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Spatially and temporally distributed information on the sizes of biomass carbon (C) pools (BCPs) and soil
C pools (SCPs) is vital for improving our understanding of biosphere-atmosphere C fluxes. Because the
sizes of C pools result from the integrated effects of primary production, age-effects, changes in climate,
atmospheric CO, concentration, N deposition, and disturbances, a modeling scheme that interactively
considers these processes is important. We used the InTEC model, driven by various spatio-temporal
Key words: datasets to s_imule}te the long-term C-balance in a _boreal landscape in east_e.rn Canac.la. Our res_ul_ts sug-
Long—terrr; C modeling gested that in this boreal landscape, mature coniferous stands had stabilized their productivity and
InTEC fluctuated as a weak C-sink or C-source depending on the interannual variations in hydrometeorologi-
cal factors. Disturbed deciduous stands were larger C-sinks (NEP;go4 = 150 gC m~2 yr~') than undisturbed
coniferous stands (e.g. NEPygo4 =8 gCm~2 yr~1). Wetlands had lower NPP but showed temporally consis-
tent C accumulation patterns. The simulated spatio-temporal patterns of BCPs and SCPs were unique and
reflected the integrated effects of climate, plant growth and atmospheric chemistry besides the inherent
properties of the C pool themselves. The simulated BCPs and SCPs generally compared well with the bio-
metric estimates (BCPs: r=0.86, SCPs: r=0.84). The largest BCP biases were found in recently disturbed
stands and the largest SCP biases were seen in locations where moss necro-masses were abundant. Recon-
structing C pools and C fluxes in the ecosystem in such a spatio-temporal manner could help reduce the
uncertainties in our understanding of terrestrial C-cycle.
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1. Introduction

Studies have shown that the effects of global warming may
change the status of the terrestrial biosphere from a weak carbon
(C)sinkto asource by the middle of this century due to the release of
soil C stocks to the atmosphere (Cox et al., 2000). Small variations
in the C fluxes such as gross primary production (GPP) and total
ecosystem respiration (TER) can result in large variations in the net
ecosystem productivity (NEP). This is true especially in mature for-
est stands that have considerable quantities of C stocks in the plant
and soil.

For the ease of understanding the terrestrial C cycle, it is usu-
ally assumed that the C stocks are comprised of several conceptual
C pools that have unique biophysical characteristics (Shibu et al.,

* Corresponding author at: Ecologie Fonctionnelle et Physique de
I'Environnement [EPHYSE], L'Institut national de la recherche agronomique
[INRA], 71, Avenue Edouard Bourlaux, 33140 Villenave d’Ornon, France.

Tel.: +33 (0) 5 57 12 24 24; fax: +33 (0) 5 57 12 24 20.
E-mail address: ajit.govind@bordeaux.inra.fr (A. Govind).

0304-3800/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.ecolmodel.2011.04.007

2006; Porporato et al., 2003). On a long term basis, the quan-
tities of biomass C pools (BCPs) and soil C pools (SCPs) in an
ecosystem depend on the disturbance history (Sun et al., 2004),
atmospheric CO, concentration (Chen et al., 2000; Johnson et al.,
2000; Alexandrov et al., 2003), nitrogen (N) deposition (Magnani
et al., 2007; Turunen et al., 2004), stand age (Gower et al., 1996;
Peltoniemi et al., 2004), soil texture (Torn et al., 1997), drainage
class (Rapalee et al., 1998), and climate (Apps et al., 2000; Black
et al., 2000; Griffis et al., 2003).

Temporally precise C-flux measurements are available for many
locations in the world that have advanced our understanding of
biosphere-atmosphere C fluxes (e.g. FLUXNET, Baldocchi, 2008).
However, landscape-scale generalizations of C-fluxes need model-
ing efforts addressing spatio-temporal variability. Currently there
are many inconsistencies among the models even though the fun-
damental mechanisms that describe the ecosystem processes are
similar (Franks et al., 1997; Schulz et al., 2001; Raupach et al., 2005;
Mitchell etal.,2009). One of the major issues lies in how well, within
the models, the C pools are [1] parameterized, [2] initialized and
[3] altered. Because biogeochemical transformations are assumed
to have first-order kinetics in most models (Shibu et al., 2006;
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Porporato etal.,2003), accurate quantities of C pools are essential to
simulate such processes. Long-term biogeochemical processes can
thus govern the sizes of C pools and therefore, the current C-fluxes.

Conventionally in distributed modeling approaches, remotely
sensed information have been used to estimate C-fluxes at the
regional (e.g. Turner et al., 2006; Coops et al., 2007; Potter et al.,
2001) and global scales (e.g. MODIS-based global GPP product,
MOD17A2). However, these efforts are confined to C-fluxes such
as GPP or NPP and not NEP, because of the difficulty in estimating
the Cpoolsinthe soil and plant that determines TER. NEP is the ideal
indicator of the net C balance (Janssens et al., 2003; Govind et al.,
2009b; Lovett et al., 2006). Some studies have demonstrated map-
ping of daytime NEP fluxes at the landscape by integrating ground
data and remotely sensed information (Hassan et al., 2006; Kelly
et al., 2002). However, such approaches are possible only when
and where GPP fluxes are larger than TER fluxes. While above-
ground biomass (AGB) can be estimated using techniques such as
LIDAR (e.g. Popescu, 2007) and RADAR (e.g. Austin et al., 2003)
and are operational, they are currently not being applied at large
scales. Nevertheless, AGB gives information on only the above-
ground BCPs. SCPs are more important and uncertain, considering
their critical role in heterotrophic respiration (Ry) (Bond-Lamberty
and Thomson, 2010).

Many models initialize the sizes of C pools by running them for
centuries until the C pool sizes are stabilized (e.g. RHESSys, Tague
and Band (2004); CTEM, Arora and Boer (2003); ORCHIDEE, le Maire
et al. (2010). Effects of disturbances and changes in climate and
atmospheric chemistry are often simplified in such spin-ups, result-
ing in potentially unrealistic C pool sizes. Furthermore, intensive
point-scale models might have difficulties to capture the spatial
heterogeneity necessary for landscape-scale calculations because
of computational challenges (e.g. Grant et al., 2009). Although
Bayseian inversion-based approach is an alternative method, this
faces large uncertainties regarding parameter identifiability and
equifinality (Luo et al., 2009). Considering this research gap, it
is important to study the dynamics of C pools and fluxes in the
soil and plant under the effects of climate, disturbance (natural or
anthropogenic), atmospheric chemistry and the associated feed-
back relationships.

In this study, we present a long-term (1920-2005) simulation
of the C-balance of a boreal forest landscape in a spatially explicit
manner using various spatio-temporal datasets and an ecosystem
model. Further, we investigate the dynamics of various C pools and
C-fluxes in space and time. We employed the Integrated Terres-
trial Ecosystem Carbon Balance Model (InTEC, Chen et al., 2000) to
address these objectives. INnTEC has been used in several studies that
deal with the large-scale modeling of C-fluxes (e.g. Canada, Chen
et al.,, 2003; Ju and Chen, 2005; Ju et al., 2006; Ju and Chen, 2008),
(China, Wang et al., 2007; Shao et al., 2007). Here we demonstrate
for the first time InTEC's ability to simulate the dynamics of various
ecosystem C pools in a spatially and temporally explicit manner,
under changes in climate, atmospheric chemistry and disturbances.

2. Model description

InTEC employs a quasi-process-based approach to simulate the
long-term C balance of an ecosystem. Biogeochemical processes are
described based on the dynamics of various C pools subjected to abi-
otic and biotic factors. Primary production derived C alters the sizes
of the four BCPs which are demarcated as [1] Wood (Cw) [2] Foliage
(G), [3] Coarse roots (C¢r) and [4] Fine Roots (Cy ). These BCPs upon
mortality, directly or indirectly alter the sizes of the nine SCPs, i.e.,
[1] Surface Structural Litter C pool (Cssq), [2] Fine root Structural
Litter C pool Structural Litter C pool (Cgq), [3] Coarse-woody Lit-
ter C pool (Ccq), [4] Metabolites in Surface Litter C pool (Cspq), [5]
Metabolites in Soil Litter C pool (Cgpq), [6] Surface Microbial C pool

(Csm), [7] Soil Microbial C pool (Cy,), [8] Slow C pool (Cs), and [9]
Passive C pool (Cp). These SCPs undergo abiotic and biotic transfor-
mations and change their sizes and also produce C fluxes due to Ry.

Because INTEC operates at large spatio-temporal scales, rigorous
mathematical strategies are adopted to upscale processes in space
(canopy scale) and time (annual). Effects of climate, atmospheric
chemistry and disturbances are considered as factors that modulate
the stand productivity and hence the net C balance. C-fluxes in the
form of dissolved organic carbon (DOC) and methane flux are not
considered in the C-balance.

InTEC assumes a dynamic equilibrium between NPP and Ry dur-
ing those periods in the ecological history when no information on
stand age is available (e.g. time before the modeling period or the
time before the latest disturbance event). Under this equilibrium
condition, a stand is assumed to be at the “equilibrium age”. The
NPP value that is in dynamic equilibrium with Ry is defined as the
NPP at equilibrium age (hereafter denoted as NPPg). If we know the
NPPy associated with each pixel in the modeling domain, NPP val-
ues of the subsequent years (NPP;) can be progressively calculated
after considering the effects of disturbance and non-disturbance
factors as shown below.

NPP; = NPPg x ist,i X Pnon-dist,i (1)

In the above equation, the term ¢; = [F(a;)/F(ag)] represents the
disturbance factor affecting the C balance of a forest stand because
of changes in the stand age of perennial vegetation and therefore, its
productivity. This factor is assumed as a normalized stand produc-
tivity at ages ag (the starting year) and g; (the ith year), respectively.
This means that in order to simulate the disturbance effect, we need
information on (1) an NPP-age relationship and (2) and a current
stand age map. In this study, we used the generalized form of the
NPP-age relationship developed by Chen et al.(2002). This NPP-age
relationship was obtained by fitting a Weibull distribution over the
observed dendrochronological data.

The non-disturbance factors that govern the stand productivity
include the effects of climate, CO, fertilization and N availabil-
ity. The integrated effects of these non-disturbance factors on the
C balance are collectively represented by the term, ¢pop-dist,i =

117 [;t;g;] calculated in a spatially and temporally explicit man-
j=1

ner as a function of climate, CO, fertilization and N deposition. The
method to compute x can be found in Chen et al. (2000) and Ju et al.,
2007.

It is possible to calculate NPPy if we have reliable estimates of
NPP in a reference year (hereafter denoted as NPP,.¢). The refer-
ence year is usually a recent year (e.g. 2004 in this study) in which
we have greater confidence in our understanding of the ecosys-
tem. This is usually achieved by relying on multiple approaches
such as remote sensing, biometric measurements, eddy covariance
data, and intensive process-based models. Using [1] an NPPf map,
[2] information on the disturbance-type and disturbance-time, [3]
information on various non-disturbance factors and [4] NPP-age
relationship, the NPPg for each pixel is estimated by satisfying the
condition that the simulated NPP; in the reference year (based on
Eq. (1)) match with the NPP,.¢ (from the input map). This is an iter-
ative procedure wherein the pixel value of NPPy is tuned in each
step until there is only negligible difference between the simulated
NPPj_ef, year and the inputted NPP ¢ (Ju and Chen, 2005, 2008). The
whole process is conceptually represented in Fig. 1a. Therefore, the
accuracy of the NPPrefye,y is crucial to reliably simulate the long-
term C balance. In the process of estimating the optimal NPPy for
each pixel, the sizes of C pools at the equilibrium age (e.g. in the
pre-simulation period or for the time before the last disturbance)
is also estimated. This is achieved by solving a set of differential
equations that consider the interactions among the C pools under
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Fig. 1. (a) A conceptual diagram showing the strategy used within InTEC to retrospectively estimate NPPo using current estimates of NPP (NPP,) and (b) a schematic

representation of the simulation of C-balance within the INnTEC modeling framework.

the equilibrium condition (i.e. NPPy = Ry) see Chen et al., 2003). Fur-
ther, the sizes of BCPs and SCPs are updated on an annual basis as
shown below

CX,‘ = CX,’,l + ACXi (2)
where, Cy; and C,;_; are the sizes of the C pool x in the previous
(i—1) and the current (i) years, respectively. ACy; is the change in
the pool x in the year i. The procedure to calculate ACy; for each C
pool is different and depends on the integrated effects of various
abiotic and biotic factors and the sizes of the precursor C pools as
shown in the appendix. In general, the rates of change in BCPs are
calculated as shown below.

[fj -NPP; — k; - cj,i]

Gi=——FF—F"" (3)

A
1+kj

where f; refers to the C allocation rate to the jth BCP, and k; is the
mortality rate of the jth BCP in the year i. The dynamics of SCPs are

more complex and are calculated as shown below,

n
Zlq,j,,-.C,,(,-,]) — (kj.ij(,’,]))
I=1

AG ;=

where k;; is the transfer rate of C from SCP [ to SCP j, n is number of
SCP transferring C to SCP j, and k; is the decomposition rate of SCPj.
In the processes of decomposition and allocation of C between SCPs,
and release C to the atmosphere, sizes of each SCP alter. Further, Ry
is calculated as the sum of all the atmospheric C-fluxes from indi-
vidual SCPs as shown in Eq. (5). The nature of SCP decomposition
is conceptualized as a function of the existing SCP sizes and vari-
ous abiotic factors (soil temperature, soil moisture and soil texture)
that modulate the decomposition of each SCPs in a unique manner.

9
RHi = ijc]
j=1

(5)
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Table 1
Description of various conceptual C pools, their decomposition products and rates of decomposition within the INTEC model.

C pool Symbol Description Fate Decomposition Rate [yr]
0.0279(C)
Wood C Pool Cy Tree trunk, stems, twigs Cu - 0.0280 (D)
0.0270(M)
0.0130(W)
0.0269(C)
Coarse Root C Pool Ceo Large Roots Cu Kered= 0.0288(D)
0.0270 (M)
0.0139(W)
0.5948(C)
Fine Root C Pool Cq Fine roots Cra ko 0.5948(D)
0.5948(M)
0.3000(W)
0.1925(C)
Foliage C Pool C Leaves, flowers, cones Cesd kisi= 1.0000(D)
0.3945(M)
0.3945(W)
Cs kssas=0.4a
Surface Structural Cyd Dead leafs Com kssasm=0.73
Litter C Pool C, k4,=0.6a+0.33
a=[fi(LA], B=[(L)A]
Metabolites in Comd Mostly organic acids in the Cip K smasm=0.414.8xA
Surface Litter C Pool litter material C, K sma.=0.6x14.8xA
Cs kfsd’s:0.7a
Fine root Structural Cia Fine-root Detritus Cn ksa.5m=0.45B
Litter C Pool C, ka,=0.30+0.553
a:4.8[f3(Lﬁ)A], B:48[f4(Lfr)A]
Metabolites in Soil Cina Soil enzymes and other Cn kfmam=0.5x18.5xA
Litter C Pool metabolites C, kiing.=0.5x18.5xA
Cs keas=0.55a
Coarse-woody Litter Cu Both surface and sub surface Cp, keam=0.450
C Pool soil C pool C, kea,=0.450+0.553
a=2.8[f5(Ly)A], B=2.8[f5(Lw)A]
Soil Surface Cim Surface Fungi and Bacteria C; koms=0.4x6.0xA
Microbial C Pool on the soil surface C, ksma=0.4x6.0xA
G K p=7.3[f6(Ts)xfs(Te)-
Soil Microbial Cn Bacteria, Fungi, VAM Cs J(To)xfo(Te)]A
C Pool C, Jem,s=7.3[f6(To)xfs(Te) JA
kna=T7.3[f6(TOxf7(Tc)]A
Slow Soil Organic Cs Part of Humus, Humic and G ks p=0.25[f1o(Tc)]A
Matter C Pool Fulvic acids Cn ksm=0.25[f}1(T)]A
C, ks,=0.55x0.25xA
Passive Soil Organic ~ C, Mostly recalcitrant Humus @ ko m=0.0045x0.5x1.25xA
Matter C Pool C, kp.a=0.0045x0.5x1.25x A

A is a factor that represents the influence of soil temperature and soil moisture in a combined manner. L, is the lignin fraction of
leafs. L is the lignin fraction of fine-roots. L,, is the lignin fraction of dead wood and coarse-root. 7} s the fraction of sand and
silt. 7., is the fraction of clay. Functions f';.;; represents various C pool and process specific functions describing the influence

of abiotic factors. (C)-Coniferous; (D)-Deciduous; (M)-Mixed Forests, (W)-Wetlands.
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0 1 2
—— Kjlometers

Fig. 2. Location of the study site, a boreal landscape, which includes the EOBS tower site of the CCP where high-frequency measurements of carbon, water and energy fluxes
are being made using the eddy covariance technique since 2003. Note the locations of the inventory plots in the footprint region of the EOBS tower site. The background is
an extract of aerial photo obtained from the Ministére des Resources Naturelles et de la Faune du Québec (Bernier et al., 2010).

The actual decomposition rates of SCPs (k;) are determined
by constraining SCP-specific potential decomposition rates (K;).
Scalars that correspond to the factors such as soil temperature,
moisture, soil texture, and SCP lignin contents (Chen et al., 2003;
Ju et al,, 2007) constrain K;. The historical trend in soil moisture is
calculated in a simplified manner by considering the annual pre-
cipitation, evapotranspiration (ET) and soil hydraulic conditions (a
simplified bucket approach).

During the process of SCP decomposition, N mineralization and
immobilization alter the C:N ratios of each SCP, except for Gy, and
Csm (living forms of SCPs). From the reconstructed annual NPP;;
NEP; and net biome productivity (NBP;) are obtained by deducting
the C-fluxes due to Ry and disturbance (in the absence of distur-
bance, NBP = NEP), respectively (Fig. 1b).

Table 1 shows the description of various conceptual C pools
(BCPs and SCPs), factors governing their dynamics, and their fates
within the InTEC domain. More details on these aspects can be
found in Chen et al. (2003).

3. Site description

The long-term simulation of C-balance presented in this paper
was conducted on a ~40 km?2 boreal landscape located in north-
central Quebec, Canada (Fig. 2). This region has a mean annual
temperature of ~0 °C and a mean annual precipitation of ~960 mm
(Environment Canada, 2006). The soil is a ferro-humic to humic
podzol, covered by an organic layer with an average depth of
~30cm. In humid areas, the soil is mainly organic with an aver-
age depth of 125cm (Giasson et al., 2006). The soil drainage is
fair and the water table is usually below 50 cm. Vegetation in this
boreal landscape is diverse. In the coniferous stands, the over-
story is predominated by black spruce (Picea mariana) whereas
in the deciduous and mixed stands, aspen (Poplus sp.) or birch
(Betula sp) are commonly found. Sporadically, jack pine (Pinus
banksiana Lamb.), tamarack (Larix laricina) and balsam fir (Abies
balsamea) also occur. In general, the understory is dominated by
labrador tea (Ledum groenlandicum) and the forest floor consists of
a moss layer (Bergeron et al., 2007), with feather moss and lichens

in moderately dry locations and Sphagum sp. in relatively wetter
locations.

The Eastern Old Black Spruce (EOBS) site of the Canadian Car-
bon Program (CCP) is located at 49.69° N and 74.342° W in the
southwestern part of this boreal watershed. The eddy covariance
(EC) technique is being used at the EOBS site to record near-
continuous 30-min CO,, water and energy fluxes since June 2003.
Predominant wind comes from the S-SW, both during day and
night. The fetch extends to 500 m in all directions. Using an inverse
Lagrangian model, Kljun et al. (2004) conducted a flux footprint
analysis and estimated that the site’s fetch contributed at least 90%
of the measured flux in the dominant wind directions. Therefore,
we used a circular area subtended by a 500 m radius centered on the
tower as “the footprint” for our data analysis, similar to Bergeron
et al. (2007). Undisturbed mature black spruce stands dominate
in the footprint region, with the stand age ranging from 90 to
120 years.

4. Preparation of data sets

Several spatially-explicit datasets were required to run the
InTEC model. These datasets included reference year maps of land-
cover, leaf are index (LAI), soil texture, current stand age, NPP,.f,
ET,of and N deposition. For the year 2004, we had a greater con-
fidence in our understanding of the ecosystem due to intensive
measurements and modeling activities. Therefore, we fixed 2004
as the reference year in this study. Table 2 gives a general descrip-
tion of the spatial and temporal datasets used in this study and Fig. 3
shows some of the spatial datasets. All the datasets have a spatial
resolution of 25 m in the UTM Zone 18 N projection system.

5. Measurement of ecosystem C-indicators for model
validation

5.1. Measurement of ecosystem C fluxes

EC measurements made at EOBS site were used to compute
the C fluxes. The flux data used in this study were quality con-

Model. (2011), doi:10.1016/j.ecolmodel.2011.04.007
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Table 2

Summary of the spatio-temporal data requirements for running the InNTEC model and their preparation in this study.

Dataset Use

Source/Method

Land cover? Landcover-specific parameterizations

Tunes the historical LAl simulated within InTEC

Leaf area index [LAI]*

An indicator of stand disturbance. Used for the
computation of the @;s; factor

Stand age’

Reference year NPP! Computation of NPPy in the iterative procedure

Used to derive a soil moisture index that can
govern the decomposition rates of SCP based
on a simple water balance approach

Reference year ET*

Calculation of soil textural factor on
decomposition rates of SCP

Soil texture [clay +silt]%

Atmospheric N-deposition* Computation of the @, 4is¢ factor.

Meteorological data¥ Computation of the @, gist factor.

Ts spring season temp.

Ty growing season temp Tp
mean annual temp.

Pa annual precip.

Atmospheric ¥
CO, concentration

Computation of the @pop_gist factor

Obtained from the earth Observation for Sustainable Development (EOSD)
project
[http://cfs.nrcan.gc.ca/subsite/eosd]

Derived by inverting an empirical algorithm over an Landsat-ETM NDVI map.
The algorithm was developed using ground-based measurements at EOBS
(Chen et al., 2006).

Disturbance type and time obtained by data fusion:

[1] Expert interpretation of a collection of aerial photographs archived since
1928 (Bernier et al., 2010) covering the southern half of the domain.

[2]GIS database from the Canadian Forest Service

[3] High resolution land cover product

Annual NPP map was derived by summing-up the daily NPP outputs from the
BEPS-Terrainlab V2.0 model (Govind et al., 2009a)

Annual ET map was derived by summing-up the daily ET from the
BEPS-Terrainlab V2.0 (Govind et al., 2009a).

Gravimetric analysis was conducted at the EOBS.

Further, using [1] Landover and [2] surface deposit map, soil texture was
mapped at the landscape scale using a look-up table procedure (Govind et al.,
2009a)

Chen et al. (2003) developed a Canada-wide N-deposition map by using the
measured data collected by Ro et al. (1995). The temporal trend of N
deposition was assumed to vary in accordance with Canada’s greenhouse gas
emission trends.

Monthly average measurements obtained at the Chapais observatory
(1920-2005) near EOBS was first downscaled to daily values based on
Regniere and St-Amant, 2007. Further, it was used in the following way.
Ts =average of DOY 85-DOY 145.

Ty =average of DOY 85-DOY 240

Ta =average of DOY 1-DOY 365

PA =sum of DOY 1-DOY 365

IPCC’s SRES-A2
Scenario was assumed for all the pixels

 Reference year, 2004. Spatial dataset.
¥ Temporal dataset.

trolled, gap-filled, and partitioned for the flux subcomponents by
Bergeron et al. (2007) using a standard CCP algorithm developed
by Barr et al. (2004). Daytime TER, missing nighttime and cold sea-
son TER were estimated using an empirical function that relates
TER and temperature. GPP was calculated from the NEP and TER
estimates. These half-hourly data sets were directly obtained from
the Data Information System of the Canadian Carbon Program
(http://fluxnet.ccrp.ec.gc.ca/) and were used for validation of the
simulated C fluxes after converting to annual estimates.

5.2. Biometric measurement of ecosystem C-stocks

In 2003, we measured the C-stocks in the soil and plant at 12
inventory plots (each 400 m?) spread around the EC tower at EOBS
(Fig. 2). The location of the inventory plots were determined using
aerial photographs and GIS, employing a randomized sampling
scheme such that all major stand-type in the EC-tower footprint
region was represented. In each plot, complete tree inventories
were made by measuring the diameter at breast height (DBH).
Further, C contents in AGB were computed using species-specific
allometric equations (Lambert et al., 2005), assuming the C fraction
of biomass (CFB) to be 0.5

Soil C stocks were also estimated in the same year at four of
the 12 inventory plots. For a representative spatial coverage, four
to eight points were sampled within each inventory plot with a
30cm sampling depth. Soil samples were used to estimate the C-
content in the organic and mineral layers in the laboratory using

a LECO CR12 Total C analyzer. The soil C stocks thus analyzed did
not include C contained in the living root biomass. We used these
measured soil C-stock data to validate the simulated SCPs for the
year 2003.

5.3. Measurements of PAI as an indicator of AGB

Plant area index (PAI), implies the amount of foliage and wood
biomasses. PAl was estimated using a combination of Digital Hemi-
spherical Photography and a Plant Canopy Analyzer (LAI-2000) in
the growing season of 2003 (Chen et al., 2006). We took PAI mea-
surements at 10 m intervals along a 400 m long westbound transect
starting from the EOBS tower and also at all the inventory plots
mentioned above. We used these PAI estimates to test the accu-
racy of the simulated aboveground BCPs by comparing it with the
simulated AGB in 2003.

6. Results and discussion
6.1. Temporal dynamics of C fluxes, AGB and their validation

Fig. 4 shows the simulated time series of the three main ecolog-
ical indicators i.e. NPP, NBP and AGB (panels D, E and F) vis-a-vis
the hydroclimatic factors (panels A-C). We present the simulations
for two locations that underwent distinct disturbance regimes on
this boreal landscape: (1) an undisturbed location (EOBS) and (2) a
disturbed site (clear-cut in 1963). Time series of the modeled NPP
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Fig. 3. Various spatial datasets required to drive InTEC. (A) Validated land cover map, (B) Reference year leaf area index (LAI) map, (C) Forest stand age map in the reference
year (2004), (D) soil texture, (E) reference year ET from Govind et al. (2009a) and (F) reference year NPP from the hydro-ecological simulation conducted by Govind et al.
(2009a). All the data sets have a common spatial resolution of 25 m?. Projection is UTM Zone 18 N. The scale of this 40 km? landscape is shown in Fig. 2.

and AGB suggested that productivity of the EOBS stand has stabi-
lized in the recent years while it is still increasing at the disturbed
site. In the recent years, the magnitude of NEP in the disturbed site
was higher (150gCm~2 yr—1) and showed and increasing trend in
comparison to the undisturbed EOBS site where the NEP was near C
neutrality (8 gCm~2 yr~1). The AGB was higher (~4.5 kgC m~2) but
reached a saturation in the undisturbed site while in the disturbed
site it was lower but showed (~2.5 kgC m~2) an increasing trend.
The difference seen on the dynamics of C indicators among the
two disturbance regimes can be linked to stand ages. This age effects
on productivity and its cascading effects on the overall C-balance
is important for modeling the long-term C cycle. Many studies
have demonstrated the age effects in boreal forest productivity
using biometric approaches (e.g. Amiro et al., 2010; Coursolle et al.,
2006; Gower et al., 1997; Ryan et al., 1997). The stand ages at EOBS
was ~120 years and our results were consistent with some of the
chrononosequence-based measurements made by Bond-Lamberty
et al., 2004 and Wang et al., 2003 in mature black spruce ecosys-
tems in central Canada. Panels D-F of Fig. 4 show how the model
simulates the effects of disturbance and regrowth and the conse-
quent C balance following a disturbance event. Even though stand
regeneration started quickly following the disturbance, the ecosys-
tem remained as a C source for at least 20-25 years before turning
into a C sink. This was because the SCPs continued to decompose at
higher rates releasing soil C into the atmosphere through TER fluxes
rather than photosynthetic C assimilation. These results imply that

almost 2 decades are required for the disturbed system to reach a
C-neutral condition.

Validation of the simulated NPP is often difficult because of the
absence of temporally and spatially fine-scale NPP measurements.
Assuming that measured NPP was 47% (after Landsberg and Waring,
1997) of the GPP estimated using the EC technique; we compared
the simulated annual NPP with the annual NPP derived from the
GPP estimates reported by Bergeron et al. (2008). The simulated
annual NPP in 2004 (288.1 gC m~2 yr~')and EC-derived annual NPP
in 2004 (278.2gCm~2yr!i.e. 47% of GPP=592gCm2yr-1) at the
EOBS EC-tower footprint region was in reasonable agreement. This
good agreement between the simulated and the measured NPP in
arecent year occurred because within InTEC there is a mechanism
to equate the simulated NPP;_of with the NPP,.s as described in
Section 2. Nevertheless, our NPP estimates were consistent with
the field measurements taken in a similar ecosystem in northern
Manitoba, Canada (Bond-Lamberty et al., 2004; Wang et al., 2003).

The year 2005 was a prospective simulation year, ie. a
year beyond the reference year. In 2005, the simulated NPP
at the EOBS EC-tower footprint region was 335gCm2yr!
whereas EC-derived NPP was 320gCm~2yr~! (i.e. 47% of annual
GPP=680+4gCm2yr1). It should be noted that the 2005 pri-
mary productivity was higher than 2004, consistent with another
process-intensive simulation conducted by Govind et al. (2009a)
at a daily time step. A higher GPP was observed because in 2005,
unlike 2004, the ecosystem was relatively warmer and drier with a
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Fig. 4. Temporal patterns of: (A) various thermal indicators, (B) precipitation and (C) parameters of atmospheric chemistry, considered in this modeling study. Panels D, E
and F show the temporal patterns of the simulated NPP, NBP and AGB for one undisturbed location (EOBS) and one disturbed location in this boreal landscape.

longer length of growing season. From late June until late Septem-
ber, soil moisture status remained below the field capacity, but still
above the permanent wilting point. This created conducive growth
conditions. In this humid boreal ecosystem, water scarcity is not
a limiting factor for plant growth. Instead, excessive soil moisture
(beyond the field capacity) is a plant stress factor. Previous stud-
ies at this site demonstrated that, due to the perhumid nature of
this ecosystem, soil drying enhanced plant productivity primarily
due to increased stomatal conductance (Govind et al., 2010). Also,

drier but optimal soil hydrothermal conditions increased N avail-
ability due to accelerated decomposition of SCPs. This explains the
higher primary production in 2005, which was drier and warmer,
compared to 2004, which was wetter and cooler.

For the year 2004, InTEC simulated an average NEP value
of 8gCm2yr-! for the EC-tower footprint region as against
6+12gCm~2yr-! measured by the EC technique (Bergeron et al.,
2008). However in 2005, the simulated NEP was 30gCm 2 yr!,
whereas the EC-based estimate was 0+3gCm~2yr—! (Bergeron
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et al., 2008). This discrepancy arose mainly due to an underestima-
tion of TER fluxes (mainly due to Ry) by the model. Because 2005
was relatively dry, soil moisture remained conducive for the soil C-
dynamics that resulted in a larger C-flux to the atmosphere via TER
that brought the ecosystem to a C-neutral situation even though the
primary production occurred at higher rates. The model’s underes-
timation of Ry could be attributed to its coarse temporal resolution
(annual), whereby it was not able to efficiently capture the non-
linearities that occurred at finer temporal resolutions (e.g. daily or
sub-daily). For example, while analyzing daily simulations of NEP,
Govind et al. (2009b) noted that even during the mid-growing sea-
son, on some warm-dry days, the ecosystem behaved as a strong
C-source even though GPP occurred at high rates.

From these datasets, we understand that the inter-annual vari-
ability in hydrometeorological factors made the mature coniferous
stand to fluctuate between a weak C-source and a weak C-sink.
Thus, it seems that models such as InTEC that run at an annual time-
step, although adequate for long-term simulation of C-balance in a
spatially distributed manner, are prone to some uncertainties while
simulating the C-balance of C-neutral ecosystems. Despite these
discrepancies, we should consider the fact that the main purpose
of InTEC is to reconstruct the long-term ecosystem C balance and
get reasonable estimates of the spatio-temporal dynamics of vari-
ous C pool sizes and C fluxes, which is difficult with conventional
process-based models.

6.2. Temporal dynamics of BCPs and SCPs

Fig. 5 shows the temporal dynamics of various ecosystem C pools
at the EOBS EC-tower footprint region. The panels A-D, respectively
display the simulated temporal patterns of the BCPs such as wood
(Cw), coarse-root (Ccr), fine-root (Cy, ) and foliage (G ). In general, the
sizes of the BCPs showed an increase with time, which saturated
as the stand got older. In the model, as the stand age increased,
relatively higher amount of C is used for growth and maintenance
respiration rather than increasing the sizes of BCPs by itself. There-
fore, even though photosynthesis occurred at higher rates, there
were only smaller increments in the sizes of the BCPs. Among the
four BCPs, Gy and C; showed higher interannual variability, which
suggested their dynamic nature owing to higher sensitivities to
abiotic factors. Biometric studies have shown the rapidity in the
annual mortality of fine-root and leaf biomasses as a function of
various environmental factors (e.g. Nadelhoffer et al., 1985; Gower
and Vitousek, 1989; Kalyn and Van Rees, 2006). Among the differ-
entland-cover types, deciduous species showed higher inter annual
variability for Gy and C; agreeing with the studies conducted by Barr
et al. (2004) and King et al. (2001), respectively. The larger inter
annual variability of C¢. and C; (panels Cand D) were due to the pres-
ence of deciduous species within the EC-tower footprint region in
addition to coniferous species. In the early years of stand establish-
ment, Gy and C. progressively increased their sizes with smaller
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interannual variability (Fig. 5A and B). This happened because Cy
and C; had lower mortality rates (losses) and constant C allocation
rates (gains) as opposed to Cy and Cj.

Unlike the BCPs, the sizes of SCPs had unique temporal patterns.
For example, the coarse-woody litter pool (C.q) readily reduced
during the early stages of stand establishment (between 1920 and
1940). C.q decomposed at rapid rates into the slow soil organic mat-
ter pool (Cs) and to the surface microbial pool (Cy,), with C-fluxes
to the atmosphere that contributed to Ry. Because of the juvenile
nature of the forest stand, the rate of production of C.q4 was smaller
than its decomposition rates, which resulted in a net decrease in its
size. However, as the stand age increased, C,q accumulated due to
the increased addition of deadwood and coarse root debris, conse-
quent of higher biomass production and mortality, and reached a
magnitude as much as 1500 gC m~2 in 2003. Continuous production
and mortality of foliage and fine roots even during the initial years
resulted in a steady increase in the sizes of the surface structural
litter pool (Cssq) and the fine root structural litter pool (Cssq). These
litter-based SCPs were produced by decomposing C; and Cg;, respec-
tively. We found that Cgq had pronounced inter-annual variability
than Csq, which further implied the dynamic nature of its precur-
sor BCP, Cy; consequent of the annual mortality and regrowth of fine
roots (Fig. 5F and H). Depending on the lignin fractions and abiotic
decomposition factors, Csq and Cgq, were transformed partly to
their metabolic (Csg and Cgyg) and microbial (Cspy and Gy ) coun-
terparts. The simulated sizes of Crq and Cssq in 2003 were about
450 and 375 gCm~2, respectively. The sum of the simulated litter-
based SCPs accounted as much as 23.25 tCha~! in 2003 which was
comparable to the measurements taken in a similar black spruce
landscape by the studies conducted by Wang et al. (2003) in north-
ern Manitoba, Canada.

In the InTEC model, the metabolic SCPs correspond to the C
present in active biomolecules (for example enzymes) found in
the ecosystem and therefore constituted the most dynamic portion
of the C cycle due to their smaller residence times. Temperature
and moisture were the main reasons that governed the dynamics
of these small-sized metabolic SCPs. The simulated sizes of Cgyqg
and Cgpg in 2003 were about 5-10gCm~2, which were plausible
sizes under pristine conditions (Landgraf et al., 2005; Kielland et al.,
2007) (Figs. 5G and I).

The temporal dynamics of those SCPs that are associated with
the microbial biomasses on the soil surface (Csp) and soil sub-
surface (Cp,) showed a slight resemblance to their precursor SCPs.
While Csp, resulted from the microbial decomposition of Cgqq and
Csmd. several precursor SCPs interactively governed the dynamics
of Cy (refer Table 1). Multiple-sources of Gy, explained its larger
built up in comparison to Cspy. In this boreal ecosystem, because the
near-surface soil temperature was not conducive for microbial pro-
liferation for relatively longer periods on an annual basis, it is quite
probable that microbes thrived deeper in the soil. There are studies
that show that much of the winter-time soil respiration originates
from deeper layers of the soil rather than at the soil surface (e.g.
Nobrega and Grogan, 2007).

The slow (Cs) and passive (Cp) SCPs are the most significant
and recalcitrant portion of the soil organic matter that are associ-
ated with humus and humic substances in the soil. Our simulation
suggested that Cs only slightly decreased between 1920 and the
midsixties, after which it began to build up in the soil. The steady
build-up of C; since the sixties was consistent with the increase in
the mean annual temperature, precipitation and the atmospheric
CO, concentration that increased the primary productivity, BCPs
and hence, the SCPs. However, higher temperatures also rapidly
decomposed the SCPs and increased in size of G, a recalcitrant
type of SCP. From Table 1, it can be identified that s is formed as a
decomposition product of several other SCPs such as C.q, Cssd, Crsq
and Cy. The quantities of these SCPs were related to primary pro-

ductivity, BCP mortalities the consequent litter production. Despite
the large size of Cp (1453 gCm~2yr—lin 2003), it changed only
slightly over the temporal span (~9 gCm~2 yr~! in 86 years) which
implied its recalcitrant nature in comparison to the other SCPs. The
small rate of decrease in C, suggested that its precursor SCP, Cs,
decomposed more into Cp,, which also showed an increase since
the midsixties due to microbial proliferation. Table 1 shows the
nature and the dynamics of various BCPs and SCPs and their rates
of decomposition.

6.3. Spatial distribution of BCPs and SCPs

The simulated spatial distributions of the C pools for
the year 2003 are displayed in Fig. 6. For the ease of
presentation, we organize the 13 C pools into 4 broad cat-
egories i.e. Aboveground BCPs [Cy +(]; Belowground BCPs
[Cer + G ]; Surface SCPs [Ceq + Cssq + Csmd + Csm ], and subsurface SCPs
[Ctsd * Cima + Cm + Cs + Cp]. The simulated spatial distributions of
these C-stocks reflected the integrated effects of various biotic and
abiotic factors on the net C balance. From the spatial distributions
of the simulated aboveground and belowground BCPs, we can infer
that higher magnitudes of BCPs existed in mixed forest stands than
that of coniferous stands and wetlands. In this boreal landscape,
aspen and jack pine that rapidly established following a distur-
bance dominated mixed forest stands. Deciduous and mixed stands
had higher annual NPPs (landscape average ~440gCm~2yr1)
compared to black spruce-dominated coniferous stands (average
~220gCm~2yr 1)

Various reasons (physiological, morphological, edaphic, hydro-
logical and topographic) contributed to these spatial trends.
Aspen-dominated stands had higher BCPs because of their higher
photosynthetic capacity, owing to higher ecophysiological traits
such as LAI, stomatal conductance, leaf N concentration and car-
boxylation rates. The patterns of C turnover in deciduous stands
were more intense in comparison to coniferous or wetland species
because of large litter inputs from the annual leaf-fall. Note that
although mixed stands having deciduous species were relatively
younger than coniferous stands, the former had larger sizes of BCPs
than the later. Wetlands, in general, showed lower sizes of BCPs
in comparison to forested locations because of the lower rates
of NPP (landscape average 150-200gCm~2yr—1). Unlike forests,
wetlands showed a temporal consistency in the rates of C stocks
accumulation. Age on wetland productivity were comparatively
less important. Because BCPs built-up was a direct function of the
annual primary productivity, the differences of the sizes of BCPs
among the various landcover types increased with time. Hence,
the accuracies of various spatial datasets such as land-cover, LAI,
soil-type, stand age integratively governed the accuracy of the sim-
ulated spatial distributions of the BCPs.

Stand age, which implies the productive potential, was an
important factor that governed the spatial patterns of the simulated
BCPs. Hence, accuracy of the stand age map affected the quality of
the simulated C-balance in both space and time. Chen et al. (2003)
estimates that InTEC’s sensitivity to stand age can be as much as
12-22% of NBP for 45 years bias in the stand age. Considering this,
we believe that efforts to map stand age and forest disturbance
regimes using geomatics and modeling should be given higher pri-
ority in various research consortia that deal with the large-scale
simulation of the terrestrial C-cycle. Currently, few spatially explicit
datasets on forest disturbance and stand-age data are available for
C modelers. Most of these datasets confine to the high-latitude
ecosystems (e.g. Canadian landmass, Chen et al., 2003) and the (e.g.
United States, Goward et al., 2008).

The spatial distributions of the simulated SCPs (especially the
surface-SCPs) resembled that of the BCPs because they were pri-
marily derived from the mortality of BCPs. Wetlands showed
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Fig. 6. Simulated spatial distributions (2003) of various ecosystem C-stocks (grouped into four categories for the ease of display) (a) aboveground BCPs [Cy +(]; (b)
belowground BCPs [Cer + g ]; (c) surface SCPs [Ceq + Cssq + Csma + Csm ], and (d) subsurface SCPs [Cesq + Cimd + Cm + Cs + G |. The scale of this 40 km? landscape is shown in Fig. 2.

larger accumulation of surface SCPs because of higher soil mois-
ture conditions that limited their decomposition. The simulated
spatial distributions revealed that the sizes of surface SCPs in wet-
lands were similar to that of deciduous forests (~3000gCm2)
even though primary production in the former was relatively
much lower (~150 gCm~2 yr~1) than the latter (~700 gCm~2 yr-1).
Studies have shown that reduced aeration due to excess soil
water reduces microbial activities limit the decomposition of SCPs
(Davidson and Lefebvre, 1993; Schuur and Trumbore, 2006; Sun
et al., 2004) leading to an accumulation of surface SCPs (e.g. moss
necromass and fibric and hemic peat). The accumulation of sur-
face SCPs in wetlands resulted in smaller quantities of sub-surface
SCPs unlike other land-cover types where the subsurface SCPs were
higher because of rapid bigeochemical transformations.

Even though we simulated the spatial trends of BCPs and SCPs
in wetlands, we believe that there is more room for improve-
ment. Addressing wetland-specific biogeochemical processes such
as DOC and methane fluxes that uniquely govern wetland bio-
geochemistry needs further research. We acknowledge the fact
that the use of lower values of decomposition coefficients for
various SCPs is not the ideal solution to comprehensively cap-
ture wetland C-dynamics. Future works in this direction should
incorporate wetland-specific biogeochemical processes within the

InTEC framework. This approach warrants the need for spatially-
distributed hydro-thermal considerations that incorporate topog-
raphy and landscape scale hydrological processes that govern the
local-scale biogeochemical processes (after Govind et al., 2010).

6.4. Validation of simulated BCPs

Fig. 7a shows the comparison of the simulated above ground
BCPs [Cw and (] that constitute the C contained in the AGB with the
biometric measurements taken in 2003 at the 12 inventory plots.
In general, the simulated BCPs agreed reasonably with the biomet-
ric estimates (R =0.86, RMSE = 0.96 keC m~2, p <0.0001). The spatial
scale at which these comparisons were made, were not far apart.
The 400 m? inventory plots were comparable to an InTEC model-
ing unit (pixel size=625 m?). There was a general tendency for
the model to underestimate the aboveground BCPs. This was espe-
cially true in the plots 16T, 17T and 51T (Fig. 2). There are three
possible reasons that could explain these discrepancies. Firstly,
the allometric equations used to estimate biomass from the DBH
measurements might have species-specific biases (Lambert et al.,
2005). Secondly, AGB C-stocks were biometrically computed with
the assumption that the C fraction in biomass (CFB) is 50%, an
assumption that may not be fully valid under field conditions. The
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C-fraction of BCPs could vary depending on plant physiological sta-
tus and plant parts. Some studies show that CFB in wood ranges
between 47% and 50% (Thomas and Malczewski, 2007) while oth-
ers show that CFB of wood and leaves are 50% and 45%, respectively
(Ajtay etal., 1977). Therefore, an assumption of CFB = 50% can create
discrepancies in the simulation of C-stocks at those locations where
the foliage contributions were high. Thirdly, the inherent concep-
tualizations of INnTEC may also have shortcomings with regard to
addressing all the ecological complexities.

Fig. 7c shows a linear relationship between the simulated AGB
and the PAI measured. PAl is a strong indicator of the aboveground
C stocks. The relationship indicates that the spatial variability of
AGB in the field was reasonably captured by the model. We opted
to use PAl instead of the LAI because the former is indicative of the
amount of both foliage and wood per unit ground area rather than
LAI, which is indicative only of the foliar abundance. The moderate
correlation (r=0.87) could be attributed partly due to variability
in woody and foliage fractions that affected the PAI estimates at
each point. Nevertheless, the probability that this trend occurred
by chance was <0.001 (Hy:81=0; Hy:81 # 0).

6.5. Validation of simulated SCPs

Fig. 7b shows a comparison of the simulated soil C-stocks in
2003 (as the sum of all the SCPs, Cq, Cssd, Csmd» Csm»s Cimds Cesd» Cms Cs,
and Cp) with the measured soil C-stocks (2003). The simulated soil
C-stock agreed reasonably well with the measurements (r=0.84,
p=0.0004). The EOBS footprint average soil C-stock was simulated
tobe 10.01 kgC m~2 as against 10.40 kgC m~2 measured for the year
2003. There was an underestimation in the plots 17 T and 24 T and
an overestimation in the plots 36 T and 39T. These discrepancies
might have arose due to (1) errors encountered while upscaling
point-scale measurements to the plot-scale of 400 m? area and (2)
InTEC's inherent limitations in describing some of the ecological
processes.

During our 2004 and 2005 field campaigns, we noted that these
locations (17 T and 24 T) had a predominant moss-layer with thick
necro-mass (dead moss layer). We believe that moss necro-mass
on the forest floor might have contributed to the large built-up of
C in the soil organic layer. There are studies that demonstrate the
importance of bryophytes in the boreal C cycle (Frolking et al., 1996;
Bisbee et al., 2001; Bond-Lamberty et al., 2004) which strength-
ens our hypothesis. Although our NPP,.f map was simulated using
the BEPS-TerrainLab V2.0 model that has adequate representa-
tions of moss-layer contribution to C fluxes. However, this alone
is insufficient. In the INTEC model, the temporal dynamics of moss
productivity is not explicitly considered. The historical trends in
moss growth and its contribution towards SCP could be quite dif-
ferent from that of vascular plants. With the advances in the remote
sensing science, it may be possible to map the moss and lichen
abundance on the forest floor (e.g. Peckham et al., 2009). Map-
ping of forest understory might aid in better understanding the
C cycling in high latitude humid ecosystems. Another explanation
for the discrepancies in SCPs could also be because InTEC ignores
C fluxes related to DOC and methane. Studies have shown that siz-
able quantities of DOC could be exchanged between soil complexes
along with topographically driven lateral water fluxes (Hornberger
etal., 1994; Aitkenhead-Peterson et al., 2007). Govind et al. (2009a)
has demonstrated that considerable amount of lateral water fluxes
occur in this perhumid ecosystem mainly in the form of sub surface
flow via mineral and organic layers of the soil.

7. Summary and conclusions

Modeling of terrestrial C cycle needs detailed information on
BCPs and SCPs because their sizes govern the magnitudes and
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Fig. 7. Comparison between the simulated and biometrically estimated (a) AGB
and (b) soil C-stocks at the CFS inventory plots in 2003. (c) Comparison between the
simulated AGB and the measured PAI (2003) along a westbound transect from the
EOBS tower and at the 12 NFI plots.
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EOBS eastern old black spruce site of CCP

could create systematic errors in the simulated biogeochemical
processes. Although measured values are the best estimates, it is
not practical to measure sizes of C pools at spatially and tempo-
rally at fine resolutions. One possible alternative to reduce this
knowledge-gap is to use a long-term and spatially distributed mod-
eling approach that considers the multiple factors that govern the
long-term ecological and biogeochemical processes.

We simulated the Cbalance of a boreal region by using a spatially
and temporally explicit C balance model that uses various types
of datasets. The spatio-temporal dynamics of various conceptual C
pools and their fluxes were simulated under changes in climate,
atmospheric chemistry and disturbances. The study showed that
the productivity of the undisturbed stands in this boreal landscape
was low in the recent years and the ecosystem was almost near C
neutrality. In the recent years, the EOBS site has been shifting its
status as a weak C sink or a weak C source depending on the inter-
annual variation of the hydrometeorological conditions. Locations
dominated by middle-aged stands behaved as larger C sinks. The
comparison of the simulated and the measured C stocks in plant
and soil revealed that InTEC simulations were reasonably accurate
although some discrepancies were observed. The importance of this
work lies in the simulation of the long-term C balance (dynamics
of C pools and fluxes) in a spatially-explicit manner integrating the
effects of climate, atmospheric chemistry and disturbances. Consid-
ering the current levels of disagreements between the “bottom-up”
and “top-down” estimates of the terrestrial C balance at large scales,
improved bottom-up estimates of C sources and sinks of this sort
might help in reducing the uncertainties.
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Appendix A. Acronyms Used in this Paper

C carbon

N nitrogen

GPP gross primary productivity
NPP net primary productivity

NPPg NPP at the equilibrium condition
NPP; NPP at the year i
NPP,s reference year NPP

NEP net ecosystem productivity
NBP net biome productivity

ET evapotranspiration

AGB aboveground biomass

CFB carbon fraction in biomass
TER total ecosystem respiration
Ra autotrophic respiration

Ry heterotrophic respiration
LAI leaf area index

DBH diameter at breast height

BCP biomass C pools

SCP soil C pools

GIS geographic information system

Appendix B. Calculating the dynamics of BCPs and SCPs

Subscripts denoting various C pools.

Cx C content in pool x in gC m—2

a Creleased to the atmosphere

Cr coarse-root biomass pool

fr fine-root biomass pool

l foliage biomass pool

w wood biomass pool

Cq coarse-woody structural detritus pool

fsa fine-root structural detritus pool

Ssd surface structural detritus pool

Smd metabolites in surface litter pool

find metabolites in soil litter pool

Sm surface microbial pool

m soil microbial pool

p passive soil organic matter pool

S slow soil organic matter pool

kexy transfer coefficient of C from pool x to y in a year

Fm Partitioning coefficient for foliage and fine-root litters
into their corresponding metabolic C pools

fy fraction of NPP allocated to a particular biomass pool y

&x Closs from pool x from the ecosystem due to disturbance

& =1 fraction of foliage lost

Ew=0.25 fraction of wood/stem lost

&=0  fraction of root lost

Emp=1 fraction of surface litter lost
£.4=0.2 fraction of coarse woody litter lost

Equations of carbon pool decomposition at annual time steps.
Under conditions of no disturbance, the BCPs change in the follow-
ing manner.

[fw-NPP; — kv, ca-Cu_, |

ACy ;= ™ (A1)
 [fer NPy = ker ca-Cery ]
Accr,z - [‘1 + kcr,cd] (AZ)
AC — [fi - NPP; — ki 55a.Gi_, | (A3)
L [] + kl,ssd]
AGy — L NP~ Ka G (A2)

[1+ Ker, fma ]

In the model, currently, all forms of disturbances are manifested
as pyrogenic C emissions. When a disturbance when a disturbance
event (fire) occurs, it is assumed that 100% foliage C and 25% of
woody Care rapidly lost to the atmosphere. The remaining BCPs are
transferred to the corresponding SCPs via the pathways built in the
model. The following equations show how the temporal changes in
SCPs are calculated under undisturbed and disturbed conditions.

Change in the coarse-woody litter C pool (undisturbed case)

[kw,cd-cwi + kcr,cd-ccri - (kcd,a +keam + kcd,s)ccdiq]
[1 + (kcd,a + kcd,m + kcd,s)]

ACcd,‘ =
(A5)
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Change in the coarse-woody litter C pool (disturbed case)

[((1 —&w).Cw;_ )+ ((1 = &).Cor_y) — (5cd-Ced; ;) — (1 = Eca)-(Ked,a + ked,m + kcd,s)ccdi_J

ACyq, =
“ [1 + (kcd,a + kcd,m + kcd,s)]

Change in the surface structural litter C pool (undisturbed case)

[(] - Fm) . kl,sl~C1,- - (kssd,sm + kssd,s + kssd,a)cssdi,l]
[1 + (kssd,sm + kssd,s + kssd,a)]

Acssd,- =

(A7)

Change in the surface structural litter C pool (disturbed case)

[(1 —Fm)-(1- ‘gl)-cll;] -((1- éslb)-cssd,-,l )—(1- gslb) : (kssd,sm + kssd,s + kssd,a)cssd,-,l]

ACssd,- =

Change in the surface metabolic C pool (undisturbed case)

[(Fm;) [k1.61-Ci, — (Ka,a + Kid,m + Kta,s)Comd, ] |
[] + (ksmd,a + ksmd,sm)]

ACsmd,» = (A9)

Change in the surface metabolic C pool (disturbed case)

[] + (kssd,sm + kssd,s + kssd,a)}

[(Fm) [(1 = &) G, = b Coma,_,) — (1= &ap) - (Kea,a + Kea,m + Kt s)Come, ||

ACimd. =
smd; [1 + (Ksmd,a + ksmd,sm)]

Change in the soil structural litter C pool (undisturbed case)

[(1 = Fin) - ke, - Cr, — (Ksa,m + Kesa,s + Krsd,a)Crsa_, |
[1 + (kfsd,m + kfsd,s + kfsd,a)]

Ay, =

(A11)

Change in the soil structural litter C pool (disturbed case)

[(1 —Fm)-(1- ér) ’ Cfrl-,l - (kfsd,sm + kfsd,s + kfsd,a)cfsdi,]]

A, =

° [l + (kfsd,sm + kfsd,s + kfsd,a)}

(A12)

Change in the soil metabolic C pool (undisturbed case)

ACima, = [(Fm;) [Kfr. 1 - Cer, — (Kmd.a + Kfimd,m)Cimd; | | (A13)
[1 + (kfmd,a + kfmd,m)]
Change in the soil metabolic C pool (disturbed case)
Fn.) (1 =&)-Cq, — (k +k Ctind,

ACume, — [(Fm;) [(1 = &) Cir, — (Krimd.a + Kfmd, m)Crmd, , || (A14)

[] + (kfmd,a + kfmd,m)]

Disturbance does not directly affect the remaining C pools.
Change in the surface microbial C pool

[(kssd,sm'cssdi + ksmd,sm . Csmdii) - ~Csm,-,1 (ksm,a + ksm,s)]
[1+ (ksm,a + ksm,s)]

ACsmi =
(A15)

Change in the soil microbial C pool

[(Ktsd,m - Crsd; + Ktmd.m * Cimd; + Ked.m * Ced; + Ks,m - Cs,_y + kp,m-Cp_; Kkm,a + km,s + km,p) - Cm;_, |

(A6)
Change in the Passive C pool
km.p-Cm; + ks p.Cs;) — Cp._ (kp.m + Kk
ACpi _ [( m,p-Lm; s,p sl) p,,l( p,m p,a)} (A19)
[1 + (kp,m + kp,a)]
(A8)
(A10)
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