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Distribution of soil carbon stocks in Canada’s forests and
wetlands simulated based on drainage class, topography

and remotely sensed vegetation parameters
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Abstract:

A quasi-three-dimensional hydrological model was developed and integrated into the integrated terrestrial ecosystem
carbon-budget model (InTEC V3Ð0) to improve the estimation of the carbon (C) dynamics in Canadian forests and
wetlands. Climate, soil, digital elevation map, and drainage class data, in conjunction with remotely sensed vegetation
parameters, including leaf area index, land cover type, and stand age, are used to drive the model. Soil is divided
into three layers, for which temperature and moisture dynamics are simulated. Individual 1 km ð 1 km pixels are
hydrologically linked with neighbouring pixels through subsurface saturated base-flow, which is simulated using a
TOPMODEL-based scheme. Soil C and nitrogen (N) dynamics are simulated using the soil submodel of CENTURY
suitably modified for forests and wetlands. The interannual variation in net primary productivity is iteratively computed
after integrating the effects of N, climate, stand age and atmospheric CO2 concentration on productivity. Compared
with data in the Soil Landscape of Canada, the newly updated InTEC V3Ð0 can capture 66Ð6% of spatial variations
in soil C and effectively alleviate soil C underestimation in wetland areas from its predecessor (InTEC V2Ð0) by
considering the lateral water flow and the water table variation. Copyright  2005 John Wiley & Sons, Ltd.
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INTRODUCTION

The global carbon (C) cycle is of interest in climate change studies. Recently, a variety of terrestrial
ecosystem models have been developed to simulate C, nutrient, energy and water cycles, as well as the
interactions between vegetation and climate at different spatial and temporal scales. They embrace terrestrial
biogeochemistry (Running and Gower, 1991; Potter et al., 1993; Parton et al., 1993; Friend et al., 1997; Potter,
1997), global and regional vegetation biogeography (Neilson and Marks, 1994; Neilson, 1995; Haxeltine and
Prentice, 1996; Kucharik et al., 2000), and land–atmosphere exchange processes (Dickson et al., 1986; Sellers
et al., 1986, 1996). From the improved estimation of the global C budget, it is widely recognized that the
overall land surface is acting as a C sink (Potter and Klooster, 1998; Houghton, 1999, Schimel et al., 2001;
Gurney et al., 2002). However, the detailed spatial distribution of terrestrial C sources and sinks is still not
yet clear, and different models produce inconsistent results.

Accurate atmospheric inverse models with dense atmospheric CO2 concentration measurements would be
an ideal way to partition the C sources and sinks spatially. However, they are not yet practical, owing to
data limitations and the complex interactions among C, nitrogen (N), water cycles and the atmosphere. Use
of remote-sensing data may be currently a practical solution to obtaining the spatial information needed
on terrestrial C sources and sinks. Chen et al. (2003) developed a spatially distributed integrated terrestrial
ecosystem carbon-budget model (InTEC V2Ð0) on the basis of a spatially aggregated model (InTEC V1Ð0;
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Chen et al., 2000a) to simulate annual C balance of Canada’s forests at 1 km spatial resolution. Similar to
its predecessor, InTEC V2Ð0 integrates the effects of various factors on C dynamics, including climate, CO2

concentration in the atmosphere, N availability, and forest stand age. Validated against soil C stock data
available in the Soil Landscape of Canada (SLC) database and CO2 flux tower data observed at some sites,
the InTEC V2Ð0 proved the possibility of simulating long-term spatio-temporal C dynamics at large scales
with certain degrees of accuracy, thanks to the use of a variety of key spatial data sets, including those derived
from remote sensing (land cover, leaf area index (LAI), recent forest stand age).

Soil C is one of the key variables for estimating terrestrial C dynamics, since it is a major determinant of
the amount of CO2 released to the atmosphere through decomposition of organic matter in soils. Improved
knowledge of the amount and spatial distribution of the C stock in soils is crucial to estimating changes in
the terrestrial C dynamics (Bhatti et al., 2002). Soil C storage is determined by the balance of C input from
plant primary production and C release through decomposition. Disturbance, land-use history, climate, soil
texture, topography, and hydrology are the primary variables that influence both production and decomposition
processes and, therefore, the total amount of soil C stocks. Soil moisture controls the amount of C assimilated
by vegetation photosynthesis and C decomposed in soils and, therefore, is a key controller of soil C stocks
(Parton et al., 1993; Trumbore and Harden, 1997). Accurate description of the hydrological cycle is, therefore,
necessary for reliable estimates of the soil C stock and its variation.

Wetlands, presently covering 127 ð 106 ha, or 14% of the landscape of Canada, are ecologically different
from other ecosystems and play an important role in the terrestrial C cycle (Frolking et al., 1998). In spite of
their low primary productivity, these ecosystems have been continuously accumulating soil C with an average
of 0Ð02 to 0Ð03 kg m�2 year�1 over the past 5000 to 10 000 years (Tolonen et al., 1992; Gorham 1995; Rapalee
et al., 1998) because of their very slow decomposition rates of soil organic matter. The decomposition is slow
due to several factors, including the resistance of litters to decomposition, the anaerobic conditions within
the saturated peat profile, and the generally low temperatures of peat due to the large heat capacities and the
low thermal conductivity of moss cover (Roulet et al., 1997; Frolking et al., 2002). C stocks in wetlands are
generally 5 to 50 times larger than those in upland ecosystems (Rapalee et al., 1998), with most stored in old
and deep organic C layers (Trumbore and Harden, 1997). The strong dependence of decomposition on soil
moisture and temperature makes the soil C accumulation rate in northern wetlands sensitive to disturbance and
climate change. These regions have experienced significant increases in temperature in the past 100 years, and
could become much warmer and even possibly drier in the future (Gough and Wolfe, 2001). These possible
climate changes are expected to cause considerable changes in hydrology and a possible shift of C sinks into
C sources in these regions. Similar to other ecosystem models for large-scale applications, InTEC V2Ð0 had
hydrological processes that were simplified to vertical fluxes only and a parameterization scheme that was
the same for both wetland and upland ecosystems. These simplifications inevitably introduced errors in the
estimates of the C stock and its heterogeneity.

The main objectives of this paper include: (1) to introduce the pixel-based InTEC V3Ð0, with the main
focus on the description of its newly developed hydrological submodel; and (2) to compare estimates of the
average soil C in individual SLC soil polygons from two versions of the InTEC model with those in the SLC
database, to demonstrate the model improvements and to identify remaining issues.

MODEL DESCRIPTION

The InTEC model combines the CENTURY model for soil C and nutrient dynamics (Parton et al., 1987,
1993), and Farquahar’s leaf biochemical model for canopy-level annual photosynthesis (Farquhar et al., 1980;
Chen et al., 1999) implemented using a temporal and spatial scaling scheme (Liu et al., 1999; Chen et al.,
2000a). A detailed description about this model can be found in Chen et al. (2000a, 2003). Here, the major
characteristics of this model are described. The historical annual net primary productivity (NPP) in the last
century is progressively calculated with the consideration of the integrated effects of major controlling factors,
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such as climate variability, CO2 concentration, N availability (deposited, fixed and mineralized N), and stand
age (Chen et al., 2000a). The annual NPP value in 1994, estimated at a daily time step using the Boreal
Ecosystems Productivity Simulator (BEPS; Liu et al., 2002), is used as a base marker for the retrospective
estimation of the initial NPP value in 1901 in each 1 km ð 1 km pixel. The land-cover map derived from
remote sensing (Cihlar et al., 1998) is used to assign coefficients allocating NPP into four vegetation biomass
C pools: leaf, wood, fine root, and coarse root, and to determine litter quality. The modified soil submodel
of CENTURY (Parton et al., 1987, 1993) was incorporated in the model to simulate soil C and N dynamics.
The major modifications to the original CENTURY model include: (1) in addition to foliage and fine root
pools, a woody litter pool is included; (2) the soil temperature effect on decomposition is quantified using a
modified Arrhenius-type equation (Lloyd and Taylor, 1994; Chen et al., 2000b); (3) the modifier for the effect
of soil moisture on decomposition is a function of percentage water-filled pore space (Friend et al., 1997);
(4) the rate of N fixation is a combined function of temperature, precipitation, and the size of microbial pool
(Chen et al. 2000b); (5) the N deposition rate is spatially and temporally interpolated based on measured N
deposition rates and historical greenhouse gas concentration values (Chen et al., 2003).

Soil hydrological submodel

A variety of algorithms have been used in biosphere and biogeochemistry models to capture the spatial
and temporal variations of soil moisture, varying from one-layer, linear drying bucket models (Hybird 3Ð0:
Friend et al., 1997; TEM: Raich et al., 1991; McGuire et al., 1992) to non-linear drying, multilayer models
(BIOME3: Haxeltine and Prentice, 1996; CENTURY: Parton et al., 1987, 1993; IBIS: Kucharik et al., 2000;
MAPSS: Neilson, 1995; NASA–CASA: Potter et al., 1993, 2001; Potter, 1997, 1999; SiB: Sellers et al., 1986,
1996). However, most of these models, including InTEC V2Ð0, do not consider the horizontal redistribution
of soil water. This is sometimes questionable, especially in complex terrains where soil moisture is spatially
heterogeneous. To remove the weakness of InTEC V2Ð0 in hydrological cycle simulations, a hydrological
submodel was developed to provide more realistic, yet, still simple calculations of soil water and temperature
dynamics for evaluating the impacts of environmental conditions on NPP and soil C decomposition.

Figure 1 schematically illustrates processes described in this quasi-three-dimensional model. The soil profile
is treated as a series of three layers. The depths of these layers can vary spatially. The bottom positions of
the topmost layer and lowest layer were compiled from the SLC database. The lower boundary of the middle
layer is assigned a constant of 0Ð35 m, since most C with high decomposition rates is located above this depth
(Trumbore and Harden, 1997). All hydraulic parameters except saturated hydraulic conductivity are assumed
to be vertically uniform in the three soil layers. The saturated hydraulic conductivity is assumed to decline
exponentially with depth from the surface (Beven, 1997). This decline rate is given a global constant, since
there is still no practical method to estimate this parameter. At any time step, the model partitions precipitation
into rainfall and snow according to air temperature. The interception of rainfall and snow is simply estimated
as a function of LAI (Abramopoulos et al., 1988). The throughfall plus snowmelt can saturate soil or produce
surface runoff, which depends on the water content of the topmost soil layer and the amount of available
water input. Transpiration extracts water from all soil layers. However, soil evaporation is restricted to the
topmost layer. Available soil moisture first feeds evaporation and transpiration, and the remainder wets the
soil or percolates to the lower soil layers. In the topmost and middle layers, there is only vertical soil water
transport. In the lowest layer, individual pixels are hydrologically linked with neighbouring pixels using a
quasi-three-dimensional saturated subsurface water transport scheme (Wigmosta et al., 1994).

The decomposition rates of various C pools are modified by soil moisture and temperature in different
soil layers (Potter, 1997). The temperature and moisture in the topmost soil layer control the decomposition
rates of surface foliage litter and surface microbial C pools. The decomposition of other soil C pools is
influenced by a weighted average of combined modifiers for the effects of soil moisture and temperature
on decomposition in the middle and lowest layers. The weight of each layer is given based on the vertical
distribution of active root biomass (Jackson et al., 1996) and drainage class at this location. If the drainage
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Figure 1. Structure of the hydrological submodel. This model uses a set of equations with climate, vegetation, soil and topography data to
simulate soil temperature and moisture dynamics. The output from this model is used to quantify the combined abiotic effect on decomposition

of soil C and NPP

condition is poor, then the temperature and moisture in the lower layer will be given a high weight affecting
the decomposition process. It was found that, in poorly drained boreal areas, most soil organic C accumulates
deeply and has very slow decomposition rates (Trumbore and Harden, 1997; Rapalee et al., 1998).

Soil water balance and redistribution

The water balance in each soil layer is calculated as the difference between the net input to and output of
water from this layer, i.e.

∂�1

∂t
D 1

d1
�P � I � SN C SM � Tr,1 � Es � RF � Q1,2� �1a�

Copyright  2005 John Wiley & Sons, Ltd. Hydrol. Process. 19, 77–94 (2005)



CANADIAN FOREST AND WETLAND SOIL CARBON STOCK SIMULATION 81

∂�2

∂t
D 1

d2
�Q1,2 � Tr,2 � Q2,3� �1b�

∂�3

∂t
D 1

d3
�Q2,3 � Tr,3 � Q3� �1c�

where �i �m3 m�3� is the volumetric soil water content of the ith soil layer, di (m) is the thickness of the ith
soil layer, P �m day�1� is the total precipitation, I �m day�1� is the precipitation intercepted by a canopy, SN
(m day�1) is the precipitation as snowfall, SM (m day�1) is the melt from the snowpack, Tr,i �m day�1� is
the transpiration uptake from the ith layer, Es �m day�1� is the evaporation from the topmost soil layer, RF is
the surface runoff, estimated following Neilson (1995) and Arnold and Williams (1995), Qi,iC1 �m day�1� is
the vertical exchange of soil water between the ith and the (i C 1)th layer, calculated following Sellers et al.
(1996), and Q3 is the saturated subsurface flow and calculated as follows:

Q3 D Qoutj � Qinj

Aj
�2�

where Qoutj and Qinj are the saturated base flows out and into pixel j respectively, and Aj is the pixel area
(currently 1 km2).

Each pixel can horizontally exchange soil water with its eight neighbouring pixels via saturated base flow.
With the assumption that local slopes approximately represent local hydraulic gradients, the rate of saturated
subsurface flow at time t from the jth pixel to its downslope neighbours is computed as (Wigmosta et al.,
1994)

q�t�j,k D
{

T�t�jwj,k
ej � ek

dj,k
if ej > ek

0 else
�3�

where q�t�j,k �m3 day�1� is the flow rate from pixel j to pixel k, ej and ek (m) are the elevations of pixels j
and k respectively, wj,k (m) is the width of flow from j to k, dj,k (m) is the distance between the centre of
pixel j and pixel k, and T�t�j �m day�1� is the transmissivity of soil water at pixel j and is estimated following
a TOPMODEL approximation that saturated hydraulic conductivities for some soils decrease exponentially
with soil depth (Sivapalan et al., 1987; Wigmosta et al., 1994).

It is a challenge to estimate the redistribution of soil water at a monthly time step. Based on the soil depth
and porosity values compiled from the SLC database, it was found that the thickness of water in the whole
soil profile is generally less than 2Ð0 m and much smaller than the potential of the monthly vertical movement
of soil water (Campbell and Norman, 1998). The potential movement of water could exceed the available
storage capacity of the soil layer at any time within a month (Neilson, 1995). To avoid this problem, and
to limit the computation time, the infiltration and vertical percolation are allowed to occur at 5 day intervals
with the following controls imposed. First, downward percolation is estimated as the lesser of the calculated
potential flux from the upper layer and the saturation deficit of the lower layer. Second, the upward movement
can, at its maximum level, recharge the upper layer above the saturated layer to the field capacity.

Computation of evapotranspiration

Evapotranspiration is calculated as the sum of transpiration of vegetation Tr, evaporation from soil Esoil

and from the intercepted precipitation by vegetation Ept, i.e.

ET D Esoil C Ept C Tr �4�

Surface net radiation Rn is approximately partitioned between the canopy Rveg
n and the ground surface Rsoil

n
based on a Beer-like extinction law, i.e.

Rveg
n D �1 � e�k�LAI�Rn �5�
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Table I. Parameters used in the hydrological submodel for different forest types

Parameters Conifer Deciduous Mixed forest Open land

Albedoa

Winter 0Ð14 0Ð2 0Ð18 0Ð18
Spring 0Ð14 0Ð13 0Ð20 0Ð20
Summer 0Ð16 0Ð17 0Ð28 0Ð28
Autumn 0Ð12 0Ð13 0Ð22 0Ð22

Maximum LAImax
a,b 6Ð0 6Ð0 4Ð0 4Ð0

Minimum stomatal resistance rmin �s m�1�c 100 100 50 50
Clumping index �d 0Ð5 0Ð7 0Ð6 0Ð6
Depth coefficient of root distribution ˇe 0Ð943 0Ð943 0Ð914 0Ð914
Lower temperature limit for respiration (K)f 273Ð0 273Ð0 273Ð0 273Ð0
Upper temperature limit for respiration (K)f 318Ð0 318Ð0 318Ð0 318Ð0

a Stieglitz et al. (1997).
b Chen et al. (2002).
c Kergoat (1998), Saugier et al. (1997).
d Liu et al. (1997).
e Jackson et al. (1996).
f Sellers et al. (1986), Zierl (2001).

where k is the extinction coefficient of solar radiation and � is the clumping index, which depends on land
cover type (Table I).

The surface net radiation consists of three components, i.e.

Rn D �1 � ˛�Rs # CLa # �Le " �6�

where ˛ is the albedo of canopy, which is a pre-described constant for each of major land cover types
(Table I), Rs # is the downward shortwave solar irradiance, and La # and Le " represent the incoming and
outgoing longwave irradiances from the atmosphere and the ground surface respectively. The incoming and
outgoing irradiance are calculated from the well-known Stefan–Boltzmann law. The emissivity of the ground
surface is estimated using the normalized difference vegetation index (NDVI; Griend, 1993). The emissivity
of the atmosphere εa was parameterized following Satterlund (1979).

The canopy available energy is first used to evaporate intercepted precipitation at a potential rate. The
remaining energy is then used for transpiration from the dry canopy (Kergoat, 1998). The actual transpiration
rate from the dry canopy depends on the weather-controlled potential transpiration Tp and the soil moisture
modifier. The value of Tp is calculated using Penman–Monteith equation with the consideration of the effects
of radiation, temperature and the air water vapour pressure deficit on canopy resistance:

Tp D
Rveg

n C �Cp

ra
d

L

[
 C 	

(
1 C rc

ra

)] �
day � 
int� �7�

where 
day and 
int are, respectively, the total day length and the fraction of day length consumed by intercepted
rainfall or snowfall,  is the slope of the saturated vapour pressure against temperature, d is the air water
vapour saturation deficit, 	 is the psychrometric constant, � is the air density, Cp is the specific heat of air, L
is the latent heat of water vaporization, ra is the canopy aerodynamic resistance, and rc is the bulk resistance
of the canopy, computed as

rc D rst

hLAIi �8�
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where hLAIi is the effective LAI and is computed as

hLAIi D LAIsun C �LAI � LAIsun�
Sshade

Ssun
�9�

where LAIsun is the sunlit LAI, Ssun is the daily mean sunlit leaf irradiance and Sshade is the daily mean shaded
leaf irradiance. The partition of sunlit and shaded leaves and the calculation of irradiance on these two types
of leaf follows Chen et al. (1999).

The bulk stomatal resistance rst is described in the form of a minimal resistance rst,min (Table I) multiplied
by the product of independent stress functions, i.e.

rst D rst,minF1�Ssun�F2�T�F3�d� �10�

In Equation (10), F1 �Ssun�, F2 �T� and F3 �d� are empirical variables quantifying the effects of solar
radiation, temperature and water vapour deficit on stomatal openness (Jarvis, 1976; Jones, 1983; Lhomme
et al., 1998).

The soil water stress factor, potential transpiration rate and root density work together to determine the
actual transpiration rate, i.e.

Tr,j D TpSjRj �11�

and

Sj D




0 if �j < �j,p
��j � �j,p�
��j,f � �j,p�

if �j,p < �j < �j,f

1 if �j ½ �j,f

�12�

where Sj (dimensionless) is the water stress factor for the jth soil layer, Tp �m day�1� is the total potential
transpiration rate, Tr,j �m day�1� is the actual transpiration rate from the jth soil layer, Rj (dimensionless)
is the fraction of active root in the jth layer, estimated following Jackson et al. (1996), and �j,f and �j,p are
the volumetric water contents at the field capacity and the permanent wilting point respectively, which are
estimated following Saxton et al. (1986) and Letts et al. (2000) with the water potential set as 10 kPa at the
field capacity and 1500 kPa at the permanent wilting point (Potter et al., 1993).

The equation to estimate evaporation is similar to that used to estimate transpiration from the canopy:

Esoil D
�Rn � Rveg

n � G� C �Cpd

ra

L

[
 C 	

(
1 C rsoil

ra

)] 
day �13�

where G and rsoil are the ground heat flux and the ground surface resistance respectively. When snow
completely covers the ground surface, rsoil is set to zero. Otherwise, the resistance of the ground surface rsoil

is taken as a function of soil water potential in the first soil layer (Zierl, 2001).

Soil temperature and freeze–thaw cycle

An empirical equation of Yin and App (1993) is employed to convert the mean air temperature Ta to the
temperature at the ground surface. The vertical distribution of soil temperature is calculated based on the
assumption of harmonic variation of temperature around an annual mean with time (Monteith and Unsworth,
1990).
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The freeze–thaw process is important in modelling soil moisture dynamics in cold regions (Waelbroeck,
1993). With the assumption that soil water freezes–thaws continuously and uniformly in the range of
temperature from �1 to 0 °C (Frolking and Crill, 1994), the fraction of frozen water is estimated as

Fice D Tliq � T�z, t�

Tliq � Tsol
�14�

where Fice is the fraction of frozen water, Tliq is the temperature at which all soil water is liquid (0 °C), Tsol is
the temperature at which all soil water is frozen (�1Ð0 °C), and T(z, t) (°C) is the calculated soil temperature.

INITIALIZATION OF WATER TABLE DEPTH AND SOIL C POOLS

In this study, the simulation was carried out in the period from 1901 to 1998 limited by climate data availability.
It is necessary to initialize the water table and the various C pools before simulation for the whole period.
Their initializations are described here.

Based on the TOMODEL idea, the initial water table of each pixel within a polygon is determined spatially
in terms of the spatial distribution of the wetness index, saturated transmissivity, and the long-term polygon
mean water table (Beven and Kirkby, 1979; Sivapalan et al., 1987). A map of initial water table is produced
and input to the model. At each step of the model run, the water table is updated based on simulated soil
moisture (Letts et al., 2000). The initial polygon mean water table Zinit is determined as

Zinit D 1

A

N∑
iD1

Zinit,iAi �15�

where N is the number of sub-polygon areas (components) in a polygon, A is the area of the whole polygon,
Ai is the area of the ith component, and Zinit,i is the long-term mean water table of the ith SLC component
of a polygon. The value of Zinit,i is assigned in terms of such attributes as drainage class and slope gradient
in the SLC database (Table II).

Two different methods were employed to initialize the size of each C pool. For all C pools of upland
sites, the initialization is based on the assumption that C dynamics was approximately in equilibrium prior
to 1901 (forest stands younger than 98 years) or the last fire disturbance (forest stands older than 98 years)
before industrialization (Chen et al., 2003). The simulation is run until C dynamics arrive at quasi-equilibrium
(absolute value of Net Ecosystem Productivity (NEP) is smaller than 2% of NPP) using the average of climate
data over 1901 to 1910 to drive the model. In simulation, stand-destroying forest disturbance is assumed to
occur at a 250 year interval. This interval is roughly equivalent to the mean age of natural mortality and the
average fire return period of boreal forests (White et al., 2000).

The initialization of C pools of wetland forests is conducted in a different way, since many studies have
shown that northern wetlands have never been in equilibrium and continuously act as a persistent sink for
CO2, with an average C accumulation of 0Ð02–0Ð03 kg m�2 year�1 over the past 5000–1000 years (Gorham,
1995). With the assumption that the four biomass pools (foliage, stem, fine root, and coarse root), the five
litter pools (surface structural, surface metabolic, soil structural, soil metabolic, and woody), and the two
microbial pools (surface microbial and soil microbial) are in steady state in periods prior to 1901 (input equal
to output), the initial size of these pools can be determined by solving a set of differential equations regarding
the C balance of these pools. The sizes of the slow and passive soil C pools increase continuously (Rapalee
et al., 1998; Frolking et al., 2001). The initial values of these two pools are set following Frolking et al.
(2001, 2002), with integration ages from 0 to 100 for the slow pool and from 0 to 8000 for the passive pool.

The assumption that the C dynamics were in equilibrium prior to industrialization (1901) or last disturbance
before 1901 could result in some errors in the initial values of C pools. However, it is impossible to trace the
historical trend of C dynamics for each pixel because of the shortage of historical climate, vegetation and soil
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Table II. The initial water table position based on drainage class and slopea

Drainage class Average slope gradient (%) Defined water table depth (cm)

Very poor <5 10
½5 15

Poor <10 20
½10 30

Imperfect <15 40
½15 50

Moderately well <15 60
½15 70

Well <15 80
½15 100

Rapid <15 120
½15 140

Excessive <30 150
½30 200

a The definition of drainage class and slope is based on that in the SLC database. Combined with other attributes, this information is used
to set the initial water table depth (http://sis.agr.gc.ca/cansis/nsdb/slc/v2Ð0/component/drain.html).

C inventory data. One possible solution to this problem is to run the model using mean climate, N deposition
and stand age for a long time to reach a near-equilibrium state in the environment before industrialization.
The error related to the initialization would be significantly reduced after a 98 year simulation from 1901 to
1998 (Chen et al., 2003).

DATA USED

A variety of data sets, including remote sensing, climate, soil texture, N deposition, and digital elevation
maps (DEMs), were produced and compiled from various sources to drive the model. All spatial data were
made compatible with remote-sensing imagery in a 1 km resolution grid of 5700 ð 4800 pixels. All grids are
in a standard Lambert conformal conic (LCC) projection with 49 and 77 °N standard parallels and a 95 °W
meridian. The spatially distributed data sets used in the simulation are listed in Table III.

RESULTS AND DISCUSSION

Comparison of simulated soil organic C with SLC

For model calibration and validation, the polygon-mean C stock values were compiled from attributes
such as soil bulk density, depth, C content of various soil layers, and the area of each component in the
SLC database. In total, there are about 15 000 SLC polygons in the SLC. Each polygon contains several
components, with respective attributes defined. There are about 32 000 SLC components. Only 10 040 SLC
components have soil C stock values measured at representative or sample sites. The 2228 polygons used
in the analysis are those having components with soil C measurements accounting for over 50% of the
area in the whole polygon. Firstly, half of these polygons were uniformly randomly sampled for model
calibration and the remaining polygons were used to validate the model. Modelled soil C stocks were
compared against SLC data for both calibration and validation data sets (Figure 2). The root-mean-square
error (RMSE) values for C are 16Ð83 kg m�2 and 24Ð97 kg m�2 for the calibration set and validation set
respectively. The model underestimations for the validation data set are even smaller than those for the
calibration data set. The values of mean biased error (MBE) for C equal �1Ð98 kg m�2 for the validation
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Table III. Data sets used in the simulation

Data set Source Reference

LAI map in 1994 Remote sensing Chen et al. (2002)
Landcover in 1995 Remote sensing Cihlar et al. (1998)
Sand age map in 1998 Big forest fire data set, forest

inventory and remote sensing
Chen et al. (2003)

Annual NPP in 1994 Output from BEPS Liu et al. (1999, 2002)
Monthly mean air temperature Interpolated from the data of UK

Climate Research Unit
New et al. (1999, 2000), Liu et al. (1999)

Monthly precipitation Interpolated from the data of UK
Climate Research Unit

New et al. (1999, 2000), Liu et al. (1999)

Monthly solar radiation Simulated using air temperature range,
precipitation and relative humidity

Thornton and Running (1999)

Annual N deposition in 1984 Interpolated and extrapolated using
measurements at stations

Ro et al. (1995), Chen et al. (2003)

Soil texture and soil organic C Complied from SLC database Shields et al. (1991), Schut et al. (1994),
Tarnocai (1996), Lacelle (1998)

Wetness index Derived from Canada 3D 30 Beven and Kirkby (1979), Beven (1997)
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Figure 2. Comparison of total soil C stocks modelled using InTEC V 3Ð0 with data from the SLC: (a) for model calibration; (b) for model
validation

set and �2Ð68 kg m�2 for the calibration set. The model captures a slightly smaller degree of the spatial
variation of soil C in the validation data set (R2 D 0Ð640, N D 1114) compared with the calibration data set
(R2 D 0Ð693, N D 1114).

A comparison of InTEC V3Ð0 and InTEC V2Ð0 using 2228 SLC polygons was conducted. Compared with
InTEC 2Ð0, InTEC V3Ð0 improves the simulation of soil C stocks (Figure 3). For InTEC V2Ð0, the MBE of
simulated soil C stocks is �17Ð05 kg m�2, mainly resulting from the underestimations of soil C in poorly
drained wetland polygons located around Hudson Bay and the Mackenzie Valley lowlands. In such regions,
the magnitude of the C underestimation can be even larger than 60 kg m�2. For InTEC V3Ð0, although the
underestimation of soil C in poorly drained wetland polygons still exists, the magnitude of the MBE value for
C decreased from 17Ð05 to 2Ð33 kg m�2, and the RMSE decreased from 40Ð39 to 24Ð58 kg m�2, demonstrating
that InTEC V3Ð0 has substantially improved over InTEC V2Ð0 for simulating soil C stocks.
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Figure 3. Comparison of modelled total soil C stocks with data from the SLC: (a) from InTEC V2Ð0; (b) from InTEC V3Ð0
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Figure 4. Spatial distribution of the difference between simulated soil C density from InTEC model and SLC data: (a) for InTEC V2Ð0;
(b) for InTEC V3Ð0. The values in the map are simulated soil C density minus the SLC value. Negative values represent negative model

biases and positive values represent positive model biases

To evaluate the Canada-wide model simulation, maps were produced (Figure 4) showing the difference
between simulated C for each version of the model and SLC data. In Figure 4, the values equal the simulated
soil C density minus the SLC value and demonstrate that InTEC V3Ð0 effectively alleviated the negative bias
in soil C estimation in wetlands by InTEC V2Ð0. However, the negative bias from InTEC V3Ð0 still exists
in some regions, such as part of the Newfoundland Island (blue coloured areas in Figure 4). Overestimation
of soil C also occurs, to a small extent, mainly in the southwest part of Hudson Bay and part of Mackenzie
Valley (red and pink coloured areas in Figure 4).

The remaining discrepancy between modelled soil C and SLC data can be attributed to the following
reasons. In BEPS and InTEC, LAI, a key variable for NPP calculation, is derived from remote-sensing data.
Atmospheric noise can significantly influence the LAI calculation. Although remote-sensing data used in this
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simulation was carefully processed, it is impossible to remove all atmospheric effects in all regions. The
remaining atmospheric noise in remote-sensing data may introduce uncertainty in the calculation of NPP. In
these two models, overstory and understory are lumped together. This strategy has the advantage of reducing
computation and avoiding the numerical separation between overstory and understory, which is difficult for
large areas. However, it has the possibility of underestimating the contribution of the understory to soil C
accumulation. The exclusion of the moss layer in poorly drained regions may also give rise to errors in soil
C simulation (Frolking et al., 2002). The values of model parameters were determined based on published
results and available data sets. Some parameters, such as allocation coefficients of NPP to biomass C pools,
the turnover rates of foliage and fine root C pools, are assumed to be spatially and temporally constant for the
same forest types. This assumption may not always be realistic. The horizontal redistribution in this model
is simulated using the TOPMODEL approach with the assumption that the water table varies in parallel
with the surface topography. This approach is possibly not effective on the boreal plains in the provinces of
Albert and Ontario, where the bedrock plays an important role in water table spatial variations. The effect of
this assumption in simulating soil moisture and water table is, to some extent, controlled through the use of
drainage class, allowing for marked improvement in soil C simulations in lowland areas.

Comparison of modelled biomass with forest inventory data

Forest biomass is the source of soil C, and the accuracy in the simulated soil C distribution depends
greatly on the biomass distribution. Forest biomass in each pixel is calculated as the sum of C in stems,
roots and foliage. The total C accumulation of vegetation depends on the NPP, coefficients of C allocation
to the various vegetation pools, and turnover rates of these pools. The use of forest inventory of above-
ground biomass allows us to check the reliability of NPP allocation coefficients. The simulated Canada-wide
aboveground biomass (C) is in a range from 1Ð0 kg m�2 to 9Ð0 kg m�2, increasing from subarctic to moderate
temperate regions. These values fall in the range of inventory data and are also similar to the results simulated
at the global scale by Kucharik et al. (2000). The spatial distribution pattern is very similar to that of NPP
(Liu et al., 2002). Spatially, the simulated result and inventory data are in good agreement for most areas,
with the exception in the moderate temperate and southern part of Pacific cordilleran regions (Figure 5). In the
moderate temperate region, where deciduous forests dominate, the model result is 20 to 30% larger than the
inventory data. In contrast to this case, in southern Pacific cordilleran regions, where land cover is a mixture
of forests, the simulated above-ground biomass is only roughly half of the value of inventory data. Figure 6
shows a comparison of the modelled C in above-ground biomass with the forest inventory data on the basis
of forest type. Modelled above-ground biomass values for mixed and deciduous forest types are about 30%
larger than the inventory data. This may indicate that the allocation coefficients of NPP to the above-ground
biomass pools are too large, although the coefficients we used are within one standard deviation of the ground
measurement at an aspen site (Gower et al., 1997). The modelled values of above-ground 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 modelled and inventory data
was obtained for conifer forests, which occupy about 53% of Canada’s forested areas. Inaccuracies in above-
ground biomass estimation have importance in soil C stock estimation. Clearly, significant improvements can
still be made in the relative allocations to above-ground and below-ground biomass components once more
field data become available.

Soil C accumulation rate

Simulated temporal variations of Canada-wide average C in vegetation, soil and the ecosystem are summa-
rized in Figure 7. The nationwide C accumulation rate of forests and wetlands was 0Ð021 kg m�2 year�1

when averaged over the period from 1901 to 1998, with contributions of 0Ð011 kg m�2 year�1 and
0Ð01 kg m�2 year�1 from vegetation and soil respectively. The combined effects of fire disturbance, cli-
mate and atmospheric changes have resulted in net increases in C in both soil and vegetation. At the early
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Figure 5. Spatial distribution of simulated above-ground biomass against inventory data: (a) inventory data; (b) model results
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Figure 6. Comparison of modelled above-ground biomass with data from forest inventory by forest type. Forest classification: EHD, high
density evergreen needleleaf forest; EMS, medium density southern evergreen forest; EMN, medium density northern evergreen forest;
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20th century, vegetation C decreased due to intensive fire disturbance. Vegetation C began to increase steadily
from around 1915, due to the combined positive effects of increased temperature, CO2 fertilization and
N deposition on NPP. This trend continued until the late 1970s. Since then, vegetation C has fluctuated
due to dramatic increases in the frequency and magnitude of fire disturbance. The change of soil C lagged
that of vegetation C by about 15 years because of the slow litter transfer from biomass to soil. In con-
trast to vegetation C, in years with large burned areas, soil C increased dramatically under the assumption
that fire disturbance transferred all root C and 75% woody C into soil. Then it decreased until the forest
regrowth produced enough litter to offset the loss from heterotrophic respiration. The amplitude of soil C
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Figure 7. Simulated temporal variation of the average C density in vegetation, soil and ecosystem. The ecosystem C is the sum of both
vegetation C and soil C. The increase of C density is larger in vegetation than in soil

accumulation was smoothed by the adjustment of enhanced soil respiration resulting from increased soil tem-
perature. The Canada-wide average accumulation rate of soil C from 1900 to 1998 is 0Ð01 kg m�2 year�1,
which is only 50% of the mean soil C accumulation rate for forest stands older than 13 years in the
northern study area (NSA) of the Boreal Ecosystem–Atmosphere Study (BOREAS) reported by Rapalee
et al. (1998). Their values for C range from �0Ð021 to 0Ð068 kg m�2 year�1, with the average equal to
0Ð02 kg m�2 year�1.

The soil C accumulation rate from InTEC V3Ð0 varies spatially from about �0Ð02 kg m�2 year�1 (net loss)
in recently burned areas to over 0Ð03 kg m�2 year�1 (net accumulation) in regions such as the wetlands on
the margins of Hudson Bay and the southern parts of the provinces of Ontario and Quebec. The southern
forests of these two provinces are dominantly deciduous and at productive ages. Relatively high N deposition
here also increases the productivity of forests. These factors allow soils to accumulate C at high rates.
The C accumulation rates are generally less than 0Ð010 kg m�2 year�1 in most Mackenzie Valley regions
due to very low NPP values (Liu et al., 2002). The simulated average accumulation rate of soil C and its
dependence on stand age and drainage classes are within the range of published values. Trumbore and Harden
(1997) indicated that, in the NSA of BOREAS, the accumulation rate of soil C depends on stand age and
drainage class, ranging from close to zero for sandy soils in jack pine stands, to 0Ð003–0Ð01 kg m�2 year�1

for moderately to poorly drained sites in mature forest stands, to 0Ð03 kg m�2 year�1 for a productive fen.
Rapalee et al. (1998) supported this conclusion and also pointed out that the accumulation rate of soil C is
inversely related to stand age over 13 years old in all drainage classes. Poorly drained sites accumulate soil
C quicker than very poorly drained sites. Frolking et al. (2001) estimated that, in the past 8000 years, the
mean accumulation rates of C are 0Ð022 kg m�2 year�1 for fens and 0Ð036 kg m�2 year�1 for bogs in eastern
Canada. However, they currently accumulate C at the rates of 0Ð006 kg m�2 year�1 and 0Ð020 kg m�2 year�1

respectively.

SUMMARY

The pixel-based InTEC model has been improved after modifications, i.e. new model parameterizations and
the development of a hydrological submodel, which simulates the spatial and temporal dynamics of soil
temperature and moisture within three soil layers using spatially distributed climate, vegetation, soil, DEMs
and drainage class data. This TOPMODEL-based quasi-three-dimensional hydrological submodel can capture
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the mechanisms controlling both vertical and lateral redistributions of soil water in heterogeneous areas, as well
as of other components of the water and energy balance. It is able to simulate the spatial distribution pattern
of soil moisture under different topographic conditions, which makes it possible to simulate the influence of
hydrological processes on productivity, decomposition and accumulation rates of soil C with some confidence
at the regional scale. The modification of a comprehensive below-ground biogeochemical submodel allows
for an elaborate description of below-ground biochemical processes in various drainage classes. InTEC V3Ð0
is now capable of simulating the combined effects of biophysical and biogeochemical processes on the spatial
distribution of the C balance at the regional scale with a relatively high spatial resolution (1 km). This
improved model may be one of few C simulation models suitable for both upland and wetland forests at
regional scales.

Several sets of measurements, including drainage class, soil C density, soil physical properties available in
the SLC database, and above-ground biomass from forest inventory, were employed to run the model and to
validate some of the results. Compared with soil C data available in the SLC on the basis of polygons, the
modified pixel-based InTEC V3Ð0 can capture the major spatial variation of soil C stocks (66Ð6%). The major
improvement was achieved in the simulation of C stocks in forested and non-forested wetlands, for which
negative biases in simulated soil C stocks were greatly reduced. The model captures 80% of the variance
in the nationwide mean of above-ground biomass among 15 forest cover types. For conifer forests, which
occupy about 53% of Canada’s forested areas, the discrepancy in above-ground biomass (C) between the
model and the forest inventory is less than 0Ð4 kg m�2.

However, several problems still exist in this study. From this current model, the overestimation of soil C
stocks for some wetlands is still noticeable and needs further studies to develop more precise descriptions of
the hydrological, biogeochemical and biophysical processes. For example, vegetation composition, historical
NPP, and drainage classes are all important for simulating soil C accumulation rates and the size of the
soil C stock. The simplification of a unique cover type and one vegetation layer within a 1 km ð 1 km
pixel cannot completely describe the processes of C cycles in the atmosphere, vegetation and soil system.
In northern wetlands, several vegetation types usually coexist in a pixel in coarse-resolution images, and
understory vegetation can contribute considerable amounts of C to the soil organic matter. For example,
mosses are critical in soil C simulation for peatlands. The mechanism by which vegetation with different
rooting depths influences the decomposition rate of soil C has not yet been included in the model. The same
values of chemical properties of vegetation influencing the decomposition rate, such as lignin and N contents,
are assigned to each of several major cover types without vegetation composition considered. The above
shortcomings of this current model may induce uncertainties in soil C simulation. Other factors contributing
to errors in simulating soil C stocks in some regions are the spatial and temporal resolutions of the model.
In particular, the 1 km ð 1 km spatial resolution image, which smoothes local topography and, consequently,
the redistribution of soil water, induces some errors in simulation. These problems can be overcome, to some
extent, with higher resolution data used and/or scaling parameters calibrated based on more field measurements.
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