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Abstract

To reconcile observations of decomposition rates, carbon inventories, and net primary

production (NPP), we estimated long-term averages for C exchange in boreal forests

near Thompson, Manitoba. Soil drainage as de®ned by water table, moss cover, and

permafrost dynamics, is the dominant control on direct ®re emissions. In upland for-

ests, an average of about 10±30% of annual NPP was likely consumed by ®re over the

past 6500 years since these landforms and ecosystems were established. This long-

term, average ®re emission is much larger than has been accounted for in global C

cycle models and may forecast an increase in ®re activity for this region. While over

decadal to century times these boreal forests may be acting as slight net sinks for C

from the atmosphere to land, periods of drought and severe ®re activity may result in

net sources of C from these systems.

Keywords: boreal, carbon, decomposition, ®re, forest, soil

Introduction

Boreal systems contain one of the largest carbon

reserves in the world (Post et al. 1982; Gorham 1991;

Chapin et al. 1993) and include vast regions of

wetlands, forests, and permafrost. Boreal wetlands

are renowned for both their areal extent and carbon

density (Gorham 1991; Chapin & Mathews 1993). Both

forested and wetland systems are underlain by

permafrost, which is susceptible to cycles of degrada-

tion (thermokarst) and aggradation (Thie 1974), the

cycles of which have in some cases been related to the

occurrence of ®res (Zoltai 1993). In better-drained

uplands, boreal forests are known for the size and

intensity of wild®res, which play a de®ning role in the

establishment of the forested ecosystems (Payette

1992). The occurrence of discontinuous permafrost,

large ®res, and thermokarst wetlands are clues to an

interaction among climate, ®re disturbance, hydrology,

and ecosystem structure.

Fire disturbance in the boreal region may become

increasingly important to the global carbon budget,

because climate is changing in a region where carbon

reserves are large and where ®re disturbance dominates

the distribution of plant and soil carbon. Fire disturbance

in North America's boreal forests was higher in the 1980s

than in any previous decade on record (Murphy et al.

1999). Concurrently, annual surface temperatures have

increased by about 5 °C over the past 30 years in Alaskan

boreal and arctic regions (Lachenbruch & Marshall 1986),

in the Canadian boreal (Beltrami & Mareschal 1994) and

in North America in general (Oechel & Vourlitis 1994).

Moreover, the prospect of summer drought, indicated by

recent trends in Alaska (Wotton & Flannigan 1993),

threatens an increase in ®re occurrence. Although it is

unclear whether the changes documented in climate

records have forced or are forcing changes in ®re activity,

changes in ®re disturbance in these C-rich systems are

likely to result in profound changes in C exchange.

In North America and western Russia, most ®res occur

as crown ®res (Stocks & Kauffman 1997) which have

high intensity and severity. In addition, these ®res are

large in areal extent, which may be related to the large

fuel loads that accumulate in the moss-rich forest ¯oor

(Stocks 1991). Crown ®res are generally stand-replacing

®res, and the most dominant coniferous species propa-

gate their seeds by high-temperature ®re conditions

(serotinous cones). As a result, forests in these regions

tend to be of a single age and have a limited number of

tree species. Eurasian forests, by contrast, typically have

milder ground ®res and are of mixed age and mixed
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species. In all boreal regions, deciduous species such as

birch (Betula), poplar (Populus), willow (Salix) and alder

(Alnus) occur, usually after ®re disturbance, in single

stands or in mixtures with coniferous species. In North

America, most pine species are found in well-drained,

commonly sandy soils (Nalder & Wein, 1999). In the

more poorly drained landscapes throughout the boreal

forests, black spruce dominates over pine and in

mixtures with birch and aspen. In some regions, aspen

may be more likely than spruce to replace severe ®res

(Dyrness et al. 1986), while black spruce is likely to

replace itself after milder ®res.

Boreal forest ®res have only recently been considered

to be of potential importance to the global carbon cycle.

Biomass burning in the tropics, largely stemming from

savanna and forest conversions, are thought to greatly

outweigh (by 10-fold) the emissions generated by boreal

forests (Crutzen & Andreae 1990). However, wild®res in

boreal forests appear to show tremendous interannual

variation in both area burned and severity of burning;

®re emissions may be greater than previously assumed

or may be on the increase since the turn of the century.

For example, in the 1980s in Canada, 10 times more land

area burned than in any previous decade on record

(Murphy et al. 1999). Estimates of fuel consumption and

®re severity also vary greatly (Kasischke et al. 1995b).

Implications for dramatic shifts in ®re disturbance,

whether interannual or interdecadal, involve not only

direct C emissions but also shifts in stand-age and

species composition for the region. Disturbance and

regrowth patterns were found to have a large effect on

seasonal amplitude of net carbon exchange in high

latitudes, an effect that was larger than interannual or

growing-season temperatures, and that has contributed

an increase of about 15% to high-latitude amplitudes

since the 1960s (Zimov et al. 1999). As a result of the large

variations and uncertainties in ®re emissions and their

importance to C exchange at high latitudes, we attempt

to introduce a different approach to understanding the

controls and constraints on C losses to ®re. Our method

uses modern estimates for production, decomposition,

and storage of carbon, a model of ®re dynamics

developed over millenial time-scales, and an assessment

of the long-term carbon balance for a variety of boreal

landscapes in North America.

Methods for a mass balance model

Because soils represent the net accumulation of carbon

over long time-periods, soils also contain information

about the balance between plant production, decomposi-

tion, and ®re emissions. Boreal soils store large amounts

of carbon (Chapin & Matthews 1993), which is evidence

for net C exchange onto land since the time of glacial ice

retreat (Harden et al. 1992). Carbon studies typically

describe soils as net sink terms for modern C budgets

(Apps et al. 1993). However, there is compelling evidence

that at least some of these systems are no longer large

sinks for C onto land (Goulden et al. 1998) and that they

have changed over time in their potential for net C

storage (Harden et al. 1992). Soil drainage strongly affects

the amount of carbon stored in soils (Harden et al. 1997;

Trumbore & Harden 1997), and several workers (e.g.

Gorham 1991) have attributed decreased decomposition

in wetland peats as the reason for their large carbon

storage. However, ®re may also be an important factor in

the association of soil carbon and soil drainage class. It is

critically important today to understand: (i) whether or

not these systems have been taking up carbon for recent

centuries; (ii) whether these systems have undergone a

recent change in net C exchange in response to recent

warming of the region; and (iii) how C exchange will

respond to future changes in regional climate and ®re

disturbance. Based on the size and frequency of ®res

and on the presence of permafrost in these regions,

mechanisms that control carbon exchange are likely to

involve ®re disturbance and regrowth as well as

carbon burial into deeper, colder soil environments

where carbon is protected from decomposition. To this

end, a model was developed that includes ®re

disturbance, burial of C in cold soil layers, soil

drainage, and plant regrowth simulated over millenial

timescales using a decadal time-step. Our main

purpose was to understand the relative importance

of production, decomposition, and ®re in controlling C

storage in well-drained to very poorly drained

systems.

As a ®rst principal, it is clear that C that is added to soil

as plant residue must either decompose, accumulate, or

burn.

For the entire system:

dC/dt = NPP ± Ch ± F

= NPP ± ks*Cs ± ks*Cc ± kd*Cd ± f*(Cs + Ctr) (1)

where NPP is net primary production; Ch is C lost to

heterotrophic respiration (decomposition), and F is

carbon lost to ®re. Ch is the sum of respiration from

shallow detritus (s), ®re-killed plant matter `char' (c), and

deep (d) soil layers expressed as C storage times

fractional decomposition coef®cient k for shallow (s)

and deep (d). Ctr is C stored in trees. Loss of C to

dissolved organic C and to herbivory are not included at

this time. As part of the Boreal Ecosystem Atmosphere

Study, we can estimate terms NPP, k, C but have no

direct estimates of ®re emissions. As a result, we treated f

as an unknown and solved (1) to estimate C lost to ®re in

each soil drainage class (Table 1). This approach to

estimating f is unprecedented in the literature, where
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determination of f has been based on measurements of

area burned, ®re frequency, and fuel consumption

estimated from control vs. burn comparisons. The

present approach also differs from other estimates of f

because soil carbon represents a long-term balance

(decadal, century, and millennial) of the carbon budget,

whereas other methods rely on the more recent (annual

to decadal) past.

Emphasizing the ®re cycle and the mechanism of

burial by regrowing moss, the present model partitions

soil into a shallow (Cs) layer that accumulates between

®res and a deep (Cd) layer that is buried by regrowing Cs

(Fig. 1). Cs consists of roots, plant litter, and moss that

decomposes at a ®rst order rate constant ks and typically

has C/N ratios of 40±60, bulk densities 0.05 g cm±3 or less,

and carbon contents of about 50%. Deep carbon Cd

consists of roots, dead wood and `char' and humus that

decomposes at a ®rst-order rate constant kd with C/N

ratios of 10±20, bulk densities around 0.1 g cm±3, and

carbon contents of about 20% (Fig. 2). The coef®cient kd is

generally about 103 slower than ks (Table 1) as a result of

Cd being older (radiocarbon dated) and more decom-

posed and of burial into colder conditions (Goulden et al.

1998). Upon burning, a proportion (f) of Cs and Cst (tree

stems) burns at a prescribed, average ®re return time.

After ®re, the remains that include dead wood (Fig. 1)

decompose at a rate of ks in the shallow compartment for

one burn cycle before input into the deep soil (Input deep

in Table 1) where it decomposes at a rate kd. By subjecting

the ®re-killed wood and `char' to decomposition at a rate

ks for an entire burn cycle, decomposition is maximized

before the material enters the deep layer. Other scenarios,

including a 50-y period before burial into deep or an

immediate transfer into deep, result in much higher

inputs to deep layers and infer even higher C losses to

®re in order to balance the deep C storage.

As part of the Boreal Ecosystem Atmosphere Study in

northern Manitoba, we used soil carbon and moss

inventories (Harden et al. 1997), soil gas-exchange cham-

bers (Trumbore & Harden 1997), and measurements of

radiocarbon in soil and deep sediment (Trumbore &

Harden 1997 for uplands; Trumbore et al. 1999 for

wetlands) to determine the rate at which soil components

decompose or accumulate as fuel between ®res. Dead

moss (Harden et al. 1997) and phytomass inventories

(Gower et al. 1997) and growth increments of live trees

(Gower et al. 1997) were used to determine Net Primary

Production of moss and trees. Carbon inventories of ®re-

killed trees (Harden et al. 1997) were used to determine a

minimum of how much fuel is left after burning (tree

stems don't burn) and tree-ring analysis of ®re recur-

rence (Stocks 1989, 1980, 1991) were used to determine

the average return time for intensive, stand-killing ®res.

Model input terms such as decomposition coef®cients

(Table 1) have large uncertainties; in model runs, NPP

and ks were allowed to vary within the range of

observations as long as the value of Cs was satis®ed

within its range of observation. To solve for Cd after

6500 years, the term f (fraction of shallow C burned) was

allowed to vary as a model unknown.

The model was run separately for each drainage/

ecosystem type and can be visualized as though each

ecosystem were re-established repeatedly at the same

site. The char component was allowed to decompose

at the rate of the shallow layer (ks) for a period of

1 burn cycle following each ®re; then the char was

decomposed at the rate of the deep layer (kd). This likely

overestimated decomposition of the charred material

because burial by moss is suf®ciently widespread and

deep by about 50 years after ®re (Harden et al. 1997).

Also, NPP was modelled to recover within 10 years of the

®re event, although areal spread of moss likely takes

longer (Harden et al. 1997); this oversimpli®cation likely

overestimates NPP by about 10±25%. We did not attempt

to simulate the effects of succession, variations in

weather that might affect NPP or decomposition, varia-

tions in ®re severity, nor accelerated decomposition

following ®re; however, some of these effects counteract

each other and should be examined separately for net

effects on the C budget. Model output, including totals

for C gains (by NPP), losses (to Ch and f), and net

exchange (NEP) were summed over the entire model

period (Tables 1, 2) and represent long-term averages for

these systems.

As a sensitivity test and as a method to ®nd a `best

estimate' for model results, several model scenarios were

run for the 6500 years since deglaciation. The variations

in decomposition rate ks and NPP of moss and litter were

constrained by Cs and therefore did not signi®cantly

affect C stored in the deep soil. However, model results

were highly sensitive to the rate at which charred

remains decomposed (kchar, eqn 1) before entering the

deep soil (Fig. 3). Typically, the upper estimate of ®re

emissions is constrained by lower limits to decomposi-

tion rates: not more than about 14% of NPP for

sphagnum and 40% for spruce and pine could be lost

as ®re emissions. However, the lower limit for ®re

emissions is more problematic because the mechanisms

of decomposition and burial of charred material is so

poorly known: if charred material decomposes at upper

ranges of shallow decomposition rates then very little C

loss (< 1% of NPP) is required to balance the soil C

budget. Our best estimates for ®re losses are derived

from model runs in which means were used for input

terms of (most critically) ks and kd. We also used an

optimization procedure in Microsoft Excelq to minimize

the differences between model results and data for Cs,

Cd, ks, kd in determining the best estimates for ®re

176 J . W . H A R D E N et al.

# 2000 Blackwell Science Ltd, Global Change Biology, 6 (Suppl. 1), 174±184



T
a

b
le

1
.

M
o

d
el

in
p

u
ts

an
d

co
n

st
ra

in
ts

fo
r

d
et

er
m

in
in

g
lo

n
g

te
rm

C
lo

ss
es

to
®

re
an

d
d

ec
o

m
p

o
si

ti
o

n
.

T
er

m
s

d
e®

n
ed

in
te

x
t

(E
q

.
1)

.

M
o

d
el

in
p

u
ts

an
d

co
n

st
ra

in
ts

M
o

d
el

u
n

k
n

o
w

n
s

M
o

d
el

o
u

tp
u

t

N
P

P
1

1/
k

sh
al

lo
w

2
1/

k
d

ee
p

2
C

s
m

at
u

re
3

C
d

to
d

ay
3

C
m

at
u

re
C

c
(d

ea
d

)5
In

p
u

t
d

ee
p

3
%

F
u

el
b

u
rn

ed
F

ir
e

%
N

P
P

to
®

re

(k
g

C
m

±
2

y
±
1
)

(y
)

(y
)

(k
g

C
m

±
2
)

(k
g

C
m

±
2
)

tr
ee

s1
(k

g
C

m
±
2
)

(k
g

C
m

±
2

y
±
1
)

em
is

si
o

n
6

(k
g

C
m

±
2
)

at
t=

ev
en

t

k
g

C
m

±
2

ev
en

t±
1

P
in

e/
li

ch
en

:
bu

rn
in

te
rv

al
60

y

M
o

d
el

0.
15

13
10

0
1.

1
1.

18
4

3
0.

00
9

41
%

2
25

%
(r

an
g

e
1±

26
%

)

O
b

se
rv

ed
d

at
a

0.
1±

0.
15

6±
14

10
0

1.
1

1.
8

2±
4

>
2±

3
0.

01
1.

1±
2.

5

S
pr

u
ce

/F
ea

th
er

m
os

s:
®

re
in

te
rv

al
80

y

M
o

d
el

0.
15

55
55

0
3.

3
9

3.
6

3.
87

0.
04

44
%

3
33

%
(r

an
g

e
18

±4
4%

)

O
b

se
rv

ed
d

at
a

0.
09

6±
0.

17
55

±2
50

20
0±

50
0

2±
4

9±
11

2.
9±

5.
7

>
1.

2±
4.

7
0.

00
2±

0.
00

5
1.

4±
7

S
pr

u
ce

/S
ph

ag
n

u
m

:
®

re
in

te
rv

al
20

0
y

M
o

d
el

0.
12

56
11

00
4.

3
18

2.
9

5.
03

0.
01

2
30

%
2

12
%

(r
an

g
e

1±
26

%
)

O
b

se
rv

ed
d

at
a

0.
12

±0
.1

6
55

±2
50

10
00

±2
00

0
2±

4
18

±2
2

2.
5

>
1±

3
0.

00
7±

0.
03

3
±

W
et

la
n

d
br

yo
ph

yt
es

,
se

dg
es

:
®

re
in

te
rv

al
20

0
y

M
o

d
el

0.
3

37
0.

00
03

5.
26

70
0

5.
3

0.
04

95
0.

05
<

1
2%

(r
an

g
e

0±
6%

)

O
b

se
rv

ed
d

at
a4

0.
26

±0
.4

2
17

±3
7

20
00

±3
30

0
4.

6±
5.

2
78

±1
20

0.
03

8±
0.

06
4

±

D
at

a
so

u
rc

es
:

1
fr

o
m

G
o

w
er

et
al

.
(1

99
7)

b
as

ed
o

n
19

94
d

at
a

o
f

m
at

u
re

fo
re

st
s;

H
ar

d
en

et
al

.
(1

99
7)

b
as

ed
o

n
av

er
ag

e
o

v
er

®
re

cy
cl

e.
2
fr

o
m

T
ru

m
b

o
re

&
H

ar
d

en
(1

99
7)

;
k

fo
r

ch
ar

is
=

k s
fo

r
o

n
e

b
u

rn
cy

cl
e

ex
ce

p
t

fo
r

p
in

e,
w

h
er

e
k

fo
r

ch
ar

=
0.

02
re

q
u

ir
ed

to
al

lo
w

in
p

u
ts

to
d

ee
p

la
y

er
.

3
fr

o
m

H
ar

d
en

et
al

.
(1

99
7)

an
d

T
ru

m
b

o
re

&
H

ar
d

en
(1

99
7)

;
at

m
at

u
re

B
la

ck
S

p
ru

ce
si

te
w

it
h

b
o

th
m

o
ss

ty
p

es
;

at
m

at
u

re
Ja

ck
P

in
e

si
te

;
at

m
at

u
re

fe
n

si
te

.
4
fr

o
m

T
ru

m
b

o
re

et
al

.
(1

99
9)

.
5
st

em
d

at
a

fo
r

m
at

u
re

li
v

e
st

an
d

s
(s

te
m

s
d

o
n

o
t

b
u

rn
)

an
d

st
an

d
in

g
d

ea
d

in
v

en
to

ri
es

o
f

b
u

rn
ed

st
an

d
s;

m
in

im
u

m
es

ti
m

at
es

b
ec

au
se

re
m

n
an

ts
o

f
b

u
rn

ed
m

o
ss

n
o

t
in

v
en

to
ri

ed
.

6
d

at
a

fr
o

m
S

to
ck

s
&

K
au

ff
m

an
(1

99
7)

fo
r

p
in

e;
K

as
is

ch
k

e
et

al
.

(2
00

0a
)

fo
r

sp
ru

ce
).

F I R E I N T H E B O R E A L C A R B O N B U D G E T 177

# 2000 Blackwell Science Ltd, Global Change Biology, 6 (Suppl. 1), 174±184



emissions (Table 1, output). The modelled best estimates

for direct ®re emissions per event are comparable to data

on experimental burns in pine and spruce forests (Stocks

1980, 1989).

Results

There is a zig-zag pattern of carbon storage in both the

shallow and deep soil layers (Figs 1, 3) that is caused by

Fig. 1 A model of soil carbon storage showing C loss to ®re events, C burial by mosses during regrowth, and protection from decom-

position in deep layers. In a pre-®re condition, the C transfers of the forest represent inputs from NPP and losses to decomposition.

When ®re occurs, carbon that is not lost to direct ®re emissions is transferred from the shallow soil and tree layer to an intermediate

layer Cc that decomposes at the surface until burial by moss allows the material to decompose at slower rates of the deep layer.

Data in Table 1 are used to de®ne terms including t, time t in years; NPP, net primary production in kg m±2 y±1; ks, kd, decomposition

coef®cients in units of kgC m±2 y±1; t ± 1, year previous to time t; Cs carbon storage (in units of kgC m±2) in shallow soil and trees, in-

cluding moss, roots, plant litter, trees; Cd, carbon storage (kgC m±2) in deep soil layers; Cc, C storage (kgC m±2) in ®re-killed trees

and remains of burning; Ctr, carbon storage (kgC m±2) in tree stem; F, fractional percentage loss to ®re; Ch, heterotrophic respiration

in kgC m±2 in one year. Equations for calculations between ®re events are Cs + Ctr at time t = Ctr(t ± 1) + ANPPstem + Cs(t ± 1) + NPPs ±

ks*Cs(t ± 1) for shallow carbon and tree layer; Cd at t = Cd(t ± 1)±kdCd(t ± 1) for deep carbon layer; Ch = ks*Cs(t ± 1) + kd*Cd(t ± 1) +

ks*Cc(t ± 1) for heterotrophic respiration in one model year; Cc at time t = Cc(t ± 1) ± ks*Cc(t ± 1) for ®re-killed remains. For years in

which ®re occurs, equations are Cs at time of ®re = 0; Cd at t of ®re = Cd (t ± 1) + Cc(t ± 1) for carbon storage of deep carbon; F (®re) =

f * (Cs) for C consumed by ®re and released as CO2 and other C trace gases; Ch = kd*Cd(t ± 1) + ks*Cc(t ± 1) for decomposition or hetero-

tropic respiration; Cc = (1 ± f)*(Cs + Ctr) for carbon storage of ®re-killed remains.
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the shallow layer burning and the deep layer receiving

the ®re-killed, partially decomposed remains. Well-

drained sandy sites, which are generally warmer at the

soil surface, have rapid rates of decomposition that limit

the storage of fuel and thereby limit the inputs to the

deep soil layers (Table 1 ± note the small deep inputs;

Fig. 4). Poorly drained upland sites, which have higher C

storage in moss layers (owing to greater moss NPP but

lower tree NPP; see Gower et al. 1997; Harden et al. 1997),

have plenty of fuel for combustion (Table 1, see Cs at

maturity) but deep C storage varies two-fold according

to the severity of burning (Fig. 4).

The importance of ®re emissions as a mechanism of C

loss is best seen in a comparison of all four drainage

systems (Fig. 4), where estimates of NPP and decom-

position are relatively similar, but carbon storage varies

by 103 as a result of ®re emissions. Better drained

ecosystems generally have greater C losses to ®re than

wetter ecosystems (Fig. 5) but the maximum ®re emis-

sions are derived from intermediate soils with black

spruce stands. These patterns are re¯ected in model

results; for example, because decomposition is so fast in

the pine sites, they store small amounts of shallow C (Cs),

and therefore the burn emissions are lower than for

spruce sites (Table 1). Pine sites, although productive,

put more of their NPP into tree stems (which do not

burn) than into ®ne fuels such as moss and litter. As a

result, both high decomposition rates and the allocation

of C into coarse stems accounts for a slightly lower ®re

emission in pine than spruce. On the other end of the

spectrum, wetland sites also do not burn as much as

spruce stands, but it is the deep, wet conditions that offer

protection from ®re. As a result, the ratios of ®re

emissions to total emissions (F/(Ch + F) along the

drainage gradient are 0.27, 0.43, 0.26, and 0.08 for driest

to wettest sites (Fig. 4). In uplands of our study area, 10±

30% of the annual CO2 that is ®xed as NPP has been

released in the form of ®re emissions, while about

40±80% of NPP has been released to decomposition and

8±30% ®xed as soil carbon (Table 1).

Following a ®re, exposure of charred and dead

material at the surface leads to a high decomposition

ef¯ux during the warm season. A change in the surface

energy balance is evident from a thickening of the active

layer (Viereck 1983; O'Neill et al. 1997). In the laboratory,

charred material appeared to be a mixture of more stable

carbon, that resisted digestion by strong acid and base

(method of Gillespie et al. 1992; data not shown), and

more labile carbon, that at room temperature decom-

posed at rates similar to shallow, preburn material

(Goulden et al. 1998; see footnote 23). On ®re-scars of

various ages, O'Neill and colleagues found net losses of

Fig. 2 Evidence for ®re: Residues of

decomposed and burned plant debris are

concentrated in deep organic layers.

Initial forms of `black carbon' may exist

in these layers, but more labile, easily

decomposed material also exists,

suggesting that these deep layers are

protected from decomposition by burial

and cold temperatures. C density = %C/100

3 bulk density.
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carbon as a result of increased heterotrophic respiration

(O'Neill et al. 1997) and absence of vegetative cover. As

the site recovers with new vegetation, dead and charred

material is protected by burial into deeper, colder layers

(Goulden et al. 1998), and decomposition is offset by net

primary production. Based on the work of Rapalee et al.

(1998), ®re scars are net C sources for about 30 years after

burning, after which time the systems become net sinks

for C. The loss of the insulating organic layers probably

also has an effect on winter ¯uxes in which soils would

be colder to greater depths and may remain frozen for a

longer period. However, the thickening of the active

layer after ®re suggests an overall warming. Although

our model does not explicitly include a post-®re

warming or winter cooling, nor a slow transition during

regrowth, a sensitivity test suggested that a two-fold

increase in decomposition sustained for 20 years resulted

in an underestimate of decomposition comparable to

about 3%NPP. This estimate, however, may change as

different model scenarios include changes in ®re return

interval and shifts in the Ch and F terms.

For a regional and global perspective on carbon

exchange, carbon storage and decomposition may be

extrapolated best by soil drainage class in association

with ecosystem structure. For each drainage and ecosys-

tem class, we assigned relationships of Ch, F, and NPP to

areas of the globe based on the distribution of soil

drainage and ecosystem class. Because the discontinuous

permafrost that underlies our study may disproportio-

nately affect ratios of F/(Ch + F) relative to regions

lacking permafrost, the F/(Ch + F) relationship may not

hold true for the boreal forest in the absence of

permafrost. Based on our areal extrapolations in the

presence of permafrost, however (Table 2), global boreal

®re emissions could have been about 0.5±1 Pg C y±1 over

the past century or millennia. This overlaps at least the

low end of some recent boreal ®re studies (Kasischke

et al. 1995a; Conard & Ivanova 1998) but is at least three

times larger than extrapolations from some direct

emission estimates (Cahoon et al. 1994) and 3±10 times

larger than estimates used in general circulation models

(Houghton 1991; Randerson et al. 1997; Wittenburg et al.

1998; see discussion below). While our estimates are

highly uncertain, they do emphasize the importance of

®re emissions in closing the C budget over century-to-

millenial timescales, and they emphasize the links

between NPP, decomposition and ®re.

Discussion

If the distribution of stand age were to change through

®re suppression or through changes in climate, then the

relationships of NPP, k, C, and F would change and

Fig. 3 The sensitivity of burn emissions to decomposition rate

of charred remains (kchar) required to balance the C budget for

deep soil. Using a decomposition rate for deep soil of

kd = 0.0005 (turnover time of 2000 years; shown as lower line

with circles) to 0.0009 (1111 years; upper line with boxes) for

black spruce/feathermoss site, model results require a combi-

nation of faster turnover time for charred material or higher

burn emission to balance the C stored in deep soil. Shown as

horizontal lines, decomposition rates for char may lie some-

where between ranges measured for kd and ks (Table 1).

Fig. 4 A model of deep soil carbon storage (Cd) for wetland fen

systems that burn very lightly, poorly drained spruce systems

that burn severely, and well drained pine systems that decom-

pose and burn severely. The zig-zag pattern represents input

of dead and burned material from shallow to deep layers and

subsequent decline by decomposition between ®res. For a site

maturing after a burn, local Net Ecosystem Production (NEP)

is represented by C accumulation in deep soil layers.

Extrapolating NEP from local site measurements to a regional

scale or long-term average must include ®re emission losses

that account for the major differences in carbon storage in fen,

spruce and pine systems.
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result in a shift in F/(Ch + F) and in NEP. Looking back

through the past century, some investigators have noted

variations in ®re occurrence that coincided with varia-

tions in ®re-season climate, but regional results vary.

Compared to ad1850, burn areas and ®re occurrence

were notably low in tree-ring records in Quebec from

1870 to 1988 (Payette et al. 1989; Bergeron & Archambault

1993) and in charcoal deposition of Minnesota in the 19th

Century (Clark 1988). By contrast, ®res in the rest of

Canada after the 1980s have been more extensive than in

previous decades (Murphy et al. 1999). These variations

in climate and in ®re disturbance likely resulted in shifts

of F/(Ch + F) and therefore in shifts of how fast and in

what forms C was lost from the systems. More discreet

stand-age information is needed before we can under-

stand how such shifts may relate to NEP or how shifts in

climate will affect F/(Ch + F) and NEP.

The reasons for the discrepancy between our estimates

of the long-term average carbon emissions and direct

estimates of C emissions are unclear but potentially

important. First, estimates derived from observations

before the 1980s (Murphy et al. 1999) may be biased

toward a lower ®re activity of the last century, as

suggested by Bergeron & Archambault (1993). In this

case, our long-term estimates suggest that we are

entering a period of ®re activity that is atypical of the

past century but more typical for the boreal forest.

Secondly, the technology for estimating emissions has

advanced to increase the area burned by two-fold over

the past 5 years (Cahoon et al. 1994; Conard & Ivanova

1998). Fire severity estimates have increased steadily

also, as studies include a wider variety of stands (such as

black spruce with more moss and ground fuels) and a

more careful accounting of ground fuels in general

(Stocks 1989; Kasischke et al. 2000a). Whether ®re activity

is actually on the rise or is being more carefully

accounted, CO2 emissions from boreal ®res are likely to

be much greater than have been assumed (e.g. compare

Seiler & Crutzen 1980 with Cahoon et al. 1994 and French

et al. 2000). In addition, ®re emissions may increase in the

future, particularly if summer droughts are sustained in

these regions leading to more episodic ®re events.

Interactions between ®re disturbance and the active

layer above permafrost have demonstrated the impor-

tance of insulating moss and soil layers in maintaining a

frozen soil near the ground surface (Viereck 1983). In

these regions species composition is highly dependent on

soil drainage (Rapalee et al. 1998), and NEP and decom-

position are sensitive to soil drainage class (Trumbore &

Harden 1997); thus it would follow that changes in ®re

return intervals could potentially invoke changes in

forest structure and carbon exchange. As ®re is episodic

and sudden in the boreal forest, relative to gradual

changes in temperature and decomposition, the mechan-

ism by which carbon may respond to regional climate

change is inherently different from other ecosystems

where ®re is managed or of smaller scale. Furthermore,

changes in permafrost regions can be irreversible when

shallow and deep freeze layers become separated

(formation of talik and massive soil drainage).

Depending on the balance between colder, deeper winter

freezes and warmer, deeper summer thaws in areas

where organic mats were burned, a change to more

frequent ®res may prevent insulating layers from

Fig. 5 Carbon losses to ®re and decompo-

sition were calculated from model results

described in text. Long-term sums for

NPP, Ch for shallow (ksCs), Ch for deep

(kdCd) and Ch for dead (ksCc), and ®re

emission F were divided by years of si-

mulation for annual uptake and loss

rates of C exchange. Each drainage class

was modelled separately for runs where

®re emissions were minimized (all Ch

values generally maximized within data

constraints of Table 1) and maximized

(Ch minimized) to show range of possible

®re emissions. Best estimates for F and

Ch are not shown here but are summar-

ized in Tables 1 and 2.
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recovering and therefore might favour the degradation of

permafrost (Landhausser & Wein 1993; Kasischke et al.

2000b).

Acknowledgements

Many thanks go to Dave McGuire, Jim Randerson, Terry
Chapin, and Kristen Manies for very helpful comments.

References

Apps MJ, Kurz WA, Price DT (1993) Estimating carbon budgets

of Canadian forest ecosystems using a national scale model.

In: Carbon Cycling in Boreal Forests and Sub-Arctic Ecosystems

(eds Vinson TS, Kolchugina TP), pp. 243±252. U.S.

Department of Commerce, Spring®eld, VA.

Beltrami H, Mareschal J-C (1994) Ground temperature changes

in eastern Canada: borehole temperature evidence compared

with proxy data. Terra Nova, 5, 21±28.

Bergeron Y, Archambault S (1993) Decreasing frequency of

forest ®res in the southern boreal zone of Quebec and its

relation to global warming since the end of the `Little Ice Age'.

The Holocene, 6, 255±259.

Cahoon DR Jr, Stocks BH, Levine BJ, Cofer WR, Pierson JM

(1994) Satellite analysis of the severe 1987 forest ®res in

northern China and southeastern Siberia. Journal of Geophysical

Research, 97, 3805±2814.

Chapin FS III, Mathews E (1993) Boreal carbon pools:

approaches and constraints in global extrapolations. In:

Carbon Cycling in Boreal Forests and Sub-Arctic Ecosystems

(eds Vinson TS, Kolchugina TP), pp. 9±20, U.S. Dept.

Commerce, National Technical Information Service,

Washington, DC.

Clark JS (1988) Drought cycles, the `little ice age', and fuels: a

750-yr record of ®re in northwestern Minnesota. Nature, 334,

233±235.

Conard SG, Ivanova GA (1998) Wild®re in Russian boreal forests

± potential impacts of ®re regime characteristics on emissions

and global carbon balance estimates. Environmental Pollution,

98, 305±313.

Crutzen PJ, Andreae MO (1990) Biomass buring in the tropics:

impact on atmospheric chemistry and biogeochemical cycles.

Science, 250, 1669±1678.

Dyrness CT, Viereck LA, Van Cleve K (1986) Fire in taiga

communities of interior Alaska. In: Forest Ecosystems in the

Alaskan Taiga: a Synthesis of Structure and Function Ecological

Studies 57 (eds Van Cleve K et al.), pp. 74±88. Springer, New

York.

French NHF, Kasischke ES, Lee BS, Stocks BJ, Mudd JP (2000)

Carbon released during ®res in North American boreal forests

during the 1980s. In: Fire, Climate Change and Carbon Cycling in

North American Boreal Forests (eds Kasischke ES, Stocks BJ),

Ecological Studies Series, pp. 377±388. Springer, New York.

Gillespie R, Hammond AP, Goh KM et al. (1992) AMS dating of a

late Quaternary Tephra at Graham Terrace, New Zealand.

Radiocarbon, 34, 21±27.

Gorham E (1991) Northern Peatlands: Role in the Carbon Cycle

and Probable Responses to Climatic Warming. Ecological

Applications, 1, 182±195.

Goulden ML, Wofsy SC, Harden JW (1998) Sensitivity of boreal

forest carbon balance to soil thaw. Science, 279, 214±217.

Gower ST, Vogel JG, Norman JM, Kucharik CJ, Steele SJ, Stow

TK (1997) Carbon distribution and aboveground net primary

production in aspen, jack pine, and black spruce stands in

Saskatchewan and Manitoba. Canadian Journal of Geophysical

Research, 102, 29,029±29,042.

Harden JW, Sundquist ET, Stallard RF, Mark RK (1992)

Dynamics of soil carbon during the deglaciation of the

Laurentide Ice Sheet. Science, 258, 1921±1924.

Harden JW, O'Neill KP, Trumbore SE, Veldhuis H, Stocks BJ

(1997) Moss and soil contributions to the annual net carbon

¯ux of a maturing boreal forest. Journal of Geophysical Research,

102, 28,805±28,816.

Houghton RA (1991) Biomass burning from the perspective of

the global carbon cycle. In: Global Biomass Burning (ed. Levine

JN), pp. 321±325. MIT Press, Cambridge, MA.

Kasischke ES, Christensen NL, Stocks BJ (1995a) Fire, global

warming, and the carbon balance of boreal forests. Ecological

Applications, 5, 437±451.

Kasischke ES, French NHF, Bourgeau-Chavez LL, Christensen

NL (1995b) Estimating release of carbon from 1990 and 1991

forest ®res in Alaska. Journal of Geophysical Reseach, 100,

2941±2951.

Kasischke ES, O'Neill KP, French NHF, Bergeau-Chavez LL

(2000a) Controls on patterns of biomass burning in Alaskan

boreal forests, in ®re, climate change and carbon cycling. In:

Fire, Climate Change and Carbon Cycling in the Boreal Forest (eds

Kasischke ES, Stocks BJ), Ecological Studies Series, pp.

173±196. Springer, New York.

Kasischke ES, O'Neill KP, French NHF, Richter DD, Bourgeau-

Chavez LL, Harrell PH (2000b) In¯uence of ®re on long-term

patterns of forest succession in Alaskan boreal forests. In: Fire,

Climate Change and Carbon Cycling in the Boreal Forest (eds

Kasischke ES, Stocks BJ), Ecological Studies Series, pp.

214±238. Springer, New York.

Lachenbruch AH, Marshall BV (1986) Changing climate.

Geothermal evidence from permafrost in the Alaskan Arctic.

Science, 234, 689±696.

Landhausser SM, Wein RW (1993) Post®re vegetation recovery

and tree establishment at the Arctic treeline: climate-change-

vegetation response hypotheses. Journal of Ecology, 81,

665±672.

Murphy PJ, Stocks BJ, Kasischke ES et al. (1999) Historical ®re

records in the North American boreal forest. In: Fire, Climate

Change and Carbon Cycling in the Boreal Forest (eds Kasischke

ES, Stocks BJ), Ecological Studies Series, pp. 274±288.

Springer, New York.

Nalder IA, Wein RW (1999) Long-term forest ¯oor carbon

dynamics after ®re in upland boreal forests of western

Canada. Global Biogeochemical Cycles, 13, 951±968.

Oechel WC, Vourlitis GL (1994) The effects of climate change on

land-atmosphere feedbacks in arctic tundra regions. Trends in

Ecology and Evolution, 9, 324±329.

O'Neill KP, Kasischke ES, Richter DD (1997) The effect of ®re on

biogenic carbon emissions from soils of interior Alaska. EOS,

Transactions of the American Geophysial Union, 77, 46.

Payette S (1992) Fire as a controlling process in the North

American boreal forest. In: Systems Analysis of the Global Boreal

Forest (eds Shugart HH, Leemans R, Bonan GB), pp. 73±85.

Cambridge University Press, New York.

F I R E I N T H E B O R E A L C A R B O N B U D G E T 183

# 2000 Blackwell Science Ltd, Global Change Biology, 6 (Suppl. 1), 174±184



Payette S, Morneau C, Sirois L, Desponts M (1989) Recent

®re history of the northern Quebec biomes. Ecology, 70,

657±673.

Post WM, Emanuel WR, Zinke PJ, Stangenberger AG (1982)

Carbon pools and world life zones. Nature, 298, 156±159.

Randerson JT, Thompson MV, Conway TJ, Fung IY, Field CB

(1997) The contribution of terrestrial sources and sinks to

trends in the seasonal cycle of atmospheric carbon dioxide.

Global Biogeochemistry and Cycles, 11, 535±560.

Rapalee G, Trumbore SE, Davidson EA, Harden JW, Veldhuis H

(1998) Estimating soil carbon stocks and ¯uxes in a

boreal forest landscape. Global Biogeochemical Cycles, 12,

687±701.

Seiler W, Crutzen PJ (1980) Estimates of gross and net ¯uxes of

carbon between the biosphere and atmosphere from biomass

burning. Climatic Change, 2, 207±247.

Stocks BJ (1980) Black spruce crown fuel weights in Ontario.

Canada Canadian Journal of Forest Research, 10, 498±501.

Stocks BJ (1989) Fire behavior in mature jack pine. Journal of

Forest Ecology, 19, 783±799.

Stocks BJ (1991) The extent and impact of forest ®res in northern

circumpolar countries. In: Global Biomass Burning (ed. Levine

J), pp. 197±203. MIT Press, Cambridge, MA.

Stocks BJ, Kauffman JB (1997) Biomass consumption and

behavior of woodland ®res in boreal, temperate, and tropical

ecosystems: parameters necessary to interpret historic ®re

regimes and future ®re scenarios. In: Sediment Records of

Biomass Burning and Global Change (eds Clark JS et al.), NATO

ASI Series 51. Springer, Berlin.

Thie J (1974) Distribution and thawing of permafrost in the

southern part of the discontinuous permafrost zone in

Manitoba. Arctic, 27, 189±200.

Trumbore SE, Harden JW (1997) Accumulation and turnover of

carbon in organic and mineral soils of the BOREAS northern

study area. Journal of Geophysical Research, 102, 28,816±28,830.

Trumbore SE, Bubier J, Harden JW, Crill P (1999) Carbon cycling

in boreal wetlands: a comparison of three approaches. Journal

of Geophysical Research, 104, 27,673±27,682.

Viereck LA (1983) The effects of ®re in black spruce ecosystems

of Alaska and northern Canada. In: The Role of Fire in Northern

Circumpolar Ecosystems (Scope 18) (eds Wein RW, MacLean

DA), pp. 132±145. John Wiley, Chichester.

Wittenburg U, Heimann M, Esser G, McGuire DA, Sauf W (1998)

On the in¯uence of burning on the seasonal CO2 signal as

observed at monitoring stations. Global Biogeochemical Cycles,

12, 531±544.

Wotton BM, Flannigan MD (1993) Length of the ®re season in a

changing climate. The Forestry Chronicle, 69, 187±192.

Zimov SA, Davidov SP, Zimova GM et al. (1999) Contribution of

disturbance to increasing seasonal amplitude of atmospheric

CO2. Science, 284, 1973±1976.

Zoltai SC (1993) Cyclic development of permafrost in the

peatlands of northwestern Alberta. Canadian Arctic and

Alpine Research, 25, 240±246.

184 J . W . H A R D E N et al.

# 2000 Blackwell Science Ltd, Global Change Biology, 6 (Suppl. 1), 174±184


