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ABSTRACT
The variations of soil water content (SWC) and its influences on the carbon (C) cycle in Canada’s forests and wetlands
were studied through model simulations using the Integrated Terrestrial Ecosystem Carbon (INTEC) model. It shows
that Canada’s forests and wetlands experienced spatially and temporally heterogeneous changes in SWC from 1901
to 2000. SWC changes caused average NPP to decrease 40.8 Tg C yr~! from 1901 to 2000, whereas the integrated
effect of non-disturbance factors (climate change, CO, fertilization and N deposition) enhanced NPP by 9.9%. During
1981-2000, the reduction of NPP caused by changes in SWC was 58.1 Tg C yr~! whereas non-disturbance factors
together caused NPP to increase by 16.6%. SWC changes resulted in an average increase of 4.1 Tg C yr~!

C uptake during 1901-2000, relatively small compared with the enhancement in C uptake of 50.2 Tg C yr~! by the
1

in the net

integrated effect of non-disturbance factors. During 1981-2000, changes in SWC caused a reduction of 3.8 Tg C yr™
in net C sequestration whereas the integrated factors increased net C sequestration by 54.1 Tg C yr~'. Increase in SWC

enhanced C sequestration in all ecozones.

1. Introduction

Forests store more than 40% of the world’s terrestrial carbon
(C) (~1150 Pg) (Prentice et al., 2001; Lal, 2005; Tarnocai et al.,
2009) and have been considered to be a possible C sink, particu-
larly in the Northern Hemisphere. Several factors have been hy-
pothesized to contribute to this sink, including increased produc-
tivity by forests as a result of nitrogen (N) deposition (Holland
et al., 1997), CO, fertilization (Schimel et al., 2000), interan-
nual variability of climate (favouring either increased photosyn-
thesis or decreased respiration) (Dai and Fung, 1993; Goulden
et al., 1996; Dunn et al., 2007), longer growing season (Black
et al., 2000), and land-use change (Brown and Schroeder, 1999;
Caspersen et al., 2000). The understanding of the effects of these
factors on terrestrial C cycling is crucial for projecting the future
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growth rate of atmospheric CO, concentration and for mitigat-
ing the impact of climate change through increasing terrestrial
C storage.

C dynamics in terrestrial ecosystems are tightly linked with
the water cycle. Two major components of the terrestrial C cycle
(C assimilation through photosynthesis and C release through
heterotrophic respiration) are both regulated by soil water con-
tent (SWC). Photosynthesis peaks when SWC is at field capacity
and decreases with the departure of SWC from the optimum.
Photosynthesis can totally diminish under very dry soil condi-
tions. Extensive studies have demonstrated the dependence of
C assimilation on SWC at leaf (Lawlor, 1995; Infante et al.,
1999) and canopy (Reichstein et al., 2002; Rambal et al., 2003;
Kljun et al., 2006; Ciais et al., 2005) levels. For example, the
heat and drought in Europe in 2003 caused a 30% reduction in
the continental gross primary productivity (GPP) (Ciais et al.,
2005). However, the response of soil respiration to changes in
SWC is not straightforward. SWC has no or little effect on
heterotrophic respiration within a certain medium range, but is
important at higher or lower SWC values. Modellers usually
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assume that heterotrophic respiration peaks when SWC is at 0.6
of the total soil porosity (Friend et al., 1997; Frolking et al.,
2001). The different reactions of heterotrophic respiration to
changes in SWC in well-drained and poorly drained soils have
been observed (Barr et al., 2004; Dunn et al., 2007). Within the
same study area, Davidson et al. (1998) reported that soil res-
piration decreased in well-drained soils and increased in poorly
drained soils during dry summers, whereas opposite results were
found for wet summers. The range of optimum soil moisture val-
ues for heterotrophic respiration decreases with increasing tem-
perature and the variation in SWC potentially becomes more
important at higher temperatures (Borken et al., 2003).

Occupying approximately 417.6 and 127 million hectares of
the land surface, Canada’s forests and wetlands are an important
component of the global terrestrial C cycle. Canada’s forests
contain about 13 Pg C in aboveground biomass (Kurz et al.,
1992) and 38.6 Pg C in soils, excluding peaty organic soils
(Siltanen et al., 1997). C stocks in wetlands are generally 5-50
times larger than those in upland ecosystems (Rapalee et al.,
1998), with most stored in old and deep organic C layers (Trum-
bore and Harden, 1997). The estimated total of soil C in Canada’s
wetlands is about 168.4 Pg C. Studies indicated that Canada’s
forests acted as a C sink in the 20th century. The estimates
of C sequestrated by Canada’s forests during the 1980s and
1990s are not consistent, varying from a small C source of
12-14 g C m~2 yr~! (Kurz and Apps, 1999) to a small C sink of
12-14 g C yr~! (Chen et al., 2000a, 2003). Boreal and subarctic
wetlands accounting for 20% and 30% of the northern landscape,
respectively (Zoltai et al., 1988a,b) and have been hypothesized
to be persistent C sinks, averaging 20-30 g C m~2 yr~! over the
past 5000 to 10 000 years (Tolonen et al., 1992; Gorham, 1995;
Rapalee et al., 1998).

Long-term eddy covariance records show that C sequestration
in Canada’s forests and wetlands is very sensitive to soil drought
(Lafleur et al., 2003; Humphreys et al., 2004; Kljun et al., 2006;
Dunn et al., 2007). The response of C sequestration to SWC
changes depends on ecological conditions. GPP of an aspen
forest is more sensitive to drought than that of black spruce and
jack pine forests in the Boreal Ecosystem-Atmosphere Study
(BOREAS) Southern Study Area (SSA) near the Prince Albert
National Park, Saskatchewan, Canada (Kljun et al., 2006). At the
moderately well drained aspen forest site, the increase in SWC
enhances heterotrophic respiration. The opposite relationship
between heterotrophic respiration and soil wetness has been
found at poorly drained sites. At a black spruce forest with a
waterlogged soil in the Northern Study Area (NSA) of BOREAS,
soil wetting caused this forest to shift from a small source to a
small sink of C in recent years (Dunn et al., 2007). Drought
might cause a decrease in daytime C uptake and an increase in
nighttime soil C efflux at an ombrotrophic bog, east of Ottawa,
Canada (Lafleur et al., 2003).

In the 20th century, Canada’s forests and wetlands experi-
enced spatially and temporally heterogeneous climate changes

(Zhang et al., 2000). From 1900 to 1998, the annual mean tem-
perature increased between 0.5 and 1.5 °C and annual precipi-
tation increased from 5% to 35% in southern Canada (south of
60°N). From 1950 to 1998, the pattern of temperature change
is distinct: warming in the south and west and cooling in the
northeast. The increase in precipitation across Canada was in
the range from 5% to 35% during this period, with significant
negative trends found in southern regions during winters (Zhang
et al., 2000). Annual mean streamflows decreased in most ar-
eas of Canada during 30-50 years prior to 1996 (Zhang et al.,
2001), implying a change in the regional water balance during
this period. However, the impact of climate-induced changes
in surface water cycle on regional C balance has not yet been
studied.

The main purposes of this study are (1) to examine whether
Canada’s forests and wetlands experienced ecologically sig-
nificant changes in SWC in the last century, and (2) to as-
sess the effects of these changes on C sequestration. To fulfill
these purposes, simulations were conducted for the period dur-
ing 1901-2000 using the Integrated Terrestrial C-Budget model
(InTEC). The model was calibrated and validated using evap-
otranspiration (ET) measured using eddy covariance technique
and unregulated streamflow measurements prior to the simula-
tions conducted for the whole country.

2. Model description

The INTEC model was originally designed to simulate C balance
for Canada’s forests in the lumped mode (Chen et al., 2000b).
Then, a series of modifications have been made for the model
(Chen et al., 2003; Ju and Chen, 2005; Ju et al., 2007). The model
currently consists of three components, a photosynthesis model
for simulating historical annual net primary productivity (NPP),
a soil model adopted from the CENTURY for simulating soil C
and N dynamics (Parton et al., 1993), and a three-layer hydrolog-
ical model for simulating monthly soil temperature, SWC, and
water table depth (Ju and Chen, 2005). Through temporally and
spatially upscaling the instantaneous leaf-level Farquhar bio-
chemical model to the canopy level, the photosynthesis model
quantifies the integrated effects of changes in stand age, cli-
mate, CO, and N deposition on the interannual variability of
NPP to progressively calculate historical annual NPP from the
initial NPP value (Chen et al., 2000b; Ju et al., 2007). The NPP
value in a reference year (currently 1994), simulated at daily
time steps using the Boreal Ecosystem Productivity Simulator
(BEPS) model (Liu et al., 2002), is used as a benchmark to tune
the initial NPP value. For each pixel, the initial NPP value is
repeatedly adjusted until the difference between NPP simulated
by InTEC and that output from BEPS in the reference year is
less than 1%. A detailed introduction to photosynthesis model
is given in Appendix A.

The hydrological model simulates SWC and temperatures
of three soil layers at monthly time steps for quantifying the
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Fig. 1. Overview of the hydrological model lrun:ap'r‘mliun
used in this study. It simulates soil moisture
content at monthly time steps. Vertical i e
Franspiration

percolation is simulated with an implicit
solution of Darcy’s equation. Lateral
saturated subsurface flow is simulated using
the TOPMODEL scheme.

decomposition rates of soil C pools and soil water stress effect
on photosynthesis (Fig. 1). The parameterization of this model is
based on fractions of sand, clay, silt and organic matter (Saxton
et al., 1986; Campbell and Norman, 1998; Letts et al., 2000)
and vegetation properties. Water table is simulated according to
the saturation degree of soils (Letts et al., 2000). Precipitation
is partitioned into rainfall and snowfall according to air tem-
perature (Davis et al., 1999). Transpiration is calculated as the
total of water transpired from sunlit and shaded leaves using
the Penman—Monteith formulation (Liu et al., 2003). Vertical
water fluxes in the soil profile are calculated by implicitly solv-
ing Darcy’s equation. The horizontal redistribution of soil water
via saturated subsurface flow is determined according to the lo-
cal topographic gradient following the TOPMODEL approach
(Wigmosta et al., 1994). Formulations used in this hydrological
model are given in Appendix B.

Temperatures of snowpack and soil are simulated using Fick’s
law of heat diffusion (Appendix C). To keep simulated temper-
atures stable at monthly time steps, the heat diffusion equation
is implicitly solved. Thermal properties of snow and soil are
estimated according to snow density, soil texture and SWC. The
upper boundary condition of the heat diffusion equation is set
according to air temperature with the consideration of canopy
density (Yin and Arp, 1993). The bottom boundary condition
is determined with the assumption that heat flux is zero at the
bottom of soil profile. Simulated soil temperatures in conjunc-
tion with SWC are used to determine the decomposition rates by
downscaling from the inherent maximum decomposition rates
of various soil C pools (Ju and Chen, 2005).

Soil C and N dynamics are simulated using the modified
approach of CENTURY (Parton et al., 1993). The model strat-
ifies vegetation C into four pools (foliage, stem, fine root and
coarse root) and soil C into nine pools (surface structural litter,
soil structural litter, woody litter, surface metabolic litter, soil
metabolic litter, surface microbial, soil microbial, slow and pas-
sive). The sizes of these C pools are updated at the end of each
year.
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The spin-up of the model is conducted using the average
climatology from 1901 to 1910. Different procedures are fol-
lowed to initialize C pools of forests and wetlands (Ju and Chen,
2005). For forests, the initialization is conducted by running
the model until C pools reach an equilibrium state in 1900 (for
stand age smaller than 100 in 2000) or in the year prior to the
latest disturbance (for stand age larger than 100 in 2000). For
wetlands, the initialization assumes the steady C dynamics for
biomass and ‘fast’ soil C pools but not for ‘slow soil C pools’.
The slow and passive soil C pools are allowed to continuously
increase and their initial values are set following Frolking et al.
(2001) with an integrated period of 100 years for the slow C pool
and 8000 years for the passive pool. After the initialization of
soil C pools, the model is driven by the historical climate, CO,
and N deposition from 1901 to 2000.

The InNTEC model has been validated and used in several stud-
ies: (1) to estimate the historical trend of C balance in Canada’s
forests (Chen et al., 2000a); (2) to analyse the spatial patterns
of current C sources and sinks in Canada’s forests (Chen et al.,
2003); (3) to simulate the spatial distribution of soil C stocks in
Canada’s forest and wetlands (Ju and Chen 2005); (4) to inves-
tigate the hydrological effects on C balance of Canada’s forests
and wetlands (Ju et al., 2006) and (5) to study the response of
soil C in Canada’s forests and wetlands to disturbance and cli-
mate change (Ju and Chen, 2008). In this study, validated using
unregulated streamflow measurements at watershed scales, the
InTEC model was employed to investigate the changes of SWC
and corresponding effects on carbon sequestration by Canada’s
forests and wetlands during the period from 1901 to 2000.

3. Data used

Inputs to the INTEC model include spatial datasets of climate,
soil texture, N deposition, leaf area index, land cover, forest stand
age in 2000 and NPP simulated by the daily BEPS model in 1994,
drainage and the Digital Elevation Model (DEM). Prior to or
during the model execution, all spatial datasets were interpolated
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into 1 km resolution with a standard Lambert conformal conic
(LCC) projection (49°N and 77°N standard parallels and a 95°W
meridian).

Remotely sensed data are used for deriving leaf area in-
dex, land cover and fire scar from which forest stand age in
2000 is inferred. In the land cover map (Cihlar et al., 1998),
there are 31 cover types in total. Cover types from 1 to 15 are
forests and wetlands and are grouped into four classes. Coef-
ficients of NPP allocation to biomass pools and the turnover
rates of biomass pools are specifically parameterized for each
class (Chen et al., 2003). Forest stand age in 2000 was derived
from the VEGETATION data, Canadian large-fire polygon and
forest inventory databases (Amiro and Chen, 2003; Chen et al.,
2003). With the assumption that forest started to regenerate in
the next year following disturbance, the time of the latest dis-
turbance was determined as 1999 minus the stand age in 2000.
After forest regeneration, the stand age progressively increased
until 2000. Prior to disturbance, forest was assumed to be at an
equilibrium age. Under this situation, the productivity of for-
est did not vary without changes in climate, CO, concentration
and N deposition. Forests were assumed to have a life cycle of
400 years and the model was repeatedly forced with the averages
of climate, CO, and N deposition during 1901-1910 and nor-
malized productivity changing with stand age. The equilibrium
age was determined as the age, at which the C balance was in
equilibrium.

Gridded monthly climate data, including mean air tempera-
ture, water vapour pressure and precipitation at 1 km resolution,
were interpolated from the 0.5° global data produced by the U.K.
Climate Research Unit from available station observations (New
et al., 1999, 2000). Monthly mean radiation was estimated from
the monthly mean temperature range, water vapour pressure and
precipitation (Thornton and Running, 1999). Atmospheric depo-
sition is an important N input to boreal forests. N deposition mea-
surements for Canada’s forests during 1983-1994 made by the
Canadian Air and Precipitation Monitoring Network (CAPMN)
(Ro et al., 1995) were spatially interpolated and extrapolated to
produce a N deposition map in Canada. The historical annual
N deposition values of each pixel were temporally extrapolated
according to this N deposition map and historical national green-
house gas emission (Chen et al., 2003). Drainage and soil texture
(fractions of sand, silt, clay and organic matter) were compiled
from the Soil Landscape of Canada (SLC) database (Schut et al.,

1994). The 30 arcsec DEM data used here was derived from the
cells of the Canadian Digital Elevation Data at the 1:250,000
scale by the Canadian Forest Service.

In this study, the model was further validated at stand and
watershed scales. Monthly ET compiled from half-hourly eddy-
covariance records at four forest sites were used for this purpose.
Three of the sites are located in the BOREAS SSA, including
a 73-year-old aspen site (SOA) (53.628°N, 106.198°W) (Black
et al., 1996; Barr et al., 2004), a 121-year-old black spruce
site (SOBS) (53.987°N, 105.118°W) (Jarvis et al., 1997; Arain
et al., 2002) and a 65-year-old jack pine site (SOJP) (53.916°N,
104.692°W) (Griffis et al., 2003). The fourth site is a 53-year-old
Douglas-fir forest (DF) (49.850°N, 125.317°W) on Vancouver
Island, BC (Humphreys et al., 2003). To investigate the abil-
ity of the model to simulate SWC at regional scale, simulated
watershed-scale runoff was compared with measured annual
mean streamflow records in the HYDAT CD-ROM database
from Environment Canada. This database contains hydrometric
data for over 2900 active stations and some 5100 discontin-
ued sites across Canada. Only stations with more than 20years
of unregulated streamflow records were selected. There are 84
unregulated stations in total used for the purpose of model
validation.

4. Model simulations and detection of trends
of soil water content

4.1. Model simulations

Five simulations were conducted for the period from 1901 to
2000 (Table 1). In Simulation I, the model was forced by the
baselines of climate, CO, and N deposition and changing stand
age during the entire simulation period. These baselines are their
average values over the 1901-1910 period. In this simulation,
we attribute the changes in C balance to the effect of stand age
change. In Simulation II, historical atmospheric CO, concen-
tration, changing stand age and the baselines of climate and
N deposition were used to force the model. This simulation is
made to investigate the effect of CO, fertilization on C balance.
In Simulation III, N deposition and stand age changed with time
whereas climate and CO, concentration remained at their re-
spective baselines. This simulation allows quantification of the
effect of increasing N deposition on C balance. In Simulation

Table 1. Description of five simulation experiments

Simulation = Temperature  Precipitation = Radiation = Water vapor pressure ~ SWC CO, N deposition
1 Baseline Baseline Baseline Baseline Baseline Baseline Baseline

I Baseline Baseline Baseline Baseline Baseline Historical ~ Baseline

I Baseline Baseline Baseline Baseline Baseline Baseline Historical
v Historical Historical Historical ~ Historical Historical ~ Historical ~ Historical

\ Historical Baseline Baseline Historical Baseline Historical ~ Historical
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Table 2. Parameter values used for different land cover types

Cover type Deciduous  Conifer ~Mixed  Shrub Crop  Grass  Other
Clumping index (unitless)® 0.8 0.5 0.65 0.8 0.9 0.9 0.9
Aerodynamic resistance (s m~!)? 5 5 5 5 30 30 30
Vmax at 25 °C (umol m—2 s~1)b-c.dee 60 33 40 60 90 60 30
Maximum stomatal conductance (m s~)>f  0.006 0.0016 0.0025 0.006 0.008 0.006 0.002

AL ju et al. (2003).
YChen et al. (1999).

¢ Arain et al. (2002).
dKucharik et al. (2000).
¢ Arora (2003).

IV, climate (temperature, precipitation, radiation, water vapour
pressure), CO,, N deposition and stand age changed with time.
In this way, the combined effects of disturbance and nondistur-
bance factors on C balance of Canada’s forests and wetlands are
simulated. In Simulation V, SWC and precipitation were kept
at the averages during 1901-1910 whereas other environmental
factors and stand age changed with time. The difference in C
balance between Simulations IV and V is therefore caused by
the variations of SWC.

In all simulations, C pools, SWC, soil temperature and NPP
are initialized using the same methods. The values of some
model parameters and their sources used in this study are listed
in Table 2.

4.2. Detection of temporal trends of soil water content

The temporal changes of SWC in the 20th century were detected
using the Mann—Kendall test (Mann, 1945; Kendall 1975) for

8
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all pixels in Canada’s forests and wetlands. This test is a non-
parametric test widely used to assess trends in climatology and
hydrology (Zhang et al., 2000, 2001).

5. Results

5.1. Validation of simulated evapotranspiration
and streamflow

To validate the model simulations of water vapour fluxes from
land surface to the atmosphere, simulated monthly ET was com-
pared with eddy covariance measurements at four forest sites
(Fig. 2). The model is able to reproduce seasonal patterns of
ET well. In SSA, the agreements between simulated and mea-
sured monthly ET are 92.8% for the SOA forest during January
1999 to December 2000, 88.5% tfor the SOJP forest during Au-
gust 1999 to December 2000, and 90.2% for the SOBS forest
during April 1999 to December 2000, respectively. The root

ET (mm month')

ET (mm month’}

Jan Jul
2000

Jan Jul
19449

Fig. 2. Comparison of monthly evapotranspiration (ET) between simulated results and eddy covariance measurements for three forests at the
southern study area of the Boreal Ecosystem Atmosphere Study (BOREAS), Saskatchewan, Canada, and a forest on the Vancouver Island, British
Columbia, Canada. SOA, Southern Old Aspen forest; SOBS, Southern Old Black Spruce forest; SOJP, Southern Old Jack Pine forest; DF,

Douglas-Fir forest.
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Fig. 3. Locations of drainage basins used for validation of simulated streamflows. The red and green colours indicate that there is correlation

between measured and simulated annual mean streamflow values at the 1% and 5% significance levels, respectively, whereas the blue colour

indicates no significant correlation between measured and simulated annual mean streamflow values.

mean square errors (RMSE) of monthly simulated ET are 10.6,
8.1 and 8.7 mm m! at these three sites. However, the model
tends to underestimate ET in spring and autumn and overesti-
mate ET in winter for the Douglas-fir forest on the Vancouver
Island. The model only explained 71.3% of monthly ET varia-
tions during January 1999 to December 2000, with an RMSE of
11.7 mm m~!.

The simulated runoff (including surface runoff and vertical
drainage from the bottom of soil profile) at the watershed level
was compared with streamflow measurements at hydrometric
stations, which have unregulated streamflow records more than
20 years. A total of 84 stations were selected across the country
(Fig. 3). The contributing areas to these stations range from 1230
to 65 600 km?. Some stations receive water from several water-
sheds. In these cases, runoff from contributing areas to the river
channels was summed in order to be compared with streamflow
measurements. Simulated annual mean stream flows for these
stations are in good agreement with measured values, with 74
stations having R? at the 0.01 significance level (red coloured
areas in Fig. 3) and four stations at the 0.05 significance level
(green-coloured areas in Fig. 3). The maximum R? is 0.79 (N =
29) (Table 3). Table 3 also shows the slopes and intercepts of
regression between simulated and observed streamflow with ob-
servation as X and simulations as Y. At all stations, slopes are

smaller than unity, indicating that the model tended to under-
estimate high streamflow values. It means that SWC might be
overestimated in years with high streamflow. Consequently, C
sequestration might be overestimated in poorly drained areas
and underestimated in well-drained areas.

The agreement between simulated and measured streamflows
generally decreases from south to north. The six stations, at
which the correlation between simulated and measured annual
mean streamflow values is not significant (blue coloured areas in
Fig. 3), are located in the northern areas. Simulated interannual
variability of stream flow is mostly smaller than that in the ob-
servational records. The standard deviation values of simulated
annual mean streamflows are in the range of 50-80% of those
calculated from streamflow measurements.

5.2. Trends in simulated evapotranspiration and soil
water content

Simulated annual ET exhibits an increasing gradient from north
to south and is significantly different in various ecozones (Fig. 4
and Table 4). The north-south gradient of ET is similar to the
spatial patterns of air temperature and incoming solar energy
available for driving water flux from ground surface to the at-
mosphere. Average annual ET is less than 200 mm yr~! in the

Tellus (2010)
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Fig. 4. Spatial distribution of various ecozones in Canada.

Table 4.  Average annual evapotranspiration per ecozone during
different periods in different ecozones

Ecozone Annual ET (mm yr—!)
1901-1910  1945-1954  1991-2000

Boreal Plains 317 316 326
Boreal Cordillera 197 200 199
‘Western Boreal Shield 292 278 299
Middle Boreal Shield 351 342 357
Southern Boreal Shield 416 401 418
Eastern Boreal Shield 286 306 326
Atlantic Maritime 400 432 448
Mixewood Plains 420 423 426
Southern Arctic 102 110 120
Taiga Cordillera 119 130 129
Taiga Plains 229 242 253
Taiga Shield 191 191 213
Hudson Plains 265 259 286
Pacific Maritime 348 340 339
Montane Cordillera 320 352 334
Prairies 328 318 320

Southern Arctic and Taiga Cordillera ecozones whereas mean
annual ET increases to about 400 mm yr~! in the Southern Boreal
shield, Mixedwood and Atlantic Maritime ecozones. In other
ecozones, average annual ET ranges from 200 to 400 mm yr~'.
In the last century, annual ET increased in most ecozones of
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Canada, with a largest increase of 4 x 10~! mm yr~! in Eastern
Boreal Shield.

SWC is a key factor determining the seasonal and interannual
variability of C balance. Growing-season mean SWC simulated
in Simulation IV changes at annual to decadal time scales. The
patterns of decadal change in average SWC per ecozone are es-
pecially clear in the Taiga Shield, Taiga Cordillera, Taiga Plains
and Boreal Plains ecozones. The temporal patterns of SWC
changes are spatially heterogeneous (Fig. 5). In the Southern
Arctic and Taiga Cordillera ecozones, SWC increased notice-
ably during the first 5 years. Then, SWC fluctuated without
notable trends until the 1960s in the Southern Arctic ecozone.
It gradually declined until the end of 1940s and then started to
increase until the middle 1960s in the Taiga Cordillera ecozone.
SWC did not show clear trends prior to the middle 1980s in the
Hudson Plains, Eastern Boreal Shield and Mixedwood Plains
ecozones. In other ecozones, SWC mostly declined in the 1910s
and was lower in the 1920s. Soils became wetter during the late
1920s and early 1930s and drier again in years around 1940.
SWC increased gradually from the middle 1940s to the early
1960s and declined from the early 1970s. Soils became drier
in the 1990s in most regions except the Boreal Cordillera, Pa-
cific Maritime and Montane Cordillera ecozones. SWC dropped
dramatically in 1998, a year with the highest annual mean tem-
perature. The long-term trends in SWC were affected by the
temporal trends of climate data used to drive the model. During
the period from 1901 to 2001, variations of temperature and pre-
cipitation in Canada were spatially heterogeneous. Temperature

Tellus (2010)
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Fig. 5. Temporal changes of the ecozone mean growing-season (May to September) soil water content (fraction of porosity) at 0—10 cm (upper

panel) and 10-30 cm (lower panel) depths in different ecozones of Canada.

increased in the south and west and decreased in the northeast.
In areas south of Hudson Bay, temperature decreased by about
0.5 °C. Precipitation increased in most areas of Canada, ranging
from 5% to 25%. The largest increases in precipitation occurred
in areas of the Montane Cordillera and southeast to the Hudson
Bay. In areas with increasing precipitation and less warming,
SWC increased, and vice versa. If temperature will increase and
precipitation will correspondingly decrease in the future, SWC
will possibly decrease.

The Mann—Kendall test shows that SWC increased overall
from 1901 to 2000 in most areas, especially in the Southern
Taiga Plains, the Northwestern Boreal Plains, the Eastern Hud-
son Plains, the Eastern Middle Boreal shield ecozones and parts
of the Southern Boreal Shield ecozone. In these areas, increasing
trends of SWC were detected at the 1% significance level (red
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and pink areas in Fig. 6). The increase of SWC in these areas is
due mainly to the excess of precipitation increases over ET in-
creases. In other areas, SWC increased less or even decreased at
the 1% significance level, for example, in parts of the Taiga
Shield, Taiga Cordillera, Taiga Plains and Boreal Cordillera
ecozones.

The test shows that SWC decreased extensively during 1971
to 2000 except in the Southern Taiga Plains, Western Taiga
Shield, northwest Western Boreal Shield and Southern Boreal
Shield ecozones (yellow colour in Fig. 6). In these areas, SWC
increased in the last three decades of the 20th century, but not
significant. The decreasing trends in SWC were significant at
the 1% level in the Northern Taiga Plains and Southern Boreal
Plains ecozones, and parts of the Hudson Plains, Southern Boreal
Shield and Eastern Taiga Shield ecozones (green and blue areas
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Fig. 6. Trends in simulated growing season mean volumetric soil water content at 0—10 cm (upper panel) and 10-30 cm (lower panel) depths during
periods from 1901 to 2000 and from 1971 to 2000. A positive Z value means an increasing trend, and vice versa. If |Z| > 1.96, the trend is at the 5%

significance level.

in Fig. 6). The drying trends in deeper and surface layers were
similar in most areas, but slightly different in the Western Boreal
Shield ecozone.

5.3. Effects of changing soil water content on carbon
balance

In Simulation IV, stand age, CO,, N deposition, climate change
with time. In Simulation V, SWC and precipitation were kept
at the baselines while stand age, CO,, N deposition and other
climate factors vary temporally. The difference of simulated C
balance between Simulations IV and V is attributable to the ef-
fects of SWC change. Variations of SWC resulted in changes
in NPP in Canada’s forests and wetlands during 1901-2000
(Fig. 7). The average reduction in NPP was 40.8 Tg C yr!
(8.1 g C m~2 yr!) (equal to NPP simulated in Simulation IV
minus that simulated in Simulation V) over the period from 1901
to 2000. The reductions of NPP caused by SWC variations were
most obvious in the Southern Taiga Plains, the Northwestern
Boreal Plains, the Eastern Hudson Plains, the Eastern Middle
Boreal shield ecozones and parts of the Southern Boreal Shield
ecozone, ranging from 10to 15 g C m~2 yr~!. The SWC-induced
reduction in national total NPP was exceeded by the integrated
enhancement effects of warming, CO, fertilization and N de-
position (Fig. 7). All environmental factors together caused an

increase in NPP by 9.9% (83.4 TgC yr~' or 16.1 gCm~2 yr™!)
during 1901-2000 relative to NPP simulated with the baselines
of climate, CO, and N deposition and with stand age variation.
The enhancement effects of CO, fertilization and N deposition
on NPP are 16.7 and 29.6 Tg C yr~!, respectively, when av-
eraged from 1901 to 2000. In the drying and wetting periods,
NPP of well-drained upland forests and poorly drained forests
and wetlands exhibited different responses to changes in SWC.
During drying periods, NPP decreased in well-drained forests
and increased in poorly drained forests and wetlands, and vice
versa. The changes in growing-season temperature and length
caused much larger interannual variability in NPP than SWC
change did. The reduction in N mineralization due to soil wet-
ting during the middle 1940s and the early 1970s resulted in a
considerable decrease in NPP because of the sensitivity of pho-
tosynthesis to N availability in Canada’s forests and wetlands.
The decline in SWC after the middle 1970s stimulated N miner-
alization because of improved soil aerobic conditions. However,
the reduction in stomatal conductance due to low SWC caused
decrease in NPP in well-drained areas. During the period from
1981 to 2000, the reduction of NPP related to SWC variations
was 58.1 TgCyr™! (11.6 gCm~2 yr ).

Soil water also affects C released from heterotrophic respi-
ration resulting from soil C decomposition. The SWC-induced
reduction in NPP was exceeded by the decrease in heterotrophic

Tellus (2010)
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Fig. 7. Annual NPP values of Canada’s forests and wetlands from five simulations. In Simulation I, only forest stand age changed with time and the
baselines of climate, CO, and N deposition were used to run the model; In Simulation II, CO;, concentration and stand age changed with time while
climate and N deposition remained at the baseline values; In Simulation III, only N deposition and stand age changed with time while climate and
CO; concentration remained at baseline values; In Simulation IV, historical climate, CO; and N deposition were used to drive the model and stand
age changed with time also. In Simulation V, SWC was remained at the baseline while stand age, other climatic variables, CO, and N deposition

change with time.
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Fig. 8. Annual net biome productivity
(NBP) in Canada’s forests and wetlands

—e— Simulation V
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output from three different Simulations (see
Table 1 for the definition of Simulations).

respiration caused by SWC changes. Changes in SWC increased
net biome productivity (NBP) of Canada’s forests and wet-
lands by 4.1 Tg C yr~! averaged over the simulation period.
This number is relatively small compared with an increase of
50.2 Tg C yr! in NBP caused by the integrated effect of cli-
mate change, CO, fertilization and N deposition (Fig. 8). The
effects of CO, and N deposition increased NBP by 13.3 and
16.3 Tg C yr~!, respectively. Drought might simultaneously re-
duce C assimilation and heterotrophic respiration in well-drained
upland forests and enhance C assimilation and heterotrophic res-
piration in poorly drained forests and wetlands. In contrast to
drought, wetting of soils might affect C uptake in the opposite
direction (Goulden et al., 1996; Dunn et al., 2007). The av-
erage reductions in C sequestration caused by SWC decrease
were 3.9 Tg C yr~! during 1906-1929 and 3.7 Tg C yr~—! dur-
ing 1981-2000, respectively. The average increase in C seques-
tration related to SWC increase was 14.4 Tg C yr~! during
1947-1970. During the period from 1981 to 2000, the reduction
of C sequestration related to SWC variations was 3.8 Tg C yr~!
(0.7 g C m~2 yr~!"). The SWC-induced enhancement of NBP is

Tellus (2010)
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Year

due to the compensation between heterotrophic respiration and
NPP.

Increases in SWC resulted in increases in NBP in all ecozones
(Fig. 9). The change of SWC induced considerable interannual
variability of NBP. The drought from the middle 1900s to the late
1930s caused the decrease in NBP mainly in Boreal Cordillera,
Montane Cordillera, Southern Boreal Shield and Boreal Plains.
Drying of soils in the 1980s and 1990s resulted in a widespread
reduction in C sinks of Canada’s forests and wetlands, espe-
cially in Southern Arctic, Taiga Shield, Taiga Cordillera, Taiga
Plains, Middle Boreal Shield, Eastern Boreal Shield, Boreal
plains, Hudson Plains and Mixedwood plains. In other ecozones,
changes in SWC caused relatively small decreases in NBP. The
model simulated a big decrease in NBP for all ecozones in 1998
with a very warm climate.

6. Discussion

Validations show that the model is able to capture the seasonal
and interannual variations of ET. However, discrepancy between
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simulated and measured ET still exits. The errors in simulated hydrological parameters is not represented in the model. This

ET may be related to uncertainties in the simulation of stom- simplification can introduce some errors in simulated SWC and
atal conductance, parameterization of hydrological model and ET. Thirdly, the model is run at monthly time steps and may have
estimation of canopy interception of rain. First, the species- errors in the estimation of canopy interception of rainfall of var-
dependent sensitivity of stomatal conductance to water vapour ious intensities. For the SOA and SOB sites, simulated ET is
deficit has not been considered in this model. Secondly, the hy- closer to the measured values in the second half of the growing-
drological model is parameterized according to soil properties season than in the first half. The slight overestimation of ET by

compiled from the SLC database. The vertical heterogeneity of the model in the early growing season is possibly related to the

Tellus (2010)
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retarded root water uptake under low soil temperature. At these
sites, soil temperature increases more slowly than air tempera-
ture in early spring due to the thermal insulation effect by thick
organic C and litter layers. Low soil temperature retards root
activity and consequently canopy transpiration. Inclusion of the
effect of low soil temperature on root activities would improve
the reliability of simulated ET.

Simulated annual ET exhibits an increasing gradient from
north to south, mirroring the spatial patterns of temperature
and solar energy available for vegetation growth and transpira-
tion. In the last century, annual ET increased in most ecozones
of Canada. The increasing trend exhibited distinguished spatial
pattern, with a largest increase of 4 x 10~' mm yr~! in Eastern
Boreal Shield. This implies a possible future increase of ET cor-
responding to global warming. If the increase in ET exceeds the
increase in precipitation, SWC will decrease and C sequestration
will be affected in Canada’s forests and wetlands.

Uncertainty in simulated SWC is one of major sources result-
ing in errors in the estimation of regional C balance. However,
it is very difficult to validate SWC at regional scale due to large
spatial variability of SWC. In this study, long-term unregulated
streamflow data across Canada were employed to evaluate un-
certainties in simulated regional SWC. This is the first attempt
in the study of regional C balance. The agreement between sim-
ulated and observed streamflows decreases from south to north.
The discrepancy between simulated and measured streamflow
might be attributed to following factors, including relatively
coarse time steps, limited number of soil layers, improper rep-
resentation of snowmelt and frozen/thawing processes of soils
and uncertainties in precipitation data in the remote northern
areas. In this study, this model operated at monthly time steps
and had difficulties to capture peak streamflow produced by ex-
treme rainfall events. Currently, the model stratified the soil
profile into three layers. The errors in the determination of
upper and lower boundary conditions of water fluxes will be
propagated into simulated SWC and streamflow. With the in-
crease of soil layers, errors in simulated SWC can be well con-
strained. However, the computation will be greatly increased.
The simulated spring streamflow is sensitive to the timing of
snowmelt. The model simulates snowmelt according to monthly
mean air temperature and can only partially capture the inter-
annual variability in the timing of spring snowmelt. The ef-
fects of frozen/thawing processes on soil water movement were
currently considered by reducing hydraulic conductivity with
temperature using an empirical function, which needs further
refinement. In addition, measurements of precipitation in the re-
mote northern areas are limited. Uncertainties in precipitation
data used to force the model would be definitely propagated into
simulated streamflow and SWC, resulting in larger discrepancy
between simulated and measured streamflow in the north than
in the south. Further efforts are required to improve the hydro-
logic model and the quality of precipitation data to constrain
uncertainties in simulated SWC to increase our confidence on
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the assessment of the effects of SWC changes on regional C
balance.

Although the model was able to capture the temporal trends of
annual streamflow at most areas, the existing disagreement be-
tween simulated and observed streamflow implies uncertainness
in simulated SWC. Especially, the model tended to underes-
timate high streamflow values. It means that SWC might be
overestimated in years with high streamflow. Consequently, C
sequestration might be overestimated in poorly drained areas
and underestimated in well-drained areas. In addition, errors in
other input datasets might result in uncertainties in simulated C
sequestration. For example, the land cover map was produced
using remote sensing data and forest stand age map was a com-
bination of large fire scar and remote sensing data. In a previous
study conducted by Chen et al. (2003) showed that an error of
20% in land cover map might induces uncertainties of 2% and
0.5% in NBP and NPP during 1990-1998, respectively. How-
ever, the errors of 5 years in forest age caused uncertainties of
12-22% and 5-9% in simulated NBP and NPP, respectively.
Therefore, a reliable forest stand age map is critical for in-
creasing our confidence on the estimation of current regional
C budget. In this study, forests were assumed to regenerate in
the next year following disturbances. This simplification might
artificially reduce C sources after disturbances.

The simulations show that SWC increased overall from 1901
to 2000 in most areas of Canada’s forests and wetlands. In the
Southern Taiga Plains, the Northwestern Boreal Plains, the East-
ern Hudson Plains, the Eastern Middle Boreal shield ecozones
and parts of the Southern Boreal Shield ecozone, SWC increased
at the 1% significance level, owning to the fact that precipita-
tion increased more than ET. In other areas, SWC increased less
or even partially decreased at the 1% significance level. These
areas include parts of the Taiga Shield, Taiga Cordillera, Taiga
Plains and Boreal Cordillera ecozones. Starting from the 1970s,
Canada’s forests and wetlands experienced soil drying. SWC
decreased extensively during 1971 to 2000.

The changes in SWC caused NPP to decrease by 4.9%
(40.8 Tg C yr~!) when averaged over the period from 1901
to 2000. The overall reduction of NPP is caused by the de-
crease in N mineralization under the condition of high SWC. N
mineralization in Canada’s forests and wetlands is low due to
low temperature and anaerobic conditions of soils. During the
middle 1940s to the middle 1970s, the reduction of N mineral-
ization owing to increased SWC caused a large decrease in NPP.
As the soil became progressively drier from the middle 1970s,
N mineralization increased, leading to an increase in NPP in
poorly drained areas. The SWC-induced reduction in NPP was
exceeded by the SWC-induced decrease in heterotrophic res-
piration. Increases in SWC increased NBP of Canada’s forests
and wetlands by 4.1 Tg C yr~! when averaged over the period
from 1901 to 2000, which is relatively small compared with an
increase of 50.2 Tg C yr~! in NBP caused by the integrated
effect of climate change, CO, fertilization and N deposition.
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The increase in SWC resulted in increases in NBP in all eco-
zones because the increase in SWC caused more reduction in
heterotrophic respiration than in NPP, implying that if the de-
creasing trend of SWC starting from the early 1970s continues,
the current C sink of Canada’s forests and wetlands will shrink.
The C stock in Canada’s forests and wetlands is huge. Future
decreases in SWC caused by global warming might result in
considerable increase in C released into the atmosphere from
soils, intensifying climate change.

SWC affects two major components of the C cycle. Small
errors in the simulated SWC and water table depth could induce
a considerable error in simulated C budget at regional and/or
global scales. However, hydrological processes are simplified
in terrestrial C models due to data limitation and our limited
knowledge on soil water movement. More efforts to simulate
the water cycle and its effects on C cycling are needed to project
the response of the terrestrial C cycle to future climate change.

7. Conclusions

The coupling between water and carbon cycles in Canada’s
forests and wetlands was studied through a series of numeri-
cal simulations with the INTEC model. Following conclusions
can be drawn from this study:

(1) SWC in Canada’s forests and wetlands varied spatially
and temporally during 1901-2000. SWC increased at 1% signif-
icance level in the Southern Taiga Plains, Northwestern Boreal
Plains, Eastern Hudson Plains, Eastern Middle Boreal Shield
ecozones and parts of the Southern Boreal Shield ecozone and
it significantly decreased in parts of the Taiga Shield, Taiga
Cordillera, Taiga Plains and Boreal cordillera ecozones. The
SWC decrease was widespread during 1971-2000, and signif-
icant at the 1% level in the Northern Taiga Plains, Southern
Boreal Plains ecozones, the middles of the Hudson Plains and
Southern Boreal Shield ecozones and parts of the Eastern Taiga
Shield ecozone.

(2) During the simulation period of 100 years, SWC change
alone caused a reduction in annual NPP of 40.8 Tg C yr!,
while the integrated effect of climate change, CO, fertilization
and N deposition enhanced NPP by 83.4 Tg C yr~!, with 16.7
and 29.6 Tg C yr~' enhancement from CO, fertilization and
N deposition, respectively. The change of SWC increased net
C uptake by of 4.1 Tg C yr~!, relatively small compared with
an enhancement of 50.2 Tg C yr~! by the integrated effect of
climate change, CO; fertilization and N deposition. The increase
in SWCresulted in an increase in the net C uptake in all ecozones.
The drop of SWC in 1998 caused heterotrophic respiration to
increase by 100 Tg C yr~'.

(3) In addition to enhancing heterotrophic respiration by in-
creasing temperature, climate change might regulate C uptake
by terrestrial ecosystems through its influence on SWC. Our
simulations show that an increase in SWC would enhance net C

sequestration in all ecozones in Canada due to the abundance of
poorly drained areas in Canada’s forests and wetlands, in which
wetting of soils inhibited microbial activities, leading to reduc-
tion in heterotrophic respiration. Soil C storage in these areas is
very large. Future possible decrease of SWC caused by increas-
ing temperature and decreasing precipitation might increase C
release to the atmosphere and have positive feedbacks to global
warming.

Acknowledgements

We are indebted to Dr. Josef Cihlar of the Canada Centre for
Remote Sensing for the use of the Canada-wide land cover map
and to Agriculture and Food Canada for the Soil Landscape of
Canada. We thank the Fluxnet-Canada Research Network and
their sponsors for financial support. This study was also sup-
ported by the National High Technology Research and Devel-
opment Program of China (2009AA122005) and Doctoral Fund
of Ministry of Education of China (20090091110034).

Appendix A: The calculations of GPP and NPP

A.l. Calculation of NPP
Actual NPP of a forest is calculated as follows:
NPP(i)= NPP,(i)Fnpp(i) (A1)

where NPP, (i) is the NPP value determined by non-disturbance
factors (climate, CO, concentration and N availability), Fnpp(i)
is the normalized forest productivity changing with stand age
and ranges from O to 1.0 (Chen et al., 2000c).

The value of NPP,(i) is calculated through iteration
NPP,(i)— NPP,(i—1)
NPP,(i)+ NPP,(i — 1)

GPP@i)— GPP(Gi—1)—R,(i)+ R,(i — 1)
- GPPG@)+GPP(i—1)— R,(i)— R,(i — 1)

_XO=D == DO =D (A2)
XO+DH-pGE—-DXEH+ D
Therefore,
1— B(@)

NPP,(i)=NPP,(i—-1) (A3)

1+ B(i)’
where X (i) is the interannual variability of GPP in year i (unit-
less), which is calculated using eqs (A8) and (A9), (i — 1)
is the ratio of maintenance respiration to GPP in year (i — 1)
(unitless), and Y (7) is the interannual variability of maintenance
respiration in year i (unitless).

A.2. Calculation of GPP

The canopy-level instantaneous photosynthesis rate is calculated
as follows:

Pean = Peani fp + Peana(1 — .fp)s (A4)
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where P, and Py are canopy gross photosynthesis rates
limited by electron transport and rubisco activity, respectively,
and f, is the fraction of canopy photosynthesis limited by P ca;.

Through upscaling Farquhar’s biochemical model from leaf
to canopy, P, and P,y are calculated as:

C;—T
Peant = (Jsun LA Ly + JshadLAIshad)ms
c_r (A5)
Pz = Vyy———LAI,
an2 Ci +kc0

where LAI, LAl,, and LAl are the total, sunlit and shaded
leaf area index (m? m~2), respectively. J is the electron transport
rate (umol CO, m~2 s™!), V,, is the maximum carboxylation rate
(umol CO, m~2 s71), C; is the intercellular CO, concentration
and is determined using the analytical method developed by
Baldocchi (1994), and I is the leaf CO, compensation point,
and k., is a coefficient associated with enzyme kinetics (Bonan,
1995).

The annual gross photosynthesis rate of a forest in year i is
then obtained through integrating P.,, over the growing season:

GPP(i) = /Pcan(t)dt. (A6)

To reduce the requirement for input data and to constrain
the uncertainty in the calculation of historical photosynthesis,
GPP(i) is calculated according to the relationship between the
interannual variability and the external forcing factors (Chen
et al., 2000c):

dGPP(i AP, (1 al
PO _ / "D 41 4 P 2, (A7)
di . di 0i

where the first term at the right-hand side of the equation repre-
sents the effect on the interannual variability of GPP caused by
changes in P, () and second term represents the effect caused

by the change of growing season length (/,).
From eq. (A7), annual GPP(i) is calculated using a temporal
scaling algorithm developed by Chen et al. (2000c), that is

24 x@)
2—x(@)
where x (i) represents the integrated effect of climate, atmo-

spheric CO, concentration, N and soil water content on annual
photosynthesis and is given by

x(@) = {folEL,, Lii(DAC + &p,y, Lo () A
+ &0, L3 (DAL + £, Ls 1 (DA,
+ &0, Lyi(DAN (i) + &1,y L1 ()AL (i)
+ &0, LL12 (DA Laa()] + (1 = fo(i)EL, , L12()AC,
&0y, Lao()Aa + &1, , Lo (DAT + &, , Laa(i) Akeo

615, Ls2()A Vi + €Ly, Li2(DANI(D]} + Ly Al
(A9)
where Ax represents the interannual variability of variable x,
&1, is a coefficient to correct the effect of diurnal and seasonal

GPP@i)=GPPGi—-1) =GPP(i —1DX(@E), (A8)
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variations of L, and P.,, on dP and to correct the bias from
the replacement of the temporal average of L, by L,, which is
calculated from the mean values of environmental variables. The
formulations for calculating L, terms in eq. (A9) are introduced
in Ju et al. (2007).

A.3. Calculation of maintenance respiration

Annual maintenance respiration is calculated as follows:

Tali)—15
R.(i) = (C\Ry15 + CsRs 15 + CorRer 15 + CreRic15) Q10
(A10)

where C), Cs, C, and Cy, are respiratory C in foliage, sapwood,
coarse root and fine root biomass pools (g C m™~2), respectively;
Ry15 Rs15 Rer15 and Ry 15 are their respective annual respiration
rates at an annual mean temperature of 15°C (g C g=! C yr™1);
T.(i) is annual mean temperature in year i (°C); and Q is the
sensitivity of maintenance respiration to temperature, being a
constant value of 2.3 for all biomass C pools. The change of QO
with temperature and effects of root N content and SWC on root
mantainance respiration were not included yet.

A.4. Calculation of heterotrophic respiration

Soil C and N dynamics are simulated using a modified approach
of CENTURY (Parton et al., 1993; Ju and Chen, 2005). Soil
C is split into nine pools: (1) surface structural litter, (2) soil
structural litter, (3) woody litter, (4) surface metabolic litter, (5)
soil metabolic litter, (6) surface microbial, (7) soil microbial, (8)
slow and (9) passive. Heterotrophic respiration Ry, is calculated
as the sum of C released to the atmosphere from these nine C
pools during the decomposition of soil C:

9
Ru(i) =) k;(i)e;C;(0), (A11)

j=1
where k;(i) is the decomposition rate of soil C pool j in year
i(yr~!) and calculated as a function of the prescribed maximum
decomposition coefficient (Parton et al., 1993), soil temperature,
soil moisture, soil texture (for pool 7), lignin content (for pools
1, 2 and 3) and N availability (for pools 1, 2, 3, 4, 5, 8 and 9)
(Ju et al., 2007); ¢; is the prescribed fraction of decomposed C
respired to the atmosphere from pool j; and C;(i) is the size of
soil C pool j in year i (g C m™2).

A.5. Simulation of C dynamics

The balance of each C pool is calculated as the difference be-
tween inputs and outputs. Annual NPP is partitioned into four
biomass C pools (foliage, stem, coarse root and fine root) at the
end of a year:

AC;(0) = (f;NPP@E) —n,;C;(0))/(1 + 1)), (A12)
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where f; and 7; are the prescribed allocation coefficient of NPP
to biomass pool j and the turnover rate of biomass pool j (yr=!),
respectively. They depend on land cover type.

Soil C pools are updated as follows:

n
AC;(i) = (Z ki j()YCi(i — D—k;()C; (i — 1))/(1 + k,-(i)) ,
I=1
(A13)
where n is number of C pools transferring C to pool j, k; (i) is
transfer rate of C from pool / to pool j in year i(yr™!), k;(i) is the
decomposition rate of pool j in year i(yr~!) and C (i — 1) and
C;(i — 1) are pool sizes in year (i — 1), respectively.
The scalar representing the effect of SWC on soil C decom-
position M(i, m) (unitless) is

M(i,m) = 5.440(i, m) — 5.036%(i, m) — 0.472, (Al4)

where 0(i, m) is SWC expressed as the fraction of porosity in
month m of year i. The minimum of M (i,m) is set as 0.1.

The scalar of soil temperature affecting soil C decomposition
M (i, m) (unitless) is (Lloyd and Taylor, 1994):

M, m) = e”*‘»”(mfm)’

(A15)

where T (i, m) is soil temperature in month m of year i (°C).

A.6. Simulation of nitrogen cycle

N transformations among various litter and soil C pools follow
C flows. N available for vegetation uptake is the sum of fixation
Ny, deposition N g, and net mineralization N p,:

Nav(i) = Nﬁx(i) + Ndep(i) + Nmin(i)v (Al6)

N fixation is a function of temperature, precipitation and mi-
crobial biomass:

Nix(i) = ¢;2.050/°A P PT(1)/0.45 X (Cym(i) + Cm(i))/200,
(A17)

where ¢; is a coefficient determining the fixation rate (0.15 g N
m~2yr~"), T(i) is annual mean soil temperature (°C), AP PT (i)
is annual precipitation (m), and Cyy,(i) and C,,(i) are sizes of
surface and soil microbial C pools (g C m~2), respectively.

N deposition is interpolated for each year according to rates
of N deposition in a reference year i.¢ (including dry and wet
deposition) and the increase rate of greenhouse gas emission:

[Ndep(iref) - Ndep(l())][G(l) - G(lO)]
[Girer) — Gi0)]

Ndcp(i) = Ndcp(o) + s
(A18)

where N, is the N deposition rate (g N m~2 yr~"), G is the
greenhouse gas emission rate (Tg yr~') and iq, iy and i rep-
resent the initial year, the reference year and a simulation year,
respectively.

Net N mineralization is calculated according to C flows and
C/N ratios of soil C pools (Ju et al., 2007).

The amount of N available N,,(i) for forest uptake is the sum
of fixation, deposition and net mineralization:

N uptake by forest Ny,(i) (g N m~2) is determined by N
availability and fine root mass Cy(i):

14 bN4(i)/Cu()’

where b is a coefficient determining the maximum uptake ca-
pacity of a forest (Chen et al., 2000b).

SWC affects the simulated GPP in two ways. If soils are
too wet (SWC above field capacity), the decrease of SWC will
enhance N mineralization, resulting in increase in GPP. When
SWC is below field capacity, soil drying will cause reductions in
both N mineralization and stomatal conductance. Consequently,
GPP will be reduced.

Nyp(i) = (A19)

Appendix B: The hydrological model

B.1. Calculation of canopy transpiration and soil
evaporation

Evapotranspiration is calculated as the sum of canopy transpi-
ration, evaporation from intercepted water and from soil surface
and sublimation from intercepted snow and snowpack on the
ground.

Canopy transpiration is separately calculated for sunlit and
shaded leaves:

Trp,c = Trp,sunLAIsun + Trp,shadcd(LAI - LAIsun)v (Bl)

where T, . is the total transpiration from the canopy (m d~!);
T psun and T shagea are daily transpiration per unit sunlit and
shaded leaves (m d~'), respectively, and calculated using the
Penman-Monteith equation; LA is leaf area index (m’m~2) and
LAI, is the sunlit leaf area index (m?> m~?) (Liu et al., 2003).
In the calculation of transpiration, the stomatal resistance of
individual leaves is calculated using the Ball-Berry model (Ball
et al., 1987) which is solved analytically following Baldocchi
(1994).

Evaporation from the intercepted water and the soil surface
is also calculated using the Penman—Monteith equation, but dif-
ferent surface resistance values are used. For intercepted water,
1 is set to zero. Soil evaporation is calculated using an r¢ value
of 150 sm~!.

Canopy transpiration and soil evaporation are down scaled by
a soil water stress factor, which is given by a simple heuristic
function (Foley et al., 1996):

Fw) = (1 —e “TRT) /(1 — ), (B2)

where c is a parameter determining the sensitivity of transpira-
tion and soil evaporation to soil water stress and a constant of 2.5
is used in this study, 6 is the soil water content expressed as the
fraction of the soil porosity 6, 6, is the wilting point expressed
as the fraction of the soil porosity.
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B.2. Simulation of soil water content

Soil water content is updated as follows:

19 = ! (W 1 E Q RF) (B3a)
B[ sl ll 1 rl S 12 b

P 652 1,2 T» 2,3)s B3b
P 6s3 /'3 2,3 13 3 r)s B3c

where 0; is the simulated SWC expressed as the fraction of the
soil porosity in soil layer i, 6 is the soil porosity of layer i
(m® m™?), d; is the thickness of soil layer i (m), W; is total
water input to the first soil layer, including through fall of rain
and snow melt (m d~!), T, is transpiration uptake from layer
i (m d™"), E, is evaporation from the first soil layer (m d~'),
RF is surface runoff (m d=1), Q;.i+1 18 vertical percolation of
soil water from layer i to layer (I + 1) (m d~'); Qj is hori-
zontal saturated subsurface flow (m d='), which is designated to
link individual pixel hydrologically with the neighbouring pixels
and D, is bottom drainage (m d~'). The water leaving a water-
shed is calculated as the sum of surface runoff RF and bottom
drainage D;.

The simulation of SWC is conducted two times in a time step.
First, only vertical water fluxes are computed to solve for the
SWC of each soil layer. Then, lateral saturated base flow Qs is
calculated and SWC is adjusted according to the value of Q3 (Ju
and Chen, 2005).

B.3. Surface runoff and bottom drainage
Surface runoff RF; is estimated as follows:
RF, = WiR,,;, (B4)

where R, , is the runoff fraction of rain throughfall and snowmelt
and is estimated as a function of the SWC in the first soil layer:

010 — b1 )" Ot — 0w\
R,=0-B)|—7— B| ——
= () e (M
=ap+ ai0,41, (B5)
where 7 is the time step, B is the weight given to implicit for-
mulation (B = 0 for the purely explicit solution, B = 0.5 for the

Crank—Nicolson solution, and B = 1.0 for the purely implicit so-
lution), A is the sensitivity of runoff to SWC depending on soil

A-1
: o _ (Oi=bwia _ _AB [ 01:—bwi
drainage condition, ay = ( . ) o i, 01,
_ _AB = bwi\A—1
and a; = o i )

Drainage from the bottom of the soil profile is

D, = (1 — B)K3(65.,)" + BK3(63.,1.1)"

(B6)
= co + c163,41,

where K is the saturated hydraulic conductivity of soil layer 3
(m d="), and m = 2b + 3, where b is the exponent of the soil
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moisture release equation; further, co = K3(03,)" (1 — Bm) and
cp = BmK3(93.,)’"’1‘

B.4. Transpiration from different soil layers

Transpiration consumption is proportioned among soil layers
according to a soil water stress factor and root abundance:

T = Tperil(1 = B) f(wi ) + Bf (wis41)], B7)

where r; is the fraction of roots in layer i.
Inserting eq. (B2) into eq. (B7), transpired water from layer i
is approximated as follows:

6i 1 —Owi
T—0y; )

1 -
T = Ttp,c”iﬁ[ﬂ —¢€

6i,1 —Owi
+ e TR (0,41 — 6,0)]
=bo, ;i + D16 141, (B8)

where

1 i —Owi cB 0,0 —Owi
boi=Tpcri— [[1—e T | — e 10w
I S P [( ) 1 — 6y ”]

and

cB i —Owi

bii=Tperi——————€ i .
L e (1= 0)

Vertical water percolation is simulated by implicitly solving
the Darcy’s equation

Qiiv1 = (1= B)K; i1 [(D1,i41.0)™ !

. 9:‘ t 0i+l t
FVYiip1Dii1 (D g ) ———
i.,i+ i,i+ ii+1,1 Dl’l+l)
+ BK; i1 [(D1 51,040
6141 — 6,
FVYiir1Dii1 (Vi )" M] ., (B9)
D;iy1)

where K ;1, Vi1 and ¥, ;4 are the saturated hydraulic con-
ductivity, suction at air entry and SWC at the boundary of soil
layers i and i + 1, respectively; m; ;4 and n;; are two parame-
ters dependent on b; and D, ;4 is the vertical distance between
the centres of layers i and i+1. Variables on the right side of eq.
(B11) are computed as follows:

Ki i1 =05(K;diy1/D; i1 + Ki1di/ Di i11), (B10a)
Vii+t1 = 0.5(Yidi1/Djiv1 + Yi1di/Di i), (B10b)
Biiv1 = 0.50;diy1/ Diiy1 + 0i1di / Dji1), (B10c)
miiy1 = (bidit1/Di i1 + bitadi/Diiv1) + 3, (B10d)
niiv1 = 0.5(bidiy1/Djis1 + biy1di /Dy iy1) + 2. (B10e)
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Using the first order Taylor series to approximate the second
term on the right side of eq. (B9), this equation can be rewritten
as follows:

Qiiv1 = (1= Bm; i DK i1 (B i1 )"

[ (1= B)+ Bni 11K i1 Vi is1big % i
+ BK; i1 [mi i1 (91,

+ + 1 i1 Wi i1 bi it (D)

Oit —9i+l,t
Djiv1

+ B iv1biip1 (9 41,0)" % ]
(BI1)

]ﬁi,i+1,t+1

B.5. Solving for soil water content in different soil layers

Combing eqs (B3), (B7), (B8) and (B11), eq. (B3) can be ex-
pressed in the following manner for updating the SWC (Q3 is
excluded at this simulation step)

X11 x2 O 01,141 Vi
Xa1 X2 X23 Orir1 | = | » (B12)
0 Xn X33 03,141 3

In the simulations of SWC, the influences of temperature
on soil water movement is corrected following Sellers et al.
(1996), assuming saturated hydraulic conductivity linearly de-
creases with temperature decrease when soil is frozen.

Appendix C

Temperatures of the soil and snow pack are simulated using the
implicit solution of Fick’s law of heat diffusion

Cihi[Tsi o1 — Tsi] _ 2{(1 . B)|: Tsi—y— Tsi;

86400A7 dioi/hici +di/
Tsiy —Tsiq1, ]
di/hi +dig1/hi
4 B[M
di_1/hicy +di[A
_ M]} (@)
di/hi + disi/hiv 1)

where C is the apparent volumetric heat capacity (J m—3 K), d is
the depth of layer (m), T's represents soil temperature (°C), At is
the number of days per month and A is the thermal conductivity
(W m~! K~1); and subscripts i and ¢ denote the soil layer and
the time step, respectively.

For soil temperature simulation, the number of layers changes
seasonally. If the depth of snowpack is above 5 cm, a snow layer
is explicitly included. Otherwise, the snowpack is lumped with
the first soil layer. The thermal properties of the first layer are
adjusted according to the amount of snow. For the first soil layer
or snow layer, T's;_; 41 is set to the ground surface temperature,

which is converted from monthly mean air temperature using
an empirical equation based on the leaf are index (Yin and Arp,
1993). We assume that heat flux is zero at the bottom of the soil
profile.

Equation (C1) can be rewritten in the format similar to
eq. (B12). Temperatures of three soil layers and snow pack can
be solved simultaneously.
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