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Abstract

The effects of different harvesting intensities and rotation lengths on the long-term carbon (C) and nitrogen (N)

dynamics of boreal forests in central Canada were simulated using the process-based ecosystem model CENTURY 4.0.

Three harvesting intensities and four rotation lengths were investigated. Results suggest that intensive harvesting

regimes (e.g. whole-tree harvesting (WTH)) would decrease total ecosystem C, soil C storage, and N availability,

compared with conventional harvesting (CH). Harvested biomass would increase with increasing harvesting intensity.

Net loss of forest productivity (indicated by above-ground biomass) would be higher in higher productivity stands in

the low boreal ecoclimatic region. For a given harvesting intensity, total ecosystem C stock and N availability would be

highest with long rotations (120 years) and reduced under shorter rotations (60 and 30 year). Extremely short rotations

(i.e. 30 year) would reduce boreal forest productivity by as much as 65%. Longer rotations and less intensive harvesting

could increase C sequestration about 36�/40% in the boreal forest region of central Canada. # 2002 Elsevier Science

B.V. All rights reserved.
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1. Introduction

There is growing interest in understanding the

influence that disturbances exert on regional

ecological patterns and processes in relation to

natural resource management. In many forests,

timber harvesting competes with other natural

disturbances (e.g. wildfire, wind, insects, disease)

as the major agent of ecosystem disturbance.

Concerns have been expressed about the effects

of intensive timber harvesting on the sustainability

of forest ecosystems (Kimmins, 1977; Dyck and

Cole, 1994; Wei et al., 1997; Morris et al., 1997;

Jurgensen et al., 1997). Intensive forest manage-

ment practices based on short rotations and high

levels of biomass utilization (e.g. whole-tree har-

vesting (WTH)) may significantly reduce forest site

productivity, soil organic matter (SOM), and
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nutrient availability on some sites. Boyle et al.

(1973), Freedman (1981) provide overviews of the

effects of intensive timber harvesting on nutrient

budgets. Based on data from a variety of studies,
Johnson (1992) summarized the potential effects of

harvesting, site preparation, and fertilizer treat-

ments on soil carbon (C). Keenan and Kimmins

(1993) reviewed, from a broad perspective, the

ecological effects of clear-cutting. The effects of

timber harvesting on site productivity, SOM, and

nitrogen (N) availability in inland northwest

forests were also discussed recently by Jurgensen
et al. (1997).

A number of studies indicate that nutrient

availability and SOM consistently decrease for

10�/50 years after harvesting, but return to near

pre-felling values by 60�/90 years (Boyle, 1976;

Covington, 1981; Gordon, 1983; Hendrickson et

al., 1987; Johnson, 1992; Olsson et al., 1996).

Unfortunately, few empirical studies have exam-
ined the effect of harvesting regimes on C and N

dynamics of boreal forests in central Canada,

although some studies have reported on the

removal of soil organic C and total C after forest

harvesting (Morrison et al., 1993; Pennock and

van Kessel, 1997). Data on long-term post harvest

ecosystem responses (�/100 years) are not avail-

able in the literature. Experimental methods of
estimating the long-term (e.g. 100�/600 years)

effects of harvesting will not provide information

in a timely manner. Process-based ecosystem

models may provide an alternative approach to

understanding the effects of harvesting regimes on

C and N dynamics of forest ecosystems (Aber et

al., 1978, 1982; Bengtsson and Wiström, 1993;

Morris et al., 1997; Roff and Ågren, 1999).
Boreal forest ecosystems represent important

pools in the global C cycle and act as C sinks and

sources of atmospheric C (Apps et al., 1993; Dixon

et al., 1994). Increasing interest in global C

budgets have resulted in greater research efforts

to understand and quantify the role of the boreal

forest ecosystems (e.g. Apps and Price, 1996). A

previous study (Peng et al., 1998; Peng and Apps,
1999) demonstrated the ability of the process-

based plant-soil model CENTURY 4.0 to simulate

net primary productivity (NPP), biomass and soil

C in Canadian boreal forests under current climate

conditions. The sensitivity of C dynamics in

Canadian boreal forests to future possible climatic

change and fire disturbance regimes also have been

examined (Peng and Apps, 1998; Price et al., 1999;
Apps et al., 2000; Jiang et al., 1999). Here, we

extend these studies and report on the long-term

effects of harvesting intensities and rotation on C

storage in vegetation and soil, and on N dynamics

in the Boreal Forest Transect Case Study (BFTCS)

area of central Canada. Two specific hypotheses

are tested. First, does intensive harvesting reduce

ecosystem C stock and N availability? Second,
does extremely short harvesting rotation result in a

net loss of forest productivity, ecosystem C

sequestration?

2. Methods

2.1. Study area

The BFTCS (Price and Apps, 1995) extends

over a distance of 1000 km and is oriented
approximately southwest�/northeast along a pro-

nounced ecoclimatic gradient across the boreal

forests of Saskatchewan and Manitoba (Fig. 1). It

was selected for this study for a number of reasons.

Fig. 1. Map of Saskatchewan and Manitoba showing the

locations of the BFTCS and BOREAS study areas, and the

climate stations used in the simulations (Adapted from Price

and Apps (1995)).
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First, the BFTCS is one of the Global Change and

Terrestrial Ecosystems (GCTE), a core project of

the International Geosphere Biosphere Program

(IGBP) high latitude transects (Koch et al., 1995).

Second, detailed vegetation and soil databases are

available across the BFTCS (Halliwell et al., 1995;

Halliwell and Apps, 1997a,b,c) against which to

test the model’s ability to predict aboveground

biomass and soil C for different climatic condi-

tions and soil types within the boreal biome.

Third, there is a pronounced gradient of land-use

and land-use intensity across the transect, ranging

from modern forestry practices in the south

(Prince Albert Model Forest) to traditional native

land practices in the north (Linklater, 1995).

The characteristics of the selected boreal forest

ecoclimatic regions in central Canada are de-

scribed below in Table 1. Vegetation at the

Thompson site is characterized by forests of black

spruce (Picea mariana (Mill.)) and jack pine (Pinus

banksiana Lamb.), as well as some paper birch

(Betula papyrifera Marsh.), with understories of

feathermoss, bog cranberry, blueberry (Vaccinium

spp.), Labrador tea (Ledum groenlandicum ), and

lichen (Cladina spp.). Summers are cool and short,

about 5 months long, while winters are very cold
with persistent snow cover. Annual precipitation is

moderate, between 300 and 500 mm. In the Prince

Albert region, deciduous forests composed of

trembling aspen (Populus tremuloides Michx.),

with secondary quantities of balsam poplar (P.

balsamifera L. ), and understories of mixed herbs

and shrubs dominate sites. White spruce (P.

glauca Voss) and balsam fir (Abies Balsamea

(L.)) are the climax species in this region, but are

not well represented due to the frequent occur-

rence of fire and past logging practices. Most sites

have Gray luvisols soil (Agriculture Canada Ex-

pert Committee on Soil Survey, 1987). Open

stands of jack pine occur on dry sites, with Eutric

and Dystric Brunisol soils. Black spruce is an

important edaphic climax species in the wetlands.
Summers are warm, with maximum precipitation

occurring during July. Winters are cold and

snowy.

2.2. CENTURY4.0 model

CENTURY, developed by Parton et al. (1987,

1993), is a semi-mechanistic process-based model

of plant-soil ecosystems that simulates the dy-
namics of C and N of various plant-soil systems

including grassland, agricultural land, savannas

and forests. Since it incorporates representations

of key processes relating to C assimilation, turn-

over and decomposition, the model can be used to

simulate many management measures, including

harvesting, fertilization, and wildfire control. The

model has been previously described in detail by
Parton et al. (1987, 1993), Metherell et al. (1993).

CENTURY 4.0 (the forest version of CENTURY) has

three major submodels: (1) a biophysical submodel

that calculates hydrological and thermal driving

variables; (2) a forest production submodel that

simulates above- and below-ground vegetation

processes; and (3) a SOM submodel that calculates

dynamic C and N flows in soil and litter pools.
The forest production submodel partitions tree

biomass into several compartments: foliage, fine

and coarse roots, fine branches, and large wood. C

Table 1

Site parameters for two selected boreal forest locations in

central Canada

Low boreal

(Prince Albert)

High boreal

(Thompson)

Latitude (8) 53.37N 57.17N

Longitude (8) 105.08W 97.50W

Mean monthly maxi-

mum temperature (8C)

24.45 (July) 22.52 (July)

Mean monthly minimum

temperature (8C)

�/25.25 (Janu-

ary)

�/30.76 (Janu-

ary)

Annual precipitation

(mm)

398 544

Dominant vegetationa PICO�/PIGL PIGL�/PIMA

Soil typeb E.EB H.FB

Soil texture

Clay (%) 13 33

Silt (%) 14 29

Sand (%) 73 38

a Vegetation name acronyms follow the flora of Canada

(Scoggan, 1979): PIMA (P. mariana ); PICO (P. contorta

Dougl); PIGL (P. glauca ).
b Soil classifications (subgroup) are from the Canadian

System of Soil Classification (Agriculture Canada Expert

Committee on Soil Survey, 1987). E.EB, Eluviated Eutric

Brunisol; H.FB, Humo-Ferric Podzol.
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and N are allocated to different plant parts using a

fixed allocation scheme although allocation coeffi-

cients may be used for young and mature stands.

The soil submodel consists of eight organic matter
pools. Four represent surface and root litter, and

the other four represent SOM. The SOM pools

include two ‘‘active’’ fractions that have rapid

turnover times (1�/5 years) representing microbial

biomass and metabolites divided into a surface

and a soil pool; a ‘slow’ fraction with intermediate

turnover time (20�/40 years) that represents stabi-

lized decomposition products; and a ‘passive’
fraction with slow turnover time (200�/1500 years)

that represents highly stabilized organic matter. C

flows between these pools are controlled by

decomposition rate and microbial respiration

parameters, both of which are expressed as func-

tions of soil texture. The turnover times of all

pools vary with a soil abiotic decomposition

parameter and are calculated as a function of
monthly temperature and precipitation.

2.3. Model validation

Two methods have been used to validate the

CENTURY model (Parton et al., 1993; Peng et al.,

1998; Bolker et al., 1998). The first method used a

linear regression of the observed data against the

simulation model results; the second checked the
model estimates against predictions from other

well-established models such as empirical regres-

sion models. CENTURY 4.0 has been validated for

the BFTC in central Canada using field data of

aboveground biomass and SOM (Peng et al.,

1998). The results indicate that CENTURY 4.0

gave soil C accumulation estimates at the transect

scale that were consistent with established empiri-
cal regression model estimates and were highly

correlated with observed values (R2�/0.92). CEN-

TURY 4.0 also simulates both aboveground bio-

mass and net N mineralization reasonably well

across the range of present climatic conditions

represented in the transect. Additional testing of

the ability of CENTURY 4.0 for simulating NPP has

been recently reported by Peng and Apps (1999),
in which the simulated mean NPP by CENTURY 4.0

lied within the range of observed data of Gower et

al. (1998). In addition, the study by Price et al.

(1999) further demonstrated that CENTURY 4.0

was able to reproduce spatial variation of soil and

litter C densities satisfactorily and showed good

agreement of ecosystem carbon with both local
field data and the simulations of the forest

succession model of FORSKA2 (Prentice et al.,

1993) across the BFTC under current climate

conditions. We believe these previous work per-

formed in this regions provides a scientific founda-

tion and the reliability of model for further

investigation of long-term effects of forest man-

agement regimes on C and N dynamics in Cana-
dian boreal forests.

2.4. Model parameterization and simulation

scenarios

The main parameters for initial values of

productivity, above-ground biomass, decomposi-

tion, and soil C have been previously described in
detail by Peng et al. (1998). Only values pertinent

to the present study are discussed here.

The major input variables for the model include:

monthly mean maximum and minimum air tem-

perature, monthly precipitation, soil texture, at-

mospheric and soil N inputs, plant lignin content,

and initial soil C and nutrient levels. Non site-

specific parameters for boreal forests used in other
studies (Metherell et al., 1993; Peng et al., 1998)

were left unchanged. Site-specific parameters and

initial conditions, such as soil texture (clay, silt and

sandy content) (Table 1), bulk density, soil pH,

soil C content for the 0�/20 cm layer, and drainage

characteristics of soil were obtained from field

data (Siltanen et al., 1997). Some site-specific

parameters for boreal forest ecosystems were
unavailable, requiring modification of existing

values for temperate coniferous forests*/a para-

meterization procedure discussed in greater detail

in Peng et al. (1998). These parameters include:

maximum gross and net forest production, opti-

mum and maximum temperature for production,

and a scaling factor for potential evapotranspira-

tion (PET). CENTURY 4.0 also requires estimations
of N fluxes in ecosystem. Atmospheric N deposi-

tion and fixation input, which were not available

from the literature, were estimated using a simple
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linear function of precipitation based on observed

data (Metherell et al., 1993).

For each site, CENTURY 4.0 simulations were

run for 5000 years to reach equilibrium under

natural conditions using repeated mean monthly

temperature and CENTURY’s stochastic precipita-

tion generator. Monthly mean maximum and

minimum temperature and precipitation values

were calculated by CENTURY 4.0 using the 30-

year normals (1950�/1980) for Atmospheric En-

vironment Service (AES, 1983) climate stations.

For this run-up period, a random fire disturbance

regime (with an average interval of 100 years over

the 5000-year run-up) was used to represent

natural disturbance regimes. To minimize artifacts

associated with the initial conditions (end of the

5000-year run-up), each of the scenarios discussed

below were then run for a further 300�/500 years,

and the analyses performed on simulation results

of the last 300�/500 years.

Harvesting regimes affect C and N dynamics in

different ways, depending upon the harvesting

intensity and rotation length. Following the study

of Bengtsson and Wiström (1993), C and N

dynamics are simulated and compared under the

following harvesting intensities and rotation

lengths:

. conventional harvesting (CH): 100% removal of

stems from site, branches and needles left on

site;

. Whole-tree harvesting (WTH): 100% stem uti-
lization plus 90% removal of branches and

needles, the rest of the branches and needles

remain on site;

. complete-tree harvesting (CTH): 100% removal

of stem, branches and needles plus 90% roots

extracted from site;

. no harvesting disturbance (NHD): no stem,

branches, needles or roots removed from site.
. Rotation lengths of 30, 60, 90, and 120 years

were combined with both CH and intensive

harvesting (i.e. WTH) to examine the sensitivity

of C and N dynamics to different harvesting

regimes.

To investigate the effects of harvesting on

biomass and soil organic C, CENTURY 4.0 requires

parameters that specify the fractions of live leaves,

live fine branches, live large wood, and fine and

coarse roots removed from pools by the harvesting

(Metherell et al., 1993). In addition, the fraction of
nutrients that are returned to the soil in inorganic

forms from each biomass component that is

removed by the harvesting event must be specified.

The parameters used in the present study (Table 2)

were derived from the studies of Bengtsson and

Wiström (1993), Morrison et al. (1993).

3. Results

3.1. Effects of different harvesting intensities

Table 3 summarizes the simulated effects of

three different harvesting regimes on two sites

(Prince Albert and Thompson) along the BFTCS,

as expressed on the basis of a 100-year manage-
ment program. Differences in above-ground bio-

mass and soil C between CH and WTH are

substantial for both Prince Albert and Thompson.

Table 2

Parameters for three harvesting intensities used in CENTURY 4.0

simulations

Specific parameters CH WTH CTH NHD

Percentage (% ) of tree biomass removed from pools

Live leaves 0 90 100 0

Live fine branches 0 90 100 0

Live large wood 100 100 100 0

Percentage (% ) of live root components that die

Fine root 90 90 90 0

Coarse root 70 70 90 0

Percentage (% ) of carbon in harvested material that is returned

to the ecosystem

Live leaves 100 10 0 100

Fine branches 100 10 0 100

Large wood 0 0 0 100

Percentage (% ) of nitrogen in harvested material that is returned

to the ecosystem

Live leaves 100 10 0 100

Fine branches 100 10 0 100

Large wood 0 0 0 100

The parameters values are derived form Bengtsson and

Wiström (1993), Morrison et al. (1993).
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Nitrogen availability also shows a distinct differ-

ence between the two harvesting regimes.

On the low boreal ecoclimatic site (Prince

Albert), above-ground biomass, averaged over

the 500-year period, are 25.2 Mg C ha�1 under

CH regime and 14.7 Mg C ha�1 under WTH. The

mean values of soil C are 27.8 and 19.1 Mg C ha�1

for CH and WTH, respectively. Nitrogen avail-

ability for WTH is about 40% less than for CH.

Total ecosystem C storage decreases by about 41%

when CH is replaced by WTH.

On the high boreal ecoclimatic site (Thompson),

above-ground biomass and soil C, averaged over

the 500-year period for CH regime are 1.5�/1.7

times higher than the WTH. Nitrogen availability
for WTH is about 36% less than under CH regime.

The net loss of N availability for Thompson is

about 4% less than in low boreal ecoclimatic

region (Prince Albert). Total ecosystem C storage

for WTH is about 42% less than for CH, which is

similar to the reduction in Prince Albert.

3.2. Effects of rotation lengths

Table 4 shows the predicted effects of different

rotation lengths for CTH on above-ground bio-

mass, soil C, net N mineralization and ecosystem

C. The mean values of above-ground biomass for

rotation lengths of 30, 60, 90, 120 years range from
7.7 to 27.4 Mg C ha�1 for Prince Albert, and from

14.1 to 58.8 for Thompson, respectively (Table 4).

In general, soil C increased with rotation length in

both low and high boreal ecoclimatic regions. N

availabilities show similar variation with soil C but

the difference is less pronounced. The estimated

total ecosystem C ranges from 57.2 to 97.5 Mg

ha�1 in Prince Albert and from 108.4 to 208.1 in

Thompson, respectively. Increased rotation length

yielded higher total ecosystem C storage at both
sites. Total ecosystem C storage for short rotations

(30 years) was reduced by about 36% at Prince

Albert and 40% at Thompson, compared with a

standard 90-year rotation. The temporal dynamics

of above-ground biomass and soil C are strongly

regulated by rotation length, and C stocks start to

decrease at the end of 900 year with a shift from 90

to 30-year rotation at both Prince Albert and
Thomson (Fig. 2). However, the decrease of C

stocks is less pronounced in soil than above-

ground biomass.

3.3. Interactive effects of harvesting intensities and

rotation lengths

The interactive effects of harvesting intensities

and rotation lengths have been investigated using a

combination of the increase of rotation length and

harvesting intensity (Table 5). As expected, total

ecosystem C would increase with an increase of

rotation length for a given harvesting intensity

scenario. Total estimated ecosystem C reached
maximum values ranging from 176 to 213 Mg C

ha�1 for two sites under an elongated (120-year)

rotation with less intensive harvesting (CH).

Table 3

Standing stock of C and N in biomass, soil and ecosystem as a whole, plus N mineralization and availability in related to harvesting

intensity of 100 year rotation

Location Harvesting

intensities

AG-Biomass

(Mg C ha�1)

Soil-C

(Mg ha�1)

Ecosystem-C

(Mg ha�1)

Net N Removal N

(g m�2 year�1)

Prince Albert (PA) CH 25.17 27.79 89.50 2.38 15.18

WTH 14.72 19.09 52.98 1.44 16.16

NHD 172.18 41.72 304.41 3.61 24.49

Thompson (TH) CH 48.77 73.20 199.40 2.83 19.81

WTH 29.04 48.89 116.44 1.82 21.63

NHD 175.48 70.88 362.18 3.35 22.36

Values are an average for a 500-year simulation. AG-Biomass, Soil-C, Net N, removal N, Ecosystem-C refer to above-ground

biomass, total soil carbon, net N mineralization, removal nitrogen, and total ecosystem carbon, respectively. CH: conventional

harvesting; WTH: whole-tree harvesting; NHD: no harvesting disturbance.
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Table 4

Standing stock of C and N in biomass, soil and ecosystem as a whole, plus N mineralization and availability under CTH regime with four different rotation lengths

Location Rotation length

(year)

AG-Biomass

(Mg C ha�1)

Soil-C

(Mg ha�1)

Ecosystem-C

(Mg ha�1)

Net N

(g m�2 year�1)

Removal N

(g m�2 year�1)

Prince Albert (PA) 30 7.65 22.68 57.19 2.12 15.26

60 15.27 26.22 74.74 2.55 15.24

90 22.23 28.30 88.67 2.69 15.16

120 27.42 29.23 97.54 2.80 15.12

Thompson (TH) 30 14.08 51.03 108.41 2.60 15.02

60 28.77 59.52 144.31 2.71 14.85

90 44.87 67.30 182.02 2.86 14.70

120 58.83 71.13 208.08 2.93 14.61

Values are an average for a 300-year simulation. AG-Biomass, Soil-C, Net N, removal N, Ecosystem-C refer to above-ground biomass, total soil carbon, net N

mineralization, nitrogen removal, and total ecosystem carbon, respectively.
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Lower values of ecosystem C, ranging from 50 to

82 Mg C ha�1, were associated with a combina-

tion of a short (30-year) rotation with intensive

harvesting (WTH). Although the variation of

above-ground biomass and soil C under different

interactive effects showed similar trends, loss of C

from above-ground biomass was about three to

four times higher than that from soil.

The results also indicated that removal of N

decreased with longer rotations and low tree

utilization. However, the variation of N availabil-

ity did not follow the trends of removal of N. In
general, simulated net N mineralization under

longer rotation and less intensive harvesting was

about one to 2.5 time higher than that under

shorter rotation with intensive harvesting regimes.

For a given harvesting intensity, the difference in

net N mineralization among four rotation length

scenarios (Table 5) was minor. This minor differ-

ence may be because shorter rotations accelerate N
cycling which may partially compensate N avail-

ability caused by N removal from the site.

4. Discussion

CENTURY is one of the most established ecosys-

tem process models. Although the regression-

based forest production submodel described in
CENTURY is relatively simple, the robust SOM

submodel of CENTURY has been used frequently

by researchers (Peng et al., 1998; Peng and Apps,

1998; Price et al., 1999; Mikhailova et al., 2000)

and fully or partly incorporated into other ecosys-

tem models (Comins and McMurtrie, 1993; Friend

et al., 1997, Kirschbaum, 1999, Chen et al., 2000;

Peng et al., 2002). Recently, Jiang et al. (2002) used
the CENTURY 4.0 to investigate the influence of

different harvest disturbance regimes (e.g. CH,

whole tree harvesting, no biomass removal) on the

carbon stocks and fluxes of Chinese boreal forest

ecosystems. The simulated results suggested that

intensive whole tree harvesting (with a 100-year

rotation) would result in a reduction of 81% in

biomass and of 49% in litter, relative to a no-
harvest reference. Soil carbon showed the same

decreasing trend as biomass with increasing har-

vesting intensity and decreasing rotation length.

A number of studies have investigated effects of

harvesting regimes on C storage in individual

stands (Dewar, 1990, 1991; Harmon et al., 1990)

and at the landscape-level (Price et al., 1997; Kurz

et al., 1998); or the role of rotation lengths and
growth rates on C storage (Cooper, 1983; Marland

and Marland, 1992). Harmon et al. (1990) sug-

gested that conversion of old-growth forest to

Fig. 2. Simulation of temporal dynamics of (a) above-ground

biomass (AG-Biomass), (b) soil carbon (Soil-C) and (c) total

ecosystem carbon (Ecosystem-C) using ten consecutive rota-

tions of 90 years followed by ten of 30 years each with WTH.

PA and TH refer to Prince Albert and Thompson, respectively.
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young forest under current harvesting operation

and use conditions would add C source to atmo-

sphere, although the creation of new forests on

deforested area will increase C sink in forest

ecosystem. Kurz et al. (1998) discussed the effects

of transitions between natural and managed for-

ests on net C flows in boreal systems and pointed

out the importance of the natural disturbance

return period relative to the harvest interval.

Removal of total ecosystem C by different

harvesting regimes estimated by Morrison et al.

(1993) for two major tree species of the boreal

forest region in Ontario showed that CH would

result in about 20�/33% C loss from sites, with

more intensive harvesting regimes removing up to

35�/44%. Results of the simulation reported here

indicate that reducing harvesting intensity and

extending rotation length would be beneficial for

long-term C sequestration for this area of Cana-

dian boreal forest*/the C sink could be increased

by as much as 36�/40%.

It is well recognized that WTH produces sig-

nificantly higher removal of biomass than CH of

the same stand, however, these increases are

accompanied by greater removal of nutrients,

due to the removal of nutrient-rich foliage and

small branches. As a consequence, WTH may

threaten the long-term productivity of nutrient-

poor sites. Using the ecosystem model FORE-

CAST, Kimmins and Scoullar (1995) reported that

WTH could decrease the biomass productivity of a

Douglas-fir stand up to 20% over three consecu-

tive 80-year rotations. Wei et al. (1997) also found

that WTH could decrease the biomass productivity

of lodgepole pine forest up to 25% after four

consecutive 60-year rotations, but that the effects

could be reduced by interplanting N-fixing Sitka

alder. Simulations of spruce stands over a 300-year

period indicated that productivity (measured as

harvested stem biomass) decreased with increasing

harvesting intensities, whereas total harvested

biomass increased with increased harvesting in-

tensities in more productive stands (Bengtsson and

Wiström, 1993). Our simulations with CENTURY

4.0 in this study (Table 3) suggest that total long-

term forest productivity (using aboveground bio-

mass as the indicator) and N availability would be

reduced by about 40�/42% and 36�/41%, respec-

tively, with increasing harvesting intensity (CH vs.

WTH). However, net loss of forest productivity

would be higher in higher productivity forest

stands in low boreal ecoclimatic regions (e.g.

Prince Albert).
SOM plays an important role in supporting soil

nutrient availability, which maintains site produc-

tivity, particularly in N-limited boreal forest

ecosystems. It has been assumed that forest

harvesting causes a loss of as much as 20�/50%

Table 5

Interactive effects of harvesting intensities and rotation lengths on C and N dynamics of boreal forests

Harvesting Intensities Prince Albert (PA) Thompson (TH)

Rotation Lengths (years) Rotation Lengths (years)

30 60 90 120 30 60 90 120

CH AG-Biomass (Mg C ha�1) 15.06 36.32 53.13 68.78 12.85 32.31 47.90 71.18

Soil-C (Mg ha�1) 30.65 37.46 40.54 42.65 54.75 64.63 68.79 62.23

Net N (g m�2 year�1) 3.05 3.32 3.33 3.32 3.01 3.26 3.21 3.21

Removal N (g m�2 year�1) 25.97 25.63 25.49 23.84 23.90 23.55 23.39 22.26

Ecosystem-C (Mg ha�1) 83.24 124.40 152.34 176.06 115.63 161.05 189.92 212.84

WTH AG-Biomass (Mg C ha�1) 7.94 17.28 24.34 24.77 7.55 15.19 23.70 23.71

Soil-C (Mg ha�1) 20.93 21.87 23.21 22.49 43.04 43.35 46.00 44.43

Net N (g m�2 year�1) 1.95 1.73 1.73 1.66 2.23 2.01 1.97 1.88

Removal N (g m�2 year�1) 25.35 25.18 25.02 23.78 23.18 22.90 22.87 21.83

Ecosystem-C (Mg ha�1) 50.12 61.31 72.72 71.10 81.79 89.95 105.56 101.59

Values are an average for a 300-year simulation. AG-Biomass, Soil-C, Net N, removal N, Ecosystem-C refer to above-ground

biomass, total soil carbon, net N mineralization, removal nitrogen, and total ecosystem carbon, respectively.
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of the organic C after forest harvesting (e.g.

Houghton et al., 1983). Covington (1981) reported

that the organic matter content of the O horizon in

northern hardwoods decreased to about 50% of
the original content 15 years after cutting. Predic-

tions by Aber et al. (1978) indicate that harvesting

lowers both N availability and forest floor organic

matter for 15�/30 years following cutting. Other

studies show very little change (9/10%) in soil C

with harvesting (Johnson, 1992; Bengtsson and

Wiström, 1993). The present results (Table 3)

indicate that soil C is reduced by about 32% after
intensive harvesting compared with CH. The

results seem to be site specific, because two studied

sites (e.g. Prince Albert and Thompson) are

located in the boreal forest biome which contains

high soil C storage relative to other biomes (Apps

et al., 1993). Since soil N content in forests

generally correlates well with SOM, harvesting

can result in large losses of soil N. Increased
residue removal with WTH and shorter rotations

may exacerbate N loss from the site (Jurgensen et

al., 1980, 1997). Results of the present study results

(Tables 3 and 5) are qualitatively consistent with

these results. However, impacts of fire, site pre-

paration and changes in forest cover type on C and

N dynamics were not taken into account in the

present work. Further investigation of these po-
tential effects on forest ecosystem C and N should

be performed, but are beyond the objectives of this

study.

5. Conclusion

Human disturbances from intensive harvesting

significantly affect forest growth, and C and N
dynamics. In the absence of long-term field trials,

a process-based ecosystem model (such as CEN-

TURY 4.0) may provide an alternative means of

examining the long-term effects of management on

C and N dynamics of future Canadian boreal

ecosystems. The key features of CENTURY include

the explicit partitioning of living biomass and dead

organic matter into compartments defined by
differing turnover times, the high degree of inte-

gration between biophysical and biogeochemical

processes, and the feedbacks between above-

ground (plant) and below-ground (soil) via N

availability. The results presented in this study

suggest that total ecosystem C and N availability

would decrease under increasingly intensive har-

vesting (e.g. WTH). A shift from CH to WTH in

boreal forests would increase in N loss, potentially

resulting in long-term reductions in site productiv-

ity. Increasing harvesting intensity would also

decrease soil C storage, but these impacts would

be less in high boreal ecoclimatic regions having

higher soil organic stocks than in low boreal

ecoclimatic regions. Total ecosystem C is highest

under long (120-year) rotations and is reduced

under shorter (60- and 30-year) rotations. How-

ever, shortened rotations result in a greater loss of

N from the ecosystem. Reducing harvesting in-

tensity and extending rotation length could en-

hance the long-term capacity of Canadian boreal

forest ecosystems to sequester C. Further

investigation of the effects of site preparation

and changes in forest cover type on C and N

dynamics would improve our understanding of the

effects of harvesting on Canadian boreal forest

ecosystems.
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