad-
dition to the annual mean temperature. However, we
believe that large improvements in inter-annual vari-
ability can be gained by weekly or monthly time step
simulations when the computational limitation is re-
duced in the near future.
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Fig. 8. Carbon source and sink distribution in Canada’s forests for the period 1990-1998, in terms of net biome productivity,
which includes carbon absorption by vegetation, releases of carbon from soils due to decomposition of dead organic matter
and direct releases of carbon during disturbance. The white colour indicates non-forested area.

4.5. Carbon source and sink map
in Canada’s forests

Canada-wide maps of annual forest NBP were esti-
mated at 1 km resolution for the period 1901-1998.
Spatially explicit inputs to the calculation included
maps of NPP and ET in 1994, land cover in 1995,
the mean seasonal LAI in 1994, forest stand age in
1998, and gridded climate data for 1901-1998, spa-
tially interpolated and temporally extrapolated N de-
position in the period between 1901-1998, and grid-
ded available soil water holding capacity. With these
inputs, the model was used to generate an NBP map
for each simulation year. Interannual variability was
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large in various regions. Figure 8 shows a map of NBP
expressed as the mean for the period from 1990 to
1998. With the exception of British Columbia (BC),
the NBP map is characterized by: (i) the large spatial
variations corresponding to the patchiness of fire scar
ages and productive forests, and (ii) a general south-
to-north gradient of decreasing carbon sink strength
and increasing source strength, which is the most ap-
parent in central and eastern Canada. This gradient
results mostly from differential effects of temperature
increase on growing season length, nutrient mineral-
ization and heterotrophic respiration at different lati-
tudes as well as from uneven nitrogen deposition. In
the province of BC, where forests are relatively old,
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the forests are near neutral in terms of carbon balance.
In BC, nitrogen deposition and CO, fertilization have
only small but positive effects on NPP. According to
the interpolated climate record, the average growing
season length increased by about 6-7 d over the last
century. These positive effects are balanced by the in-
crease in soil respiration and reduced growth at old
ages in BC.

4.6. Comparison with previous results

New insights into Canada’s forest carbon cy-
cle emerge when results from three national-scale
studies are compared (Fig. 9): (i) Kurz and Apps
(1999), who first considered the impacts of forest dis-
turbances on forest carbon balance, (ii) Chen et al.
(2000b), who calculated the interactive effects of
both disturbance and non-disturbance factors (climate,
COg, N inputs, etc.), using Canada-wide average envi-
ronmental conditions, i.e., spatially aggregated mod-
eling, and (iii) the present study that derived Canada’s
annual forest carbon budgets on a 1 km grid, i.e.,
spatially explicit modeling. All three sets of results
show similar patterns of carbon dynamics in the last
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century, but the details differ considerably, particu-
larly for the last two decades. If the effects of dis-
turbances are considered in isolation (superimposed
on the balance of stand-level growth, mortality and
decomposition), the analysis by Kurz and Apps sug-
gests that Canada’s forests shifted from a carbon sink
to a source around 1980, because of dramatic in-
creases in the average carbon losses due to forest
fires and insect-induced mortality. When the posi-
tive effects of non-disturbance factors (climate warm-
ing, N deposition, CO, fertilization) are also consid-
ered, Canada’s forests appear to remain a sink during
1980-1998, albeit considerably smaller than that of the
mid-20th century. The net C uptake estimated from
spatially explicit modeling in the present study are sim-
ilar to those of spatially aggregated modeling (Chen
et al., 2000b) for the last two decades, but the his-
torical variations differ considerably between these
two sets of calculations. The regrowth of forests in
areas disturbed near the end of the 19th century or the
beginning of 20th century is slower in results from
spatially explicit modeling than those from spatially
aggregated modeling. Hence, spatially explicit mod-
eling produces a relatively delayed increase in the

Comparison of three sets of NBP results
All Canada's Forests, 1901 to 1998
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Fig. 9. Carbon balance of Canada’s forests over the last century from three studies: (1) Carbon Budget Model of Canadian
Forest Service (Kurz and Apps, 1999) based on national forest inventory, and accounting for changes in age structure due
to disturbances; (2) Canada-wide spatially aggregated modeling of annual NBP using INTEC (Chen et al., 2000b); and
(3) spatially explicit (approximately 1 km resolution) modeling of this study.
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sink size toward the middle of the 20th century. Av-
eraged over the last century, the sink magnitude from
the spatially explicit modeling is 21% smaller than
that from spatially aggregated modeling (Chen et al.,
2000b). The main reasons are: (i) temperature in-
creases were greater at higher latitudes, where NPP is
lower than the average, causing a smaller positive re-
sponse to temperature increase, but heterotrophic res-
piration is relatively more sensitive to temperature in-
crease; and (ii) forest regrowth at higher latitudes is
slower, so the negative effects of disturbance are more
persistent than the Canada-mean conditions. Interan-
nual variability in the pixel-based calculations is also
larger than the Canada-mean calculations because of
nonlinear effects of climate on the carbon cycle. In
particular, the response of heterotrophic respiration to
temperature changes is non-linear. These comparisons
demonstrate significant improvements in understand-
ing the spatial and temporal patterns of carbon sources
and sinks achievable through the use of satellite and
other spatial data. We believe that the statistics for
Canada’s forest carbon are improved through the spa-
tial explicit NBP simulation. However, the values of
NBPina given year in individual pixels are strongly af-
fected by the quality of available data. The use of more
accurate, higher resolution forest age and biomass data
would be the key towards improving the detailed spa-
tial distribution pattern.

5. Conclusions

Through the use of remote sensing and other spatial
data, annual carbon source and sink distributions in
Canada’s forests in the past century have been mod-
eled. The mean distribution of these sources and sinks
in the last decade (1990-1998) shows the following
patterns: (1) source areas are associated with recent
burns and sink areas with mid-age stands (40-100 yr
old), and (2) sinks generally occur in southern boreal
and temperate forests where NPP is high, while bo-
real forests at high latitudes are nearly carbon neutral.
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The outcome of the study is an improvement in spatial
resolution over the previous studies which were either
based on 42 spatial units (Kurz and Apps, 1999) or
treated all of Canada’s forests as a spatially uniform
aggregate of various cover types (Chen et al., 2002b).
Uncertainties in the spatially explicit results for indi-
vidual pixels remain large due to the lack of reliable
spatial data, especially forest stand age in northern bo-
real forests. However, the value of the current work lies
in its clarification of the general distribution of carbon
source and sink regions resulting from the combined
effects of disturbance and non-disturbance factors in-
cluding higher temperature, N deposition and CO,
fertilization.

In addition to capturing the spatial pattern, the an-
nual estimates of NBP from the means of the 5 mil-
lion 1 km? pixels may be more reliable than previ-
ous Canada-mean calculations of Chen et al. (2000b),
although the differences were found to be relatively
small. These two sets of results agree best for the pe-
riod 1980-1998 in terms of net carbon balance. This
agreement increases our confidence that the overall
positive effects of non-disturbance factors (tempera-
ture, CO,, N) probably outweighed the negative ef-
fects of large increases in the areas disturbed annu-
ally, making Canada’s forests a small C sink in the
period 1980-1998. Comparisons of modeled results
with eddy covariance measurements at towers located
in four forest stands indicate that the sink values from
the present study may even be underestimated.
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